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PREFACE 
 
Advances in supramolecular chemistry have brought material science and biology 
closer than ever, as non-covalent specific interactions are a common trait of both 
natural and synthetic supramolecular systems. The native cellular niche, composed 
by the insoluble extracellular matrix (ECM) proteins, soluble factors and proteins 
presented by neighboring cells, is the principal source of inspiration for the 
creation of supramolecular biomaterials. Macromolecular entities, that continuously 
rearrange themselves via reversible bonds to carry out regulatory and homeostatic 
functions, constitute the cellular environment. Supramolecular biomaterials have 
nature’s complexity within reach thanks to their dynamic character. Therefore, they 
represent scientists’ first choice in creating smart cell-material interfaces. On the 
other hand, biomedical materials must provide engineers with a simple and 
versatile tool in solving the manifold challenges of the development of medical 
implants, and eventually reach the patients. Both requirements seem to be met by 
Ureido-pyrimidinone (UPy)-based materials, a class of supramolecular materials 
which has been largely appreciated for regenerative medicine applications.  
In this thesis, we aim firstly at creating an aortic prosthesis for minimally invasive 
implantation made of UPy-thermoplastic elastomers. Subsequently, we address the 
topic of engineering bioactive properties into materials for heart valve regeneration 
via modular functionalization strategies and the coaxial electrospinning processing 
technique. An optimal combination of engineering solutions targeting different 
aspects of development of a regenerative device is proposed to be essential for 
bringing material-driven regenerative solutions to the patient. In this chapter, we 
introduce the cardiovascular system and the diseases that call for regenerative 
solutions, followed by a review of the currently available replacements and their 
limitations. Eventually, we give an overview of UPy-based supramolecular materials, 
the role they have acquired in cardiovascular tissue engineering, and the available 
options for the introduction of bioactivity in supramolecular substrates aimed at 
heart valve and small diameter (< 6 mm) blood vessel regeneration. 
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1. CARDIOVASCULAR REGENERATIVE MEDICINE 
 
1.1. The cardiovascular system 
 
The cardiovascular system allows the circulation of approximately 5 Liters of blood 
throughout the body of an adult human. In the arterial systemic circulation, arteries 
carry oxygenated blood from the heart to tissues and organs to allow gas and 
nutrient exchange in small vessels called capillaries. In the venous systemic 
circulation, oxygen- and nutrient-poor blood is transported back to the heart via 
veins. Deep veins have one-way valves that prevent blood from flowing backward in 
the peripheral limbs (Figure 1.1).  

 

Figure 1.1. Anatomy of arteries (left) and veins (right). Copyright 2010, John Wiley & Sons, Inc. 
 
In the heart, unidirectional blood flow is ensured by four valves: tricuspid valve, 
pulmonary valve, mitral valve and aortic valve (Figure 1.2). The tricuspid valve and 
the mitral valve, or atrioventricular valves, are located between the atrium and the 
ventricle and they ensure one-way blood flow during the heart contraction (systole). 
The pulmonary valve and the aortic valve, or semilunar valves, are positioned on the 
outflow tract of the right and left ventricle, respectively. The semilunar valves are 
closed during heart relaxation (diastole) to prevent backward flow of blood into the 
heart. On the outflow tract of the pulmonary valve there is the pulmonary artery, 
which carries deoxygenated blood from the heart to the lungs. The aortic valve 
opens into the aorta, the largest artery in the body, which carries oxygenated blood 
that is pumped with high pressure in order to perfuse the whole body. 
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Figure 1.2. Anatomy of the human heart showing the four heart valves: cross-section through 
atria (left) and side view (right). Copyright A.D.A.M., Inc.  
 
Heart valves open 100,000 times a day and almost 4 billion times during an 
average life course. The aortic outflow tract is the region subjected to the most 
severe stress and pressure conditions. During the pumping phase of the cardiac 
cycle (systole) the pulsatile blood pressure in the aorta reaches 120 mmHg, while 
during diastole the pressure reaches 80 mmHg. As a result, the aortic valve 
experiences a maximum transvalvular difference of 10 – 12 kPa, stretches of 10% in 
the circumferential direction and 40% in the radial direction (Figure 1.3). These 
hemodynamic conditions set the requirements for the selection of heart valve 
prostheses materials, and they define the working environment aortic heart valve 
materials as rather challenging. 

 

Figure 1.3. Wiggers diagram of the electrical and mechanical events of the cardiac cycle. 
Source: https://commons.wikimedia.org/w/index.php?curid=50317988 

https://commons.wikimedia.org/w/index.php?curid=50317988
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1.2. Cardiovascular disease 
 
Cardiovascular disease (CVD) affects several millions of patients worldwide each 
year. Globally, in 2017 ≈ 24 million deaths were attributed to CVD and stroke, 
representing 42.8% of total deaths. These numbers represent an increase of 9.7% 
with respect to 2007 1, and the prevalence of CVD is expected to increase steadily 
until 2030, according to predictions 2. From the economical point of view, data 
show that in 2013 to 2014 the annual direct and indirect cost of CVD and stroke in 
the US alone was estimated $329.7 billion, accounting for 14% of total health 
expenses 3.  
Common presentation modes of CVD affecting blood vessels are coronary artery 
diseases (CAD) and atherosclerosis, which cause occlusion or insufficiency of said 
vessels 4. Valvular diseases, both acquired and congenital, can cause any one of the 
four heart valves to malfunction and result in either impeded forward flow 
(stenosis) and/or backward flow (regurgitation) 5. Most CVDs are lifestyle-related, 
with risk factors including tobacco use, lack of physical activity, wrong nutrition and 
obesity. Moreover, patients affected by underlying diseases such as diabetes, 
metabolic syndrome and chronic kidney failure have an increased risk of CVD 6,7. 
Congenital heart defects, such as atrioventricular septum defects or Tetralogy of 
Fallot, are at the origin of congenital CVD, which affect patients from the earliest 
life stages 8.  
 
1.2.1. Replacement options for vessels 
 
Surgical treatment of CAD is usually carried out by means of coronary angioplasty 
or stenting. Surgical replacement of blood vessels can be realized by means of 
autologous vascular grafts 9. These are associated with limited availability, invasive 
harvest and donor site morbity issues 10,11. Synthetic non degradable vascular grafts 
made of polytetrafluoroethylene (PTFE or TeflonTM), polyethylenetereftalate (PET or 
DacronTM) and polyurethanes (PU) have been proposed as alternatives to autologous 
tissue. PTFE conduits have shown satisfactory outcomes in large-diameter arteries 
(>6 mm) 12. However, permanent vascular grafts resulted in poor patency in the 
long term of small-diameter vessels (<6 mm), leaving an unmet clinical need to 
overcome autologous grafts-related issues 13,14. 

 
1.2.2. Replacement options for heart valves 
 
Current heart valve replacement techniques mostly aim at treatment of aortic valve 
stenosis by means of either mechanical (Figure 1.4 A-C) or biological prostheses 
(Figure 1.4 D-H). The leaflets of mechanical prostheses are usually made of 
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pyrolytic carbon or titanium coated with pyrolytic carbon, with a sewing ring made 
of durable plastic material such as Teflon or Dacron. The leaflets of biological 
prostheses are of porcine valve origin, or cow and horse pericardial sac origin. 
Animal tissue is chemically treated to minimize the host’s immune response to 
xenomaterial. Heart valve replacement has been classically administered with open 
heart surgery, which is not recommended in inoperable elderly patients or with 
comorbities that make open heart surgery too risky. Therefore, transcatheter aortic 
valve replacement (TAVI) has been introduced as of 2007 to deploy self-expandable 
stented aortic valve substitutes in the aortic annulus via thin catheters 15,16 (Figure 
1.4 G-H). 

 

Figure 1.4. Current replacement options for heart valves. A) Bileaflet mechanical valve (St 
Jude); B) monoleaflet mechanical valve (Medtronic Hall); C) caged ball valve (Starr-Edwards); D) 
stented porcine bioprosthesis (Medtronic Mosaic); E) stented pericardial bioprosthesis 
(Carpentier-Edwards Magna); F) stentless porcine bioprosthesis (Medtronic Freestyle); G) 
percutaneous bioprosthesis expanded over a balloon (Edwards Sapien); H) self-expandable 
percutaneous bioprosthesis (Medtronic CoreValve). Reproduced with permission from Ref 17. 
 
Although heart valve replacement is a life-saving operation, current non-
degradable prostheses have limitations due to increased risk of thrombogenicity 
and necessity of life-long pharmacological therapy 18, limited durability and need 
for re-operations 19. Moreover, currently available, non-living heart valve 
prostheses lack growth and remodeling potential, which is high on the wish-list for 
young patients with congenital heart valve defects.  
 
1.3. Cardiovascular regenerative solutions 
 
Regenerative medicine is a multidisciplinary approach for the “once in a lifetime” 
treatment of organs and tissue that have lost their function. Regenerative solutions 
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rely on the application of an organ or tissue substitute, or scaffold, which can 
“restore, maintain, or improve tissue function” after implantation 20. 
The traditional tissue engineering approach described by Langer & Vacanti in 1993 
involves an in vitro procedure of cell culture in biodegradable matrices – or 
scaffolds – and the conditioning thereof in a bioreactor. Cells are stimulated by 
conditioning in a bioreactor for several weeks, during which secretion and 
remodeling of a native-like tissue structure takes place, while the scaffold degrades 
to create a fully autologous construct that can be implanted in the host who 
provided the cells. Despite the promising results obtained with in vitro cultured 
heart valves and arteries 21–23, the production process is lengthy, expensive and 
presents procedurals difficulties that hamper its widespread translation to the 
clinic. 
A more convenient alternative is offered by in situ tissue engineering. This 
approach bypasses the in vitro culture phase and implants a cell-free scaffold 
materials in the body, where a delicate balance between scaffold degradation and 
tissue formation should gradually lead to the formation of fully functional new 
tissue (Figure 1.5). The materials used for in situ tissue engineering of blood 
vessels and heart valves can be of biological and synthetic origin, or combinations 
of the two. Cell-free tissue regeneration fully relies on the body’s regenerative 
potential and represents a clinically more feasible therapy, as it allows a simpler 
regulatory process than traditional in vitro tissue engineering. 

 

Figure 1.5. Concept of in situ tissue regeneration applied to a pulmonary heart valve. The 
process begins with the implantation of a cell-free scaffold made of biodegradable material 
with a suitable microporous structure. Upon implantation, circulating cells will colonize the 
scaffold, proliferate and subsequently secrete and remodel the ECM, until achievement of a 
native-like living heart valve leaflets. Reproduced with permission from Ref 24. 
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1.3.1. In situ vascular tissue engineering 
 
Biological matrices for small diameter blood vessel regeneration are usually 
decellularized allografts or xenografts, which lead to good patency e 
recellularization in vivo without additional cell seeding 25. A large number of studies 
investigated the use of polymeric matrices for vascular regeneration, often in 
combination with autologous bone marrow-derived mononuclear cells (BM-MNC). 
The most frequently employed material for this purpose are poly(lactic acid) (PLA), 
poly(ε-caprolactone) (PCL), poly(glycerol sebacate) (PGS) and poly(glycolic acid) 
(PGA), or combinations of the above as copolymers or hybrid constructs 26. 
Synthetic vascular grafts have been successfully employed in clinical trials in 
humans in order to prove efficacy and safety of vascular in situ tissue engineering 
in the low pressure circulation of the pulmonary artery or veins 27–30. In the high 
pressure circulation it is still common to witness aneurysms formation and other 
complications, likely due to a suboptimal balance between degradation rate and 
mechanotransduction of the pulsatile flow during tissue formation 31. 
 
1.3.2. In situ valvular tissue engineering 
 
Heart valve tissue engineering, especially when targeting the aortic position, needs 
to take into account the complex and high-pressure hemodynamic environment. 
Therefore, the choice of scaffold material requires even more careful consideration 
than in the case of blood vessels. Biological scaffolds for in situ valvular tissue 
engineering are made of decellularized allografts grafts 32,33 or in vitro engineered 
decellularized valves. The latter have been proposed as an “off-the-shelf” solution 
to overcome the limitations related to the harvesting of allo- and xeno-grafts, as 
the decellularized construct can be stored without alterations to the microstructure 
up to 18 months 34 and the authors demonstrated the possibility of implanting such 
valves with minimally invasive transcatheter techniques in the pulmonary position 35 
and in the aortic position 36. 
The use of synthetic scaffolds for in situ heart valve regeneration has been limited 
so far to a few examples. Polymeric heart valve prostheses have been designed to 
represent a clinically attractive solution due to simplified procedures, either by 
allowing cell harvesting and implantation in one step, or by providing straight-
forward fabrication procedures. Emmert et al. reported stented valves made of non-
woven PGA coated with poly(4-hydroxybutyrate) (P4HB), which could be seeded 
with autologous BM-MNC and delivered via catheter in the aortic and pulmonary 
position 37,38. Notably, this operation allowed cell harvesting, valve seeding and 
implantation in one single surgery. Capulli et al. used blends of P4HB and gelatin to 
manufacture trileaflet valve prototypes (JetValves) via a jet spinning process, and 
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implanted them in the pulmonary position up to 15 hours 39. An example at the 
forefront of the field was reported by our group using supramolecular 
poly(carbonate)-bisurea (PC-BU) bioresorbable scaffolds mounted on a poly(ether 
ether ketone) (PEEK) stent. The valves were implanted with open heart surgery in a 
sheep model in the pulmonary position up to 12 months 24. The valve exhibited 
good long-term functionality and excellent new tissue formation and maturation. 
The PC-BU valve concept has been adapted to minimally invasive surgical 
techniques using shape-memory nitinol stents. Transcatheter implantation of such 
valves was shown to be feasible and the valves maintained a good functionality up 
to 6 months in the pulmonary position in a sheep model (Figure 1.6) 24. 

 

Figure 1.6. Preview of results from the minimally invasive implantation of bioresorbable valve 
entirely made of supramolecular polymer. A) macroscopic aspect of the PC-BU valve; B) 
opening and closing of leaflets in simulated pulmonary circulation; C) crimping and D) loading 
into the catheter of PC-BU valves. E) Angiography during surgery confirms correct positioning 
of the valve in the pulmonary position; F) Echocardiography post-delivery and G) up to 6 
months showing no regurgitation; H-J) Macroscopic appearance of the valve after 6 months of 
implantation. Reproduced with permission from Ref 24. 
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The results published by Kluin et al. 24 demonstrate the promising feasibility of the 
material-driven heart valve regeneration technology. Besides, clinical trials were 
initiated by Xeltis BV in pediatric patients with bioresorbable supramolecular 
polymers for heart valve conduits implanted in the pulmonary position (X-PloreI 
NCT02700100, X-PloreII NCT03022708). The development of regenerative aortic 
valve prostheses remains an unresolved challenge, as there is a need for novel 
stents and materials suitable for regeneration, crimping and withstanding the 
demanding aortic pressures. In Chapter 2 of this thesis, we report the development 
and in vitro testing of a trileaflet heart valve made of electrospun supramolecular 
polymers. 
 
1.4. Optimizing tissue engineering scaffolds to stir regeneration 
 
To date, great progress has been made in the direction of enabling cell-free, in situ 
aortic heart valve tissue engineering; from tailoring the biomaterial to a favorable 
foreign body response, to optimizing hemodynamics of the valve prostheses, stent 
and catheter technology and developing the surgical procedures 40–42. This has led 
to a number of promising preclinical and clinical experiences of pulmonary valve 
regeneration 24,43, and short-term attempts at aortic valve replacement for 
regeneration purposes 37,44.  
Due to the revolutionary implications that the in situ tissue engineering promises 
for the healthcare of the future, in the coming years more clinical trials can be 
expected to investigate the safety and efficacy of the technology in large sets of 
patients. The long-term outcomes of functional tissue regeneration is current 
under intense investigation 45–49. It is foreseen that, due to inter-patient variability 
and heterogeneity of the host response to biomaterial, further fine-tuning of the 
regenerative devices will be required for reaching clinical applications. For this 
purpose, the biomaterial can be used to stir cell processes occurring during tissue 
formation, such as cell-cell signaling processes. 
 
1.4.1. Notch signaling in tissue regeneration 
 
The Notch signaling pathway is a cell-cell communication pathway, which is at the 
basis of developmental, regulatory and homeostatic functions in all metazoan 
organisms 50,51. The canonic Notch signaling pathway involves ligand-receptor 
binding and proteolysis of the Notch receptor at the membrane level. The Notch 
intracellular domain is translocated to the nucleus, where it contributes to the 
regulation of gene transcription (Figure 1.7).  
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Figure 1.7. The core Notch signaling pathway is mediated by regulated proteolysis. The Notch 
receptor on the cell surface as a heterodimer that is held together by noncovalent interactions. 
The Notch receptor is activated by binding to a ligand presented by a neighboring cell. 
Endocytosis and membrane trafficking regulate ligand and receptor availability at the cell 
surface. Ligand endocytosis generates a mechanical force to promote a conformational change 
in the bound Notch receptor. γ-Secretase cleaves the Notch transmembrane domain to release 
the Notch intracellular domain (NICD). NICD then enters the nucleus where it associates with 
the DNA-binding protein CSL (CBF1/RBPjκ/Su(H)/Lag-1). In the absence of NICD, CSL may 
associate with ubiquitous corepressor (Co-R) proteins to repress transcription of some target 
genes. Upon NICD binding, allosteric changes may occur in CSL that facilitate displacement of 
transcriptional repressors. The transcriptional coactivator Mastermind (MAM) then recognizes 
the NICD/CSL interface, and this triprotein complex recruits additional coactivators (Co-A) to 
activate transcription. Reproduced with permission from ref 51. 
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The Notch signaling pathway has been investigated in relation to tissue 
regeneration because it is proposed to play an essential role in self-renewal of stem 
cells 52,53, and because of its involvement in wound healing. For example, hydrogels 
functionalized with Jagged1-mimics have been employed for the delivery of cardiac 
progenitor cells to the infarcted mouse heart 54. The Jagged1 ligand has been 
targeted with genetic tools to influence wound healing in the dermal 55–57 and 
corneal 58,59 epithelium and in the vascular endothelium 60. 
Furthermore, the potential of stimulating Notch signaling activity in cardiovascular 
regeneration might lie in the possibility of influencing layered tissue organization in 
later stages of regeneration. Jagged1-mediated Notch signaling is known to be a 
determinant of arterial morphogenesis 61,62. During vascular development and 
remodeling, endothelial cells expressing Jagged1 initiate Notch signaling in the first 
layer of vascular smooth muscle cells (VSMC) with synthetic phenotype, which will in 
turn propagate the signal to the adjacent cell layers. This phenomenon is called 
lateral induction. Such stimulation turns VSMC into the contractile phenotype, which 
is present in the homeostatic artery and it is crucial for achieving vascular tone and 
response to vasoconstriction stimuli 63. Overproliferation of vascular smooth 
muscle cells, and consequential stenosis, is still one of the limitations of vascular 
tissue engineering, and the use of Notch inducing biomaterials might provide a 
solution to this problem. 
In this thesis, Notch signal-sending biomaterial surfaces are created by 
immobilization of a short Jagged1-mimicking peptide (Chapter 4) or via 
immobilization of the full Jagged1 extracellular domain (Chapter 5). For the 
approach used in Chapter 4, the short bioactive peptide is incorporated in the 
material by mixing it with the casting solution. For the immobilization of the 
Jagged1 extracellular domain in the form a complete protein, as described in 
Chapter 5, a post-modification strategy based on bio-orthogonal “click-chemistry” 
is employed using a reactive additive mixed into the pristine material. 
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2. SUPRAMOLECULAR MATERIALS 
 
In the late 1960s, Cram, Pederson and Lehn set the foundations of the discipline 
called supramolecular chemistry or “the chemistry beyond the molecule” 64, for 
which they were awarded the Nobel Prize in Chemistry in 1987. Hydrogen bonds, 
dipole-dipole (van der Waals) forces, electrostatic interactions, host-guest 
assemblies and π-π stacking are the most commonly studied non-covalent 
interactions in the field 65.  
Supramolecular thermoplastic elastomers are highly interesting for industrial 
application because the exhibit macromolecular properties such as strength and 
elasticity, whilst being convenient to process due to their low-viscosity melt. A 
viscosity level suitable for processing can be reached at relatively lower 
temperatures compared to conventional polymers, thereby leading to energy and 
cost-effective manufacturing processes. Besides, the reversibility of the non-
covalent interaction allows for the exploration of stimuli-responsiveness or self-
healing properties. Due to the high potential of this class of materials, several 
examples of supramolecularly crosslinked thermoplastic elastomers have been 
reported based on π–π stacking 66,67, ionic interactions 68,69 and hydrogen bonds 
70–72. 
 
2.1. Supramolecular materials based on Ureidopyrimidinone (UPy) 
 
Hydrogen bonding is particularly useful in creating new materials because it is 
specific, highly directional and the strength can be adjusted by creating arrays of 
multiple hydrogen bonds. The relatively accessible and scalable synthesis of the 2-
ureido-4[1H]-pyrimidinone, a self-complementary moiety that dimerizes via four-
fold hydrogen bonds, provided a supramolecular tool for the creation of 
supramolecular polymers truly suitable for innovative applications 73–75. The UPy-
unit occurs as a mixture of different tautomeric forms (Figure 1.8), of which on keto 
tautomer forms the most stable dimers with association constants (at 298 K) of 
6×107 M-1 in chloroform, 1×107 M-1 in water-saturated chloroform, and 6×108 M-1 
in toluene 76,77.  
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Figure 1.8. Tautomeric forms and association equilibria of the UPy in solution. 
 
2.2. Supramolecular solid materials 
 
Sijbesma et al. showed that bifunctional species polymerize in semidilute solutions 
with exceptionally high degree of polymerization 73. Since then, end-
functionalization with UPy groups has been applied to polydimethylsiloxanes, 
polyethers, poly(ethylene butylene) (PEB), polycarbonates and polyesters 78–81. An 
exemplary case is the one of PEB, whose properties changed dramatically upon 
UPy-functionalization of the chain ends. Hydroxyl terminated PEB is a viscous oil, 
while the telechelic UPy-functionalized counterpart is a flexible solid 79. 
Introduction of urethane (UPy-UT-PEB) and urea (UPy-U-PEB) side-groups besides 
the hydrogen bonding units in bifunctional UPy-PEB results in additional hydrogen 
bonding (Figure 1.9A), which contributes to the stabilization of π-π stacking of UPy 
groups in lateral direction. Urea groups form bifurcated hydrogen bonds which 
promote highly ordered assembly of UPy-PEB, while a less ordered spacing results 
from the single hydrogen bond formed by urethanes. This leads to different 
degrees of monodimensional stacking, observed as nanofibers on the surface of 
supramolecular telechelic polymers (Figure 1.9B) 82. 
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Figure 1.9. Cooperation between hydrogen bonding groups determines the assembly of 
nanoscale fibrous stacks. A) Chemical structures of bifunctional supramolecular polymers 
UPy-poly(ethylene butylene) (UPy-PEB), UPy-urethane-PEB (UPy-UT-PEB) and UPy-urea-PEB 
(UPy-U-PEB). B) AFM phase micrographs of solvent cast polymer films. Adapted with 
permission from ref 82. 
 
The introduction of hydrogen bonding units into conventional polymers allows the 
creation of a wide range of solid materials with good mechanical properties, closely 
resembling those of thermoplastic elastomers. However, their melts and solutions 
have low viscosity due to the increased dynamics of the reversible supramolecular 
interactions in the solvated or molten state, which makes them suitable for the 
most commonly used processing techniques, such as melt and solution 
(electro)spinning, 3D printing, molding, casting and phase inversion. UPy-based 
thermoplastic elastomers have found applications as self-healing adhesives and, in 
combination with a biodegradable backbone, as biomaterials for regenerative 
medicine applications. 
 
2.3. UPy-thermoplastic elastomers for regenerative medicine applications 
 
For the in situ tissue engineering challenge, the development of the biomaterial 
goes in parallel with the understanding of mechanisms and pathways of 
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regeneration, and with the translational research that aims at clinical trials and the 
industry. UPy-based materials are characterized by a high degree of flexibility of 
use and development, they are synthetically accessible and scalable. Furthermore,  
the biomaterial needs to be carefully designed to meet several requirements, such 
as biocompatibility, suitable degradation kinetics and processability. For 
applications in cardiovascular tissue regeneration, the most commonly used 
biodegradable backbones for UPy-polymers are based on poly(ε-caprolactone) 
(PCL) or poly(hexamethylene carbonate) (PC) 83. 
The mechanical properties of the biomaterial must ensure compliance with the 
biological system in which they are implanted, and they must meet demanding 
requirements in terms of strength and elasticity, for example the high pressure 
cyclic load that the material must withstand in aortic valve replacements. For this 
purpose, extremely strong and elastic thermoplastic elastomers have been 
developed by intercalating supramolecular moieties that act at a “hard phase” with 
relatively low-molecular weight polymers to act as ”soft phase”, creating the 
supramolecular equivalent of block copolymers. The so called “chain-extended” 
UPy-elastomers combine the properties of covalent macromolecules with 
supramolecular cross-linking (Figure 1.10A), thereby being the elective choice of 
material engineers in the development of load-bearing cardiovascular implants. 
Dankers et al. compared chain-extended UPy-PCL (CE-UPy-PCL) over bifunctional 
UPy-PCL in terms of mechanical properties and biological applications 81. Upon 
chain-extension, the elastic modulus of polymers films decreased from 129 ± 7 of 
UPy-PCL to MPa to 3.1 ± 0.6 MPa. The elongation at break increased dramatically 
from 14 ± 4% of UPy-PCL to 576 ± 172 % in CE-UPy-PCL (Figure 1.10B). Discs of 
UPy-PCL implanted in vivo subcutaneously showed clear brittle rupture due to high 
crystallinity and failed to integrate with the host tissue. On the contrary, implanted 
discs of CE-UPy-PCL remained intact yet deformed extensively, due to significant 
interaction with the surrounding tissue (Figure 1.10C). Later, it was demonstrated 
that the steric bulkiness of the spacer that connects the UPy with the polymer chain 
has a major influence on the nanoscale assembly, mechanical and thermal 
properties of the material 84. 



General Introduction 

17 

 

Figure 1.10. Comparison between telechelic and chain-extended PCL-based polymers as 
biomaterials. A) Chemical structures of bifunctional UPy-PCL (Mn PCL = 2000 g mol-1) and CE-
UPy-PCL (Mn PCL = 1250 g mol-1); B) Uniaxial tensile properties of UPy-PCL and CE-UPy-PCL; 
C) Macroscopic aspect of UPy-PCL and CE-UPy-PCL discs explanted after 42 days from 
subcutaneous pockets in rats. Scale bar is 1 mm. Adapted from ref. 81. 
 
Due to their superior mechanical properties, chain-extended UPy-polymers based 
on PCL, PC and poly(L-lactic acid-co-caprolactone) (PLLCL) have been exploited for 
the creation of vascular grafts for in vivo studies in rats 85,86 and in sheep 87. 
Bennink et al. published promising results regarding the safety and functionality of 
a novel restorative pulmonary valved conduit up to 12 months in the sheep model. 
Significant calcification was rare with absence of conduit stenosis 87. The device 
developed by Xeltis BV, the Xeltis Pulmonary Valve conduit (XPV), is composed by 
two distinct chain-extended UPy-thermoplastic elastomers: the conduit wall 
consists of a poly-caprolactone–based UPy polymer that gives a robust structure, 
while for the leaflets, a UPy-polycarbonate is used to provide flexibility for valve 
motions (Figure 1.11A). Gel permeation chromatography (GPC) analysis showed 
molecular weight loss beginning at 2 months with a peak at 12 months for the 
conduit with slower absorption for the leaflets. Thereby, the choice of different 
backbone material for the chain-extended UPy-polymer proved advantageous in 
tuning the degradation rate of the XPV device components (Figure 1.11B). Once 
more, this strategy proves the flexibility of the supramolecular approach in 
providing a versatile and easy-to-tune material platform for the development of 
regenerative medical devices. 
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Figure 1.11. Application of chain-extended UPy-polymer for pre-clinical studies in sheep up 
to 12 months. A) scheme and photographs of the Xeltis Pulmonary Valve conduit (XPV) with 
different composition of conduit wall (blue, UPy-PCL) and leaflets (black: UPy-PC); B) Number 
average molecular weight Mn of remaining material on explanted XPV from both conduit wall 
(blue) and leaflets (orange). Adapted with permission from ref. 87. 
 
Chain-extended UPy-PCL is the first UPy-based polymer to have reached human 
patients in clinical trials aimed at exploring safety and efficacy of in situ 
cardiovascular regenerative approaches. Bockeria et al. implanted a bioabsorbable 
extracardiac cavopulmonary conduit into 5 pediatric patients with univentricular 
cardiac malformation. The vascular graft, processed with electrospinning, is a 
highly porous tubular conduit that was implanted as an interposition between the 
inferior vena cava and the pulmonary artery and the patients were followed-up for 
one year. At 12 months there was a significant improvement in the patients' general 
condition. Although longer follow-up and broader studies are needed to fully 
assess the efficacy of such devices in supporting cardiovascular regeneration and 
growth, the reported results represent an outstanding outcome from the first in-
human application of thermoplastic elastomers based on UPy. 
 
2.4. Introducing bioactivity in UPy-thermoplastic elastomers 
 
The immobilization of bioactive molecules on the material surface provides the 
possibility to stir or stimulate the host’s response, and eventually improve the 
outcome of regeneration. UPy-functionalized small molecules can be immobilized 
by means of matching supramolecular moieties via a modular approach 88. Bioactive 
UPy-peptides have been introduced in telechelic UPy-polymer in an highly stable, 
yet non-covalent manner. This strategy has been exploited for the introduction of 
bioactive peptides, and it is particularly convenient because of the ease of synthesis 
of UPy-peptides. Moreover, it is fully compatible with processing techniques from 
solution. Mollet et al. reported the tunable cell-adhesive properties of electrospun 
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cell adhesive and non-cell adhesive bifunctional UPy-polymers (UPy-PCL and UPy-
PEG respectively), by introducing the UPy-functionalized peptide sequence Gly-Arg-
Gly-Asp-Ser (UPy-GRGDS). The components’ functionality was retained after 
electrospinning in a bilayered geometry (Figure 1.12) 89.  
 

 

Figure 1.12. Easily processable bioactive materials created by mixing UPy-GRGDS with cell 
adhesive UPy-PCL and non-cell adhesive UPy-PEG in the electrospinning solution. A) Chemical 
structures of UPy-PCL and UPy-PEG polymers, and the additive UPy-GRGDS; B) SEM 
micrographs of bi-layered bioactive electrospun membranes, showing cross-section and both 
surfaces. Scale bar is 200 µm (cross-section) and 5 µm (surface); C) HK-2 cells seeded on 
anti-fouling and reactivated cell-adhesive electrospun meshes. Scale bar is 50 µm (top row) 
and 20 µm (bottom row). Reproduced with permission from ref 89. 
 
Full proteins, such as cytokines, growth factors and ligands, usually have higher 
efficacy in achieving the intended biological response with respect to small 
molecules and short peptide mimics. However, proteins are easily denatured during 
any type of biomaterial processing, thereby hampering the straightforward 
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functionalization of such material surfaces with proteins. To address this issue, two 
strategies have been developed to be able to functionalize the material after 
processing, based on heparin chemistry and on bio-orthogonal “click-chemistry”. 
With the first strategy, a UPy-functionalized heparin binding peptide (UPy-HBP) is 
introduced in the material during processing and, later on, the heparin-growth 
factor complex binds to the material surface. This approach has been successfully 
employed to created immunomodulatory materials presenting Interleukin-4 (Figure 
1.13) 90.  
 

 

Figure 1.13. Immobilization of IL4 on supramolecular surfaces via heparin chemistry. A) 
Chemical structures of CE-UPy-PCL and the additive UPy-heparin binding peptide (UPy-HBP). 
B) Schematic concept of the post-modification of (processed) biomaterials with biomolecules 
bearing an heparin-binding domain. Reproduced with permission from ref 90. 

 
The main limitation of the heparin-complexation approach is that the range of 
molecules that can be immobilized is limited to proteins that have an heparin-
binding domain. To overcome this issue, Goor et al. developed a reactive UPy-
functionalized Tetrazine additive (UPy-Tz) in order to incorporate proteins modified 
with reactive moieties such as the trans-cyclooctene (TCO) directly on the material 
surface 91. This approach has been demonstrated efficient in immobilizing a 
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fluorescent protein on electrospun UPy-PCL/UPy-Tz fibers (Figure 1.14), and it is in 
principle applicable to any protein. 

 

Figure 1.14. Post-modification of reactive electrospun fibers with a fluorescent protein. A) 
Chemical structures of UPy-PCL, the reactive UPy-Tz additive and the TCO-modified enhanced 
yellow fluorescent protein (EYFP). B) SEM micrographs of UPy-PCL with and without 5 mol% 
UPy-Tz electrospun fibers. Scale bar is 10 µm. C) Confocal fluorescence images of UPy-PCL 
fibers with and without UPy-Tz, incubated with TCO-EYFP. Scale bar is 20 µm. Reproduced 
with permission from ref 91. 
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3. SPECIFIC AIMS AND OUTLINE OF THIS THESIS 
 
During the past 25 years, the fields of tissue engineering and supramolecular 
polymer chemistry underwent huge developments, and eventually they converged 
into biomaterial-driven in situ tissue regeneration. From 2013, this revolutionary 
technology has reached human patients in cardiovascular applications using 
biodegradable chain-extended UPy-polymers. From the societal perspective, the 
combination of regenerative medicine and advanced surgical techniques will extend 
the best possible healthcare solutions to patients that are currently not (or 
suboptimally) being treated for heart valve diseases. From the material perspective, 
in the near future we can expect an increasing demand of material solutions aimed 
at stimulating the body’s regenerative potential, while being compatible with 
processing and device fabrication at the same time. 
 
To this end, the aim of the research presented in this thesis is to start with 
relatively simple material concepts compatible with the development of a medical 
device, and subsequently explore different strategies to introduce complexity and 
therapeutic options of interest in heart valve regeneration.  
 
More specifically, the aims are as follows: 

• Developing of an aortic valve prosthesis for minimally invasive implantation 
suitable for preclinical experiments, employed in Chapter 2; 

• Implementing co-axial electrospinning as a strategy to create multi-
functional fibrous scaffolds based on chain-extended UPy-polymers, as 
described in Chapter 3; 

• Achieving the activation of Jagged1-mediated Notch signaling via 
functionalization of the material with a UPy-modified ligand-mimicking 
peptide, investigated in Chapter 4; 

• Exploiting TCO/Tz chemistry to immobilize Fc-binding protein G onto 
reactive supramolecular surfaces, and application of this strategy to the 
immobilization of the Fc-fusion ligand Jagged1, studied in Chapter 5. 

 
In view of the translation to patients of the findings of this thesis, it is envisioned 
that the supramolecular platform provided by the ureido-pyrimidinones will allow 
the swift integration of complexity into clinics-ready regenerative solutions. 
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ABSTRACT 
 
The latest innovations for the treatment of heart valve disease include the 
introduction of transcatheter aortic valve replacement (TAVR) and cell-free in situ 
tissue engineering. TAVR is a clinically relevant technology for the minimally 
invasive treatment of high-risk patients, usually older than 75 years of age, and 
currently it is only compatible with animal-derived prostheses of limited durability. 
Heart valve tissue engineering (HVTE) is a revolutionary concept which may provide 
lifelong treatment for heart valve failure without the need for repetitive surgeries, 
therefore it is envisioned to be beneficial for young patients as well. Recently, larger 
and younger patient groups are receiving TAVR indications, therefore a combination 
of transcatheter technology and regenerative therapies is highly warranted.  
To date, cell-free approaches rely on decellularized homografts, whose many 
limitations obstacle clinical translation. To effectively reach the clinical application 
of HVTE, material-driven heart valve tissue engineering has been introduced as a 
novel concept that relies fully on the body’s regenerative response to a synthetic 
biomaterial. Central to this approach is the biomaterial used and the processing 
thereof into a microporous scaffold that supports cell attachment and new tissue 
growth. Supramolecular biomaterials have been studied in vitro and in preclinical 
settings for in situ tissue engineering applications. In this study, a supramolecular 
elastomer based on the four fold hydrogen bonding motif ureido-pyrimidinone 
(UPy) is applied in the development of a TAVR prosthesis (ImaValve – Intelligent 
materials for heart valve tissue engineering).  
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INTRODUCTION 
 
Aortic valve disease (AVD), either acquired or congenital, represents a major health 
concern in both young and elderly patients. In elderly patients, AVD of degenerative 
origin affects 2-4% of the population over 65 years of age, reaching 8% in those 
older than 85 years 5. Grown-ups with congenital heart valve disease (GUCH) are a 
patients population estimated to be 2.3 million in Europe alone 92, which will 
require specialized care throughout their lifetime following juvenile treatment of 
heart valve disease 93. Stenosis and/or regurgitation are the most common 
consequences of degenerative changes or calcification of the aortic valve. The 
incidence of aortic valve disease is expected to grow significantly in the near future, 
thereby boosting the interest of the scientific and medical community in the 
improvement of current therapies 94,95.  
Current treatment options include heart valve repair, frequently chosen for patients 
with aortic regurgitation 95,96, or replacement using mechanical or biological valves 
implanted via surgical aortic valve replacements (SAVR). SAVR is a highly invasive 
open heart surgery, which is not applicable to high-risk elderly patients or patients 
with co-morbidities. As an alternative, transcatheter aortic valve replacement 
(TAVR) has been introduced as a valuable option to allow for minimally invasive 
surgery and fast post-operative recovery in high-risk patients (PARTNER1 clinical 
trial) 97,98. Recent studies have uncovered that every year approximately 180,000 
patients are eligible for TAVR in the European Union and Northern-America alone 
99. Low and intermediate-risk younger patients can benefit as well from minimally 
invasive procedures (PARTNER2 and SURTAVI clinical trials) 100,101, and it is 
estimated that if indications for TAVR expanded to such patients, the number of 
TAVR recipient might rise up to 270,000 annually 99. One of the obstacles of TAVR 
in patients younger than 60-65 years is that the only valve substitute developed for 
transcatheter implantation is made of glutaraldehyde-treated porcine or bovine 
material. Animal derived materials implanted in the circulation are prone to 
uncontrolled immune reactions, calcification and ultimately valve failure after a 
period of time of 10-20 years. Young recipients of current heart valve replacements 
have a significantly reduced life expectancy (up to 50%) compared to age matched 
healthy individuals, and a high probability of serious valve-related morbidity 
throughout life 102. Prosthesis-associated complications generally affect 30-60% of 
patients 10 years post-operatively 103. In fact, children and teenagers requiring 
aortic valve prostheses will need to undergo multiple surgeries during the course of 
their lifetime, as the available valve prostheses lack the ability to grow and remodel 
while the patient reaches adulthood. In light of the above limitations, there is a 
need for novel materials for aortic valve prostheses compatible with TAVR 
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techniques and, in order to extend minimally invasive treatment to very young 
patients, for solutions capable of functional adaptation to somatic growth.  
In situ heart valve tissue engineering using cell-free bioresorbable valvular 
substrates – or scaffolds – is proposed as a therapy for AVD that can address the 
limitations of current valvular prostheses 40,104. Pivotal to this approach is the 
choice of the biodegradable synthetic material, which provides an advantage over 
animal-derived tissues in terms of controllability of the raw materials, scalability 
and reproducibility 26,105. The material, generally of polymeric nature, is processed 
into a microporous scaffold which is immediately functional as a heart valve 
prosthesis upon implantation at the site of the damaged valve. The newly implanted 
valvular leaflets should be able to withstand the high pressure loads and dynamic 
flow of the aortic circulation, thus possessing strength and compliance, but without 
compromising normal hemodynamics. In addition, the valve should remain 
functional during neo-tissue formation and biomaterial degradation. Indeed, the 
scaffold initiates and supports the early delicate phases of endogenous tissue 
formation 106,107. 
Due to the manifold challenges, there are only few examples of aortic valve 
replacements by means of TAVR using synthetic materials in preclinical settings. 
Non-woven scaffolds made of poly(glycolic acid (PGA) coated with poly(4-
hydroxybutyrate) (P4HB) pre-seeded with bone marrow stem cells have been 
implanted in a sheep model demonstrating the feasibility of the operation, good 
functioning of the valve and cell infiltration 37,108,109. However, these approaches 
require donor cells and elaborate surgeries. Instead, cell-free scaffolds offer a 
significant translational advantage compared to cell-seeding techniques due to the 
largely simplified procedures. Elastomeric materials based on ureido-pyrimidinones 
(UPy), or so called supramolecular polymers, have a modular molecular design 
which makes them easily tunable in terms of mechanical properties and 
degradation rate 73,74. Furthermore, the presence of reversible supramolecular 
crosslinks in the polymer allows for easy processing with techniques such as 
solution electrospinning. Due to these features, supramolecular polymers are highly 
warranted in material-driven tissue engineering. Miyazaki et al. investigated the 
acute functionality of a XELTIS aortic valve made of resorbable UPy-polyesther-
urethane. The material was processed with electrospinning into microporous 
leaflets sutured on a nitinol frame with three feelers and a native leaflets clipping 
mechanism 44. The valves, implanted transapically in an ovine model, demonstrated 
good hemodynamics immediately after implantation in the aortic annulus. Mostly, 
only mild transvalvular regurgitation was observed. 
In this study, we describe the whole process of the development and testing of a 
polymeric aortic valve prosthesis for minimally invasive implantation. The 
prosthesis is made of biodegradable supramolecular polymers that are suitable for 
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heart valve tissue engineering (ImaValve – Intelligent materials for heart valve tissue 
engineering). The polymeric backbone is composed of poly(hexamethylene 
carbonate) (PC), which has been shown to undergo slow resorption in sheep in a 
similar segmented molecular design based on urea-butylene-urea supramolecular 
crosslinkers 24. The material is processed by electrospinning into tubular microfiber 
scaffolds. Mechanical characterization of the meshes reveals the tensile and fatigue 
properties of the scaffold material. A tubular scaffold is mounted and sutured onto 
a self-expandable nitinol frame. Differently from the device presented by Miyazaki 
et al., the free edges are heat-molded into cusp-like shapes to achieve good 
coaptation and prevent regurgitation. Hemodynamic performance of the final 
stented valve is evaluated in vitro in a pulse duplicator setup. Eventually, the 
suitability of the developed valve for transcatheter delivery in the orthotopic aortic 
position and early cell infiltration in the scaffold are demonstrated in an acute 
sheep model. 
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RESULTS & DISCUSSION 
 
Characterization of the supramolecular scaffold material 
 
The UPy-polymer employed in this study presents a segmented multi-block design 
which combined the elastomeric properties of poly(hexamethylene carbonate) with 
the physical crosslinks formed by the supramolecular moieties (Figure 2.1A). This 
allows for macromolecular properties in solution and elastomeric character in the 
solid state. Besides, the presence of UPy-groups provides a suitable platform for 
the non-covalent immobilization of cell-instructive cues that have been proposed 
to aid in improving the regenerative process, for example by tuning the immune 
response 90. Processing of UPy-PC with electrospinning yielded tubular scaffolds 
with an internal diameter of 25 mm, and walls with thickness of 400 ± 40 µm and 
an average fiber diameter of 5.8 ± 0.5 µm. Based on previous reports, this fiber 
size provides a network porosity suitable for cell infiltration and matrix formation 
(Figure 2.1B) 90. 

 

Figure 2.1. Electrospun supramolecular polymer mesh. A) Chemical structure of chain-
extended UPy-poly(hexamethylene carbonate) (UPy-PC). MPC = 1000 g mol-1; B) SEM 
micrographs of UPy-PC microstructure; C) Tubular electrospun construct. 
 
The UPy-PC scaffold which will be used to fabricate the heart valve leaflets must 
encompass mechanical strength and compliance in order to live up to the 
demanding aortic hemodynamic environment. Therefore, sterilized rectangular 
scaffold strips (0.5 × 3 cm) were subjected to high-frequency uniaxial test in order 
to assess the fatigue properties of the scaffold. Tensile stress was applied for 1.8 × 
106 cycles with increasing strain magnitude of 5, 10 and 15% of the initial scaffold 
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length. Each strain magnitude was applied for 6 × 105 cycles. During each 
progressive displacement the peak stress decreased, which can be attributed to 
progressive plastic deformation of the scaffolds of approximately 10%. After the 
rest period that was applied in between straining regimens, the stress only partially 
recovered to the values found before the rest period. This behavior reveals the 
occurrence of stress relaxation, typical of viscoelastic materials (Figure 2.2A) 110. 
The occurrence of permanent, plastic deformation of the scaffold length is 
confirmed by observing the unloaded dimensions of the specimen before and after 
fatigue testing (Figure 2.2B). Despite the plastic deformation that occurred during 
fatigue testing, uniaxial tensile tests performed before and after fatigue testing 
showed no clear differences in tensile stiffness between the original scaffolds and 
those that underwent fatigue testing (Figure 2.2C, D).  

 

Figure 2.2. Mechanical properties of electrospun UPy-PC meshes. A) Uniaxial fatigue test of 
electrospun UPy-PC under cyclic strain of 5, 10 and 15% applied at 10 Hz. B) Photographs of 
UPy-PC samples clamped for fatigue test, showing the occurrence of plastic deformation after 
1.8 × 106 loading cycles (right pane). C) Stress-stretch curves of electrospun UPy-PC before 
and after fatigue test. D) Digital Image Correlation tracking of applied strain during uniaxial 
tensile test. 
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ImaValve fabrication and in vitro hemodynamic testing 
 
The tubular construct was mounted on a nitinol stent frame and secured via non 
resorbable sutures of polyester coated with polytetrafluoroethylene (PTFE). The 
nitinol frame has an outer diameter of 25 mm, designed to exert adequate radial 
force when implanted in a valvular annulus of 21 mm (Figure 2.3A).  

 

Figure 2.3. Macroscopic characteristics of ImaValve prosthesis. A) Nitinol stent. Scale bar 
represents 1 cm. B) Photographs of the ImaValve prosthesis. Scale bars represent 1 cm. C) Top 
view of leaflets in the unloaded, crimped configuration, ranging from 20 to 24 mm. 
 
The proximal side of the stent is designed to exert maximum radial force on the 
artery wall, while the open design of the distal part contributes to free leaflet 
movement and blood flow to the coronaries. Furthermore, to guide the valve 
positioning during surgery, the stent in equipped with three radiopaque markers 
positioned in correspondence of the valve belly. Tubular UPy-PC meshes were 
sutured onto the stent and excess scaffold was excised from the skirt to allow for 
coronary flow. Afterwards, custom-made 3D printed inserts were used to shape the 
free edges of the tube into leaflets with a cusp conformation in order to provide 
better closure in the immediately postoperative stages (Figure 2.3B). The detailed 
procedure is reported in Box 2.1 in the Experimental Section. The current design is 
the result of numerous iterations aimed at overcoming issues that presented 
themselves during acute experiments under aortic hemodynamics in sheep. The 
main problems encountered were: insufficiency and severe regurgitation due to 
improper leaflet coaptation, leaflet entrapment in the unfolding stent during 
delivery, and blockage of the blood flow to the coronaries due to excessive scaffold 
on the valve skirt (Figure 2.4). ImaValve was fully crimped to 8.34 mm (8 Fr) at 
room temperature, and progressively released to diameters between 20 and 24 
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mm. The leaflets merged well in a “swirling” mode at 20 and 21 mm, while they did 
not close completely at diameters between 22 and 24 mm (Figure 2.3C). This 
indicates that the maximum annulus size for the ImaValve in the current sizing is 
between 20-21 mm. 

 

Figure 2.4. (Top) Overview of the major problematics encountered during acute experiments 
and proposed solutions: A) Outward leaflet bending leading to insufficient coaptation; B) 
incomplete central coaptation; C) leaflet entrapment in the stent. Yellow arrows indicate the 
problematic area.  
 
Prior to acute testing, the ImaValve final design was subjected to simulated aortic 
hemodynamics in a pulse duplicator setup (HDT-500, BDC Labs). The maximum 
diastolic pressure was set to 120 mmHg, but it was observed that the pulse 
duplicator setup was not able to reach such level of pressure (Figure 2.5B). This 
effect is logically attributed to the highly porous microstructure of the leaflet 
material (Figure 2.5A). Consistently, massive regurgitation was recorded through 
the valve leaflets (Figure 2.5C), with the total regurgitant fraction reaching 43 ± 
18% (Table 2.1). Preliminary acute experiments in sheep were in contrast with this 
observation, as only minor leakage was observed in an in vivo setting. This might 
be a consequence of the blodd’s viscosity, higher than water’s as used for testing. 
Furthermore, it is proposed that, in contact with blood, the material is 
instantaneously covered by a deposit of fibrin, which acts as a sealant of scaffold 
porosity. In light of this hypothesis, in order to get an overview of the expected 
valve performance in vivo, the scaffold material was coated with a layer of fibrin gel 
according to previously published procedures (Figure 2.5D) 111. Fibrin gel is an 
extremely soft material, which is not expected to impact the mechanical properties 
of the leaflet. The fibrin gel-coated valve leaflets were capable of sustaining 
simulated aortic pressures (Figure 2.5E), and the flow pattern recorded in time 
appeared physiological (Figure 2.5F). The transvalvular leakage was assessed at 12 
± 1% of the stroke volume, which is slightly above the 10% limit imposed by 
ISO5840 regulations. However, the overall regurgitant fraction, which includes the 
physiological closing volume, was measured at 14 ± 1%, which is well below the 
limit of 20% imposed by the regulations (Table 2.1). The opening and closing 
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pattern of the leaflets reveal symmetric and complete opening, slightly 
asynchronous closing, and seemingly complete sealing of the leaflets in the close 
position (Figure 2.5G). Since sufficient closure of the leaflets is evident from in vitro 
testing, it is unclear whether the excessive leakage results from paravalvular 
leakage or from percolation of fluid through the scaffold pores. Overall, with an 
effective orifice area (AEO) of 1.9 ± 0.7 cm2 and a cardiac output of 4.6 ± 0.1 L/min, 
the final/optimized ImaValve was considered fit to be tested in vivo in an acute 
experiment. 
 

 

Figure 2.5. Functionality of ImaValve heart valve in physiological assessment under applied 
aortic conditions. Valve leaflet are coated with a fibrin gel and tested in water at 37°C. A) SEM 
micrograph of uncoated leaflet. B) Aortic (blue) and ventricular (red) pressure gradients trough 
uncoated valve. C) Flow gradients through un coated valve. D) SEM micrograph of fibrin gel 
coated electrospun scaffold. E) Aortic (blue) and ventricular (red) pressure gradients of fibrin 
gel coated valve. F) Flow gradients through fibrin gel coated valve. G) Still frames of leaflets 
motion during physiological test in a 21 mm silicon holder under aortic loading. 
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Table 2.1. Physiological parameters of ImaValve under aortic conditions in a pulse duplicator 
with and without fibrin gel coating of the leaflets. 

 Uncoated Fibrin coated 
ISO5840-3:2013 

(21 mm) 
Closing Volume [mL] 2 ± 1 2 ± 1  
Leakage volume [mL] 28 ± 11 9 ± 1  
Transvalvular regurgitant fraction [%] a 40 ± 17 12 ± 1 ≤ 10% 
Total regurgitant fraction [%] b 43 ± 18 14 ± 1 ≤ 20% 
AEO [cm2] 1.9 ± 0.3 1.9 ± 0.7 ≥ 1.05 
Cardiac Output [L/min] 6.4 ± 0.9 4.6 ± 0.1 3 - 15 

a Leakage volume expressed as percentage of the stroke volume 
b Sum of closing and leakage volume expressed as percentage of the stroke volume 
 
Acute in vivo testing in a sheep model in the aortic position via TAVR 
 
Acute studies were conducted in young adult sheep to assess the feasibility of the 
transapical delivery in aortic position, the suitable positioning of the valve in the 
aortic annulus and the immediate functionality of the device. To this end, ImaValves 
were delivered transapically with a 27 Fr device into the native aortic valve position, 
and the functionality was evaluated at 1 hour and 6 hours post-operatively. 
Angiography-guided valve positioning was carried out by deploying the valve in two 
steps, first the proximal portion and then the distal portion with the leaflet (Figure 
2.6A). Acute functionality of the valve was acceptable, with very good leaflet 
motility leading to complete opening and good coaptation of the valve (Figure 
2.6B). Minor central regurgitation was observed on echocardiography (Figure 2.6C). 
Importantly, coronary flow seemed to be unobstructed (Figure 2.6D). Gross 
evaluation of the explanted valves after 6 hours confirmed that the overall 
coaptation of the leaflet was acceptable, although one leaflet seemed to reach 
slightly lower than the other two in the closed configuration, which might be the 
cause of the mild regurgitation observed. It was confirmed that the coronary 
arteries were free. No thrombus formation was observed on the scaffold surface, 
only a thin homogeneous fibrin deposit was noticed (Figure 2.6E). Observation of 
the valve in the explanted heart indicate entanglements of the mitral cords, 
especially when the valve positioning is rather low. 
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Figure 2.6. In vivo acute assessment of ImaValve functionality. A) Fluoroscopy images during 
implantation showing initial proximal deployment (red arrow indicates the stent) (left) and full 
valve deployment (right); B) 3D echocardiography showing the leaflets in open (left) and 
closed (right) configuration; C) immediate functionality assessed by echocardiography, red 
arrows indicates minor central regurgitation; D) angiography indicates unobstructed coronary 
flow (red arrow points at perfused coronary vessels); E) Explants after 6 hours confirm 
acceptable leaflet coaptation (left), free coronaries (middle, red arrow) and absence of thrombi 
on the valve material (right). 
 
Early response of the UPy-PC material in the aortic environment was evaluated by 
histology. Hematoxylin & Eosin (H&E) staining and Masson-Goldner trichrome (MG) 
staining highlight abundant fibrin present on the lower wall, in correspondence of 
the valve skirt, as well as some fibrin deposits on the leaflets, in particular on the 
ventricularis side (Figure 2.7). Initial cell infiltration is observed within the complete 
polymer scaffold, especially in the leaflets. Considering the time frame of only 6 
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hours of implantation, we can hypothesize that the cells that infiltrated originate 
from the blood flow. Furthermore, the degree of cell infiltration after 6 hours is 
promising, albeit cell population and tissue formation should be further evaluated 
in longer follow-up experiments.  
 

 

Figure 2.7. Histological evaluation of explanted leaflets after 6 hours. Representative image of 
leaflet cross-section stained with Hematoxylin & Eosin (H&E). Inserts on the lower panel show 
higher magnification images of the lower wall (left) and leaflet (right), stained with H&E (cell 
nuclei in blue, fibrin in purple, erythrocytes in bright red) and Masson Goldner trichrome (MG) 
(cell nuclei in dark brown to black, fibrin in green and erythrocytes in orange). Orange arrows 
indicate early cell infiltration, yellow stars indicate the formation of a fibrin layer of the 
scaffold surface. Scale bars represent 50 µm. Histological evaluation was performed by Dr. E. 
S. Fioretta (IREM Institute for Regenerative Medicine, Zurich). 
 
The development of a valvular replacement for TAVR is a significant engineering 
challenge, which is further complicated by the relative novelty of the cell-free 
regenerative approach. In the specific case of the aortic valve, the complex valve 
root and the demanding hemodynamics of the aortic circulation pose a 
multidisciplinary problem in which material, technological and surgical aspects are 
highly interconnected. In order to create a suitable valve-stent-delivery system 
combination, such as designed for the ImaValve here, the different components 
must be customized to complement each other. Therefore, the development of the 
ImaValve consisted in much more than the mere prototyping and testing of the 
device, but in the integral optimization of a stented polymeric trileaflet valve and its 
two-step delivery system by a team of clinicians, material scientists, and engineers. 
After a number of iterative processes the team converged to a suitable stent design 
to avoid leaflet entrapment during delivery, standardized procedures for polymer 
synthesis, electrospinning and valve assembly that have been optimized with 
feedback from the surgical experiments. In parallel, a transapical delivery system 
was developed for easy perioperative handling, compatibility with the 
unconventional heart valve design - with polymer scaffold on the exterior of the 
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stent - and controlled two-step deployment of the valve. The surgical procedure 
was optimized as well for perfect crimping and loading of the valve in the delivery 
catheter and controlled positioning of the valve in the aortic root. 
 
As a next step, a number of aspects still require consideration when proceeding to 
chronic experiments, such as the occasional migration of the valve towards a lower 
position, and the contact between the proximal “sharp tooth” of the stent and the 
mitral cords. The former issue of valve migration could indicate that preclinical 
studies with the current valve sizing should be carried out in animals with slightly 
smaller annuluses, and perhaps the range of annuluses size for which the current 
25 mm valve is suitable is very small (< 1 mm tolerance). If the valve was implanted 
in smaller annuluses, it will be necessary to ascertain how the leaflet motility and 
occasional central regurgitation observed so far is affected by this factor. In view of 
the clinical translation of the valve, however, the stent design could be improved in 
terms of stable anchoring by the addition of a distal segment for increased radial 
force in the sino-tubular junction. The issue of mitral cords engagement is 
somewhat more pressing, and most certainly needs to be solved before proceeding 
to long-term implantations. The proximal edge of the stent could be covered in 
UPy-PC scaffold to provide initial shielding of the cords, as done in the study by 
Miyazaki et al 44. However, this solution might not solve the problem in the long 
term (1-2 years) unless the stent is covered by neo-tissue upon degradation of the 
scaffold. As such, the improvement of the stent to reduce the risk of entrapment of 
the mitral cords – or even the development of a degradable stent – is warranted.  
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CONCLUSIONS 
 
A polymeric heart valve prosthesis for TAVR techniques was developed and 
evaluated for suitability as an aortic valve replacement (ImaValve). The leaflets, 
made of a polycarbonate-based polymer chain-extended with UPy moieties, have 
been created by electrospinning and shaped in a native-like conformation by high-
temperature molding. Multiple iterative steps have led to a final valve design which 
has been investigated in the aortic position in a sheep model. Acute implantations 
have revealed that the ImaValve prosthesis has satisfactory functionality 
immediately after implantation up to 6 hours, with only minor to none central 
regurgitation. Importantly, 3D echocardiography showed that leaflet mobility is 
excellent and that coronary flow is unobstructed by the presence of the proximal 
portion of the valve. Histological evaluation reveals fibrin deposition, mainly on the 
ventricularis, and initial cell infiltration. In conclusion, the ImaValve prosthesis 
should be further evaluated in chronic experiments in order to demonstrate longer-
term functionality and tissue formation. 
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EXPERIMENTAL SECTION 
 
ImaValve fabrication 
Poly(hexamethylene carbonate) (Mn,PC = 1000 g mol-1) chain-extended with ureido-
pyrimidinones (UPy-PC) (Mn = 19.4 kg mol-1; Mw = 47.7 kg mol-1) was developed by 
SupraPolix BV (The Netherlands). The material was processed with electrospinning by Xeltis BV 
(The Netherlands) into tubular scaffolds with 25 mm of inner diameter, thickness of 400 ± 40 
µm and target fibers diameter of 5 ± 1 µm. Self-expandable Nitinol stents of 25 mm 
expanded diameter were provided by Medicut Stent Technology GmbH (Germany). The 
scaffold material was sutured on the stent using non resorbable polyester 
(polytetrafluoroethylene-coated) suturing thread by Assut Medical Sarl (Switzerland) and 
molded under tension at 50ºC for 48 hours using previously described custom made insert 
112. Detailed protocol of the fabrication procedure is reported below in Box 2.1. Prior to 
implantation or in vitro testing the valves were sterilized by γ-radiation. 
 
Box 2.1. Procedure for ImaValve fabrication 

1. Preparation 
o Never touch working space, tools and HV component with bare skin or with not clean 

gloves. Always use individually wrapped gloves, opened inside the horizontal flow 
hood (HFH) for such operations. 

o Prepare the working environment by turning on the HFH and wait 10 minutes. Rinse 
the surfaces with 70% ethanol (EtOH), cover the working surface with sterile hospital 
drape. Prepare the tools, cutting tray and crimper by cleaning them with EtOH. Dry 
them very thoroughly. No EtOH traces should be left. 
 

2. Cutting the scaffold to size 
o Position the scaffold on a metal tray to create a straight free edge of the leaflet. Use 

a scalpel and a metal ruler to cut approximately 2 mm from the border of the 
scaffold to obtain a straight edge (A1-1). Perform one single cut along the entire 
scaffold border in a quick and firm manner. Correct small imperfections at the end of 
the cut with fine spring scissor or the scalpel itself. Discard the blade after each use. 

o The length of scaffold must be 23 mm. With a pencil, mark two measurement points 
on the exterior of the scaffold, starting from the newly cut free edge (A1-2). Place 
the ruler over the two markers and perform a second cut (A1-3). 

o The dimensions of the scaffold should be 23 mm in height and 25 mm in width, 
when the scaffold is pressed flat (A1-4). 
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Figure A1: Cutting the scaffold to size. 1. Use the ruler to guide the scalpel in cutting the 
straight leaflet edge; 2. Place a marker at 23 mm from the edge; 3. Follow the markers to 
position the ruler on the second edge; 4. Finish cutting the scaffold to size and make sure the 
measurements are correct.  

 Potential issue: incomplete cut, jagged edge. Solution: Use a new blade for each cut, 
as already after the first cut they lose sharpness. Perform the cutting operation while 
standing up, not seated, in order to transfer all the pressure to the cutting.  

 
3. Assembling scaffold and stent 

o Place the stent in the crimper (A2-1) and fully close the tool (A2-2). 
o Quickly release the crimper’s pressure and remove the stent. It should be still partly 

crimped, roughly as in (A2-3). Insert the scaffold from the bottom of the stent, and 
pull it towards the commissures until the three small holes on the stent are covered 
(A2-4). A zoom on the commissures and bottom of the valve is shown in (A2-5). 

o Ensure that the scaffold’s edge is uniformly distributed over the three leaflets (A2-6). 
If few imperfections are still present on the free edge, these can better be placed at 
the commissure. 
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Figure A2: Scaffold positioning over the stent. 1. Position the stent into the crimper; 2. Fully 
close the crimper around the stent; 3. Remove the stent and use while it is still partially 
crimped; 4. Insert the scaffold over the stent starting from the proximal side; 5. Zoom of 
correct scaffold position of the distal (top) and proximal (bottom) side of the stent; 6. Top 
view of the correct distribution of scaffold material over the circumference of the stent. 

 Potential issue: non homogeneous distribution of scaffold material between the three 
commissures. Recommendation: the crimping operation can be repeated multiple 
times, also when the scaffold is already partially inserted around the stent, in order 
to be able to rearrange the scaffold until the correct position is reached. Obviously 
the crimper should be clean. 

 
4. Fixing the commissures 

o Fix the scaffold to the stent with three knots, one for each commissure. Use a 5.0 
wire at least 3 cm long for each knot. 

o Use the top two holes available on the stent. Puncture from outside to inside on the 
top hole and exit from the middle hole, only once (A3-1, zoom in A3-2). View from 
the inside of HV in (A3-3). 

o Tie a “double-single-single” knot on the outside of the valve (A3-4). 
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Figure A3: Suturing the commissures. 1. Puncture through top hole from outside to inside; 2. 
The needle should be perpendicular to the axis of the stent; 3. Puncture through the middle 
hole towards the outside, leave the bottom hole free; 4. Fix the suture with one knot on the 
outside of the commissure. 

 Potential issue: misplacement of the scaffold can still occur until two commissures 
have been fixed. Recommendation: after finishing the first suture and before 
beginning the second one check thoroughly that the scaffold is well distributed over 
the stent. 

 
5. Suturing the leaflets edges 

o Perform a continuous suture along the leaflet border following the stent frame. Use a 
5.0 wire at least 45 cm long. 

o Begin approximately 3-4 mm under a commissure by perforating the scaffold from 
the outside (A4-1), and start suturing towards the border of the leaflet (A4-2). This 
will avoid making a knot on a region of repeated bending of the scaffold.  

o Once the border of the stent frame has been reached, continue suturing towards the 
commissure. Use the bottom hole in the commissure region on the stent. Then 
continue suturing towards the leaflet belly (A4-3,4). A view from the inside of the 
suture around the belly is shown in (A4-5). 

o Return to the starting point to perform a closing “double-single-single” knot (A4-6). 
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Figure A4. Suturing along the leaflet borders. 1. Puncture the wall from the outside, far from 
the leaflet edge, and leave enough wire for making a knot; 2. Begin a running suture until the 
leaflet edge is reached; 3. Proceed towards the commissure; 4. Keep approximately the same 
distance between each suturing turn; 5. View of the sutures from the inside of the valve; 6. 
Terminate the suture on the starting wall with a knot on the outside of the valve. 
  
6. Suturing the skirt into a shape that does not obstruct coronary flow 

o Use a 6.0 wire at least 35 cm long. 
o Begin at the height of the second strut from the bottom, at the very proximal edge of 

the scaffold. Puncture the scaffold from the outside towards the inside of the valve. 
Begin an horizontal straight liner of sutures, alternating inside-outside of the valve, 
passing underneath the lowest point of the valve’s belly (A5-1). The lower panel of 
(A5-1) shows a view of the suture from the inside. Begin suturing towards the left. 
Continue the same type of suture along the curved struts as shown in (A5-3). The 
lower panel of (A5-2) shows a view of the suture from the inside.  

o Repeat the whole continuous suture with the same wire beginning from the starting 
point, but proceed towards the right side. The result is shown in (A5-2) and (A5-4). 

o Tie a “double-single-single” suture knot on the outside of the valve. 
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Figure A5. Shaping the valve wall. 1. Puncture the wall from the outside in correspondence of 
the valve belly, and leave enough wire for making a knot; 2. Final result on the valve belly; 3. 
Proceed with a curved suture on the valve wall; 4. Final result on the valve outer wall. 

 
7. Remove excess scaffold from the wall 

o Use fine scissors to manually cut the excess scaffold from the large part of the skirt, 
where the stent has curved struts, as shown in (A6-1) and (A6-2). 

 

 

Figure A6. Removal of excess scaffold from the valve wall. 1. The valve belly remains unvaried, 
only three identical scaffold pieces are cut off the wall; 2. Final aspect of the valve wall. 

 
8. Pinch suture at the commissure 

o Perform a pinch suture on the leaflet free edge in close proximity with the 
commissure. This will ensure closure of this region of the leaflets when the valve is 
crimped to a smaller diameter. Use a 5.0 wire at least 5 cm long for each suture. 

o Puncture both leaflets as shown in (A7-1), horizontally at the height of the middle 
hole (see Figure A3-3) (A7-2). Repeat in the opposite direction so that a second 
connection between the two leaflets is created (A7-3). Repeat again the opposite 
direction (same as the first) so that a third connection is created (A7-4). At this 
point, there should be one piece of thread hanging from each leaflet (A7-5).  

o Before closing with a knot, pull on the two thread segments in order to bring the 
leaflets together. Make sure that the leaflets come together symmetrically (A7-6). 
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o Perform a “double-single-single” suture knot on the outside if the valve (A7-7). 
Make sure that the pieces on wire are passed underneath the arms of the stent.  

o Repeat for the other two commissures, the result is shown in (A7-8). 
 

 

Figure A7. Positioning of a pinch suture at the commissures. 1. Puncture both leaflets in 
correspondence of the middle hole of the stent; the needle should follow an horizontal line, 
perpendicular to the axis of the valve; 2. Puncture maximum 1 mm from the leaflet edge; 3. 
Repeat the same movement above the previous suture; 4. Repeat again, this time below the 
second suture. This third suture should pass on the same spot as the previous one; 5. Two 
wire segments are left, they are positioned on the leaflets at the same height; 6. Pull the wire 
apart from each other to test whether the leaflets are connected correctly; 7. Close the pinch 
suture with a knot on the exterior of the valve; 8. Repeat for all the three commissures. 
 

 Potential issue: this step is one of the most delicate because it determines the 
symmetry of leaflet closure and the stress distribution on the commissure. 
Recommendation: check symmetry thoroughly before closing the suture with a knot.  

 
9. Pre-shaping 

o Warm up the oven at 50°C. Make sure the temperature is stable when the valve is 
inserted, there should be no overshoot. 

o Collect one shaper and four metal rings (total weight ≥ 50 grams). Any other object 
of the same weight can be used, as long as the weight is distributed uniformly over 
the whole shaper. Wash the shaper and the rings with water and soap, then with 70% 
ethanol, and dry well (A8-1). 

o Position the shaper over the leaflets as in (A8-2 and A8-3). Ensure that the free edge 
of the leaflets is positioned approximately at the same height, and no wrinkles are 
formed around the commissures (A8-4 and A8-5). Use the flat non-sharp tweezers 
for this operation. 

o Place the valve with shaper in a vial, add the metal rings on top and place the lid on 
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top. Do not close the lid completely so that no extra pressure is applied on the 
leaflets except the one coming from the rings (A8-6 and A8-7). Place the valve in the 
oven at 50°C for 48 hours. 
 

 

Figure A8. Pre-shaping. 1. Wash and dry insert and weights; 2. Position the shaper in 
correspondence of the leaflets; 3. The scaffold material should adhere fully to the shaper, 
without any wrinkles or folds visible; 4.the shaper should touch the belly of the valve; 5. The 
flaps of the stent should be slightly lifted when the stent is in place; 6. Position the weights on 
the shaper; 7. Make sure that the weight is uniformly distributed. 

 
10. Final check and storage 

o After 48 hours have passed, remove the valve from the oven and open it under the 
HFH. Let the valve cool down at room temperature for 10 minutes.  

o Use sterile gloves to handle the valve. Remove the rings and the shaper delicately. 
Check the valve and the shape of the belly and document with photos. 

o Place the valve in a new sterile container, label it with scaffold code, initials and date 
(use label printer for clarity). Store the valve at room temperature, closed and away 
from light before sterilization. 

 
Scaffold morphology characterization 
Scanning Electron Microscopy (SEM) was performed using FEI Quanta 600 and Xt Microscope 
Control software. Mesh samples were mounted on a metal stub by using double sided carbon 
tape. The samples were visualized under high vacuum with an acceleration voltage of 1 kV 
and a working distance of 10 mm to scaffold morphology. Fiber diameter was measured from 
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SEM images using ImageJ software (NIH, v1.48s). Scaffold thickness was measured with a 
digital caliper.  
 
Mechanical and fatigue properties of the scaffold 
Fatigue tests were performed on the bare scaffold materials, using an ElectroForce LM1 
TestBench by BOSE (Germany) equipped with 5 N load cells. Two rectangular samples (0.5 × 3 
cm) were uniaxially stretched for 1.8 × 106 cycles in total, with increasing maximum actuator 
displacements of 5, 10, 15% of the initial sample length. Every displacement stage consisted 
of two periods of 225,000 sinusoid displacement cycles at 10 Hz, each followed by a rest 
period of equal duration to cyclic displacement (22,500 seconds). During testing, the samples 
were submerged in a physiological salt solution at 37°C. From this test, the peak stresses were 
calculated from the force acting on the load cells as a function of time. 
Uniaxial tensile tests of the scaffolds were performed before and after fatigue testing on a 
BioTester (CellScale, Canada). The samples were stretched to 115% of the initial length with a 
strain rate of 100%/min for 10 cycles, of which the first 9 were considered pre-conditioning. 
During testing, the samples were submerged in a physiological salt solution at 37°C. The force 
was measured by a 1.5 N load cell, and images were taken by a CCD camera mounted 
perpendicular to the sample surface. All data were collected with a sampling frequency of 5 
Hz. The engineering stresses were calculated from the force data. The in-plane sample 
stretches were obtained from the images using a previously described global digital image 
correlation algorithm 113. 
 
In vitro functionality testing of valves  
ImaValves (n=2) (final design as shown in Figure 2.3B) were inserted in a 21 mm silicon 
annulus and positioned in a pulse duplicator system HDT-500 (BDC Labs, USA) equipped with 
a transonic sensor TS410 (Transonic Systems, USA) for flow measurements and a BDC-PT 
pressure sensors (BDC Labs, USA). Aortic pressure conditions were applied on the valves in 
demineralized water, in accordance with ISO5840 testing requirement. Other test conditions 
were: rate of 72 bpm, stroke of 70 mL and maximum diastolic pressure difference of 120 
mmHg. Data were collected for 3 seconds and functionality was assessed by averaging 10 
simulated cardiac cycles using the StatysTM software (BDC Labs, USA) to determine the 
regurgitation fraction, the Effective Orifice Area (EOA) and the cardiac output (CO). Slow-
motion movies were recorded to assess the opening and closing behavior of the leaflets with a 
G15 PowerShot camera (Canon, USA). In order to limit the leakage due to the fluid passage 
through the scaffold pores, the leaflets were coated with a fibrin gel according to a previously 
described procedure 111. 
 
In vivo acute implantation and gross evaluation of valves 
ImaValves (n = 2) (final design as shown in Figure 2.3B) were crimped and loaded into a 
custom-made 8 Fr delivery system (Medicut Stent Technology GmbH) for two steps valve 
deployment. ImaValves were implanted into the orthotopic aortic valve position of adult sheep 
with an annulus diameter of approximately 21 mm. The University Hospital Zurich ethics 
committee (ZH151_2013, Zürich, Switzerland) approved the study in compliance with the 
Guide for the Care and Use of Laboratory Animals, published by the National Institutes of 
Health (NIH publication No. 85-23). After thoracotomy, the pericardium was opened and the 
left ventricle (LV) was exposed, before it was punctured using needle through purse-string 
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sutures. Next, a guide wire was introduced into the LV and placed into the aorta under 
fluoroscopic control. The scaffold loaded implantation catheter was introduced into the LV 
over the wire and placed over the native pulmonary valve. Optimal positioning was controlled 
by contrast angiography, before the scaffold was delivered under fluoroscopic control. After 
full delivery of the scaffold a final contrast angiography was done to ensure optimal 
positioning, instant functionality and unobstructed coronary flow. The delivery device was 
removed, the ventricle was closed with the purse-string, and the thoracotomy was closed. 
Finally trans-esophageal echocardiographic assessment was performed postoperatively and at 
6 hours to evaluate valve functionality. After 6 hours, the valves were explanted for visual 
inspection and histological analyses. 
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ABSTRACT 
 
Supramolecular materials based on hydrogen bonding ureido-pyrimidinones (UPy) 
are highly versatile substrates for tissue engineering, as they provide a platform in 
which specific functions can be introduced in a modular fashion by means of 
components with matching supramolecular motifs. In this work, a core-shell fiber 
mesh is generated by coaxial electrospinning of a robust elastomeric UPy-
poly(hexamethylene carbonate) (UPy-PC) core with an hydrophilic shell of 
poly(ethylene glycol) (UPy-PEG), which is exploited to confer drug release properties 
to the load-bearing core. The effect of PEG chain length and supramolecular 
crosslinks density on mechanical properties and drug elution profiles is 
investigated. UPy-PC/UPy-PEG meshes containing 30 mol% of UPy-PEG have a 
Young’s modulus matching that of UPy-PC meshes. Drug release experiments with 
low molecular weight drugs encapsulated in the UPy-PEG shell during 
electrospinning reveal a combined role of drug and matrix hydrophilicity on the 
elution profile. Our results indicate that an hydrophobic drug is retained in the UPy-
PEG shell for several days, a highly water soluble drug undergoes burst release 
within one day, and the UPy-modification of a highly water soluble compound 
increases its retention in the UPy-PEG shell up to multiple weeks. Taken together, 
our results indicate that the proposed multi-component system is a drug delivery 
vehicle of excellent versatility for applications requiring strong and durable 
materials. 
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INTRODUCTION 
 
Requirements for the latest generation of biomedical materials have gradually 
shifted towards multi-functionality. Well-known examples that have reached 
clinical applications are systems that incorporate novel functionalities, such as drug 
release, into biomaterials originally chosen for their load-bearing or degradation 
properties. Among these combination products are drug eluting stents, which can 
prevent thrombosis and restenosis 114,115, or wound dressings loaded with growth 
factors for the treatment of patients with low healing potential 116–118. Current 
options are rather simple systems with limited control over properties, lack of 
flexibility in design and limited responsiveness. Clearly, there is a need for material 
platforms that can host a complexity of functions and allow for fine-tuning of host-
material interactions, as these are cumulated in supramolecular materials. 
Advances in supramolecular chemistry have revolutionized the fields of biomaterials 
with the introduction of life-like complexity, a feature that allows material to 
closely mimic the natural biological environment. Electrostatic interactions, host-
guest interactions and hydrogen bonds are common non-covalent interactions at 
the base of supramolecular biomaterials and their ability to self-assemble. 
Exemplary self-assembling biomaterials are based on nature-inspired molecules 
forming β-sheets, cylindrical or helical structures. These supramolecular 
biomaterials are composed by peptoids and peptide amphiphiles, silk, elastin, 
carbohydrate-derivatives and nucleotides. Another class of supramolecular 
materials owes its dynamic nature to synthetic building blocks such as 
cucurbiturils, cyclodextrines, calixarenes, benzene-1,3,5,-carboxamides and 
ureido-pyrimidinones (UPy) 119–121. The UPy is a self-complementary unit that can 
dimerize via quadruple hydrogen bonds in a strong yet reversible manner 73,74. 
UPy-based systems are highly valued as biomaterials because of their versatility, 
which boosted their biomedical application as solid materials, hydrogels and 
nanoparticles 83,122. Hydrogen-bonded thermoplastic elastomers are designed to 
have load-bearing properties, and the polymeric backbone can be either end-
functionalized with UPy groups or chain-extended with UPy-units in the main chain. 
Bifunctional UPy-elastomers represent a well-defined substrate for fundamental 
studies of modular surface modification 88,91, whereas chain-extended UPy-
polymers have reached in vivo applications due to the outstanding combination of 
mechanical properties, processability and synthetic accessibility 30,43,85,123. Similarly, 
UPy-hydrogelators have been reported in both bifunctional and chain-extended 
molecular designs. The former constitute a highly dynamic transient network that 
has been exploited for the release of growth factors, anti-cancer drugs, therapeutic 
siRNA and MRI-contrast agents 124–128. The chain-extended UPy-hydrogel based on 
poly(ethylene glycol) (UPy-PEG) reported by Guo et al. exhibited shape memory 
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behavior after more than 300% strain while incorporating a water weight fraction up 
to 0.85. Furthermore, a UPy-PEG/gelatin blend was processable with 
electrospinning  and the resulting mesh supported growth of a healthy monolayer 
of kidney epithelial cells 129,130. 
Herein, we demonstrate the use of coaxial electrospinning to fabricate multi-
component supramolecular fibers, thereby combining drug release and load-
bearing properties into a core-shell fiber mesh. Chain-extended UPy-
poly(hexamethylene carbonate) (UPy-PC) serves as elastomeric core material, while 
the chain-extended UPy-PEG component confers water swelling an drug eluting 
properties as shell material (Figure 3.1). The multiblock chain-extended UPy-PEG 
employed as shell material has a length of the PEG block of 600, 1000 and 1500 g 
mol-1 (named UPy-PEG600, UPy-PEG1000 and UPy-PEG1500 respectively), in order to 
study the relationship between the hydrophilic polymer structure and the 
functionality of the elastomer-hydrogel hybrid construct. After demonstrating the 
feasibility of co-axial electrospinning with the described chain-extended UPy-PEG 
polymers, the mechanical properties of hybrid UPy-PC/UPy-PEG electrospun 
meshes are characterized, and an application of the core-shell fibers as a drug 
release platform is described. The release properties are evaluated using small 
molecule drugs. Eventually, the supramolecular nature of the proposed system is 
exploited to tailor drug-matrix affinity with a UPy-modified model molecule. This 
strategy allowed us to achieve controlled drug release, thereby implementing 
additional therapeutic properties into an elastomeric porous construct for 
biomedical implants. 
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Figure 3.1. Chain-extended polymers used in this study and schematic representation of the 
core-shell fibers produced by co-axial electrospinning. Chemical structure of A) UPy-PC made 
of PC blocks with Mn, PC = 1000 g mol-1; B) UPy-PEG made of PEG blocks with Mn, PEG = 600, 
1000, 1500 g mol-1. C) Concept of fabrication of multicomponent supramolecular fibers with 
supramolecular cross-links and exemplary application as drug delivery system (green core: 
UPy-PC; magenta shell: UPy-PEGx). 
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RESULTS & DISCUSSION 
 
Characterization of chain-extended UPy-PEG polymers 
 
In order to control the range of swelling properties and hydrophilicity, the chain-
extended UPy-PEG polymers used here have different length of the PEG block. The 
choice of the PEG block was restricted to relatively low molecular weights (600, 
1000, 1500 g mol-1). Hydrophilic poly(ethylene glycol) and hydrophobic 
poly(hexamethylene carbonate) oligomers were chain extended withfunctionalized 
with UPy-moieties comprising alkyl spacers. This The resulted resulting in a 
polydisperse UPy-PC and UPy-PEGx chain-extended polymers exhibiting exhibited 
molecular weights within ain a similar small range of 14 – 20 kDa as assessed with 
SEC (Table 3.1). The thermal behavior of UPy-PC and UPy-PEGx was studied by 
differential scanning calorimetry (DSC). UPy-PC exhibited a glass transition 
temperature Tg of −33°C and a single melting temperature Tm of 123°C (ΔHm is 1.6 J 
g−1) which is attributed to the formation of UPy-nanofibrous assemblies 131. In the 
context of the proposed application, these results confirm that UPy-PC is an 
amorphous polymer at physiological temperatures of 37°C, and that the UPy-
assemblies are present such temperatures. UPy-PEGx exhibit a similar thermal 
behavior to UPy-PC. The glass transition temperatures Tg corresponding to −48 °C, 
-47 °C, -54 °C for UPy-PEG600, UPy-PEG1000 and UPy-PEG1500, respectively. However, 
differently from UPy-PC, UPy-PEGx show two pronounced melting temperatures, 
indicating that UPy-PEGx are semi-crystalline polymers presenting both crystalline 
domains of PEG (showing phase transition around Tm of 60 °C) and UPy-assemblies, 
whereby the latter are responsible for the phase transition at higher temperatures. 
 
Table 3.1. Bulk structural and thermal properties of chain-extended UPy-PEG hydrogels, in 
comparison with the elastomeric component chain-extended UPy-PC.  

Polymer 
Soft block 

length 
[g mol-1] 

Mn a) 
[kg mol-1] 

Mw a) 
[kg mol-1] 

Tg b) 
[°C] 

Tm b) 
[°C] 

ΔHm b) 
[J g-1] 

UPy-PC 1000 19.4 47.7 -33 123 1.6 

UPy-PEG600 600 15.4 30.0 -48 66/112 7.9/11.5 

UPy-PEG1000 1000 20.6 61.7 -47 63/102 5.4/8.5 

UPy-PEG1500 1500 14.4 29.9 -54 67/110 5.0/7.0 

a) Average molecular weight determined by gel permeation chromatograpy (GPC) in DMF/LiBr 
based on poly(ethylene oxide) (PEO) standards; b) Thermal data refer to the second heating run 
of differential scanning calorimetry (DSC) experiments at 10°C/min on the dry polymers. 
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Nevertheless, the PEG crystalline domains are unlikely to have any influence on the 
properties of the material, as they are plasticized by water when used in the swollen 
state, for example when in contact with body fluids. Bulk films of UPy-PEG variants 
underwent tensile test in both dry and wet conditions, and indeed, the measured 
elastic modulus (E) of the bulk material decreased significantly from 99, 15 and 20 
MPa in the dry state, to 35, 15 and 8 MPa in the swollen state for UPy-PEG600, UPy-
PEG1000 and UPy-PEG1500, respectively (Table 3.2). This result is consistent with 
previous research on similar polymers which showed that upon water uptake by the 
chain-extended UPy-PEG, no melting transition related to the PEG crystalline 
domains is detected any longer due to hydration of the network 129.  
 
Table 3.2. Bulk tensile properties of chain-extended UPy-PEG hydrogels, in comparison with 
the elastomeric component chain-extended UPy-PC (E: Young’s modulus, εmax: elongation at 
break, UTS: ultimate tensile strength). Data are expressed as average ± standard deviation. 

 
 

 

Figure 3.2. Bulk tensile properties of polymers used in this study. A) Representative tensile 
curve for UPy-PC films (purple); B) Representative tensile curves for UPy-PEG600 (red), UPy-
PEG1000 (blue) and UPy-PEG1500 (black) in dry (solid line) and wet (dashed line) conditions. 
 

Polymer 
E dry  
[MPa] 

E wet  
[MPa] 

UTS dry 
[MPa] 

UTS wet 
[MPa] 

εmax dry 
[%] 

εmax wet 
[%] 

UPy-PC 8 ± 1 - 71 ± 6 - 614 ± 20 - 

UPy-PEG600 99 ± 11 40 ± 2 22 ± 1 18 ± 9 425 ± 11 382 ± 133 

UPy-PEG1000 16 ± 2 19 ± 8 9 ± 1 9 ± 5 533 ± 33 363 ± 177 

UPy-PEG1500 27 ± 9 13 ± 3 14 ± 4 6 ± 2 480 ± 90 230 ± 102 
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Figure 3.3. Comparison of surface and swelling properties of UPy-PEG600, 1000, 1500 with those 
of elastomeric UPy-PC. A) WCA measured immediately after drop deposition (full circles) and 
after 5 seconds (empty circles). B) Water uptake at 37ºC as mass gain with respect to original 
mass. C) Representative fluorescence micrographs of 3T3 mouse fibroblasts cultured on cast 
films for 48 hours. Actin cytoskeleton is stained with phalloidin (green) and nuclei with DAPI 
(blue). Scale bar is 100 µm. D) Viability of 3T3 fibroblasts cultured on cast films for 48 hours. 
Control condition represents cells cultured on glass surface. 
 
The water contact angle (WCA) of UPy-PC measured immediately after deposition of 
a water drop was 77 ± 1º, and the WCA value decreased to 64 ± 1º, 63 ± 1º and 23 
± 6º for polymers with PEG length of 600, 1000 and 1500 g mol-1, respectively 
(Figure 3.3A, full circles). The measured WCA value after 5 seconds from deposition 
of the drop remained unvaried for UPy-PC, while it decreased slightly with respect 
to the initial value for UPy-PEG600 and UPy-PEG1000 to 57 ± 2º and 50 ± 1º 
respectively, as expected. The most hydrophilic was found to be UPy-PEG1500, which 
exhibits complete spreading of the water drop over the film surface (Figure 3.3A, 
empty circles). The swelling behavior of the UPy-PEGs was compared with that of 
the control UPy-PC by recording the mass gain after immersion in water at 37ºC for 
30 minutes. As anticipated, UPy-PC only gained 6 ± 5 % of its original weight, while 
the increase in mass after water uptake was 109 ± 4 % for UPy-PEG600, 137 ± 20 % 
for UPy-PEG1000 and 200 ± 11 % for UPy-PEG1500 (Figure 3.3B). PEG is commonly 
exploited in material science for the creation of antifouling and cell repellent 
surfaces 132,133, therefore the adhesion of 3T3 cells was investigated in response to 
UPy-PC and UPy-PEGs films. Adhering cells with elongated morphology were 
observed on UPy-PC and UPy-PEG600. Cell adhesion decreased slightly on UPy-
PEG1000 and UPy-PEG1500, although it was not compromised (Figure 3.3D). Cell 
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viability is found to be similar between UPy-PC and UPy-PEGs, demonstrating that 
any diminished degree of cell adhesion and spread morphology is likely due to the 
surface properties of the material and not to cytotoxic effects (Figure 3.3C).  
 
Fabrication of core-shell hybrid fibers with tunable composition and morphology 
 
Co-axial electrospinning makes use of concentric nozzles for fabricating core-shell 
structures, thereby being identified as an excellent processing technique for the 
creation of porous networks with hybrid material properties 134,135 and 
encapsulation of active substances 136–138. In this study, coaxial electrospinning was 
carried out with an inner UPy-PC solution and an outer UPy-PEG solution. The two 
polymer solutions were labelled with fluorescent dyes to distinguish the core from 
the shell with confocal fluorescence microscopy. A variable degree of separation 
between the core UPy-PC fiber and the exterior UPy-PEG shell was detected in all 
observed samples, thereby confirming the formation of bi-layered fibers (Figure 
3.4). To ascertain whether processing conditions can be used to control the final 
mesh morphology and composition, the effect of concentration and flow rate of the 
outer polymer solution was studied systematically. The concentration and flow rate 
of the inner UPy-PC solution were kept constant at 70 mg mL-1 and 40 µL min-1, 
respectively. As a general trend, higher flow rates of the outer shell solution led to a 
higher degree of connected or fused fibers, especially for UPy-PC/UPy-PEG600 
(Figure 3.4A) and UPy-PC/UPy-PEG1500 fibers (Figure 3.4E). Furthermore, increasing 
flow rate of the shell solution appears to increase the thickness of the UPy-PEG 
shell in fibers of UPy-PC/UPy-PEG1000 (Figure 3.4C). The concentration of the shell 
polymer solution seems to have no significant effect on fiber aspect. In line with 
expectations, the analysis of UPy-PC/UPy-PEG ratio confirmed that increasing UPy-
PEG solution flow rate increases its molar ratio in the electrospun mesh (Figure 
3.4B, D, F). With a flow rate of 5 µL min-1 the relative amount of UPy-PEG in the 
scaffold was approximately 10 mol%, and it increased linearly up to approximately 
40 mol% with a flow rate of 20 µL min-1. Contrarily to expectations, the lower 
concentration of shell solution appears to yield a higher UPy-PEG content at the 
same flow rate in most of the explored conditions. SEM micrographs of the fibers 
are available in Figure 3.5. Taken together, these analyses confirm that a core-shell 
structure can be created by coaxial electrospinning of UPy-PC and UPy-PEG 
solutions for all the three variants of UPy-PEG employed in this study. Furthermore, 
it is possible to adjust the composition of the fiber mesh mainly by tuning the flow 
rate of the shell polymer solution.  
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Figure 3.4. Fabrication of core-shell electrospun fibers. A, C, E) Maximum intensity projection 
fluorescence micrographs of core-shell fibers fabricated with a UPy-PC core solution labelled 
with fluorescein (green) and a shell UPy-PEG solution labeled with rhodamine-B (magenta). 
The flow rate and concentration of the shell solution were varied between 5 and 20 µL min-1 
and 80 and 100 mg mL-1. B, D, F) Relative UPy-PEG content as a measure for mesh 
composition with varying flow rate and solution concentration: 80 mg mL-1, full circle and 100 
mg mL-1, empty circle; linear fit by least squares method, dashed and continuous line 
respectively. 
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Figure 3.5. Morphology of fibers fabricated by coaxial electrospinning. SEM micrographs of 
core-shell fibers fabricated with a UPy-PC core solution with constant flow and concentration, 
and a shell UPy-PEG solution containing UPy-PEG600 (A), UPy-PEG1000 (B) or UPy-PEG1500 (C). 
The flow rate and concentration of the shell solution were varied between 5 and 20 µL min-1 
and 80 and 100 mg mL-1. Scale bars represent 250 µm. 
 
In order to be able to compare the effect of different soft block length of UPy-PEG 
on the resulting mesh properties, the following characterizations and application 
studies were carried out using hybrid meshes all having a UPy-PC/UPy-PEG molar 
ratio of approximately 7/3. The desired composition was obtained by 
electrospinning a shell solution concentration of 100 mg mL-1 with flow rate of 15 



Chapter 3 

60 

µL min-1, in accordance with the results illustrated in Figure 3.4, and an inner core 
UPy-PC solution at 100 mg mL-1 with flow rate of 40 µL min-1. This combination of 
processing parameters allowed us to obtain smooth and homogeneous fibers with 
an average diameter of 16 ± 2 µm for UPy-PC/UPy-PEG600, 14 ± 2 µm for UPy-
PC/UPy-PEG1000 and 13 ± 2 µm for UPy-PC/UPy-PEG1500 (Figure 3.6A). The swelling 
behavior was studied for the hybrid meshes with 30 mol% UPy-PEG in water at 37 
ºC, confirming that all UPy-PC/UPy-PEG meshes are capable of water uptake in the 
form of an electrospun mesh as well (Figure 3.6B). 
 

 

Figure 3.6. Morphology and swelling of core-shell electrospun fibers. A) SEM micrographs of 
UPy-PC fibers compared with core shell UPy-PC/UPy-PEG600, 1000, 1500 fibers containing 30 
mol% of UPy-PEG. B) Water uptake at 37ºC measured after removal of excess water as mass 
gain with respect to original mass.  
 
The thermal properties of electrospun fibers were investigated by analyzing the first 
heating run in DSC experiments (Table 3.3). Electrospun UPy-PC meshes have two 
melting peaks at 58°C and 93°C, with enthalpies of 4.3 J g-1 and 1.9 J g-1, 
respectively. Two melting endotherms are present in the first heating run of bulk 
samples of UPy-PC as well, at 66°C and 125°C, which can be attributed to incipient 
PC crystallization and UPy-domains, respectively, while the sample is left at room 
temperature. However, PC semi-crystalline domains are present in minor amount 
and they are likely to have negligible effects on the overall polymer properties. 
Core-shell fibers composed by UPy-PC and 30 mol% UPy-PEG600 and UPy-PEG1000 
show two melting endotherms, similarly to electrospun UPy-PC, while meshes of 
UPy-PC / UPy-PEG1500 have three melting peaks. The presence of three melting 
peaks is found in UPy-PEG1500 alone as well, suggesting that the longer PEG chain is 
capable of forming multiple types of ordered structures. 
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Table 3.3. Thermal properties (thermal and processing history-derived; 1st heating run of DSC 
experiments. Heating from 20°C to 160°C at 10°C/min) of electrospun core-shell meshes and 
bulk single components. 

 Tm [°C] ΔHm [J g-1] 

Electrospun mesh (1st heating run) 

UPy-PC 58/93 4.3/1.9 

UPy-PC / UPy-PEG600 69/125 2.2/3.6 

UPy-PC / UPy-PEG1000 81/126 5.8/1.0 

UPy-PC / UPy-PEG1500 40/78/124 0.6/5.0/0.4 

Bulk (1st heating run) 

UPy-PC 66/125 0.8/0.2 

UPy-PEG600 76/116 9.5/9.4 

UPy-PEG1000 71/123 4.1/5.5 

UPy-PEG1500 46/85/117 2.2/2.1/2.8 

 
Tensile properties of core-shell fibers with swelling shell layer 
 
Meshes of UPy-PC/UPy-PEG were subjected to tensile test in dry and swollen state 
to investigate the effect of the presence of a swelling shell layer on the mechanical 
properties. Single-component UPy-PC meshes exhibit classic thermoplastic 
elastomer behavior in the dry state, with elongation at break reaching up to 708 ± 
80 % (Figure 3.7A, E). Hybrid meshes of UPy-PC/UPy-PEG exhibit lower elongation 
at break and higher modulus in the dry state with respect to UPy-PC meshes (Figure 
3.7A). The elongation at break is reduced to 515 ± 49 % and 490 ± 32 % for UPy-
PC/UPy-PEG600 and UPy-PC/UPy-PEG1000 meshes, respectively (Figure 3.7E, left). 
The elastic modulus increases from 0.8 ± 0.2 MPa in UPy-PC meshes to 1.3 ± 0.1 
MPa and 1.4 ± 0.1 MPa for UPy-PC/UPy-PEG600 and UPy-PC/UPy-PEG1000 meshes, 
respectively (Figure 3.7C, left). This change in properties is likely due to the 
contribution of a degree of crystallinity present in the UPy-PEG component which 
confers stiffness and brittleness into the electrospun construct. In the case of UPy-
PC/UPy-PEG1500 meshes, the decrease in elongation at break is dramatic and is 
accompanied by a pronounced drop in ultimate tensile strength (UTS) (Figure 3.7D, 
left). We can speculate that the observed weakness of the mesh containing UPy-
PEG1500 comes from the fact that this polymer contains the least amount of 



Chapter 3 

62 

supramolecular junctions and alkyl spacers among the investigated variants of UPy-
PEG, therefore the applied load is mostly focused on the brittle semi-crystalline PEG 
segments. 
Materials for biomedical implants are generally used in contact with body fluids, 
therefore it is relevant to study the mechanical behavior of the hybrid meshes after 
water uptake. As expected, the tensile properties of UPy-PC fiber meshes do not 
significantly change after the material has been exposed to water (Figure 3.7B). For 
the hybrid meshes, a decrease in Young’s modulus is observed to match the 
modulus of UPy-PC (Figure 3.7C, right), which might be a highly desired 
characteristics in applications in which the properties of UPy-PC were designed 
specifically to ensure mechanical compliance is required of the material with the 
surrounding environment. The UTS of hybrid meshes in the swollen state decreases 
compared to the dry state, consistently with the increase in length of the PEG soft 
block (Figure 3.7D, right), suggesting that swelling of the hydrogel network 
releases part of the entanglements present both at the molecular level and at fiber 
level. After water uptake these physical constraints are likely to become weaker, 
allowing sliding of fibers over each other upon application of tensile load. This 
hypothesis is supported by the observation that, for hybrid UPy-PC/UPy-PEG 
meshes, the elongation at break increases in the wet state with respect to the dry 
state (Figure 3.7E, right). Overall, these results suggest that the introduction of 30 
mol% UPy-PEG in electrospun UPy-PC meshes preserves the elastomeric properties 
of the core material. 
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Figure 3.7. Mechanical properties of core-shell meshes in dry and wet conditions. Core 
polymer is UPy-PC (green), shell polymers are UPy-PEG600 (red), UPy-PEG1000 (blue), UPy-
PEG1500 (black). Representative stress-strain curves from uniaxial tensile test performed on 
meshes in the dry state (A) or swollen in water (B). Young’s modulus (C), ultimate tensile 
strength (UTS) (D) and elongation at break (E) calculated from the stress-strain curves. 
 
Release of model proteins from the UPy-PEG layer 
 
Three model proteins were selected to demonstrate the release profile of large 
molecules from the hybrid fiber mesh. Equal amounts of bioactive molecules have 
been dissolved in the UPy-PEG solution which forms the shell layer during 
electrospinning, and their release profile is investigated in physiological conditions. 
An overview of the protein physical properties is listed in Table 3.4. 
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Table 3.4. Physical properties of the model proteins chosen for release studies. 

 
Molar mass 
[kg mol-1] 

Isoelectric  
point 

Stokes’ radius  
[nm] 

Bovine Serum Albumin 
(BSA) 

66 5.4 3.5 

Horseradish Peroxidase 
(HRP) 

44 7.2 1.9 

Lysozyme 
(LYS) 

14 11.4 3.0 

 
As a general trend, it is observed that protein release occurs faster from more 
hydrophilic and swelling UPy-PEG. For example, after 72 hours the release of BSA 
corresponds to 62 ± 2%, 92 ± 4% and 108 ± 13% of the theoretical loading from 
shell layers of UPy-PEG600, UPy-PEG1000 and UPy-PEG1500, respectively (Figure 3.8A). 
Furthermore, there appears to be little difference in release profiles of the different 
proteins, indicating that the characteristics of the hydrogel network dominate over 
the protein properties in determining the release kinetics (Figure 3.8A, B, C). 
Interestingly, for every protein-hydrogel combination, achievement of the 
maximum release occurs within the first few hours, up to one day of incubation. 
After this point, the release curve exhibits a plateau even if the 100% release is not 
reached yet, as it happens with UPy-PEG1000 and UPy-PEG600. We can speculate that 
the maximum release that occurs up to 72 hours is due to diffusion, and therefore 
limited by the swollen network size. Further release of the still entrapped molecule 
might occur in a later stage when degradation of the hydrogel begins to affect 
integrity of the fibers. 
As the electrospinning process makes use of organic solvents and strong electric 
fields, there is a high risk of denaturation of a protein folding state. Therefore, we 
analysed the integrity of the released proteins by CD spectroscopy. The CD traces 
of commercial and released BSA overlap perfectly, suggesting that the integrity of 
BSA has been preserved upon electrospinning and release at 20 hours (Figure 
3.8D). Conversely, the integrity of HRP appears to be fully compromised (Figure 
3.8E). The CD spectra of commercial or released LYS seem to overlap beyond 200 
nm, while before this wavelength there are minor indications of non-matching 
traces, which might be a sign of a slightly compromised secondary structure (Figure 
3.8F).  



Multi-component supramolecular fibers for drug release 

65 

 
 
Figure 3.8. Release of model proteins from core-shell fibers. Release profile of BSA (A), HRP 
(B) and LYS (C) over a period of three days, from core-shell fibers with a shell layer composed 
of UPy-PEG600 (red), UPy-PEG1000 (blue) and UPy-PEG1500 (black). Circular dichroism traces of 
BSA (D), HRP (E) and LYS (F) as received from the supplier (black line) and after electrospinning 
and release at 20 hours (red line). For CD analyses, Supernatant samples released from 
scaffolds with different UPy-PEGs were pooled in order to achieve an appropriate signal-to-
noise ratio for detection. 
 
Enzymatic activity assays on the released HRP and LYS allowed to directly test 
whether their bioactivity has been preserved. Consistently with CD results, it turned 
out that HRP lost completely its enzymatic activity upon electrospinning and release 
(Figure 3.9A), while LYS tuned out to have preserved up to 50% of its original 
activity up to one day of release. However, lysozyme release for longer time 
gradually becomes less active, reaching 10% of its original activity after 72 hours of 
release (Figure 3.9B). From these results, we can conclude that the hybrid core-
shell system described here is not particularly suitable for the delivery of bioactive 
proteins, such as growth factors, which are generally very sensitive to degradation.  
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Figure 3.9. Enzymatic activity of proteins released from core-shell fibers. Activity of 
horseradish peroxidase (HRP) (A) and lysozyme (LYS) (B) released up to 72 hours from UPy-
PEG600 (red), UPy-PEG1000 (blue) or UPy-PEG1500 (black). Data are expressed relatively to the 
activity of commercial enzyme as received from the supplier. 
 
Release of low molecular weight compounds from the UPy-PEG layer 
 
The core-shell UPy-PC/UPy-PEG fibers were evaluated as a delivery system for 
small molecule drugs. The drugs were chosen based on their highly different water 
solubility, but similar polarity. Pirfenidone is a water soluble, FDA-approved 
substance with anti-fibrotic and anti-inflammatory properties 139. SB431542 is a 
potent TGF-β pathway inhibitor with low water solubility which was found to 
prevent scar formation in glaucoma surgery 140 and improve long-term patency of 
tissue engineered vascular grafts 141,142. The water soluble pirfenidone diffused out 
of the UPy-PEG shell of the co-axial electrospun fibers almost instantaneously, 
reaching 80 – 100% of release within the first hours of incubation of the scaffold in 
PBS at 37ºC (Figure 3.10A). No difference between the UPy-PEG variants was 
observed. This finding is consistent with those of Pape et al. 125, who reported full 
release of pirfenidone within one day from a bifunctional UPy-PEG hydrogel. On the 
contrary, the lipophilic drug SB431542 was released gradually from the outer layer 
of core-shell fibers over several days and in a UPy-PEG variant-dependent manner 
(Figure 3.10B).  After 2 weeks of incubation in PBS at 37ºC, the maximum release of 
SB431542 was 12 ± 2%, 30 ± 2% and 56 ± 9% when encapsulated in UPy-PEG600, 
UPy-PEG1000 and UPy-PEG1500, respectively. By design, there is no interaction 
between the compound SB431542 and the UPy-PEG. However, the chain-extended 
polymer contains hydrophobic supramolecular linkers and alkyl spacers which are 
relatively more abundant in the UPy-PEG600 variant, with shorter PEG chains, than in 
the more hydrophilic UPy-PEG1500. It is proposed that the relatively more 
hydrophobic nature of UPy-PEG with shorter PEG chains is at the origin of the 
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improved retention of hydrophobic drug SB431542, as it provides a matrix which 
has greater affinity with the drug than the aqueous environment. 
Drug-matrix affinity is an important determinant of molecule’s retention in the 
carrier for both large and small drug molecules, and it is a target of many strategies 
for tuning release kinetics from hydrogel systems 126,143–145. Our material system 
based on strong and reversible supramolecular interactions presents the unique 
advantage of modularity. Therefore, we designed and synthesized a UPy-
functionalized rhodamine B-piperazine dye (UPy-RhodBP), which is positively 
charged and highly water soluble, but at the same time has specific supramolecular 
interactions with the UPy-PEG matrix. As expected, complete release of unmodified 
RhodBP from the UPy-PEG shell of hybrid fibers occurs within the first hour of 
exposure to aqueous environment, regardless of the UPy-PEG variant employed for 
encapsulation (Figure 3.10C). Instead, the UPy-modified compound UPy-RhodBP is 
eluted slowly, with only 15 - 20% release from the fiber mesh over a period of two 
weeks (Figure 3.10D). Interestingly, there seems to be only a minor difference in 
release between the three UPy-PEG shell polymers, indicating that the strong UPy-
UPy interactions are dominant in determining the retention of UPy-RhodBP over the 
other features of the polymer matrix. With these results, we demonstrate that the 
simple UPy-modification of a model water soluble molecule is effective in 
increasing drug-matrix affinity, thereby achieving long-term retention of a 
compound which would otherwise undergo burst release. The release behaviour 
presented in Figure 3.6D is a mere proof-of-concept implementation of slow 
release induced by supramolecular drug-matrix interactions, therefore the UPy-
RhodBP molecule has been designed to be incorporated in the UPy-PEG with strong 
and specific UPy-UPy interactions. For applications requiring an intermediate 
release rate, a rational molecular design can be of help in tuning the elution rate. 



Chapter 3 

68 

 
 
Figure 3.10. Release of small molecule drugs from core-shell fibers. Chemical structures of 
pirfenidone, SB431542, rhodamineB-piperazine (RhodBP) and its UPy-modified version (UPy-
RhodBP).  Release curves over a period of 14 days (336 hours) of pirfenidone (inset contains 
release over a period of 20 hours) (A); SB431542 (B), RhodBP (inset contains release over a 
period of 20 hours) (C) and UPy-RhodBP (D). Release from core-shell fibers with shell layer 
composed of UPy-PEG600 (red), UPy-PEG1000 (blue) and UPy-PEG1500 (black) in PBS at 37ºC. 
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CONCLUSIONS 
 
Supramolecular poly(hexamethylene carbonate) and poly(ethylene glycol) containing 
UPy groups in the polymer chain have been processed into core-shell fibers to 
create a multi-functional robust mesh with water swelling and drug eluting 
properties. The molecular design of chain-extended UPy-PEG, combining relatively 
low molecular weight PEG segments separated by UPy units, allows the preparation 
of hydrophilic yet processable and cell-adhesive polymers. The introduction of UPy-
PEG shell has an impact on elasticity and strength of the hybrid construct, yet the 
elastic modulus of the monocomponent UPy-PC mesh is preserved. The 
multicomponent UPy-PC/UPy-PEG system proved itself suitable as a drug delivery 
vehicle for small molecule drugs. An hydrophobic model drug exhibited sustained 
release up to 14 days of incubation. Highly hydrophilic compounds underwent burst 
release, but a simple modification with a UPy-moiety allowed the creation of drug-
matrix interaction, thereby significantly increasing drug retention. In conclusion, 
the supramolecular core-shell fiber system based on UPy groups presented here 
provides an excellent platform for the creation of multi-component systems 
encompassing tunable strength and drug release. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ACKNOWLEDGEMENTS 
 
This work was funded by the European Research Council (FP7/2007-2013) Grant 
Agreement 604514 and ERC Grant Agreement 308045, and the Ministry of 
Education, Culture and Science (Gravity Program 024.001.03).  
Maaike Schotman is gratefully acknowledged for the CD measurements.  



Chapter 3 

70 

EXPERIMENTAL SECTION 
 
General materials and instrumentations 
All solvents and chemicals were purchased from Sigma-Aldrich or Carlo Erba and used without 
further purification. 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) was purchased from 
Fluorochem (UK). Reversed phase high pressure liquid chromatography–mass spectrometry 
(RP-HPLC-MS) was performed on a system with an Alltima C18 3u (50 mm x 2.1 mm) reversed 
phase column and gradients of acetonitrile in water (supplemented with 0.1% formic acid). 1H-
NMR and 13C-NMR spectra were recorded on a 400 MHz NMR (Varian Mercury Vx or Varian 
400MR) operating at 400 MHz for 1H-NMR and 100 MHz for 13C-NMR. Proton chemical shifts 
are reported in ppm downfield from tetramethylsilane (TMS) and carbon chemical shifts in 
ppm downfield from TMS using the resonance of the deuterated solvent as internal standard. 
Abbreviations used are s: singlet, d: doublet, t: triplet, q: quartet, m: multiplet. Differential 
Scanning Calorimetry (DSC) spectra were obtained on a TA-instruments DSC Q2000 with 
heating and cooling rates of 10 °C min-1 during first and second heating runs. Gel Permeation 
Chromatography (GPC) was carried out in analytical grade dimethylformamide (DMF) with an 
integrated HPLC–detection system PL-GPC 50 Plus from Polymer Laboratories (a Varian 
company). The instrument houses a refractive index detector and operates with DMF with 10 
mM LiBr mobile phase at 1.0 mL min-1 flow rate. Calibration of this GPC system was done with 
poly(ethylene oxide) (PEO) standards from Polymer Standard Service, Inc. (Warwick, USA). 
 
Materials 
Chain-extended UPy-modified poly(hexamethylene carbonate) (UPy-PC) with PC chain of 1 kg 
mol-1 (Mn: 19.4 kg mol-1, Mw: 47.7 kg mol-1) and chain-extended UPy-modified poly(ethylene 
glycol) (UPy-PEGx) were developed by SupraPolix BV (The Netherlands). The UPy-PEG polymers 
contain PEG chains of 600, 1000 and 1500 g mol-1, namely UPy-PEG600 (Mn: 15.4 kg mol-1, Mw: 
30.0 kg mol-1), UPy-PEG1000 (Mn: 20.6 kg mol-1, Mw: 61.7 kg mol-1) and UPy-PEG1500 (Mn: 14.4 
kg mol-1, Mw: 29.9 kg mol-1), respectively. 
 
Synthesis of Rhodamine B-piperazine-amide (RBP) 
Rhodamine B piperazine amide was prepared as described previously in literature (Scheme 
3.E1) 146. 
 

 
 
Scheme 3.E1. Synthesis of Rhodamine B piperazine amide (RohdBP) (3) 
 
Rhodamine B base. Rhodamine B (1.1 g, 2.3 mmol) was dissolved and partitioned between 
aqueous 1 M NaOH and EtOAc. After isolation of the organic layer, the aqueous layer was 
extracted with two additional portions of EtOAc. The combined organic layers were then 
washed with NaOH and brine. The resulting organic solution was dried over Na2SO4, filtered, 
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and concentrated under reduced pressure to yield 0.94 g of product as a pink foam (93%): 1H 
NMR (300 MHz, CD3OD): δ 1.26- 1.31 (t, 12, =6.9), 3.61-3.68 (q, 8, =6.9), 6.90-6.91 (d, 2, 
=2.4), 6.96-7.00 (dd, 2, =2.7, 9.6), 7.23-7.29 (m, 3), 7.57-7.67 (m, 2), 8.07-8.09 (m, 1). 
Rhodamine B piperazine amide. A 2.0 M solution of trimethyl aluminum in toluene (1.1 mL, 
2.3 mmol) was added dropwise to a solution of piperazine (0.4 g, 4.6 mmol) in 2 mL of CH2Cl2 
at room temperature. After one hour of stirring a white precipitate was observed. A solution of 
Rhodamine B base (0.5 g, 1.1 mmol) in 2 mL of CH2Cl2 was added dropwise to the 
heterogeneous solution. Gas evolution was observed during the addition period. After stirring 
at reflux for 24 h, a 0.1 M aqueous solution of HCl was added dropwise until gas evolution 
ceased. The heterogeneous solution was filtered and the retained solids were rinsed with 
CH2Cl2 and a 4:1 CH2Cl2/MeOH solution. The combined filtrate was concentrated and the 
residue was dissolved in CH2Cl2, filtered to remove insoluble salts, and concentrated again. 
The resulting glassy solid was then partitioned between dilute aqueous NaHCO3 and EtOAc. 
After isolation, the aqueous layer was washed with 3 additional portions of EtOAc to remove 
residual starting material. The retained aqueous layer was saturated with NaCl, acidified with 
1 M aqueous HCl, and then extracted with multiple portions of 2:1 iPrOH/CH2Cl2, until a faint 
pink color persisted. The combined organic layers were then dried over Na2SO4, filtered, and 
concentrated under reduced pressure. The glassy purple solid was dissolved in a minimal 
amount of MeOH and precipitated by dropwise addition to a large volume of Et2O. The product 
was collected by filtration as a dark purple solid 0.4 g, (65%): 1H NMR (500 MHz, CD3OD): δ 
7.76-7.80 (m, 37.51-7.54 (m, 1), 7.26-7.27 (d, 2, =9.5), 7.09-7.11 (dd, 2, =2.5, 10.0), 6.97-
6.98 (d, 2, =2.5), 3.64-3.74 (m, 12), 3.12 (br s, 4), 1.28-1.33 (t, 12, =7.5). 13C NMR (100 
MHz, CD3OD) δ 169.48, 159.32, 157.28, 156.82, 135.75, 133.08, 132.54, 131.97, 131.63, 
131.50, 129.04, 115.67, 114.87, 97.51, 47.05, 45.59, 44.34, 13.07. LC-MS (ESI), calc. m/z 
511.31, found: [M+H]+, 511.33. 
 
Synthesis of UPy-carboxylic acid 
UPy-carboxylic acid (UPy-C6-U-C12-Ut-OEG12-COOH) was synthesized similar to previous 
methods 147. 
 
Synthesis of UPy-Rhodamine B-piperazine (UPy-RBP) 
UPy-C6-U-C12-Ut-OEG12-COOH (10 mg, 0.01 mmol) was dissolved in DMF (1 mL) and HATU 
(5.1 mg, 0.13 mmol) and pyridine (0.11 mL, 0.13 mmol) were added. The solution was stirred 
for 30 minutes under argon. Thereafter, Rhodamine B piperazine amide (11.7 mg, 0.02 mmol) 
dissolved in 1 mL DMF was added. The reaction mixture was stirred overnight and 
subsequently poured into 2% FA water solution and centrifuged (2x). Eluting over silica with 
FA/MeOH/CHCl3 1:5:94 afforded UPy-Rhodamine B-piperazine (1.28 mg, 87%) as a pink solid. 
1H NMR (399 MHz, CDCl3) δ 7.71-7.72 (m, 2H), 7.56-7.57 (m, 1H), 7.37-7.40 (m, 1H), 7.22-
7.25 (d, 2H, J=9.6), 6.91 (d, 2H, J=2.0), 6.75-6.81 (br s, 2H)，5.86 (s, 1H), 4.99 (s,3 NH)，
4.20 (t, 2H), 3.65 (m, 56H), 3.42-3.46 (q, 8H, J=7.2), 3.14 (m, 8H), 2.61 (t, 2H), 2.19 (s, 3H), 
1.23-1.49 (m, 40H) (Figure 3.E2). 13C NMR (100 MHz, CDCl3) δ 187.26, 187.24, 169.62, 
159.32, 157.28, 156.82, 156.48, 139.45, 135.75, 133.08, 132.20, 130.54, 130.39, 127.80, 
114.18, 106.52, 96.37, 75.60, 70.52, 69.67, 67.36, 66.70, 63.74,46.16, 41.46, 40.66, 39.19, 
33.53, 31.14,30.92, 30.15,  29.92, 29.37, 29.28, 29.20, 28.90, 26.73, 26.59, 25.91, 25.61, 
12.61. LC-MS (ESI), calc. m/z 1631.00, found: [M+H]+,1631.83, [M+2H]2+, 816.25 (Scheme 
3.E2). 
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Scheme 3.E2. Synthesis of UPy-conjugated Rhodamine B piperazine amide (UPy-RohdBP) (5) 
 

 

Figure 3.E2. 1H-NMR (400 MHz) of UPy-RohdBP. 
 
Preparation and characterization of cast films 
For preparation of polymer films, UPy-PC, UPy-PEG600, UPy-PEG1000, UPy-PEG1500 were 
dissolved in HFIP at concentration of 25 mg mL-1. Drop cast films were prepared by 
distributing 50 µL of solution on 13 mm Ø glass coverslip. The HFIP was evaporated overnight 
in vacuo at 40 °C. For cell culture experiments, samples were sterilized with UV light for 10 
minutes. Water contact angle (WCA) measurements on drop cast films were performed on an 
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OCA 30 system from Dataphysics using SCA20 software. A 5 µL drop of deionized water was 
placed in three different regions of three different samples. Images were captured 
immediately and 5 seconds after placement of the water drop. Water contact angles were 
determined from the recorded images. 
 
Cell culture 
Mouse NIH/3T3 fibroblasts were cultured in complete medium consisting of Dulbecco's 
Modified Eagle Medium (DMEM, Gibco) supplemented with 5 v% heat inactivated fetal bovine 
serum (Invitrogen) and 1 v% penicillin–streptomycin solution (Invitrogen), at 37°C and 5% CO2 
in a humidified atmosphere, passaged at 80% confluency and seeded at a concentration of 0.6 
× 105 cells/cm2 on drop cast films. For fluorescent staining, cells seeded on cast films (n = 3) 
were first washed with phosphate buffered saline (PBS), fixated in 3.7% formaldehyde (Merck) 
for 10 minutes, washed with PBS, and permeabilized with 0.5% Triton X-100 (Merck) for 15 
minutes. Subsequently, cells were washed with PBS and incubated with actin labelling 
(phalloidin-Atto488) in the dark for 45 minutes, followed by nuclei labelling by incubation 
with 0.1 µg/mL 4’,6’-diamidino-2-phenylindole (DAPI) in PBS for 5 minutes. Finally, samples 
were washed and mounted on cover glasses with Mowiol (Sigma). Samples were imaged with a 
Zeiss Axiovert 200M epifluorescence microscope. Cell’s viability was assessed on cells 
cultured on cast films for 24 hours (n = 4) by XTT in vitro Toxicology Assay kit (Sigma-
Aldrich) following manufacturer’s instructions.  
 
Fabrication of core-shell fibers 
Electrospinning was carried out in a climate controlled EC-CLI electrospinning apparatus 
equipped with a nozzle for co-axial electrospinning EM-CAX from IME Technologies (Waalre, 
NL). UPy-PC was electrospun as core solution at 70 mg mL-1 in CHCl3/HFIP 9/1 v/v. UPy-PEGs 
were electrospun as shell solution at 80 or 100 mg mL-1 in CHCl3/HFIP 9/1 v/v for UPy-PEG1500 
or CHCl3/HFIP/MeOH 9/0.9/0.1 v/v for UPy-PEG1000 and UPy-PEG600. Polymer solutions were 
stirred overnight before loading in a syringe connected to the co-axial nozzle. The core 
solution was fed at a constant flow rate of 40 µL min-1. For tuning the composition of core-
shell fibers, the flow of shell solution was varied between 5 and 20 µL min-1. The applied 
voltage of 13 kV with a tip-collector distance of 15 cm generated fibers collected on a 
rotating (100 rpm) cylindrical collector covered in Aluminum foil. After electrospinning, the 
meshes were dried overnight in vacuo. 
 
Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) was performed using FEI Quanta 600 and Xt Microscope 
Control software. Mesh samples were mounted on a metal stub by using double sided carbon 
tape. The samples were visualized under high vacuum with an acceleration voltage of 1 kV 
and a working distance of 10 mm. The fiber diameters were determined from multiple high 
magnification images using ImageJ software.  
 
Visualization of core-shell morphology 
In order to visualize the core-shell morphology of the fibers, electrospinning solutions of 
UPy-PC and UPy-PEG were labelled with 0.01 wt% of fluorescein (Sigma-Aldrich) and 
rhodamine B (Sigma-Aldrich), respectively, from stock solutions in HFIP. After electrospinning, 
the dry-mounted scaffolds were imaged by confocal microscopy with a 63x/1.4 Oil immersion 
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objective. The dyes were excited with Ar (488 nm, 10% power) and HeNe (543 nm, 30% power) 
lasers and imaged in a multitrack configuration, detecting the emission of fluorescein with a 
500-500 nm band-pass filter and the emission of rhodamine with a 560 nm low-pass filter 
on a Zeiss LSM500 confocal microscope 134. 
 
Fabrication of core-shell fibers containing proteins and drugs in the UPy-PEG shell 
For release studies, co-axial electrospinning was performed with shell solutions of UPy-PEG at 
100 mg mL-1 with flow of 15 µL min-1, in order to obtained meshes with comparable UPy-PEG 
content of approximately 30 mol%, as determined by 1H-NMR.  
Bovine serum albumin fraction V (BSA, Merck, M: 68,000 g mol-1), peroxidase from 
horseradish (HRP, Merck, M: 40,000 g mol-1), lysozyme from chicken egg white (LYS, Sigma 
Aldrich, M: 14,300 g mol-1) were dissolved overnight in HFIP and added to the UPy-PEG 
solution at concentration of 0.5 wt%. Pirfenidone (Bio-Connect BV), SB431542 (Tocris), 
rhodamineB-piperazine (RhodBP) and UPy-RhodamineB-piperazine (UPy-RhodBP) were added 
to the UPy-PEG shell solution at concentration of 0.1 wt% from stock solutions in HFIP. 
The ratio between UPy-PC and UPy-PEG in electrospun meshes was determined by 1H-NMR in 
a Varian Mercury Vx 400 MHz (Bruker) in d6-DMSO. For all three UPy-PEGs, each combination 
of flow rate and solution concentration was electrospun twice and the compositions from the 
two independent electrospinning sessions were analyzed and averaged. 
 
Swelling properties 
To assess the dependence of the swelling properties on the PEG chain length in UPy-PEG, the 
material was incubated in water at 37ºC for 30 minutes, and excess water was removed with a 
tissue. Subsequently, the masses of the material before and after swelling were compared.  
 
Mechanical properties 
Electrospun hybrid meshes (n=4) containing approximately 30 mol% UPy-PEG and one UPy-PC 
control mesh were cut into rectangular strips of 0.5 x 3 cm, the extremities were secured to 
the clamps of a EMT Criterion tensile tester, equipped with a 5000 N load cell. A pre-load of 
0.5 N was applied and samples were loaded until break over a test length of 10 mm with 
loading speed of 1 mm/min. Elongation at break, ultimate tensile stress (UTS) and Young’s 
modulus were calculated from the loading curves of independent electrospun samples and 
averaged between 0.25 and 2.5% elongation. 
Bulk films of UPy-PC and UPy-PEGx (n= 2-3) cut into dogbone samples (22 × 5 mm) were 
stretched at 20 mm/min after a 0.005 N was applied at 5 mm/min speed. Strain was applied 
until breakage, the detection of which was set at 10% difference. Young’s modulus were 
calculated from the loading curves between 0.25 and 2.5% elongation. Hydrated samples were 
saturated in water at 37°C and excess water was removed with a tissue before testing. 
 
Protein release and activity studies 
Mesh samples were cut with an 8 mm Ø biopsy punch and the release was carried out by 
stirring the meshes in PBS at 37°C and 600 rpm. Protein content in the supernatant was 
measured by QuantiPro bicinchoninic acid (BCA) assay (Sigma-Aldrich) following 
manufacturer’s instructions. Lysozyme activity was assessed with a Lysozyme Activity Assay 
kit (BioVision Inc.) following manufacturer’s instructions on supernatant samples that had 
been lyophilized and the powder resuspended in the kit’s Lysozyme Assay Buffer. The activity 
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found in released lysozyme samples is expressed relative to the activity of commercial 
lysozyme. Released HRP activity, compared to the activity of commercial HRP, was assessed by 
incubating samples, blanks and controls with one-step 2,2'-azino-bis(3-ethylbenzthiazoline-
6-sulphonic acid) (ABTS) solution (Sigma-Aldrich) in the dark at 37°C for 30 min. The reaction 
was stopped with 1% v/v sodium dodecyl sulfate (SDS, Merck) and absorbance was read at λ = 
405 nm in a microplate reader. 
 
Circular dichroism 
The secondary structures of proteins before and after release were evaluated with CD 
spectroscopy using a JASCO J-815 spectrometer and a quartz cuvette with 1 cm path length. 
Spectra were collected between 200 and 300 nm at room T. Data are expressed as molar 
residual ellipticity (MRE), calculated from the measured ellipticity using the equation 148: 

                                                            𝑀𝑀𝑀𝑀𝑀𝑀 = 𝜃𝜃×𝑚𝑚
𝑐𝑐×𝑙𝑙×𝑛𝑛r

                                     

where θ is the ellipticity in millidegrees, m is the molecular weight in g mol-1, c is the protein 
concentration in mg mL-1, l is the path length of the cuvette in cm and nr is the number of 
amino acids in the molecule. 
 
Drug release studies 
Mesh samples were cut with an 8 mm Ø biopsy punch and the release was carried out by 
stirring the meshes in PBS at 37°C and 600 rpm. Pirfenidone content in the supernatant was 
measured by reading absorbance at λ = 317 nm, SB431542 content was measured by 
fluorescence intensity of the supernatant with λex = 360 nm and λem = 590 nm. The 
concentration of RhodBP and UPy-RhodBP in supernatant samples was measured by 
fluorescence intensity with λex = 530 nm and λem = 590 nm. 
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ABSTRACT 
 
Expanding the bioactivation toolbox of supramolecular materials is of utmost 
relevance for their broad applicability in regenerative medicine. This study explores 
the effects of a peptide mimic of the Notch ligand Jagged1 in two supramolecular 
systems based on hydrogen bonding ureido-pyrimidinone (UPy) units, namely a 
supramolecular solid material surface and a self-assembled system in solution. 
UPy-conjugation of the DSLJAG1 peptide sequence allows for supramolecular 
functionalization of UPy-PCL, an elastomeric material, with UPy-DSLJAG1. Surface 
presentation of the UPy-DSLJAG1 peptide was confirmed by AFM and XPS analyses, 
but no enhancement of Notch activity was detected in cells presenting Notch1 and 
Notch3 receptors. Nevertheless, a significant increase in Notch signaling activity 
was observed when DSLJAG1 peptides were administered in soluble form, indicating 
that the activity of DSLJAG1 is preserved after UPy-functionalization, but not after 
immobilization on a supramolecular solid material. Interestingly, an enhanced 
activity in solution of the UPy-conjugate was detected compared with the 
unconjugated DSLJAG1 peptide, suggesting that the self-assembly of supramolecular 
aggregates in solution ameliorates the functionality of the molecules in a biological 
context. 
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INTRODUCTION  
 
The Notch signaling pathway is a cell-cell communication pathway that regulates a 
variety of vital functions such as cell fate decisions and terminal differentiation. It 
also contributes to development and homeostasis of several tissues and organs 
50,149. Particularly relevant to in situ approaches in tissue engineering is the notion 
that an organism’s regenerative potential is related to the behavior and self-
renewal of stem cells, which is controlled by Notch ligand-receptor engagement 
and the interaction of Notch signaling with the surrounding extracellular matrix 
(ECM) components 150–152. The role of Jagged1 has been emphasized in the 
renovation of stem cell populations 153,154, for which artificial niches for stem cells 
have been created by integrating an active fragment on ECM-mimicking substrates 
155. Furthermore, Jagged1-mediated Notch signaling is shown to accelerate vascular 
repair when specifically overexpressed in the endothelium 60, and is also involved in 
contrasting aging-related loss of regenerative potential. Kusumbe et al. reported 
the revival of vascular niches when endothelial Notch activity was restored in the 
aging organism, thereby highlighting the pivotal role of the Notch pathway in tissue 
restoration 53. With these premises, we hypothesized that a material capable of 
enhancing Notch signaling activity has outstanding potential to improve the 
outcome of regenerative therapies, with special emphasis on those targeting the 
cardiovascular system. 

A 17 amino acids-long peptide (DSLJAG1) capable of engaging the Notch1 receptor 
was identified by Li et al. 156 It corresponds to residues 188-204 of the Jagged1 
ligand’s DSL (Delta/Serrate/Lag2) region, and showed Notch1 agonist activity 157. 
Polymers functionalized via this Jagged1’s DSL-derived peptide have been created 
through covalent modification of alginate and modulated stem cell behavior 158. A 
self-assembling hydrogel system developed by Boopathy et al. 159 was also 
functionalized with the Jagged1-mimicking peptide, and was injected in 
combination with cardiomyocyte progenitor cells in a rat myocardial infarction 
model. It was shown to significantly improve cardiac function and reduce fibrosis 
compared to the pristine gel or the gel containing the scrambled peptide sequence 
54. Conversely, Beckstead et al. 160 observed no activation of the Notch/CSL pathway 
when seeding primary human keratinocytes on poly(2-hydroxyethyl methacrylate) 
(PHEMA) surfaces functionalized with the same Jagged1-mimicking peptide.  

Most of the reported biomaterials containing the Jagged1-mimicking peptides are 
based on hydrogels, while elastomeric, solid materials might be more preferable for 
load-bearing in situ tissue engineering applications in terms of mechanical 
properties. At the best of our knowledge, the only example of a biodegradable 
elastomeric material modified with DSLJAG1 is achieved by applying conventional 
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carbodiimide-NHS chemistry to graft the peptide to a poly(acrylic acid) brush grown 
on a substrate of poly(L-lactide-co-caprolactone). In this study by Wen et al., 
activation of the Notch signaling pathway induced differentiation of mesenchymal 
stem cells towards the myogenic lineage 161. 

Supramolecular biomaterials based on the four-fold hydrogen bonding ureido-
pyrimidinone (UPy) moiety have been developed and investigated for several 
biomedical applications due to their biocompatibility, modular properties and 
scalable production 73,79.  
In water, dimerized UPy-units form stacks by binding laterally via π-π stacking and 
hydrophobic interactions. The hydrogen-bonded stacks are shielded from the polar 
environment by hydrophobic alkyl chains and water-stable oligo(ethylene glycol), 
thereby being stabilized and allowed to form fibrous aggregates 122,124,162. This 
resulted in the development of UPy-particles that were delivered inside cells 122. 
Furthermore, similar water-soluble UPy-compounds were designed to make 
supramolecular transient networks and hydrogels that were applied for the delivery 
of various drugs to the heart and kidney 124,128. 
With the aim to enlarge the application prospects of this class of biomedical 
materials, modular building blocks modified with UPy-groups have been employed 
to introduce bioactivity in several solid materials to be used for tissue engineering 
and regenerative medicine. Elastomeric, solid materials based on the UPy owe their 
dynamic nature to the reversibility of the supramolecular interactions present in the 
system. Both UPy-motifs and flanking urea units contribute to the supramolecular 
interactions, leading to a nanofibrous morphology of the material 131. Robust 
incorporation of UPy-functionalized bioactives in solid material systems is achieved 
through intercalation inside the fibers of matching supramolecular moieties and 
linker used to functionalize the additive 163. Various UPy-functionalized compounds 
have been developed to be applied as bioactive additives to generate 
supramolecular elastomeric materials with improved cell-adhesive (RGD, YIGSR) 88, 
non-fouling (oligo(ethylene glycol)) 86, heparin binding (GLRKKLGKA) 90, 
antimicrobial 164 and cell-attracting (SDF-1α mimicking SKPVSLSYR) 85 properties. 
Here, for the first time, we target intercellular signaling processes by means of a 
UPy-modified Jagged1-mimicking peptide (UPy-DSLJAG1) introduced into 
supramolecular systems. To achieve solid material functionalization, UPy-DSLJAG1 
(Figure 4.1A) was mixed into UPy-PCL (Figure 4.1B) and surface analyses were 
carried out on cast films to confirm surface exposure of the additive. 
Supramolecular aggregates were formed in aqueous solution (Figure 4.1C) and 
visualized by electron microscopy. Subsequently, measurements of Notch signaling 
activity in different cell models revealed the role of the assembly state on the 
functionality of UPy-DSLJAG1. 
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Figure 4.1. Chemical structures of compounds used in this study and schematic 
representations of the supramolecular platforms and their components: UPy-unit (blue), urea-
alkyl spacer (red), oligo(ethylene glycol) spacer (white) and peptide sequence (yellow). A) 
Chemical structure of UPy-DSLJAG1. B) Solid material functionalization by mixing UPy-DSLJAG1 
with UPy-PCL, with detailed zoom of the co-assembly of the two components in the solid 
state. C) Supramolecular fibrous stack formed in solution by UPy-DSLJAG1. 
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RESULTS & DISCUSSION 
 
Peptide synthesis and UPy-functionalization 
 
Synthesis of the Jagged1-mimicking peptide (DSLJAG1) was achieved using standard 
Fmoc-chemistry on a solid support. Conjugation of the UPy-moiety to the peptide’s N-
terminus on the solid support was performed using a UPy-carboxylic acid synthon 
activated with HATU in presence of DIPEA, to obtain the compound UPy-DSLJAG1. 
Compounds DSLJAG1 (31 mg, 31% yield) and UPy-DSLJAG1 (23 mg, 35% yield) were 
obtained as white powders after prep-RP-HPLC purification. 
 
Characterization of functionalized UPy-PCL surfaces  
 
UPy-PCL films, pristine or with addition of 1 and 5 mol% UPy-DSLJAG1, were cast 
from solution and studied by tapping-mode AFM, XPS and WCA to investigate the 
topography and confirm exposure of the peptide on the surface. Phase-mode AFM 
micrographs of pristine UPy-PCL confirm the presence of a nanofiber network, with 
appearance of phase-separated domains when UPy-DSLJAG1 is added (Figure 4.2A). 
We propose that the domains visible on the AFM micrographs of UPy-PCL + 1-5 
mol% UPy-DSLJAG1 correspond to an enhanced exposure of the UPy-peptide at the 
surface. XPS measurements show that the intensity of the characteristic nitrogen 
peak increases and the characteristic sulfur peak appears when the peptide is 
introduced (Figure 4.2B, C). Elemental analysis indicated that the relative abundance 
of nitrogen and sulfur increased from 4.9% and 0.0%, respectively, in the pristine 
material to 8.3% and 0.7%, respectively, with addition of 1 mol% UPy-DSLJAG1. With 
the addition of 5 mol% of UPy-DSLJAG1 these values changed to 9.9% and 1.0%, 
respectively (Table 4.1). From the results of elemental analysis it can be deducted 
that increasing the concentration of the additive in the supramolecular mix above 5 
mol% might not lead to significant increase in the surface presentation of UPy-
DSLJAG1. Surface abundance of nitrogen and sulfur seems to not scale linearly with 
the concentration, but rather reached towards a plateau at 5 mol%. Indeed, UPy-PCL 
films containing up to 10 and 25 mol% UPy-DSLJAG1 appeared fragile and lost partly 
their integrity (data not shown), suggesting that such composition would not prove 
suitable for applications that require a solid material. AFM micrographs confirm 
that the system appears to reach surface saturation around a mixing concentration 
of UPy-DSLJAG1 of 5 mol% as the surface is almost fully covered with phase-
separated domains.  
It is relevant for biomaterials to investigate whether the modification affects their 
hydrophilicity. The measured water contact angle (WCA) of pristine UPy-PCL is 
72°±1°, and it slightly decreases to 68°±1° and 67°±1° when UPy-DSLJAG1 is mixed 
with UPy-PCL in concentrations of 1 and 5 mol%, respectively. The WCA values are 
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in line with previously reported water contact angles of UPy-PCL systems with 
addition of UPy-functionalized additives 165, and are likely to not influence cell 
adhesion and behavior on the polymer films. 

 

Figure 4.2. Surface characterization of drop cast samples of UPy-PCL with addition of UPy-DSL 
concentration of 1 mol% and 5 mol% and HEK293 FLN1 cells response. A) AFM micrographs in 
phase mode (top row) and height mode (bottom row); B) XPS spectra with highlighted peaks 
corresponding to elements of interest; C) Magnification of XPS spectrum at the characteristic 
binding energy interval of S1s for the different material compositions. 
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Table 4.1. Relative atomic abundance measured by XPS carried out on UPy-PCL surfaces 
functionalized with UPy-DSLJAG1. 

Surface 
Carbon 

[%] 
Oxygen 

[%] 
Nitrogen 

[%] 
Sulfur 

[%] 

UPy-PCL 75.0 20.1 4.9 0.0 
+ 1 mol% UPy-DSLJAG1 71.7 19.3 8.3 0.7 

+ 5 mol% UPy-DSLJAG1 70.5 18.6 9.9 1.0 

 
Activity of UPy-DSLJAG1 peptide immobilized on a solid biomaterial surface 
 
In view of the bioactivity tests on a supramolecular material substrate, the response 
of HEK293 FLN1 cell line to immobilized full-length Jagged1 ligand was screened. 
Notch signaling activity increased dose-dependently when increasing the 
concentration of the coating solution used to immobilize the full-length 
extracellular domain of the Jagged1 ligand (Figure 4.3).  

 

Figure 4.3. Dose-dependent 12xCSL-Luc activation in HEK293 FLN1 cell line by increasing 
FcJagged1 precoat concentration on cell culture plastic. Control condition refers to Fc-only 
coating. 
 
Culturing HEK293 FLN1 cells on immobilized FcJagged1 resulted in a significant 
increase in reporter activity, and the addition of DAPT, a γ-secretase inhibitor, 
lowered CSL reporter activity towards Fc-control levels (Figure 4.4). Activation of 
the Notch pathway was tested on polymer films containing 5 mol% UPy-DSLJAG1, 
since the material characterizations revealed that the amount of additive present at 
the surface is directly proportional to its concentration in the drop casting solution. 
Conversely to FcJagged1 on plastic, no difference in Notch signaling activity was 
detected on the drop cast polymer functionalized with 5 mol% UPy-DSLJAG1 in 
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comparison with pristine UPy-PCL. Consistently, the DAPT has no inhibitory effect 
on the observed signal intensity (Figure 4.4). 

 

Figure 4.4. Effect of immobilized 5 mol% UPy-DSLJAG1 on the activation of 12xCSL-Luc in 
HEK293 FLN1, compared with FcJagged1 ligand as positive control. Data are normalized with 
respect to the negative control (Fc-fragment coating only). 
 
The effect of surface functionalization of UPy-PCL was investigated in a coronary 
artery smooth muscle cell model (CASMC) expressing the Notch3 receptor. 
Exposure of CASMC to FcJagged1-coated substrates induced upregulation of Notch 
target genes related to the regulation of transcription (HES1, HEY1) and to a 
positive feedback regulation of ligand and receptor production (JAG1, NOTCH3) 
(Figure 4.5A, B). A phenotypic switch of CASMC to α-SMA expressing differentiated 
cells was observed as well on substrates coated with FcJagged1, on which 
expression of α-SMA was confirmed both on mRNA level (ACTA2) and on protein 
level by immunostaining (Figure 4.5C, G-top row). On substrates containing 
immobilized UPy-DSLJAG1, however, no upregulation of any of the mentioned genes 
was detected (Figure 4.5D, E), as well as no expression of α-SMA (Figure 4.5F, 
4.5G-bottom row). Taken together the data confirm that cell models expressing 
Notch1 and Notch3 receptors are responsive to surface-immobilized FcJagged1, 
but not to supramolecularly immobilized Jagged1-mimicking peptide, UPy-DSLJAG1.  
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Figure 4.5. Effect of Notch ligand functionalized substrates on human Coronary Artery Smooth 
Muscle Cells (CASMC). Gene expression of downstream Notch target genes HES1 and HEY1 on 
A) control and D) polymer surfaces. Expression of JAG1 and NOTCH3 genes related to lateral 
induction on B) control and E) polymer surfaces. Phenotypic switch of CASMC with expression 
of ACTA2 on mRNA level on C) control and F) polymer surfaces. G) CASMC differentiation to 
contractile phenotype visualized by immunofluorescence by DAPI (blue) and α-SMA (magenta) 
staining (scale bar is 100 µm). 
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One of the possible explanations of inactivity of the immobilized peptide could be a 
lack of strong anchoring of the peptide to the material, as the proposed mechanism 
of Jagged1-mediated Notch signaling activation involves a traction force exerted by 
the membrane-bound ligand on the receptor. Wang et al. 166 calculated 
experimentally the tension necessary to activate both integrin receptor and Notch1 
receptors by immobilizing to a tension gauge tether RGDfK and Dll1 ligand, 
respectively. They found out that less than 12 pN were necessary to activate Notch 
signaling in CHO-1 cells, while a higher tension of approximately 40 pN was 
required to trigger cell adhesion and spreading. Based on these data, we speculate 
that it is unlikely that inactivity of UPy-DSLJAG1 immobilization is due to an 
insufficient pulling force generated on UPy-PCL, availing ourselves with existing 
evidence of cells responding to supramolecularly immobilized UPy-RGD with 
improved adhesion and morphology 88.  
After ligand-receptor engagement, intercellular phenomena of ligand 
internalization and contribution of modulators occur on both the signal-sending 
and signal-receiving cell side 167–169, and glycosylation of the Notch receptor’s 
epidermal growth factor (EGF)-like repeats is believed to be crucial as well 170,171. 
This complex mechanism might be insufficiently reproduced on our fully synthetic 
supramolecular material. Furthermore, short ligand mimics like DSLJAG1 have 
diminished affinity for their target receptor, and the surface analyses in Figure 2 
suggest that the ligand concentration on a surface is limited. As a consequence, the 
affinity of surface-bound Jagged1-mimicking peptide for Notch receptors might 
not be sufficient to activate Notch signaling. In light of this, we hypothesize that the 
results reported are consequences of ineffective ligand presentation on the surface. 
 
Characterization of UPy-DSLJAG1 assembly in solution 
 
UPy-DSLJAG1 is equipped with two alkyl chains (C6 and C12, respectively) 
intercalated by a hydrogen bonding urea unit that ensure the formation of stable 
stacks in polar media. Furthermore, UPy-DSLJAG1 contains by design a hydrophilic 
oligo(ethylene glycol) spacer with 12 ethylene glycol repeating units which provide 
additional stability to the assembled aggregates in solution. Additionally, we know 
from previous studies that UPy-compounds with this design assemble in aqueous 
environment into fibrous aggregates 122,162. Therefore, aqueous solutions of DSLJAG1 
and UPy-DSLJAG1 were analyzed by cryo-TEM. Cryo-TEM micrographs of 
unconjugated DSLJAG1 show no signs of clusters (Figure 4.6A, left). On the contrary, 
UPy-DSLJAG1 appears to form a number of worm-like aggregates (Figure 4.6A right). 
In order to further prove the self-assembly of UPy-DSLJAG1 into fibrous stacks, 
solutions of DSLJAG1 and UPy-DSLJAG1 at 50 µM were incubated with Nile Red and 
excited at 550 nm. Only the solution of UPy-DSLJAG1, but not unfunctionalized 
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DSLJAG1, resulted in a strong fluorescent emission with a maximum at 634 nm 
(Figure 4.6B), which corresponds to the emission of Nile Red in a lipophilic 
environment 172. 
 

 

Figure 4.6. A) Cryo-TEM micrographs of aqueous solutions of DSLJAG1 (left) and UPy-DSLJAG1 
(right), with white arrowheads indicating fibrous assemblies. B) Nile Red intensity of 50 µM 
solutions of DSLJAG1 (dotted line) and UPy-DSLJAG1 (solid line) in water.  
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Activity of UPy-DSLJAG1 nanoaggregates in solution 
 
Nanoaggregates of UPy-DSLJAG1 were administered in solution to HEK293 FLN1 cells 
stimulated with immobilized full-length FcJagged1 (or only Fc fragment as control). 
This experimental set-up allows to decouple the effects of the distribution of UPy-
DSLJAG1 in the UPy-PCL matrix, from the effect of UPy-functionalization of the 
Jagged1-mimicking peptide sequence.  
 

 
 
Figure 4.7. Effect of soluble DSLJAG1 (pink bars) and UPy-DSLJAG1 (red bars) on Notch signaling 
activity in HEK293 FLN1 cell line cultured on Fc coating (basal activity – white bar) or 
FcJagged1 coating (enhanced basal activity - black bar). Soluble molecules are used at 
concentration of 10, 50, 100 µM. Data are normalized with respect to the Fc control. 
 
Exposure of HEK293 FLN1 cell line to soluble DSLJAG1 and UPy-DSLJAG1 in different 
concentrations resulted in a significant 2-fold increase in 12xCSL-Luc activity on 
control Fc-coated substrate (Figure 4.7). The observed increase in Notch activity 
was lowered back to control levels by addition of the γ-secretase inhibitor DAPT 
(data not shown). These evidences are in agreement with literature, as several 
authors reported the use of the soluble Jagged1-mimicking peptide in order to 
activate Notch signaling in different cell models or tissues. These reports show 
either direct evidences of Notch activation, such as NICD cleavage 173 and regulation 
of transcription 174 or further downstream Notch function-related events, such as 
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contractile differentiation of arterial smooth muscle cells 175. In the proposed model 
of canonical Notch signaling activation, the anchoring of the ligand or ligand-mimic 
to the material surface seems to be an absolutely necessary condition. 
Nevertheless, apparently it is possible that in certain cell models the presentation of 
ligands, receptors or modulators occurs in concentrations or configurations that 
allow to transcend the classical conditions required to initiate the Notch activation 
cascade. A recent study from Luca et al. supports this statement, as it reports on a 
high-affinity version of the Jagged1 ligand, which requires threshold activation 
forces that are lower than the wild-type ligand 176. 
The effect of soluble DSLJAG1 or UPy-DSLJAG1 is milder than the effect of immobilized 
full-length FcJagged1, which causes a 3.6-fold increase in 12xCSL-Luc activity. On 
FcJagged1 coated surfaces, the addition of soluble UPy-DSLJAG1 at different 
concentration in the culture medium resulted in a significant 1.6-fold increase in 
Notch signaling activity with respect to the FcJagged1 stimulation alone, while there 
was no effect of unfunctionalized DSLJAG1. Clustering of ligands and receptor has 
been proposed to direct Notch signaling as well 177–179. Morrison et al. reported that 
a soluble FcDll1 dimer was not able to activate Notch signaling, but a multimer pre-
clustered via antibodies could at least lead to ligand binding 180. Along the same 
lines, Narui et al. employed lipid membranes with tunable dynamics to control the 
lateral mobility of FcDll4 ligands, and found out that the conditions in which the 
ligand’s mobility was constrained resulted in activation of Notch receptors 181. 
Similarly, the concentration of DSLJAG1 peptide into supramolecular stacks recalls a 
clustering behavior that might be sufficient to increase the affinity of UPy-DSLJAG1 
for the Notch receptors of HEK293 FLN1 cells. However, clustering of Jagged1-
mimicking peptides is not explanatory of the increase in Notch signaling activity 
observed equally with both DSLJAG1 and UPy-DSLJAG1 equally on Fc-coated 
substrates. It is proposed that two different mechanisms of Notch activation might 
be involved on the different substrates, leading to the different magnitude of the 
response of HEK293 FLN1 to soluble (UPy-)DSLJAG1 on Fc or FcJagged1 coatings. The 
stimulation by immobilized FcJagged1 leads to a series of feedback event at the 
level of ligand and receptor, for example causing clustering of the receptors 
themselves 182, which might lead to a propensity of receptors to stimuli from UPy-
DSLJAG1. On the other hand, on Fc coated plates, the binding of (UPy-)DSLJAG1 might 
occur on unstimulated receptors that do not differentiate between clustering, or 
lack of, between DSLJAG1 molecules. 
Although the UPy-modified Jagged1-mimiciking peptide was found to preserve a 
certain amount of activity in soluble form, this is not immediately applicable in 
tissue engineering that require solid materials. The findings in Figure 4.6 might be 
useful in applications that require, for example, release of bioactives. However, 
these results require further investigation to precisely ascertain the dependence of 



Influence of the assembly state on the functionality of a Jagged1-mimicking peptide 

91 

the phenomena on cell type and context (e.g. presence of serum proteins that 
influence UP-aggregates assembly), as the effect of soluble (UPy-)DSLJAG1 was found 
to vary significantly between experiments (Figure 4.8). 
 

 
Figure 4.8. Effect of soluble DSLJAG1 (pink bars) and UPy-DSLJAG1 (red bars) on Notch signaling 
activity of HEK293 FLN1 cells, showing a typical experiments with a “high response” (A) and a 
“low response” (B). Cells were cultured on Fc coating (basal activity – white bar) or FcJagged1 
coating (enhanced basal activity - black bar) (data are normalized with respect to the Fc 
control). A) A “highly responsive” cell population reacts to 50 µM DSLJAG1 or UPy-DSLJAG1 with a 
3-fold increase in Notch signaling activity. The response to immobilized FcJagged1 reaches a 
24-fold increase, and the combined effect of FcJagged1 and 50 µM UPy-DSLJAG1 causes a 60-
fold increase with respect to Fc-only. B) A “little responsive” cell population shows no or little 
response to DSLJAG1 or UPy-DSLJAG1. The response to immobilized FcJagged1 reaches a 7-fold 
increase in Notch signaling activity (black bar), and the effect of soluble DSLJAG1 or UPy-DSLJAG1 
is negligible. 
 
Based on these results, the creation of a bioactive material that activates Notch 
signaling via a short Jagged1-mimicking peptide could better occur through the 
design of multivalent peptide-bearing additives, or by means of a system that 
allows coupling of full length FcJagged1 extracellular domain to the material 
surface (see Chapter 5). 
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CONCLUSIONS  
 
Conjugation of a UPy-unit to a Jagged1-mimicking peptide allowed for the 
assembly of the UPy-DSLJAG1 compound as additive into a supramolecular material 
in the solid state, and as aggregate in aqueous solution via dynamic non-covalent 
interactions. Surface analyses confirmed that direct mixing of UPy-DSLJAG1 into solid 
UPy-PCL resulted in its surface exposure after film casting. In vitro studies on cell 
models expressing Notch1 and Notch3 receptors revealed that UPy-DSLJAG1 is not 
efficient as a solid additive in achieving activation of the Notch/CSL pathway. The 
truncated DSLJAG1 peptide appears to have preserved Notch-activating properties on 
our Notch1 receptor expressing cell model in soluble form. Furthermore, the 
conjugation of a UPy moiety to the Jagged1-mimicking peptide sequence seems to 
increase its ability to target the Notch receptor in the assembled state. 
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EXPERIMENTAL SECTION  

General materials and instrumentations 
All materials and reagents were obtained from Sigma-Aldrich or Carlo Erba reagents and used 
without any further purification, unless otherwise specified. Rink Amide 4-
Methylbenzhydrylamine (MBHA) resin (100-200 mesh), 1-[Bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) and Fmoc-protected L-
aminoacids were purchased from Nova Biochem. 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) 
was purchased from Fluorochem (UK).  
Reversed phase high pressure liquid chromatography–mass spectrometry (RP-HPLC-MS) was 
performed on a system with an Alltima C18 3u (50 mm x 2.1 mm) reversed phase column and 
gradients of acetonitrile in water (supplemented with 0.1% formic acid). Preparative reversed 
phase high pressure liquid chromatography (prep-RP-HPLC) was performed on a system with 
an Alltima C18 5u (125 x 20 mm) preparative reversed phase column and gradients of 
acetonitrile in water (supplemented with 0.1% trifluoro acetic acid). 
Telechellically UPy-modified polycaprolactone (UPy-PCL, Mn = 2.7 kg mol-1) was synthesized 
according to previously described methods 89. Synthesis of the carboxylic acid-terminated UPy-
building block (UPy-COOH, MW = 1138.4 g mol-1) was performed according to a previously 
described procedure 147. 
 
Solid phase peptide synthesis of DSLJAG1 
Synthesis of Jagged1-mimicking peptide (DSLJAG1, MW = 2106.4 g mol-1) was carried out on 
the solid phase using standard Fmoc-chemistry, the following sequence was manually 
assembled: CDDYYYGFGCNKFCRPR.  
Peptide synthesis was carried out by sequentially coupling Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Pro-
OH, Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-Phe-OH, Fmoc-L-Lys(Boc)-OH, 
Fmoc-L-Asn(Trt)-OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-Gly-OH, Fmoc-L-Phe-OH, Fmoc-L-Gly-
OH, Fmoc-L-Tyr(OtBu)-OH, Fmoc-L-Tyr(OtBu)-OH, Fmoc-L-Tyr(OtBu)-OH, Fmoc-L-
Asp(OtBu)-OH, Fmoc-L-Asp(OtBu)-OH, Fmoc-L-Cys(Trt)-OH onto a Rink Amide resin on a 
250 µmol scale. The resin was allowed to swell for 30 min in N-methyl-2-pyrrolidinone (NMP) 
with 1 v% Triton X-100 and rinsed twice in NMP. Fmoc removal was performed by adding 
twice a solution with 25 v% piperidine in NMP for 10 min, followed by five washing steps with 
NMP. Afterwards, the peptide sequence was assembled by performing double couplings at 
room temperature for 6 min prior to five repetitive washing steps. Per each coupling and free 
amine, 4 eq of o-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium 
hexafluorophosphate (HCTU), 16 eq of N,N-diisopropylethylamine (DIPEA) and 4 eq of Fmoc-
protected amino acid were added on the solid support; the solution was supplemented with 1 
v% Triton X-100. After the last coupling, an analytical cleavage of a small fraction was done 
for RP-HPLC-MS before proceeding with either complete cleavage and deprotection, or 
conjugation of UPy-COOH. The product of the analytical cleavage was analyzed with RP-HPLC-
MS using a 5 to 100 v% gradient of acetonitrile in water (with 0.1 v% formic acid). Deprotection 
and cleavage of the peptide (DSLJAG1) was carried out on a 50 µmol scale. The resin was dried 
under vacuum and then cleavage was conducted at room temperature with a cocktail 
composed by trifluoroacetic acid (TFA), water, 1,2-ethanedithiol (EDT) and tri(isopropyl)silane 
(TIS) 92.5/2.5/2.5/2.5 (v/v).  After 3 hours the mixture was injected into an ice-cold mixture 
of diethyl ether (DEE) and n-hexane 8/2 (v/v), precipitation was performed twice. The 
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precipitate was purified with prep-RP-HPLC using a 5 to 15 v% gradient of acetonitrile in water 
(with 0.1 v% TFA) and the collected fractions were freeze-dried, affording 31 mg of pure white 
solid (yield 31%) (Scheme 4.E1). To confirm successful purification, the lyophilized product 
was analyzed by RP-HPLC-MS: calc. MW = 2106.4 g mol-1, found m/z: 1054.1 [M+2H]2+, 
703.1 [M+3H]3+, 527.6 [M+4H]4+ (Figure 4.E1A). 
 
Synthesis of UPy-DSLJAG1 
The resin (expected load of peptide 20 µmol, 1.0 eq) was allowed to swell in N,N-
dimethylacetamide (DMAc) with 1 v% Triton X-100 for 30 min. In the meantime, the UPy-
COOH building block (1.5 eq; 30 µmol, 34.2 mg) was pre-activated with a solution of HATU 
(1.3 eq; 26 µmol, 9.9 mg) and DIPEA (3 eq; 60 µmol, 10.4 µL) in DMAc at room temperature 
for 30 min. After rinsing the resin twice in DMAc, the pre-activated UPy building block was 
added to the resin and stirred at room temperature for 3 hours. After 3 hours, the mixture 
was discarded and the resin rinsed five times with DMAc and dried under vacuum. Cleavage 
was conducted at room temperature with a cocktail composed by TFA/EDT/TIS/H2O 
92.5/2.5/2.5/2.5 (v/v).  After 3 hours the mixture was injected into an ice-cold mixture of 
DEE/n-hexane 8/2 (v/v), precipitation was performed twice. The precipitate was purified with 
prep-RP-HPLC using a 5 to 70 v% gradient of acetonitrile in water (with 0.1 v% TFA) and the 
collected fractions were freeze-dried, affording 23 mg of pure white solid (yield 35%) (Scheme 
4.E1). To confirm successful purification, the lyophilized product was analyzed by RP-HPLC-
MS: calc. MW = 3226.8 g mol-1, found m/z: 1614.3 [M+2H]2+, 1076.6 [M+3H]3+, 807.8 
[M+4H]4+, 646.4 [M+5H]5+, 539.0 [M+6H]6+ (Figure 4.E1B). 
 

 
 
Scheme 4.E1: Synthetic route to UPy-conjugated peptide: Jagged1-mimicking peptide 
(DSLJAG1), UPy-carboxyilic acid building block (UPy-COOH) and UPy-modified DSLJAG1 peptide 
(UPy-DSLJAG1). 
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Figure 4.E1. RP-HPLC-MS analysis of purified compounds used in this study, total ion count 
chromatogram (left) and m/z spectrum (right). Gradient of 5 to 70 v% acetonitrile in water 
(with 0.1 v% formic acid). A) DSLJAG1, RT 1.32 min, and B) UPy-DSLJAG1, RT: 4.56 min. 
 
Preparation of drop cast surfaces 
For preparation of UPy-PCL films the UPy-PCL polymer was dissolved in HFIP at concentration 
of 25 mg mL-1. For preparation of UPy-DSLJAG1 functionalized surfaces, 1 and 5 mol% of UPy-
DSLJAG1 were mixed to the UPy-PCL from stock solutions in HFIP. Drop cast films were 
prepared by distributing 50 µL of solution on 13 mm Ø glass coverslip. The HFIP was 
evaporated overnight in vacuo at 40°C. 
 
Atomic Force Microscopy 
Atomic force microscopy (AFM) phase and height images of drop cast films were recorded at 
room temperature using a Digital Instruments Multimode Nanoscope IV operating in the 
tapping regime mode using silicon cantilever tips (PPP-NCHR, 204–497 kHz, 10–130 N m-1). 
Images were processed using Gwyddion software (version 2.43).  
 
Water Contact Angle measurements 
Water contact angle (WCA) measurements on drop cast films were performed on an OCA 30 
system from Dataphysics using SCA20 software. A 5 µL drop of milliQ water was placed in 
three different spot of three indipendent samples, images were captured 10 s after drop 
deposition. 
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X-Ray Photoelectron Spectroscopy 
X-Ray Photoelectron Spectroscopy (XPS) was performed on drop cast films prepared as 
described, and spectra were recorded using a Thermo Scientific K-Alpha spectrometer 
equipped with a monochromatic, small-spot X-ray source and a 180° double focusing 
hemispherical analyzer with a 128-channel detector. Spectra were obtained using an 
aluminum anode (Al Kα, 1486.6 eV) operating at 72 W. Survey scans were measured at a pass 
energy of 200 eV and region scans at a pass energy of 50 eV. Analysis and quantification of 
the spectra were performed using the CasaXPS software version 2.3.16, using the C 1s, N 1s, 
O 1s and S 1s regions. 
 
Cryogenic Transmission Electron Microscopy (cryo-TEM) 
For cryo-TEM, vitrified films were prepared in a ‘Vitrobot’ instrument at 22°C and at a relative 
humidity of 100%. In the preparation chamber of the ‘Vitrobot’, a 3 μL sample was applied on 
a Quantifoil grid (R 2/2, Quantifoil Micro Tools GmbH), which was surface plasma treated just 
prior to use (Cressington 208 carbon coater operating at 5 mA for 40 s). Excess sample was 
removed by blotting using filter paper for 3 seconds at –3 mm, and the thin film thus formed 
was plunged into liquid ethane just above its freezing point. The vitrified film was transferred 
to a cryoholder (Gatan 626) and observed at temperatures below -170°C in a FEI-Titan TEM 
equipped with a field emission gun and operating at 300 kV. Micrographs were taken at low 
dose conditions, using a defocus setting of 10 μm at 25000 magnification (detail pictures), or 
defocus setting of 20 μm at 6500 magnification (overview pictures). 
 
Nile Red encapsulation assay 
Molecules were dissolved in MilliQ water at 50 μM concentrations and the aggregates were 
allowed to form on a shaking plate overnight. Nile Red was added to the solution to a final 
concentration of 5 μM. Nile Red was excited at 550 nm and the emission intensity was 
recorded from 565 nm to 700 nm. Fluorescence data were recorded on a Varian Cary Eclipse 
fluorescence spectrometer using Quartz cuvettes, 5 scans were collected and averaged. 
 
Cell culture 
Human embryonic kidney (HEK) 293T cells stably expressing full-length Notch1 (HEK293 
FLN1) were cultured under puromycin selection (1 μg mL-1) in medium consisting of 
Dulbecco's Modified Eagle Medium (DMEM, Gibco), 5 v% heat inactivated fetal bovine serum 
(Invitrogen) and 1 v% penicillin–streptomycin solution (Invitrogen), at 37°C and 5% CO2 in a 
humidified atmosphere. HEK293 FLN1 were seeded at a concentration of 1.0 × 105 cells cm-2. 
Primary human Coronary Artery Smooth Muscle cells (HCASMC, Lonza) were purchased at 
passage 3 and experiments were carried out with cells at passage 5 or 6. Cells were cultured 
in 231 basal medium (Gibco) with 5 v% smooth muscle growth supplement (SMGS, Gibco) and 
1 v% penicillin–streptomycin solution (Invitrogen), at 37 °C and 5% CO2 in a humidified 
incubator. As a control for expression of α–smooth muscle actin in the differentiated state, 
the basal medium was supplemented with 1 v% smooth muscle differentiation supplement 
(SMDS, Gibco) instead of SMGS. HCASMC were passaged at 80% confluency and seeded at a 
concentration of 5 × 103 cells cm-2. 
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Activation of Notch signaling by immobilized ligands 
For induction of Notch signaling with immobilized Jagged1 ligand, cell culture plates were 
coated overnight with recombinant Protein G (ThermoFisher) 50 μg mL-1 in Phosphate 
Buffered Saline (PBS). After coating, plates were washed three times with PBS and further 
blocked with Bovine Serum Albumin (BSA) 10 mg mL-1 in PBS for 2 hours. The blocked plates 
were washed three times with PBS and incubated with recombinant Jagged1-Fc chimera (R&D 
systems) or only Immunoglobulin G (IgG) Fc fragment (Jackson ImmunoResearch) at 
concentrations of 1 μg mL-1 in BSA 1 mg mL-1 in PBS for 3 hours. After washing 3 x with PBS, 
cells were immediately seeded on the coated plates 183. The activity of soluble DSLJAG1 and 
UPy-DSLJAG1 was investigated by addition of 10, 50, 100 µM compounds to the culture medium 
from stock solutions in DMSO. Inhibition was performed by addition of 10 µM N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT, Sigma Aldrich) to the 
culture medium from stock solutions in dimethylsulphoxide (DMSO, Sigma Aldrich). For 
vehicle control, all other groups were treated with the same amount of DMSO. 
 
Reporter assay 
HEK293 FLN1 cells were transfected with a previously described 12xCSL-Luciferase reporter 
construct 184 (250 ng per 105 cells) directly in the culture flask one day before seeding. 
Poly(ethylene imine) (PEI) (Sigma-Aldrich) was used as transfection vector in 2:1 ratio with the 
DNA construct. Luminescence intensity was detected after 48 hours from seeding with a 
Luciferase Assay Kit (Promega) following manufacturer’s instruction (n ≥ 6). 
 
Gene expression analyses 
For gene expression analyses, HCASMC were cultured on the different substrates (n=3) for 48 
h. Total RNA was isolated using the RNAeasy isolation kit (Qiagen). cDNA was synthesized 
with 300 ng RNA per sample using the MMLV Reverse Transcriptase enzyme/kit (Bio-Rad). 
cDNA samples were subjected to quantitative Polymerase Chain Reaction (qPCR) using iQTM 
SYBR@ Green Supermix (Bio-Rad) and the Bio-Rad IQ™5 detection system (Version 1.6). mRNA 
expression was normalized to glyceraldehyde 3-phosphate dehydrogenase  (GAPDH) as 
reference gene and expressed as fold increase with respect to the control group.  
Primer sequences for human genes are (5’  3’): 
GAPDH, fw: TGTTGCCATCAATGACCCCTT, rv: CTCCACGACGTACTCAGCG;  
HEY1, fw: TGGATCACCTGAAAATGCTG, rv: CGAAATCCCAAACTCCGATA;  
HES1, fw: AGTGAAGCACCTCCGGAAC, rv: CGTTCATGCACTCGCTGA;  
JAG1, fw: GATGATGGGAACCCGATCAA, rv: GCGAGCTGTTTCCATCACGT; 
NOTCH3, fw: CCATGGTCTTCCCTTACCACC, rv: GCAGAGCCGGTTGTCAATCT; 
ACTA2: fw: GTCCCAGACATCAGGGAGTAA, rv: TCGGATACTTCAGCGTCAGGA. 
 
Immunofluorescent staining 
α–Smooth muscle actin expression was detected in differentiated HCASMC that were cultured 
on the different substrates (n ≥ 3) for 7 days. Cells were fixated in 3.7% formaldehyde (Merck) 
for 10 minutes and permeabilized with 0.5% Triton X-100 (Merck) for 15 minutes. Non-
specific binding of antibodies was minimized by incubating in 1% horse serum (Gibco) for 30 
minutes. Cells were then incubated with the primary antibody (mouse monoclonal anti-
smooth muscle actin) (Dako, M0851) in 4% horse serum at room temperature for 90 minutes. 
Subsequently, cells were washed and incubated with the secondary antibody (AlexaFluor555-
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conjugated goat anti-mouse antibody) (Life Technologies, A-21422) in the dark for 45 
minutes, followed by incubation with DAPI (0.1 µg/mL) for 5 minutes. Finally, samples were 
mounted on cover glasses with Mowiol (Sigma) and imaged with a Zeiss Axiovert 200M 
epifluorescence microscope.  
 
Statistical analyses 
Data are presented as average ± standard deviation. Statistically significant differences were 
determined using a non-parametric Kruskall-Wallis test followed by Dunn’s post-hoc test. 
Asterisks in the figures indicate significant differences (* p < 0.05). All statistical analyses 
were performed using GraphPad Prism 5 Software (GraphPad Software, Inc.). 
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ABSTRACT 
 
Bioorthogonal chemistry is an excellent method for functionalization of 
biomaterials with bioactive molecules, as it allows for decoupling of material 
processing and bioactivation. Here, we report on a modular system created by 
means of tetrazine/trans-cyclooctene (Tz/TCO) click chemistry undergoing inverse 
electron demand Diels-Alder cycloaddition. A reactive supramolecular surface 
based on ureido-pyrimidinones (UPy) is generated via a UPy-Tz additive, in order to 
introduce a versatile TCO-protein G conjugate for immobilization of Fc-fusion 
proteins. As a model bioactive protein we introduced Fc-Jagged1, a Notch ligand, to 
induce Notch signaling activity on the material. Interestingly, HEK293 FLN1 cells 
expressing Notch1 receptor were repelled by films modified with TCO-protein G, 
but adhered and spread on functionalized electrospun meshes. This indicates that 
the material processing method influences the biocompatibility of the post-
modification. Notch signaling activity was upregulated 5.6-fold with respect to 
inactive controls on electrospun materials modified with TCO-protein G/Fc-
Jagged1. Furthermore, downstream effects of Notch signaling were detected on 
gene level in vascular smooth muscle cells expressing Notch3 receptor. Taken 
together, our results demonstrate the successful use of a modular supramolecular 
system for the post-processing modification of solid materials with functional 
proteins. 
 
 
 

 
 
 
  



Introduction of Fc-fusion bioactive proteins at the biomaterial surface 

101 

INTRODUCTION 
 
Biomaterials often undergo treatments requiring organic solvents, high 
temperature, pressure or voltage (e.g. solution or melt electrospinning, 3D printing, 
injection molding). The decoration of biomaterials with functional proteins such as 
growth factors, cytokines and signaling molecules can be poorly compatible with 
such processing techniques. Therefore, bioorthogonal conjugation chemistries have 
been implemented for the post-processing modification of biomaterial surfaces.  
A family of reactions referred to as “click-chemistry” has gained popularity among 
material scientists because of its hallmark features of fast kinetics, high yields, 
easily removable harmless byproducts, high selectivity without catalyst and 
insensitivity to water or oxygen 185,186. Examples of applications of click-chemistry 
in biomedical sciences are reported using photo-activated thiol-ene/yne chemistry 
187–189, Michael additions 190,191, oxime and hydrazones formation via reaction of 
aldehydes/ketones with respectively alkoxyamines or hydrazides 192,193, strain 
promoted azide-alkyne cycloadditions (SPAAC) 194–196, and inverse electron demand 
Diels-Alder cycloadditions (iEDDAC) 197–201. The latter class comprises the reaction 
occurring between a tetrazine (Tz) and a strained trans-cyclooctene (TCO). 
Reported rate constants for this reaction are as high as 3.3 × 106 M−1s−1, thereby 
making the Tz/TCO conjugation the fastest bioorthogonal reaction known so far 
202,203. This class of reactions has been found to be very suitable for targeting 
biomolecules such as proteins and antibodies in complex environments. iEDDAC 
chemistry has been used for the labelling of antibodies with nanoparticles and 
radioactive probes for cell targeting 204,205, rapid in vivo protein conjugation 206 or 
in vivo fluorescent labeling of antibodies 207. 
 
Recombinant protein G presents two immunoglobulin (IgG)-binding domains. The 
major binding site in IgG is located in the Fc domain of the antibody, at the CH2–
CH3 interface 208. Protein G binds strongly all human IgG subclasses with a Kd ~ 
2×10−10 M 209, thereby finding several applications as affinity matrix for purification 
and detection of antibodies. The Fc-binding properties of protein G have been 
exploited for the immobilization of Fc-fusion proteins 210,211, including Notch 
ligands Dll1, Dll4 and Jagged1 212–214. As a model Fc-fusion bioactive protein we 
chose the Notch ligand Jagged1. Jagged1-mediated Notch signaling has been 
recently proposed as a target for cardiovascular regenerative medicine as the Notch 
signaling pathway is a powerful orchestrator of development, homeostasis and 
healing of such tissues 215,216. Jagged1-functionalized materials based on 
poly(ethylene glycol) (PEG) have been proposed as artificial niches for stem cells in 
myocardial regeneration 54,217, pancreatic islet cell immunoprotection 218 and for 
elucidating cell-matrix interactions 219,220. 
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Recently, we have combined the iEDDAC click reaction with the dynamicity of a 
supramolecular system based on ureido-pyrimidinone (UPy) 91. Materials based on 
the strong, directional interactions between hydrogen-bonding UPy groups 
represent an excellent framework for ECM-mimicking biomaterials 73,74,83. These 
supramolecular systems exhibit both macromolecular properties of thermoplastic 
elastomers and the dynamic character that can be found in highly complex 
biological systems. In solid UPy-polymers, lateral stacking of UPy-dimers and 
flanking urea units lead to the formation of a nanoscale fibrous assembly 131. Cell-
instructive additives (e.g. peptides or anti-fouling molecules) can be robustly 
incorporated into the pristine material by means of matching supramolecular 
moieties to generate modular and easily processable materials for regenerative 
medicine applications 85,89,132,163. In the study from Goor et al. 91, supramolecular 
UPy-poly(ε-caprolactone) (UPy-PCL) was modified with a UPy-conjugated Tz (UPy-
Tz) additive. We were able to detected fluorescent TCO-modified enhanced yellow 
fluorescent protein (TCO-EYFP) immobilized on a three-dimensional fiber mesh 
fabricated with electrospinning, reporting the first evidence of successful 
decoupling of material processing and functionalization on a UPy-based modular 
system. The functionalization of UPy-PCL with reactive UPy-Tz additives allowed 
the introduction of antifouling coatings on the material surface to reduce protein 
and cell adhesion 221. Nevertheless, a biological read-out that proves the efficacy of 
the post-modification approach in immobilizing proteins has not been provided 
yet. Here, for the first time, we report the activity in a biological context of a 
supramolecular UPy-based material loaded with a TCO-modified protein, namely 
protein G. In this study we focus on the immobilization of complex bioactive 
molecules, such as proteins, which may not be resistant to typical biomaterial 
processing conditions. To this end, a previously developed post-modification 
strategy based on iEDDAC is employed for the indirect protein G-mediated 
approach to the immobilization of the Fc-Jagged1 ligand onto UPy-PCL films and 
electrospun meshes (Scheme 5.1). Recombinant protein G is modified with TCO-
moieties, and the resulting TCO-protein G variant (TCO-pG) is characterized to 
verify its structural integrity and cytotoxicity. UPy-PCL containing UPy-Tz is 
processed into cast films and electrospun fibers and the biocompatibility, 
functionality and bioactivity of the materials are investigated in comparison with 
materials created by random adsorption of unmodified recombinant protein G (pG). 
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Scheme 5.1: Chemical structures of the molecules used in this study: bifunctional poly(ε-
caprolactone)-based polymer (UPy-PCL), UPy-functionalized tetrazine additive for post-
modification (UPy-Tz),  product of the iEDDAC reaction between UPy-Tz and TCO-modified 
protein G (TCO-OEG4-protein G, TCO-pG, green circle) (top). Concept of step-wise 
modification of the supramolecular UPy-PCL surface with Fc-fusion protein: formulation of 
supramolecular UPy-PCL/UPy-Tz system (top), TCO/Tz reaction at the surface (middle), site-
specific binding of Fc-fusion protein on TCO-pG (bottom). 
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RESULTS & DISCUSSION 
 
Synthesis and characterization of reactive TCO-OEG4-protein G conjugate 
 
The protein G-mediated immobilization of Fc-tagged Jagged1 has been 
demonstrated to be beneficial compared to the random adsorption of the ligand on 
cell culture substrates 222. The difference is attributed to a specific orientation of 
the Fc-ligand on protein G with respect to uncontrolled adsorption. Therefore, a 
Tz-reactive TCO-functionalized variant of protein G was obtained by reacting the 
recombinant protein with a TCO-OEG4-NHS ester. The reaction conditions for TCO-
conjugation of recombinant protein G (Figure 5.1A) were optimized with the aim of 
minimizing unconjugated protein, in order to exclude the influence of randomly 
adsorbed protein on the following experiments. In a precedent study, EYFP was 
reacted with 3 eq of TCO-OEG4-NHS ester for 1 hour, eventually yielding one to five 
TCO moieties per protein molecule 91. In the case of recombinant protein G, the 
same reaction conditions led to mostly unconjugated protein, with a minor fraction 
of one-time conjugated protein (data not shown). Eventually, by feeding 10 eq of 
TCO-OEG4-NHS ester three times to the reaction mixture, protein G functionalized 
with one to five TCO moieties was obtained and no unconjugated protein could be 
detected anymore (Figure 5.1B).   
 
The modified protein G was characterized by means of CD spectroscopy in order to 
compare signals coming from unmodified pG and TCO-pG. The shape of the two 
traces is found to be comparable, and it is consistent with the spectra reported in 
literature (Figure 5.1C), indicating that the modification did not affect the folding 
state of the protein 223. In order to study cytotoxicity of TCO-pG, a HEK293 FLN1 
cell line expressing Notch1 receptors was chosen in view of the upcoming Notch 
signaling activity studies. TCO-pG was found to have no or low cytotoxicity for 
HEK293 FLN1 cells at a concentration up to 10 µM, with cell viability higher than 
80% (Figure 5.1D). Cell viability decreased to about 60% when the TCO-pG reached 
concentrations of 100 µM, although it is unlikely that such an elevated 
concentration is found in the applied context. 
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Figure 5.1: Characterization of products of conjugation of pG with TCO-OEG4-NHS ester. 
Chromatogram (A) and deconvoluted mass spectrum (insert) of recombinant protein G used 
for conjugation reaction. Chromatogram (B) and deconvoluted mass spectrum (insert) of the 1 
to 5 times TCO-conjugated product. (C) CD spectrum reporting mean residual ellipticity (MRE) 
of conjugated (solid line) and unconjugated (dashed line) protein G, (D) relative LDH activity of 
HEK293 FLN1 cells exposed to pG, TCO-OEG4-NHS ester and TCO-pG in solution for 24 
hours. 
 
The introduction of reactive handles on proteins has widespread applications in 
pharmaceuticals and biotechnology 224,225. The NHS-ester protein modification 
strategy employed in this work targets free primary amines generally present as 
lysine residues and therefore it is rather unspecific, but the ease of procedure and 
commercial availability of reagents make it advantageous. However, if the specific 
therapeutic target requires a more controlled chemical modification, residue-
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specific strategies might be required for the immobilization of protein G on 
synthetic substrates. For this purpose, authors often employ the reactivity of 
unnatural residues introduced by protein engineering. Hui et al. expressed a 
protein G variant containing p-benzoylphenylalanine (p-BPA) in the Fc-binding site 
and subsequently showed the light-activated covalent conjugation of human IgG 
antibodies via a reactive benzophenone without affecting the affinity for the antigen 
226. An interesting example of a modular system for the incorporation of antibodies 
and Fc-fusion proteins on DNA nanostructures was reported by Rosier et al., who 
developed a protein G variant that contains an N-terminal cysteine to allow for 
coupling to an amino-functionalized oligonucleotides via the heterobifunctional 
cross-linker sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate 
(Sulfo- SMCC) 227. 
 
Cell response to pG or TCO-pG functionalized films 
 
Drop cast films of UPy-PCL with 5 mol% UPy-Tz were employed as a simple model 
to test cell response to materials in which protein G was incorporated either via 
adsorption (pG) or specific iEDDAc reaction (TCO-pG). First, the WCA of 
functionalized materials was measured to ascertain whether the short 
oligo(ethylene glycol) spacer present in TCO-pG might affect the material 
hydrophilicity and therefore cell behavior. The WCA decreased upon protein 
incorporation from 70° ± 1° for UPy-PCL/UPy-Tz, to 67° ± 3° and 63° ± 4° for UPy-
PCL/UPy-Tz with pG and TCO-pG, respectively (Figure 5.2A). The measured WCA 
values are consistent with previously reported values for comparable systems 91, 
and they are not likely to affect the cell response on bioactive films.  
 
HEK293 FLN1 adhered on films with aspecifically adsorbed pG, while they were 
repelled by surfaces on which TCO-pG was reacted with the Tz moieties present at 
the surface (Figure 5.2B). As the viability of HEK293 FLN1 cells that did not adhere, 
is not different from the viability of cells adhered on control UPy-PCL/UPy-Tz film 
or on randomly adsorbed protein G (Figure 5.2C), it can be excluded that toxicity 
effects of surfaces modified with iEDDAC might be the cause of the unfavorable cell 
response towards materials functionalized with reactive TCO-pG. After protein 
immobilization via either adsorption or “click”-reaction the films were 
functionalized with Fc-Jagged1 ligand (or Fc fragment only as negative control) to 
measure Notch signaling activity. Consistently with the observed cell response, cells 
stimulated on materials with adsorbed protein G/Fc-Jagged1 exhibited a significant 
2.8-fold increase in Notch activity, while no significant effect was detected on 
materials with TCO-pG/Fc-Jagged1 (Figure 5.2D). 
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Figure 5.2: (A) Hydrophilicity of UPy-PCL/UPy-Tz films incubated with 50 µg mL-1 pG or TCO-
pG for 1 hour. Pristine material was incubated with MilliQ water. (B) Phase contrast 
micrographs of HEK293 FLN1 cells cultured for 24 hours on UPy-PCL/UPy-Tz dropcast films 
with adsorbed pG (left) or reacted with TCO-pG (right). Scale bars are 100 µm. (C) Metabolic 
activity of HEK293 FLN1 cell line cultured for 24 hours on UPy-PCL/UPy-Tz films with 
adsorbed pG or reacted TCO-pG. (D) Notch signaling activity of HEK293 FLN1 cells cultured on 
UPy-PCL/UPy-Tz dropcast films coated with pG or reacted with TCO-pG. Data (n=6) are 
normalized to the negative control (Fc-fragment only). Inhibition is carried out with 10 µM 
DAPT, all the other conditions are treated with the same amount of DMSO. 
 
To discriminate between the effects of the iEDDAC reaction or of the TCO-modified 
protein G on cell adhesion, we observed the behavior of HEK293 FLN1 cells and 
coronary artery smooth muscle cells (CASMC), a good model for cardiovascular 
applications, on film of UPy-PCL without any UPy-Tz that have been incubated for 1 
hour with either pG or TCO-pG. For both cell types, the response in terms of 
adhesion and morphology is consistent with the one observed in presence of UPy-
Tz. On UPy-PCL and UPy-PCL/pG films the cells formed healthy confluent 
monolayers, while they formed few clustered aggregates on UPy-PCL with adsorbed 
TCO-pG (Figure 5.3). In light of this, it is concluded that the negative cell response 
to TCO-pG, either reacted or adsorbed, might be due to conformational changes of 
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the protein in contact with the relatively hydrophobic material, which might lead to 
the exposure of cell-repellent portions of pG. Although the CD spectroscopy 
characterization did not reveal structural changes of TCO-pG in solution with 
respect to pG (Figure 5.1C), we cannot exclude that the TCO-modification could 
have affected the stability of the protein’s folding state when in proximity of the 
material. 

 

Figure 5.3: Fluorescence micrographs of HEK293 FLN1 cells (scale bars are 100 µm) (A) or 
CASMC (scale bars are 200 µm) (B) cultured on UPy-PCL films uncoated, coated with pG, or 
coated with TCO-pG in absence of reactive UPy-Tz for 24 hours. 
 
Cell response on functionalized electrospun meshes 
 
The proposed material modification was translated from a two-dimensional film to 
a porous fibrous mesh prepared with electrospinning, as this is a more relevant 
structure for the proposed application as scaffold for soft tissue engineering. A 
solution of UPy-PCL with 5 mol% UPy-Tz was electrospun into meshes with an 
average fiber diameter of 2.3 ± 0.7 µm (Figure 5.4A). The reaction of TCO-pG and 
coating of the unmodified pG were carried out as described for the cast film. 
Quantification of the amount of protein G deposited on the electrospun meshes 
revealed that iEDDAC reaction of TCO-pG on the material surface leads to 7.2-fold 
increase in the amount of protein presented on the scaffold with respect to amount 
of pG present after aspecific adsorption (Figure 5.4B). Therefore, it can be 
concluded that the immobilization of pG via TCO-Tz chemistry allows loading of 
the pristine material with a wider range of bioactive protein concentrations than 
mere adsorption. Protein quantification was attempted for cast films as well, but the 
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amount of protein G turned out to be below the detection limit of the assay (data 
not shown). The difference can likely be attributed to the large surface area that 
characterizes porous electrospun meshes compared to two dimensional films. 
 

 

Figure 5.4: (A) SEM micrograph of electrospun UPy-PCL + 5 mol% UPy-Tz. Scale bar is 50 µm. 
(B) Relative amount of pG or TCO-pG immobilized on the scaffold either via adsorption or 
specific iEDDAC reaction. 
 
HEK293 FLN1 cells response notably improved on the electrospun substrates with 
respect to cast films. Cells were able to adhere on UPy-PCL/UPy-Tz meshes with 
protein G either adsorbed or immobilized via specific iEDDAC reaction, although 
they showed slight clustering behavior on the latter (Figure 5.5A), indicating that 
the cells still prefer cell-cell contact instead of cell-material contact. Nevertheless, 
cell metabolic activity on the protein-loaded material was found to be similar to the 
one on the pristine UPy-PCL/UPy-Tz (Figure 5.5B), indicating that HEK293 FLN1 
cells do not suffer cytotoxic effects of the protein-modified material. After 
introduction of the bioactive Fc-Jagged1 ligand on the material, activation of Notch 
signaling in HEK293 FLN1 cells was detected on both substrates. The immobilized 
Fc-Jagged1 ligand elicited a 2.9-fold and 5.7-fold increase in luminescence 
intensity on materials with pG/Fc-Jagged1 and TCO-pG/Fc-Jagged1, respectively 
(Figure 5.5C). 
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Figure 5.5: (A) Fluorescence micrographs of HEK293 FLN1 cells cultured on UPy-PCL/UPy-Tz 
electrospun meshes coated with pG (left) or reacted with TCO-pG (right). F-actin (green), 
nuclei (blue). Scale bars are 50 µm. (B) Metabolic activity of HEK293 FLN1 cells cultured on 
electrospun UPy-PCL/UPy-Tz with adsorbed pG or reacted TCO-pG. (C) Notch signaling 
activity of HEK293 FLN1 cells cultured on UPy-PCL/UPy-Tz electrospun meshes coated with 
pG or reacted with TCO-pG. Data (n=6) are normalized to the negative control (Fc-fragment 
only). Inhibition is carried out with 10 µM DAPT, all the other conditions are treated with the 
same amount of DMSO. 
 
The mechanism of action of the Notch signaling pathway involves a number of inter 
and intracellular processes that occur after ligand-receptor binding, such as 
endocytosis, glycosylation, feedback regulation of ligand and receptor levels 
61,62,167,170. These processes are essential for the translation of the signal into a 
functional response of the cell, therefore we found it relevant to investigate whether 
the complexity of the biological process could be recapitulated on the bioactive 
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material, besides the ligand-receptor binding phenomena demonstrated in Figure 
5.5C. Primary human vascular smooth muscle cells (CASMC) endogenously 
expressing Notch3 receptor were cultured on UPy-PCL/UPy-Tz electrospun meshes 
modified with TCO-pG/Fc-Jagged1 to track the expression of genes regulating 
transcription downstream of NICD translocation to the nucleus, namely HEY1 and 
HES1, and genes related to the regulation of ligand and receptor levels, namely 
JAG1 and NOTCH3. Gene expression analyses reveal upregulation of expression 
levels of all the mentioned genes with respect to control samples presenting TCO-
pG/Fc fragment only (Figure 5.6 – black bars). Consistently, addition of DAPT, a γ-
secretase inhibitor, decreases expression levels for all the investigated genes 
(Figure 5.6 – white bars). Interestingly, the expression intensity of all the 
investigated genes on TCO-pG/Fc-Jagged1 functionalized substrates is higher than 
on meshes coated aspecifically with pG/Fc-Jagged1. This results might be due to a 
higher amount of Fc-Jagged1 immobilized on the material surface, as it is shown in 
Figure 5.4B that performing the iEDDAC reaction allowed the immobilization of a 
more protein G with respect to random absorption.  
Vascular smooth muscle cells undergo Jagged1-mediated differentiation to the 
contractile phenotype, which is directly linked to the expression of α-smooth 
muscle actin (α-SMA) 63,228. Therefore, the expression of the ACTA2 gene, related 
to the synthesis of α-SMA, was investigated on UPy-PCL/UPy-Tz meshes coated 
with pG or reacted with TCO-pG. Surprisingly, the expression of ACTA2 remained at 
control level on both substrates. We have shown in Chapter 4 (Figure 4.5) that 
CASMC responde to pG/Jagged1 with contractile differentiation on gene and protein 
level, therefore it is fair to expect a similar response on pG coated meshes at the 
very least. The observed behavior of CASMC might be due to a suboptimal adhesion 
and homing of the cells on the electrospun mesh occurring during the first 48 
hours after seeding. 



Chapter 5 

112 

 

Figure 5.6: Relative expression of Notch target genes (HEY1, HES1), lateral positive feedback 
target genes (JAG1, NOTCH3) and contractile differentiation (ACTA2) on vascular smooth 
muscle cells cultured on electrospun UPy-PCL/UPy-Tz, coated with pG (right group) or reacted 
with TCO-pG (left group). Substrates were functionalized with Fc-Jagged1 and used without 
(black bars) and with (white bars) inhibition with DAPT. Data (n=6) are normalized to the 
scaffold functionalized with Fc fragment only (dashed line, dotted lines represent the standard 
error of the control). 
 
Based on the findings illustrated in Figure 5.5C and 5.6, we concluded that a 
functional cell response can be induced upon introduction of a reactive protein G 
variant that binds to an Fc-fusion protein on supramolecular UPy-PCL. 
Notwithstanding the successful activation of the Notch signaling pathway and its 
downstream effects, the issue of compromised cell adhesion on substrates 
modified with TCO-pG is still present on electrospun meshes, although significantly 
less severe than on drop cast films. We speculate that the TCO-functionalization of 
protein G might have affected the stability of the protein, which in contact with the 
material surface can undergo structural changes that make it cell-repellent. 
However, it is still unclear how materials that have been functionalized in exactly 
equal ways, but have been processed by either solvent casting or electrospinning, 
lead to different cellular response (Figure 5.3B and 5.5A). One explanation might be 
that during polymer processing many parameters related to the technique can 
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influence the dynamics of polymer matrix and additive, thus leading to differences 
in the amount and modes of presentation of additives on the surface. Hence, it is 
hypothesized that a modified UPy-Tz exposure might be at the origin of the 
differential biocompatibility of drop cast films and electrospun meshes, which 
counteracts the cell-repellent effect of TCO-pG in the latter case. 
 
Taken together, our results represent the first evidence of successful post-
processing bioactivation of a supramolecular UPy-based solid material by means of 
click chemistry for the immobilization of Fc-fusion ligands. A large number of 
cytokines, enzymes, and receptor extra-cellular domains are commercially available 
as Fc-fusion proteins due to advances in the techniques for their large scale 
production 229. Furthermore, up to date nine Fc-fusion proteins have been 
approved as drugs by the FDA, and a large number is currently in clinical trials 230 
since the Fc-domain is often used to prolong half-life of their conjugate 
counterpart in vivo or enhance their therapeutic efficacy 231. Besides Fc-fusion 
proteins, the system described in this work can be potentially used for binding 
antibodies, which are frequently used in pharmacology to target receptors and 
cellular processes with high specificity 232. In light of this, it is expected that the 
development of substrates post-modified to incorporate Fc-tagged protein and 
antibodies will find broad applicability in therapeutic strategies that require 
processed biomaterials. 
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CONCLUSIONS 
 
A versatile and modular platform for introduction of bioactive Fc-fusion proteins on 
supramolecular solid materials based on UPy was developed via immobilization on 
Fc-binding protein G. TCO-modification of recombinant protein G allowed 
functionalization of UPy-PCL/UPy-Tz surfaces via a fast iEDDAC reaction. The 
introduction of TCO-pG on cast or electrospun surfaces turned out to affect the 
biocompatibility of the material in a processing-dependent manner. Cast films of 
UPy-PCL/UPy-Tz functionalized with TCO-pG turned out to be cell-repellent, while 
mere adsorption of protein G did not compromise cell adhesion. Instead, UPy-
PCL/UPy-Tz fibers created by electrospinning supported cell adhesion, viability and 
functionality. Bioactivation of supramolecular substrates was carried out by 
incorporation of Fc-Jagged1, a Notch ligand of interest in tissue regeneration 
strategies, on the Fc-binding material surface. The Fc-fusion ligand retained its 
functionality on TCO-pG modified electrospun materials, indicating that complex 
cellular processes such as Notch signaling can be recapitulated on the modified 
material in cell models expressing Notch1 and Notch3 receptors. In conclusion, a 
convenient strategy based on bioorthogonal click-chemistry is found to be suitable 
to modify supramolecular material surfaces. We envision that the system described 
in this work potentially has broad applications in the display of bioactive proteins, 
such as Fc-fusion proteins and therapeutic antibodies, onto processed solid 
materials. 
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EXPERIMENTAL SECTION 
 
Materials 
UPy-PCL (Mn ≈ 2700 g mol-1) and UPy-Tz (MW = 1190 g mol-1) were synthesized by SyMO-
Chem BV (Eindhoven, NL) as previously described 91. TCO-OEG4-NHS ester (equatorial isomer) 
was obtained from Jena Bioscience (Jena, DE). 1,1,1,3,3,3,-hexafluoroisopropanol (HFIP) was 
obtained by FluoroChem (Hadfield, UK). Other chemicals were obtained from Sigma-Aldrich 
and used without further purification, unless otherwise specified. 
 
Protein G conjugation and analysis by LC-QTOF-MS 
Recombinant protein G (ThermoFisher, 21,444 g mol-1) in a mixture water/glycerol 1/1 v/v 
was reacted with 10 eq TCO-OEG4-NHS ester at 20°C and 550 rpm for 1 hours. The reaction 
was repeated three times, for a total of 30 eq of TCO-OEG4-NHS ester. Afterwards, the 
mixture was purified using 10,000 MWCO Amicon filters by diluting the reaction mixture with 
Phosphate Buffered Saline (PBS) solution at pH 7.4 and centrifuging at 13,400 rpm for 5 
minutes. The conjugated protein remained in the filter and was obtained by inverted spinning 
and analyzed using a Waters Xevo G2 Quadrupole Time of Flight (QToF) Liquid 
Chromatography – Mass Spectrometry equipped with an Agilent Polaris C18A reverse phase 
column (ID 2.0 mm, length 100 mm). Proteins were flowed (0.3 ml/min) over the column 
using a 15% to 75% water/acetonitrile gradient with 0.1% formic acid prior to analysis in 
positive mode in the mass spectrometer. Deconvolution of the m/z spectra was done using 
the MaxENT1 algorithm in the MassLynx software. 
 
Preparation of drop cast films 
For preparation of drop cast films, 5 mol% of UPy-Tz were mixed to the dry UPy-PCL from 
stock solutions in HFIP, and the amount of solvent was adjusted to reach a final UPy-PCL 
concentration of 50 mg mL-1. Drop casting was performed by distributing 50 µL of solution on 
14 mm Ø glass coverslip. Afterwards, the films were dried overnight in vacuum at 40°C. For 
cell culture experiments, the films were sterilized with UV light for 10 minutes. 
 
Electrospinning  
Electrospinning was carried out on a climate EC-CLI electrospinning equipment from IME 
Technologies (Waalre, NL). A 300 mg mL-1 solution of UPy-PCL with the addition of 5 mol% 
UPy-Tz was dissolved in a mixture of CHCl3/HFIP 8/2 v/v overnight before loading in a 
syringe equipped with a 19G flat-tipped nozzle. The solution was fed at a constant flow rate 
of 55 µL min-1 with a voltage of 13 kV and a tip-collector distance of 15 cm. Electrospun 
fibers were collected on a rotating (100 rpm) cylindrical collector covered in Aluminium foil. 
After electrospinning, the meshes were dried overnight in vacuo. For cell culture experiments, 
samples were sterilized with UV light for 10 minutes.  
 
Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy (SEM) was performed using FEI Quanta 600 and Xt Microscope 
Control software. Mesh samples were mounted on a metal stub by using double sided carbon 
tape. The samples were visualized under low vacuum with an accelerating voltage of 10 kV 
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and a working distance of 10 mm. The fiber diameters were determined from multiple high 
magnification images using ImageJ software. 
 
Circular Dichroism (CD) 
The secondary structures of recombinant pG and TCO-pG were evaluated with CD 
spectroscopy using a JASCO J-815 spectrometer and a quartz cuvette with 1 cm path length. 
Spectra were collected between 200 and 300 nm at room T. Data are expressed as molar 
residual ellipticity (MRE), calculated from the measured ellipticity using the equation 148: 

   𝑀𝑀𝑀𝑀𝑀𝑀 = 𝜃𝜃×𝑚𝑚
𝑐𝑐×𝑙𝑙×𝑛𝑛r

                       

where θ is the ellipticity in millidegrees, m is the molecular weight in g mol-1, c is the protein 
concentration in mg mL-1, l is the path length of the cuvette in cm and nr is the number of 
amino acids in the molecule. 
 
Water Contact Angle measurements 
Water contact angle (WCA) measurements on drop cast films (n=5) were performed on an OCA 
30 system from Dataphysics using SCA20 software. A 5 µL drop of deionized water was placed 
on the films and images were captured 10 seconds after placement of the water drop. Water 
contact angles were determined from the recorded images. 
 
Activation of Notch signaling by immobilized ligands 
For induction of Notch signaling with immobilized extracellular domain of the Jagged1 ligand, 
UPy-PCL drop cast films or electrospun meshes containing 5 mol% UPy-Tz were incubated 
with a 50 µg mL-1 solution of TCO-pG in PBS at room T for 1 hour. As a control for 
aspecifically adsorbed protein, substrates were incubated with a 50 µg mL-1 solution of 
unconjugated recombinant pG in PBS at room T for 1 hour. After coating, substrates were 
washed three times with PBS and further blocked with Bovine Serum Albumin (BSA) 10 mg mL-

1 in PBS for 2 hours. As recombinant protein G lacks albumin-binding domains, this blocking 
step prevents aspecific adsorption of Fc-ligands at a later stage to surfaces that are not 
covered with protein G (conjugates). The blocked surfaces were washed with PBS and 
incubated with recombinant Fc-Jagged1 chimera (R&D systems) or only Immunoglobulin G 
(IgG), Fc fragment (Jackson ImmunoResearch) at concentrations of 1 μg mL-1 in BSA 1 mg mL-1 
in PBS for 3 hours. After washing, cells were immediately seeded on the coated surfaces 183. 
Inhibition was performed by addition of 10 µM N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT) to the culture medium from stock solutions in 
dimethylsulphoxide (DMSO). For comparison, all other groups were treated with the same 
amount of DMSO. 
 
Protein quantification 
The amount of pG or TCO-pG deposited on either cast films or electrospun meshes was 
quantified by QuantiPro micro-BCA assay (Sigma-Aldrich) by directly incubating the protein-
functionalized materials with the kit’s working solution at 37°C for 2 hours, followed by 
absorbance measurements at 562 nm. 
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Cell culture 
Human embryonic kidney (HEK) 293T cells stably expressing full-length Notch1 (HEK293 
FLN1) were cultured in complete medium consisting of Dulbecco's Modified Eagle Medium 
(DMEM, Gibco) supplemented with 5% v/v heat inactivated fetal bovine serum (HI-FBS) 
(Invitrogen) and 1% v/v penicillin–streptomycin solution (Invitrogen), at 37°C and 5% CO2 in a 
humidified atmosphere. HEK293 FLN1 were cultured on tissue culture treated polystyrene 
under puromycin selection (1 μg mL-1), passaged at 80% confluency and seeded at a 
concentration of 1.0 × 105 cells cm-2 on drop cast films or electrospun meshes. 
Primary human Coronary Artery Smooth Muscle cells (HCASMC, Lonza) were purchased at 
passage 3 and experiments were carried out with cells at passage 5 or 6. Cells were cultured 
in 231 basal medium (Gibco) supplemented with 5% v/v smooth muscle growth supplement 
(SMGS, Gibco) and 1% v/v penicillin–streptomycin solution (Invitrogen), at 37°C and 5% CO2 in 
a humidified atmosphere on cell culture treated polystyrene. HCASMC were passaged at 80% 
confluency and seeded at a concentration of 5.0 × 103 cells cm-2. 
 
Cytotoxicity, cell viability 
Cytotoxicity of different concentrations of TCO-pG in solution for HEK293 FLN1 cell line was 
assessed by LDH Cytotoxicity Assay kit (PierceTM) following manufacturer’s instructions. Cell 
viability was assessed as metabolic activity on different materials was assessed by XTT in vitro 
Toxicology Assay kit (Sigma-Aldrich) following manufacturer’s instructions.  
 
Luciferase reporter assay 
Notch signaling activity in HEK293 FLN1 cells was measured by transfecting cells with a 
12xCSL-Luciferase reporter construct 184 (250 ng per 105 cells) one day before seeding. 
Poly(ethylene imine) (PEI) was used as transfection vector in 2:1 ratio with the DNA construct. 
Luminescence intensity was detected after 48 hours from seeding with a Luciferase Assay Kit 
(Promega) following manufacturer’s instruction (n ≥ 6). Luminescence intensity was 
normalized for cell amount, which was measured with the CyQuant® Assay kit (ThermoFisher) 
following manufacturer’s instruction. 
 
Gene expression analyses 
For gene expression analyses, HCASMC were cultured on the different substrates (n=6) for 48 
h. Total RNA was isolated using the RNAeasy isolation kit (Qiagen). cDNA was synthesized 
with 150 ng RNA per sample using the M-MLV Reverse Transcriptase enzyme/kit (Bio-Rad). 
cDNA samples were subjected to quantitative Polymerase Chain Reaction (qPCR) using iQTM 
SYBR Green Supermix (Bio-Rad) and the Bio-Rad IQ™5 detection system (Version 1.6). mRNA 
expression was normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as 
reference gene and expressed as fold increase with respect to the control group. Primer 
sequences for human genes are (5’  3’): 
GAPDH, fw: TGTTGCCATCAATGACCCCTT, rv: CTCCACGACGTACTCAGCG;  
HEY1, fw: TGGATCACCTGAAAATGCTG, rv: CGAAATCCCAAACTCCGATA;  
HES1, fw: AGTGAAGCACCTCCGGAAC, rv: CGTTCATGCACTCGCTGA;  
JAG1, fw: GATGATGGGAACCCGATCAA, rv: GCGAGCTGTTTCCATCACGT; 
NOTCH3, fw: CCATGGTCTTCCCTTACCACC, rv: GCAGAGCCGGTTGTCAATCT; 
ACTA2: fw: GTCCCAGACATCAGGGAGTAA, rv: TCGGATACTTCAGCGTCAGGA. 
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Fluorescence microscopy 
Cells were first washed with PBS, fixated in 3.7% formaldehyde (Merck) for 10 minutes, washed 
with PBS, and permeabilized with 0.5% Triton X-100 (Merck) for 15 minutes. Cells were then 
incubated with phalloidin-Atto488 (Sigma-Aldrich) in the dark for 45 minutes, followed by 
incubation with DAPI (0.1 µg mL-1) in PBS for 5 minutes. Finally, samples were washed and 
mounted on cover glasses with Mowiol (Sigma). Samples were imaged with a Zeiss Axiovert 
200M epifluorescence microscope. 
 
Statistical analyses 
Data are expressed as average ± standard deviation. Statistically significant differences were 
determined using a non-parametric Kruskall-Wallis test followed by Dunn’s post-hoc test. 
Asterisks in the figures indicate significant differences as follows: * p<0.05, ** p<0.01, *** 
p<0.001. All statistical analyses were performed using GraphPad Prism 5 Software (GraphPad 
Software, Inc.). 
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In biomaterial-driven regenerative medicine, the material used to produce the 
scaffold represents the enabling element at the core of the technology 26,104,105. It is 
therefore fundamental to tune the material to perfection with the aim to regenerate 
tissues and organ functions. The progress of regenerative medicine is challenged 
by the complex response of the human body to the material. In this context, 
complexity calls for complexity, and materials designed according to the principles 
of supramolecular chemistry are proposed to be a promising solution 83.  
 
Supramolecular biomaterials based on hydrogen bonding ureido-pyrimidinones 
(UPy) display interesting structural dynamics due to the reversible association 
between the monomers, which is at the basis of their modularity 88,124. This class of 
materials is exceptionally versatile due to their non-covalent nature, they represent 
a suitable platform to develop regenerative solutions with the right trade-off 
between translational results and step-wise optimization of complex bioactive 
surfaces (Figure 6.1). In this final chapter, the different approaches examined in 
this thesis are summarized, and future directions and recommendations are given 
to further advance the engineering of UPy-materials for heart valve tissue 
engineering. In this dissertation, we show that different levels of complexity can be 
addressed in parallel with the aim of improving the material towards application in 
a prosthetic heart valve (ImaValve) for minimally invasive implantation. A relatively 
simple chain-extended supramolecular elastomer is employed in the context of 
development of the medical device (Chapter 2). In the following chapter (Chapter 3) 
a two-component system is created by combining the elastomeric polymer with a 
novel chain-extended hydrogel for creating a drug-eluting multicomponent 
scaffold. Eventually, we explore the possibility of creating a Notch signal-sending 
material incorporating Jagged1 ligand functionalities, either as short peptides 
(Chapter 4) or proteins (Chapter 5). 
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Figure 6.1. Overview of the topics addressed in the thesis. Materials based on ureido-
pyrimidinones (UPy) are engineered to developed a prosthetic aortic valve (top left); drug-
release properties are introduce in the scaffold material directly during processing, and the 
release profile can be easily tuned for small bioactive molecules (top right); Bioactivity 
targeting the Notch signalling pathway is introduced via two approaches: short peptide-mimic 
and indirectly-immobilized protein. Materials of increasing complexity are envisioned to be of 
added value in translating regenerative medicine to the patients. 
 
1. Development of polymeric heart valve substitutes for regenerative purposes 
 
Since the first examples of supramolecular telechelic UPy-polymers have been 
reported 73,76 the synthetic procedures and designs of this class of materials have 
progressed enormously. Nowadays supramolecular polymer libraries are easily 
accessible by tuning the nature of the polymer modified with UPy-motifs 233. With 
regards to heart valve regeneration, the most prominent development which 
enables the use of UPy-materials in the field is the introduction of the so-called 
“chain-extended” polymers. These materials are structurally very close to the 
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traditional covalent block copolymers. Their supramolecular nature proves to be an 
extraordinary advantage in the stage of polymer processing, benefitting from low-
viscosity melt and solutions, while displaying strength and elasticity in the solid 
state. These materials have been applied for load-bearing applications such as for 
the replacement of the aortic heart valve in preclinical studies 44. The articulated 
process of the development of innovative medical devices requires a relatively 
simple material platform to further develop the technology into a real application. 
In Chapter 2, a chain-extended polymer based on poly(hexamethylene carbonate) 
proves to be suitable for advancing the development of the ImaValve prosthesis, a 
biodegradable heart valve designed for aortic valve replacement using minimally 
invasive surgery (TAVR). The selection of the current material involved screening 
the fatigue resistance properties of a wide library of chain-extended polymers with 
different length and nature of the polymeric segment. UPy-based block copolymers 
present a unique advantage of tunability of the properties independently from each 
other by changing the nature of the various components. Furthermore, modular 
materials such the ones based on UPys can be made responsive and bioinstructive 
to improve cellular processes involved in tissue restoration, such as the immune 
response, active cell recruitment and matrix deposition and remodelling.  
 
2. Introduction of bioactivity into tissue engineering materials 
 
The supramolecular platform based on UPys has been proposed as most suitable 
for the creation of smart bioactive materials, such as being used for heart valves 83. 
To this end, we have explored different functionalization strategies for the use of 
drugs, peptides and proteins into bioinstructive load-bearing heart valve materials. 
 
2.1. Core-shell supramolecular fibers for drug release 
 
In Chapter 3, two polymers presenting the chain-extended design with 
supramolecular moieties in the main polymer chain have been employed for the 
creation of core-shell fibers by coaxial electrospinning. The hybrid system retained 
mechanical properties similar to the ones of the monocomponent elastomeric 
mesh, and it was shown that small molecules drugs can be incorporated in the shell 
electrospinning solution to create a drug-loaded fibrous scaffold directly during 
processing. The water solubility of the chosen drug determines the release kinetics, 
as highly hydrophilic drugs are released immediately upon contact with water, while 
hydrophobic drugs are retained in the scaffold for over two weeks. The elution rate 
of hydrophilic drugs can be tuned by selective modifications that increase drug-
matrix affinity, as shown in our work by means of a simple UPy-modification of a 
model compound. Altogether, we demonstrated the upgrade of a simple 



General discussion 

123 

elastomeric mesh by means of hydrogel and drug components bearing matching 
supramolecular motifs. This was achieved using the same processing technique 
originally used for the creation of the pristine mesh. This straightforward 
bioactivation method elegantly highlights once again the potential of 
supramolecular UPy-materials to adapt and support the requirements for materials 
and devices for regenerative medicine, which are expected to continuously mutate 
with the ongoing process of clinical translation and fundamental discoveries 
regarding the regeneration mechanisms. 
 
The introduction of drugs and proteins into supramolecular material-derived 
medical devices will definitely have an impact on the course of regulatory approval 
pathways. The product purpose definition may shift from a mere medical device to 
a combination medicinal product, with the primary mode of action focused on the 
use of a pharmacologically active substance. Notwithstanding the regulatory 
complications, when the application requires it, we propose that the multi-
component drug-loaded fiber mesh investigated in Chapter 3 is a readily applicable 
solution for implementing bioactivity in heart valve regeneration. The system could 
be swiftly implemented into regenerative heart valve prosthesis such as the 
ImaValve, as it makes use of the already employed chain-extended materials. 
Additionally, the choice of bioactive compound, in the form of a small molecule 
drug, is in principle only limited by the solubility in the electrospinning solvent and 
in the polymer matrix in the therapeutic range of concentrations. A further 
advantage of small molecules is that they are likely to remain unaltered in the 
embedding material for long periods of time, which is ideal for the creation of off-
the-shelf processed devices. The release of small molecule drugs might be useful 
to prevent complications or to enhance regeneration under conditions such as such 
as thrombosis, incomplete endothelialisation and adverse remodelling leading to 
stenosis and aneurysm formation. 
 
A large number of small molecule drugs already received CE marking and/or FDA 
approval for the treatment of complications following cardiovascular interventions, 
such as stent or aneurysm coil placement. The use of (unmodified) drugs that 
already received authorization to enter the market would obviously simplify the 
process of developing a regenerative medical device with bioactive properties. If the 
chosen drug is rather hydrophobic, it would be possible to mix it directly in the 
electrospinning solution without any structural modification. A few examples of 
lipophilic drugs that have been released from cardiovascular devices in clinical 
trials, and their chemical structure, are reported in Table 6.1. Examples of 
hydrophilic compounds of interest for cardiovascular regeneration are heparin, 
used to prevent thrombosis in drug eluting stents and synthetic vascular grafts 234; 
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carmustine released from nanoparticles to inhibit cellular proliferation in 
atherosclerotic lesions 235; Ac2-26 (Annex A1-derived peptide) used as an anti-
inflammatory 236; vascular endothelial growth factor (VEGF) plasmids to increase 
endogenous VEGF production and restore the endothelium 237,238; siRNA and 
microRNA eluted from stents and nanoparticles in order to enhance endothelial 
function, prevent macrophage accumulation, reduce adhesion molecule receptors, 
suppress SMC proliferation 239. If slow release of a hydrophilic compound is found 
to be suitable for a specific treatment, it would be necessary to apply a structural 
modification to the molecule and prove that the newly designed molecule performs 
at least as well as the original molecule, without compromising safety. However, 
alternative formulations such as slow-eluting particles/carriers might provide slow 
release without the need for modification of the drug. 
 
Table 6.1. Lipophilic drugs used in cardiovascular devices with drug release properties. 

Drug Material/Device Function 
NovolimusTM 

 

Poly(L-lactic acid) (PLLA) 
bioresorbable (1 year) coronary 
stent (DESolve®) 

Inhibition of neointimal 
hyperplasia and restenosis, 2 
years of sustained efficacy 
and safety (DESolve trial; 
NCT02086045) 240 

EverolimusTM 

 

PLLA resorbable (3 years) 
coronary stent (Absorb®) 

Reduction of restenosis at 5 
years post-implantation in a 
stenotic lesion, stable lumen 
dimensions (ABSORB-B trial; 
NCT00856856) 241 

SirolimusTM 

 

Poly(ethylene-co-vinyl acetate) 
(PEVA) and poly(n-butyl 
methacrylate) (PBMA) coating on 
stainless steel stents (Cypher®) 
Microporous hydroxyapatite 
coatings of stainless steel 
(VESTAsync®) 

Suppression of neointimal 
hyperplasia and in stent 
lumen loss 1 year after 
implantation (SIRIUS trial; 
NCT00232765 and 
VESTASYNC I trial) 242–244 

PaclitaxelTM 

 

Poly(styrene-co-isobutylene-
co-styrene) (SIBS) coating on 
stainless steel stents (Taxus®) 

Reduced stent restenosis at 9 
months (TAXUS IV-SR trial; 
NCT00292474) 245,246 
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2.2. Elastomeric materials presenting (mimics of) the Jagged1 ligand 
 
In Chapter 4 and Chapter 5 the chosen bioactivation strategy revolves around the 
creation of materials presenting (mimics of) the ligand Jagged1 to enhance Notch 
signaling activity in the regeneration site. Although the examples that use the 
stimulation of the Notch signaling pathway in tissue engineering are few 54,218, the 
huge potential of this approach is corroborated by studies that report the role of 
Jagged1 as promotor of wound healing and stem cell niche renewal in a variety of 
tissues and disease models 53,57,60,247,248. Material platforms that include (mimics of) 
Jagged1 are generally limited to hydrogels 159,219, cell culture plastics 213,249, glass 
250 or self-assembling monolayers 181,251. Elastomeric substrates of interest in 
cardiovascular tissue engineering have not been reported in literature yet, therefore 
we focused our study on the bioactivation of a model supramolecular solid, 
telechelic UPy-PCL. 
 
2.2.1. Small molecule bioactive: the Jagged1-mimicking peptide 
 
In Chapter 4, the bioactivation has been attempted by means of a previously 
reported Jagged1-mimicking peptide functionalized with an UPy-moiety (UPy-
DSLJAG1); however, this approach was not successful when implemented on a solid 
material. Interestingly, the activity of the DSLJAG1 and UPy-DSLJAG1 peptides has been 
detected when the molecules are administered in solution to cell line expressing 
the Notch 1 receptor. Besides confirming that UPy-modification of the peptide does 
not affect negatively its ability to engage the Notch1 receptor, this evidence 
suggests that materials should allow the peptide to be presented in concentrations 
and/or configurations that have high enough affinity for the target receptor. 
Hydrogels are likely to have intrinsically richer dynamics than solids in terms of 
timescales and magnitudes, which might be at the origin of the fact that most of 
the reports of DSLJAG1 activity are based on such materials. The study of Boopathy et 
al. 159 is a very fitting example as the material functionalized with the DSLJAG1 
peptide is a supramolecular system based on self-assembling (RADA) peptides, 
which are capable of gelation at high concentrations and they self-assemble into 
nanoaggregates at low concentrations. The authors indeed reported a much lower 
activation of Notch signaling of CHO cells with Notch1-responsive fluorescent 
reporter when seeded on the DSLJAG1-presenting hydrogel than when the RADA 
peptide–DSLJAG1 peptide conjugate was administered in solution at 40 µM. 
Furthermore, they highlighted how increasing hydrogel concentration did not lead 
to higher Notch signaling activity. 
Lack of high-affinity and multifunctionality typical of whole proteins (or protein 
domains) are acknowledged disadvantages of the use of short peptide ligands on 
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biomaterials 252,253. However, the practicality and accessibility of short peptides, 
similarly to small-molecule drugs, makes mimicking peptides worthy of 
consideration when engineering biomaterial substrates. Therefore, we proposed 
that the use of short peptides on elastomeric materials should not be abandoned 
completely, but instead more research should be directed at achieving a better 
control on mode and magnitudes of peptide exposure on biomaterials. Possible 
solutions might come from the design of multivalent UPy-peptides, or from post-
modification strategies that selectively target the surface, instead of relying on the 
migration of peptide from the bulk to the surface during processing. 
To date, the majority of UPy-based bioactives are studied using telechelic UPy-PCL 
as a solid material (such as the UPy-PCL used in Chapter 4 and 5). However, 
telechelic UPy-polymers are simply a model for supramolecular material. Such 
model is useful for studying the activity of UPy-peptides in a relatively controlled 
and reproducible platform. Chain-extended polymers are preferred for 
cardiovascular applications because of their mechanical properties. The activity of 
UPy-peptides mixed into the materials is determined by the exposure and 
embedding into the polymer matrix, but the assembly of additives is hypothesized 
to differ greatly when changing the polymer matrix from telechelic polymer to 
chain-extended polymer. Cast films composed by chain-extended UPy-PC 
incorporating 1 and 5 mol% of UPy-DSLJAG1 were observed with atomic force 
microscopy (AFM) (Figure 6.2 – compare with telechelic UPy-PCL model system in 
Figure 4.2-top row).  

 

Figure 6.2. Surface morphology of chain-extended polymer with UPy-peptide. AFM 
micrographs cast films of pristine CE-UPy-PC (left) with addition of 1 mol% (centre) and 5 
mol% (right) of UPy-DSLJAG1. Scale bars represent 200 nm. 
 
The morphology of chain-extended polymer surfaces is granular and it is not 
possible to distinguish fibrous assemblies, such as those found in telechelic UPy-
PCL. Addition of 1 and 5 mol% of results in a mild degree of phase separation, but 
the surface is morphology is visibly different with respect to the surface showed in 
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Figure 4.2 – which are based on telechelic polymer. Before proceeding with the 
translation of successful bioactivation proof-of-concepts to more applicable chain-
extended polymer, it will be necessary to ascertain that the efficacy of peptide 
presentation is not compromised.  
 
2.2.2. Bioactive protein: the full-length Jagged1 extracellular domain 
 
In Chapter 5, we achieved the activation of Notch signaling in HEK293 cells and 
vascular smooth muscle cells (VSMC) using the Fc-fusion full-length extracellular 
domain of the Jagged1 ligand immobilized on UPy-PCL electrospun meshes. The 
immobilization was carried out in an indirect manner thanks to the Fc-binding 
capacity of protein G modified with a reactive TCO moiety (TCO-pG). The protein 
was introduced on the material after processing by means of a bio-orthogonal 
reaction. This strategy proved to be successful in achieving Notch activation, but a 
number of limitations need to be considered. Firstly, an unexpected decrease in 
biocompatibility of the material surface was observed upon introduction of TCO-pG 
on the material surface, either by means of specific reaction or adsorption. This 
effect is diminished, but not totally eliminated, on an electrospun mesh with 
respect to flat films, which might be connected to a different exposure of reactive 
UPy-additives due to processing methods. As results, cell adhesion, although 
improved, was partly compromised on meshes functionalized with TCO-
pG/FcJagged1. This suboptimal homing of cells on functionalized electrospun 
meshes might be at the origin of the lack of contractile differentiation of VSMC 
observed, despite evidences of successful activation of the Notch signaling pathway 
in these cells when seeded on the TCO-pG/FcJagged1 substrate. 
The compromised cell adhesion on protein-functionalized surfaces has been 
attributed to the structural damage that the protein suffers when in contact with the 
material surface, as it is known that a protein will undergo conformational changes 
upon adsorption and, in some cases, loss of activity 254,255. Another factor that 
might induce protein unfolding in contact with the biomaterial is the induced high 
local concentration (monolayer or more), which has been demonstrated to cause 
unfolding in solution and on a surfaces 256. Theoretical studies by Sharma et al. 
highlighted the synergetic effect of hydrophobic surface and high concentration on 
the denaturation of adsorbed proteins 256. Roach et al. carried out experimental 
adsorption studies of albumin and fibrinogen on model hydrophobic (n-
heptanethiol, WCA 94°) and hydrophilic (mercaptoethanol, WCA 48°) surfaces, and 
they found out that hydrophobic surfaces have greater tendency to induce 
denaturation than hydrophilic surfaces 257. 
Although our results are a first step towards stimulating Jagged1-mediated Notch 
activity on elastomeric materials, improvements to the biocompatibility of the 
system must be realized before an application can be envisioned. Surface 
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treatments to the material, such as plasma treatment, might be an option to reduce 
hydrophobicity. Other possible solutions might be the pre-assembly of the protein 
of interest with “carrier proteins” or stabilizing molecules that avoid structural 
damages. Additionally, one could even think of designing “super-stable” proteins 
specifically for use as bioactive agents in contact with solid tissue engineering 
scaffolds. For the specific case of binding Fc-fusion proteins, it might be interesting 
to explore the use of short-peptides that can bind Fc fragments, such as the 13-
residues peptide DCAWHLGELVWCT (PDB: 1DN2) 258 and combine the strategy 
presented in Chapter 5 with the already existing knowledge of modification of 
biomaterials with UPy-peptides. 
 
Bioactive materials presenting cell signaling ligands might lack functional 
specificity, for example through leakage or degradation products. The Notch 
pathway is no exception, as it is rather ubiquitous over the whole organism, and 
there might be a risk of side effects if the location and timeframe of action of ligand 
activity is not tightly controlled. However, the benefit offered by maintaining high 
levels of Notch activity at the site of regeneration is envisioned to be an exceptional 
advantage in patients with low restoration potential, such as the elderly. Therefore, 
further research into the requirements for efficient manipulation of Notch signaling 
on tissue engineering scaffolds is encouraged. 
 
3. Concluding remarks 
 
Scientists and engineers working at the cross-roads between material science and 
medicine are faced with a typical translational dilemma. The endless possibilities 
offered by fascinating novel biomaterials might be conflicted by the practical issues 
that arise when moving towards clinical applications, which favour less complex 
materials. The concept of practicality is essential in translational biomedical 
science, as it favours broad applications of the technology, ease of use by clinical 
staff, and safety for the patient. However, when new regenerative medical devices 
will enter the market, new questions will arise from its widespread use. Although at 
this moment the introduction of complexity requires more research efforts in order 
to reach the clinical application, it is envisioned that in the future complex 
bioinstructive materials will provide access to regenerative heart valves to a broad 
patient population. Summarized, this thesis describes the exploration of material 
concepts of increasing complexity for the optimization of material-driven 
regenerative therapies targeting the aortic valve. By using a supramolecular material 
platform, it will be possible to provide smart solutions by continuing to address 
fundamental mechanisms related to tissue and organ regeneration, and as such 
expand the boundaries of current biomaterials based on supramolecular chemistry. 
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Summary 
 
 
Polymeric materials based on supramolecular chemistry have given major 
contributions to biomedical research. The ureido-pyrimidinone (UPy) is the 
supramolecular moiety at the base of materials which combine the mimicry of 
complex biological processes with synthetic accessibility, processability and 
modular nature.  
In order to bring regenerative medicine into clinical practice, material research must 
be first integrated into the multifaceted process of medical device development. In 
Chapter 2, chain-extended UPy-poly(hexamethylene carbonate) meshes fabricated 
with electrospinning are employed as a scaffold for aortic valve prostheses for 
transcatheter heart valve replacement (TAVR). The heart valve prototype was 
developed according to ISO standards, and in parallel with a self-expandable nitinol 
stent and a dedicated transapical delivery system. The device was implanted in the 
aortic position in adult sheep with minimally invasive surgery. Acute follow up of 6 
hours showed good immediate functionality, satisfactory leaflet motility with minor 
central regurgitation and uncompromised coronary flow. 
A cell-free regenerative approach fully relies on the host response to the material 
and its regenerative potential, a process which is known to be highly patient- and 
morbid context- specific. Smart bioactive materials are proposed to be of aid in 
treating a broad set of patients by means of drugs, peptides and growth factors 
that can improve the host response to the biomaterial. In Chapter 3, novel 
supramolecularly cross-linked block copolymers based on poly(ethylene glycol) are 
developed to introduce drug release properties into the scaffold material. Coaxial 
electrospinning allows the creation of core-shell elastomer-hydrogel fibers 
incorporating small molecule drugs into the shell layer. Highly hydrophilic drugs 
undergo burst release, while hydrophobic drugs and UPy-modified hydrophilic 
drugs are retained into the hydrogel layer for several weeks. 
In Chapter 4 and 5, the aim of the bioactivation is to induce and enhance Jagged1-
mediated Notch signaling activity on the material surface. This signaling pathway is 
proposed to be of vital importance in stimulating the body’s regenerative potential 
and wound healing, and it is directly involved in the formation of cardiovascular 
tissues’ layered architecture. The strategy employed in Chapter 4 revolves around a 
Jagged1-mimicking peptide (DSLJAG1) functionalized with a UPy moiety (UPy-
DSLJAG1), which is used in two distinct assembly configurations: as an additive for 
solid materials based on UPy-functionalized poly(ε-caprolactone) (UPy-PCL), or as a 
supramolecular nanoaggregate in solution. Material characterizations in solid state 
and in solution show the role of supramolecular assembly in determining the 
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presentation modes of the bioactive peptide. The activity of the UPy-DSLJAG1 in 
different supramolecular platforms is studied in cell models expressing Notch1 and 
Notch3 receptors. The measured Notch signaling activity on different substrates 
indicates a dependence of the UPy-DSLJAG1 conjugate functionality on the assembly 
state, suggesting that dynamics of peptide presentation are important for 
successful activation of Notch signaling on biomaterials. In Chapter 5, UPy-PCL 
surfaces are functionalized with the Fc-fusion full-length extracellular domain of 
the Jagged1 ligand (FcJagged1) via an indirect immobilization strategy which relies 
on the Fc-binding properties of protein G (pG). UPy-PCL was supramolecularly 
functionalized with a reactive UPy-tetrazine (UPy-Tz) additive for inverse electron 
demand Diels Alder cycloaddition (iEDDAC) in order to react a trans-cyclooctene 
(TCO)-modified pG (TCO-pG) on the material surface after processing. The 
biocompatibility and efficacy of the system are studied on both films and 
electrospun meshes. Biocompatibility appears to be affected by the introduction of 
the TCO-modified protein in a processing-dependent manner, as cells responded 
better to porous electrospun fibers than to flat films. Eventually, Notch signaling 
activation was successful on Jagged1-functionalized electrospun meshes. 
In conclusion, this thesis demonstrates the use of supramolecular tools to advance 
biomaterial-driven regenerative medicine towards the treatment of heart valve 
failure patients. It is proposed that an optimal balance between translational efforts 
and fundamental studies of materials complexity will uncover the potential of 
supramolecular materials in regenerative medicine. 
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Samenvatting 
 
 
Supramoleculaire polymeren hebben een onmisbare bijdrage geleverd aan 
biomedisch onderzoek. Het ureido-pyrimidinon (UPy) molecuul is de 
supermoleculaire groep die aan de basis staat van materialen die het imiteren van 
complexe biologische processen  combineren met synthetische toegankelijkheid, 
verwerkbaarheid en modulariteit. 
Om regeneratieve geneeskunde in de klinische praktijk te brengen, moet het 
materiaalonderzoek eerst worden geïntegreerd in het veelzijdige proces van de 
ontwikkeling van medische hulpmiddelen. In Hoofdstuk 2 worden chain-extended 
UPy-poly(hexamethyleencarbonaat) microvezels netwerken gebruikt voor aortaklep 
protheses, geschikt voor transkatheter hartklepvervanging (TAVR). Het prototype 
van de hartklep werd ontwikkeld volgens de ISO-normen en parallel aan een 
zelfuitzetbare nitinol-stent en een speciaal transapikaal toedieningssysteem. De 
hartklep werd geïmplanteerd bij volwassen schapen op de aortapositie met 
minimaal invasieve chirurgie. De acute follow-up van 6 uur toonde goede 
onmiddellijke functionaliteit, voldoende bladmotiliteit met weining centrale 
regurgitatie en ongehinderde coronaire flow. 
Het succes van een celvrije regeneratieve aanpak is volledig afhankelijk van de 
lichamelijk reactie op het materiaal en zijn regeneratieve vermogen, een proces 
waarvan bekend is dat het zeer patiënt- en morbide context specifiek is. Slimme 
bioactieve materialen worden voorgesteld als hulpmiddel bij de behandeling van 
een brede groep patiënten door middel van medicijnen, peptiden en eiwitten die de 
host response op het biomateriaal kunnen verbeteren. In Hoofdstuk 3 worden 
nieuwe supramoleculair gecrosslinkte blokpolymeren op basis van 
poly(ethyleenglycol) ontwikkeld om medicijnafgifte eigenschappen in het materiaal 
te introduceren. Met behulp van coaxial electrospinning zijn elastomeer-hydrogel 
vezels gemaakt met een kern en een schil gemaakt van twee verschillende 
materialen. Kleine moleculen kunnen in de schillaag gebracht worden. Er is 
aangetoond dat sterk hydrofiele moleculen burst-afgifte laten zien, terwijl 
hydrofobe moleculen en UPy-gemodificeerde hydrofiele moleculen gedurende 
enkele weken in de hydrogellaag worden vastgehouden.  
Het doel van hoofdstuk 4 en 5 is het induceren van de bioactivatie en het 
versterken van Jagged1-gemedieerde Notch-signaleringsactiviteit op het 
materiaaloppervlak. Deze signaalweg wordt verondersteld van vitaal belang te zijn 
bij het stimuleren van het regeneratieve vermogen van het lichaam en 
wondgenezing, en is direct betrokken bij de vorming van gelaagde architectuur van 
cardiovasculaire weefsels. In hoofdstuk 4 wordt gebruikt gemaakt van een Jagged1-
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nabootsend peptide (DSLJAG1) gefunctionaliseerd met een UPy-groep (UPy-DSLJAG1). 
De moleculen zijn bestudeerd in twee verschillende assemblageconfiguraties: als 
een additief voor vaste materialen op basis van UPy-gefunctionaliseerde poly(ε-
caprolacton) (UPy-PCL), of als een supramoleculair opgelost nanoaggregaat. 
Materiaalkarakterisatie van de moleculen in vaste vorm en als oplossing tonen de 
rol van supramoleculaire assemblage bij het bepalen van de presentatiemodi van 
het peptide. De activiteit van de UPy-DSLJAG1 in verschillende supramoleculaire 
platforms wordt bestudeerd in verschillende celmodellen. De gemeten Notch-
signaleringsactiviteit duidt op een afhankelijkheid van de functionaliteit van het 
UPy-DSLJAG1 conjugaat op de assemblagetoestand, wat suggereert dat de dynamiek 
van peptide presentatie belangrijk is voor succesvolle activering van Notch-
signalering op biomaterialen. In Hoofdstuk 5 worden UPy-PCL oppervlakken 
gefunctionaliseerd met het Fc-fusie van volledige lengte extracellulaire domein van 
het Jagged1 ligand (FcJagged1) door middel van een indirecte 
immobilisatiestrategie die berust op de Fc-bindingseigenschappen van eiwit G (pG). 
UPy-PCL is supramoleculair gefunctionaliseerd met een reactief UPy-tetrazine (UPy-
Tz) additief om het materiaaloppervlak te modificeren met trans-cycloocteen 
(TCO)-gemodificeerd pG (TCO-pG) via een inverse elektronenvraag Diels Alder 
cycloadditie (iEDDAC) reactie. De biocompatibiliteit en doeltreffendheid van het 
systeem worden bestudeerd op zowel films als elektrogesponnen netwerken. 
Biocompatibiliteit lijkt te worden beïnvloed door de introductie van het TCO-
gemodificeerde eiwit op een procesafhankelijke manier, omdat de cellen beter 
reageerde op poreuze elektrogesponnen vezels dan op vlakke films. Uiteindelijk is 
een gestegen Notch-signaleringsactivering waargenomen op Jagged1-
gefunctionaliseerde elektrogesponnen netwerken. 
Samengevat, demonstreert dit proefschrift het gebruik van supramoleculaire 
gereedschappen om biomateriaal-gedreven regeneratieve geneeskunde te 
bevorderen richting de behandeling van patiënten met hartklepfalen. Er wordt 
voorgesteld dat een optimale balans tussen translasionele inspanningen en 
fundamentele studies van complexe materialen ervoor zal zorgen dat de potentie 
van supramoleculaire materialen wordt onthult. 
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Riassunto 
 
 
I materiali polimerici che si basano sui principi della chimica supramolecolare 
hanno apportato notevoli sviluppi alla ricerca in campo biomedico. Lo ureido-
pyrimidinone (UPy), un gruppo funzionale che dimerizza tramite quattro legami a 
idrogeno, è alla base di una classe di biomateriali supramolecolari che rappresenta 
una combinazione unica di complesse proprietá biomimetiche, facilitá di sintesi, 
lavorazione e natura modulare.  
Ai fini di portare la medicina rigenerativa nel contesto clinico, la ricerca riguardante 
nuovi materiali deve essere dapprima integrata nel multifacettato processo di 
svillupo di dispositivi medici. Nel Capitolo 2, un copolimero a blocchi composto da 
segmenti soft di poliesametilencarbonato intercalato con segmenti hard di UPy-n-
alchile (UPy-PC) è impiegato per la fabbricazione di matrici porose elettrofilate nel 
processo di creazione di una valvola cardiaca artificiale biodegradabile - ImaValve. 
Il dispositivo è stato progettato per la sostituzione via catetere della valvola aortica 
(TAVR), una procedura che permette di effettuare chirurgia cardiotoracica in modo 
minimamente invasivo. In paralello, uno stent e un catetere per il posizionamento 
controllato della valvolva nella radice aortica sono stati creati appositamente per la 
ImaValve. Il dispositivo, impiantato in posizione aortica in ovini adulti tramite TAVR, 
è immediatamente funzionale fino a 6 ore post-impianto, con buona mobilitá dei 
foglietti valvolari, rigurgito minimo e abbondante perfusione delle coronarie. 
L’approccio acellulare alla medicina rigenerativa si basa completamente sulla 
risposta del singolo soggetto al materiale estraneo, un processo che presenta 
notoriamente grande variabilitá tra diversi pazienti e contesti patologici. Materiali 
bioattivi intelligenti sono stati proposti come una soluzione efficace ai fini di offrire 
la terapia rigenerativa a un vasto pubblico. La bioattività dei materiali viene 
realizzata tramite l’incorporazione di medicinali, peptidi e proteine nel materiale. 
Nel Capitolo 3, nuovi copolimeri a blocchi basati su polietilenglicole e crosslinks 
supramolecolari (UPy-PEG) sono stati sviluppati ai fini di conferire proprietá di 
rilascio controllato di farmaci al materiale di partenza. Il processo di elettrofilatura 
coassiale permette di ottenere fibre concentriche contenenti farmaci nello strato 
esterno. Molecole idrofiliche vengono rilasciate immediatamente in maniera 
incontrollata, mentre molecole lipofiliche o molecole idrofiliche modificate con 
gruppi funzionali supramolecolari vengono rilasciate nel corso di diverse settimane. 
La bioattivazione descritta nei Capitoli 4 e 5 ha lo scopo di indurre la segnalazione 
cellulare Notch sulla superfice del materiale tramite l’immobilizzazione del ligando 
Jagged1. Tale via di comunicazione cellulare è di vitale importanza nello stimolo 
della riposta rigenerativa dell’organismo, nella rimarginazione delle ferite, ed è 



Riassunto 

152 

direttamente coinvolta nella formazione della morfologia a strati dei tessuti 
cardiovascolari. Il Capitolo 4 vede l’utilizzo di un peptide corto che riproduce la 
porzione funzionale del ligando Jagged1 (DSLJAG1) funzionalizzato con il gruppo UPy 
(UPy-DSLJAG1). Il peptide viene utilizzato in due differenti configurazioni: come 
addittivo in un materiale elastomerico composto da UPy-poli(ε-caprolattone) (UPy-
PCL), o come nanoaggregato supramolecolare in soluzione. Dalla caratterizzazione 
dei materiali, allo stato solido e in soluzione, emerge il ruolo della natura 
supramolecolare del sistema nel determinare la modalitá di presentazione del 
peptide. La bioattività di UPy-DSLJAG1 nelle differenti piattaforme supramolecolari è 
stata studiata in diversi modelli cellulari misurando i livelli di comunicazione 
cellulare Notch, da cui traspare una dipendenza della funzionalitá del peptide dalla 
conformazione che assume quando è inserito nelle diverse piattaforme. I risultati 
evidenziano come la dinamica della presentazione del peptide sia un potente 
determinante della sua funzionalitá. Nel Capitolo 5, la superficie del materiale è 
funzionalizzata usando la porzione extracellulare completa del ligando Jagged1, 
fuso con un dominio Fc (FcJagged1). La strategia indiretta untilizzata sfrutta le 
proprietá di legame della proteina G (pG) con i frammenti Fc. La funzionalizzazione 
supramolecolare del materiale di base avviene tramite un addittivo reattivo a base 
di tetrazina (UPy-Tz), studiato per partecipare ad una reazione di inverse electron 
demand Diels Alder cycloaddition (iEDDAC) con il gruppo trans-cicloottene (TCO) 
presente su una versione modificata della pG (TCO-pG). La funzionalizzazione del 
material con TCO-pG, e a seguirsi con FcJagged1, puó avvenire dopo la lavorazione 
del materiale, un processo che altrimenti danneggerebbe la struttura delle proteine 
se queste venissero imcorporate durante il processo di biofabbricazione. La 
biocompatibilitá ed efficacia del sistema cosí creato sono state studiate sia su film 
che su matrici elettrofilate. La biocompatibilitá sembra essere influenzata 
dall’aggiunta di TCO-pG. Inoltre, è stata rilevata una dipendenza della 
biocompatibilitá dal tipo di tecnica di fabbricazione usata nella lavorazione del 
materiale. Infine, l’attivazione della via di comunicazione cellulare Notch sul 
materiale elettrofilato bioattivato è stata effettuata con successo in molteplici 
modelli cellulari. 
In conclusione, questa tesi dimostra l’utilizzo di strumenti supramolecolari ai fini di 
sviluppare la medicina rigenerativa verso la cura dei pazienti con patologie delle 
valvole cardiache. La completa realizzazione delle potenzialitá dei materiali 
supramolecolari in medicina rigenerativa proverrà da una equilibrio ottimale tra la 
ricerca volta alle applicazioni concrete e studi fondamentali sulla complessitá di tali 
materiali. 
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