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SUMMARY

Summary

In situ vascular tissue engineering (TE) aims to regenerate vessels “at the target site” 
using biodegradable synthetic scaffolds that are capable of inducing endogenous 
regeneration. Critical to the success of this approach is an optimal balance between 
functional neo-tissue formation by the host and scaffold degradation, in order to 
maintain mechanical integrity. 

The aim of this thesis was to gain more mechanistic insights by investigating the 
interactions between hemodynamics, neo-tissue formation, scaffold degradation, 
and mechanical performance of tunable polymer vascular scaffolds under in vitro 
conditions as well as in vivo during preclinical studies; and to identify potential 
handles for scaffold optimization in order to safely translate the innovative technique 
of material-based in situ vascular TE into clinical practice.

Despite the progress made with synthetic scaffolds, little is known about the host 
response and neo-tissue development during and after scaffold resorption. Therefore, 
we employed an in-house designed fast-degrading biodegradable supramolecular 
scaffold for arterial applications and monitored the evolution of in vivo neo-tissue 
formation. Electrospun polycaprolactone-bisurea (PCL-BU) scaffolds were shielded 
by expanded polytetrafluoroethylene (ePTFE) to prevent premature graft failure, 
and implanted as interposition grafts into the abdominal aorta of rats. Scaffolds 
were explanted at different time points to monitor sequential cell infiltration, 
 differentiation, and tissue formation in the scaffold. Endogenous tissue formation 
started with an acute immune response, followed by a dominant presence of pro- 
inflammatory macrophages during the first month. Next, a shift towards tissue- 
producing cells was observed, with a striking increase in alpha smooth muscle actin 
positive cells and extracellular matrix formation after two months. At that time,  
the scaffold was resorbed and immune markers were low. These results suggest 
that neo-tissue formation was still in progress, while the host response became 
quiescent, favoring a regenerative tissue outcome. However, we observed an 
imbalance between scaffold degradation kinetics and tissue formation by the host. 
Future studies should confirm long-term tissue homeostasis, but require a slower 
degradation of the supramolecular scaffold if a non-shielded model will be used.

It is unknown how the degradation of polymers with different susceptibility to 
degradation affects the functional performance of the scaffold. Therefore, we 
examined the mechanical performance, as well as the macro- and microscopic 
features of vascular scaffolds, electrospun from strictly segmented thermoplastic 
elastomers with supramolecular interacting bisurea (BU) hard blocks, upon in vitro 
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enzymatic degradation. As the susceptibility of these BU-modified polymers can be 
tuned by varying the amount of ester and carbonate groups in the soft blocks of 
the polymer backbone, they represent an interesting group of materials to be used 
for vascular TE approaches. ‘Slow-degrading’ polycarbonate-BU (PC-BU), ‘interme-
diate-degrading’ polycarbonate-ester-BU (PC(e)-BU), and ‘fast-degrading’ PCL-BU 
scaffolds were incubated in a lipase solution at 37°C and monitored for changes in 
physical, chemical, and mechanical properties. Remarkably, comparing PC-BU to 
PC(e)-BU, we observed that small changes in macromolecular structure led to 
significant differences in degradation kinetics. All three scaffold types degraded via 
surface erosion, which was accompanied by fiber swelling for PC-BU scaffolds, and 
some bulk degradation and a collapsing network for PCL-BU scaffolds. For the 
PC-BU and PC(e)-BU scaffolds this resulted in retention of mechanical properties, 
whereas for the PCL-BU scaffolds this resulted in stiffening. This in vitro study 
demonstrates that vascular scaffolds, electrospun from sequence-controlled 
supramolecular materials with varying ester contents, not only display different 
susceptibilities to degradation, but also degrade via different mechanisms.

Because of the favorable mechanical properties with time, PC(e)-BU was chosen 
for a next preclinical evaluation. Here, we proposed a bilayered tubular design with 
an inner porous layer to allow cellular infiltration, and a dense outer layer as an 
alternative for the ePTFE shielding. Bilayered scaffolds were made using a dual 
electrospinning technique. Following in vitro mechanical testing, scaffolds were 
implanted as interposition graft into the abdominal aorta of rats and monitored for 
up to 5 months for changes in morphological and mechanical properties. Results 
demonstrated conflicting graft outcomes despite homogeneity in the experimental 
group, experimental procedures and scaffold production. Most grafts exhibited adverse 
remodeling, resulting in aneurysmal dilatation and calcification. However, a few 
grafts did not demonstrate such features, but instead were characterized by graft 
extension and smooth muscle cell proliferation in the absence of endothelium, 
while remaining patent throughout the study. These results raise important 
questions with regard to the variability in graft outcome despite homogeneity in 
the experimental group and scaffold production. We hypothesize that the degree 
of aneurysm formation might be related to axial pre-stretch at time of implantation 
of the grafts. Future studies combining in vivo outcomes and numerical simulations 
could provide further insight in the relationship between scaffold implantation 
length, intrinsic tissue tension, and tissue outcome, thus providing handles for 
improved graft outcomes.
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An ultimate challenge for in situ vascular TE is to implement minimally invasive 
delivery and tissue regeneration capacity into one unique vascular graft, thus elegantly 
combining the advantages of both technologies. To that extent, we developed a 
mechanically-optimized electrospun biodegradable polymeric vascular graft that can 
be minimally invasive delivered and exert stenting capacity onto existing vessels. 
Small caliber electrospun poly-l-lactid acid grafts were successfully transcatheter 
delivered and deployed into the abdominal aorta of rats. Importantly, the electro-
spinning process permitted mechanical vascular support without any preprocessing  
of the material, while providing a microenvironment for cellular homing. Explants 
were assessed with respect to patency, cellular infiltration into the graft, neo-tissue 
formation, mechanical properties, and graft degradation for up to 8 weeks. All 
explants showed excellent patency. The microstructure of the grafts facilitated 
cellular infiltration as of day 1, and rapid endothelialization. Over time, an organized, 
elastin-rich extracellular matrix, interspersed with alpha smooth muscle actin 
positive cells, was formed inside the degrading graft, thereby supporting its 
regenerative potential and maintaining the mechanical and functional integrity of the 
vascular wall. This study demonstrates proof-of-concept of merging in situ tissue 
engineering and transcatheter delivery by using electrospun polymer grafts that 
can mechanically support and regenerate the vascular wall. 

In conclusion, the results of this thesis provide important new mechanistic insights 
into the interaction of degradation, neo-tissue formation, and mechanical performance 
of polymeric scaffolds in a preclinical model. Our findings emphasize the complexity  
to balance scaffold degradation kinetics and tissue formation by the host in a 
hemo dynamically challenged environment. The unique combination of minimally 
invasive delivery and tissue regeneration, as well as optimal biomaterial design 
criteria, may improve our control over the regenerative process in order to offer a 
safe and durable vascular replacement for clinical practice.
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CHAPTER 1

Preface

Material-based in situ vascular tissue engineering (TE) is an innovative technique 
that aims to induce endogenous regeneration of blood vessels directly “at the 
target site”. Herein, the biodegradable scaffold represents one of the most important 
components, as it provides initial mechanical support, offers a 3D micro environment 
to host cells, and stimulates neo-tissue formation. Critical to the success of this 
approach is an optimal balance between neo-tissue build-up by the host and 
scaffold degradation, in order to maintain mechanical integrity at all times to avoid 
graft failure. A hemodynamically challenged environment, to which the scaffold is 
exposed to, adds to this complexity and requires thorough mechanistic insights into 
the interactions between hemodynamics, neo-tissue formation, scaffold degradation, 
and mechanical performance in vivo.

Therefore, the aim of this thesis is to improve these mechanistic insights by 
investigating the above mentioned interactions for highly tunable polymer vascular 
scaffolds under in vitro conditions as well as in vivo during preclinical studies; and 
to identify potential handles for scaffold optimization in order to safely translate 
the innovative technique of material-based in situ vascular TE into clinical practice.
This introductory chapter provides basic information about the vascular system 
and physiology of blood vessels. A particular focus is given to current replacement 
strategies of small-diameter arteries, and to the in situ vascular TE technique.  
At the end of this chapter, the outline of the thesis is presented.
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1. The vascular system

The blood circulation was described for the first time by William Harvey in the 17th 
century.1 A few decades after his discovery, Marcello Malpighi identified the 
existence of capillaries, which represented the missing link between arteries and 
veins, already identified by the former.2 The blood circulation permits the delivery  
of blood to every tissue in the body to provide oxygen and nutrients and to remove 
waste products. Furthermore, it plays a role in immunology, regulation of temperature 
and pH, and homeostasis.3 The blood circulation comprises blood, the heart, and 
blood vessels. In the following section, we focus on the physiology of blood vessels, 
in particular (small-diameter) arteries, which represent the main target for in situ 
vascular TE.4-6

1.1 Blood vessels
The characteristics of the three major types of blood vessels (arteries, capillaries, 
and veins) are listed in Table 1.3 All arteries, except for the pulmonary arteries, 
transport oxygen-rich blood from the heart towards body tissues. The capillaries, 
located in these tissues, enable the actual exchange of oxygen, nutrients and waste 
products through diffusion (distance ≤ 10 mm). The veins transport blood back to 
the heart. Many veins, in particular those of the limbs, contain valves to ensure 
unidirectional blood flow against gravity towards the heart.

Except for the capillaries, which consist of a monolayer of endothelial cells, arteries 
and veins are trilayered structures. From lumen to external wall, the separate layers are 
the tunica intima, tunica media, and tunica adventitia (or externa). The tunica intima  

Table 1.   Characteristics of various types of blood vessels in humans.  
Adapted from Barrett.3

Vessel
Lumen
diameter

Wall
thickness

All vessels of each type

Approximate total  
cross-sectional area (cm2)

Percentage of blood 
volume contained#

Aorta
Artery
Arteriole
Capillary 

Venule
Vein
Vena cava

2.5 cm
0.4 cm
30 µm

5 µm

20 µm
0.5 cm

3 cm

2 mm
1 mm

20 µm
1 µm

2 µm
0.5 mm
1.5 mm

4.5
20

400
4500

4000
40
18

2
8
1
5

54

# In systemic vessels; there is an additional 12% in the heart and 18% in the pulmonary circulation.



16

CHAPTER 1

is the inner and thinnest layer composed of a monolayer of endothelial cells, which 
provides an anti-thrombotic surface and plays an important role in vascular biology. 
It rests upon a basal membrane rich in collagen type IV and laminin, which provides 
strength and flexibility. The tunica media is the middle, and in arteries, thickest 
layer, which is composed of circumferentially aligned vascular smooth muscle cells 
(VSMCs) and elastic laminae. Upon innervation through either noradrenergic or 
cholinergic nerves, the muscle cells contract or relax, leading to vasoconstriction or 
dilatation, respectively. The tunica adventitia is the outer layer of the vessel wall and 
consists of collagen types I, III, and fibroblasts. It provides strength and structural 
support to the vascular wall. Large diameter arteries and veins contain a vasa vasorum, 
which is a network of small capillaries to supply their walls.
 Three different types of arteries exist, which are distinguished from each other 
based on wall thickness and composition (Figure 1). Elastic (or conducting)  arteries 
(e.g. aorta and aortic arch branches) are the largest type. Their wall contains a 
relatively large amount of elastin, which enables elastic distension during systole 
and recoil during diastole, maintaining blood pressure in the arterial system 

Figure 1.   Structure of different types of arteries.  
Illustrations from OpenStaxCollege.7



17

1

GENERAL INTRODUCTION

between cardiac contractions. To prevent arterial rupture, the maximum distension 
is limited by collagen in the tunica adventitia. Muscular (or distributing) arteries 
(e.g. splenic or femoral artery) are medium-sized arteries, and, due to their thick 
tunica media, play a leading role in regulating local blood flow through vasocon-
striction or dilatation. Arterioles (or resistance vessels) are the smallest type, with 
an average lumen diameter of 30 µm, and are the primary site of both vascular 
resistance and regulation of blood flow.

1.2 Vascular mechanical properties and regulation of blood flow
The cardiac cycle generates a pulsatile blood pressure in the aorta between 80 and 
120 mmHg (Figure 2). The systolic pressure (120 mmHg) reflects the arterial pressure 
during ventricular contraction of the heart (systole) and the diastolic pressure 
(80 mmHg) reflects the arterial pressure during ventricular relaxation (diastole). 
During systole, blood is ejected into the major elastic arteries. The elastic recoil of 
their vascular wall ensures the pressure gradient that facilitates blood flow through 
the arterial system.  

Figure 2.   Systemic blood pressure. 
Illustration from OpenStaxCollege.7
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Blood flow is directly related to blood pressure gradient and inversely correlated  
to vascular resistance, of which the latter consist of three variables: blood viscosity, 
vessel length and vessel radius. Both blood viscosity and vessel length change slowly. 
The vessel radius however, can be changed rapidly by either vasoconstriction or 
dilatation, resulting in an increase or decrease in resistance, respectively, which 
subsequently affects blood pressure and flow.
 The systemic blood pressure is maintained at a constant level via the autonomic 
nervous system and circulating hormones.3 Local blood flow on the contrary is 
regulated through autoregulation, which is the intrinsic capacity to compensate for 
moderate changes in perfusion pressure by changes in vascular resistance to 
remain a relatively constant blood flow. This process is controlled by the VSMCs in 
the tunica media, which upon contraction or relaxation, increase or decrease local 
vascular resistance.

2. Vascular diseases and current replacement therapies

Cardiovascular disease is still the number one cause of death worldwide, and is 
often associated with the narrowing or blockage of blood vessels, inducing ischemia 
in the tissue they supply.8,9 Common presentations include coronary artery, 
peripheral artery, and cerebrovascular disease. Patients suffering from coronary  
or peripheral artery disease can be treated by surgical bypass treatment or 
endovascular treatment using angioplasty or stents.

2.1 Vascular replacements
Surgical bypass treatment of coronary as well as peripheral artery disease requires 
vascular conduits, in which the golden standard remains the patient’s own artery 
or vein.10-12 However, autologous vessels are not always available due to previous 
harvest, vascular disease, or when multiple or lengthy bypasses are required.5,13 
Although synthetic alternatives have shown to be successful in medium- and 
large-diameter vessel replacements, they often fail in the small-diameter range 
due to poor biocompatibility, thrombosis, and intimal hyperplasia leading to 
stenosis.10,14,15 Therefore, TE approaches are being investigated to address the 
lack of suitable small-diameter vascular conduits.4-6

2.2 Angioplasty and stents
Continuous technical improvements have led to distinct generations of stent devices 
vastly improving patient outcomes throughout the years. With the introduction  
of drug-eluting metallic stents, early occlusion and restenosis rates have been 
reduced with the local delivery of anti-proliferative drugs to inhibit neointimal 
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growth.16 However, major concerns remain with respect to the incidence of very 
late (> 1 year) stent-related adverse events, such as thrombosis and restenosis.  
The pathophysiological mechanism underlying these events is likely related to the 
permanent caging of the vessel, which restricts restoration of the natural vascular 
function and lacks the capacity of growth and remodeling. 
 To overcome these limitations, bioresorbable vascular scaffolds (BVS) have 
been introduced. These devices are designed to provide temporary mechanical 
support (and local drug delivery) after intervention, followed by gradual bioresorption, 
releasing the vessel from its cage to allow restoration of vascular physiology and 
biology.17 To date, several BVS have been evaluated in randomized clinical trials.18-23 
Recently however, long-term follow-up data of BVS from randomized clinical trials 
have raised concerns about the higher incidence of device thrombosis.24-26 As a 
consequence, global sales have stopped, and the use of drug-eluting stents are 
recommended for any percutaneous coronary intervention irrespective of clinical 
presentation, lesion type, anticipated duration of dual antiplatelet therapy, or 
concomitant anticoagulant therapy.27 A stent that provides mechanical support 
and simultaneously regenerates diseased vasculature is still an unmet desire.

3. In situ vascular tissue engineering

Many vascular TE strategies have been explored, ranging from in vitro engineering 
of vessels in the laboratory to in situ engineering of vessels inside the human body 
(chapter 2).28-33 The latter relies on the notion that endogenous regeneration can 
be induced directly at the implantation site by harnessing the regenerative 
potential of the human body.34 In this approach, a biodegradable scaffold is 
implanted at the target site, initiating an immune response to promote the initial 
infiltration of host immune cells.34 These immune cells produce a variety of 
cytokines and growth factors necessary to recruit progenitor cells capable of 
neo-tissue formation. While neo-tissue is formed and remodelled, the scaffold is 
degraded, ultimately resulting in an autologous blood vessel in which no scaffold is 
present. 
 Recently, there is an increased focus on material-based in situ vascular TE 
using acellular synthetic scaffolds, which has the advantage to offer off-the-shelf 
availability and to be cost-effective.4 Another great advantage is that these 
synthetic scaffolds are fully tailorable, not only by material choice and processing, 
but also through scaffold structural design. Important scaffold parameters that can 
be adjusted to the specific vascular application include: mechanical properties, 
degradation kinetics, microstructure (porosity, fiber diameter and orientation, 
surface topography), and bioactivity. Due to the off-the-shelf availability as well as 
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the possibility to fine-tune scaffold properties in such a controlled way, material- 
based in situ vascular TE represents a promising technique to address the lack of 
suitable small-diameter vascular conduits.4

4. RATIONALE AND THESIS OUTLINE

Despite successful initial results of in situ vascular TE starting from synthetic 
materials, major challenges remain, such as a thorough understanding of vascular 
regeneration by the host, development of predictive models, and personalized 
treatment strategies. The lack of tackling these challenges has resulted in failing to 
achieve mechanical homeostasis, and to interspecies and interindividual variability.
The failure or success of material-based in situ vascular TE heavily relies on the 
ability to maintain mechanical integrity during the transition from scaffold to fully 
autologous neo-tissue in which no synthetic material is present.  The host intrinsic 
regenerative capacity plays a major role during this process, as it is the key force 
behind neo-tissue formation and scaffold degradation. Material choice and scaffold 
design are therefore of pivotal importance in order to offer a mechanically strong 
construct in a hemodynamic environment exposed to shear stresses and cyclic 
strains. At the same time, the scaffold has to provide an instructive 3D microenvi-
ronment that attracts and captures host cells to enable neo-tissue formation and 
scaffold degradation.
 As tissue-engineered vascular grafts (TEVGs) have advanced to clinical trials  
in humans, overcoming the original concerns of survivability at implantation and 
short-term thromboresistance, new concerns arise with regard to the long-term 
mechanobiological stability and growth potential.32,35-40 This is of particular 
importance when TEVGs would be implanted in the arterial circulation and requires 
a better mechanistic understanding of the biological mechanisms that govern scaf-
fold-driven arterial regeneration and mechanical homeostasis to optimize materials 
and scaffolds.

The overall aim of this thesis is to gain more mechanistic insights by investigating 
the interactions between hemodynamics, neo-tissue formation, scaffold degradation, 
and mechanical performance of tunable polymer vascular scaffolds under in vitro 
conditions as well as in vivo during preclinical studies; and to identify potential 
handles for scaffold optimization in order to safely translate the innovative 
technique of material-based in situ vascular TE into clinical practice.
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In chapter 2, a review about the various vascular TE techniques is given with an 
emphasis on material-based in situ vascular TE.

In chapter 3, an in-house designed fast-degrading biodegradable supramolecular 
scaffold for arterial applications was employed to monitor the evolution of in vivo 
cellular infiltration and neo-tissue development during and after scaffold resorption. 
Scaffolds were shielded by non-degradable expanded polytetrafluoroethylene 
(ePTFE) to avoid premature graft failure, and implanted as interposition grafts into 
the abdominal aorta of male Lewis rats. Scaffolds were explanted at different time 
points to monitor sequential cell infiltration, differentiation, and tissue formation 
in the scaffold.

In chapter 4, the effect of degradation on the macro- and microscopic features as 
well as the mechanical performance of vascular scaffolds, electrospun from strictly 
segmented thermoplastic elastomers with supramolecular interacting bisurea (BU) 
hard blocks, was examined upon in vitro enzymatic degradation.

In chapter 5, a fully biodegradable bilayered supramolecular scaffold was designed 
with an inner porous layer to allow cellular infiltration, and a dense outer layer as 
an alternative for the ePTFE shielding used in chapter 3. Based on the findings in 
chapter 4, polycarbonate-ester-bisurea (PC(e)-BU) was chosen for a next preclinical 
evaluation due to its favorable mechanical properties with time. Following in vitro 
mechanical testing, scaffolds were implanted as interposition graft into the abdominal 
aorta of rats and monitored for up to 5 months for changes in morphological and 
mechanical properties.

In chapter 6, minimally invasive delivery and tissue regeneration capacity was 
implemented into one unique vascular graft. To that extent, a mechanically-optimized 
electrospun biodegradable polymeric vascular graft was developed that can be 
minimally invasive delivered and exert stenting capacity onto existing vessels. 
Small caliber electrospun poly-l-lactid acid grafts were successfully transcatheter 
delivered and deployed into the abdominal aorta of rats. Explants were assessed 
with respect to patency, cellular infiltration into the graft, neo-tissue formation, 
mechanical properties, and graft degradation for up to 8 weeks.

Finally, chapter 7 provides a general discussion in which the findings of the presented 
data are summarized and future translational challenges are addressed.
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Abstract

Vascular tissue engineering (TE) holds great potential for the treatment of a number 
of vascular defects and complications of cardiovascular disease. Existing synthetic 
replacement therapies of large-diameter arteries have proven successful, but fail 
in the small-diameter range, mainly as a consequence of thrombosis and stenosis. 
Hence, vascular TE strategies have emerged to solve the unmet need of small- 
diameter vascular substitutes. When proven clinically successful and cost-effective, 
extension of this approach to larger diameter arteries is to be expected. Current 
vascular TE approaches range from the in vitro engineering of vessels outside the 
body using cells and biodegradable carrier materials (or scaffolds), to in situ 
engineering of vessels inside the body following the implantation of cell-free 
biodegradable scaffolds. This chapter reviews various vascular TE strategies, with a 
clear emphasis on the more recent developments in in situ TE using synthetic 
scaffolds. Outcomes of the various strategies will be discussed in light of targeted 
tissue morphology and mechanical functionality as well as clinical success and 
feasibility. Despite the progress made and the first experimental applications in 
human, there are several key challenges that must be addressed in order to 
optimize the therapy and to fully integrate this technique into clinical practice.
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1. Introduction 

Cardiovascular disease is the global number one cause of death, accounting for 
17.3 million deaths per year and representing one third of overall mortality in the 
developed world. This number is expected to rise to more than 23.6 million per 
year by 2030, due to an ever-aging population, comorbidities and sedentary life 
styles.1 
 Many cardiovascular diseases originate from underlying vascular pathology, 
such as atherosclerosis. Almost 50% of cardiovascular deaths emerge from 
coronary artery disease (CAD), in which narrowing or even occlusion of the 
coronary arterial lumen leads to insufficient blood flow to the heart, eventually 
resulting in ischemic heart disease and failure. To treat patients with end-stage 
CAD, coronary artery bypass grafting is the treatment of choice, accounting for 
almost 400,000 coronary bypass procedures annually performed in the USA alone.1 
The gold standard for replacement of the coronary arteries remains a patient’s 
own artery or vein (e.g. internal mammary artery, radial artery, saphenous vein), 
which is advantageous in that it has a living, non-thrombogenic endothelium and is 
biocompatible. However, many patients lack a suitable autograft because of 
vascular disease, previous harvest, or the need for multiple bypasses. Furthermore, 
it requires an additional surgical procedure with risks of harvest site morbidity.2 
Although currently available synthetic substitutes, such as polyethylene terephthalate 
(PET) and expanded polytetrafluoroethylene (ePTFE), have proven to be successful 
in the replacement of large-diameter arteries (>8mm), their long-term patency 
performance in small-diameter arteries (<6mm) is very poor.3 This failure can be 
attributed to surface thrombogenicity of the substitutes, an absent endothelial 
layer, and anastomotic intimal hyperplasia, which results from hemodynamic 
disturbances due to a mismatch in compliance between the elastic native artery 
and the relatively rigid prosthesis.4 Given the burden of vascular disease, there is 
an unparalleled clinical need for the development of small-diameter vascular conduits 
with long-term performance comparable to, or exceeding that of autologous vessel 
bypass procedures. For the replacement of small-diameter vessels, including coronary 
arteries, below-the-knee arteries and arteriovenous bypass grafts, vascular TE has 
taken a prominent role in the search for living functional vascular substitutes, 
based upon the prospect of the production of a completely biological, living and 
autologous blood vessel.5 In the last decades, several vascular TE strategies have 
been explored, ranging from in vitro engineering of vessels outside the body to in 
situ engineering of vessels inside the body. 
 In this chapter, an overview of the current status in vascular TE is provided with 
a special attention to the in situ vascular TE approach. After discussing the relevant 
properties of the target tissue that needs to be replaced, we review the various 
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strategies of creating living vascular substitutes via TE. We conclude with the 
challenges of translating vascular TE technologies towards application in the clinic.

2. Morphology and functional properties of the target tissue

In order to obtain long-term functionality and full integration into the native 
vasculature, tissue-engineered vascular grafts (TEVGs) should mimic native vessel 
morphology and mechanical properties. Since mechanical properties are highly 
correlated to the extracellular matrix (ECM) of the vascular wall, optimization of 
ECM composition and organization is often pursued in vascular TE.
 With the exception of the capillary network, where a monolayer of cells 
accommodates the interchange of oxygen, nutrients, waste products, and other 
substrates with the extracellular fluid, the vascular wall of all vessels is characterized 
by three main concentric layers of cells and ECM. From lumen to the external wall, 
the separate layers, or tunics, are: the intima, the media, and the adventitia. The 
intima is formed by a single layer of endothelial cells and plays an important role in 
vascular biology and provides an anti-thrombogenic luminal surface. It rests upon 
a basal membrane rich in collagen type IV and laminin. The media is the contractile 
muscular layer, with circumferentially aligned smooth muscle cells (SMCs) and 
elastic laminae (situated between intima and media, and media and adventitia 
respectively) that regulates vascular tonus by either vasoconstriction or dilation. 
The adventitia provides strength and structural support to the vascular wall and 
consists of collagen (type I and III) and fibroblasts.6 
 The mechanical properties of the vascular wall are largely derived from ECM 
components, particularly collagen and elastin. The amount of these proteins, the 
orientation of fibers, as well as fiber crosslinking all contribute to the two main 
mechanical characteristics of blood vessels: strength and elasticity. Collagen is the 
main load bearing component, providing strength to the vascular wall, whereas 
elastin acts as a recoil protein, enabling the vascular wall to expand and contract 
passively with changes in pressure, thereby contributing to the compliance of the 
blood vessel.6 Measurements used to quantify the mechanical properties of blood 
vessels, include burst pressure, suture retention strength and compliance. Strength 
is often quantified by burst pressure, the ultimate stress a vessel can bear, and 
suture retention strength, with values of  3,196 ± 1,264 mmHg and 138 ± 50 
gram-force, respectively for human internal mammary artery (IMA).7 In addition, 
elasticity is quantified by compliance, with a value of 11.5 ± 3.9 % /100mmHg for 
human IMA.7 To withstand hemodynamic forces, with pressures up to 80-120 
mmHg in the arterial circulation, sufficient strength and elasticity of the vascular 
wall is warranted. Typically, mechanical behavior, such as burst strength and 
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elasticity, of TEVGs should reach those of their native counterparts and hence 
should be targeted in the tissue engineering protocols and outcomes.

3. Vascular tissue engineering 

The concept of TE is to develop substitutes for defect or injury that restore 
biological function and become integrated into the patient.8 Since the end of the 
20th century, different TE approaches have been investigated in the search for 
vascular substitutes to fulfill the clinical need for functional vascular (bypass) grafts. 
This section summarizes the different techniques exploited so far, ranging from the 
classical in vitro engineering of blood vessels in the laboratory towards the in situ 
engineering in the human body itself. 
 In 1986, Weinberg and Bell pioneered the field of vascular TE with the 
construction of an artery in vitro.9 Their technique consisted of the production of  
a medial layer of bovine smooth muscle cells cultured in a collagen gel, on which  
an outer layer of fibroblasts was seeded to represent the adventitial layer. After 
two weeks of culture, the lumen was seeded with endothelial cells. Although its 
overall structure resembled that of a native artery, the neo-artery lacked native-like 
mechanical properties resulting in limited burst strength, even after reinforcement 
with a Dacron® mesh. Furthermore, a key element of the ECM, elastin,9 was not 
detected. Nevertheless, this work has led to the exploration of different metho dologies 
to obtain a TEVG that mimics native vascular morphology, function and ECM 
composition. 

The different vascular TE technologies currently explored can be divided in:
1) in vitro tissue engineering (Figure 1A)
2) pre-seeded in situ tissue engineering (Figure 1B)
3) in situ tissue engineering (Figure 1C)

3.1  Classical in vitro tissue engineering
Classical in vitro TE comprises the harvest and expansion of autologous cells from 
the patient, seeding of the cells on a pre-shaped degradable carrier (scaffold), 
followed by prolonged cell culture in a bioreactor before implantation into the 
human body (Figure 1A). Various strategies to obtain functional blood vessels in 
vitro have been explored, either exclusively with cells or in combination with a 
biodegradable scaffold of biologic or synthetic origin.10-12 In 1998, L’Heureux et al. 
reported on a new technique, often referred to as “cell sheet tissue engineering”, 
to generate a functional blood vessel in absence of any scaffold.10 Tissue sheets 
containing human SMCs and fibroblasts were wrapped around a tubular mould for 
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maturation, after which the tubular support was removed and the lumen was 
seeded with endothelial cells. The engineered vessels featured a three-layered 
composition and had a burst pressure of 2,594 ± 501 mmHg, higher than native 
human saphenous vein (1,680 ± 307 mmHg) regularly used as vascular bypass 
graft.10 Long-term implantation studies of improved cell-sheet engineered grafts 
as arterial interposition in a mouse and primate model, showed promising results 
with regard to long-term patency and absence of lumen narrowing or aneurysm 
formation.13 A clinical trial followed, in which a total of ten patients with end-stage 
renal disease received autologous cell-sheet engineered vascular grafts as arteriovenous 

Figure 1. Overview of vascular TE techniques.

In vitro TE (A) comprises the harvest and expansion of autologous cells from the patient, 
seeding the cells on a pre-shaped scaffold, followed by prolonged cell culture in a bioreactor 
before implantation into the human body. In pre-seeded in situ TE (B), autologous cells are 
harvested from the patient and seeded on a pre-shaped scaffold, followed by immediate 
implantation into the human body. In situ TE (C) circumvents the need for cells by implanting 
a cell-free scaffold directly into the human body.

A) In vitro TE

Cells

Scaffold

Bioreactor

implantation

B) Pre-seeded in situ TE C) In situ TE
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shunts for hemodialysis access.14 The TEVGs displayed burst pressures of 3,512 ± 
873 mmHg, comparable to native IMA.7,14 Although an overall patency of 60% was 
achieved after 6 months of implantation, adverse events at earlier time points were 
reported, including dilatation and aneurysm formation.14 To avoid the need for 
autologous cells, L’Heureux and colleagues recently explored allogeneic TEVGs  
as hemodialysis shunts in a short-term clinical trial with three patients.15 No signs 
of aneurysm, wall degradation or immune reactions were observed, however,  
early thrombogenic failure occurred, requiring intervention in two patients at  
3 and 5 months, respectively. All TEVGs eventually developed stenosis within the 
11-month duration of the trial.15 
 In vitro vascular TE, such as cell sheet tissue engineering, is a promising technique  
to reconstruct vascular substitutes for the replacement of small-diameter vessels. 
However, the high cost and extensive production time (up to 28 weeks) required 
limit the widespread implementation of this technique in general clinical practice.13

3.2  Pre-seeded scaffold strategies
Pre-seeded in situ TE avoids prolonged cell culture by using a biodegradable scaffold 
that is pre-seeded with autologous cells. In general, cells are harvested from the 
patient on the fly during surgery and implanted with the scaffold in the human 
body. The body then functions as a bioreactor for tissue growth and conditioning 
(Figure 1B). Recent studies have proven the feasibility of biodegradable scaffolds 
pre-seeded with bone marrow-derived mononuclear cells (BM-MCs) to transform 
into functional blood vessels.16,17

 Already in 2001, Shin’oka et al. reported on the first successful clinical 
implantation of a biodegradable polymer scaffold seeded with autologous cells in 
a pediatric patient.18 Following this success, a human trial was conducted in which 
25 patients (between the ages of 1-24 years old) received a TEVG (diameter: 
12-24mm) that served as an extracardiac cavopulmonary conduit.19,20 In this trial, 
autologous BM-MCs were harvested at the day of surgery and seeded on the 
scaffold prior to implantation, thereby avoiding a cell culture procedure. After a 
mean follow-up of 5.8 years, no graft related deaths were reported. However, 24% 
of all cases resulted in graft stenosis, which required therapeutic intervention.20 
This trial demonstrates the feasibility of pre-seeded TEVGs used in a low-pressure 
circulation. Successful application in a high-pressure circulation needs to be further 
investigated, and poses much more of a challenge, requiring scaffolds that can 
withstand systemic, arterial pressures, while simultaneously promoting robust 
ECM formation.
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3.3  In situ tissue engineering
In situ TE circumvents the need for cells by implanting a cell-free scaffold (of 
biologic or synthetic origin) directly in the human body (Figure 1C). With regard to 
the biologic scaffolds, special attention is given to the decellularization TE technique, 
not to be mistaken for the ordinary decellularization of homografts. This particular 
technique aims at the generation of a TEVG in vitro, using allogeneic cells cultured 
in a vascular scaffold. The in vitro culture period allows for a controlled production 
of mechanically robust ECM that can withstand high pressures. After sufficient 
tissue formation and maturation, the cellular content is removed from the construct 
by decellularization, resulting in a biologic, non- immunogenic vascular conduit that 
can be stored until use.21,22 The decellularization approach offers an off-the-shelf 
solution, however, it still requires time-consuming and costly in vitro cell culture. 
 To overcome the need for prolonged cell culture, tissue engineers have 
investigated the potential of synthetic scaffolds for in situ TE. The main materials 
studied in this context include synthetic biodegradable polymers, such as poly-
caprolactone (PCL), polyglycolic acid (PGA), polylactic acid (PLA), and poly-4- 
hydroxybutyrate (P4HB). A major advantage is that synthetic scaffolds can be 
tailored-made and therefore adjusted for specific clinical applications in different 
groups of patients. Recent studies have shown the regenerative potential of 
cell-free synthetic scaffolds in the arterial circulation of a small animal model.23,24 
In a rat aortic interposition model, de Valence et al. evaluated micro and nanofiber- 
based PCL vascular grafts for up to 18 months. They reported rapid endothelialization, 
good mechanical properties and patency of the grafts. However, grafts had poor 
compliance due to a lack of elastin and the presence of calcifications.23 In contrast 
to the slow degrading PCL graft of the former study, Wu et al. investigated the host’s 
remodeling of a fast degrading elastomeric graft, composed of a heparin-coated 
poly(glycerol sebacate) (PGS) and PCL sheet. Three months after interposition 
grafting in the rat abdominal aorta, the neo-arteries were compliant (11 ± 2.2% in 
the 80-120 mmHg range), showed an overall patency of 80.9%, had a confluent 
endothelium, and contained significant amounts of elastin (77%) and total collagen 
(statistically comparable to native aorta). However, the prolonged presence of the 
PCL sheet could inhibit further host remodeling and induce chronic inflammation, 
which can lead to adverse effects in the long-term, such as stenosis.24 
 In the next paragraph, the rationale of in situ vascular TE using synthetic 
scaffolds will be further explained.
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4. In situ tissue engineering using synthetic scaffolds

Indifferent of the technique used in vascular TE, all devices introduced into the 
body will evoke a foreign body response upon implantation. Due to the surgical 
procedure, in which host tissue is damaged, and the interaction of the host’s 
immune system with the material of the device.25 However, during in situ TE using 
synthetic scaffolds the foreign body response can be harnessed to guide and 
control tissue regeneration. To this end so-called “instructive scaffolds” are used 
that recruit, guide and promote the influx of specific immune and progenitor cells 
from the circulation; and subsequently guide and control cellular differentiation, 
ECM production and organized tissue growth. 

4.1  An inflammation-driven process of tissue regeneration
The wound-healing cascade following injury can be divided in an inflammatory,  
a regenerative and a remodeling phase. The inflammatory phase (minutes-days)  
is characterized by the rapid influx of circulating neutrophils, monocytes, and 
macrophages, followed by lymphocytes. This phase gradually proceeds into a 
regenerative phase (days-weeks), in which recruited tissue-forming cells deposit 
ECM. The remodeling phase (weeks) that follows enables the restoration of the 
damaged tissue’s function by organizing ECM architecture and the resolution of 
inflammation.26 
 The aim of in situ vascular TE is to exploit the natural wound-healing cascade 
to obtain functional blood vessels (Figure 2).27 A bare scaffold is introduced into 
the body, initiating an immune response to the material (Figure 2A). The scaffold’s 
design (e.g. porosity, chemical properties) promotes the initial infiltration of cells 
and stimulates the production of a variety of cytokines and growth factors, 
necessary to recruit progenitor cells capable of ECM production (Figure 2B). ECM is 
produced and deposited (Figure 2C), followed by remodeling of the newly formed 
matrix, while the scaffold is slowly degraded. The ultimate objective is to obtain a 
fully functional autologous blood vessel without the presence of scaffold (Figure 2D). 
Although inflammation is crucial for wound-healing and tissue regeneration, it can 
also lead to pathologies, such as chronic inflammation and hypertrophic scar formation. 
Therefore, in situ vascular TE encounters a major challenge to harness beneficial 
inflammatory responses, while avoiding detrimental outcomes. 
 A recent study in an immuno-deficient small animal model suggested the 
importance of paracrine signaling in the transformation of TEVGs into functional 
blood vessels.17 This has led to an increased interest in the use of bioactive molecules 
incorporated into the scaffold as a tool to modulate the immune response, in addition 
to other scaffold design parameters to optimize scaffold characteristics.
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4.2  Synthetic scaffold design 
Comparable to native ECM, synthetic biodegradable scaffolds serve as a network 
to home cells and guide their growth, differentiation and function, by providing 
adequate perfusion of oxygen, nutrients, growth factors and other metabolic 
products. In addition, scaffolds promote tissue formation and remodeling by the 
cells, while offering mechanical support in a hemodynamically challenged environment 
to prevent premature failure. 
 To achieve successful application in vivo, TEVGs should resist thrombosis, permit 
cellular infiltration, and enable the complete degradation of scaffold in time, in which 
the initial mechanical support from the scaffold is gradually taken over by the neo- 

Figure 2. The rationale of in situ vascular tissue engineering.

The aim of in situ vascular tissue engineering is to exploit the natural wound-healing cascade 
to obtain functional blood vessels inside the human body. A biodegradable vascular graft is 
introduced into the body, initiating an immune response upon blood-scaffold interaction 
(A). The scaffold’s design promotes infiltration of cells and stimulates the production of a 
variety of cytokines and growth factors, necessary to recruit progenitor cells capable of 
ECM production (B). ECM is produced, deposited, and remodeled (C), while the scaffold is 
slowly degraded, eventually leading to resolution of inflammation (D). Figure adapted from 
Smits.27
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vessel. Considering direct blood-scaffold contact and ongoing cyclic stresses and 
strains, an optimal design of synthetic scaffolds for in situ vascular TE applications 
is warranted.28

 In this section, we will discuss the desired biologic, microscopic, and macroscopic 
properties of synthetic scaffolds (Table 1).

The synthetic scaffold’s design is of great importance in in situ vascular TE. This 
includes microscopic topography of the scaffold (e.g. polymer surface, charge and 
chemistry) and local organizations (e.g. anisotropy). In addition, the synthetic 
scaffold must possess the necessary biologic features for full integration into the 
native vasculature. Biocompatibility and biodegradability are key features to avoid 
thrombosis, rejection, chronic inflammation, or the formation of toxic degradation 
products.28 
 When designing TEVGs, a primary aim is to reduce the incidence of graft 
occlusion, due to thrombosis or stenosis. Thrombosis is often the result of a 
thrombogenic luminal surface of the TEVG or turbulent blood flow. Graft stenosis 
develops over time, due to recurrent episodes of thrombosis leading to luminal 
narrowing, or intimal hyperplasia, the latter as a result of compliance mismatch 
between graft and native vessel or chronic inflammation.4 
 Next to the ability to resist thrombosis, synthetic scaffolds must permit cellular 
infiltration. At a microscopic level, high porosity and optimal fiber diameter and 

Table 1.  Desired synthetic scaffold properties for in situ vascular tissue engineering

Desired synthetic scaffold properties

Biologic properties
- biocompatible
- resistant to thrombosis 
- non-infectious
- non-toxic
- biodegradable

Microscopic properties
- high porosity
- optimal fiber diameter and orientation
- surface topography (e.g. bioactive)

Macroscopic properties

- mechanically robust and compliant
- promotion of ECM production 
- optimal degradation kinetics
- incorporation into the host tissue (remodeling, growth)
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orientation are warranted, to allow cell infiltration and guidance for optimal ECM 
production, deposition, and remodeling.29

 At the macroscopic level, mechanical properties such as strength, elasticity 
and durability must be targeted to provide mechanically functional substitutes at 
the time of implantation and that maintain mechanical integrity during neo-tissue 
build-up and scaffold degradation. An optimal architectural design promotes native- 
like collagen and elastin network formation in order to obtain functional blood 
vessels that withstand cyclic loading. The choice of biomaterial highly influences 
mechanical properties of the synthetic scaffold. PCL scaffolds can maintain their 
mechanical properties for more than a year, due to a slow degradation process, 
whereas fast degrading PGA scaffolds lose their mechanical properties within a 
month.30 When combining different polymers, their rate of degradation can be 
altered by varying their copolymer ratio.28,31 The optimal rate of degradation is 
crucial to maintain mechanical integrity during neo-tissue formation and to avoid 
chronic inflammation due to slow or incomplete degradation of the scaffold. 
 In conclusion, the ideal vascular conduit must be biocompatible, non-toxic, non- 
infectious, resistant to thrombosis, mechanically strong and compliant to withstand 
long-term hemodynamic stresses, and able to fully incorporate into the host tissue 
with capacity to remodel and grow. In addition, grafts should be off-the-shelf available, 
allow simple surgical handling, and be manufactured at low costs. 

4.3  Electrospinning technique for scaffold preparation
In order to obtain the desired scaffold properties as discussed in the previous 
section, the method of processing of the synthetic material is of great importance.
Polymer processing techniques include gas foaming, salt leaching, phase separation, 
freeze drying, 3D printing and spinning. Of these techniques, electrospinning has 
received much attention for the production of fibrous scaffolds for vascular 
applications, due to its ease of fabrication and versatile control over process 
parameters, which enables an optimal control of scaffold features, such as fiber 
diameter and porosity. Furthermore, scaffolds can be tailored at nano or micro 
scale range to obtain a surface favorable for cellular interaction. The wide variety 
of polymers to choose from, each with different mechanical and chemical 
properties, as well as degradation kinetics, further emphasizes the great prospect 
of electrospinning as an important polymer processing technique.31  
 The basic principle of electrospinning is the use of an electrical charge to draw  
very fine fibers from liquid. A common setup consists of a high voltage power supply,  
a syringe pump, a nozzle, and a target (Figure 3).32 A polymeric solution is forced 
through a capillary by a syringe pump into the nozzle, which is connected to a high 
voltage power supply, while the target is grounded.  The polymeric solution is held 
by its surface tension at the end of the capillary tube subjected to an electric field. 
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As the electric field is increased, the droplet at the tip elongates to form a so-called 
Taylor cone and a liquid jet is ejected. While the jet accelerates towards the 
grounded target, it experiences instability, creating a whipping effect increasing 
both transit path and time allowing solvent to evaporate and stretching of the 
droplet into fiber. Ultrafine polymer fibers are collected on the target, resulting in 
the production of an electro-spun tubular scaffold that can serve as a TEVG for in 
situ vascular TE applications (Figure 4). 
 To optimize scaffold properties, different parameters in the electrospinning 
process can be adjusted, including the voltage applied, the polymer flow rate, the 
distance between capillary and collector, as well as polymer concentration, solution 
conductivity, and solvent volatility (Table 2).31 A change in parameter settings 
greatly influences fiber size and topography, which can substantially improve 
mechanical properties and cellular interaction. The ability to fabricate scaffolds that 
mimic the scale and architecture of natural ECM to promote cell attachment, 
infiltration, and differentiation, marks the great potential of electrospinning as a 
polymer processing technique.

Figure 3. Representative setup of an electrospinning device.

An electrospinning setup consists of a high voltage power supply, a syringe pump, a nozzle, 
and a target (see main text for explanation of the technique). Figure adapted from Thakkar.32
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4.4  A delicate balance between scaffold degradation and tissue formation
One of the main challenges for in situ vascular TE is to define and achieve the 
optimal balance between scaffold degradation and tissue formation.  In order to 
offer a safe and durable functional replacement, the tissue-engineered construct 
must maintain mechanical integrity during its transition from scaffold to fully 
autologous neo-tissue in which no synthetic material is present. Taking into account 
that degradation behavior of the scaffold strongly influences tissue regeneration, 
the degradation of the material becomes a very important aspect with regard to  
in situ TE approaches. 

Figure 4.  Electrospun polycaprolactone (PCL) tubular scaffold (left) and scanning 
electron microscopy (SEM) image at 500x magnification (right). 

Images courtesy of S.H. Thakkar, Eindhoven University of Technology.

Table 2.   Parameters affecting fiber morphology in electrospinning.  
Adapted from Sill and von Recum.31

Processing parameter Solution parameter

Applied voltage Polymer concentration (viscosity)

Polymer flow rate Solvent volatility

Capillary-collector distance Solution conductivity
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In vivo degradation of polymer-based scaffolds takes place through various 
processes, including hydrolytic and oxidative degradation mechanisms. Hydrolysis 
occurs in the water-rich biological environment, cleaving the polymer chain in 
oligomers and monomers. The presence of enzymes in this environment can 
attribute to this through a process referred to as enzymatic hydrolysis.33 Oxidative 
degradation involves the production of reactive oxygen species (ROS), like hydrogen 
peroxide and nitric oxide produced by circulating immune cells infiltrating the 
scaffold, such as macrophages.34 Other important environmental factors influencing 
degradation include pH, temperature, and mechanical stress.33 The degradation 
products formed should be metabolized by the body, resulting not only in a 
decrease of weight mass, but also affecting the geometry, physical, and chemical 
properties of the scaffold. 
 Different methods of material processing can be employed to control the rate 
of degradation to a certain extent. One important factor is the composition of the 
material, which determines hydrophilicity and therefore hydrolytic degradation. 
Other methods to control degradation kinetics include copolymerization and 
polymer surface modification techniques.

28,30,31,33

 A better understanding of scaffold degradation, which is ideally controlled by 
neo-tissue formation, and complex cell-scaffold interactions in vivo is crucial to 
design scaffolds that guide and control homeostatic tissue formation. Although a 
complete understanding of the underlying mechanisms remains elusive, the first 
successful experimental application of purely synthetic scaffolds as vascular 
conduits has been reported recently. 

4.5  Translation to the clinic
In May 2015, Xeltis, a privately-held medical device company, reported the successful 
completion of the first-in-human feasibility study using a cell-free, synthetic, 
biodegradable vascular implant.35 Five children (ages 4-12 years), born with a 
single- ventricle anomaly, were implanted with Xeltis’ vascular implant to ensure a 
proper circulation of oxygenated blood. The study was conducted at the Bakoulev 
Center for Cardiovascular Surgery of the Russian Academy of Medical Sciences in 
Moscow. The promising first results after 12 months of follow-up show the potential 
of this innovative technique to treat pediatric patients once, hereby eliminating the 
necessity of repetitive surgeries.36 Although longer follow-up is warranted, these 
preliminary results demonstrate potential clinical use of in situ TEVGs in the low 
pressure circulation. Application in the high pressure arterial circulation however, 
will remain challenging.
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5. Conclusion and outlook

The increased focus on biodegradable polymer scaffolds as substitutes for current 
vascular replacement therapies poses several scientific challenges. These include 
material selection and processing, cell recruitment and tissue formation, scaffold 
degradation kinetics, and in vivo performance. 
 A priority challenge in biomaterial design is to balance scaffold degradation 
kinetics with tissue formation by the host. This balance is required to prevent 
premature failure of the TEVG. In addition, homeostatic neo-tissue formation is 
needed to circumvent chronic inflammation or intimal hyperplasia. Especially in 
the arterial circulation, with its high hemodynamic demands, this will require 
in-depth knowledge of the underlying mechanisms of tissue formation and 
remodeling to safely translate this technique to the clinic. 
 As TEVGs have advanced to clinical trials in humans, overcoming the original 
concerns of survivability at implantation and short-term thromboresistance, new 
concerns arise with regard to the long-term mechanobiological stability and 
growth potential, especially when the arterial circulation is involved.14,19,20,36-39 
Furthermore, it requires additional methods to monitor the performance of TE 
constructs at a morphological, functional and molecular level in a non- or minimally 
invasive way. So far, many studies performed in vitro or in vivo use destructive 
analyses, such as histology, or mechanical testing, to evaluate tissue performance. 
No single imaging modality today can provide engineers with all the necessary 
information. However, synthetic scaffolds for in situ TE offer the potential to 
incorporate imaging agents to monitor scaffold degradation, while additional 
contrast-free techniques can be applied to monitor neo-tissue formation.
 In conclusion, the newly proposed in situ TE approach offers attractive 
low-cost, off-the-shelf available vascular substitutes with potential to grow and 
remodel inside the human body. Ongoing developments in material science provide 
the desired tools to fine-tune the bioactive, mechanical, and degradation properties 
of the scaffold to guide and control cell recruitment and tissue regeneration for the 
specific application. Given the recent progress made in early human trials, 
introduction of in situ TEVGs to replace small and larger diameter vessels in 
standard vascular replacement therapy is to be expected in the near future.
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Abstract

In situ vascular tissue engineering (TE) aims to regenerate vessels “at the target 
site” using synthetic scaffolds that are capable of inducing endogenous 
regeneration. Critical to the success of this approach is a fine balance between 
functional neo-tissue formation and scaffold degradation. Circulating immune cells 
are important regulators of this process as they drive the host response to the 
scaffold and they play a central role in scaffold resorption. Despite the progress 
made with synthetic scaffolds, little is known about the host response and 
neo-tissue development during and after scaffold resorption. In this study, we 
designed a fast-degrading biodegradable supramolecular scaffold for arterial 
applications and evaluated this development in vivo. Polycaprolactone-bisurea 
(PCL2000-U4U) was electrospun in tubular scaffolds and shielded by non-degradable 
expanded polytetrafluoroethylene (ePTFE) in order to restrict transmural and tran-
sanastomotic cell ingrowth. In addition, this shield prevented graft failure, 
permitting the study of neo-tissue and host response development after 
degradation. Scaffolds were implanted in 60 healthy male Lewis rats as an 
interposition graft into the abdominal aorta and explanted at different time points 
up to 56 days after implantation to monitor sequential cell infiltration, differentia-
tion, and tissue formation in the scaffold. Endogenous tissue formation started 
with an acute immune response, followed by a dominant presence of pro-inflam-
matory macrophages during the first 28 days. Next, a shift towards tissue-produc-
ing cells was observed, with a striking increase in alpha-smooth muscle actin 
(α-SMA) positive cells and extracellular matrix (ECM) by day 56. At that time, the 
scaffold was resorbed and immune markers were low. These results suggest that 
neo-tissue formation was still in progress, while the host response became 
quiescent, favoring a regenerative tissue outcome. Future studies should confirm 
long-term tissue homeostasis, but require the strengthening of the supramolecular 
scaffold if a non-shielded model will be used.
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1. Introduction

Recent developments in vascular TE strategies show a shift towards in situ vascular 
TE while using cell-free synthetic scaffolds that promote tissue regeneration inside 
the human body.1,2 This in situ approach aims to harness the natural foreign body 
response towards wound healing process that enables the regeneration of vascular 
tissues. However, the physiological wound healing process involves a complex 
series of events that require strict regulation in order to prevent detrimental 
outcomes, such as fibrosis or chronic inflammation.3 These events pose several 
scientific challenges for tissue engineers in designing scaffolds that are capable of 
supporting and guiding a favorable wound healing response via a pro-regenerative 
immune environment.
 Despite the progress that has been made in the development of biodegradable 
polymeric scaffolds, the targeted regenerative process is not well understood. It is 
hypothesized that this regenerative process is inflammation-driven, and that early 
infiltration of immune cells is a determining factor in late tissue outcome.4,5 Based 
on a previous study by Talacua et al., we hypothesize that these infiltrating immune 
cells are endogenous circulating monocytes and macrophages, which initiate an 
inflammatory response by secreting cytokines and growth factors that subsequently 
attract progenitor cells that are capable of matrix formation.6 The source of these 
progenitor cells remains to be further elucidated. Potential sources of these 
progenitor cells include the circulation, the bone marrow, resident tissue cells, and 
macrophages that may transdifferentiate into tissue producing cells. In order to 
specify which changes in biomaterial design are needed to direct these cells 
towards tissue regeneration and to prevent adverse remodeling, it is of great 
importance to fully understand their interaction with the biomaterial during 
scaffold remodeling.
 Several studies have investigated the regenerative potential of different 
synthetic polymeric scaffolds as tissue-engineered vascular grafts (TEVGs) in the 
arterial circulation of a small animal model.6-12 Various biodegradable synthetic 
polymers were studied in this context, including poly(ε-caprolactone) (PCL), 
poly(glycerol sebacate) (PGS), poly(glycolic acid) (PGA), poly(lactic acid) (PLA), 
polyurethane (PU), and copolymers thereof. A disadvantage of these materials is 
that they lack the potential to easily adjust the material properties to match tissue 
formation by the host and to guide the regeneration process. 
 A promising new class of highly tunable synthetic materials in vascular tissue 
engineering is supramolecular polymers, which are formed by mixing different 
building blocks that are non-covalently linked through directional and reversible 
secondary interactions. Due to the reversibility in the bonding, polymer properties, 
such as mechanics and degradation rate, can be modified to obtain a variety of 
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different polymers with distinct material characteristics.13 Moreover, it provides a 
powerful tool to customize these materials for specific vascular applications, e.g., 
by the incorporation of non-cell adhesive components, specific-cell attracting 
peptides, or bioactive moieties.14-16 Due to the possibility to fine-tune their 
properties in such a controlled way, these supramolecular materials allow for better 
control of the regenerative process and the prevention of adverse remodeling.  
 In an earlier study, we successfully used a slow-degrading electrospun 
supramolecular scaffold that is made of bisurea-modified polycarbonate to ensure 
mechanical functionality in in-situ tissue engineered heart valves and followed 
native-like tissue formation for up to 12 months.17 In the current in vivo study,  
we designed a faster degrading electrospun supramolecular scaffold for arterial 
applications and evaluated it in vivo. Tubular scaffolds were electrospun of 
PCL2000-U4U, which is a biodegradable thermoplastic elastomer that exhibits 
strong and elastic properties.18 As the polycaprolactone backbone degrades 
through hydrolysis, it is more susceptible to degradation than the polycarbonate 
backbone, allowing for faster degradation. The PCL2000-U4U scaffolds were 
shielded with low-porosity ePTFE, which slows down the rapid transmural and 
transanastomotic ingrowth of cells from the adjacent tissue, a phenomenon 
common in small animals, but not in humans.19,20 Most importantly, the shielding 
prevented graft failure permitting to study neo-tissue and host response development 
during scaffold resorption. Scaffolds were implanted as an interposition graft into 
the abdominal aorta in a rat model, and explanted at different time points up to  
56 days after implantation to monitor sequential cell infiltration, differentiation 
(immunohistochemistry, gene expression), and tissue formation (histology).

2. Materials and methods
 
2.1 Polymer synthesis
The PCL2000-U4U biomaterial (Figure 1A) was prepared, according to Wisse et 
al.18 The used batch had a weight average molecular weight of Mw = 74.4 kg/mol 
and a polydispersity of D = 2.3 (relative to polyethylene glycol standards), as 
assessed with gel permeation chromatography (GPC) while using a Varian/Polymer 
Laboratories PL-GPC 50 Plus instrument (Varian Inc., Palo Alto, CA, USA), equipped 
with a Shodex GPC KD-804 column (Shodex, Tokyo, Japan) that was operated at 50 
°C, using DMF with 0.1% LiBr as the eluent. 
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2.2 Scaffold fabrication
PCL2000-U4U (SyMO-Chem, Eindhoven, The Netherlands) was processed into a 
microfibrous porous isotropic scaffold by electrospinning. The polymer was dissolved  
in trichloromethane/methanol (99/1 w/w) (Sigma Aldrich, St. Louis, MO, USA) at 
12.5% (w/w) and stirred overnight. Following complete dissolution, the polymer 
solution was dispensed with the aid of a syringe pump (PHD 22/2000, Harvard 
Apparatus, Holliston, MA, USA) to a moving nozzle (0.8 mm internal diameter) 
placed at 15 cm distance from the rotating collecting mandrel (1.5 mm diameter) of 
a climate controlled electrospinning apparatus (EC-CLI, IME Technologies, Geldrop, 
The Netherlands). The electrospinning conditions were as follows: constant 
temperature of 23 °C, 30% relative humidity, 15 kV voltage on nozzle, 20 µL/min 
flow rate, 100 rpm collector rotation speed, and 15 min spin time. Electrospun 
scaffolds were kept under vacuum overnight to eliminate solvent remnants.

2.3 Scaffold shielding and sterilization
In order to shield the 8 mm long electrospun tubular PCL2000-U4U scaffold, an 
end-to-end anastomosis was made to a 4 mm long low-porosity ePTFE tube (Zeus 
Industrial Products Inc, Orangeburg, SC, USA) using interrupted 8-0 nylon sutures 
(Ethilon®; Ethicon, Johnson & Johnson, New Brunswick, NJ, USA) proximally and 
distally from the electrospun scaffold. In addition, a low-porosity ePTFE tube was 
mounted on the outer surface of the shielded electrospun tubular scaffold and 
tightened at both shielded sides using a single 6-0 suture ligature (Prolene®; 
Ethicon, Johnson & Johnson, New Brunswick, NJ, USA) (Figure 1B,D). The thickness 
of the ePTFE tube was 350 micrometer. All scaffolds were sterilized by Ethylene 
Oxide sterilization (Synergy Health, Venlo, The Netherlands) prior to implantation. 

2.4 Assessment of PCL2000-U4U scaffold and ePTFE microstructure
Tubular PCL2000-U4U scaffolds and ePTFE (Zeus Industrial Products Inc, 
Orangeburg, SC, USA) were examined by scanning electron microscopy (SEM) 
(Quanta 600F, FEI, Hillsboro, OR, USA). Samples were visualized in high vacuum 
atmosphere with an electron beam of 1 kV. Inner tube diameter, wall thickness, 
and average fiber diameter or internodal distance (IND) were measured from SEM 
images using standard image processing software (ImageJ v1.48, U.S. NIH, 
Bethesda, MD, USA). To measure fiber diameter, at least 30 individual fibers of each 
sample were measured.

2.5 Experimental animals
Sixty inbred male Lewis rats (Charles River Laboratories, Sulzfeld, Germany), 
weighing 306 ± 17 g, were used in this study. Animals were housed in pairs in 
individually ventilated cages at 20 °C and 50% humidity on a 12 h light-dark cycle 
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with ad libitum access to standard chow and water. After one week of acclimatization, 
sixteen millimeter long tubular scaffolds, composed of high-porosity PCL2000-U4U 
and shielded by low-porosity ePTFE, were implanted as an interposition graft into  
the animals’ infrarenal abdominal aorta. To study gene expression profiles and 
cellular infiltration and phenotype over time, scaffolds were explanted after 1 day 
(n=9), 3 days (n=9), 7 days (n=8), 14 days (n=8), 28 days (n=13), and 56 days (n=13). 
Part of the native abdominal aorta of each animal was explanted and used as 
control tissue. All animal experiments were reviewed and approved by the Animal 
Ethics Committee of Maastricht University (The Netherlands) and conform the 
guidelines for the use of laboratory animals, as formulated by the Dutch Law on 
animal experimentation. 

2.6 Surgical procedure
Prior to surgery, animals were given subcutaneous analgesia (buprenorphine 0.05 
mg/kg). Operations were performed under general anesthesia (1.5-2.5% isoflurane) 
and under sterile conditions in spontaneously breathing animals while using an 
operation microscope (Leica Microsystems, Wetzlar, Germany). Body temperature 
was maintained at 37 °C using a heating pad. Animals were administered 25IE of 
heparin subcutaneously prior to surgery. After a midline laparotomy, the aorta was 
separated from the inferior vena cava and surrounding tissues. The segment of the 
abdominal aorta between the renal arteries and the aortic bifurcation was 
mobilized (Figure 1C), collateral branches tied using 6-0 silk (Braun Aesculap, 
Tuttlingen, Germany), followed by aortic cross-clamping of the aorta between the 
renal arteries and the bifurcation with microvascular clamps. The aorta was 
transected and scaffolds were placed as an interposition graft with end-to-end 
anastomosis performed at both the proximal and distal ends using interrupted 8-0 
nylon sutures (Ethilon®; Ethicon, Johnson & Johnson, New Brunswick, NJ, USA). 
When the clamps were removed and hemostasis was achieved, the aorta was 
closely inspected to confirm pulsatile flow distal to the tubular scaffold. The 
abdomen was closed in two layers using 4-0 sutures (Vicryl®; Ethicon, Johnson & 
Johnson, New Brunswick, NJ, USA). Animals recovered in a recovery chamber at 30 
°C and were assessed for evidence of acute failure, before returning to their cage. 
At the end of the day of surgery, animals were given subcutaneous analgesia 
(buprenorphine 0.05 mg/kg), which was continued twice-daily during the first 
three postoperative days. No anti-coagulation or anti-platelet therapy was given 
throughout the duration of the study. In addition to standard chow, animals 
received recovery dietgels (ClearH2O®, ME, USA) for three days postoperatively, to 
improve their recovery.
 On the predetermined day of sacrifice, animals were euthanized under isoflurane 
anesthesia by exsanguination. Animals were then systematically perfused with 
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cold phosphate buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA), after which  
the scaffold and a native aorta specimen were carefully explanted. The external 
ePTFE tube was removed by cutting the two prolene sutures and by carefully 
cutting the ePTFE tube in longitudinal direction.

2.7 Histology
Specimens were fixated in 3.7% formalin for 24 hours at 4 °C, and embedded in 
optimal cutting temperature compound (OCT) (Tissue-Tek®, Sakura Finetek Europe 
B.V., Alphen aan den Rijn, The Netherlands). 5 µm thick sections were cut and 
mounted on Polysine® glass slides (ThermoFischer Scientific, Waltham, MA, USA). 
Slides were washed in PBS and stained with Weigert’s Hematoxylin and Eosin (H&E) 
(Sigma-Aldrich, St. Louis, MO, USA), Elastica van Gieson (Merck, Darmstadt, 
Germany), and Masson’s trichome (Sigma-Aldrich, St. Louis, MO, USA). Stained 
slides were then dehydrated by quick exposure to a graded series of ethanol 
solutions (70-100%) and mounted in Entellan (Merck, Darmstadt, Germany). No 
xylene was used during the protocol to prevent damage to the polymeric fibers. 
Slides were visualised with a Zeiss Axio 681 Observer Z1 microscope (Carl Zeiss 
Microscopy GmbH, Jena, Germany). 

2.8 Immunohistochemistry
Specimens were fixated in 3.7% formalin for 24 hours at 4 °C, and embedded in 
OCT (Tissue-Tek®, Sakura Finetek Europe B.V., Alphen aan den Rijn, The Netherlands). 
5 µm thick sections were cut and mounted on Polysine® glass slides (ThermoFischer 
Scientific, Waltham, MA, USA). Slides were washed in PBS, and then placed in a  
96 °C citrate antigen retrieval buffer (pH 6.1; DAKO) for 20 minutes. The buffer  
was then allowed to cool, after which slides were washed in a 0.05% PBS-Tween 
solution (PBS; Tween 20, Sigma-Aldrich, St. Louis, MO, USA). This was followed by  
a permeabilization step with 0.5% Triton-X100 (Merck, Darmstadt, Germany) in 
PBS for 15 minutes at room temperature. Slides were washed another time in 
0.05% PBS-Tween solution. Blocking was performed by incubating slides in 5% 
normal goat serum (Invitrogen, Carlsbad, CA, USA) for 1 hour at room temperature 
in a humidified chamber. Primary antibodies were prepared at the desired 
concentrations in 0.5% normal goat serum. Slides were incubated in primary 
antibody in a humidified chamber at 4 °C overnight. The primary antibodies used 
were: mouse anti-CD68 (1:400; AbDSerotec, Kidlington, UK), rabbit anti-inducible 
Nitric Oxide Synthase (iNOS) (1:400; Abcam, Cambridge, UK), mouse anti-CD163 
(1:200; AbDSerotec, Kidlington, UK), mouse anti-α-SMA (1:600; Sigma-Aldrich, St. 
Louis, MO, CA), and rabbit anti-von Willebrand Factor (vWF) (1:1200; Abcam, 
Cambridge, UK). The following day, slides were washed (0.05% PBS-Tween solution) 
and incubated with Alexa fluor 488/555 secondary antibodies (1:300; Invitrogen, 
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Carlsbad, CA, USA) for 1 hour at room temperature in a humidified chamber. Cell 
nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). Incubation without 
primary antibody was included as negative controls. After washing (0.05% PBS-Tween 
solution), slides were mounted in Mowiol (Calbiochem, San Diego, CA, USA) and 
visualised with a Zeiss Axiovert fluorescence microscope (Carl Zeiss Microscopy 
GmbH, Jena, Germany).

2.9 Quantitative immunohistochemical analysis
Cellularity was studied using DAPI stainings. For each time point (day 7, day 14, day 
28, and day 56), three explants were analyzed. Of each explant, four random areas 
were selected and digitally photographed using a Zeiss Axiovert fluorescence 
microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). These images were 
converted into 8-bit gray-value images and further analyzed using Image J software 
(ImageJ v 1.52, U.S. NIH, Bethesda, MD, USA). After selecting, duplicating, and 
measuring the area of interest, a threshold was set. Cell nuclei were separated by 
water shedding and subsequently counted using Image J software (ImageJ v 1.52, 
U.S. NIH, Bethesda, MD, USA). Cell number was adjusted to measured area to allow 
for an equal comparison of the four images. The mean of the four images was then 
calculated.
 Quantification of CD68, iNOS, α-SMA, and vWF was studied using immuno-
stainings of each marker. For each time point (day 7, day 14, day 28, and day 56), 
three explants were analyzed. Of each explant, four random areas were selected 
and digitally photographed using a Zeiss Axiovert fluorescence microscope (Carl 
Zeiss Microscopy GmbH, Jena, Germany). These images were converted into 8-bit 
gray-value images and further analyzed using Image J software (ImageJ v 1.52, U.S. 
NIH, Bethesda, MD, USA). After selecting and duplicating the area of interest, a 
threshold was set. The area fraction of each marker was measured using Image  
J software (ImageJ v 1.52, U.S. NIH, Bethesda, MD, USA). The mean of the four 
images was then calculated.

2.10 Gene expression analysis
Explanted specimens (scaffold or native aorta) were collected in Nalgene cryogenic 
vials (Sigma Aldrich, St. Louis, MO, USA) containing RNA-free metal beads and 
stored at -80 °C. First, specimens were mechanically disrupted with a microdis-
membrator (Sartorius, Göttingen, Germany) three times for 30 seconds at 3000 
rpm. Then, total RNA was extracted using TRIzol isolation, according to the 
manufacturer’s protocol (TRIzol, Life Technologies, Carlsbad, CA, USA). RNA 
concentration and purity were determined with a Qubit dsDNA HS Assay Kit 
(Thermo Scientific, Waltham, MA, USA) and a spectrophotometer (NanoDrop 
1000™, Thermo Scientific, Waltham, MA, USA). cDNA was synthesized using 
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SuperScript® VILO™ cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA). 
Quantitative real-time polymerase chain reaction (qPCR) was performed to 
evaluate the expression level of genes involved in inflammatory processes and 
tissue formation (Table 1) ((Sigma Aldrich, St. Louis, MO, USA); (Primerdesign, 
Southampton, UK)). Topoisomerase (DNA) I (TOP1), β-2 microglobulin (B2M), and 
ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide 
(ATP5B) were used as reference genes (Primerdesign, Southampton, UK). All of the 
samples were analyzed in duplicates. Data was analyzed using the delta-delta CT 
method. After normalization to the geometric mean of the three reference genes, 
the obtained values were further normalized to the native aorta control group for 
each time point. The groups at day 1 and 3 were not included in statistical analysis 
of gene expression, due to the limited amount of RNA extracted from the samples. 
The number of replicates included for analysis were: day 7 (n=6), day 14 (n=6), day 
28 (n=9), and day 56 (n=6). 

2.11 Statistical analysis
Data are expressed as mean ± standard error of the mean. Due to a non-normal 
distribution of the data, data were analyzed with Kruskal-Wallis tests, followed by 
Dunn’s multiple comparison tests. Statistical differences were determined using 
Prism software (Graphpad Software v5.04, La Jolla, CA, USA) and considered to be 
significant for p-values < 0.05.

3. Results

3.1  Tubular scaffolds are composed of microporous PCL2000-U4U  
and dense ePTFE

SEM analysis confirmed that electrospinning resulted in isotropic fibrous tubular 
PCL2000-U4U scaffolds that consisted of non-fused, micrometer thick fibers (fiber 
diameter distribution of 3.5 ± 0.2 µm (mean ± standard deviation)) (Figure 1E). 
These results indicate a microporous structure, which is warranted to promote 
cellular infiltration for in situ vascular TE. The inner diameter of the scaffolds 
measured 1.3 mm, while the average wall thickness was 345 ± 37 µm (mean ± 
standard deviation). In contrast, the microstructure of the ePTFE used as shield 
was dense with an internodal distance of 10-20 µm (Figure 1F).
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3.2  Histological analysis demonstrates homogenous cellular infiltration  
and tissue formation  

Histological evaluation of the explants showed that cells infiltrated the PCL2000-U4U 
scaffold from day 1 (Figure 2A,C). During the first days, cells populated the complete 
electrospun scaffold, leading to a homogenous cell distribution throughout the 
scaffold by day 7 (Figure 2A,C). General morphology of the explants changed with 
time, with a clear reduction in wall thickness 28 days after implantation (Figure 2A). 
At day 56, an initial tissue layering was observed, albeit still being very distinct from 
native control tissue, with no indication of scaffold present (Figure 2C). Throughout 
the duration of the study, no differences in tissue formation between proximal, 
center, and distal sites were observed (Figure 2C).

Figure 1.  Scaffold composition and study design.

(A) Chemical structure of PCL2000-U4U; (B) Schematic overview of tubular scaffold 
composition; (C) Schematic representation of the implantation site (infrarenal abdominal 
aorta of male Lewis rats); (D) Tubular scaffold prior to implantation; (E) SEM image of 
PCL2000-U4U scaffold. Scale bar represents 100 µm; (F) SEM image of ePTFE. Scale bar 
represents 100 µm; (G) Tubular scaffold in situ.
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3.3  Pro-inflammatory macrophages are the dominant cell type during  
the first month after implantation

During the first month after implantation, mononuclear (CD68+ ) macrophages 
were the dominant cell type present in the PCL2000-U4U scaffold (Figure 3A). 
Macrophages were distributed throughout the scaffold, with a pronounced 
concentration at the sites of scaffold resorption. Macrophage subtypes were 
characterized by double-staining of CD68 (pan-macrophage marker) and iNOS 
(pro-inflammatory macrophage marker), or CD163 (anti-inflammatory macrophage 
marker), respectively. Most of the CD68+ cells co-expressed iNOS, indicating an 
abundant presence of pro-inflammatory macrophages. On the contrary, no CD163 
expression was observed. After 56 days, when no scaffold could be observed, 
a major reduction in macrophages was seen (Figure 3A,D). Furthermore, the macro - 
phages detected in the 56 days explants did not express iNOS (Figure 3A). 
 An endothelial lining at the luminal side was already present after seven days 
(Figure 3B,F). While the first α-SMA+ cells were detected at day 14, only 56 days 
explants displayed a medial layer of circumferentially orientated α-SMA+ cells 
consistent with native tissue (Figure 3B,G).

3.4  Gene expression analysis demonstrates changes in gene expression 
profile of cells in the scaffold over time 

qPCR was performed to investigate the gene expression profile of recruited cells in 
the PCL2000-U4U scaffold over time. Monocyte Chemotactic Protein-1 (MCP-1) 
expression was significantly upregulated during the first month after implantation, 
when compared to the native control, with a peak value at day 28. In the consecutive 
month, however, a significant decrease in MCP-1 expression was observed, 
resulting in a gene expression level that is similar to native control (Figure 4A).  
To assess the polarization state of the recruited macrophage population in the 
PCL2000-U4U scaffold, expression levels of genes that are attributed to either pro- 
inflammatory macrophages (iNOS), or anti-inflammatory macrophages ((Arginase-1 
(Arg-1), Mannose Receptor (MR)) were analyzed. Both iNOS and Arg-1 expression 
were significantly upregulated during the first month after implantation, with a 
peak value at day 14 (iNOS) and day 28 (Arg-1), respectively (Figure 4B,C). Of note, 
the peak value of iNOS expression was considerably higher than the peak value of 
both Arg-1 and MCP-1. After two months, the gene expression levels of iNOS and 
Arg-1 decreased and no significant difference between scaffold and native control 
could be detected, corresponding to the findings for MCP-1 expression (Figure 4A-C). 
In contrast to iNOS and Arg-1, MR expression remained relatively stable in time 
with no significant difference between scaffold and native control (Figure 4D). 
Gene expression levels of Stromal cell-Derived Factor 1α (SDF-1α) showed an 
increasing trend over time, but remained lower compared to native control (Figure 4E). 
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Transforming Growth Factor-β (TGF-β) gene expression analysis revealed a 
significant increase at day 7 (peak value) and day 14 post-implantation, but no 
significant difference at later time points when compared to native control (Figure 4F). 
Expression of interleukin 1β, interleukin 4, interleukin 6, interleukin 13, and interferon-γ 
was undetectable (data not shown).

Figure 3. Cellular infiltration and phenotype. 

(A) Immunofluorescent co-staining of pan-macrophage marker CD68 (green) and pro- 
inflammatory macrophage marker iNOS (red). Lumen is located at the right side of each 
picture. Scale bars represent 50 µm; (B) Immunofluorescent co-staining of α-SMA for 
smooth muscle cells (green) and vWF for endothelium (red). Lumen is located at the right 
side of each picture. Scale bars represent 50 µm; (C) Cellularity in number of cells per square 
mm; (D) Area fraction in % of CD68; (E) Area fraction in % of iNOS; (F) Area fraction in % of 
vWF; (G) Area fraction in % of α-SMA. (C-G) * P < 0.05.
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3.5   Matrix genes are upregulated at day 56 post-implantation indicating 
ongoing neo-tissue formation 

Gene expression of collagen type I, III, IV, and elastin were analyzed at different 
time points in explants and compared to native aorta (Figure 5A-D). In time, an increase 
in gene expression of all genes was observed, of which collagen type I in the 56-day 
explants was significantly higher expressed than in native aorta (Figure 5A). However, 
all of the matrix genes remained upregulated in 56-day explants, suggesting ongoing 
neo-tissue formation and remodeling (Figure 5A-D).

3.6   56-day explants display vascular neo-tissue development with  
no signs of scaffold present

Already after 7 days, scaffold resorption was observed, starting at small spots in 
the center of the PCL2000-U4U scaffold (Figure 6A). These spots expanded into larger 
areas (at day 14), where scaffold was replaced by ECM (Figure 6A). After two months, 
no scaffold could be observed (Figure 6A). Although 56-day explants displayed the 
formation of vascular neo-tissue, no elastin fibers were detected (Figure 6A).

Figure 4.  Gene expression of immunomodulating genes (A, E, F) and macrophage 
subset markers (B, C, D) in time compared to control (native aorta). 

Gene expression of (A) MCP-1; (B) iNOS; (C) Arg-1; (D) MR; (E) SDF-1α; and (F) TGF-β. * P < 
0.05 versus control, ** P < 0.01 versus control, *** P < 0.001 versus control. 
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As matrix production increased over time, an initial tissue layering was observed, 
which is characterized by cytoplasm and muscle fibers on the luminal side, 
surrounded by collagen on the non-luminal side (Figure 6B). Nonetheless, explants 
did not yet feature native-like morphology (Figure 6B).

Figure 5.   Gene expression of extracellular matrix components in time compared 
to control (native aorta). 

Gene expression of (A) collagen 1; (B) collagen 3; (C) collagen 4; and (D) elastin. * P < 0.05 
versus control, ** P < 0.01 versus control, *** P < 0.001 versus control.
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4. Discussion

The aim of the current in vivo study was to investigate the regenerative process 
during the remodeling of a fast-degrading and tunable supramolecular PCL2000-U4U 
scaffold. The main objective was to improve the understanding of host-scaffold 
interaction during this process of regeneration in order to define better biomaterial 
design criteria for the PCL2000-U4U scaffolds. To specifically investigate neo-tissue 
formation and host response development during and after scaffold resorption, 
scaffolds were shielded by ePTFE, and implanted as interposition grafts into the 
abdominal aorta of Lewis rats.
 In the herein presented PCL2000-U4U scaffolds, a phased endogenous arterial 
regeneration was observed (Figure 7). The early phase after implantation was 
characterized by an acute inflammatory response, which is marked by the immediate 
influx of circulating immune cells and upregulation of immune genes. During the 
first 28 days after implantation, unexpected accelerated scaffold degradation was 
seen, which coincided with a dominant presence of pro-inflammatory macrophages 
in the scaffolds. Meanwhile, the start of ECM formation was observed. After 56 
days, no scaffold could be observed and vascular neo-tissue had formed, and a 
shift from a dominant presence of pro-inflammatory macrophages towards tis-
sue-producing cells was seen. 
 As in situ vascular TE aims to induce vascular regeneration directly at the target 
site, its successful application particularly depends on endogenous cells that are 

Figure 6. Scaffold degradation and ECM formation with time.

(A) Elastica van Gieson staining (scaffold in purple, connective tissue in pink, and elastin 
fibers in dark purple). Lumen is located at the right side of each picture. Scale bars represent 
100 µm; (B) Masson’s trichome staining (connective tissue in blue, cell nuclei in purple, and 
cytoplasm and muscle fibers in red). Lumen is located at the right side of each picture. Scale 
bars represent 100 µm. 
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capable of neo-tissue formation. Moreover, circulating immune cells are considered 
the main regulators of this process, which makes them an important component  
in biomaterial design. Assessment of the explants by immunohistochemistry 
demonstrated that mononuclear macrophages (CD68+) were the dominant cell 
type present during the 28 days after implantation. Macrophages are highly plastic 
cells, which are capable of changing their polarization state in response to signals 
from their environment.21-23 As such, they can exert both positive and negative 
effects on tissue remodeling, and a timely conversion from pro-inflammatory (M1) 
towards anti-inflammatory or wound healing (M2) phenotype has been proposed 
to be crucial in long-term tissue outcome.5,24 In the present study, we observed 
that most of the CD68+ macrophages also stained positive for iNOS, indicating a 
pro-inflammatory phenotype, whereas CD163, an anti-inflammatory macrophage 
marker, could not be detected. The latter is consistent with previous findings in  
an animal model that restricted tissue ingrowth, although others have reported 
the presence of CD163.6,8 When no scaffold could be observed at day 56 post- 
implantation, a major reduction in macrophages was seen. Instead, a medial layer 
of circumferentially aligned SMA+ cells was present with vWF-expressing cells 
lining the lumen. The observed dominant presence of macrophages during the first 
28 days was supported by gene expression analysis. qPCR showed that MCP-1 
expression levels significantly increased during the first 28 days, and decreased to 
control levels after 56 days. MCP-1 is considered to be a crucial immunomodulatory 
factor during tissue regeneration, as it enhances host monocyte recruitment in 
vivo.4,6 The observed trend in MCP-1 expression correlated with the expression of 
macrophage subset markers iNOS and Arg1, indicating the recruitment of both 
pro- and anti-inflammatory macrophages into the PCL2000-U4U scaffolds during 
the first 28 days post-implantation.
 Macrophages express iNOS at high levels after induction by cytokines or other 
inflammatory agents, in order to produce large amounts of nitric oxide as part of 
the body’s defense system against pathogens or foreign materials.25 This is of 
special interest in the current study, since it is known that PCL2000-U4U is prone 
to oxidative degradation, which involves the cell-generated production of reactive 
oxygen species like nitric oxide.26 In contrast to previous findings in a subcutaneous 
rat model, in which polycaprolactone discs were implanted, a much faster degradation 
of the electrospun PCL2000-U4U scaffold was observed when implanted as interposition 
graft into the rat abdominal aorta.18 This is consistent with the findings of a recent 
study, which demonstrated that the biological response towards electrospun 
scaffolds is highly dependent on implantation site.27 We hypothesize that the rapid 
infiltration of (pro-inflammatory) macrophages, which was limited to the interface 
of the subcutaneously implanted solution cast films, significantly altered the 
degradation rate of the PCL2000-U4U scaffolds. The increased expression of iNOS 
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during the first month may have even further contributed to an accelerated 
degradation rate, due to an increase in oxidative degradation. 
 In addition to MCP-1, the expression of several other immunomodulating genes 
were examined. One of the genes of interest is SDF-1α, a chemokine that plays an 
important role in tissue repair signaling through the mobilization and homing of 
stem cells from the bone marrow to peripheral blood and the target tissue site.28 
On gene level, an upregulation of SDF-1α was observed, although this was not 
significant. Interestingly, it seems that SDF-1α expression follows that of MCP-1 
expression, which may imply that after the recruitment of macrophages, another 
progenitor cell type is attracted. Prior publications have shown that incorporation 
of SDF-1α into scaffolds leads to an enhanced recruitment of autologous progenitor 
cells and subsequent improved tissue regeneration and angiogenesis.16,29 Hence, 
SDF-1α represents a potential bioactive agent to be included into the PCL2000-U4U 
scaffolds to accelerate tissue regeneration.
 Another gene analyzed was TGF-β, which plays an important role in vascular 
biology but it can also lead to chronic inflammation and fibrosis if not strictly 
regulated.30,31 Prolonged elevation of TGF-β should therefore be avoided. In this 
study, it was observed that TGF-β expression was higher during the first 14 days 
after implantation when compared to native aorta. After 28 days, however, 
expression levels had declined to values that are equivalent to that of native aorta 
and remained constant throughout the course of the study, indicating a favorable 
down-regulation of TGF-β expression to avoid fibrosis. This is in line with recent 
studies, which demonstrated that timely scaffold degradation is essential to 
prevent fibrotic calcification of TEVGs in the arterial circulation.7,32

 Although the fast degradation of the PCL2000-U4U scaffold resulted in rapid 
neo-tissue formation, the matrix that was formed did not yet feature native-like 
morphology. For successful in vivo application, TEVGs should mimic native vessel 
morphology and mechanical properties. Whereas collagen provides strength to 
the vascular wall, elastin enables the vascular wall to expand and contract passively 
with changes in pressure, thereby contributing to the compliance of the blood 
vessel.33 Histological evaluation of the explants revealed the presence of collagen, 
but no signs of elastin fiber formation for up to 56 days. However, gene expression 
analysis did show a timely increase in the rate of elastin expression, indicating 
ongoing elastin formation. These results are in line with findings by Naito et al., 
who described that the regeneration of a venous graft in mice consisted of an initial 
surge in fibrillar collagen production as a result of the foreign body response, while 
other ECM components (glycosaminoglycans, elastin, collagen IV) and functional 
maturation were observed in a later stage, after degradation of the scaffold.34,35 
One of the reasons we did not detect any elastin in the PCL2000-U4U scaffolds can 
be due to the time duration in which this study was conducted. However, we must 



66

CHAPTER 3

also consider the negative effect of ePTFE shielding on the pulsatile loading of the 
scaffolds, hereby depriving cells from mechanical cues necessary for appropriate 
elastin production.  In a recent study, Huang et al. showed that cyclic biaxial 
stretching of tubular PGA scaffolds seeded with bovine smooth muscle cells 
enhanced the formation of mature elastin fibers in vitro, when compared to static 
controls.36 Moreover, lack of appropriate mechanotransduction was proposed to 
be the underlying cause of immature ECM formation in arterial TEVGs in mice.37

 The ePTFE shielding allowed us to specifically investigate the neo-tissue 
formation and host response development during and after scaffold resorption. 
In addition, the shield prevented overall mechanical failure that could otherwise 
have led to aneurysmal dilatation or rupture, which has been previously reported.10 
When considering the accelerated degradation of the PCL2000-U4U scaffold, 
it must be acknowledged that the vascular neo-tissue could at any time have lacked 
the mechanical strength to withstand the arterial pressures it was exposed to if it 
had not been shielded by ePTFE.
 Figure 7 provides a schematic overview of the results that were obtained in 
this study and illustrates potential ways to chemically modify the PCL2000-U4U 
scaffolds. Overall, the results of this study indicate that there was an imbalance 
between scaffold degradation kinetics with neo-tissue formation by the host, 
which could be the result of the restricted tissue ingrowth in the model used, 
leading to a delayed tissue formation. As transmural ingrowth from cells was 
hampered, this may have influenced this balance, as cells from transmural origin 
could not get in contact with the degradable tube to take part in the remodeling 
process. Ongoing debate emphasizes that the adventitial tissue might play an 
important role during vascular remodeling, and scaffolds should therefore be in 
contact with the surrounding tissue to investigate the complete remodeling process. 
Taking this into account, others have reported the successful transformation of a 
fast-degrading polymeric scaffold, composed of PGS and a PCL sheath, into 
compliant neo-arteries in which no PGS was present.8 However, it remains to be 
investigated whether these results can be obtained in other larger animal models, 
due to interspecies differences in arterial regeneration.19 In fact, even large 
variations within the same experimental animal group have been reported.38 With 
a highly tunable material we intend to anticipate on the variability in arterial 
regeneration, by gaining a most favorable control over the regenerative process 
through optimal biomaterial design while using supramolecular chemistry.
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5. Conclusions

In this in vivo study, we have specifically investigated the neo-tissue formation and 
host response development during the resorption of a supramolecular PCL2000-U4U 
scaffold for arterial regeneration in situ. During the course of the study, we observed  
an imbalance between scaffold degradation kinetics, which is probably due to 
macro phage-induced enhanced oxidative degradation, and tissue formation by the 
host. Henceforth, we intend to further optimize and strengthen the PCL2000-U4U, 
either by chemically adjusting its degradation kinetics, or by incorporating bioactive 
factors to enhance tissue formation. Future studies will also include longer follow-up 
times to evaluate the development in the long-term. 
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Figure 7.   Schematic overview of the results of the study and options for chemical 
modification, either by decreasing degradation rate (1) or enhancement 
of tissue formation (2), e.g. by addition of bioactive factors.
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Abstract

To maintain functionality during in situ vascular regeneration, the rate of implant 
degradation should be closely balanced by neo-tissue formation. It is unknown, 
however, how the implant’s functionality is affected by the degradation of the 
polymers it is composed of. We therefore examined the macro- and microscopic 
features as well as the mechanical performance of vascular scaffolds upon in vitro 
enzymatic degradation. Three candidate biomaterials with supramolecularly 
interacting bis-urea (BU) hard blocks (‘slow-degrading’ polycarbonate-BU (PC-BU), 
‘intermediate- degrading’ polycarbonate-ester-BU (PC(e)-BU), and ‘fast-degrading’ 
polycaprolactone- ester-BU (PCL-BU)) were synthesized and electrospun into micro - 
porous scaffolds. These materials possess a sequence-controlled macromolecular 
structure, so their susceptibility to degradation is tunable by controlling the nature  
of the polymer backbone. The scaffolds were incubated in lipase and monitored for 
changes in physical, chemical, and mechanical properties. Remarkably, comparing 
PC-BU to PC(e)-BU, we observed that small changes in macromolecular structure 
led to significant differences in degradation kinetics. All three scaffold types 
degraded via surface erosion, which was accompanied by fiber swelling for PC-BU 
scaffolds, and some bulk degradation and a collapsing network for PCL-BU scaffolds. 
For the PC-BU and PC(e)-BU scaffolds this resulted in retention of mechanical 
properties, whereas for the PCL-BU scaffolds this resulted in stiffening. Our in vitro 
study demonstrates that vascular scaffolds, electrospun from sequence-controlled 
supramolecular materials with varying ester contents, not only display different 
susceptibilities to degradation, but also degrade via different mechanisms.
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1. Introduction

There is a large clinical demand for small-diameter vascular conduits to treat patients 
suffering from cardiovascular disease or end-stage kidney disease.1,2 Vascular 
conduits are required for coronary artery bypass grafting, for lower limb revascu-
larization procedures, and for use in arteriovenous access shunts that are applied 
for hemodialysis. To date, the golden standard for arterial replacement remains 
the use of the patient’s own vasculature (e.g., internal thoracic artery, radial artery 
or great saphenous vein), mainly because the tissue is biocompatible, has matching 
mechanical properties, and possesses a non-thrombogenic endothelium. Despite 
these advantages, autologous replacement is often not an option, because many 
patients lack appropriate vessels due to vascular disease or previous harvest. As a 
result, there is a growing demand for alternative vascular substitutes. However, 
currently available small-diameter vascular substitutes (< 6 mm) have been 
characterized by poor biocompatibility, thrombosis, and intimal hyperplasia leading to 
stenosis.3-5 To overcome these problems and address the need for small-diameter 
vascular conduits, tissue engineering (TE) approaches are being investigated to 
offer an alternative. 
 Various approaches for vascular TE using cell-laden or acellular biodegradable 
scaffolds (either of biological or synthetic origin) have been widely explored.6 
Recent developments have led to an increased focus on in situ TE using cell-free 
synthetic biodegradable scaffolds, also because this approach represents a clinically 
appealing strategy due to the off-the-shelf availability of implant materials.7 In situ 
TE largely depends on the host’s capacity to colonize and populate the scaffold 
with endogenous cells that produce extracellular matrix (ECM). It also requires 
scaffolds that have sufficient strength to take over artery functionality immediately 
upon implantation, thereby withstanding the high mechanical demands imposed 
by the arterial high-pressure circulation. Furthermore, maintenance of the mechanical 
integrity during the build-up of neo-tissue by the host, while the scaffold is being 
degraded, is essential to avoid graft failure.8 Hence, the scaffold must degrade in 
pace with neo-tissue formation to allow for a safe and mechanically stable transition 
from scaffold implant to living autologous blood vessel. 
 During the process of degradation, both the macro- and microscopic properties 
of the scaffold are altered. However, these alterations, as well as their potential 
effects on the scaffold functionality, particularly in terms of mechanical performance, 
are not well understood. Biodegradable polymers are degraded through four primary 
pathways, namely hydrolytic, oxidative, enzymatic, and physical degradation.9 
Of these, hydrolysis, which can be catalyzed by enzymes such as lipase and esterase, 
represents the major degradation mechanism in polymeric scaffolds.10,11 Upon 
contact with water, polymer covalent bonds break, leading to smaller chains that 
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ultimately can be eliminated from the body. Both polyesters and polycarbonates 
are susceptible to hydrolysis, with polyesters generally being more susceptible 
than polycarbonates.9 
 A specific class of synthetic biomaterials are supramolecular polymers. This class is 
attractive for vascular TE as these materials can be customized for specific vascular 
applications through the incorporation of bioactive moieties, non-cell-adhesive 
components, or specific cell-attracting peptides.12-15 Moreover, their properties in 
general are highly tunable.16,17 For the present study we have exploited this 
tunability and have prepared a set of polymers with supramolecularly interacting 
bis-urea (BU) units in their structure. The polycarbonate-BU (PC-BU), polycarbonate- 
ester-BU (PC(e)-BU), and polycaprolactone-ester-BU (PCL-BU) materials are segmented 
thermoplastic elastomers (TPEs) with a sequence-controlled molecular structure: 
the macromolecules have an exact alternation of BU hard blocks and polycarbonate 
(PC), polycarbonate-ester (PC(e)), or polycaprolactone-ester (PCL) soft blocks. 
Accordingly, the molecular nature of the hard and soft blocks is the same along the 
length of the polymer chain for each of the three materials. On the one hand, these 
biomaterials are therefore expected to be similarly soft, tough, and non-cytotoxic. 
On the other hand, however, the pinpointed differences in the nature of the soft 
block (i.e., the ester/carbonate content as well as the difference between PCL and 
PC) are expected to translate to a variation in degradation behavior. Additionally, 
these differences may also modulate the thermal and mechanical properties of the 
resulting biomaterials.
 Previously, PC-BU-based scaffolds have been shown to successfully function as 
implanted tissue-engineered heart valves in sheep. The porous scaffolds were still 
(partly) present after 1 year in vivo.18 In contrast, PCL-BU-based scaffolds that were 
implanted as interposition grafts into the abdominal aorta of a rat model completely 
degraded in less than 2 months.19 The application of PCL-BU in porous implants for 
cardiovascular in situ TE therefore seems precluded. However, when subcutaneously 
implanted as solid discs in rats, this material was only minimally affected by degradation 
after 1.5 months.20 These differences in the degradation kinetics presumably 
originate from the different processing methods, shapes and morphologies that 
have been used for the particular implants, or from the different biological 
responses that depend on the implantation site and species.21,22 For in situ TE, the 
overall functionality of the implant is affected by degradation, so the observed 
variations in in vivo results underscore the importance of gaining more insight into 
the effect of degradation on the overall properties, including the mechanical 
properties, of the implant. It is then also important to study the degradation at the 
level of the actually implanted porous scaffold, and not merely at the level of the 
biomaterial itself. 
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Accordingly, we have examined the in vitro degradation of electrospun scaffolds of 
PC-BU and PCL-BU more closely, and have also included the newly introduced 
PC(e)-BU material in our assessment. Apart from studying differences in degradation 
kinetics, we have also investigated the functional performance of the porous 
scaffolds upon degradation. In our approach, we used lipase-enzyme accelerated 
in vitro degradation protocols to mimic the actual in vivo degradation of the 
implants. Particularly, vascular scaffolds, electrospun from the three candidate 
BU-materials with varying ester contents, were exposed to lipase solutions, thereby 
accelerating the degradation process. At various time points (up to 9 days) the 
scaffolds were characterized with regard to their physical, chemical and mechanical 
properties. More specifically, the mass loss and the thickness of the scaffolds have 
been monitored, as well as the mechanical properties of the scaffolds (by biaxial 
tensile testing). Furthermore, fiber morphology within the scaffold (by scanning 
electron microscopy (SEM)), the thermal behavior (by differential scanning calorimetry 
(DSC)) and the molecular weight (by gel permeation chromatography (GPC)) of the 
degrading scaffold materials have been examined (Figure 1).

Figure 1. Schematic overview of the experimental design and readouts.

Three candidate biomaterials (‘slow-degrading’ polycarbonate-BU (PC-BU), ‘intermediate- 
degrading’ polycarbonate-ester-BU (PC(e)-BU), and ‘fast-degrading’ polycaprolactone- 
ester-BU (PCL-BU)) were synthesized and electrospun into microporous vascular scaffolds. 
The scaffolds were incubated in a lipase solution at 37 °C and were monitored for changes 
in physical, chemical, and mechanical properties.

Polymer synthesis Electrospinning Analyses (up to 9 days)

Physical properties:
• Fiber morphology (SEM)
• Mass loss
• Sca�old thickness

Chemical properties:
• Thermal properties (DSC)
• Molecular weight (GPC)

Mechanical properties:
• Elastic moduli (biax)
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2. Materials and methods

2.1 Scaffold preparation
2.1.1 Polymer synthesis
PC-BU and PCL-BU were synthesized using 3-step synthetic procedures as described 
elsewhere.18,23 The synthesis of the PC(e)-BU material has also been performed in 
a 3-step approach, which is described in detail by van Haaften et al.24

2.1.2 Electrospinning
Tubular scaffolds (ø 3 mm, 5 µm fibers) and scaffold sheets (10×10 cm2, 5 µm fibers) 
were electrospun from three different polymer solutions containing CHCl3 (Sigma-
Aldrich, 372978), and MeOH (VWR Chemicals, 20903.368) or HFIP (Fluorochem, 
920-66-1) (Table 1). The polymer solutions were delivered via a positively charged 
needle onto a negatively charged rotating mandrel (ø 3 mm at 500 rpm for the 
tubes (6 cm deposition distance) and ø 35 mm at 100 rpm for the sheets (10 cm 
deposition distance)) in a climate-controlled cabinet (EC-CLI, IME Technologies, 
Geldrop, the Netherlands) at 23 °C and 30% relative humidity. To ensure comparable 
fiber diameter and fiber organization between the three candidate materials, they 
were produced according to the settings in Table 1. After removal from the mandrel, 
the resulting scaffold tubes and sheets were placed under vacuum for 16 h at 23 °C 
according to routinely-used protocols to remove any residual solvent.15,25 For the 
experiments, 10 mm pieces were cut from the tubular meshes, and 10×10 mm2 
pieces were cut from the scaffold sheets. Prior to the degradation experiments, the 
samples were placed in sterile H2O and centrifuged for 10 min at 4,500 rpm to wet 
the materials.

Table 1.   Electrospinning settings to produce vascular scaffolds from  
the three candidate polymers.

Settings

Material group

PC-BU PC(e-)-BU PCL-BU

wt% polymer 7.5 13.3 15.0

solvent (w/w) 99.5 : 0.5
(CHCl3 : MeOH)

95 : 5
(CHCl3 : HFIP)

98 : 2
(CHCl3 : MeOH)

flow rate (µl/min) 40 45 35

needle-to-mandrel (cm) 25 16 16

needle voltage (kV) 16 17 17

mandrel voltage (kV) -1 -1 -1
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2.2 Lipase accelerated degradation experiments
The prepared scaffolds were incubated in a 3 ml lipase solution in water (from 
Thermomyces lanuginosus, Sigma Aldrich, L0777) at concentrations ranging from 
10 U/ml to 1000 U/ml at 37 °C. At each time point, scaffolds were washed 3 times 
with sterile H2O, snap-frozen in liquid nitrogen, and stored at -80 °C until analysis, 
unless stated otherwise. Based on this protocol, three different types of degradation 
experiments were performed. 

2.2.1 Validation experiments
In the first set of experiments, pre-wetted scaffold meshes (10×10 mm2, n = 3 for 
every condition and time point) of each material were incubated at two different 
enzyme concentration conditions (50 U/ml and 100 U/ml lipase solution). To make 
direct correlations between the sample’s physical properties (i.e., scaffold thickness, 
mass loss, and fiber morphology, see Sec. 2.3.1), each analysis was performed on 
each individual sample at predetermined end points (0, 8, 28, 72 h).

2.2.2 Scaffold degradation and functional performance
For the second experiment, different degradation protocols were used for each 
material, i.e., different enzyme concentrations and/or durations were employed 
for each material. The 10 mm tubular PC-BU scaffolds were incubated with a 500 
U/ml lipase solution up to 9 days (with intermediate time points at 3 and 6 days), 
whereas the PC(e)-BU and PCL-BU scaffolds were incubated with 30 U/ml and 10 U/
ml lipase solution, respectively, up to 6 days (with intermediate time points at 2 
and 4 days). The lipase solution was refreshed every 2 to 3 days to maintain enzyme 
activity.26,27 During enzyme exposure, the scaffolds were monitored for their 
physical properties (i.e., fiber morphology, mass loss, and thickness, Sec. 2.3.1), 
chemical properties (i.e., thermal and molecular analysis, Sec. 2.3.2), and mechanical 
properties (Sec. 2.3.3). For each analysis, a total of three scaffolds per material per 
time point were included (see the detailed experimental scheme in Supplementary 
Information SI.1 (Appendix).

2.2.3 Functional performance at high scaffold degradation
In the last set of experiments, the tubular PC-BU scaffolds were incubated with a 
1000 U/ml lipase solution for 20 days, while the PC(e)-BU and PCL-BU scaffolds 
were incubated with a 100 U/ml lipase solution for 6 and 9 days, respectively. After 
enzyme exposure, the sample’s mass loss (Sec. 2.3.1) and mechanical properties 
(Sec. 2.3.3) were characterized (n = 3 per analysis).
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2.3 Experimental readouts
2.3.1 Physical properties
2.3.1.1 Fiber morphology
The scaffold fiber morphology was examined by scanning electron microscopy 
(SEM) (Quanta 600F, FEI, Hillsboro, OR, USA). Scaffolds were dried under vacuum, 
gold-sputtered, and visualized in low vacuum atmosphere with an electron beam 
of 5 kV. Average fiber diameters were measured from SEM images using ImageJ 
(v1.48, U.S. NIH, Bethesda, MD, USA). At least 20 individual fibers of each scaffold 
were measured. Fiber directionality and distribution of directionality was quantified 
using previously developed software.28 The % of aligned fibers was calculated by 
fitting a Gaussian distribution with an additional baseline onto the histogram of the 
detected fiber directions. The fraction of aligned fibers was defined as the fraction 
of fibers belonging to the Gaussian distribution.

2.3.1.2 Mass loss
Scaffolds were lyophilized for 3 hours, and then immediately weighed using a 
digital balance (XS105 dual-range analytical balance, Mettler Toledo, Switzerland). 
The remaining mass after scaffold degradation was normalized against the initial 
scaffold mass.

2.3.1.3 Scaffold thickness
Scaffold thickness was measured at two opposing edges (>3 locations/side) using a 
digital microscope (Keyence VHX-500FE, Itasca, IL, USA). For the validation experiment 
(Sec. 2.2.1, 10×10 mm2 sheets), the scaffold thickness was measured after 
lyophilisation, and the scaffolds dry thickness after degradation was normalized by 
the initial scaffold thickness. For the other experiments (Sec. 2.2.2 and Sec. 2.2.3, 
ø3 mm×10 mm tubes), the scaffold thickness was measured directly after washing, 
i.e., in wet conditions, and no normalization step was performed. 

2.3.2 Chemical properties
2.3.2.1 Differential scanning calorimetry analysis (DSC)
Directly after washing, samples were dried under vacuum and stored at room 
temperature. DSC measurements were performed on a DSC Q2000 (TA instruments, 
USA). Electrospun samples were weighed, and subsequently hermetically sealed in 
Tzero aluminum pans. The samples were first cooled to -80 °C and then subjected 
to two heating/cooling cycles from -80 °C to 160 °C with a rate of 10 °C/min. The 
presented melting peak (defined as the peak maximum) and melting enthalpy 
(defined as the peak area) were determined from the first heating run using 
Universal Analysis software (V4.5A, TA Instruments). 
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2.3.2.2 Gel permeation chromatography (GPC)
Scaffold samples for GPC were dissolved at a concentration of 1 mg/ml in dimethyl-
formamide, supplemented with 10 mM LiBr and 0.3% (v/v) H2O. Prior to the 
measurements, the sample solutions were filtered using a 0.2 µm regenerated 
cellulose filter. Weight-averaged molecular weights (Mw) and number-averaged 
molecular weights (Mn) relative to poly(ethylene glycol) standards were determined 
with a Varian/Polymer Laboratories PL-GPC 50 Plus instrument (Varian Inc., Palo 
Alto, CA, USA) operated at 50 °C, equipped with a Shodex GPC KD-804 column 
(Shodex, Tokyo, Japan).

2.3.3 Mechanical properties
The mechanical properties of the scaffolds were characterized immediately after 
washing in wet conditions at 37 °C in a biaxial tensile setup (CellScale Biomaterial 
Testing, Waterloo, Canada; equipped with a 1500 or 5000 mN load cell). The 
scaffolds were longitudinally opened and 7×7 mm2 samples were cut. After the 
scaffold thickness measurement (Sec. 2.3.1.3), the sample’s circumferential and 
axial directions were aligned with the actuators and mounted. Prior to the test, the 
samples were sprayed with graphite to facilitate optical strain analysis. After 10 
cycles of uniaxial strain up to 10% in each direction, the samples were equibiaxially 
stretched at a strain rate of 100% min-1 until 100%. Assuming incompressibility and 
plane-stress conditions, Cauchy stress–stretch curves were calculated from the 
force and displacement measurements. As a measure of stiffness, the slope at 
physiological stretch values of 1.05 and 1.15 stretch was calculated.29 

2.4 Statistical analysis
All data are expressed as mean ± standard deviation. To assess the overall effect of 
incubation time and the relationship between mass loss and scaffold thickness, the 
data were analyzed using linear regression in Matlab R2016b (The Mathworks, 
Natick, MA). To evaluate differences between the different time points, a Kruskal- 
Wallis test, followed by Dunn’s multiple comparison test, was performed in  
Prism (Graphpad Software v5.04, La Jolla, CA, USA). Statistical differences were 
considered to be significant for p-values < 0.05. 
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3. Results

3.1 Materials and scaffolds before degradation
The synthesis of the polymers resulted in biomaterials with the macromolecular 
structures as depicted in Figure 2A. The sequence-controlled TPEs have identical 
BU hard blocks, similar soft block lengths (Mn of about 2.5 to 2.8 kg/mol), but 
varying poly(ester/carbonate) soft block compositions. Supplementary Information SI.2 
(Appendix) contains information on the bulk thermal and mechanical properties of 
the three investigated biomaterials. Electrospinning of the biomaterials resulted in 
fibrous scaffolds with similar fiber diameters of about 5 µm (Figure 2B-C, Table 2).  
All scaffold groups exhibited at the outer side some degree of fiber alignment in the 

Figure 2. Materials and scaffolds before degradation.

(A) Macromolecular structures of the employed supramolecular polymers: polyhexyl-
carbonate bis-urea (PC-BU), polyhexylcarbonate-ester bis-urea (PC(e)-BU), and polycapro-
lactone bis-urea (PCL-BU). (B) Gross appearance of a vascular scaffold electrospun from 
PC-BU with 3 mm inner diameter (ruler ticks 1 mm). (C) Representative SEM images of 
electrospun BU-scaffolds (upper panel, scale bar = 100 µm; lower panel, scale bar = 5 µm).
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axial direction, which became more pronounced in the thicker scaffolds (Table 2; 
Figure SI1 (Appendix)). The luminal side of the pristine scaffolds was characterized 
by a porous and isotropic fiber network (Figure 2C, upper panel). Slight differences 
in the smoothness of fibers between the three materials were observed, which are 
most likely due to the electrospinning process (Figure 2C, lower panel).

3.2 Validation experiments
We first studied the degradation kinetics of the three materials, and found that the 
degradation profiles due to exposure of the scaffolds to 100 U/ml lipase solutions 
clearly differed (Figure 3A). Similar results were obtained using 50 U/ml lipase (see 
Figure SI2 (Appendix)). After 72 hours incubation, the PC-BU scaffolds had hardly 
lost any mass (~5%), while the PC(e)-BU and the PCL-BU scaffolds had lost about 
50% of their original mass (Figure 3A). PC(e)-BU showed kinetics intermediate to 
those of PC-BU and PCL-BU. Only at the earliest time points it gave similar results 
as found for PC-BU, the material that it closely resembles molecularly. These data 
demonstrate that the susceptibility of the BU-based supramolecular polymeric 
scaffolds to enzymatic degradation can be robustly tuned.
 Next, we examined and compared the fiber morphology, sample thickness, 
and mass loss of the scaffolds, as subjected to the two enzyme concentrations 
(Figure 3B-E). For all three materials, it was observed that the varying enzyme 
concentrations did not affect the relationship between sample thickness and mass 
loss, indicating that a similar degradation state of a scaffold (i.e., a state of a scaffold 
of a certain mass loss coupled to a certain scaffold thickness and a certain fiber 
thickness, all for a particular biomaterial) can be attained using different lipase 
concentrations (Figure 3C-E). This result also shows that the degradation rate does 
not seem to affect the degradation states that a scaffold traverses during its 

Table 2.  Properties of the electrospun vascular BU-scaffolds.

Properties

Material group

PC-BU PC(e-)-BU PCL-BU

% ester/carbonate in soft block 0/100 ca. 11/89 100/0

fiber diameter (µm) Inside 5.3 ± 0.1 4.4 ± 0.1 4.7 ± 0.0

Outside 5.9 ± 0.2 4.5 ± 0.2 4.4 ± 0.0

% aligned fibers 

(axial direction)

Inside 12 ± 9 20 ± 14 10 ± 8

Outside 42 ± 21 63 ± 19 57 ± 7

wall thickness (µm) 339 ± 29 726 ± 65 668 ± 58

lumen diameter (mm) 3 3 3
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degradative process. Finally, a pair of scaffold samples was taken from each 
material group that had attained comparable degradation states after different 
incubation times with different enzyme concentrations (indicated by the 
arrowheads in Figure 3C-E). SEM analysis of these sample pairs show very similar 
fiber morphologies for each material (Figure 3B), confirming that equivalent 
degradation states can be obtained by exposure to different enzyme concentrations 
and incubation times. These results validate our approach of examining and comparing 
biomaterial scaffolds as acquired by in vitro accelerated degradation protocols that 
apply different enzyme concentrations.

Figure 3. Validation experiments.

(A) Remaining mass fraction of electrospun BU-scaffolds during degradation by 100 U/ml 
lipase incubation (error bars for PC-BU and PC(e)-BU are in the order of graph point size, 
asterisks indicate statistical difference compared to pristine scaffolds at 0 h (* p<0.05, ** 
p<0.01)). (B) SEM images of the BU-scaffolds after 50 U/ml (upper panel) and 100 U/ml 
(lower panel) lipase incubation for 28–72 h (scale bar = 5 µm). (C–E) Relationships between 
sample thickness and mass fraction (in dry state) of the BU-scaffolds in 50 U/ml (blue dots) 
and 100 U/ml (red dots) lipase incubation up to 72 h (the solid line represents the linear 
regression through the data points with associated R2 and p-value). The scaffold thickness 
is normalized to its initial thickness. The theoretical relationship between thickness and 
mass fraction (assuming constant density) is represented by the dotted line. Arrowheads 
indicate the samples further examined with SEM in (B).
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3.3 Monitoring scaffold mass and morphology upon degradation
The PC-BU, PC(e)-BU and PCL-BU scaffolds were incubated with a 500 U/ml, 30 U/
ml, and 10 U/ml lipase solution, respectively, allowing examination of the 
degradation states of these biomaterial scaffolds within a similar experimental 
time frame. The remaining mass of all scaffolds decreased during lipase exposure 
(Figure 4A; see also table SI3 (Appendix) for data on statistical significance). This 
coincided with a decrease in the scaffold thickness for both the PC(e)-BU as well  
as the PCL-BU scaffolds (Figure 4B). In contrast, the thickness of PC-BU scaffolds 
remained constant despite the mass loss. The scaffold density, defined as the 
calculated ratio between scaffold mass and thickness, decreased with longer 
degradation times for the PC-BU and PC(e)-BU scaffolds. In contrast, the density of 
the PCL-BU scaffolds largely remained constant over time, or even increased to a 
minor extent (Figure 4C).

Figure 4. Physical degradation on the scaffold-scale.

(A) Remaining mass fraction (in dry state), (B) thickness (in wet state), and (C) density (i.e., 
ratio between remaining mass and thickness) of electrospun BU-scaffolds during lipase 
incubation (PC-BU in 500 U/ml, PC(e)-BU in 30 U/ml, and PCL-BU in 10 U/ml). Asterisks 
indicate statistical difference compared to day 0 (* p<0.05, see also the Table SI3 (Appendix) 
for the overall effect of incubation time).
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The samples were next examined at the microscopic fiber scale. Upon degradation, 
clear changes in the fiber morphology were observed for the three biomaterials, 
most strikingly for the PCL-BU scaffolds that often (but not always) showed an 
erosion-like appearance with small pits in the fibers (Figure 5A). Quantification of 
the fiber diameters from SEM images revealed a constant, even slight increase of 
fiber diameter in the PC-BU scaffolds, although this was not statistically significant 
(Figure 5B). In contrast, the fiber diameters in PC(e)-BU and PCL-BU scaffolds 
gradually and significantly decreased with longer enzymatic degradation. 
 To assess the homogeneity of fiber degradation in the samples, the fiber 
diameter as a function of mass loss was plotted (Figure 5C). If the material degrades 

Figure 5. Physical degradation on the fiber-scale.

(A) Representative SEM images of electrospun BU-scaffolds after degradation (scale bar = 5 
µm, percentage change in fiber diameter compared to day 0 is indicated in top left corner). 
(B) Quantification of fiber diameters of the BU-scaffolds during lipase incubation. (C) 
Relationship between fiber diameter and mass loss (the dotted line represents the expected 
relation if degradation occurs homogeneously due to surface erosion). Asterisks indicate 
statistical difference compared to day 0 (* p<0.05, see also table SI3 (Appendix) for the 
overall effect of incubation time).

A

B
5 µm

0 3 6 9
days

0

2

4

6

fib
re

 d
ia

m
et

er
 (µ

m
)

PCU131

0 2 4 6
days

0

2

4

6

fib
re

 d
ia

m
et

er
 (µ

m
)

PCL-BU

0 2 4 6
days

0

2

4

6

fib
re

 d
ia

m
et

er
 (µ

m
)

PC(e)-BUPC-BU PC(e)-BU PCL-BU

* *
*

ø 97% ø 68% ø 93%

0 0.1 0.2

mass loss (-)

4.5

5.0

5.5

6.0

fib
re

 d
ia

m
et

er
 (µ

m
)

0 0.1 0.2 0.3

mass loss (-)

3.5

4.0

4.5

5.0

fib
re

 d
ia

m
et

er
 (µ

m
)

0 0.2 0.4 0.6

mass loss (-)

2

3

4

5

fib
re

 d
ia

m
et

er
 (µ

m
)

PC-BU PC(e)-BU PCL-BU
C

�b
er

 d
ia

m
et

er
 (µ

m
)

�b
er

 d
ia

m
et

er
 (µ

m
)

�b
er

 d
ia

m
et

er
 (µ

m
)

�b
er

 d
ia

m
et

er
 (µ

m
)

�b
er

 d
ia

m
et

er
 (µ

m
)

�b
er

 d
ia

m
et

er
 (µ

m
)



87

4

DEGRADATION AND PERFORMANCE OF SCAFFOLDS EXAMINED UPON IN VITRO ENZYMATIC EXPOSURE

homogeneously via surface erosion, the relation between the decrease in fiber 
diameter and mass loss is expected to follow a quadratic profile (dotted lines in 
Figure 5C; see Supplementary Information SI.5 (Appendix)). The PCL-BU and PC(e)- 
BU fibers degrade corresponding to this profile, although this is less clear for the 
PC(e)-BU material. On the other hand, the profile for the PC-BU fibers seems to 
show a slight positive correlation with mass loss, suggesting fiber swelling.

3.4  Monitoring thermal properties and molecular weight upon degradation
In further analyses, we checked whether enzymatic degradation resulted in 
changes in the thermal properties and the molecular weight of the remaining 
scaffold materials. The trace of the first heating run from the DSC measurements 
on the electrospun scaffolds typically showed two distinct transitions (Figure 6A). 
The first melting transition corresponds to the melting of the polymer soft phase 
(i.e., PC, PC(e) or PCL), whereas the second transition (peak at >100°C) corresponds 
to the melting of the BU hard phase. Only for PCL-BU an additional third transition 
was observed at about 60°C (see Supplementary Information SI.3 (Appendix) for 
related details). The melting enthalpy as well as the melting temperature of the 
BU-melt did not significantly change for the three polymers upon degradation, 
even though they tended to decrease with enzymatic degradation, especially for 
the PCL-BU polymer (Figure 6B-C). 
 Finally, the GPC measurements indicated that the molecular weight of the 
remaining PC-BU and PC(e)-BU materials did not change with degradation. For 
PCL-BU, however, the molecular weight of the remaining material slightly and 
significantly decreased (Figure 6D). Apparently, the bulk material in the fibers is not 
affected by lipase and/or water for PC-BU and PC(e)-BU, while it degrades for 
PCL-BU.

3.5 Monitoring scaffold mechanical properties upon degradation
To assess the mechanical performance of the scaffolds after degradation, biaxial 
tensile testing was performed. All scaffolds showed some degree of non-linear, 
anisotropic mechanical behavior (Figure 7A). In particular, the PC-BU scaffolds 
were stiffer in the circumferential direction at higher levels of stretch, whereas the 
PC(e)-BU and PCL-BU scaffolds were stiffer in the axial direction. Irrespective of the 
polymer backbone, the pristine materials showed E-moduli in the same range of 
about 1 MPa, confirming the similarity between the mechanical properties of the 
three biomaterials. Interestingly, the PCL-BU scaffolds became stiffer upon 
degradation in the axial direction, even at a high degree of degradation (Figure 7B, 
Table 3). This stiffening effect was also observed, though only at higher stretches, 
for PCL-BU scaffolds that were deliberately electrospun to acquire fibers in the cir-
cumferential direction (see Supplementary Information SI.6 (Appendix) for details). 



88

CHAPTER 4

The PC(e)-BU scaffolds largely maintained their mechanical performance up to 40% 
of remaining mass (Figure 7B). However, these scaffolds abruptly lost their tensile 
properties at higher levels of degradation (Table 3). The behavior of the PC-BU 
scaffolds was less clear, but it seemed that their E-moduli stayed in the same range 
upon degradation (Figure 7B, Table 3). 

Figure 6.   Differential scanning calorimetry and gel permeation  
chromatography analysis.

(A) Representative DSC curves (endothermic processes plotted as peaks) of electrospun 
PCL-BU scaffolds after lipase incubation. (B) Melting enthalpies and (C) melting temperatures 
of the bis-urea phase in BU-scaffolds after lipase incubation derived from the DSC curves 
(n.d., not determined). (D) Weight-averaged molecular weight Mw (yellow), number-aver-
aged molecular weight Mn (red), and polydispersity index PDI (blue, right y-axis) of the 
BU-scaffolds during lipase incubation as determined with GPC. Asterisks indicate statistical 
difference compared to day 0 (* p<0.05, see also table SI3 (Appendix) for the overall effect 
of incubation time).
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Figure 7. Biaxial mechanical properties.

(A) Averaged stress–stretch curves in axial (red) and circumferential (blue) direction of 
electrospun BU-scaffolds prior to degradation. (B) Quantification of elastic modulus (defined 
as the slope at 1.05 stretch (top row) and 1.15 stretch (bottom row) in the stress–stretch 
curve) of the scaffolds during lipase incubation. The bottom line shows the remaining mass 
of the tested scaffolds at the last time point of the mechanical analysis (see also table SI3 
(Appendix) for the overall effect of incubation time).
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4. Discussion

In in situ TE, the degradation rate of the porous implant should complement the 
rate at which new tissue is formed to warrant a sustained mechanical function. 
Patient characteristics (e.g., immune response and age), location of implantation,21,22 
and the specific nature of the scaffold (e.g., shape, chemical composition, physical 
properties) determine the degradation rate of the implant. Ultimately, the in situ 
TE process is aimed at, and must lead to, a safe and successful transition from 
synthetic conduits into neo-vessels in which no scaffold is present anymore. 
Importantly, during this transition, the mechanical integrity of the implant must be 
maintained at all times to prevent premature graft failure. Here, we therefore have 
dissected how enzymatic hydrolytic degradation affects the physical properties 
and mechanical performance of scaffolds as electrospun from the candidate 
supramolecular BU-materials PC-BU, PC(e)-BU, and PCL-BU. We have demonstrated 
that the electrospun scaffolds degrade in different ways, and based on the findings 
we propose a material dependent degradation mechanism for the scaffolds that is 
schematically visualized in Figure 8.
 The examined BU-materials have a sequence-controlled molecular structure, 
and in this respect they deviate from polycarbonate, polyester, or co-polycarbonate/ 
ester BU-materials that are prepared in two-step one-pot procedures.30,31 The 
latter TPE materials have a macromolecular structure that is determined by 
statistics, and that accordingly has a range in hard and soft block identities, implying 
that all macromolecules composing a certain material have a different molecular 
microstructure. These materials also contain urethane groups, while PC-BU, PC(e)-BU, 

Table 3. Biaxial mechanical properties of extremely degraded scaffolds

Degradation read-out

Material group

PC-BU PC(e)-BU PCL-BU

Remaining mass (%) 59.8 ± 1.18 17.3 ± 2.1 23.7 ± 5.15

Elastic modulus (MPa, 
circumferential)

λ = 1.05 0.68 ± 0.07 <0.17* 2.17 ± 0.63

λ = 1.15 1.48 ± 0.20 <0.13* 2.24 ± 0.39

Elastic modulus (MPa, axial)

λ = 1.05 1.21 ± 0.48 <0.01* 5.37 ± 1.00

λ = 1.15 2.19 ± 0.03 <0.10* 4.40 ± 0.17

* due to sample breakdown, only n = 1 sample was measurable
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and PCL-BU do not. Each of the three sequence-controlled biomaterials is composed  
of macromolecules that are very much alike, and that only vary in macromolecular 
length. Accordingly, the degradation products of PC-BU, PC(e)-BU, and PCL-BU can 
be expected to be less diverse than those for the one-pot produced BU-polyure-
thanes. The high control over their molecular structure, leading to a high control 
over their specific properties, make sequence-controlled materials attractive for 
assessing their performance in biomedical applications, for example in in situ TE.

Figure 8.   Schematic illustrating the proposed degradation mechanisms for 
scaffolds of the three tested sequence-controlled BU-materials  
with varying susceptibilities to enzymatic degradation.
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PC-BU, PC(e)-BU, and PCL-BU are soluble in a range of solvents and can therefore 
be developed for solvent processing by electrospinning, resulting in fibrous 
scaffolds with non-linear and anisotropic mechanical properties. Scaffolds can be 
produced with about 5 µm fibers and open porous structures that allow infiltration  
of cells. One-pot produced BU-polyurethanes are less soluble, but can nevertheless 
be electrospun from HFIP to acquire scaffold meshes with (sub)micrometer fibers 
and relatively dense structures.32,33 The PCL, PCL/PC and PC BU-polyurethanes 
have also been examined in in vitro degradation assessments (on solid films 
exposed to PBS), and in in vivo degradation studies (on salt-leached scaffolds 
subcutaneously implanted in rats), and the results show a gradient in degradative 
behavior for the explored materials.30 Although, these investigations are related  
to this work, the experiments were not performed on electrospun scaffolds, 
precluding further direct comparisons. 
 In line with previous reported results on PCL-BU,27 PCL-BU scaffolds became 
more stiff with degradation (Figure 7B, Table 3). We reasoned that the changes in 
mechanical properties were the result of changes at the network level (i.e., physical 
properties of fibers and scaffold) and at the material level (i.e., thermal properties 
and molecular weight). Indeed, the fibers in the PCL-BU scaffolds displayed surface 
erosion, as was monitored up to a substantial mass loss for the scaffold (Figure 5C). 
At the material level, the hard block melting enthalpy and melting temperature 
(Figure 6B-C) as well as the molecular weight (Figure 6D) of PCL-BU tended to 
decrease with mass loss of the scaffold, indicating a deterioration in crystallinity34 
and, importantly, bulk degradation. This assessment is corroborated by SEM, 
showing affected rough-surfaced fibers with dents and pits (Figure 5A), and with 
data from a comparable study that also showed a slight decrease in molecular 
weight of PCL-BU scaffolds after 30% mass loss as a result of lipase exposure.27 
Finally, the studied PCL-BU scaffolds showed a minor increase in the macroscopic 
density upon degradation (Figure 4C), indicating a collapse of the fibrous network. 
Taken together, enzymatic hydrolytic degradation affected the polyester PCL-BU 
fibers from the outside and from the inside, and this presumably promoted the 
network to collapse, which in turn led to an overall stiffening of the scaffold.
 It is important to notice that all scaffolds displayed anisotropic mechanical 
behavior at all time points. This anisotropic behavior is attributable to the higher 
degree of fiber alignment in the axial direction, especially for the PC(e)-BU and 
PCL-BU scaffolds, as a result of the electrospinning process (Table 2; Figure SI1A 
(Appendix).) Interestingly, the stiffening effect in the PCL-BU scaffolds seemed to 
occur in the direction of the main fiber orientation (i.e., axial stiffening in axially 
aligned scaffolds and circumferential stiffening in circumferentially aligned scaffolds, 
Supplementary Information SI.6 (Appendix)). The apparent relation between 
degradation and structural anisotropy adds an extra complexity to the design of 
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scaffolds for in situ TE, which should be appropriately addressed with for example 
constitutive modeling.35 This also holds for the non-linear mechanical behavior 
that these electrospun scaffolds exhibit. Due to the combined non-linearity and 
anisotropy, loading configurations are likely to vary during degradation, thereby 
influencing the regeneration process. The change in loading configuration during 
scaffold degradation could be captured with constitutive models as well, and used 
to optimize scaffold design.
 The PC-BU scaffolds, on the other hand, maintained their mechanical properties 
during enzyme-accelerated hydrolytic in vitro degradation (Figure 7B, Table 3). This 
result is in line with previous work, albeit that degradation was only followed up to 
5% mass loss.18 At the network level, PC-BU fiber diameters increased (Figure 5C) 
and scaffolds remained of constant thickness (Figure 4B), despite the mass loss, 
suggesting that surface erosion in the PC-BU scaffolds is accompanied by swelling 
of the fibers with water. Swelling by absorption of water is known for PCL-based 
BU-polyurethanes, so it is not uncommon for BU-materials.36 Chemical characteri-
zation of the PC-BU scaffolds indicated that the enzymes did not affect the material 
remaining in the fibers (Figure 6), confirming that PC-BU solely degrades by surface 
erosion and not by bulk degradation. Consequently, the fibrous network gave 
stable mechanical moduli upon degradation up to about a 40% mass loss.
 Finally, we introduced a new synthetic biomaterial, PC(e)-BU; a polymer that 
very closely resembles PC-BU with respect to its macromolecular structure. 
Surprisingly, however, PC(e)-BU scaffolds degrade at a rate that is more comparable 
to that of PCL-BU scaffolds, although PC(e)-BU initially deteriorates slower than 
PCL-BU (Figure 3A). The ester bonds in PC(e)-BU are in close proximity to the 
stacking and crystallizing bis-urea (BU) groups, but apparently they are still quite 
accessible for cleavage by the lipase enzyme. At the material level, PC(e)-BU did not 
show signs for bulk degradation (Figure 6D), which is similar to PC-BU. At the 
network level, the PC(e)-BU scaffolds were also more resembling the PC-BU 
scaffolds, as the fibers seemed to show surface erosion without signs of a collapsing 
network despite the significant reduction in fiber diameters (Figures 4C and 5B-C). 
However, at extreme levels of degradation (ca. 80 % mass loss), the PC(e)-BU 
scaffolds abruptly lose their mechanical properties, while remarkably the PCL-BU 
scaffolds retain their modulus (Table 3). In this respect, the performance of 
PC(e)-BU is inferior to that of PCL-BU, as for the latter the mechanical robustness is 
warranted over a broader degradation range.
 Degradation of scaffolds in vivo is highly complex, involving the interplay between 
scaffold (e.g., fiber diameter, fiber alignment, pore size, and substrate stiffness), 
cells (e.g., macrophages and tissue producing cells37-40), and hemodynamics (e.g., 
shear stress and cyclic strain29). Our study highlights that through a simplification 
of these complex environments and a thorough examination of the physical, 
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chemical, and mechanical changes during enzymatic degradation, it is possible to 
identify the degradation mechanisms of scaffolds that are designed for in situ TE 
applications. We therefore expect that this highly-controlled in vitro testing 
approach can be useful to also reveal the degradation mechanisms of materials in 
general that relate to, for example, oxidation and physical loads.27 

5. Conclusions and outlook

We have shown that electrospun vascular scaffolds made from a set of sequence- 
controlled BU-modified biomaterials with varying amounts of ester groups in the 
polymer backbone are degraded through different mechanisms when exposed to 
lipase. PC-BU and PC(e)-BU polycarbonate scaffolds, with respectively a low and 
intermediate susceptibility to degradation, degrade through surface erosion, 
resulting in maintenance of the scaffold’s mechanical properties. PCL-BU polyester 
scaffolds, with a high susceptibility to degradation, degrade through surface 
erosion and some bulk degradation, which ultimately is accompanied by a network 
collapse, resulting in overall stiffening of the scaffold. Overall, it is observed that 
enzymatic hydrolytic degradation of electrospun scaffolds can be slowed down 
effectively when PC-BU is used, a material with only bis-urea (BU) and carbonate 
groups and without ester or urethane moieties. These results aid in the selection of 
electrospun biodegradable polymeric scaffolds for in situ TE, for instance for the 
preparation of small-diameter vascular substitutes.6,7,40 
 The introduction of PC(e)-BU to the set of BU-modified supramolecular 
polymers opens new opportunities to further tune the degradation kinetics of 
scaffold implants. In contrast to polymers in general, PC(e)-BU and PC-BU can, due 
to their macromolecular similarity, be combined to acquire an intimately mixed 
polymer blend (Supplementary Information SI.2 (Appendix)). Since their degradation 
mechanisms are alike, but their degradation rates vary, mixtures of these polymers 
are expected to resorb at intermediate rates. This mix-and-match approach 
illustrates that the class of supramolecular polymers continues to represent a 
promising group of materials for use in (vascular) TE approaches in particular, and 
biomedical applications in general.
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APPENDIX 

Supplementary information (SI)

SI.1 Cutting scheme
From the electrospun scaffolds, 10 mm tubular pieces were cut and incubated in 
lipase solution as described in Sec. 2.2 (Figure SI1B). At each time point, whole 
scaffold pieces were used to determine mass loss and biaxial mechanical properties. 
For GPC, SEM, and DSC analyses, the 10 mm scaffolds were cut in ca. 3 mm rings 
(Figure SI1C).

SI.2 Bulk thermal and mechanical properties of PC-BU, PC(e)-BU and PCL-BU
The three materials PC-BU, PC(e)-BU, and PCL-BU have been designed with identical 
bis-urea (BU) hard blocks and with similar soft block lengths (the soft block lengths 
Mn were about 2.5 to 2.8 kg/mol for the three materials), presumably leading to 
comparable crosslink densities for these segmented TPE biomaterials. The bulk 
properties of the materials, specifically thermal DSC data and mechanical tensile 
test data, have been recorded, and results from these measurements have been 
compiled in Table SI1 and Table SI2, respectively. A solvent cast film was used for 
the DSC measurement on the 1/1 blend of PC-BU and PC(e)-BU. Applied 
experimental methods are detailed hereunder as well.

Figure SI1.

(A) Scanning electron microscopy image of electrospun PCL-BU at the luminal side (top) and 
the outer side (bottom). (B) Schematic of the scaffold pieces during degradation and (C) 
division of the scaffold pieces at each time point for analysis.
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The three materials have soft blocks that are melted and amorphous at the 
 physiologically relevant temperature of 37 ºC, and hard blocks that melt well above 
100 ºC. Accordingly, at 37 ºC these biomaterials should behave as thermoplastic 
elastomers. However, PCL-BU and related polycaprolactone-based materials have 
previously been reported to show soft block melting transitions closer to and even 
higher than 37 ºC.1 Furthermore, in this study we have seen that processing of 
PCL-BU initiated crystallization of the PCL soft block leading to a melt transition at 
about 60 ºC (Figure 6A). Such crystalline domains are undesired as they can 
compromise the elastomeric properties of PCL-BU at 37 ºC, especially in time upon 
annealing at 37 ºC. We have not detected a growth of the PCL-crystalline domains 
melting at 60 ºC (Figure 6A), but we have only followed the scaffolds for 6 days. In 
contrast, PC-BU and PC(e)-BU have not shown processing-induced soft block crys-
tallization, and also display soft block melting transitions further below 37 ºC than 
observed for PCL-BU. Accordingly, PCL soft blocks are more likely to crystallize than 
PC soft blocks.
 Finally, the PC-BU and PC(e)-BU materials have been blended in a 1/1 mass 
ratio. Note that polymers rarely mix and usually phase separate, but PC-BU and 
PC(e)-BU only differ on the macro-monomer level with respect to a few atoms 
(Figure 2A). The 1/1 blend displays only one melting transition for the hard block, 
and this Tm is intermediately positioned to those of the parent materials. 
Furthermore, the Tg and Tm of the soft block are more or less the same as those for 
the parent materials. These results indicate that PC-BU and PC(e)-BU must be 
intimately mixed and may even be a homogeneous mixture on the molecular level. 
Further experimentation is required to elucidate the exact morphology of this type 
of blends.
 
Differential scanning calorimetry (DSC)
The thermal properties of the bulk materials were determined by DSC measurements 
performed on a TA instruments DSC Q2000 using Universal Analysis software. 
Melting (Tm) and glass (Tg) transition temperatures were assessed after the sample 

Table SI1.   Thermal (DSC) bulk properties of PC-BU, PC(e)-BU, PCL-BU, and of a 1/1 
blend of PC-BU and PC(e)-BU. SB, soft block; HB, hard block.

Material group Tg  (ºC) Tm (SB) (ºC) Tm (HB) (ºC)

PC-BU −40 5 139

PC(e)-BU −39 3 131

PCL-BU −56 16 119

PC-BU / PC(e)-BU  1 / 1 −42 5 134
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had first been brought to the isotropic state, so in the second or ensuing heating 
runs. Heating scan rates of 10 °C/min and 40 °C/min were used for Tm and Tg 
assessment, respectively. The Tm of the hard block (HB) and soft block (SB) was 
determined by the peak temperature, while the Tg was given by the inflection point 
in the thermogram. Tm transitions were broad.

The three materials have Youngs’ moduli (E), ultimate tensile strengths (UTS) and 
moduli of toughness (UT) in the same range. The engineering stress-strain curves of 
the materials show a monotonous increase of the stress versus the strain and no 
clear yield point.

Uniaxial tensile testing
The mechanical properties of the bulk materials were assessed by uniaxial 
stress-strain tensile tests that were performed on dog-bone shaped solid samples 
(length = 22 mm, width = 5 mm, thickness about 0.3 mm) punched from chloro-
form-methanol solution cast films. The tensile tests (n = 3) were executed at room 
temperature, using a crosshead speed of 20 mm/min. Measured stresses (σ) and 
strains (ε) were engineering stresses and strains. The Young’s modulus was 
determined between 0.25% and 2.5% strain.

SI.3 Degradation profiles with 50 U/ml lipase
The degradation profiles due to exposure to 50 U/ml lipase solution is shown in Fig. SI2.

Table SI2.   Mechanical tensile test data for bulk PC-BU, PC(e)-BU, and PCL-BU. 
The numbers in brackets denote the standard deviations.

Material group E (MPa) UTS (MPa) εbreak (%) UT (MPa)

PC-BU 11 (0.2) 40 (1.6) 952 (22) 189 (12)

PC(e)-BU 14 (0.7) 30 (2.8) 749 (51) 114 (18)

PCL-BU 16 (0.4) 27 (2.6) 1001 (98) 136 (26)
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SI.4 Effect of incubation time on degradation
Using linear regression, we assessed the overall effect of incubation time on the 
degradation read-outs (Table SI3).

SI.5 Relationship between fiber diameter and mass loss
When degrading a fibrous material, a theoretical relationship between fiber diameter 
and mass loss can be computed, assuming that fibers are shaped like cylinders with  
a diameter (d) and length (L) and that the mass (M) of a polymer fiber is proportional  
to its volume (V). Then, it follows that M ~ V ~ d2L. Since L >> d, a change in mass is 
expected to be proportional to d2, i.e., ΔM ~ Δd2.

SI.6 Properties of anisotropic PCL-BU scaffolds
We have selected the PCL-BU biomaterial to create aligned scaffolds with the main 
fiber orientation not in the axial but in the circumferential direction by increasing 
the rotation speed of the mandrel (Table SI4, Fig. SI3A). Accordingly, we could test 
whether scaffold anisotropy could have an effect on the degradation-induced 
changes in the mechanical performance. The % of aligned fibers is calculated by 
fitting a Gaussian distribution with an additional baseline onto the histogram of the 
detected fiber directions (Figure SI3B). The fitted baseline (divided by the number 
of bins) represents the fraction of randomly aligned fibers; the remaining fraction 
belongs to the aligned fibers.2 

Figure SI2.   Remaining mass fraction of electrospun BU-scaffolds during 
degradation by 50 U/ml lipase incubation

Error bars are in the order of graph point size, asterisks indicate statistical difference 
compared to day 0 (* p<0.05, ** p<0.01).
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We subjected the circumferentially aligned scaffolds to the same degradation 
protocol as the axially aligned PCL-BU scaffolds. Even though the circumferentially 
aligned scaffolds reached a higher level of degradation with the applied degradation 
protocol, the stiffening effect that was observed for the axially aligned PCL-BU 
scaffolds was only observed for the circumferentially aligned PCL-BU scaffolds at 
higher stretches (Fig. SI3C-D). Note, however, that these scaffolds were already 
more stiff prior to degradation (E-modulus around 3 MPa in circumferential direction). 
Nevertheless, these data indicate that the micro-architecture of electrospun scaffolds 
may to a certain extent influence the function of degrading scaffolds.

Table SI3.  Correlation coefficients (R2)* between degradation read-outs and 
incubation time. See Figs. 4-7 for the time-course data.

Degradation read-out
Material group

PC-BU PC(e-)-BU PCL-BU
Remaining mass 0.968 0.838 0.953
Thickness 0.022 0.408 0.602
Scaffold density 0.504 0.434 0.186
Fiber diameter 0.123 0.774 0.582
Melting enthalpy 0.251 0.500 0.555
Melting temperature 0.225 0.558 0.752
Mw 0.176 0.05 0.916
Mn 0.001 0.000 0.788
PDI (Mw/Mn) 0.190 0.020 0.769
Elastic modulus (circumferential)

λ = 1.05 0.050 0.008 0.016
λ = 1.15 0.292 0.001 0.011

Elastic modulus (axial)
λ = 1.05 0.025 0.069 0.403
λ = 1.15 0.258 0.001 0.580

* italic numbers highlight statistically significant changes over time
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Table SI4.   Comparison of the properties of the PCL-BU scaffolds with axially and 
circumferentially aligned fibers.

Properties

Material group

axially aligned  
PCL-BU

circumferentially 
aligned PCL-BU

% ester/carbonate in soft block 100/0 100/0

% aligned fibers inside 10 ± 8* 64 ± 16¥

outside 57 ± 7* 89 ± 6¥

fiber diameter (µm) inside 4.7 ± 0.0 5.8 ± 0.1

outside 4.4 ± 0.0 5.8 ± 0.0

wall thickness (µm) 668 ± 58 366 ± 17

lumen diameter (mm) 3 3

* main fiber direction in axial direction, ¥ main fiber direction in circumferential direction
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Inconsistencies in graft outcome of 
bilayered bioresorbable supramolecular 
arterial scaffolds in rats
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The contents of this chapter are based on:

Duijvelshoff R, di Luca A, van Haaften EE, Dekker S, Söntjens SHM, Janssen HM, 
Smits AIPM, Dankers PYW, Bouten CVC. Inconsistencies in graft outcome of bilayered 
bioresorbable supramolecular arterial scaffolds in rats. In preparation.
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Abstract

There is a continuous search for the ideal bioresorbable material to develop 
scaffolds for in situ vascular tissue engineering (TE). As these scaffolds are exposed 
to the harsh hemodynamic environment during the entire transformation process 
from scaffold to neo-tissue, it is of crucial importance to maintain mechanical 
integrity and stability at all times. Bilayered scaffolds made of supramolecular poly-
carbonate-ester-bisurea (PC(e)- BU) were manufactured using dual electrospinning. 
These scaffolds contained a porous inner layer to allow for cellular infiltration and 
a dense outer layer to provide strength. Scaffolds were implanted as an interposition 
graft into the abdominal aorta of male Lewis rats and explanted after 1, 3, and  
5 months in vivo (n=7 per time point) to assess mechanical functionality and 
neo-tissue formation upon scaffold resorption. Results demonstrated conflicting 
graft outcomes despite homogeneity in the experimental group, experimental 
procedures and scaffold production. Most grafts exhibited adverse remodeling, 
resulting in aneurysmal dilatation and calcification. However, a few grafts did not 
demonstrate such features, but instead were characterized by graft extension and 
smooth muscle cell proliferation in the absence of endothelium, while remaining 
patent throughout the study. We conclude that it remains extremely difficult to 
anticipate graft development and performance in vivo. Despite rational mechanical 
design and good performance in vitro, a thorough understanding of the biological 
mechanisms that govern scaffold-driven arterial regeneration and mechanical 
homeo stasis is warranted to optimize materials and scaffolds. Analysis of the 
differences between preclinical successes and failures, as is done in the present 
study, provides initial handles for scaffold optimization to improve graft performance 
in vivo.
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1. Introduction

Cardiovascular disease has remained the leading cause of death worldwide in the 
last 15 years, and almost 50% of these deaths emerge from coronary artery 
disease.1 Surgical bypass treatment of coronary as well as peripheral artery disease 
requires vascular conduits, for which living, autologous vessels still represent  
the golden standard.2-4 However, autologous vessels are not always available due 
to vascular disease, previous harvest, or when multiple or lengthy bypasses are 
required.5,6 Synthetic grafts are successfully used for medium- and large-diameter 
vessel replacements, but often fail in the small-diameter range due to poor bio-
compatibility, thrombosis, and intimal hyperplasia leading to stenosis.2,7,8 Vascular 
TE has the potential to fulfill the unmet clinical need for living, functional small- 
diameter conduits.
 In the last two decades, various TE approaches have been developed to create 
living vascular substitutes. These techniques range from in vitro TE, where vessels 
are cultured from scaffolds and cells in the laboratory, to in situ TE, using cell-free 
scaffolds (of either biological or synthetic origin) to trigger vascular regeneration in 
vivo at the locus of implantation.9,10 Recently, materials-driven vascular TE is 
gaining attention. In this approach, a biodegradable synthetic scaffold is implanted 
that recruits host cells for neo-tissue formation, and provides mechanical support 
during the regeneration process until the scaffold is fully degraded and replaced.10 
Among the design parameters for biodegradable scaffolds, the choice of material 
and scaffold structural parameters are of pivotal importance for the success of the 
final construct that replaces the diseased vasculature.
 An interesting group of synthetic biomaterials for vascular TE are the strictly 
segmented thermoplastic elastomers with supramolecularly interacting bis-urea 
units within their structure. Their sequence-controlled macromolecular structure 
allows for optimal control over the nature of the polymer backbone which subsequently 
affects their susceptibility to degradation and mechanical behavior.11-13 Furthermore, 
these polymers are tough, allow easy surgical handling, and can be customized for 
specific vascular applications by incorporating non-cell adhesive components, 
bioactive moieties or specific cell-attracting peptides.14-17

 In chapter 3, we successfully tested tissue-engineered vascular grafts (TEVGs) 
made of bisurea-modified polycaprolactone scaffolds, which were strengthened 
by non-degradable expanded polytetrafluoroethylene.18 However, the ultimate 
desire is to develop a fully biodegradable vascular TEVG as an alternative to the 
current non-degradable prostheses. To that end, we developed a bilayered 
supramolecular scaffold with a porous inner layer that allows cellular infiltration 
and a dense outer layer to provide strength. Based on previous in vitro experiments, 
in which we tested different bisurea-modified elastomers during accelerated 
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degradation, we selected polycarbonate-ester-bisurea (PC(e)-BU) because of its 
favorable mechanical properties (chapter 4).11 
 The current study was designed to investigate the in vivo performance of these 
bilayered supramolecular scaffolds in terms of mechanical performance and neo- 
tissue formation upon scaffold resorption. With regard to the latter, we studied 
whether tissue would form homogeneously and whether scaffold degradation 
would advance predictably in vivo. 

2. Materials and methods

2.1 Polymer synthesis
The polycarbonate-ester-bisurea (PC(e)-BU) biomaterial (SyMO-Chem, Eindhoven, 
The Netherlands) was prepared as described earlier.11 

2.2 Bilayered scaffold production via electrospinning
PC(e)-BU was processed into bilayered tubular scaffolds using a dual nozzle electro-
spinning set up. The polymer was dissolved in either trichloromethane/hexafluoro-
isopropanol (CHCl3:HFIP) (85/15 w/w) (Sigma-Aldrich, St. Louis, MO, USA) (Fluorochem, 
Hadfield, UK) at 23% (w/w) or hexafluoroisopropanol (HFIP) (Fluorochem, Hadfield, 
UK) at 12% (w/w) to produce the inner and outer layers, respectively, and stirred 
overnight. Following complete dissolution, the polymer solutions were dispensed 
with the a syringe pump (PHD 22/2000, Harvard Apparatus, Holliston, MA, USA) 
into a moving nozzle (0.8 mm internal diameter) placed at either 15 or 22 cm distance 
from the rotating collecting mandrel (1.5 mm diameter) of a climate controlled 
electrospinning apparatus (EC-CLI, IME Technologies, Geldrop, the Netherlands) at 
23 °C and 30% relative humidity. The two distinct layers were produced according 
to the settings in Table 1. Total spinning time of the inner layer was 2 minutes, of 
which the last 40 seconds consisted of dual electrospinning of both solutions, to 
enable entanglement of fibers of the distinct layers. Total spinning time of the 
outer layer was 40 minutes. After removal from the mandrel, the resulting scaffolds 
were kept under vacuum for 16 h at 23 °C to remove any residual solvents. 
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2.3 Scanning electron microscopy
Tubular PC(e)-BU scaffolds were examined by scanning electron microscopy (SEM; 
Quanta 600F, FEI, Hillsboro, OR, USA). Samples were visualized in low vacuum 
atmosphere with an electron beam of 10 Kv. Inner tube diameter, wall thickness, 
and the average fiber diameters were measured from SEM images using standard 
image processing software (ImageJ v1.48, U.S. NIH, Bethesda, MD, USA). To measure 
fiber diameter, at least 30 individual fibers per layer of each sample were measured.
 Explants were analyzed by SEM to visualize coverage of the scaffold with neo- 
tissue. To assess neo-tissue coverage and endothelialization of the implanted 
scaffolds, specimens were fixated in 2.5% glutaraldehyde for 24 h at 4 °C and 
dehydrated in a graded ethanol series, starting from 50% to 100 % in 5-10% 
increments. The ethanol was then allowed to evaporate in a vacuum chamber, and 
specimens were analyzed by SEM (Quanta 600F, FEI, Hillsboro, OR, USA).
 
2.4 Biaxial tensile testing
Mechanical properties of non-implanted control scaffolds (bilayered (n=6); 
unilayered microporous (n=6); unilayered nanporous (n=4))  and explants were 
analyzed in wet conditions at 37 °C in a biaxial tensile setup (CellScale Biomaterial 
Testing, Waterloo, Canada) in combination with LabJoy software (V8.01, CellScale 
Biomaterial Testing, Waterloo, Canada). Specimens were longitudinally opened, 
followed by thickness measurements using a digital microscope (Keyence VHX-500FE, 
Itasca, IL, USA). Subsequently, the specimen’s axial and circumferential directions 
were aligned with the actuators and mounted. Prior to testing, specimens were 
sprayed with graphite to facilitate optical strain analysis. After a precondition 
protocol of 10 cycles of uniaxial strain up to 10% in each direction, the samples 
were equibiaxially stretched at a strain rate of 100% min-1 until failure. Assuming 

Table 1.  Electrospinning settings to produce bilayered scaffolds.

Settings Inner layer Outer layer

wt% polymer 23 12

solvent CHCl3:HFIP (85:15 w/w) HFIP

nozzle position* side top

working distance (cm) 15 22

voltage (kV) 18 25

flow rate (µL/min) 80 10

rotation speed (rpm) 200 2000

spinning time (min) 2 40

* Nozzle position relative to the collecting mandrel.
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incompressibility and plane-stress conditions, Cauchy stress–stretch curves were 
calculated from the force and displacement measurements. As a measure of 
stiffness, the slope at physiological stretch values of 1.05 and 1.15 stretch was 
calculated.19 

2.5 Suture retention testing
Suture retention testing of bilayered scaffolds and native rat aortas was performed 
according to ISO 7198 “Cardiovascular implants – Tubular vascular prostheses”, 
using a tensile tester (Biotester 5000, CellScale, Canada). Briefly, samples were cut 
into 10 mm long segments, gripped at one extremity by a clamp and pierced 
through at the other extremity by a 4-0 prolene suture (Ethicon, USA) at a distance 
of 2 mm from the sample’s free edge, in accordance with the standard. Nine 
samples were tested in total (n=5 of sterilized PC(e)-BU  tubes and n=4 of native rat 
aortas). Tests were performed in saline at 37°C. Samples were stretched at 50mm/
min until rupture. Maximum force recorded prior to pull-through of the suture was 
considered to be the suture retention strength.

2.6 Experimental animals
Twenty-one inbred male Lewis rats (Charles River Laboratories, Sulzfeld, Germany), 
weighing 298 ± 10 g, were used in this study. Animals were housed in pairs in 
individually ventilated cages at 20 °C and 50% humidity on a 12 h light-dark cycle 
with ad libitum access to standard chow and water. After one week of acclimatiza-
tion, sixteen-millimeter long bilayered tubular PC(e)-BU scaffolds were implanted 
as an interposition graft into the animals’ infrarenal abdominal aorta. One animal 
died prematurely due to graft rupture three weeks post-implantation. All other 
animals survived until the predetermined date of sacrifice. Scaffolds were explanted 
after 1 month (n = 6), 3 months (n = 7), and 5 months (n = 7 ). Part of the native abdominal 
aorta of each animal was explanted and used as control tissue. The animal experiments 
were reviewed and approved by the Animal Ethics Committee of Maastricht University 
(The Netherlands) and conform to the guidelines for the use of laboratory animals, 
as formulated by the Dutch Law on animal experimentation.

2.7 Surgical procedure
Scaffolds were sterilized by Ethylene Oxide sterilization (Synergy Health, Venlo,  
The Netherlands) prior to implantation. Prior to surgery, animals were given 
subcutaneous analgesia (buprenorphine 0.05 mg/kg). Operations were performed 
under general anesthesia (1.5–2.5% isoflurane) and under sterile conditions in 
spontaneously breathing animals while using an operation microscope (Leica Mi-
crosystems,Wetzlar, Germany). Body temperature was maintained at 37 °C using a 
heating pad. Animals were administered 25 IE of heparin subcutaneously prior to 
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surgery. After a midline laparotomy, the aorta was separated from the inferior 
vena cava and surrounding tissues. The segment of the abdominal aorta between 
the renal arteries and the aortic bifurcation was mobilized, collateral branches tied 
using 6-0 silk (Braun Aesculap, Tuttlingen, Germany), followed by aortic cross- 
clamping of the aorta between the renal arteries and the bifurcation with 
microvascular clamps. The aorta was transected and scaffolds were placed as an 
interposition graft with end-to-end anastomosis performed at both the proximal 
and the distal ends using interrupted 8-0 nylon sutures (Ethilon®; Ethicon, Johnson 
& Johnson, New Brunswick, NJ, USA). When the clamps were removed and 
hemostasis was achieved, the aorta was closely inspected to confirm pulsatile flow 
distal to the tubular scaffold. The abdomen was closed in two layers using 4-0 
sutures (Vicryl®; Ethicon, Johnson & Johnson, New Brunswick, NJ, USA). Animals 
recovered in a recovery chamber at 30 °C and were assessed for evidence of acute 
failure, before returning to their cage. At the end of the day of surgery, animals 
were given subcutaneous analgesia (buprenorphine 0.05 mg/kg), which was 
continued twice-daily during the first three postoperative days. No anti-coagulation  
or anti-platelet therapy was given throughout the duration of the study. In addition  
to standard chow, animals received recovery dietgels (ClearH2O®, Westbrook, ME, 
USA) for three days postoperatively, in order to improve their recovery. 
 On the predetermined day of sacrifice, animals were euthanized under isoflurane 
anesthesia by exsanguination. Animals were then systematically perfused with 
cold phosphate buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA), after 
which the scaffold and a native aorta control specimen were carefully explanted. 

2.8 Histology
Specimens were fixated in 3.7% formalin for 24 h at 4 °C, and embedded in optimal 
cutting temperature compound (OCT) (Tissue-Tek®, Sakura Finetek Europe B.V., 
Alphen aan den Rijn, The Netherlands). 5 µm thick sections were cut and mounted 
on Polysine® glass slides (ThermoFischer Scientific,Waltham, MA, USA). Slides were 
washed in PBS and stained with Russell-Movat Pentachrome (American MasterTech, 
Lodi, CA, USA) to assess gross morphology and tissue composition. Alizarin Red S 
(Sigma-Aldrich, St. Louis, MO, USA) stains were performed to assess calcium 
deposits.  Stained slides were then dehydrated by quick exposure to a graded 
series of ethanol solutions (70–100%) and mounted in Entellan (Merck, Darmstadt, 
Germany). No xylene was used during the protocol to prevent damage to the 
polymeric fibers. Tile scans and pictures were recorded with a Zeiss Axio 681 
Observer Z1 microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).
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2.9 Immunohistochemistry
Specimens were fixated, embedded, and cut as described in the previous section. 
Slides were washed in PBS and antigen retrieval was performed in a 96°C water 
bath for 20 min in citrate buffer (pH 6.1: DAKO) followed by a permeabilization step 
with 0.5% Triton-X-100 (Merck, Darmstadt, Germany) in PBS for 10 min at room 
temperature. Blocking was performed by incubating slides in 1% non-fat dry milk, 
1% BSA, 2% normal goat serum (Invitrogen, Carlsbad, CA, USA), and 0.3M Glycin 
(Sigma-Aldrich, St. Louis, MO, USA) in 0.05% Tween-20 (Merck, Darmstadt, Germany) 
in PBS for 1.5 hours at room temperature in a humidified chamber.
 Primary antibodies were prepared at the desired concentrations in 1:10 diluted 
blocking buffer and were applied overnight at 4°C in a humidified chamber. The 
primary antibodies used were: mouse anti-α-Smooth Muscle Actin (α-SMA) (1:600; 
Sigma-Aldrich, St. Louis, MO, USA), and rabbit anti-von Willebrand Factor (vWF) 
(1:1000; Abcam, Cambridge, UK). All washing steps were done with 0.05% Tween-20 
in PBS. The following day, slides were washed and incubated with Alexa fluor 
488/647 secondary antibodies (1:500; Molecular Probes, ThermoFischer Scientific, 
Waltham, MA, USA) for 1.5 hours at room temperature in a humidified chamber. 
Cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). Incubation 
with secondary antibody only were included as negative controls. Stained slides 
were mounted in Mowiol (Calbiochem, San Diego, CA, USA) and visualised with a 
Zeiss Axiovert fluorescence microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).

2.10 Gel permeation chromatography (GPC)
To analyze remaining scaffold in explants by GPC, neo-tissue was removed by incubating 
the explants with 5% sodium hypochlorite solution (clorox) for 15 minutes at room 
temperature,. After incubation, samples were washed three times in purified water,  
and dried overnight in a vacuum oven at 37°C. Subsequently, scaffold samples were 
dissolved in dimethylformamide, supplemented with 10 mM LiBr and 0.25% (v/v) 
H2O, at a concentration of 1 mg/mL.  Prior to measurement, the samples were filtered 
over a 0.2 µm regenerated cellulose filter. Weight averaged molecular weights (Mw) 
and number averaged molecular weights (Mn) were determined with a Varian/
Polymer Laboratories PL-GPC 50 Plus instrument (Varian Inc., Palo Alto, CA, USA) 
operated at 50 °C equipped with a Shodex GPC KD-804 column (Shodex, Tokyo, 
Japan), relative to polyethylene glycol standards.

2.11 Statistical analysis
Data are expressed as mean ± standard deviation. All datasets were tested for 
normality using the Shapiro-Wilk test, which confirmed a non-normal distribution 
of the data due to the limited sample size. Therefore, we used non-parametric 
tests for statistical analysis. Biaxial tensile data were analyzed with a Kruskal-Wallis 
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test, followed by Dunn’s multiple comparison test. Suture retention data were 
analyzed with a Mann-Whitney test. Statistical analyses were performed with 
Prism software (Graphpad Software v5.04, La Jolla, CA, USA); differences were 
considered to be statistically significant for p-values < 0.05.

3. Results

3.1   Bilayered scaffolds show anisotropic mechanical behavior with the 
outer nanoporous layer providing stiffness to the scaffold

Dual electrospinning resulted in bilayered scaffolds, with an inner diameter of 1.54 
± 0.03 mm and a total wall thickness of 461 ± 32 µm (Figure 1C). It also showed the 
porous microstructure of the inner layer (fiber diameter of 2.77 ± 0.29 µm) and 
dense nanostructure of the outer layer (fiber diameter of 0.60 ± 0.05 µm) (Figure 
1F-G). In vitro biaxial tensile tests showed that bilayered grafts (n=6) were stiffer in 
the longitudinal direction (2.63 ± 0.43 MPa) than in the circumferential direction 
(1.96 ± 0.27 MPa) and that the outer nanoporous layer increased the overall 
stiffness of the scaffold in both directions (Figure 1I). Suture retention strength of 
bilayered scaffolds was significantly higher than native rat aorta (2.21 ± 0.32 versus 
0.70 ± 0.07 N), and comparable to human saphenous vein and human artery as 
described elsewhere (Figure 1J).20,21

3.2   Most explants exhibit aneurysmal changes  with a large 
interindividual variation in overall appearance

Macroscopically, explants showed great interindividual variability despite homogeneity 
in the experimental group, experimental procedures and scaffold production 
(Figure 2A). Most of the grafts exhibited aneurysm formation. The explant’s maximal 
external diameters were 3.5 ± 0.9, 4.8 ± 2.4, or 4.6 ± 1.6 mm after 1 month, 3 months, 
and 5 months, respectively (for individual values see Figure 2B). Lengths of explants 
were 16.7 ± 1.1, 18.6 ± 2.4, or 17.6 ± 2.9 mm after 1 month, 3 months, and 5 months, 
respectively (Figure 2C). Strikingly, the explants that did not show aneurysm formation 
had increased in length when compared to the initial scaffold length (16 mm) (Figure 2).

3.3   Non-aneurysmatic explants are characterized by wall thickening and 
muscular composition

The midsection wall thickness of explants remained relatively constant in time, 
with thicknesses of 513.06 ± 46.75 μm, 535.04 ± 101.79 μm, and 511.74 ± 70.94 μm 
after 1, 3, and 5 months respectively. The two explants from the 3 months group 
that did not demonstrate enlargement in maximal external diameter were analyzed 
separately, and displayed a considerably higher wall thickness of 613.90 ± 87.40 μm 
(Figure 3). 
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Russell-Movat pentachrome staining revealed that 3 months non-aneurysmatic 
explants displayed a muscular composition, whereas their 3 months aneurysmatic 
counterparts displayed a composition rich in glycosaminoglycans. 5 months explants 
were mainly composed of collagen, although glycosaminoglycans and muscle tissue 
were also present (Figure 3).
 SEM demonstrated near native like neo-tissue formation in both 3 and 5 months 
explants with no sign of scaffold present (Figure 4). 1 month explants mainly 
displayed scaffold (data not shown).

3.4 Aneurysmatic 3 and 5 months explants stained positive for calcium
Alizarin Red S staining was used to detect the presence of calcium in explants. 
None of the 1 month explants displayed presence of calcium. Of the 3 months 
explants, all explants that exhibited aneurysmal deformation (5 out of 7) displayed 
presence of calcium, and of the 5 months explants all except for one (6 out of 7) 
(Figure 5). In the explants that did not show aneurysm formation, no calcium was 
detected.
 

Figure 4. Neo-tissue formation at microscopic level.

SEM images. Upper row: native rat aorta. Lower row: representative three months explant.
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3.5 Explants displayed tissue-like non-linear elastic behavior 
Prior to implantation, bilayered scaffolds displayed an almost linear elastic behavior. 
On the contrary, explants displayed a more tissue-like non-linear elastic behavior, 
consistent with native vessels. In time, explants became stiffer in both directions 
(Figure 6). 

3.6   Analysis of the non-aneurysmatic explants suggests that absence of 
endothelium led to smooth muscle cell proliferation

Alpha smooth muscle actin (α-SMA) was present in all 3 and 5 months explants and 
to a lesser extent in 1 month explants (Figure 7). A positive expression of von 
Willebrand factor (vWF) was found on the luminal surface of almost all explants, 
except for the explants that did not exhibit dilatation. This absence of endothelium 
was accompanied by increased smooth muscle  cells (SMCs) (Figure 7).  

3.7 After 3 months in vivo no polymer could be detected in explants
To determine the molecular weight of the remaining scaffold, explants were 
analyzed GPC. As a control, sterile non-implanted scaffolds were used. GPC 
analyses revealed that the remaining polymer scaffold in 1 month explants 
displayed a modest decrease in molecular weight as compared to the control (53.0 
± 1.0 kg/mol versus 54.2 ± 0.2 kg/mol). The polymer dispersity index remained 
constant (2.05 versus 2.06). GPC analyses of 3 and 5 months explants could not be 
conducted, as no scaffold material was present at these time points.

Figure 6. Mechanical behavior of explants in time.

Quantification of elastic modulus of scaffolds (control) and explants in longitudinal (red) and 
circumferential (blue) direction. * p<0.05
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4. Discussion

The failure or success of material-based in situ vascular TE heavily relies on the 
ability to maintain mechanical integrity during the transition from scaffold to fully 
autologous neo-tissue in which no synthetic material is present. The host intrinsic 
regenerative capacity plays a major role during this process, as it is the key force 
behind neo-tissue formation and scaffold degradation. Next to material choice and 
scaffold design, a thorough understanding of material-driven vascular regeneration 
in an in vivo hemodynamic environment is therefore of pivotal importance in the 
ongoing quest to achieve mechanically stable vascular constructs. As the complex 
mechanical performance of the targeted vascular tissue sprouts from its 
multilayered and multifunctional microstructure, there is growing attention for 
designing multilayered scaffolds.21,22,23 Following this multilayered approach, we 
rationally designed a bioresorbable, bilayered scaffold - consisting of a porous 
inner layer for cell infiltration and a dense outer layer to provide strength - and 
investigated the in vivo performance of this scaffold to obtain understanding and 

Figure 7. Endothelium and smooth muscle cells. 

Cell nuclei in blue, von Willebrand Factor (endothelium) in white, and alpha smooth muscle 
actin (smooth muscle cells) in green. Upper row: scale bars represent 500 micrometer. 
Lower row: Scale bars represent 100 micrometer. Within the 3 months explant group, the 
first image represents a non-aneurysmatic explant and the second image represents an 
aneurysmatic explant.
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handles for design optimization with respect to tissue development and tissue 
mechanical stability.
 The main observation of the present study is the variability in graft outcome 
despite homogeneity in the experimental group and scaffold production. Overall, 
we observed that in terms of mechanical properties, grafts with initial almost linear 
elastic behavior evolved towards non-linear elastic behavior consistent with native 
vasculature.24 Although many grafts failed (e.g. aneurysmal deformation, presence 
of calcium), a few were successful in terms of functional tissue development and 
mechanical performance. When analyzing these grafts in comparison to their 
failing counterparts, some striking differences were observed. First, these grafts 
had thicker and seemingly more contractile walls, which seemingly developed in 
the absence of an endothelial covering. Second, they appeared to have been 
implanted in a pre-stretched configuration, as their length had increased in time, 
while failing grafts remained at their original length. Third, no calcium was present 
in non-aneurysmatic grafts, suggesting absence of adverse remodeling. Future 
studies combining in vivo outcomes and numerical simulations could provide 
further insight in the relationship between scaffold implantation length, intrinsic 
tissue tension, and tissue outcome, thus providing handles for improved graft 
outcomes.
 Our study is not the first that describes inconsistencies in graft outcome within 
a homogenous experimental group. Khosravi et al. reported differences in graft 
stiffness of identical PGA-P(CL/LA)-based scaffolds that were implanted into the 
inferior vena cava in mice.25 They suggested a different ratio in collagen types I and 
III attributed to the difference in stiffness. This could be due to different mechanical 
cues received by the cells, which consequently led to different ECM deposition and 
remodeling. Another possible explanation could be the pre-stretched configuration 
in which a graft is sutured into the native vasculature, which might contribute to 
different long-term outcome. Although all surgeries were performed by the same 
surgeon, small differences in this so-called pre-stretch might have contributed to 
inconsistencies in graft outcome.
 Hemodynamic forces are important regulators in vascular remodeling and 
homeostasis. Cells respond to changes in their biomechanical environment by 
extra-cellular matrix (ECM) remodeling to promote mechanical homeostasis.26-28 
Vascular smooth muscle cells (VSMCs) located in the media respond to alterations 
in hemodynamics by changing their phenotype. To induce vascular growth and 
remodeling, VSMCs differentiate into a synthetic phenotype. When tissue 
homeostasis is achieved, they switch back to a contractile phenotype to regulate 
vascular tone and overall vascular functionality.29,30 A study by Loerakker et al. 
investigated the impact of mechanics on vascular homeostasis by combining cell 
experiments and computational modeling.31 Their model predicted that the onset 
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of VSMC differentiation from synthetic towards contractile VSMCs depended on 
the thickness of the VSMC layer, which might represent a homeostatic mechanical 
state.31 In the present study, we observed that non-aneurysmatic explants 
exhibited thicker walls and appeared to be more muscular, which might suggest 
vascular mechanical homeostasis was achieved in these explants. Although the 
precise biological mechanisms that govern mechanical homeostasis remain 
unknown, we anticipate that these play a much bigger role than expected, resulting 
in either healthy or pathological vascular remodeling. 
 The endothelium plays a dynamic and strategic role in modulating vascular 
homeostasis, e.g. through regulation of SMC proliferation. Endothelial cells have 
been shown to inhibit VSMC proliferation and support the contractile VSMC 
phenotype.29,32 In the present study, we observed that explants lacking an 
endothelium demonstrated a thicker VSMC layer compared to explants with 
endothelium. In the absence of endothelium, VSMCs are directly exposed to blood 
flow induced vascular wall shear stresses. Wall shear stress is known to regulate 
VSMC function by inducing a change in phenotype.33 In vitro studies have 
demonstrated that VSMC proliferation is inhibited by high shear stress and 
promoted by low shear stress.33,34 In addition to its role in modulating vascular 
homeostasis, an endothelial layer is considered a prerequisite for successful in situ 
vascular TE, as it provides a non-thrombogenic surface.35 Even though some 
explants lacked an endothelial layer, all remained patent throughout the duration 
of the study. 
 In addition to the well accepted roles of wall shear stress and circumferential 
stress, axial wall stress has been suggested to play a contributing role in arterial 
biomechanics and mechanobiology.36 In response to changes in blood flow or 
pressure, arteries can compensate for these changes via a reduction in axial stretch 
by increasing arterial length.36 This supports the concept of the artery’s capacity  
to adapt to hemodynamic changes in order to return towards mechanical 
homeostasis. In the present study, we observed lengthening of successful explants, 
which might suggest compensatory adjustment in an attempt to achieve mechanical 
homeostasis.
 One of the challenges in arterial tissue engineering is to avoid aneurysmal 
dilatation, which often leads to fatal rupture.37 This common complication is likely 
the result of insufficient structural stiffness of the neo-artery during scaffold 
degradation. Slow degrading scaffolds provide mechanical support and prevent 
graft rupture, but could lead to adverse remodeling phenomena, such as 
calcification due to a prolonged presence of the scaffold.38 To avoid these 
phenomena, fast degradation of scaffolds has been suggested for successful blood 
vessel regeneration in situ.22 To date, studies that  reported successful artery 
regeneration in situ, however, have used scaffolds that were reinforced with slow 
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or non-degradable materials.22,39 This could have ensured the reported short-term 
functional performance, but may result in long-term adverse effects like 
calcification. In the current study, we therefore designed a bilayered scaffold made 
of fast-intermediate degrading PC(e)-BU material where the dense outer layer was 
used to strengthen the scaffold. In vitro biaxial tensile testing confirmed that the 
dense outer layer greatly attributed to the strength of the graft. In time, we 
observed that all explants became stiffer in vivo in both longitudinal as well as cir-
cumferential direction. We did not observe differences in mechanical properties of 
the wall of non-aneurysmatic and aneurysmatic grafts, suggesting that this was not 
the direct cause of aneurysmal dilatation. Within the time frame of this study, 
insufficient neo-tissue within grafts was formed. As the degradability of the 
PC(e)-BU material can be tuned, it offers design handles to optimize scaffolds in the 
future to allow more robust neo-tissue formation.
 Safe clinical translation of TEVGs in the arterial circulation is still hampered by 
unpredictable graft outcomes. Studying variability in outcome (e.g. implantation, 
host response, scaffold degradation, etcetera) might provide the necessary cues 
for scaffold optimalization, rather than incrementally optimizing scaffolds from just 
a mechanically or biological point of view. Improved mechanistic understanding of 
the biological mechanisms  that govern scaffold-driven arterial regeneration and 
mechanical homeostasis are warranted to optimize materials and scaffolds. 
Analysis of the differences between preclinical successes and failures, as is done in 
the present study, provides initial handles for scaffold optimization to improve 
future graft performance in vivo.
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Expandable bioresorbable polymeric 
vascular graft facilitates transcatheter 
delivery and induces functional tissue 
regeneration inside small-diameter vessels 
in a rat model
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Abstract

An ultimate challenge for in situ vascular tissue engineering is to implement minimally 
invasive delivery and tissue regeneration capacity into one unique vascular graft, 
thus elegantly combining the advantages of both technologies. We developed a 
mechanically-optimized electrospun biodegradable polymeric vascular graft that 
can be minimally invasive delivered and exert stenting capacity onto existing 
vessels. Small caliber electrospun poly-l-lactid acid grafts (inner Ø: 1.5 mm; wall 
thickness: 0.15 mm; n=19) were successfully transcatheter delivered and deployed 
into the abdominal aorta of rats. Importantly, the electrospinning process 
permitted mechanical vascular support without any preprocessing of the material, 
while providing a microenvironment for cellular homing. Explants were assessed 
with respect to patency, cellular infiltration into the graft, neo-tissue formation, 
mechanical properties, and graft degradation for up to 8 weeks. All explants 
showed excellent patency. The microstructure of the grafts facilitated cellular 
infiltration as of day 1, and rapid endothelialization. Over time, an organized, 
elastin-rich extracellular matrix, interspersed with alpha smooth muscle actin 
positive cells, was formed inside the degrading graft, thereby supporting its 
regenerative potential and maintaining the mechanical and functional integrity of 
the vascular wall. This study demonstrates proof-of-concept of merging in situ 
tissue engineering and transcatheter delivery by using electrospun polymer grafts 
that can mechanically support and regenerate the vascular wall. This unique 
combination of stenting capacity and in situ tissue regeneration holds future 
potential for treating various cardiovascular diseases by: (1) instantly opening 
stenotic lesions and triggering reinforcement of the vessel wall in atherosclerotic 
arterial indications, (2) minimally-invasive creating new arteries that can take over 
the load of aneurysmatic regions, (3) radically improving treatment of pediatric 
patients suffering from congenital defects, where biodegradable stenting and 
vascular regeneration could allow further growth.
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1. Introduction

There is an unparalleled clinical demand for small-diameter vascular replacements, 
e.g. for coronary or peripheral artery diseases, as well as arteriovenous shunts or 
congenital malformations. The gold standard for small-diameter arterial replacement 
remains the patient’s own artery or vein (e.g. internal thoracic artery, radial artery 
or great saphenous vein), because of its superior biocompatibility and long-term 
patency.1-3 However, autologous vessels are not always available for grafting due 
to vascular disease, previous harvest, or when multiple or lengthy bypasses are 
required.4,5 In addition, it requires additional surgery with risks of harvest site 
morbidity.5
 To date, synthetic vascular alternatives are mainly made of non-degradable 
expanded polytetrafluoroethylene (ePTFE), which has proven to be successful in 
the replacement of large-diameter arteries (≥ 6mm).1 However, when small- 
diameter vascular conduits are required (≤ 6mm), ePTFE grafts exhibit poor patency 
rates when compared to autologous vessels.1,6,7 This has been attributed to surface 
thrombogenicity of the conduits, the absence of an endothelial layer, and anastomotic 
intimal hyperplasia, which results from hemodynamic disturbances due to a mismatch 
in compliance between the elastic native artery and the relatively rigid prosthesis.8 
 To address the lack of suitable small-diameter vascular conduits, many vascular 
tissue engineering (TE) strategies have been explored, ranging from in vitro 
engineering of vessels in the laboratory to in situ engineering of vessels inside the 
human body.9-18 The latter relies on the notion that endogenous regeneration can 
be induced directly at the implantation site by harnessing the regenerative 
potential of the human body using instructive biodegradable grafts.19 Recently, 
this in situ TE approach has gained increased attention as it has the advantage to 
offer off-the-shelf availability and to be cost-effective.20 In addition, these biodegradable 
grafts are fully tailorable, not only by material choice and processing, but also 
through graft structural design. In this way, off-the-shelf available grafts could 
transform into native-like arteries to improve long-term functionality.1,6,7 
Unfortunately, placement of these promising regenerative conduits so far always 
required open surgery, and many mechanical failures such as aneurysmal dilatations 
have been observed.21 
 As a next step in the transition towards a less invasive interventional approach, 
we developed a vascular graft that can be transcatheter delivered, exert stenting 
capacity, and induce vascular regeneration. To that extent, we combined the use of a 
biodegradable material with an unique structural graft design, to allow transcatheter 
delivery, and to exert sufficient radial force without recoil to instantly support  
the vascular wall upon deployment, while simultaneously providing a template for 
colonizing cells to induce neo-tissue formation (Figure 1).  
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The main objectives of this proof-of-concept study were to successfully deliver 
transcatheter tissue-engineered vascular grafts (T-TEVGs) in a minimally invasive 
approach and to show regeneration by means of cellular infiltration and the onset of 
early tissue production, in relation to patency and mechanical  support maintenance. 
T-TEVGs were minimally invasive delivered into the abdominal aorta of rats using  
a balloon catheter, and explanted at predetermined time points over the course of 
2 months. Explants were characterized for patency, extracellular matrix (ECM) 
composition, cellularization, mechanical properties, and degradation using histology, 
immunohistochemistry, scanning electron microscopy (SEM), mechanicals testing, 
and gel permeation chromatography (GPC). 

2. Materials and methods

2.1 Study objective
This study aims to evaluate the in vivo performance of a novel regenerative vascular 
graft for revascularization in a small animal model. The objectives within this proof-
of-concept study were to “explore” a minimally invasive approach to safely deliver 
and deploy the vascular graft, to assess vascular support capacity, and to evaluate 
regenerative potential. 

Figure 1. Conceptual design of the study.
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2.2 T-TEVG fabrication
For this study, novel T-TEVGs (n=20) were used (Stentit BV, Eindhoven, The Netherlands). 
On a 1.4 mm mandrel, poly-l-lactid acid (PLLA)-based biomaterial (Purac Biochem 
BV, Gorinchem, The Netherlands) was processed into fibrous tubular conduits 
using conventional electrospinning technology, inside a climate-controlled electro-
spinning cabinet (IME Technology, Geldrop, The Netherlands). The resulting tube 
diameter, wall thickness, and averaged fiber diameter were evaluated by SEM 
(Quanta 600F, FEI, Hillsboro, OR, USA). Prior to implantation, tubes were cut to size 
and sterilized using gradient alcohol series. Control samples (n=9) were characterized 
upon inflation on maintained luminal area, wall thickness and fiber morphology 
using SEM images in combination with standard image processing software (ImageJ 
v1.52, U.S. NIH, Bethesda, MD, USA). 

2.3 Animal studies
In vivo functionality of the regenerative T-TEVG was studied during short-term 
follow-up in a rat model. Following a successful in vivo acute experiment of  
24 hours follow-up (n=1), we monitored delivery, patency, neo-tissue formation, 
cellular infiltration, endothelialization, T-TEVG resorption, and mechanical properties 
of T-TEVGs up to 2 (n=4), 4 (n=4), 6 (n=4), and 8 (n=4) weeks follow-up. All of the 
animal experiments were reviewed and approved by the Animal Ethics Committee of 
Maastricht University (The Netherlands) and conform to the guidelines for the use 
of laboratory animals, as formulated by the Dutch law on animal experimentation. 
Twenty inbred male Lewis rats (Charles River Laboratories, Sulzfeld, Germany), 
weighing 389 ± 35 g, were used in this study. Animals were housed in pairs in 
individually ventilated cages at 20 °C and 50% humidity on a 12 h light-dark cycle 
with ad libitum access to standard chow and water. After one week of acclimatiza-
tion, animals were enrolled in the study and underwent T-TEVG placement into the 
abdominal aorta. T-TEVGs were explanted after 1 day (n=1), 2 weeks (n=4), 4 weeks 
(n=4), 6 weeks (n=4), and 8 weeks (n=4). In addition, part of the native abdominal 
aorta of each animal was explanted.

2.4 Implantation procedure
Prior to surgery, animals were given subcutaneous analgesia (buprenorphine 0.05 
mg/kg). T-TEVG implantations were performed under general anaesthesia (1.5-2.5% 
isoflurane) and under sterile conditions in spontaneously breathing animals under 
microscopic view (Leica Microsystems, Wetzlar, Germany). Body temperature was 
maintained at 37 °C using a heating pad. After a midline laparotomy, the aorta was 
dissected from the surrounding tissues from the level of the renal arteries down to 
the bifurcation. Microvascular clamps were placed to stop the aortic blood flow.  
A small transverse incision was made, approximately 2-3 mm below the proximal 
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microvascular clamp, to open the aorta which was subsequently flushed with 
heparin (150-200 units). A 2 mm balloon catheter (NuMed Mini Ghost, Heart Medical 
Europe BV®, Best, The Netherlands) was inserted and inflated to 14 atm for  
60 seconds to pre-dilate the aorta and facilitate insertion of the T-TEVG. The T-TEVGs 
(1.4 x 5 mm) were mounted on the balloon catheter which was pre-pressurized to 
0.5 atm for T-TEVG fixation. After delivery of the T-TEVGs to the desired location, 
pressurization at 14 atm enabled T-TEVG deployment. After deflation and removal 
of the balloon catheter, the incision was closed by interrupted 8-0 nylon sutures 
(Ethilon®; Ethicon, Johnson & Johnson, New Brunswick, NJ, USA). When the clamps 
were removed and hemostasis was achieved, the aorta was closely inspected to 
confirm pulsatile flow distal to the T-TEVG. The abdomen was closed in two layers 
using 4-0 sutures (Vicryl®; Ethicon, Johnson & Johnson, New Brunswick, NJ, USA). 
Animals recovered in a chamber at 30 °C and were assessed for body weight 
changes and signs of thrombosis (paralysis of lower extremities). At the end of the 
day of surgery, animals were given subcutaneous analgesia (buprenorphine 0.05 
mg/kg). During the first seven postoperative days, animals were given subcutaneous 
analgesia (carprofen 4 mg/kg) once a day. No other medication was given throughout 
the duration of the study.

2.5 Explant procedure
Animals were sacrificed at predetermined time points of 1 day (n=1), 2 weeks (n=4), 
4 weeks (n=4), 6 weeks (n=4), and 8 weeks (n=4). Animals were euthanized under 
isoflurane anaesthesia by exsanguination and systematically perfused with cold 
phosphate buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA). The aorta was 
carefully harvested and segments of the proximal, distal and scaffolded aorta were 
collected for further cutting. Specimens for histology and immunohistochemistry 
were fixated in 3.7% formalin for 24 hours at 4°C. Cross-sections were prepared by 
embedding the tissue in paraffin and cutting sections of 5 µm thick. Deparaffinization 
was performed in xylene and dehydration in a graded series of ethanol. Specimens 
for SEM were fixated in 2.5% glutaraldehyde for 24 hours at 4°C and dehydrated in 
a graded ethanol series, starting from 50% to 100% with 5-10% increments, where 
after the ethanol was allowed to evaporate. 

2.6 Explant histology
Following dehydration, the specimens were stained with Weigert’s Hematoxylin 
and Eosin (H&E) (Sigma-Aldrich, St. Louis, MO, USA), Russell-Movat Pentachrome 
(American MasterTech, Lodi, CA, USA), and Elastica von Gieson (Merck, Darmstadt, 
Germany) to assess gross morphology and tissue composition. Alizarin Red S 
(Sigma-Aldrich, St. Louis, MO, USA) and von Kossa22 stains were performed to assess 
calcium deposits. Stained slides were then dehydrated in a reverse manner and 
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mounted in Entellan (Merck, Darmstadt, Germany). Tile scans and pictures were 
recorded with a Zeiss Axio 681 Observer Z1 microscope (Carl Zeiss Microscopy 
GmbH, Jena, Germany). Luminal area was measured from histological images using 
standard image processing software (ImageJ v1.52, U.S. NIH, Bethesda, MD, USA).

2.7 Explant immunohistochemistry
Following rehydration, antigen retrieval was performed in a 96°C water bath for 20 
min in citrate buffer (pH 6.1: DAKO) followed by a permeabilization step with 0.5% 
Triton-X-100 (Merck, Darmstadt, Germany) in PBS for 10 min at room temperature. 
For enzymatic antigen retrieval, 0.05% pepsin (Sigma-Aldrich, St. Louis, MO, USA) 
in 10 mM HCl was applied to the tissue slides for 12 min at 37°C. Blocking was 
performed by incubating slides in 1% non-fat dry milk, 1% BSA, 2% normal goat 
serum (Invitrogen, Carlsbad, CA, USA), and 0.3M Glycin (Sigma-Aldrich, St. Louis, 
MO, USA) in 0.05% Tween-20 (Merck, Darmstadt, Germany) in PBS for 1.5 hours at 
room temperature. Primary antibodies (Table 1) were prepared at the desired 
concentrations in 1:10 diluted blocking buffer and were applied overnight at 4°C. 
All washing steps were done with 0.05% Tween-20 in PBS. The following day, slides 
were washed and incubated with Alexa fluor 488/555/647 secondary antibodies 
(1:500; Molecular Probes, ThermoFischer Scientific, Waltham, MA, USA) for 1.5 
hours at room temperature. Cell nuclei were stained with 4’,6-diamidino-2-phenylin-
dole (DAPI). Incubation with secondary antibody only were included as negative 
controls. Stained slides were mounted in Mowiol (Calbiochem, San Diego, CA, 
USA). Tile scans and pictures were recorded with a Zeiss Axiovert fluorescence 
microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).

Table 1.  Antibodies used for immunohistochemistry.

Antibody Host Clone Distributor Cat. No. Antigen 
retrieval

Dilution

vWF Rabbit IgG Abcam ab6994 Citrate 1:1000

αSMA Mouse IgG2A Sigma S2547 Citrate 1:600

CD68 Mouse IgG1 AbDSerotec MCA341GA Pepsin 1:500

Collagen I Mouse IgG1 Sigma 2456 Citrate 1:250

Collagen III Rabbit IgG Abcam Ab7778 Citrate 1:250

Elastin Rabbit IgG Abcam ab23748 Pepsin 1:200

vWF: von Willebrand Factor; αSMA: alpha smooth muscle actin
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2.8 Quantitative immunohistochemical analysis
Cellularity was studied using DAPI stainings. For each time point (week 2, week 4, 
week 6, and week 8), three explants were analyzed. Of each explant, four random 
areas were selected and digitally photographed using a Zeiss Axiovert fluorescence 
microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). These images were 
converted into 8-bit gray-value images and further analyzed using Image J software 
(ImageJ v1.52, U.S. NIH, Bethesda, MD, USA). After selecting, duplicating, and 
measuring the area of interest, a threshold was set. Cell nuclei were separated by 
water shedding and subsequently counted using Image J software (ImageJ v1.52, 
U.S. NIH, Bethesda, MD, USA). Cell number was adjusted to measured area to allow 
for an equal comparison of the four images. The mean of the four images was then 
calculated.
 Quantification of CD68 and α-SMA was studied using immunostainings of each 
marker. For each time point (week 2, week 4, week 6, and week 8), three explants 
were analyzed. Of each explant, four random areas were selected and digitally 
photographed using a Zeiss Axiovert fluorescence microscope (Carl Zeiss Microscopy 
GmbH, Jena, Germany). These images were converted into 8-bit gray-value images 
and further analyzed using Image J software (ImageJ v1.52, U.S. NIH, Bethesda, 
MD, USA). After selecting and duplicating the area of interest, a threshold was set. 
The area fraction of each marker was measured using Image J software (ImageJ 
v1.52, U.S. NIH, Bethesda, MD, USA). The mean of the four images was then calculated.

2.9 Explant evaluation by SEM
Explants were dehydrated using gradual increasing alcohol series and evaporated 
in a vacuum chamber overnight. Samples were analyzed by SEM (Quanta 600F, FEI, 
Hillsboro, OR, USA) under low vacuum, with an electron beam of 7 kV to visualize 
morphology of the TEVI, neo-tissue formation and endothelialization. Graft specific 
SEM measurements were made using internal machine software (Quanta 600F, FEI, 
Hillsboro, OR, USA ).

2.10 Explant mechanical properties
Ring specimens from the native aorta, the bare graft and the grafted aorta were 
obtained for mechanical testing. Tissue samples were snap frozen and stored at 
-80°C until use. After thawing, the thickness of the samples (t0) was determined 
from SEM pictures calculating an average of six measurement for stress calculations. 
The width of the samples (w0) was determined form microscopic images calculating 
an average of three measurements for stress calculations (Figure 2). Force-dis-
placement curves were obtained from uniaxial tensile tests (CellScale, Waterloo, 
Canada). The samples were mounted as indicated in Figure 2 and tested until break 
at a constant speed of 0.027 mm/s. Testing was performed at 37°C in a PBS bath.
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Engineering stresses and strains were calculated according to Eq.1 and Eq.2 
respectively. The force (F) and length were determined from tensile tests, where 
the initial length (l0) and the final length (lf) represent the distance between clamps 
before and after stretching the sample (Figure 2). The secant moduli were calculated 
from the stress and strain curves according to Eq. 3, where a low strain modulus 
(S1) and a high strain modulus (S2) was determined. 

σ = F = F
2A0 2t0w0

Eq. 1

ε =
lf – l0

l0
Eq. 2

S =
σ2 – σ1
ε2 – ε1

Eq. 3

2.11 Explant analysis by GPC
The effect of hydrolysis on the molecular weight of the polymer was assessed by 
GPC. The GPC measurements (n=17) were performed on a Mixed-D column (300·7.5 
i.d. 5lm particles, Agilent Technologies, Santa Clara, CA, USA) using chloroform at 1 
mL/min as the mobile phase and a photodiode array (PDA, SPD-M20A, Shimadzu, 
Kyoto, Japan) as the detector. The chromatograms were recorded for the UV 
absorption of 254 nm. The system was calibrated with poly-styrene standards. 

Figure 2. Mechanical testing.

(A) Ring specimen for tensile testing (t0: initial thickness; W0: initial width). (B) Ring specimen 
mounted and stretched (A0: *; l0: initial length; lf: final length).

A B
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Weight average molecular weight (Mw) was normalized to its starting weight, 
where the polydispersity index (PDI) was calculated by dividing the weight average 
molecular weight (Mw) over the number average molecular weight (Mn).

2.12 Statistical analysis
Due to the limited sample size, data could not be tested for Gaussian distribution. 
Therefore, non-parametric tests were used for statistical analysis. Data were analyzed 
with Kruskal-Wallis tests followed by Dunn’s multiple comparison post-hoc tests. 
Data are expressed as mean ± standard deviation. Statistical differences were 
determined using Prism software (Graphpad Software v5.04, La Jolla, CA, USA) and 
considered significant for p-values < 0.05. For statistical analysis of the secant 
moduli, the native aorta and the bare graft were evaluated with a nonparametric 
Mann-Whitney test whereas the grafted aorta at different time points was 
evaluated with a nonparametric Kruskal-Wallis tests followed by a Tukey-Kramer 
post-test. A probability value less than 0.05 was considered statistically significant. 
Statistical analyses were performed using Matlab (MATLAB and Statistics Toolbox 
Release 2012b, The MathWorks, Inc., Natick, Massachusetts, United States).

3. Results 

3.1 Minimally invasive delivery of T-TEVGs
Balloon-expandable microfibrous T-TEVGs (n=20) were made from biodegradable 
PLLA- based material, processed using electrospinning, and characterized by SEM 
with respect to inner diameter, wall thickness, and surface topology (Figure 3A-D). 
For in-vitro evaluation, T-TEVGs (1.4 x 5 mm) were balloon-inflated to 2.0 mm, after 
which the inner diameter measured 2.09 ± 0.04 mm with a wall thickness of 138 ± 
16 µm, and luminal area measured 3.37 ± 0.15 mm2. Surface topology after inflation 
exhibited a microporous morphology, to enable cellular infiltration into the T-TEVGs 
(Figure 3C).23 
 After graft characterization by SEM, a total of twenty animals underwent 
surgery in which nineteen T-TEVGs were successfully delivered and placed into the 
infrarenal abdominal aorta (Figure 3E-H) using a permissive minimally invasive 
procedure. One animal was excluded from the study during the implantation procedure, 
due to an anomalous anatomy which made T-TEVG delivery not possible. The animal 
was subsequently sacrificed during the implantation procedure. Two animals 
dropped out due to post-operative complications; one animal died of bleeding 
immediately after surgery, probably caused by coagulation problems; the other 
animal was euthanized due to lower limb paralysis from acute graft thrombosis 
within 24 hours. All T-TEVGs of the seventeen animals that survived remained 
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patent throughout the entire study, and none of these animals showed clinical 
signs of graft failure. Grafts were explanted after 1 day (n=1), 2 weeks (n=4), 4 weeks 
(n=4), 6 weeks (n=4), and 8 weeks (n=4). No anticoagulants were used throughout 
the duration of the study. 

3.2 Graft patency and early tissue formation
Patency of grafts was confirmed by histological analyses of explants (Figure 4A-B). 
T-TEVGs did show formation of intimal hyperplasia, hence midgraft luminal area 
measured from histology images did not confirm a significant decrease (p=0.475) 
over time (Figure 4C). Overall, wall thickness measured from histology images 
remained constant over time (Figure 4D). The neo-tissue that was formed on the 
luminal side consisted mainly of glycosaminoglycans after 4 weeks of implantation, 
as evident from Russell-Movat Pentachrome staining (Figure 4A-B). At later time 
points, neo-tissue consisted mainly of collagen with a layer of glycosaminoglycans 
resting on top of it (Figure 4A-B). 

3.3   Full endothelial cell coverage and a gradual trend in α-SMA  
positive cell migration towards the luminal side

Endothelial coverage of the graft is requested for optimal physiological function 
and to limit direct contact between blood and graft material, and to prevent 
thrombotic events. Over time, progressive endothelial coverage of the T-TEVGs 
was evident from vWF staining (Figure 5A), which was in-line with morphological 
observations from SEM analyses of the luminal surface (Figure 5B). Up to two 
weeks, bare graft could still be observed on the luminal side. After 4 weeks, 
however, advanced endothelial cell coverage of the luminal surface of T-TEVGs was 
seen, which ultimately developed into a confluent endothelial layer between 6 and 
8 weeks (Figure 5B). 
 Additionally, α-SMA positive cells are known for their tissue producing capacity, 
for which their presence is essential to induce neo-tissue formation.24,25 The 
distribution of α-SMA positive cells, which could be either smooth muscle cells 
(SMCs) or myofibroblasts, clearly changed in time. At 4 and 6 weeks, α-SMA 
expression was mainly detected within the T-TEVG (Figure 5C). After 8 weeks, a 
layer of α-SMA positive cells aligning on the luminal side of the graft could be 
observed, as indicated by the white arrow (Figure 5C), suggesting migration of cells 
into the neo-tissue.  
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3.4 Decrease in macrophage presence
Macrophages are known for their immune modulating capacity, where a prolonged 
presence could be indicative for undesired chronic inflammatory response. Macrophage 
infiltration was evaluated based on CD68 expression, a pan-macrophage marker. 
By 2 weeks, macrophage infiltration was observed inside the graft with an equal 

Figure 5. Endothelium and smooth muscle cells.

(A) Immunofluorescent co-staining of vWF for endothelium (white) and cell nuclei (blue). 
Lumen is located at the right side of each picture. Scale bars represent 200 µm. (B) SEM 
images of luminal side of T-TEVGs. Scale bars represent 200 µm. (C) Immunofluorescent 
staining of α-SMA (green). Lumen is located at the right side of each picture. Layer of α-SMA 
at 8 week explant indicated with white arrow. Scale bars represent 100 µm. (D-E) Area 
fraction (± standard deviation) in % of α-SMA in graft (D) and neo-tissue (E). * p < 0.05. N.D.: 
Not Detected.
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distribution over its thickness, and local distribution by 8 weeks (Figure 6A). Over 
time, a significant decrease in both overall cellularity (p=0.034) as well as macrophages 
(p=0.023) was observed between 2 and 8 weeks (Figure 6C-D). 

3.5 Early collagen type III and later stage collagen type I formation
Corresponding to the cell colonization, considerable remodeling of the T-TEVG was 
seen at the tissue level (Figure 4). To investigate one of the main important ECM 
components, we assessed expression of collagen types I and III, which are the most 
prevalent types of collagen in native blood vessels. By 2 weeks, early indications of 
collagen type III formation were observed in the grafts, and even more predominant 
by 4 weeks as indicated in figure 7. By 6 weeks, early formation of collagen type I 

Figure 6. Macrophage presence.

(A-B) Immunofluorescent co-staining of CD68 (a pan macrophage marker) (green) and cell 
nuclei (blue). Scale bars represent 500 µm (panel A) and 100 µm (panel B) respectively. (C) 
Cellularity (± standard deviation) in number of cells per square mm. (D) Area fraction (± 
standard deviation) in % of CD68. * p < 0.05.
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was seen, indicating co-localization of collagen type III and I. By 8 weeks, some 
grafts were even observed to present predominantly type I inside the graft. This 
gradual transition from type III to type I over time might be indicative for collagen 
maturation.

3.6 Abundant endoluminal elastin formation
Elastin is a crucial ECM component required for vasomotion, and is believed to 
have the capacity to inhibit neo-intima formation that could lead to restenosis.26  
In the explants, the native elastic layer can be observed at all timepoints (Figure 8A-B). 
However, by 4 weeks, a second elastic layer was observed on the luminal side of 
the graft, increasing in thickness at 6 weeks and covering the entire endoluminal 
space by 8 weeks. The results were confirmed by Elastica von Gieson staining 
(Figure 8C), clearly showing the elastic fibers in black by 8 weeks highlighted by the 
red arrows (Figure 8C) comparable to the native internal thoracic artery.27

3.7 Mechanical properties of T-TEVGs
The differences in mechanical properties between native aorta and T-TEVG are 
illustrated in Figure 9A, where the stress-strain curves and the low and high strain 
modulus were averaged and plotted as mean values ± standard deviation. The bare 
T-TEVG is clearly stiffer than the native tissue, which is captured by a statistically 
significant difference of the secant modulus at low as well as high strains (Figure 9A). 
 The evolution of mechanical properties over time was divided into two periods: 
from implantation until week 4 and from week 4 until week 8. The first period is 
shown in Figure 9B, where a decrease in stiffness is evidenced for high strain values. 
The stiffness decrease is significant between week 2 and week 4. The second period 
is shown in Figure 9C, where an increase of stiffness is evidenced for high strain 

Figure 7. Collagen type I and III.

Immunofluorescent co-staining of collagen type I (green), collagen type III (red) and cell 
nuclei (blue). Scale bars represent 500 µm.
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values. The stiffness increase becomes significant between week 4 and week 8. The 
low strain moduli was found to be now significantly different in both periods.

3.8 Degradation of T-TEVGs
The aim of the graft is to degrade over time, when sufficient neo-tissue has been 
formed to take over the mechanical load. To characterize the remaining polymer 
over time, explanted T-TEVG s were analysed by GPC. After 4 weeks, the normalized 
weight average molecular weight (Mw) had declined with 7% to 93%, and further 

Figure 8. Elastin. (A-B)

Immunofluorescent co-staining of elastin (red) and cell nuclei (blue). Scale bars represent 
500 µm (panel A) and 200 µm (panel B) respectively. (C) Elastica von Gieson staining of an 8 
week explant with close-up sections indicating elastic fibers in black as depicted by the red 
arrows.
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decreased to 51% by 8 weeks (Figure 10A). The polymer dispersity index (PDI) 
further showed a stable index of 1.3 up to 4 weeks, and revealed elevated index 
values of 2.5 and 2.7 by respectively 6 and 8 weeks (Figure 10B).

3.9 Absence of adverse remodeling
Explants were evaluated for adverse remodeling, e.g. calcifications by Alizarin Red 
and von Kossa staining. Alizarin Red staining was negative for adverse remodeling 
in all explants (data not shown), whereas only one graft stained positive for one 
small and locally defined calcific event indicated by von Kossa staining (Figure 11).

Figure 9. Engineering stress versus strain curves and secant moduli.

(A) Control and native samples. (B) Acute, 2-weeks and 4-weeks samples. (C) 4-weeks, 
6-weeks and 8-weeks samples (S1: low strain modulus; S2: high strain modulus).

A

B

C
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Figure 10. Degradation analyzed by GPC. 

(A) Weight average molecular weight of explants in normalized percentage. (B) Polymer 
dispersity index of explants.

A

B
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4. Discussion 

Here we provide proof-of-concept of the transcatheter delivery and implantation 
of a novel regenerative T-TEVG that can be successfully delivered and deployed 
into the artery and induce regeneration. This study demonstrates excellent patency 
rates for up to 2 months with full endothelial coverage between 6 and 8 weeks and 
the formation of native tissue components such as collagen type I and III by 8 
weeks. But most striking, we observed abundant elastin formation, covering the 
entire endoluminal side of the graft, strongly suggesting the regenerative potential 
of the device. Furthermore, a decrease in molecular weight of the graft was seen, 
while the mechanical properties further improved over time. This study is the first 
to describe the possibility to regenerate the artery using a minimally invasive 
approach, by implanting a fully synthetic and off-the-shelf available graft. Inspired 
by both in situ TE technologies as well as stent technology, we combined the two 
expertise to develop a biodegradable regenerative T-TEVG with stenting capabilities. 

Figure 11. Six weeks explant with small calcification.

Von Kossa staining of a 6 week explant. Scale bar represents 100 µm.
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One of the objectives in vascular TE is to enhance endothelialization of grafts due 
to its modulating function in vascular biology. As the endothelium lines the interior 
surface of blood vessels, it acts as an interface between the blood and the rest of the 
vessel wall. It provides a dynamic control over thrombosis, inflammation, permeability 
and SMC proliferation, thereby maintaining homeostasis.28-30 The establishment 
of an endothelial layer in grafts is considered of great importance to prevent 
complications such as reduced patency due to thrombosis or intimal hyperplasia.30 
In this study, rapid endothelial coverage of T-TEVGs was observed, which led to a 
fully confluent endothelial layer at week 8. This is consistent with several other 
studies that showed rapid endothelialization of their grafts.31-34 The specific origin  
of these cells remains speculative, but may have migrated from the native vascular 
tissue (either transmurally or transanastomotically),35,36 or originated from circulating 
progenitor cells.34 Nevertheless, the rapid endothelialization of our grafts may have 
contributed to the excellent patency rate throughout the duration of the study, 
without signs of thrombosis and intimal hyperplasia.
 α-SMA positive cells are crucial for tissue formation, as they have the capacity 
to synthesize glycosaminoglycans, collagen and elastin.24,25 This makes this cell 
type of particular interest for the regenerative potential of the graft. What was 
observed, is that the distribution of α-SMA positive cells altered during the study. 
Until week 4, α-SMA expression was mainly detected within the T-TEVG, whereas 
at later time points, α-SMA was predominantly expressed on the luminal side. This 
can be explained by the plastic phenotype nature of this cell type, ranging from 
quiescent and contractile to proliferative and synthetic, with intermediate phenotypes 
in between.24 As SMCs can shift their phenotype reversibly, their plasticity can be 
harnessed for vascular TE. Proliferation of synthetic SMCs allows for ECM formation 
and remodeling, which is required to provide the T-TEVG with sufficient mechanical 
strength. However, returning SMCs to a quiescent and contractile phenotype is 
warranted to avoid adverse remodeling that can lead to intimal hyperplasia, an 
important determinant of long-term graft failure. 
 In this study, α-SMA positive cells were observed mainly inside the graft by  
4 and 6 weeks, which aligns with the observation of increased collagen type III 
formation. Furthermore, their gradual migration towards the luminal side and 
colocalization with the elastin formation, suggests that these cells were also 
responsible for the elastin formation. A possible explanation of the gradual 
decrease in α-SMA expression inside the graft might be found in the shielding 
effect the synthesized tissue might have on the residing cell, reversing its expression 
back to a quiescent state. The prolonged α-SMA expression on the luminal side 
might be explained by its exposure to cyclic strains of the blood stream, as it is 
known that mechanical cues could trigger α-SMA expression.24,37
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The synthetic T-TEVG clearly triggered endogenous neo-tissue formation within, which 
demonstrated an increasingly mature organization of ECM components, with 
remarkable abundant presence of elastic fibers on the luminal surface of the graft. 
After 8 weeks in vivo, multilayered elastic fibers were present, showing good 
resemblance to the internal thoracic artery, being the golden standard in current 
clinical bypass treatment.27 Essential for long-term functioning of the neo-artery is 
the presence of a mature elastic network, which has been so far a major challenge 
in vascular TE.38 The formation of elastin in our T-TEVGs is therefore of pivotal 
importance and indicates the advanced maturation and functionality of our grafts. 
 Crucial for our in-situ approach is the timely resorption of graft material during 
the regeneration of an autologous artery to avoid adverse remodeling.39,40 After 8 
weeks, we observed ongoing graft resorption with most graft material still present, 
and most essential tissue components in place.
 In this study we analyzed the mechanical properties of a bioabsorbable graft 
with stenting and regeneration capacity, the bare native aorta and the scaffolded 
aorta over time. Considerable discrepancies were found when comparing the 
stiffness of the graft and the native aorta at low and high strains. Nevertheless, 
once the T-TEVG had been implanted, all grafted aortas presented a similar low 
strain stiffness over time. This can be explained by the fact that all follow-up 
explants include the graft as well as the native tissue and that possible changes, 
motivated by graft degradation on tissue formation, are not noticeable when the 
stretch is low. On the other hand, at high strains, a clear softening effect is 
experienced during the first weeks in the grafted aorta; followed by a subsequent 
stiffening over time. This could suggest that early degradation of the graft motivates 
a drop of mechanical properties, nonetheless further degradation is compensated 
by tissue build up.
 Our technology is an attractive alternative to the invasive surgical procedure 
and preferable in patients that are not suitable for surgery. Due to its stenting 
capacity, the T-TEVG may be used in atherosclerotic lesions as well as aneurysmatic 
vessels, where it can take over the mechanical load while creating a new artery. 
In both cases, it can induce regeneration of autologous vascular tissues by providing 
an instructive three-dimensional environment to host cells for neo-tissue formation 
and remodeling. While neo-tissue is formed, the material will be slowly degraded 
by the body, without losing mechanical integrity. At the end, the material will be 
replaced by a functional vascular tissue that is capable of growth, repair and remodeling, 
which makes it also attractive for use in pediatric patients. Our approach of using 
synthetic vascular grafts made of a Food and Drug Administration approved 
bio degradable polymer based material, makes it clinically appealing due to its 
off-the-shelf availability. In contrast to grafts that are composed of cellular content, it 
does not involve limited storage issues nor specialized cryopreservation techniques.41 
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Furthermore, it does not require costly and time-consuming laboratory techniques  
used to engineer vessels in vitro, whether or not followed by decellularization.10,11,14 
Processing the material by electrospinning further allows for an optimal control 
over the porosity and mechanical properties through precise fiber organization.23,42

 Our study has several limitations. First, T-TEVGs were implanted in healthy 
animals, without atherosclerotic burden. Due to the dimensions of the animal’s 
vasculature, we were forced to adjust our implantation technique. Instead of 
performing a completely minimally invasive procedure, in which a catheter is 
inserted through the femoral or radial artery, we performed a median laparotomy 
to get full exposure of the target vessel (rat abdominal aorta). When full exposure 
of the vessel was obtained, we performed a permissive minimally invasive 
procedure in which the T-TEVG mounted on the balloon catheter was inserted and 
deployed under surgical view. Temporal non-invasive imaging analysis during the 
study would be of great additional value to monitor in vivo functionality of T-TEVGs 
after implantation. This would probably require some kind of labelling of the 
T-TEVG in order to identify it from the surrounding tissues. Nevertheless, the main 
objectives of this proof-of-concept study were to demonstrate the capacity of our 
novel T-TEVG to be minimally invasive delivered and to induce regeneration by the 
host. Future studies will be performed in larger, clinically more relevant animal 
models, which will allow the study of complete minimally invasive delivery of 
T-TEVG in clinically more relevant vascular regions. This should shed more light on 
the regenerative capacity of these grafts in the further translation to human 
applications. These studies will include temporal assessment of in vivo functionality 
by different imaging modalities and longer follow-up times. Ultimately, we would 
like to perform studies in diseased animal models as a final step towards translation 
to clinic.
 In conclusion, this proof-of-concept study shows the first successful minimally 
invasive delivery of a novel regenerative T-TEVG with excellent patency for up to  
2 months, extensive cellular infiltration with subsequent rapid endothelialization, 
and favorable matrix production and remodeling with abundant neo-endoluminal 
elastin formation (Figure 12). These promising short-term results in a small animal 
model hold future potential for various clinical indications in a variety of patients 
with cardiovascular disease to: (1) instantly open stenotic lesions and trigger 
reinforcement of the vessel wall in atherosclerotic arterial indications, (2) minimal-
ly-invasive creation of new arteries that can take over the load of aneurysmatic 
regions, (3) radically improve treatment of pediatric patients suffering from congenital 
defects, where biodegradable stenting and vascular regeneration could allow further 
growth (Figure 13).
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Figure 12. Schematic overview of the main findings of the study. 

Figure 13. Schematic overview of possible applications of T-TEVGs.
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Material-based in situ vascular tissue engineering (TE) holds great potential for the 
treatment of many vascular defects and diseases. The in situ TE approach is 
advantageous compared to in vitro TE approaches, as it offers attractive low-cost, 
off-the-shelf available vascular substitutes that have the potential to grow and 
remodel inside the human body (chapter 2). The ongoing developments in material 
science greatly attribute to this potential by providing the desired tools to customize 
vascular substitutes for specific clinical applications in different groups of patients. 
In order to be successful, these vascular substitutes not only require advanced 
material science and scaffold design, but also a beneficial host response, successful 
implantation, and evaluation in preclinical studies.
 Over the last years, major progress has been made, which has been demonstrated 
by the feasibility to regenerate blood vessels starting from biodegradable synthetic 
scaffolds in small animal models.1,2 This has led to the first human trials, in which 
biodegradable vascular scaffolds have been implanted as cavo-pulmonary shunts 
in children, or as arteriovenous shunts for hemodialysis access in patients with 
end-stage kidney failure.3-9 To extent this in situ TE approach to arterial applications, 
with high hemodynamic demands, in-depth knowledge of the underlying mechanisms 
of in vivo regeneration is required in order to be successful. This raises important 
questions, including how to guide the balance between neo-tissue formation and 
scaffold degradation under hemodynamic loading, how to prevent adverse effects 
like excessive inflammation, and calcification, how to monitor graft performance in 
a non-invasive way, and how to optimize biomaterial and scaffold design criteria to 
improve our control over the regenerative process.
 Therefore, the overall aim of this thesis was to gain more mechanistic insights 
by investigating the interactions between hemodynamics, neo-tissue formation, 
scaffold degradation, and mechanical performance of tunable polymer vascular 
scaffolds under in vitro conditions as well as in vivo during preclinical studies; and 
to identify potential handles for scaffold optimization in order to safely translate 
the innovative technique of material-based in situ vascular TE into clinical practice.

1. Main findings 

Despite the progress that has been made in designing biodegradable synthetic 
scaffolds, little is known about the regenerative process that should be targeted by 
these scaffolds. It is hypothesized that this regenerative process is inflamma-
tion-driven, and that early infiltration of host immune cells often determines the 
fate of late tissue outcome.1,10,11 Critical for understanding long-term success or 
failure is to characterize the temporal and spatial distribution of host cells and 
neo-tissue development during and after scaffold resorption. Therefore, we aimed 
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to monitor the evolution of in vivo cellular infiltration and neo-tissue formation 
using an in-house designed fast-degrading biodegradable supramolecular arterial 
scaffold in a small animal model (chapter 3). Electrospun polycaprolactone bisurea 
(PCL-BU) scaffolds were shielded by expanded polytetrafluoroethylene (ePTFE)  
to permit the study of neo-tissue and host response development during scaffold 
resorption and to prevent premature graft failure. In addition, the shielding restricted 
the rapid transmural and transanastomotic ingrowth of cells from the adjacent 
tissue, which is a phenomenon common in small animals, but not in humans.12,13 
Scaffolds were implanted in male Lewis rats as an interposition graft into the 
abdominal aorta and monitored in vivo for up to two months. This study demonstrated 
that the regenerative process started with an acute immune response marked by  
a dominant presence of pro-inflammatory macrophages in the first month. In time, 
a decrease in macrophage presence was observed, which coincides with the 
presence of smooth muscle cells (SMCs) and extracellular matrix (ECM) formation. 
These results suggest that although neo-tissue formation was still in progress, the 
host response became quiescent, which could indicate a favorable regenerative 
tissue outcome. Despite the ongoing maturation of neo-tissue, an imbalance 
between scaffold degradation kinetics and host tissue formation was observed, 
indicating that a slower degradation of the supramolecular scaffold is required if a 
non-shielded model will be used. 
 Therefore, we aimed to optimize degradation speed and examined the in vitro 
degradation of scaffolds electrospun from a set of sequence-controlled bisurea 
(BU)-modified biomaterials with varying amounts of ester groups in the polymer 
backbone (chapter 4). As these materials possess a sequence-controlled macro-
molecular structure, their susceptibility to degradation can be tuned by controlling 
the nature of the polymer backbone.14,15 To investigate how the implant’s 
functionality was affected by the degradation of these polymers, we examined the 
macro- and microscopic features as well as the mechanical performance of vascular 
scaffolds upon in vitro enzymatic degradation. Three biomaterials (‘slow-degrading’ 
polycarbonate-BU (PC-BU), ‘intermediate-degrading’ polycarbonate-ester-BU (PC(e)- 
BU), and ‘fast-degrading’ polycaprolactone-ester-BU (PCL-BU)) were synthesized 
and electrospun into microporous scaffolds, and subsequently exposed to lipase 
solutions, thereby accelerating the degradation process. This in vitro study 
demonstrated that PC-BU and PC(e)-BU polycarbonate scaffolds, with respectively 
a low and intermediate susceptibility to degradation, degraded through surface 
erosion, resulting in maintenance of the scaffold’s mechanical properties. PCL-BU 
polyester scaffolds, with a high susceptibility to degradation, degraded through 
surface erosion and some bulk degradation, which was ultimately accompanied by 
a network collapse, resulting in overall stiffening of the scaffold. We concluded that 
vascular scaffolds, electrospun from sequence-controlled supramolecular materials 
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with varying ester contents, not only display different susceptibilities to degradation, 
but also degrade via different mechanisms. This could aid in the correct selection 
of biomaterial for specific arterial applications albeit it must be stated that 
translation to the in vivo situation is not straightforward as actual in vivo 
degradation occurs through multiple degradation pathways at the same time.16

 To date, studies that have reported successful arterial regeneration in situ 
have used scaffolds that were reinforced with slow or non-degradable materials, of 
which is shown that their prolonged presence in the body leads to adverse 
remodeling.2,17,18 Consequently, the ultimate desire is to develop a totally 
biodegradable vascular tissue engineered vascular graft (TEVG) that resorbs in 
appropriate time, as an alternative to the current non-degradable prostheses. To 
achieve this, a combination of multiple materials with different degradation 
kinetics could be used, or a layered structure could be designed using the same 
material but with differences in microstructure and mechanics between layers. 
Combining the results of the previous two studies (chapter 3 and 4), we developed 
a bilayered supramolecular scaffold with a porous inner layer that allows cellular 
infiltration and a dense outer layer to provide strength (chapter 5). As base material, 
we selected PC(e)-BU due to its favorable characteristics in means of mechanical 
properties (chapter 4). Scaffolds were implanted as an interposition graft into the 
abdominal aorta of male Lewis rats and monitored in vivo for up to five months. 
The main result of this study was  the variability in graft outcome despite the 
homogenous experimental group, and despite homogeneity in experimental 
procedures and scaffold production. Although many grafts failed (e.g. aneurysmal 
deformation, presence of calcium), few succeeded and were characterized by graft 
extension and SMC proliferation in the absence of endothelium, while remaining 
patent throughout the study. Analysis of the differences between preclinical 
successes and failures, as was done in the present study, provides important 
handles for scaffold optimization to improve graft performance in vivo.
 To broaden the field of in situ vascular TE applications, and to transit towards 
a less invasive interventional approach, we combined minimally invasive delivery 
and tissue regeneration capacity into one unique vascular graft. To this extent, we 
developed a mechanically-optimized electrospun biodegradable polymeric 
vascular graft that can be minimally invasive delivered and exert stenting capacity 
onto existing vessels. Small caliber electrospun poly-l lactid acid (PLLA) grafts were 
successfully transcatheter delivered and deployed into the abdominal aorta of 
male Lewis rats and examined for up to 2 months in vivo. All explants maintained 
excellent patency throughout the duration of the study. The microporous 
electrospun grafts facilitated cellular infiltration as of day 1, and rapid endothelial-
ization. Over time, an organized, elastin-rich extracellular matrix interspersed with 
contractile alpha smooth muscle actin (αSMA)-positive cells, was formed inside the 
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degrading graft, thereby supporting its regenerative potential and its ability to 
maintain the mechanical and functional integrity of the vascular wall. This technology  
is an attractive alternative to the invasive surgical procedure and preferable in 
patients that are not suitable for surgery.
 Overall, the results of this thesis provide important new insights into the in 
vivo interaction between scaffold degradation, neo-tissue formation, and mechanical 
performance of tunable polymeric scaffolds in a preclinical model. Our findings 
emphasize the complexity to anticipate graft development and performance in 
vivo. Despite rational mechanical design and good performance in vitro, a thorough 
understanding of the biological mechanisms that govern scaffold-driven arterial 
regeneration and mechanical homeostasis remains warranted to optimize materials 
and scaffolds, but also implantation procedure. The unique combination of 
minimally invasive delivery and tissue regeneration, as well as optimal biomaterial 
design criteria, may improve our control over the regenerative process. A profound 
analysis of preclinical successes and failures might help us identify remaining 
challenges to overcome in order to safely translate the in situ vascular TE technique 
into clinical practice.

2. Remaining translational challenges

Comparable to native ECM, synthetic biodegradable scaffolds serve as a framework 
to home cells and promote tissue formation and remodeling by the cells, while 
offering mechanical support in a hemodynamically challenged environment to 
prevent premature failure. Considering direct blood-scaffold contact and ongoing 
wall shear stresses and cyclic strains, an optimal design of synthetic scaffolds for in 
situ vascular TE applications is warranted.19 This includes microscopic topography 
of the scaffold (e.g. polymer surface, charge and chemistry) and local organizations 
(e.g. anisotropy). As cells respond to their environment, subtle changes in micro-
structure have shown to greatly influence cell behavior.20,21 At the macroscopic 
level, scaffolds should be mechanically robust and compliant and exert optimal 
degradation kinetics. In our studies, we used electrospinning for the production of 
our scaffolds, which enabled an optimal control of scaffold properties, such as fiber 
diameter and porosity. Furthermore, scaffolds could be tailored at nano- or 
microscale range to obtain a surface favorable for cellular interaction. Although we 
can control the properties of the scaffold prior to implantation, it remains extremely 
difficult to preserve this control once implanted.
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2.1  Balancing scaffold degradation and neo-tissue formation by the host
One of the remaining challenges of material-based in situ vascular TE is to define 
the optimal balance between scaffold degradation and tissue regeneration by the 
host in order to achieve (mechanical) homeostasis. The scaffold must maintain 
mechanical integrity until sufficient tissue has been deposited and remodeled to 
take over functionality. While the scaffold is resorbed over time, the initial 
mechanical support from the scaffold must be gradually transferred and taken 
over by the neo-vessel. Ultimately, complete resorption of the scaffold is warranted 
to avoid prolonged presence of foreign material and subsequent persistent 
inflammation. Any disbalance between scaffold degradation and tissue regeneration 
might lead to adverse effects, such as graft failure or aneurysm formation, or 
persistent inflammation and calcification.18,22 
 During the process of degradation, both the macro- and microscopic properties 
of the scaffold are altered, with potential effects on the scaffold functionality, 
particularly in terms of mechanical performance. In vivo degradation of polymer- 
based scaffolds takes place through four primary pathways, namely hydrolytic, 
oxidative, enzymatic, and physical degradation.23 Hydrolysis, which can be 
catalyzed by enzymes such as lipase and esterase, represents the major degradation 
mechanism in polymeric scaffolds.24,25 Upon contact with water, polymer covalent 
bonds break, leading to smaller chains that ultimately can be eliminated from  
the body. Both polyesters and polycarbonates are susceptible to hydrolysis,  
with polyesters generally being more susceptible than polycarbonates.23 Oxidative 
degradation involves the production of reactive oxygen species (ROS), like hydrogen 
peroxide and nitric oxide produced by circulating immune cells infiltrating the scaffold, 
such as macrophages.26 Other important environmental factors influencing 
degradation include pH, temperature, and mechanical stress.27

 Highly-controlled in vitro accelerated degradation testing enables to investigate 
degradation kinetics of porous polymeric scaffolds (chapter 4).28,29 Based on 
degradation rate and mechanism, as well as functional performance during 
degradation, the scaffold design can be optimized to pursue the optimal balance 
between degradation and regeneration. Within the field of material-based in situ 
vascular TE, supramolecular polymers represent an interesting group of materials, 
as it has been shown that small changes in either their polymer backbone or 
supramolecular moiety leads to a change in degradation rate and mechanism 
(chapter 4).28,29 In contrast to polymers in general, supramolecular polymers can, 
due to their macromolecular similarity, be combined to acquire an intimately 
mixed polymer blend to acquire the desired degradation profile. 
 Although in vitro degradation tests are of great value, it must be acknowledged 
that degradation of scaffolds in vivo is highly complex, involving the interplay 
between scaffold (e.g., fiber diameter, fiber alignment, pore size, and substrate 
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stiffness), cells (e.g., macrophages and tissue producing cells), and hemodynamics 
(e.g., shear stress and cyclic strain).20,21,30-32 Furthermore, patient characteristics 
(e.g., immune response and age) as well as location of implantation determine the 
scaffold degradation rate.33,34 Nonetheless, the introduction of supramolecular 
polymers opens new opportunities to further tune the degradation kinetics of 
scaffolds and continues to represent a promising group of materials for use in 
(vascular) TE approaches in particular, and biomedical applications in general.

2.2 Advanced imaging tools to monitor in situ vascular TE
The field of vascular TE has progressed beyond in vitro and preclinical studies, and 
has advanced toward clinical trials in humans.3-9 As a result, there is a growing 
demand for non-invasive, non-destructive, real time methods to assess the 
longitudinal performance of TE constructs at a morphological, functional and 
molecular level. Many vascular TE studies still use conventional methods, such as 
histology or mechanical testing, to evaluate tissue performance.35 As these 
analyses require destruction of the samples, important information about the TE 
construct in its three-dimensional configuration is lost. No single imaging modality 
today can provide tissue engineers with all the necessary information. Each imaging 
method has its own range of applications, based on its properties in terms of 
spatial and temporal resolution, penetration depth, available contrast agents, 
safety and costs. 
 Due to its advantages of non-invasiveness and non-destructiveness, ultrasound 
imaging represents an ideal imaging tool to provide morphological as well as 
mechanical information of the vascular TE construct in vivo. Clinically, it has been 
used to evaluate the performance of TEVGs implanted as arteriovenous shunts as 
well as to evaluate the atherosclerotic evolution after implantation of a bioresorbable 
vascular scaffold (BVS).7,9,36,37 In addition, Doppler ultrasound imaging has been 
used to measure blood flow in TEVGs.9,36,38 Serial intravascular ultrasound (IVUS) 
could be used to assess neo-tissue build-up in scaffolds. Nowadays, IVUS is mainly 
used to determine atheromatous plaque build-up in the coronary arteries, but 
might be of added value in vascular TE monitoring.37 
 Another interesting imaging modality for vascular TE purposes is optical 
coherence tomography (OCT), which is an emerging technology for performing 
high-resolution cross-sectional imaging. OCT is analogous to ultrasound imaging, 
except that it uses (low-coherence) light instead of sound. Cross-sectional images 
of tissue structure on the micron scale can be obtained in situ and in real time. 
When used in combination with catheters and endoscopes, high-resolution intraluminal 
imaging of TEVGs can be performed to provide anatomical information. In clinical 
studies, OCT has been performed for longitudinal imaging of neo-intima formation 
within BVS.39-42
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Due to advances in material science, for example supramolecular chemistry, 
imaging agents can be incorporated into scaffolds to monitor scaffold degradation. 
The ideal imaging tool for TE would enable to study in situ vascular regeneration at 
all levels, from subcellular level to whole body, and probably comprises multimodality 
imaging.

2.3 Optimizing implantation technique
To attribute to the field of TE, we made a first attempt to implement invasive 
delivery and tissue regeneration capacity into one unique (vascular) graft (chapter 6). 
This novel technology could be used for various cardiovascular indications where 
minimally invasively regeneration of the artery would be desired, such as stenotic 
lesions, aneurysmal deformations, closing fistulas or treating congenital defects. 
Furthermore, selective patient groups would greatly benefit from a minimally 
invasive implantation alternative, including pediatric patients as well as patients 
that are not suitable for surgery. 
 Existing BVS were especially designed to provide mechanical support and drug 
delivery similar to their metallic counterparts, followed by complete resorption, 
releasing the vessel from its cage to allow restoration of vascular physiology and 
biology.43 In order to offer adequate radial support from a bioresorbable material, 
this requires the use of thicker struts, which has been demonstrated to increase 
thrombogenicity compared to thinner struts.44 To date, several BVS have been 
evaluated in randomized clinical trials, but withdrawn due to the higher incidence 
of device thrombosis in the long-term, when compared to drug-eluting stents.45-53 
A stent that provides mechanical support and simultaneously regenerates diseased 
vasculature is still an unmet desire.
 Despite the bioresorbable material used, more material will be needed to 
exert the same radial force as nitinol, the material commonly used in stents. 
Comparable to BVS, the graft introduced in chapter 6 is made of a bioresorbable 
material and is characterized by a larger wall thickness (150 μm) to exert sufficient 
radial force. The design of the graft, however, greatly differs from the BVS design, 
the latter being characterized by enlargement of struts, which has been 
demonstrated to increase thrombogenicity.44 Due to the electrospinning process, 
the novel graft exhibits a more uniform distribution of biomaterial, and offers voids 
between fibers that allow cellular infiltration necessary for vascular regeneration. 
Furthermore, it offers a bigger contact surface for a faster and more controlled 
degradation. Even though it concerns a proof-of-concept study, the unique combination 
of stenting capacity and in situ tissue regeneration holds future potential for treating 
cardiovascular diseases. Future studies in larger, clinically more relevant animal 
models will be needed to study minimally invasive delivery of the novel graft in 
clinically more relevant vascular regions. This should shed more light on the 



174

CHAPTER 7

regenerative capacity of these grafts in the further translation to human applications. 
Ultimately, studies in diseased animal models need to be performed as a final step 
towards translation to clinic.

2.4 Predictive models
To better anticipate on currently unpredictable graft outcomes, the combined use 
of different, yet complementary, research models is fundamental in order to better 
understand scaffold-driven in situ vascular regeneration and to predict individual- 
specific long-term outcome. 
 Preclinical studies in animal models remain of fundamental importance to 
study the complex regenerative processes in vivo, and to assess preclinical safety 
and efficacy of TEVGs. Where in vitro models allow to specifically study one 
particular parameter, in vivo models offer the evaluation of graft’s biocompatibili-
ty, remodeling, and growth capacity. To this extent, small animals have been 
extensively used. One of the greatest intrinsic limitations of  in vivo models, is the 
interspecies variability, due to differences in anatomy, immune response, wound 
healing, and hemodynamics, which may lead to misinterpretation of results 
obtained in these animals. It is therefore of great importance to be aware of  
the context in which the predictive value of the animal model is interpreted.54  
For example, endothelialization of grafts implanted in mice occurs through a rapid 
transanastomotic overgrowth from the adjacent tissue, a phenomenon common  
in small animals, but not in humans.12,55 To correct for this phenomenon, refined 
animal models have been proposed to hamper the rapid transmural and trans-
anastomotic ingrowth (chapter 3).13,56,57 Hence, it becomes even more complicated, 
as the biological response towards electrospun scaffolds is also highly dependent 
on implantation site.58 Furthermore, conflicting graft outcomes despite homogeneity  
in the experimental group, experimental procedures and scaffold production have 
been reported (chapter 5).59 Another important difference between species 
involves the immunological response, which is of crucial importance considered 
that in situ TE heavily depends on the immune response for regeneration.60,61 

Overall, this warrants extra caution when results obtained in animal models are 
translated towards humans. One of the solutions to overcome this limitation has 
been the use of so-called ‘humanized’ animal models. Nevertheless, even in 
‘humanized’ animal models, one must consider differences in outcome due to the 
presence of an animal host. In vitro models might serve as an additional platform 
alongside in vivo models, in which actual human cells are used. 
 In vitro models represent important platforms to study patient-specific cell-cell and 
cell-scaffold interaction, both in physiological and pathophysiological conditions.32 
A great advantage compared to in vivo models, is that human cells can be used.  
As in vitro models are designed to be simplified systems, only one or a few parameters 
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can be studied at once.62,63 Nevertheless, it gives important insights necessary for 
translation. In addition to in vitro models, in silico models using computational 
tools might help to develop predictive models.64-66

2.5 Personalized treatment strategies
On top of interspecies variability, inter-patient variation represents another 
translational challenge for in situ vascular TE. This variation is caused by factors that 
greatly influence regeneration and remodeling, such as age, gender, comorbidities, 
and medication.67,68 In fact, the treatment efficacy of any vascular TE construct is 
greatly influenced by the patient’s health profile. It becomes even more complex, 
as vascular substitutes are often needed in patients with comorbidities that impair 
wound healing, such as diabetes. For example, vascular grafts engineered from 
human cells from diabetic patients demonstrated an increased risk of stenosis, 
which was suggested to be due to a reduced remodeling capacity.69,70 These 
findings underscore the importance of personalized treatment strategies for 
translating in situ vascular TE techniques into clinic. 
 Novel screening methods, e.g. lab-on-a-chip, might offer a way to evaluate the 
patient’s regenerative capacity in advance to assess whether or not a patient is 
suitable for therapy. In addition, in vitro diseased tissue models, using patient- 
derived cells from phenotyped patients, could also serve as a model system to 
assess the regenerative potential in vitro.71 These methods might improve our 
understanding of the influence of disease onto regeneration, which might identify 
specific tools to optimize scaffold design for specific group of patients.
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3. Conclusion and future outlook

In situ vascular TE starting from biodegradable synthetic biomaterials has shown 
major progress in the last years, even resulting in the first ongoing clinical trials.3-9 
Departing from the concept of engineering blood vessels in vitro and building on 
the notion that the natural wound healing process could be harnessed, it has 
demonstrated its potential to regenerate living, autologous blood vessels inside 
the body. Despite the successes, and sometimes failures, many translational 
challenges remain. Inconsistencies in long-term tissue outcome highlight the 
complexity of obtaining native-like functional tissue and achieving homeostasis, 
which is the result of a lack in thorough understanding of vascular regeneration by 
the host. Furthermore, interspecies and interindividual variability require novel 
strategies to predict patient-specific outcome and develop personalized treatment 
strategies. Nevertheless, ongoing developments on a multidisciplinary scale hold 
great prospect that TEVGs will advance to clinic to serve as highly adequate vascular 
substitutes to the current vascular replacements.
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In situ vascular tissue engineering (‘het bouwen van vasculaire weefsels op de 
plaats van interesse’) richt zich op het regenereren van bloedvaten in en door het 
lichaam zelf met behulp van biodegradeerbare synthetische scaffolds (matrices) 
die in staat zijn endogene regeneratie te induceren. Het succes van deze benadering 
hangt af van een optimale balans tussen functionele nieuwe weefselvorming door 
het lichaam zelf en afbraak van de scaffold teneinde mechanische integriteit te 
waarborgen. Het doel van dit proefschrift was om meer mechanistisch inzicht te 
verkrijgen in de interacties tussen hemodynamica, nieuwe weefselvorming, scaffold 
degradatie en mechanische functionaliteit van aanpasbare polymeren vasculaire 
scaffolds gedurende in vitro experimenten (in het lab) alsook gedurende preklinische 
studies. Daarnaast was het doel om potentiële handvatten te identificeren om 
scaffolds te optimaliseren voor een veilige translatie van deze innovatieve techniek 
naar de kliniek. 

Ondanks de progressie die er is gemaakt met synthetische scaffolds is er nog weinig 
bekend over de lichaamsreactie en weefselontwikkeling gedurende en na scaffold 
resorptie. Om die reden hebben we een nieuwe snel-biodegradeerbare supramo-
leculaire scaffold ontworpen voor arteriële toepassingen en de evolutie van 
weefselvorming in de tijd gemonitord. Polycaprolactone-bisurea (PCL-BU) scaffolds 
werden vervaardigd middels electrospinnen en verstevigd met expanded polytetra-
fluoroethylene (ePTFE) om prematuur falen van de graft tegen te gaan. Deze werden 
vervolgens geïmplanteerd als interpositiegraft in de aorta abdominalis van ratten. 
Scaffolds werden geëxplanteerd op verschillende tijdspunten om sequentiële cel 
infiltratie, cel differentiatie en weefselvorming in de scaffold te monitoren. Endogene 
weefselvorming startte met een acute immuunreactie, gevolgd door een dominante 
aanwezigheid van pro-inflammatoire macrofagen gedurende de eerste maand. 
Daarna trad er een verschuiving op naar weefsel-producerende cellen, met een 
verrassende toename van gladde spiercellen en extracellulaire matrix vorming na 
2 maanden. Op datzelfde tijdstip was de scaffold geresorbeerd en waren immuun 
markers laag. Deze resultaten suggereren dat de weefselvorming nog steeds 
gaande was, terwijl de lichaamsreactie tot rust was gekomen, hetgeen een gunstige 
uitkomst biedt ten aanzien van weefsel regeneratie. Desalniettemin zagen we een 
disbalans tussen scaffold degradatie en weefselvorming door het lichaam zelf. 
Toekomstige studies zullen nodig zijn om weefsel homeostase op de lange termijn 
te bevestigen, maar dit vereist een tragere degradatie van de supramoleculaire 
scaffold als de versteviging met ePTFE achterwege wordt gelaten.
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Het is onbekend hoe de degradatie van polymeren met verschillende predispositie 
voor degradatie de functionaliteit van de scaffold aantast. Daarom hebben we de 
mechanische functionaliteit alsook de macro- en microscopische kenmerken 
onderzocht van vasculaire scaffolds, gemaakt van strikt gesegmenteerde thermo-
plastische elastomeren met supramoleculaire bisurea eenheden, gedurende in 
vitro enzymatische degradatie. Gezien de predispositie voor degradatie van deze 
bisurea-gemodificeerde polymeren aangepast kan worden door veranderingen in 
de hoeveelheid ester en carbonaat groepen in de polymerketen, vertegenwoordigen  
zij een interessante groep van materialen voor in situ vascular tissue engineering. 
‘Traag-degraderende’ polycarbonate-bisurea (PC-BU), ‘intermediair-degradeerbare’ 
polycarbonate-ester-BU (PC(e)-BU), en ‘snel-degradeerbare’ PCL-BU scaffolds werden 
geïncubeerd in een lipase oplossing van 37 °C en gemonitord voor veranderingen 
in fysieke, chemische en mechanische eigenschappen. Wanneer PC-BU en PC(e)-BU 
met elkaar werden vergeleken, zagen we dat een kleine verandering in de macro-
moleculaire structuur van het polymeer tot significante veranderingen leidde in 
degradatie kinetiek. Alle 3 de scaffolds degradeerden via erosie van het oppervlak, 
hetgeen samen ging met opzwellen van de vezels van de PC-BU scaffolds en enige 
massa degradatie en een collaberend netwerk van de PCL-BU scaffolds. Voor de 
PC-BU en PC(e)-BU scaffolds resulteerde dit in behoud van mechanische eigenschappen, 
terwijl dit resulteerde in het stijver worden van PCL-BU scaffolds. Deze in vitro studie 
toont aan dat vasculaire scaffolds, vervaardigd van sequentie-gecontroleerde 
 supramoleculaire materialen met verschillende hoeveelheden esters, niet alleen 
verschillen in predispositie voor degradatie, maar ook via verschillende mechanismen 
degraderen.

Vanwege de gunstige mechanische eigenschappen in de tijd werd PC(e)-BU gekozen 
voor een volgende preklinische evaluatie. We ontwikkelden een dubbel-gelaagde 
scaffold met een poreuze binnenlaag om cel infiltratie te bevorderen en een dichte 
buitenlaag als alternatief voor de afscherming met ePTFE. Dubbel-gelaagde scaffolds 
werden vervaardigd middels een tweevoudige electrospinnen techniek. Na mechanische 
testen in vitro werden scaffolds geïmplanteerd als interpositiegraft in de aorta 
abdominalis van ratten en gemonitord gedurende 5 maanden voor veranderingen  
in morfologische en mechanische eigenschappen. De resultaten toonden grote 
verschillen tussen grafts ondanks homogeniteit in de experimentele groep, 
experimentele procedures en scaffold productie. De meeste grafts vertoonden 
nadelige remodelering, hetgeen resulteerde in aneurysma vorming en calcificaties. 
Enkele grafts daarentegen vertoonden dit niet, maar werden in plaats daarvan ge-
karakteriseerd door verlenging van de graft en proliferatie van gladde spiercellen 
in afwezigheid van endotheel, terwijl de grafts doorgankelijk bleven gedurende de 
gehele studie. Deze resultaten roepen belangrijke vragen op met betrekking tot de 
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grote variabiliteit in uitkomst ondanks homogeniteit in de experimentele groep en 
scaffold productie. We hypothetiseren dat de mate van aneurysma vorming 
gerelateerd kan zijn aan de axiale voorspanning op moment van implantatie van de 
graft. Toekomstige studies die in vivo resultaten combineren met numerieke simulaties 
kunnen wellicht inzicht geven in de relatie tussen scaffold lengte bij implantatie, 
intrinsieke weefseltractie en de daadwerkelijke graft uitkomst. Deze zouden 
kunnen bijdragen in verdere graft optimalisatie.

Een ultieme uitdaging voor in situ vascular tissue engineering is om minimaal invasieve 
implantatie met weefsel regeneratie capaciteit te verenigen in een unieke vasculaire 
graft, om op die manier de voordelen van beide technologieën te combineren.  
Met dat doel hebben we een mechanisch geoptimaliseerde biodegradeerbare 
polymeren vasculaire graft ontwikkeld dat minimaal invasief geïmplanteerd kan 
worden. Klein-kaliber electrogesponnen grafts vervaardigd uit poly-l-lactid acid 
werden succesvol transkatheter geïmplanteerd in de aorta abdominalis van ratten. 
Het proces van electrospinnen verschafte mechanische vasculaire ondersteuning, 
zonder het materiaal te hoeven bewerken, en een micromilieu voor cel infiltratie. 
Explants werden geëvalueerd met betrekking tot doorgankelijkheid, cel infiltratie 
in de graft, nieuw gevormd weefsel, mechanische eigenschappen en graft degradatie 
gedurende 8 weken. Alle explants vertoonden uitstekende doorgankelijkheid gedurende 
de gehele studie. De microstructuur van de graft faciliteerde cel infiltratie vanaf 
dag 1 en snelle endothelialisatie. In de tijd werd er een georganiseerde, elastine-rijke 
extracellulaire matrix, afgewisseld met gladde spiercellen, gevormd in de degraderende 
graft. Deze resultaten ondersteunen het regeneratieve potentieel van de graft en 
de mechanische en functionele integriteit van de vaatwand. Deze studie toont 
‘proof-of-concept’ van het samenvoegen van in situ tissue engineering en trans -
katheter implantatie middels het gebruik van een unieke electrogesponnen 
polymeren graft die de vaatwand mechanisch kan ondersteunen en tegelijkertijd 
kan regenereren. 

Concluderend, de resultaten beschreven in dit proefschrift verschaffen belangrijke 
nieuwe mechanistische inzichten in de interactie tussen degradatie, nieuw gevormd 
weefsel en mechanische functionaliteit van polymeren scaffolds in een preklinisch 
model. Onze bevindingen benadrukken de complexiteit om een balans te vinden 
tussen scaffold degradatie en weefselvorming door het lichaam zelf in een 
hemodynamisch uitdagende omgeving. De unieke combinatie van minimaal invasieve 
implantatie en weefsel regeneratie, alsmede optimale ontwerp criteria voor bio-
materialen, zouden onze controle over het regeneratieve proces kunnen bevorderen 
om uiteindelijk een veilige en duurzame vasculaire vervanging te kunnen bieden 
voor toepassing in de kliniek. 
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