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Summary 

The future of vascular access will revolve around the development of living vascular 
substitutes that are designed specifically for dialysis purposes and are able to grow, adapt 
and repair in the dynamic environment in the patient. Amongst different approaches, in situ 
tissue engineering features the implantation of a cell-free, but functional synthetic graft, that 
is remodelled by the patients own cells into living vascular tissue. To gain more insight into 
which cells play the most pivotal roles during the remodelling phase, and furthermore to 
assist in attracting and stimulating these cells, more control over the interactions between 
the synthetic graft material and the patients tissue is required. These improvements may be 
especially relevant in diseased conditions. In a multifaceted design, the functionalization of 
the synthetic biomaterials used for the graft with both antifouling and bio-active peptides is 
hypothesized to allow for the much-needed control.

Several methods for functionalizing elastomeric materials with both antifouling moieties 
and bioactives such as peptides exist, most of which are based on covalent chemistry. In 
this thesis, the polymeric base materials, which provide the mechanical properties to be 
suitable for application as vascular grafts, contain a supramolecular motif. These motifs, – 
either a ureidopyriminidinone (UPy) or a bisurea unit -, allow additives to be incorporated 
in a non-covalent and modular fashion. These additives were specifically engineered to 
add functionalities to the biomaterials for increased performance of the vascular graft 
directly after implantation and in the transition towards a living tissue. One key aspect in 
controlling cell-material interactions, is decreasing the unwanted aspecific adsorption of 
protein and adhesion of cells. Chapters 3 and 5 describe studies where this is achieved 
through incorporation of poly(ethylene glycol) containing additives in bisurea and UPy 
based material systems, respectively. 

Specifically, different molecular designs were investigated to optimize efficacy of the 
modularly incorporated additives. In the bisurea system, the antifouling properties of a 
bifunctional additive (an oligo(ethylene glycol) (OEG) chain end-functionalized with two 
bisurea moieties) had superior antifouling properties compared to additives with one 
bisurea moiety (with an OEG chain on either or only one side) (chapter 3). Interestingly, 
the difference in additive design was expressed most clearly in 3D electrospun scaffolds, 
where the amount of OEG seemed to be the determining factor in 2D solution-cast 
films. In the UPy system, the non-cell adhesive properties of poly(caprolactone)diUPy 
(PCLdiUPy) based thin films was modified through incorporation of two bifunctional 
PEGdiUPy, i.e., a PEG2kdiUPy and a PEG10kdiUPy, additives and a monofunctional PEG5kUPy 
(chapter 5). Additional hydrophobic spacers in the PEG5kUPy and PEG10kdiUPy, flanking 
the UPy-moiety provided increased anchoring in the base material and superior non-cell 
adhesive properties. Furthermore, the mechanically more favourable chain-extended UPy-
based material functionalized with the PEG2kdiUPy additive showed less promising results 
compared to PCLdiUPy. Separately, the possibilities for post-modification, that is after 
solution-casting or electrospinning, of a supramolecular material with antifouling polymers 
was investigated in chapter 6. A UPy-additive with a reactive end-group suitable for surface 
initiated atom transfer radical polymerization (SI-ATRP) was embedded in the hard-phase 
of PCLdiUPy, to which subsequently zwitterionic sulfobetaine-methacrylate (SBMA) was 
polymerized. The amount of SBMA and thereby the non-cell adhesive properties, was 
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Summary

regulated by both additive concentration and polymerization time. Moreover, translation 
of the post-modification approach to electrospun scaffolds was successful. Additionally, 
decreasing fouling of biomaterials is an often-used approach for the development of 
biomaterials with improved blood-compatibility, which are described in the review 
presented in chapter 2 of this thesis.

The next step towards increased control over cell-material interactions was pursued in 
chapter 4, through the combinatorial incorporation of specific cell-attracting peptide-
additives and the antifouling bifunctional bisurea additive. All material mixtures with 
the integrin-binding RGD-peptide additive gave excellent cell-adhesive properties, 
illustrating the robustness of this peptide-sequence. An SDF-1α additive was also capable 
of refunctionalization of otherwise non-cell adhesive material mixtures, whereas the 
supposedly endothelial-cell specific REDV sequence showed limited activity for both 
endothelial and smooth muscle cells in this system. The explorative first steps towards 
spatial control over post-functionalization of supramolecular materials with bioactive 
peptides are described in chapter 8. Moreover, on the basis of preliminary results with 
several new additives, the design of the bisurea additives is discussed in chapter 8.

For the application as a - fully synthetic - vascular access graft, mechanical properties are 
particularly relevant. The impact of supramolecular additives on functional mechanical 
properties of electrospun scaffolds was analysed. Incorporation of a model bisurea 
compound, and the antifouling additives from chapter 3, resulted in minor differences in the 
initial modulus of the electrospun scaffolds.

The results presented in this thesis have given new insights in the efficacy of bioactivation 
via supramolecular functionalization strategies. Through careful engineering of additives, 
the next generation of vascular grafts will possess improved control over cell-material 
interactions, which will aid in improving the in situ regeneration of vascular scaffolds. 
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Samenvatting

Samenvatting

De toekomst van alternatieve mogelijkheden voor het aanleggen van vaattoegang bij 
dialyse-patiënten, waarvoor geen fistula kan worden geconstrueerd, zal zich richten op 
het ontwikkelen van specifiek voor dit doel ontworpen levende substituten. Een van de 
methodes om dit te bewerkstelligen draait om de implantatie van een cel-vrij en functioneel 
synthetisch bloedvat, gemaakt van biologisch afbreekbare biomaterialen, die door de cellen 
van de patiënt zelf langzaam omgevormd zal worden tot een levend bloedvat.

Om meer inzicht te kunnen krijgen in welke cellen een cruciale rol spelen tijdens dit 
omvormingsproces, en om deze cellen gericht te kunnen sturen en aantrekken, is er 
meer controle nodig over de specifieke interacties tussen de cellen en het biomateriaal. 
Bovendien zouden de cellen in de patiënt een extra steuntje in de rug kunnen gebruiken om 
in de zieke omgeving net zo goed te kunnen functioneren en een gezond bloedvat kunnen 
vormen. In deze thesis wordt een ontwerp beschreven, waarin synthetische biomaterialen 
gefunctionalizeerd zijn met additieven die aan de ene kant ongewenste adsorptie tegengaan 
(zogeheten antifouling additieven), en aan de andere kant specifieke bioactiviteit toevoegen 
(bioactieve additieven), met het oog op de genoemde controle.

Er bestaan meerdere benaderingen voor het functionalizeren van biomaterialen met 
antifouling of bioactieve groepen, zoals bijvoorbeeld peptides, waarbij de meeste 
gebaseerd zijn op covalente chemie (door het aanleggen van chemische verbindingen). In 
ons onderzoek  worden bijzondere polymere basis materialen gebruikt, die enerzijds de 
mechanische eigenschappen verschaffen om geschikt te zijn voor toepassing als artificieel 
bloedvat, en anderzijds een zogeheten supramoleculair motief bevatten. Deze motieven, 
een ureidopyrimidinone (UPy) of bisurea groep, geven de mogelijkheid om functionele 
additieven met eenzelfde motief op niet covalente, maar toch robuuste wijze in te mengen 
met het basis materiaal. 

Het tegengaan van ongewenste adsorptie van cellen en eiwitten kan worden bereikt door 
middel van functionalizatie met hydrofiele moleculen zoals bijvoorbeeld poly(ethyleen 
glycol) (PEG). Hierbij zijn verschillende ontwerpen voor deze additieven onderzocht die 
zowel een supramoleculair motif (UPy of bisurea), als een hydrofiele PEG groep bevatten. 
Hierbij kwam naar voren dat in het systeem met het bisurea motief  de antifouling 
eigenschappen het best werkten door een additief waarbij de PEG groep geflankeerd werd 
door twee bisurea groepen in te mengen, ten opzichte van additieven waarbij een bisurea 
geflankeerd werd door twee PEG groepen, of slechts aan één zijde een PEG groep had. 
Een interessante conclusie was hier  dat dit verschil zich duidelijker manifesteerde in de 
materialen die verwerkt waren tot een poreuze scaffold doormiddel van electrospinnen. 
Dit is dezelfde methode als gebruikt kan worden voor het fabriceren van het artificiele 
bloedvat.In studies met materialen waarbij het UPy motief gebruikt werd, werd helder 
dat een extra, hydrofoob verbindings-stuk tussen de PEG en de UPy een verbeterde 
verankering in het basismateriaal tot gevolg had, met daarbij ook betere antifouling 
eigenschappen. Hiernaast is in het UPy-systeem onderzocht of het oppervlak van de 
synthetische biomaterialen ná fabricatie met electrospinnen gemodificeerd kon worden 
met antifouling groepen. Daarvoor werd een additief met een UPy groep en een reactieve 
groep ingemengd met het basismateriaal en verwerkt tot dunne laag of poreuze scaffold. 
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Daarop werd vervolgens een zwitterionisch molecuul – sulfobetaine-methacrylaat (SBMA), 
ook antifouling – gepolymerizeerd. In deze studie werd de hoeveelheid SBMA, en daarmee 
de antifouling eigenschappen, gereguleerd aan de hand van de concentratie van het additief 
met de reactieve groep en de reactietijd. Bovendien bleek deze methode toepasbaar op de 
scaffolds.

In de volgende stap naar controle over de interacties tussen de cellen en het biomateriaal 
spelen bioactieve additieven een centrale rol. Peptides  werden gecombineerd met 
het bisurea-motief, met als doel specifieke cellen te laten hechten. In een materiaal 
gecombineerd met de bisurea-bevattende antifouling additieven werd duidelijk dat 
een additief gebaseerd op het generieke cel-bindende peptide RGD in alle geteste 
omstandigheden in staat was cellen te laten hechten op de biomaterialen. Een additief 
met SDF-1α  (met een verhoogde specifiteit voor monocyten) was ook in staat om  deze 
cellen te laten hechten op anderszins antifouling materialen, daar waar een vermeend 
endotheelcel-specifiek peptide REDV, beperkte functionaliteit presenteerde in dit systeem 
voor zowel endotheel als gladde spiercellen. Verder zijn de eerste stappen gezet om onze 
biomaterialen te kunnen functionalizeren met peptides in gedefinieerde patronen  met 
behulp van licht-gevoelige chemie. 

De mechanische eigenschappen van het verwerkte biomateriaal  - inclusief eventuele 
additieven - zijn uitermate van belang voor de toepassing als synthetisch bloevat, wat 
later omgezet wordt in een levend substituut. Om het effect  van de additieven op de 
mechanische eigenschappen te testen zijn materialen met de bisurea-bevattende antifouling 
additieven verwerkt met electrospinnen en onderworpen aan mechanische testen. Hieruit 
werd duidelijk dat het inmengen van de additieven een gering effect had op de stijfheid van 
deze materialen. 

Concluderend hebben de resultaten in deze thesis nieuwe inzichten verschaft met 
betrekking tot het functionalizeren van biomaterialen via het inmengen van supramoleculaire 
additieven. Als deze additieven zorgvuldig ontworpen worden, kan door middel van 
meer gecontroleerde interacties tussen cel en biomateriaal, aan de volgende generatie 
synthetische bloedvaten meer sturing worden gegeven aan het omvormingsproces tot 
levend bloedvat..

Samenvatting
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Vascular access

Hemodialysis functions as the primary lifeline for patients with end stage renal disease. 
Access to the vascular system is a requirement for this procedure, where waste products 
are filtered from the patients’ blood, outside their body. Long term access is obtained 
through an arteriovenous fistula, where an artery and a vein are surgically connected, 
or a synthetic arteriovenous graft (AVG). Surgical construction of arteriovenous fistulas 
is preferred over the implantation of AVGs, however in patients where no suitable 
homologous vasculature is available, AVGs remain the only option for permanent 
vascular access. Synthetic, non-degradable AVGs are most commonly fabricated from 
polytetrafluoroethylene (PTFE), polyethylene terephthalate (PET, or Dacron).1 Synthetic 
grafts face a reduced patency compared to autologous AVFs, and complications related to 
vascular access grafts lead to increased and advanced interventions, with underlying causes 
including infection, thrombosis, stenosis, and aneurysm formation.2,3 Moreover, due to 
the repeated puncturing, or cannulation, which is part of the hemodialysis procedure, the 
structural integrity of these synthetic grafts deteriorates rapidly. Aspects of  non-degradable 
synthetic grafts that have been the topic of research include early cannulation possibilities, 
increased durability, and coating with anti-thrombotic molecules such as heparin.1,4,5

Tissue engineered vascular grafts

One other main limitation of traditional synthetic grafts, is the lack of incorporation in the 
host-tissue, and the lack of regenerative and remodeling capability due to the non-living 
nature of the vascular substitute.6 This limitation especially holds true for pediatric patients 
that need vascular grafts. The field of vascular tissue engineering aims to (re)create living 
blood-vessel substitutes in vitro or in vivo, where a biomaterial substrate is often used as a 
template to guide tissue formation.7  Different approaches to vascular tissue engineering 
can be identified, which all revolve around the appropriate combination of a biomaterial, 
cells and biochemical and mechanical cues for neo tissue formation (Figure 1.1).6,8

In the research by Niklason et al., tubular scaffolds, fabricated from bioresorbable 
polyglycolic acid are seeded with matrix producing cells and subsequently cultured in vitro 
in bioreactors that provide a pulsatile flow of medium.9,10 The cells degrade the synthetic 
material and replace it with their own extracellular matrix. After decellularization, which 
prevents any hostile immunogenic response to the cells that created the blood-vessel, these 
constructs can be readily implanted for large diameter vascular applications (diameter 

Human cells Biomaterial construct

Porous 
tubular sca�old

Rod-shaped 
support

Culture and conditioning

In vivo/in situIn vitro

Figure 1.1. Important components of different approaches for vascular tissue engineering.
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> 6mm).9 Over time, cells from patients are able to repopulate this blood-vessel and 
transform the tissue into a native-like multi-layered structure.11 L’Heureux et al. developed 
a method based on fibroblast sheets grown in vitro.12,13 These fibroblast sheets were 
wrapped around a cylindrical support and fused through prolonged culture, after which 
they were decellularized. On the luminal side of this conduit endothelial cells were cultured, 
and around the basal side living cell-sheets were wrapped for reinforcement. Testing has 
progressed to human trials for such sheet-based constructs.14,15 In an approach developed 
in the group of Rotmans, polymeric rods are implanted subcutaneously. The tissue capsules 
that form around the rod are then explanted, and used as vascular conduits.16–18 The surface 
properties of the polymeric rods allow for some degree of control over the composition 
and structure of the formed tissue capsules.18,19 Interestingly, after implantation the tissue 
capsule showed signs of remodelling towards vascular tissue.17  In the approach by Breuer 
and coworkers stem cells that are harvested from the patients are used to seed porous 
and biodegradable scaffolds prior to implantation.20,21 Increased patency was observed for 
increased cell-seeding.22 In our group, electrospun scaffolds fabricated from biodegradable 

polymers, are used to produce acellular blood-vessel substitutes. Circulating host-cells 
infiltrate the scaffold, after which tissue producing cells are attracted, the polymeric 
material is slowly degraded and autologous vascular tissue is simultaneously deposited.23,24  
The porous and fibrous constructs used in this approach have a distinctly different 
microstructure (Figure 1.2), which has already been applied in non-degradable vascular 
grafts that are hypothesized to better withstand repeated cannulation. Patency rates were 
reported after one year that were comparable to other synthetic AVGs.25,26 The promise 
of the tissue engineering approaches is highlighted by the high degree of valorisation, 
resulting in (spin-off) companies such as Xeltis, Aditlys, Vacis, and HumaCyte that all strive 
to commercialize tissue engineered vascular constructs. 

However, the formation of, or remodeling towards, vascular-like tissue using these 
constructs is still little understood. Therefore, current and future research strives towards 

PTFE PU PCL-BU

Figure 1.2. Scanning electron micrographs of vascular graft materials. Commercially available synthetic grafts 
made of PTFE and PU, and an example of a supramolecular electrospun scaffold, showing the clear differences in 
microstructure between the different approaches. Scale bars indicate 50 µm.
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enhanced understanding of - and control over - the involved processes. Several factors are 
known to be essential for the formation of functional tissue: Exposure to hemodynamic 
conditions is of great influence for the properties the tissue will develop over time, 
which emphasizes the importance of either in vitro hemodynamic conditioning as in the 
approach by Niklason et al., or directly implanting in situ, as in the approach in our group. 
Illustratively, both the shear stress induced by fluid flow and the cyclic stretch following 
from pulsatile pressure differences affect tissue formation in vascular grafts.27  Since 
resorption of the biomaterial or remodeling of existing matrix proteins, and deposition of 
de novo extracellular matrix all occur simultaneously, the balance between the mechanical 
properties and degradability should be delicately managed to ensure lasting functionality 
after implantation.28 The thrombogenic properties of the vascular graft, which are dictated 
by the biomaterial until an endothelial layer is formed, are also subject to a lot of research 
and biomaterial modification strategies. These principles, which range from antifouling 
functionalization and incorporation of anti-thrombogenic properties to methods to 
promote endothelialization, are discussed more elaborately in Chapter 2.

Many of the processes that relate to degradation of the biomaterial, and tissue formation 
and remodelling are cell-mediated, where immune cells are found to play a special role.29 
In biomaterial development for the next generation of vascular access grafts, a lot of effort 
has been placed into adapting these materials to control recruitment of cells, including 
immune cells, and in controlling how cells respond to the graft. The morphology, mechanical 
properties, susceptibility to degradation, and bioactivity are all tuneable features that can be 
used to tune this response. Apart from the overall morphology, which arises mostly from 
different variables during processing, these factors can be tuned on a molecular level: the 
mechanical properties change with different molecular weights of the polymer, susceptibility 
to degradation follows from the presence and availability of for instance groups that are 
easily hydrolysable, and bioactivity can be introduced through functionalization of the 
biomaterial with bioactive molecules such as peptides. In contrast to covalent surface 
functionalization or simple physisorption, in this thesis supramolecular chemistry is applied 
to functionalize elastomeric biomaterials with the purpose of controlling cellular behavior 
for vascular graft development. 

Supramolecular chemistry

Supramolecular chemistry has been identified as a promising approach to synthetically 
mimic the complexity of the extracellular matrix.30 Synthetically prepared supramolecular 
structures range in shape and complexity from random coils and nanofibers to nanoribbons 
and nanotubes.31 The driving forces behind the formation of these structures are non-
covalent interactions, including hydrogen bonding, electrostatic interactions, Van der 
Waals forces and pi-pi interactions.32 Various molecular designs have been used to develop 
supramolecular materials, which rely on non-covalent interactions in different degrees. 
Examples that have been employed for the development of supramolecular materials 
include peptide amphiphiles33, benzene-1-3-5-tricarboxamides (BTA)34, host-guest systems 
based on e.g. cucurbit-urils35 and cyclodextrins36, and the bisurea and ureido-pyrimidinone 
moieties used in this thesis. Design of supramolecular polymers based on these reversible 
interactions can result in materials with properties such as self-healing37,38 and stimuli-
responsiveness.39 
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Bisurea supramolecular chemistry

Small molecules with closely paired urea moieties were first investigated for their ability 
to form organogels at low concentrations in the 1990s.40–42 In these studies, bisurea 
compounds with both alkyl and aromatic spacers in between the urea groups and 
sidechains (Figure 1.3), were investigated for their gelation properties in many organic 
solvents and on solid substrates. These simply structured molecules could form stable 
and thermoreversible gels at low concentrations.41 The proposed assembly mechanisms 
relies on hydrogen bonding between laterally aligned urea moieties, which can lead to 
the formation of filaments, tubes, sheets and multilayered nanoribbons.41,43 The length and 
structure of the spacer determine the cis- or trans conformation of the assembled bisureas, 
as can be observed in physisorbed monolayers.44,45 The assembly of bisurea molecules into 
supramolecular polymers is cooperatively driven by synergistic association of two urea 
moieties and the thermodynamic preference to form oligomers over dimers.46 Considering 
that the association between the urea groups depends on the molecular design, the 
assembly can be tuned by altering the structure of the bisurea monomers. Subtle changes 
of molecular structure and their influence on assembly has been studied in great detail.47 
When at least one of the aliphatic side chains is substituted for a hydrophilic polymer, such 
as poly(ethylene glycol) (PEG), amphiphilic bisurea molecules are formed. Such molecules 
can possess hydrogelating properties.48,49 Clever design of bisurea molecules that assemble 
in either organic or aqueous conditions, has led to materials with interesting properties. 
Bisurea organogelators have been used as surface modification to induce hydrophobic 
properties aiming at repelling surfaces,50,51 to grow crystals of organic semiconductors52 
and prepare stimuli-responsive organogels.53. Bisurea based hydrogels were designed 
with natural protein mimicking strain-stiffening properties54, with control over spatial 
organization55, and as a polymorphic drug mimic.56 Moreover, the specific interactions 
between matching bisurea moieties allows for the modular functionalization of such 
supramolecular assemblies.49,57

However, for applications that require more strength, elastomeric solid materials are a more 
suitable candidate. Specifically, thermoplastic elastomers, which are copolymeric materials 
constituted of a crystalline hard-phase and a rubbery soft-phase, provide an interesting 
platform. If the crystalline domains classically found in thermoplastic elastomers are 
substituted for supramolecular building blocks such as the bisurea motif, the interactions in 
the hard-phase of these materials becomes highly directional and organized.

Because of these self-associating properties, development of bisurea based non chain-
extended supramolecular thermoplastic elastomers was possible, 58,59 besides more 
traditional chain-extended supramolecular thermoplastic elastomers.60,61 The organized 
nature of the hard-phase in these materials is especially evident when analyzed with atomic 
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Figure 1.3. Schematic representation of small molecule bisurea structure, with X the linker between the urea 
groups and R the side groups.
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force microscopy, where fibrous structures attributed to the assembled bisureas are clearly 
visible (Figure 1.4)58,60,61 The uniformity of fiber dimensions in these AFM studies suggested 
a cylindrical hard segment morphology, which in turn indicates that multiple bisurea 
stacks co-assemble to form fibers based on dipole-dipole interactions (Figure 1.4).62,63 
Interestingly, it has been shown that small molecule additives with different aliphatic spacers 
between the urea groups self-sorted with matching bisureas in the TPE base material,60,62,64 
where the additives are randomly dispersed throughout the hard-block with matching 
bisurea motifs.65 The nano-scale surface morphology of the materials and the degree of 
segregation depends on the design of the bisurea containing motif, the length and the 
properties of the polymeric soft-blocks,66,67 and processing.68 The mechanical properties of 
thermoplastic elastomers are enhanced with well-defined bisurea hard-blocks, evident by an 
increased tensile strength.61 Additional urethane groups flanking the bisurea moiety change 
the hard-block morphology and properties, attributed to increased interaction possibilities, 
but do not enhance incorporation of bisurea-based additives in the elastomeric material.62 
Moreover, the specific interactions between the bisurea moieties in the hard-block can be 
utilized to tune the mechanical properties of the materials through incorporation of small 
bisurea-filler additives.69 Also, by using a diacetylene-containing linker between the urea 
groups, bisurea TPEs can be crosslinked with UV after assembly.70 

Ureidopyrimidinone supramolecular chemistry

Comparable to the bisurea, ureidopyrimidinone (UPy) moieties are capable of self-
complementary assembly through fourfold hydrogen bonding.71,72 Additional urea 
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Schematic representation of possible conformations of supramolecular motifs with molecules with small, 
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motif can function as the hard-phase. F) Atomic force microscopy phase image of a solution-cast PCLdiUPy film. 
Scale bar indicates 100 nm.
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groups that can form hydrogen bonds stabilize lateral stacking through π-π interactions 
between the UPy-dimers, which bundle with 3 stacks into nano-scale fibers.73–75 Using 
these interactions, telechalically functionalized supramolecular thermoplastic elastomers 
have been developed, as well as conventional chain-extended TPEs, with UPy-groups and 
additional alkyl spacers functioning as hard-segments.76,77  Strategical grafting of UPy-
groups onto a natural or synthetic polymer resulted in improved mechanical properties of 
hydrogels78, and self-healing properties in an elastomeric material.79

Moreover, the specificity of the UPy-UPy interactions allows for modular incorporation 
of bioactive UPy-based additives to endow the material with properties for many 
applications. A mixture of UPy-RGD and UPy-PHSRN was used in an explorative study 
on this approach for the development of biomaterials.80 Bioactivation of a UPy-peptide 
functionalized surface was probed using S-peptides in combination with an RNase assay.81 
Following these first steps, UPy-peptide conjugates have been used to create anti-microbial 
surfaces82, polymeric renal basement membrane mimics83, heparin-binding biomaterials 
for cytokine complexation84, leukocyte attracting electrospun scaffolds85, Notch-pathway 
activators,86 and a bioactive cell-adhesive sides in bilayered electrospun scaffolds.87 Using 
a UPy-catechol additive, cell-biomaterial interactions were improved on an inherently 
non-cell adhesive end-functionalized Priplast material.88 Moreover, post-modification of 
supramolecular biomaterials has been the topic of recent studies, where a reactive additive 
was incorporated in a supramolecular TPE, to which dyes, antifouling PEG polymers, and 
proteins were reacted using bio-orthogonal click-chemistry.89,90

For applications in aqueous solutions and hydrogels, additional alkyl-spacers provide 
necessary hydrophobic shielding of the UPy-UPy interactions from water, in combination 
with hydrophilic polymers for water binding and solubility.91 UPy-based aqueous assemblies 
and hydrogels have been the subject of a lot of research, focusing on dynamics92,93 delivery 
of therapeutics94–97 and clinical visualization.98

Aim and outline

The aim of the research described in this thesis is to exploit the versatility of the 
supramolecular materials platform, and introduce new functions through the incorporation 
of small supramolecular additives in vascular biomaterials (Figure 1.5). The efficacy of these 
newly designed additives is investigated where the relationship between material properties 
and functionality is of particular interest, to enhance our understanding of the impact of 
several additive design parameters. Antifouling additives were engineered to decrease 
undesired aspecific adsorption of cells and proteins. On the other hand, cell-adhesive 
peptide-additives were studied with the aim to increase specificity in cellularization of the 
biomaterials. Furthermore, additives with reactive functional groups were investigated for 
additional possibilities for functionalization with peptides and antifouling moieties after 
processing.

Through this approach, more control over the interactions cells have with the biomaterial 
is pursued, which can provide the tools to improve the in situ regeneration of the next 
generation of vascular access grafts.    

In Chapter 2 the strategies for the fabrication of biomaterials, e.g. for vascular grafts, 



Chapter 1

8

with improved blood-compatibility are reviewed. Antifouling, anti-thrombogenic, and 
endothelialization promoting functionalization approaches are discussed, and the trend 
towards more dynamic material systems is highlighted.  

The importance of additive design in supramolecular functionalization strategies is 
investigated in Chapter 3, where three oligo(ethylene glycol) (OEG) based additives 
were designed and combined with a bisurea containing thermoplastic elastomer (PCL-BU). 
Non-cell adhesive properties were first screened on 2D thin films. Secondly, the material 
mixtures were processed into  electrospun scaffolds, to investigate the efficacy of the 
functionalization in the translation from 2D to 3D structures. Furthermore, the robustness 
was studied by partial degradation of the electrospun scaffolds prior to cell-adhesion 
experiments.

Specific cellularization of our supramolecular biomaterials was studied in Chapter 4, 
through combinatorial incorporation of an antifouling additive from chapter 3 with three 
bisurea-peptide conjugates; a generic RGD-peptide, an endothelial cell specific REDV-
peptide and a SDF-1α derived peptide. The surface properties of the functionalized 
materials were thoroughly characterized and related to the adhesion of vascular endothelial 
and smooth muscle cells. 

Different UPy-based additives with hydrophilic PEG functionality were compared in 
Chapter 5. Through changes in molecular design, the effect of PEG-length and hydrophobic 
spacer length was investigated. Cell adhesion of various cell-types, i.e., human derived kidney 
epithelial cells, human vascular myofibroblasts, and endothelial cells , on films fabricated 
with both solution-casting and spin-coating was determined.

In Chapter 6 post-functionalization of supramolecular biomaterials via surface initiated 
controlled radical polymerization was studied. Zwitterionic monomers were polymerized 
from an initiator additive, that was embedded in the hard-phase of these materials. The 
efficacy of the reaction was investigated both with increasing reaction time and initiator 
additive concentration. Finally, this method was translated to microporous electrospun 
scaffolds. 

For mechanically challenging applications, such as vascular grafts, mechanical properties are 
truly important. Therefore, the effect of additive incorporation on the mechanical behavior 
of electrospun scaffolds was analyzed in Chapter 7. The OEG-based additives described 

Antifouling Cell-adhesion Post-functionalization

Figure 1.5. The approach featured in this thesis, where functional supramolecular additives are used to modify 
biomaterials used for the fabrication of vascular grafts with antifouling, cell-adhesive and post-functionalizable 
properties.
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in Chapter 3, and a model filler compound were mixed with the PCL-BU structural base 
material and processed into electrospun scaffolds followed by thermal characterization and 
mechanical testing.

In the final chapter, future perspectives for these material systems are described. 
Preliminary results for materials modified with a selection of bisurea-based additives are 
used to discuss the design of future supramolecular additives. Furthermore, translational 
aspects of this work are considered.
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2
Introduction of nature’s complexity in 
engineered blood-compatible biomaterials

Abstract

Biomaterials with excellent blood-compatibility are needed for applications in 
vascular replacement therapies, such as vascular grafts, heart valves and stents, and 
in extracorporeal devices such as hemodialysis machines and blood-storage bags. 
The modification of materials that are being used for blood-contacting devices has 
advanced from passive surface modifications to the design of more complex, smart 
biomaterials that respond to relevant stimuli from blood to counteract coagulation. 
Logically, the main source of inspiration for the design of new biomaterials has been 
the endogenous endothelium. Endothelial regulation of hemostasis is complex and 
involves a delicate interplay of structural components and feedback mechanisms. 
Thus, challenges to develop new strategies for blood-compatible biomaterials 
now lie in incorporating true feedback controlled mechanisms that can regulate 
blood compatibility in a dynamic way.  Here, supramolecular material systems are 
highlighted as they provide a promising platform to introduce dynamic reciprocity, 
due to their inherent dynamic nature.

The content of this chapter is based on: 

Bastiaan D. Ippel and Patricia Y.W. Dankers, Introduction of nature’s complexity in engineered 
blood-compatible biomaterials, Advanced Healthcare Materials 2018, 201700505 
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Introduction: blood-compatible biomaterials

Ever since medical interventions require long-term exposure of medical devices to 
blood, materials that are blood-compatible have been in development. Nowadays, blood-
compatible materials are needed in for example vascular grafts, heart valves, stents, and 
catheters, and in extracorporeal devices such as hemodialysis machines and blood-storage 
bags. In vascular replacement therapy, applied in the construction of coronary bypasses, or 
arteriovenous fistulas, blood-compatible materials are of interest for both non-degradable 
vascular grafts and biodegradable vascular grafts that are replaced by regenerated vascular 
tissue. In this chapter an overview is provided of the advances in development of blood-
compatible biomaterials, ranging from simple material functionalization to more complex 
materials and finally towards systems with life-like properties that are proposed to be 
controlled via feed-back controlled mechanisms in the future.

Endogenous blood-compatibility: endothelium

Blood is normally confined within the human vascular circulation. A confluent endothelial 
monolayer lines all blood vessels that are part of the vasculature. Cells from healthy 
endothelium serve an important purpose in maintaining hemostasis by regulation of 
coagulation, through expression of various structural and secreted components. The 
structure, composition and activity of healthy endothelium are important sources of 
inspiration for creating (synthetic) blood-compatible biomaterials, and therefore a short 
overview of important endothelial regulators of coagulation is given here (Figure 2.1). 

The basement membrane to which endothelial cells adhere through cell surface receptors, 
is a thin and specialized layer of extracellular matrix, typically found basolateral to cellular 
monolayers in vivo.1 The four major constituents of the basement membrane are collagen 
type IV, laminin, nidogen, and perlecan, where the self-assembled structures of collagen 
type IV and laminin are interconnected through nidogen and perlecan glycoproteins.1  The 
integrity of the endothelial monolayer is also maintained by junctions between adjoining 
endothelial cells through tight and adherens junction-like molecules, that also serve as a 
route for communication between neighboring endothelial cells.2,3

Anti-coagulant functions of endothelial cells can be divided into two basic categories: 
those that elicit a response after secretion, comparable to paracrine signaling, and those 
that function through membrane-bound proteins. Secreted factors that serve as platelet 
inhibitors (counteracting platelet activation and aggregation) are prostacyclin (PGI2) and 
nitric oxide (NO).  Secreted Tissue Factor Pathway Inhibitor (TFPI) inhibits activation 
of factor VII and factor X, which are part of the thrombin generation cascade.4 Besides 
factors inhibiting platelets and counteracting thrombin formation, tissue plasminogen 
activator (t-PA) is secreted by endothelial cells. The assembly of t-PA with plasminogen on 
fibrin activates the fibrinolytic activity necessary to break down blood-clots.4  Binding of 
thrombin to protease activated receptors on the endothelial cell membrane is one of the 
major activators of these anti-thrombogenic functions in the endothelium.4,5

Membrane bound anti-thrombogenic factors include ecto-adenosine diphosphatase (ecto-
ADPase), which inactivates ADP and thereby inhibits platelet aggregation. Thrombomodulin 
is a membrane bound protein that enhances the affinity of thrombin for protein C, which in 
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turn is responsible for cleaving and inactivating factors Va and VIIIa. Since thrombomodulin 
competes for binding with thrombin, it also inhibits the procoagulant functions of thrombin. 
Protein S, also associated with the endothelial cell membrane, promotes inactivation of 
factors Va and VIIIa by protein C. Endothelial heparan sulfate, a proteoglycan that is part 
of the endothelial glycocalyx, serves as a cofactor for antithrombin III, a direct thrombin 
inhibitor.4 The endothelial cell surface is lined with a thick cell-free layer, consisting mainly 
of proteoglycans and glycoproteins. The size of the endothelial glycocalyx, or endothelial 
surface layer6, ranges from 0.5 µm in the capillaries to over 4 µm in larger arteries.7 
Five types of glycosaminoglycans (GAG), linear poly(disaccharides), are present in the 
endothelial glycocalyx: heparan sulfate, chondroitin sulfate, dermatan sulfate, keratin sulfate, 
and hyaluronic acid. The last is not bound to one of the core proteoglycan molecules (e.g. 
syndecan, glypican, perlecan, versican, decorin, biglycan, and mimecan). The highly sulfonated 
GAGs in the glycocalyx regulate interactions with the endothelium through a vast array 
of binding domains for growth factors and other plasma proteins.7–9 This glycocalyx, which 

TFPI
t-Pa

TM

NO

ADPase

Protein C

PGI2

Hyaluronic Acid

Collagen type IVLaminin

Proteoglycans with GAGs

Cell-cell junctions

Integrins

Figure 2.1. A schematic representation of the structural components and excreted factors related to endothelial 
anti-coagulant functions in regulating hemostasis, which are an important source of inspiration for the development 
of new blood-compatible biomaterials.  The endothelial cells reside on a basement membrane, with laminin 
and collagen type IV as its major constituents. Cells adhere to the basement membrane through cell surface 
receptors, such as integrins, and to adjacent endothelial cells through specific cell-cell junctions. The endothelial 
surface is lined with a layer rich in proteoglycans and glycosaminoglycans rich layers, serving as a physical barrier 
between blood components and the endothelium. Several anti-coagulant factors are expressed on the endothelial 
membrane (for instance thrombomodulin (TM), ADPase, Protein C)) or secreted (tissue plasminogen activator (t-
PA), nitric oxide (NO), prostacyclin (PGI2), tissue factor pathway inhibitor (TFPI)).
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is a viscoelastic layer, also serves as a physical hydrated barrier between endothelial cells 
and platelets, red blood cells, and regulates interactions with leukocytes. Furthermore, 
mechanotransduction of shear stresses due to blood flow is also translated to endothelial 
cells through membrane bound constituents of the glycocalyx.7,8 Anticoagulant factors such 
as antithrombin, heparin cofactor, thrombomodulin, and TFPI can bind to specific domains 
in the glycocalyx. Anticoagulant activity of for example antithrombin is even enhanced when 
bound to the glycocalyx.7,8 The interplay between the structure and composition of the 
endothelial surface layer and responsiveness of an intact endothelial layer is crucial for 
maintenance of hemostasis.

Biomaterials based blood-compatibility

Blood-compatible biomaterials show no adverse effects such as thrombus formation 
after exposure to blood. Thrombus formation is largely associated with undesired protein 
adsorption and subsequent thrombocyte and/or cell adhesion on the biomaterial-blood 
interface and by intrinsic activation of blood coagulation.10 Blood-compatibility could 
therefore be improved by prevention of aspecific adsorption of proteins, i.e. making blood-
contacting surfaces anti-fouling (Figure 2.2a). Thrombus formation is also impeded by 
factors, normally associated with healthy endothelium, such as prostacyclin, heparan sulfate 
and nitric oxides.4 Incorporation of these factors into, or their release from biomaterials 
might provide better blood-compatibility (Figure 2.2b).10 Lastly, it is proposed that a 
surface that captures and can sustain nature’s best blood-compatible and anti-thrombotic 
function is the endogenous endothelium. Endothelialization is known to greatly improve 
blood-contacting properties (Figure 2.2c). 

Besides chemical and biological functionalization strategies that provide biomaterials with 
anti-fouling or anti-thrombogenic properties, or that promote endothelialization, the 
structural properties of surfaces are important in regulating the physiological response 
as well. Although not reviewed here, controlling surface structure can influence fouling 
behavior11, cell response12 and can even be used to tune the adhesion of endothelial cells 
and smooth muscle cells13,14 and improve endothelialization in vivo.15

Anti-fouling surfaces

Anti-fouling surfaces aim at impeding protein-material interactions. Classically, self-

A B CAnti-fouling surface Anti-thrombogenic function Promotion of endothelialization

Figure 2.2. Schematic representation of the three predominant approaches for surface functionalization of 
biomaterials towards more blood-compatible material interfaces: A) Anti-fouling surface functionalization aimed at 
minimizing all surface interactions, thereby preventing thrombosis. B) Anti-thrombogenic surfaces, where coatings 
are composed of molecules commonly associated with anti-thrombogenic properties, or anti-coagulant factors are 
released. C) Surface functionalization directed to capture endothelial cells specifically and to provide an optimal 
base for rapid endothelialization.
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assembled monolayers (SAM) that resist the adsorption of proteins meet a set of rules, 
deemed the Whitesides rules.16,17 These surfaces are hydrophilic, include hydrogen-bond 
acceptors, but do not include hydrogen-bond donors and have an overall neutral charge. 
Even though exceptions have been developed18, the majority of surfaces functionalized 
for anti-fouling properties still comply to these rules, and can be roughly divided into 
hydrophilic polymers such as poly(ethylene glycol) (PEG), zwitterionic materials  and 
polysaccharides.19 The driving force of the anti-fouling properties of these materials is the 
inclusion of a hydrated layer at the surface, serving as a physical barrier contributing to 
resistance to protein-fouling.19 Surface functionalization with brushes that consist of these 
types of compounds, for instance polymerized onto initiator groups on the surface, yields 
dense coatings. This provides a versatile platform for the development of anti-fouling 
coatings, where the chemical composition of the grafted polymer dictates the surface 
properties. 20–23 Recent efforts to create anti-fouling materials have focused on surface 
functionalization of various materials used for blood-contacting devices. (Figure 2.2a)

Synthetic coatings and surface modifications

Hydrophilic polymers

Surface functionalization with hydrophilic polymers such as PEG has been applied in varying 
shapes and forms to produce surfaces that can resist aspecific adsorption of proteins. 
11,21,24 For instance, poly(ε-caprolactone) (PCL) was end-functionalized with initiator groups 
before electrospinning into fibrous meshes.25 Through controlled radical polymerization, 
the fiber surface could be functionalized with anti-fouling poly(oligo ethylene glycol methyl 
ether methacrylate) (pOEGMA) brushes, which rendered these fibrous meshes non-cell 
adhesive and protein resistant.25(Figure 2.3)

In a similar approach, PCL fibers were functionalized with initiators for surface induced 
atom transfer radical polymerization (SI-ATRP) covalently attached through a polydopamine 
coating.26 Anti-fouling brush coatings, which showed to resist adhesion of both proteins and 
other blood components from whole blood27, were then polymerized on these initiators 
to create functional electrospun meshes with anti-fouling properties.26 Also using SI-
ATRP, but by functionalization with another hydrophilic polymer poly(N-vinylpyrrolidone), 
Yuan and coworkers decreased bovine serum albumin (BSA) and fibrinogen adsorption 
on polyurethane (PU) membranes by more than 85%.28 Another interesting technique 
based on light-mediated radical polymerization, was used to gain spatial control over 
polymerization.29 In this way, the chemical composition of the surface could be tuned with 
exposed poly(trifluoroethyl methacrylate) or anti-fouling pOEGMA.29

Zwitterionic molecules

Reduction of fouling is often achieved through surface functionalization with zwitterionic 
molecules.11,20,21,30,31 Various zwitterionic compounds, such as sulfobetaine, phosporylcholine, 
or carboxybetaine, and various coating compositions can be applied for the effective 
introduction of anti-fouling properties.30,31 Moreover, the molecular weight of zwitterionic 
brushes can have an effect on the degree of fouling on the functionalized substrates32, which 
indicates that several design parameters are key in fabrication of functional zwitterionic 
coatings and modifications. An illustration of recent efforts in zwitterionic surface 
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functionalization is given below.

Poly(lactic acid) (PLA) membranes were functionalized with bromoalkyl initiator groups, 
anchored on a polydopamine coating, onto which poly(sulfobetaine methacrylate) (pSBMA) 
brushes were formed with SI-ATRP. It was shown that this coating decreased protein 
adsorption and platelet adhesion, indicative of improved hemocompatibility.33 Ultrathin 
zwitterionic anti-fouling coatings, applicable to various substrates with different chemical 
compositions and surface roughness, were fabricated by initiated chemical vapor deposition 
(iCVD).34 These versatile ultrathin coatings showed a significant reduction of BSA 
adsorption as measured with a quartz crystal microbalance with dissipation monitoring 
(QCM-D).34 Silicon surfaces were grafted with pSBMA using ATRP. These brushes have been 
demonstrated to be stable without signs of hydrolysis or a diminished protein repellency 
after one week in PBS, thereby maintaining over 99% reduction in fibrinogen adsorption.35 
(Figure 2.3)

Retention of anti-fouling properties with these types of coatings in a dynamic environment 
remains a challenge, due to the hydrophilic nature of the coatings. Via crosslinking of 
poly(carboxybetaine methacrylate) (pCBMA) brushes using a covalently incorporated 
macro-crosslinker on a polyurethane surface, zwitterionic coatings remained stable and as 
anti-fouling as freshly prepared coatings after a week in a hydrodynamic environment.36 
Another method to improve stability in anti-fouling zwitterionic coatings combined 
layer-by-layer fabrication of pSBMA and tannic acid, which resulted in stable multilayer 
films. These films decreased the adsorption of BSA (to below 1 ng cm-2), lysozyme and 
hemoglobin significantly.37 

Versatility of the techniques used to covalently tether hydrophilic or zwitterionic coatings 
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Figure 2.3. A) Schematic representation of surface functionalization using SI-ATRP with zwitterionic sulfobetaine 
methacrylate and oligo(ethylene glycol) methyl methacrylate, which results in anti-fouling bottle-brush like 
coatings. These coatings can be applied on the exposed initiator groups on B) electrospun fibers, such as in 25 C) 
or on other substrates as in.35
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to surfaces is demonstrated by a few research groups that report on both hydrophilic and 
zwitterionic functionalization on the same substrates. 

Silanized polycarbonate substrates were functionalized with anti-fouling brushes from e.g. 
pOEGMA and poly(carboxy betaine acryl amide) (pCBAA), that decreased the platelet 
adhesion on these coatings.38  When these coatings were prepared on silica and studied 
with highly sensitive electromagnetic piezoelectric acoustic sensors (EMPAS), the protein 
adsorption from whole blood correlated strongly to the results with platelet adhesion.38 

PU membranes were activated using air-plasma, to get hydroxyl groups exposed at the 
surface in order to immobilize the bromium initiator groups, that provide the possibility 
for polymerization of anti-fouling sulfobetaine- and phosphobetaine-based and PEG-based 
brushes.39 These brushes significantly reduced protein adsorption, cell and platelet adhesion, 
without changing the mechanical properties of the PU membranes.39

Coatings consisting of biological molecules

An approach that most closely resembles the composition of the endothelial glycocalyx, 
is the use of sugar-based molecules, such as glycoproteins and polysaccharides.7,8 In these 
examples, multilayers were fabricated with inclusion of glycoproteins or polysaccharides. 
Lubricin glycoprotein was adsorbed as a coating onto a variety of substrates. Even after 
prolonged storage, these coatings were more anti-adhesive for blood-plasma proteins than 
PEG-based SAMs.40 Layer-by-layer fabrication was also utilized to form polysaccharide-
based multilayers on a cellulose acetate membrane. These membranes inhibited bacterial 
growth and platelet adhesion, however, protein adsorption was not notably decreased.41 
Chitosan/alginate multilayered films were deposited onto poly(ethylene imine) (PEI) coated 
polystyrene (PS) surfaces, using the electrostatic interactions between the chitosan and 
alginate.42 In an effort to further improve layer stability, the films were crosslinked with 
genipin, which forms covalent crosslinks between the alginate and chitosan strands. The 
degree of crosslinking however negatively influenced the anti-fouling properties of these 
surfaces.42 Deposition of a new bilayer of chitosan/alginate on top of the crosslinked 
multilayer was able to decrease cell adhesion again.42

Surfaces with extreme wetting and fluid repelling properties

Another method to introduce anti-fouling properties on materials is the use of surfaces 
with extreme wetting and repulsion of aqueous and organic fluids.43 Surfaces with extremely 
low surface tensions that repel both aqueous and organic fluids (omniphobic) could provide 
excellent anti-fouling properties.43 For vascular replacement therapies, application of this 
principle remains a challenge however, since the function of these materials relies heavily 
on a combination of surface morphology, roughness and wettability.44,45 This principle was 
applied to electrospun meshes by incorporation of ZnO nanoparticles in poly(vinylidene 
fluoride) (PVF) electrospun membranes, which resulted in superhydrophobic electrospun 
membranes.46 Also, electrospun cellulose acetate membranes with a coating of self-
assembling chitin nanocrystals, showed superhydrophilic properties, for which it was 
shown that bacterial adhesion was decreased on these surfaces.47 However, the structural 
investigation of surfaces with different surface morphologies (untextured, or decorated 
with nanoscale flower-like structures or nanotubes) and surface chemistries (unmodified, 
PEGylated, or fluorinated) revealed that not all combinations lead to  superhemophobic 
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surfaces that can induce decreased thrombocyte adhesion and activation, when compared 
to hemophilic and hemophobic sufaces.48

Self-healing anti-fouling materials

One of the challenges in the fabrication of anti-fouling coatings for biomaterials is the 
control of the time the material remains functional. If anti-fouling properties are lost 
over time, the chance of thrombosis in blood-contacting devices with these coatings will 
increase. Several recent studies have therefore focused on retaining or restoring anti-fouling 
properties after physical damage by the development of self-healing coatings or materials.

Based on anti-fouling properties related to omniphobic surfaces, slippery liquid-infused 
porous surfaces (SLIPS) were developed.49 In this method, a porous surface is infused 
with a lubricant that serves as a biofouling repellent, which results in a self-healing 
surface that resists for instance blood-staining and bacterial adhesion.49,50 Applied with 
clinically used perfluorocarbon liquids a commonly used vascular graft material, i.e. 
expanded polytetrafluoroethylene (ePTFE) can be modified according to this method 
in order to reduce bacterial adhesion in vivo.51 PEI-PEG co-polymers and hyaluronic 
acid were combined to develop self-assembled polyelectrolyte. Protein fouling and cell 
adhesion were significantly decreased on these multilayers. Moreover, the multilayers 
showed spontaneous healing of imposed physical defects, thereby restoring the anti-
fouling function.52 Superhydrophobic coatings were prepared by grafting of fluoropolymer 
brushes onto nanostructured silicon surfaces with SI-ATRP. These brushes were capable 
of restoring anti-fouling properties through heating for 30 minutes after damage induced 
by air-plasma.53 A significant decrease in protein adsorption was measured on spin-coated 
layers containing self-assembling microspheres in a matrix with hydrophilic poly(hydroxyl 
ethyl methacrylate) (pHEMA) and zwitterionic phosphorylcholine polymers. These films 
were shown to be capable of self-healing, in aqueous conditions after physical damage, 
thereby reducing protein adsorption even after physical damage to the coating.54 Kuroki et 
al. grafted poly(2-vinylpyridine) P2VP films with PEG. In their study, a comparison was made 
between regular surface grafting of PEG on the P2VP structure, and PEGylation of the bulk 
of the P2VP material. When the PEG was grafted to the P2VP throughout the material, 
self-healing behavior was observed, attributed to rearrangement of the PEG chains to and 
at the surface of the substrate.55 Due to this replenishment from the bulk, the anti-fouling 
properties of the functionalized substrates were maintained for significantly longer time 
then the surface grafted materials.55

Despite the effort to create stable coatings with complete surface coverage, it remains a 
challenge to prevent protein adsorption below a critical level, even in controlled laboratory 
settings. It was shown that only 5 ng cm-2 fibrinogen adsorption can result in thrombocyte 
adhesion and subsequent activation, which leads to thrombus formation.56–59 

Anti-thrombogenic surfaces

The next approach that aims at improved blood-compatibility, which is highlighted here, 
focusses on the use of anti-thrombogenic moieties, which can be used to functionalize 
biomaterials in the form of a coating, or mediate the release of such factors.
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Coating of anti-thrombogenic molecules

Heparin functionalization of vascular grafts and stents has already been used in clinical 
practice for a few decades.60,61 Recently, heparin was coupled to ePTFE vascular graft 
material. These heparin functionalized vascular grafts were shown to decrease clot 
formation and platelet adhesion in whole-blood, while the material maintained the ability to 
sustain functional – determined through NO production - endothelial and blood outgrowth 
endothelial cell (BOEC) culture.62   Multilayers of poly-l-lysine and heparin, present as 
the outer layer, were shown to prevent adsorption of blood proteins.63 Furthermore, the 
adsorption of proteins was increasingly reduced with an increasing number of layers in 
the multilayer.63 The electrostatic interactions between heparin and poly-l-lysine were used 
to create hybrid nanoparticles, which were immobilized on dopamine coated substrates.64 
These heparin-nanoparticle functionalized surfaces decreased adhesion and activation of 
platelets and had a positive effect by increasing blood-clotting times.64

Heparin and its less sulfonated biological counterpart heparan sulfate, have a variety of 
functions, including binding important factors regulating coagulation.9,65 Polymeric mimics 
of these sulfonated polysaccharides allow for control over for instance the degree of 
sulfonation, influencing binding affinity to factors associated with anti-coagulative activity.65 
Application of such sulfonated molecules or polymers in biomaterials, can also improve 
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Figure 2.4. A) Schematic representation of the disaccharide of heparan sulfate and heparin. The sites of variable 
sulfonation are indicated.9,65 B) Example of a sulfonated heparan/heparin mimicking polymer, grafted onto a surface 
using ATRP, possibly in combination with anti-fouling pOEGMA.66 C) Example of a sulfonated PU polymer, with 
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increased NOS mediated NO formation.85 E) Schematic representation of the conversion from endogenous 
S-nitrosothiols into NO, mediated by diselenide containing materials that have glutathione peroxidase-like 
activity.81
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blood-compatibility properties.(Figure 2.4) Sulfonated heparin mimicking polymers, 
based on the combination of sodium styrene sulfonate and pOEGMA,66 were conjugated 
to carbon nanotubes with SI-ATRP. These modifications decreased protein adsorption 
and thrombocyte adhesion, and positively increased clotting time as well.67 Similar heparin 
mimics were used to prepare multilayers through a layer-by-layer assembly process.68 Such 
coatings could be suitable for various materials to improve blood-compatibility.68 A surface 
induced free radical polymerization technique in aqueous environment was employed to 
functionalize poly(ether sulfone) (PES) membranes with varying ratios of poly(sodium 
p-styrene sulfonate –co- sulfobetaine methacrylate) brushes. Brushes with high sulfobetaine 
content resisted adsorption of platelets and proteins in a closely related fashion. The 
p-styrene sulfonate incorporation prolonged and thereby improved blood coagulation 
times on the membranes, but this effect was lost with only a small amount of sulfobetaine.69  
A blend of sulfonated PU and PES was used to fabricate membranes with improved blood-
compatibility, as was evident from an in vitro decrease in protein adsorption and platelet 
adhesion, increased blood coagulation times, and a lower thrombin generation activation.70  
As an alternative to heparin, direct thrombin inhibitors such as hirudin have been of interest 
for non-thrombogenic functionalization of biomaterials. 71,72 A coating with bivalirudin, a 
hirudin derived peptide, increased whole blood clotting time, decreased platelet adhesion 
and fibrinogen adsorption and also showed clear thrombin inactivation.73 Polyurethane 
was functionalized with another direct, small molecule, thrombin inhibitor argatroban for 
increased blood compatibility.74,75 Coupling of argatroban to free amines on the PU with a 
hexamethylene di-isocyanate linker resulted in promising decreases in thrombus formation 
in a extracorporeal circulation experiment.75 Argatroban functionalization of a NO releasing 
polymer blend showed promising results with regards to maintaining platelet quiescence 
and decrease in thrombus formation.74 Interestingly, fibrinogen, a fast adsorbing blood 
protein that is seen as a mediator for undesirable thrombocyte adhesion, has also been 
used as a coating with positive results related to vascular graft patency76 and decreased cell 
and platelet adhesion on coated PTFE and polyethylene terephthalate (PET) substrates.77

Release of anti-thrombogenic agents

Heparin was not only used as coating but also as compound to be released from a depot. 
Yao et al. incorporated heparin in a multilayered electrospun PCL/chitosan scaffold based 
on ionic interactions between heparin and chitosan.78 The vascular graft showed sustained 
release of heparin for more than 1 month in vitro, and improved patency in vivo in a rat 
abdominal aorta interposition model after 1 month.78 A biodegradable poly(urethane urea) 
was co-electrospun with dipyridamole, an anti-coagulatory drug. This method ensued 
continuous release of dipyridamole in vitro for 90 days, and reduced thrombogenicity as 
measured by thrombin anti-thrombin complex formation, hemolysis and platelet formation 
in vitro.79 Where NO is produced by endothelial cells with nitric oxide synthase (NOS), it 
can also be generated from endogenous NO donors, such as S-nitrosothiols, by selenium-
containing molecules with glutathione peroxidase like activity.80 (Figure 2.4) Functionalized 
biomaterial mediated NO production might prove beneficial towards improved blood-
compatibility. A bioactive coating was prepared by coupling of 3,3-diselenodipropionic acid 
to an amine rich substrate. This 3,3-diselenodipropionic acid has peroxidase-like activity 
and can generate NO from S-nitrosothiols via a specific catalytic reaction.81 This bioactive 
coating showed long-term and continuous production of NO and also inhibited platelet 
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activation.81

The combination of anti-fouling coatings, such as zwitterionic polycarboxybetaine and 
hydrophilic poly-2-methoxyethyl acrylate, with physiological NO release reduces platelet 
adsorption on membranes more than the two methods separate, even with evidence for 
a synergistic effect.82,83 SLIPS can be used too for a sustained release method. A PEI and 
PVDMA multilayer was combined with an anti-bacterial triclosan-infused hydrophobic oil.84 
These infused SLIPS decreased bacterial viability and suppressed the adhesion of a range 
of bacterial and mammalian cells.84 L-arginine methyl ester (L-AME) was incorporated 
in a poly(carbonate urethane)urea (PCU) base material.85 Upon blood-contact, L-AME 
releases from the PCU, acting both as a porogen, and a substrate to NOS, to catalyze 
NO production,85 a potent anti-thrombogenic agent normally secreted by endothelial cells 
(Figure 2.4d).4 Thromboelastography data showed improved clotting times with increasing 
L-AME concentrations.85 Moreover, endothelial progenitor cell (EPC) viability improved 
with L-AME incorporation when evaluated in vitro85 and in vivo.86 A surface that combines 
fibrinolytic functionality with Lysine incorporation87, and inhibition of platelet activation and 
aggregation with surface mediated NO production, was prepared on a pOEGMA brush 
base material. 6-amino-2-(2-methacylamido)-hexanoic acid)(LysMA) was copolymerized 
with pOEGMA and grafted to a PU surface. This resulted in a surface with anti-fouling 
properties due to the pOEGMA and clot lysing properties attributed to the poly(LysMA). 
The poly(LysMA) functionalization ensued increased plasminogen mediated clot-lysis. 
Furthermore, selenocystamine, which catalyzes NO generation from S-nitrosothiols, was 
covalently coupled onto the surface complementing the system with NO generating 
properties. The NO production contributed to reduced platelet adhesion and smooth 
muscle cell adhesion and proliferation on the surfaces.88

Specific bioactivation

In contrast to previously discussed approaches for improvement of blood-compatibility in 
biomaterials, which focused on making the surface as inert as possible, or grafting with anti-
thrombogenic molecules, functionalization of biomaterials that promote endothelialization 
is another promising approach.

One of the methods through which biomaterial surfaces can specifically be bioactivated, is 
via the combination of such bioactivation strategies with anti-fouling or anti-thrombogenic 
functionalization. Recently, several methods have been developed to further functionalize 
such coatings for incorporation of more biofunctionalities.89 pSBMA brushes that were 
shown to have excellent anti-fouling properties35 were further functionalized with an 
initiator group for ATRP, to which bacterium specific antibodies were coupled.90 This 
resulted in coatings with highly specific detection of these bacteria from complex media, 
while still maintaining a high reduction in aspecific adsorption of proteins from these 
mixtures.90 Sulfobetaine containing zwitterionic brush-coatings were adapted for specific 
functionalization using azide-based click-chemistry in which a bicyclononyne (BCN)-
functionalized biotin conjugate was covalently coupled in order to specifically recognize 
avidins from solution.91 Anti-fouling properties were maintained without reducing specificity 
of the avidin-biotin recognition.91 Click-chemistry was also employed in a design where 
they covalently coated electrospun polystyrene based materials with PEG-brushes through 
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SI-ATRP.92 A portion of these PEG-chains had trimethylsilyl groups used for coupling with 
azide-RGD moieties.92 Non-specific adsorption of BSA was significantly decreased on the 
PEGylated scaffolds, but cells were able to adhere on the RGD-functionalized scaffolds.92 

RGD functionalization of block copolymer brushes consisting poly(acrylamide), pOEGMA, 
and poly(acrylic acid) showed stable cell adhesion, while the non-functionalized coatings 
were resistant to cell adhesion for up to 1 month in culture medium.93 One-step 
processing with electrospinning of PEG-block-poly(D,L-lactide) (PEG-b-PDLLA) block-
copolymers resulted in meshes that were resistant to BSA adsorption.94 Incorporation of 
RGD-functionalized block-copolymers before processing makes these scaffolds adhesive 
for cells.94 In a similar approach, poly(D,L-lactide-co-glycolide) PLGA) scaffolds were 
functionalized with PEG containing star-shaped molecules resulting in protein-repellent 
fibers.95 This material mixture was bioactivated with RGD-peptides that reacted to exposed 
isocyanate groups, prior to electrospinning, which resulted in scaffolds that sustain cell-
adhesion.95

Also anti-microbial bioactivity can be applied in combination with PEG-brushes.96 
Polydimethylsulfoxide (PDMS)-PEG brushes were end-functionalized with antimicrobial 
peptides (AMP), which resulted in functionalized surfaces that showed decreased plasma 
protein adsorption, regardless of the PEG-block length and presence of the AMPs.96 
Interestingly, the bioactive films showed L929 cell compatibility, but significant anti-microbial 
activity, killing 99% of three bacterial species.96

Endothelial cell-specific bioactivation

Bioactivation strategies, such as described here, can also be beneficial for the formation 
and stimulation of endothelial layers on biomaterial surfaces. Bioactive functionalization, 
for instance based on methods that incorporate the general cell-binding peptide RGD 
as described in the examples above, can already benefit endothelialization. Chen et al. 
combined zwitterionic phosphobetaine for anti-fouling properties, a peptide with high 
affinity to EPCs, and DOPA groups for adhesion to the material substrate on a single 
polymer backbone.97 This combinatorial approach slightly increased EPC adhesion.97 
A polydopamine coating was employed to functionalize a material surface with DNA 
nanoparticles, with plasmid DNA encoding for the hepatocyte growth factor (HGF) gene.98 
These immobilized nanoparticles increased expression of HGF in both endothelial and 
smooth muscle cells, and due to the nature of HGF, increased endothelial cell proliferation, 
and thereby their competitiveness over smooth muscle cells.98 Multilayered electrospun PU 
vascular grafts were functionalized with heparin and the cell adhesion peptides, RGD and 
YIGSR, all coupled by a 1 kDa PEG-linker.99 In vitro studies showed an increase in human 
umbilical cord endothelial cell (HUVEC) adhesion and proliferation on surfaces with cell 
adhesive peptides present.99 Patency of vascular grafts modified with the combination of 
heparin, RGD and YIGSR was increased from 46.2% to 71.4% after implantation in a rabbit 
abdominal aorta interposition model for 9 weeks.99 

EPCs or BOECs could provide a promising source of endothelial cells that can be attracted 
from the circulation.100,101 Many approaches try to capture these progenitor cells or 
endothelial cells themselves using cell-specific targeting molecules. For instance, Xi et al. 
used EPC specific DNA aptamers electrostatically attached to a dopamine poly(ethylene 
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–co- imine) copolymer film to increase EPC adhesion and proliferation.102 The aptamer 
modified surfaces promoted EPC adhesion and proliferation over smooth muscle cells 
and endothelial cells to a lesser extent, proving its potential for use in specific stimulation 
of EPC adhesion.102 Another approach showed that vascular endothelial growth factor 
(VEGF) immobilized onto substrates through a heparin/poly-l-lysine coating was able to 
specifically attract endothelial cells under flow in vitro.103 Specificity for endothelial cells 
was even retained in complex cell-mixtures and endothelial cell suspensions in whole 
blood. Increased flow and shear stress did decrease the effectivity of cell-capture through 
VEGF functionalization.103 Heparin mediated crosslinking of VEGF or anti-CD34 antibodies 
was utilized to functionalize poly(glycolic acid) (PGA)-based vascular grafts.104 After 
2 weeks in an in vivo study in a mouse inferior vena cava interposition model, the anti-
CD34 functionalization showed slightly more endothelialization compared to the VEGF 
functionalized vascular graft, but both performed better than unmodified vascular grafts.104

The QK-peptide (KKLTWQELYQL[K(ac)Y[K(ac)]GI), which mimics the receptor binding 
region of VEGF, was covalently immobilized on elastin-like polypeptide (ELP) hydrogels.105 
Endothelial cell proliferation was significantly increased on the ELP hydrogels upon 
functionalization.105 The VEGF-mimicking QK peptide was also incorporated in poly(l-
lactide-co-ε-caprolactone) (PELCL) electrospun membranes, which resulted in increased 
proliferation of endothelial cells on the functionalized scaffolds.106

Several endothelial (progenitor) cell specific peptides have also been of interest for 
stimulating endothelialization (Table 2.1).107–109  The REDV-peptide was immobilized on a 
heparin/chitosan multilayer on PET sheets, which showed specific endothelial cell adhesion 
and suppression of smooth muscle cell adhesion in vitro.110 Immobilization of REDV 
on PEG-b-PELCL electrospun membranes through 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemistry improved endothelial cell 
adhesion compared to non-functionalized scaffolds, and additionally decreased BSA and 
fibrinogen adsorption slightly as well.111 REDV conjugation to PTFE surfaces with a PEG 
linker through NHS-chemistry promoted HUVEC adhesion, decreased platelet adsorption 
and showed beneficial effects on antibacterial behavior, by resisting S. aureus adhesion.112 In 
a similar fashion, PEG-based anti-fouling properties and an endothelial cell specific peptide 
were combined by conjugation of collagen type IV derived CAG-peptides to pOEGMA 
brushes on a PU-based material.113 This resulted in a decreased platelet adhesion on all 
pOEGMA brush covered surfaces, and a selective surface towards endothelial cell adhesion, 
both in single-cell culture and in co-culture with smooth muscle cells.113 Moreover, 
incorporation of a CAG-peptide promoted endothelialization in small-diameter vascular 
grafts. Endothelialization was improved from 77% to 98% in a carotid arterial replacement 
model in rats after 6 weeks. This resulted in a slightly improved overall patency. Endothelial 
function on CAG-functionalized vascular graft surfaces was also improved as assessed by 
endothelial NOS activity.114 PCL electrospun scaffolds functionalized with pCBMA were 
further modified with EPC specific TPS peptides (TPSLEQRTVYAK) using azide-based 
click chemistry. Platelet adhesion on the scaffolds with zwitterionic functionalization 
was significantly decreased, where the addition of the TPS peptide resulted in increases 
specificity for EPC adhesion compared to mesenchymal stromal cells (MSC) and 
HUVECs.115 Heparin immobilization can also be used to promote endothelialization. The 
density of immobilized heparin on substrates however is crucial for the effect on cells, i.e. 
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higher heparin densities leads to inhibition of all cell adhesion, while lower densities favor 
endothelial cell adhesion over smooth muscle cell adhesion.64

Table 2.1. Overview of peptides that have been used for the stimulation of endothelialization on the surface of 
biomaterials to improve blood-compatibility.

Peptide (full sequence) Sequence derived from

REDV-peptide Human plasma Fibronectin[107]

CAG-peptide Collagen IV, with high affinity for ECs [109]

TPS-peptide  (TPSLEQRTVYAK) Glycoprotein with high specificity for BOECs[108]

QK-peptide   (KKLTWQELYQL[K(ac)Y[K(ac)]GI) VEGF receptor binding region [105]

Stimulation of endothelialization via release of agents

Besides covalent conjugation of endothelial attracting moieties, release of non-
thrombogenic factors from biomaterials can also improve endothelialization. Dipyridamole 
or heparin released from small diameter vascular grafts results in a biomaterial to which 
endothelial cells prefer to adhere and proliferate on over smooth muscle cells.78,79 NO 
production mediated by biomaterial-catalyst conjugates has similar inhibitory effects 
on smooth muscle cell adhesion and proliferation.81 Dai et al. electrospun polyurethane 
scaffolds loaded with PEG-VEGF nanoparticles.116 Prolonged release of these nanoparticles 
improved endothelial progenitor cell proliferation and differentiation and thus increased 
endothelialization.116 A star-shaped copolymer of (poly(lactide-co-3(S)-methyl-morpholine-
2,5-dione)6, or a star-(PLMD)6 was grafted with PEI, PEG and a REDV peptide. This 
combination formed stable micelles and was used to condense pEGFP-ZNF580 utilizing 
electrostatic reactions with the PEI core-shell. These complexes were used to specifically 
transfect endothelial cells with the ZNF580 gene, resulting in increased transfection rates 
and migration in endothelial cells.117

Responsive material systems

The next step in the development of blood-compatible synthetic biomaterials is the 
introduction of responsiveness, such as triggered release of anti-coagulant factors. 
Uncontrolled activity of anti-thrombogenic moieties could for instance even lead to 
unwanted bleeding. Great effort has been put into the fabrication of systems that are 
responsive to certain stimuli. Material systems have been developed that respond to 
light, change in pH, mechanical stimuli, change in temperature, and that possess redox 
sensitivity118,119. With regards to blood-compatible materials, recent studies on responsive 
systems are discussed here, which concern anti-fouling or anti-thrombogenic response, or 
responsiveness to biologically relevant cues, such as proteases and enzymes.

Responsive anti-fouling materials

An early example of a blood-compatible responsive material is a system composed of an 
electrosensitive polypyrrole-heparin conjugate that is able to increase heparin exposure 
upon stimulation, which thereby supports endothelial cell culture.120 Spin-coated thin 
films were prepared by Xu et al. with different compositions of amphiphilic PEG-PS 
copolymer brushes. The amount of exposed PEG at the surface of these films was varied 
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through  exposure to different solvent vapors, which allowed the authors to tune the 
fouling behavior of these brush coatings.121 The anti-fouling properties of zwitterionic or 
mixed charged brush-coatings depend on the pH of the solution they are exposed to. 
For instance, zwitterionic poly(3-(1-(4-vinylbenzyl)-H-imidazol-3-ium-3-yl)propane-1-
sulfonate) (polyVBIPS) brushes, grafted onto substrates with ATRP, showed reversible 
surface hydration effects in different solutions, rendering the surfaces either anti-fouling, 
or less fouling.122 Similar results were seen for a mixed charged copolymer brush coating, 
consisting of positively charged [2-(Acryloyloxy)ethyl] trimethyl ammonium chloride 
(TMA) and negatively charged 2-carboxy ethyl acrylate (CAA), which showed anti-fouling 
behavior in neutral pH, but was fouling in acidic conditions.123 Moreover, adhered bacteria 
could be released from the surface by changing the pH of the exposed solution.123 A multi-
layered approach was applied to build in selectivity to cells or bacteria. The multi-layered 
construct consisted of a short anti-fouling PEG-linker, followed by a responsive peptide 
linker, either susceptive to degradation by gelatinase or coagulase, both excreted by 
bacteria, and an adhesive RGD peptide in the top layer.124 This surface was shown to be 
adhesive to cells. However when bacteria adhered that secrete either gelatinase or the 
coagulase, the sensitive peptide was cleaved, and the adhesive properties of the surface 
were lost, rendering the surface no longer adhesive to these bacteria.124

Biologically relevant responsive systems

Systems that display one-directional responsiveness to biological cues, similar like 
the ones that regulate anticoagulant functions of endothelium in vivo, can be used to 
fabricate responsive blood-compatible materials. Materials that are of interest contain 
peptides or other sequences that are recognized by similar biological cues as those that 
elicit a response in endothelium. A self-assembling peptide hydrogel was used as a base 
for sustained release of NO. A caged NO donor molecule was attached to the peptide 
hydrogelator. Upon cleavage by the enzyme ß-galactosidase, the cage was broken and NO 
was released from the hydrogel.125

Another method to release NO in a responsive system was developed by Wang et al., using 
a material system in which an electrospun vascular graft was covalently functionalized with 
biotin. The graft was further modified with an avidin-galactosidase. After administration of 
a glycosylated NO-prodrug, the exposed enzyme on the vascular graft surface released the 
NO from the prodrug locally, thereby decreasing thrombus formation and platelet adhesion 
on the graft surface. The enzyme in this method showed catalytic activity in vivo for up to 1 
month.126

Some responsive materials systems are based on the differences between physiological 
conditions in vivo and possible conditions ex vivo, for instance for easy application in 
combination with increased retention times in vivo. Contreras-García et al. grafted co-
polymers of N-isopropyl acrylamide (pNIPAM) and N-(3-aminopropyl) methacrylamide 
hydrochloride on polypropylene films. These films were loaded in swollen conditions at 
room temperature, whereas at physiological temperature the polymer structures were 
collapsed due to the thermal behavior of pNIPAM, which resulted in better retention 
of encapsulated drugs.127 An example of a supramolecular materials platform where 
this principle was used, is described by our group.128 A PEG-based hydrogel was end-
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functionalized with ureido-pyrimidinone (UPy) moieties that form reversible crosslinks 
through fourfold hydrogen bonding. At high pH, the hydrogel is liquid, allowing for injection 
through a catheter. At physiological pH, the material was shown to gelate, and increase  the 
localization and retention time of incorporated growth factors.128

Thrombin related responsive systems

The main activator of an anti-thrombogenic phenotype in endothelial cells is thrombin. 
Thrombin is therefore also a promising candidate to develop biomaterial systems with 
responsive anti-coagulative activity. In recent years, several material systems have been 
developed that respond to the presence of thrombin in various manners.

In a very elegant catch-and-release microfluidic system, a thrombin-specific DNA aptamer 
is used on top of flexible epoxy micropillars embedded in a hydrogel.129 This microfluidic 
system has two laminar fluid flows on top of each other, where the tops of the pillars are 
in the top flow-layer, and the hydrogel that supports the pillars is in the bottom flow-layer. 
When a solution with thrombin is flowed through the upper channel, the DNA aptamers 
on top of the posts will bind to the thrombin. Both the thrombin aptamer and the hydrogel 
are pH sensitive: the aptamer loses its affinity for thrombin in acidic pH, and the hydrogel 
shrinks at lower pH.129 Thus, when the fluid in the bottom flow-layer is changed from a 
neutral pH to an acidic pH, the hydrogel shrinks and the pillars collapse thereby exposing 
the pH-sensitive thrombin-aptamer to the same acidic pH. This results in the release of 
thrombin into the solution of the bottom flow-layer, which can be collected separately from 
the top flow-layer.129 This system is a good demonstration of the versatility of reversible 
thrombin binding by specific DNA aptamers. A similar thrombin-specific pH-responsive 
system that has potential as a biosensor, used an increased FRET signal in more acidic 
conditions and thrombin release from the aptamer as a read-out.130  

A bioresponsive hydrogel system was developed in which the specific binding of a DNA-
aptamer to thrombin caused a gel-sol transition.131 A DNA-aptamer, with a high affinity for 
thrombin, was part of a crosslinker in a polyacrylamide gel. In the presence of thrombin, 
the crosslinking function of the aptamer was lost, and the content of the hydrogel was 
released through the gel-sol transition.131 A comparable gel-sol transition as a result of 
thrombin presence was reported by Zhang et al.132 A double thrombin-DNA aptamer 
was part of a Y-shaped DNA hydrogel in which gold-nanoparticles were released from 
the gel in the presence of thrombin. The release of the gold-nanoparticles resulted in an 
increased FRET-signal in combination with positively charged quantum dots.132 A thrombin-
sensitive cage was developed for protease responsive delivery, by incorporating thrombin 
sensitive peptide (TSP) GGLPVR/GSGAS into a nanoscale protein cage. The TSP sequence 
was included in the sequence for the ferritin from hyperthermophilic archaeon Pyrococcus 
furiosus. The internal domain, conjugated to the payload, was externalized upon cleavage 
of the peptide by thrombin, without damaging the cage structure.133 Another example of 
reactivity to protease-cleavable peptides is a PEG-based anti-fouling hydrogel coating in 
whichthe anti-inflammatory chemokine IL-1Ra was incorporated.134 This method showed 
sustained release of the chemokine upon activation by proteases.134 An example that 
employs reactivity to thrombin in order to maintain hemostasis, is presented by Du et al. 
A t-PA loaded polyacrylamide hydrogel was crosslinked with a TSP (Gly-dPhe-Pro-Arg-Gly-
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Phy-Pro-Ala-Gly-Gly, that can be cleaved between the Arg and Gly by thrombin), terminated 
at both ends with methacrylamide.135 In the presence of thrombin t-PA was released from 
the hydrogel and subsequently lysed thrombi. An increased degree of crosslinking led to a 
decrease in thrombin mediated degradation rates, which shows the tunability of the activity. 
Clotting was prevented in a whole blood incubation experiment with these responsive t-PA 
releasing hydrogels.135 (Figure 2.5)

Introduction of feedback-controlled response mechanisms

The next step in the introduction of complexity into blood-compatible materials is the 
development of intrinsic (negative) feedback-controlled response mechanisms.136 In most 
cases, this means that the stimuli that induce the bioactivity of such a system decrease the 
activity of the stimuli. For instance in the study by Purcell et al. matrix metalloproteinase 
(MMP) sensitive peptide crosslinkers were incorporated in a polysaccharide-based 
hydrogel system.137 This hydrogel was loaded with tissue inhibitor of MMPs (TIMP) through 
electrostatic interactions. Upon cleavage of the MMP-sensitive peptide, the TIMP was 
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Figure 2.5. Schematic representation of thrombin sensitive systems that regulate coagulation: A) A starPEG 
hydrogel crosslinked through heparin and thrombin sensitive peptides (TSP). Upon degradation of these peptides 
by thrombin, heparin is released from the hydrogel. Subsequently, heparin-antithrombin complexes inhibit thrombin 
activity and further gel degradation and heparin release.138 B) Heparin is released from heparin-TSP nanoparticles, 
upon cleavage of the TSP by thrombin, resulting in decreased thrombin activity and further nanoparticle 
degradation, also mediated by heparin-antithrombin complexes.139 C) Mesoporous nanoparticles, loaded with a 
Vitamin K antagonist are covered in TSP. When the TSP is cleaved by thrombin, the content of the nanoparticle is 
released, inhibiting coagulation and thrombin activity.140 D) A polyacrylamide hydrogel is crosslinked by TSPs, and 
loaded with tissue plasminogen activator (t-PA). Upon degradation of the gel by thrombin, t-PA is released, which 
subsequently induces fibrinolysis after the activation of plasminogen.135



Chapter 2

34

released, inhibiting the function of the MMPs, limiting further hydrogel digestion.137 This 
method was used to attenuate adverse remodeling in the left ventricle of pig heart post-MI 
by decreasing the amount of matrix degradation, leading to improved cardiac output.137

Below the first approaches that truly implement negative feedback-controlled response 
mechanisms to control hemostasis are reviewed. A star-PEG hydrogel based system was 
end-functionalized with TSP sequences, i.e. (Gly- (D)Phe-Pip-Arg-Ser-Trp-Gly-Cys-Gly) that 
were crosslinked through heparin molecules.138 In the presence of thrombin, the TSPs were 
cleaved, and the heparin was released from the hydrogel. The released heparin subsequently 
served as a substrate for antithrombin, which increases the affinity of antithrombin for 
thrombin, and inhibits thrombin function and further heparin release from the hydrogel.138 
Application of this hydrogel system showed remarkable reduction in blood-clot formation 
in contact with the responsive hydrogel, in comparison with clinically applied PTFE and 
heparin-coated PTFE samples.138 (Figure 2.5) Nanoscale self-titrating activatable 
therapeutic nanoparticles, or nanoSTAT, were developed to locally prevent thrombosis.139 
The nanoSTAT is formed by self-assembly of a positively charged TSP, and negatively charged 
heparin. Covalent functionalization of the thrombin-sensitive peptide with PEG stabilized 
the particles, and nonspecific interactions were minimized. When cleaved by thrombin, the 
positively charged peptide casing released the heparin payload, thereby inhibiting thrombin 
via binding to antithrombin. This locally prevented thrombosis.139 (Figure 2.5)

A technique that involves acenocoumarol loaded nanoparticles has thrombin-regulated 
anti-coagulating activity.140 The drug acenocoumarol functions as an anticoagulant via 
Vitamin K antagonistic activity.141 Vitamin K is involved in coagulation as a Gla-protein 
activator, including prothrombin, factors VII, IX, X, and protein C and S. The nanoparticles 
contained a thrombin-mediated hydrolysable peptide sequence with LVPRGS repeats. 
Upon cleavage by thrombin the drug was released from the nanoparticles, interfering in 
the coagulation cascade and subsequently preventing clot formation and further release 
from the nanoparticles.140 (Figure 2.5) These examples show that feedback systems 
that regulate coagulation are mostly based on thrombin reactivity.  A good overview of 
bioresponsive systems with other applications is presented in a recent review by Wagner 
and colleagues.142 

Supramolecular systems for blood-compatibility

Supramolecular materials may be the ideal candidates for incorporation of autonomous 
feedback mechanisms owing to the inherently dynamic nature of the major interactions in 
these types of materials. Supramolecular materials form a class of materials that employ 
highly specific non-covalent interactions as the major driving force of assembly and 
functionalization.143 In recent years, supramolecular material systems have been employed 
to develop biomaterials with anti-fouling, anti-thrombogenic and responsive properties, of 
which examples are highlighted below.

Anti-fouling supramolecular systems

Host-guest interactions between ß-cyclodextrin and adamantane-functionalized molecules 
were implemented by Cai et al. to render microporous membranes less susceptible 
for aspecific protein adsorption.144 Propargyl methacrylate (PMA) was grafted on a 
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poly(vinylidene fluoride)(PVF) base material. The alkyne endgroups on the PMA are able to 
undergo a click-reaction with azide-moieties used to post-functionalize the membranes with 
mono(6-azideo-6-dexosy)-ß-cyclodextrin that serve as supramolecular hosts. Subsequent 
addition of PEG-molecules end-functionalized with adamantane guest moieties resulted 
in a PEG-mediated reduction in protein adsorption.144 The versatility of cyclodextrin-
adamantane host-guest chemistry was shown by  Deng et al. via anchoring of cyclodextrin 
host molecules onto PES membranes to which subsequently adamantane modified 
functional polymers were grafted.145 Upon addition of adamantane modified PEG the 
surfaces were more resistant to protein adsorption and platelet adhesion. Supramolecular 
incorporation of heparin mimicking poly(styrenesulfonate-co-sodium acrylates) conjugated 
to the adamantane resulted in an anti-thrombogenic surface that prolonged blood clotting 
times. Addition of adamantane-poly(methyl chloride-quaternized 2-(dimethylamino)ethyl 
methacrylate) complemented the system with antibacterial functionality.145

Similar host-guest chemistry was employed in the formulation of a layer-by-layer assembled 
multilayer coating.146 One layer consisted of polyethylenimine-ß-cyclodextrin (PEI-ß-CD) 
and the other of ferrocene-modified chitosan (Fc-CHT). The host-guest interactions 
between the cyclodextrin and the ferrocene improved long-term stability of the multilayers 
that showed inhibition of bacterial adhesion and growth.146 

In a modular approach we showed that  UPy-functionalized PEG molecules were 
incorporated in UPy-modified PCL base materials based on the hydrogen bonding 
interactions between UPy molecules.147 These mixtures were shown to decrease cell-
adhesion on thin films148–150 and electrospun scaffolds, both in vitro148,149 and in vivo.149 
(Figure 2.6) The same modular approach was employed to introduce bioactivity in these 
materials, as shown by cell adhesion on materials produced from mixtures containing RGD 
peptides conjugated to UPy moieties.148,151

Improved anti-coagulant properties

To include anti-thrombogenic properties in supramolecular biomaterials, Zhan et al. 
employed a combinatorial approach. In their research, a PU substrate was modified with a 
poly(2-hydroxyethyl methacrylate-co-1-adamantan-1-ylmethyl methacrylate) copolymer, to 
which both REDV peptide and a ß-CD decorated with seven lysines were coupled, through 
covalent coupling and ß-CD-adamantane host-guest interactions, respectively.152 The 
REDV-peptide serves as a promotor for endothelialization, while the lysine-rich molecule 
acts as a ligand for plasminogen and t-PA, enhancing lysis of thrombi at the biomaterial 
surface. The combination of these two strategies stimulated clot-lysis and endothelial cell 
adhesion, without impairment of function of either peptide.152 In a comparable approach, 
an ARMAPE peptide with high t-PA affinity was covalently coupled instead of the REDV-
peptide.153 Aspecific protein adsorption on these surfaces was intrinsically low due to 
the used HEMA linkers, and did not increase significantly compared to control surfaces 
upon functionalization with both the peptides and the lysine decorated ß-CD.152,153 
The dual affinity for t-PA and plasminogen also resulted in improved clot lysis when the 
functionalized surfaces were exposed to plasma.153

A supramolecular system based on rotoxanes was used for material-mediated NO 
generation.154 L-arginine was covalently immobilized to α-cyclodextrins (α-CD) through 
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a hydrolysable ester linker onto the polyrotoxane. Upon separation of the L-arginine, 
the mechanical properties and biocompatibility of the polyrotaxane biomaterial were 
retained.154 Calixarenes, which are known for their function as host in supramolecular 
host-guest interactions155, have been shown to function as a direct inhibitor of fibrin 
polymerization, preventing the final step in blood-clot formation.156 Using supramolecular 
host-guest chemistry based on cyclodextrin-adamantane interactions, PCL surfaces were 
functionalized with mixtures of PEG and TPS peptide, where the adhesion of EPCs on these 
surfaces could be modulated.157 These examples of material systems based on host-guest 
chemistry show the potential of supramolecular systems with anti-coagulant function.

Responsive supramolecular systems

In recent years, several supramolecular systems with responsivity to different cues and with 
different functions have been developed.158

A thermoresponsive supramolecular system that is either anti-fouling, or kills adhered 
bacteria was developed by Shi et al.: ß-CD covered surfaces were functionalized with 
adamantane terminated pNIPAM (Ad-pNIPAM) and poly[2(methacryloyloxy)ethyl]-
trimethylammonium chloride (Ad-PMT) using host-guest interactions between the ß-CD 
and the adamantane.159 At temperatures below the lower critical temperature (lower 
critical solution temperature, or LCST) the hydrated pNIPAM-brush provides anti-fouling 
properties. Above the LCST the longer pNIPAM molecules collapse which renders the 
surface adhesive for bacteria, and simultaneously exposes the bacteria to Ad-PMT. This 
effectively kills the bacteria, including those that may have attached before the temperature 
transition.159

Some supramolecular approaches have been developed for stimulative control over cell 
adhesion to functionalized biomaterials. An et al. functionalized RGD peptides with an 
N-terminal tryptophan-glycine-glycine (WGG) motif. The WGG peptide is capable to act as 
a guest, together with the electrosensitive viologen-moiety inside a cucurbit[8]uril (CB[8]) 
host molecule. In this approach, PEG-coated anti-fouling surfaces were functionalized 
with viologen molecules attached via an alkyl spacer through disulphide coupling.160 In 
combination with the CB[8] and WGGRGD peptides, the surfaces were made bioactive 
and cell adhesive. Upon electrical stimulation of the substrates however, the viologen 
was reduced and the complex with the WGGRGD peptide dissociates, which resulted in 
release of the adherent cells.160 (Figure 2.6)

Employing the difference in affinity of the guest molecules napthalane and adamantane 
to cyclodextrin, another responsive cell-adhesive system was developed.161 Covalent 
modification of alginate surfaces with cyclodextrin molecules was described. Acting as 
guest for the cyclodextrin host, 1-adamantane-carboxylic acid was conjugated to RGDS 
(ada-RGDS) and RGES (ada-RGES, an RGD analog without biological activity) peptides. 
As a guest with a slightly lower affinity for interaction with the cyclodextrin, RGDS was 
coupled to 1-napthalene-amide (naphtyl-RGDS). On the bare alginate, cells kept a rounded 
morphology. Upon supramolecular functionalization with the RGD-guest molecules, cells 
were able to spread on the surfaces. When the ada-RGES was added to the substrates with 
napthyl-RGDS, the napthyl-RGDS guests were replaced by ada-RGES guests, by which the 
surfaces lost bioactivity and cell-adhesive properties.161
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A nice example of a supramolecular material system, with responsivity resulting in 
conformational changes,  is with a water soluble block-copolymer, consisting of PEG and 
pHEMA, of which 32% of the methacrylate monomers is grafted with a biguanidine-ß-
CD moiety.162 Adenosine triphosphate (ATP) can specifically interact with this conjugate, 
through a combination of hydrogen-bonding between the triphosphate group and the 
biguanidine linker, and the host-guest interactions of the nucleotide group and the 
cyclodextrin. Dependent on the concentration of ATP, the polymers form different 
structures, ranging from spheres, to fibers and vesicles.162 

An enzyme-responsive system based on self-assembling peptide amphiphiles (PA) was 
developed by Webber and coworkers.163 The self-assembly into nanofibers is driven by 
collapse of the hydrophobic tail, in combination with ß-sheet formation of the peptides. The 
peptide sequence, that contains a serine, is specifically recognized by the enzyme Protein 
Kinase A, which phosphorylates this serine. The phosphate group on the serine disrupts 
the ß-sheet and causes disassembly of the PA nanofibers. In presence of another enzyme, 
alkaline phosphatase, the original PA is restored by dephosphorylation, which allows the 
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Figure 2.6. Schematic representation of supramolecular material systems. A) Stimulative control over cell-
adhesion through electrosensitive viologen-WGG-peptide-cucurbit[8]uril (CB[8]) disassociation: A surface 
is functionalized with viologen moieties, and through complexation with a WGGRGDS peptide as hosts in the 
cucurbit[8]uril guest molecule, cells are able to adhere on the functionalized surface. Upon reduction of the 
viologen, the peptide disassociates from the CB[8] and causes cells to release from the surface.160 B) Modular 
functionalization of materials based on specific interactions between ureidopyrimidinone (UPy)-conjugated 
molecules. These UPy moieties form dimers that can stack into fibrous structures. Simple mixtures of UPyPCL 
and UPyPEG result in non-cell adhesive surfaces.148–150 C) Enzyme sensitive self-assembly of peptide amphiphiles, 
where specific phosphorylation by Protein Kinase A causes disassembly of supramolecular nanofibers and 
dephosphorylation by Alkaline Phosphatase allows again for self-assembly into nanofibers.163
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molecules to self-assemble into fibrous structures again. In this way, the supramolecular 
assembly is regulated in an enzymatic way, in close resemblance to phosphorylation cycles 
in nature.163 (Figure 2.6)

The self-assembly into either nanosheets or nanotubes in another system with two Fmoc 
PAs depends on the ratio between these peptides. The balance between the two dipeptides 
used in this study, Fmoc-cysteic acid-phenylalananine (CAF) and Fmoc-lysine phenylananine 
(KF) is regulated by thermolysin mediated hydrolysis and amide formation. Interestingly, 
in the presence of the cationic polysaccharide chitosan, the formation of CAF is favored, 
which results in nanosheet formation. In the presence of the anionic polysaccharide heparin, 
KF is formed more, which gives rise to nanotubular structures,164 showing biomolecule 
dependent self-assembly for this peptide-based system.

Outlook

The scientific development of new biomaterials with improved blood-compatibility has 
been shown to progress from passive functionalization strategies, towards responsivity to 
relevant biological cues. Insights in this field will lead to better understanding and control 
over blood-biomaterial interactions, even though not all complexity can eventually be 
translated for clinical applications.165 

The dynamic material systems described have shown to modulate thrombus formation, 
either in solution or in a hydrogel state. One of the key challenges in further development of 
biomaterials that counteract coagulation in a dynamic fashion would be the implementation 
of these feedback-controlled mechanisms into biomaterials that are mechanically suitable as 
structural materials in applications such as vascular grafts and heart valve constructs. One 
could think of recent advances in combining hydrogels with elastomeric biomaterials, by 
covalently coating with thin hydrogel layers166,167, or in the form of interpenetrating polymer 
networks.168–170

Supramolecular materials could provide the ideal platform for the incorporation of dynamic 
reciprocity, since the properties of such biomaterials are governed by non-covalent 
supramolecular interactions, which are intrinsically dynamic. This will lead to materials that 
better mimic the natural environment, e.g. the extracellular matrix, and could lead to the 
development of life-like materials.

In the design of blood-contacting materials based on the strong but non-covalent 
supramolecular interactions care should be taken to ensure prolonged stability, since 
these materials will be subjected to a constantly diluting environment in vivo. Even 
though dilution-based self-assembly has been described in literature171, the self-assembly 
of supramolecular materials in solution can change with biologically relevant changes 
in e.g. pH, ionic strength or protein concentrations.143,158 In more stable elastomeric 
supramolecular materials, such as described by our group,148–150 these factors have a limited 
effect, but the dynamicity is lower in these materials. The challenge lies in finding the 
delicate balance where supramolecular materials have sufficient robustness and dynamic 
properties simultaneously.172,173 

Another aspect, in which progress can be made, is the design of ligands that serve as the 
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reactive components in dynamic materials. In most material systems described, these 
reactive sites, such as thrombin-sensitive peptide sequences, are consumed over time, 
such that eventually dynamic functionality of the system is lost. Many processes in nature, 
the main source of inspiration in the development of new biomaterials, are governed 
through non-covalent and, importantly, reversible interactions. The same holds for the 
anti-coagulative functionalities of endothelium, where for instance the complexation of 
thrombin to thrombomodulin activates anti-coagulant properties of protein C bound 
to endothelial protein C receptor174, or the conformational change that antithrombin 
undergoes when bound to specific pentasaccharide domains in heparan sulfate through 
hydrogen bonding, which results in increased affinity for thrombin.175 Promising examples 
of compounds that can serve as ligands with reversible interactions in dynamic systems 
include DNA aptamers102,129–131 As described, complexation with specific DNA aptamers 
can be fully reversible,102,129,130 and can be used to modulate gel-sol transitions.131 Reversible 
enzyme mediated responsivity, as shown for the dephosphorylation and phosphorylation 
in the self-assembling peptide amphiphiles system,163 is another example of how life-like 
processes can be used to modulate material properties. In future research, we propose 
that the design of new synthetic biomaterials with a combination of feedback controlled 
anti-coagulant activity and smart use of reversible interactions will provide the edge for a 
new generation of blood-compatible biomaterials; en route to meet nature’s complexity in 
a synthetic way.
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3
Supramolecular antifouling additives for robust 
and efficient functionalization of elastomeric 
materials: molecular design matters

Abstract

The ultimate functionality of elastomeric materials can be largely influenced by the 
molecular design of antifouling additives that interact through directed hydrogen 
bonding bisurea motifs. Herein, three additives, composed of matching bisurea 
groups and antifouling oligo(ethylene glycol) (OEG) functionalities, are judiciously 
designed. The first additive is composed of one bisurea and one OEG, the second 
additive of one bisurea and two OEGs, and the third additive of two bisurea and 
one OEG. On solution-cast films, non-cell adhesive properties are dependent on 
the amount of incorporated OEG irrespective of the bisurea design; however, on 
3D electrospun scaffolds only the additive that consists of two bisurea moieties 
connected via an OEG functionality ensures proper non-cell adhesive properties. 
Interestingly, robust non-cell adhesive properties are maintained, both with 
repeated cell seeding and after partial enzymatic degradation of the scaffold. 
These results highlight the importance of additive design in supramolecular 
functionalization and show that translation from simple 2D solution-cast films to 
3D electrospun scaffolds is not trivial with respect to additive presentation and 
functionality.

The content of this chapter is based on: 

Bastiaan D. Ippel, Henk M. Keizer, Patricia Y.W. Dankers, Supramolecular antifouling additives 
for robust and efficient functionalization of elastomeric materials: molecular design matters, 
Advanced Functional Materials 2019, 1805375



Chapter 3

52

Introduction

In the fabrication of everyday polymeric materials, additives are commonly mixed with 
polymers to provide the materials with desired and improved properties. Well-known 
examples include plasticizers, stabilizers, UV-absorbers, pigments and lubricants.1 For 
biomedical applications, control over the adhesion of cells and adsorption of proteins at the 
biomaterial surface is important to tune the response to tissue the biomaterial is exposed 
to.2,3 Antifouling functionalization is often used to improve biomaterial performance to 
resist fouling, or to aid in specific bioactivation.4–6 Besides covalent strategies7–9 functional 
antifouling additives can be simply mixed with base polymers to create biomaterials 
with antifouling properties. The antifouling function is introduced either via hydrophilic 
compounds, such as poly and oligo(ethylene glycols),10–15 or via hydrophobic fluorinated 
groups16,17. Interactions of such additives with the base material are important to ensure 
both robust incorporation and functionality through sufficient surface exposure of the 
functional groups. Macromolecular additives, such as amphiphilic block copolymers, in which 
the hydrophobic block contributes to incorporation in the base material, and hydrophilic 
block provides the antifouling properties, have been reported. In studies by Park et al.12, 
Freij-Larsson et al.10, and Lee et al.11 polyurethane (PU) materials were functionalized 
with macromolecular additives composed of hydrophobic poly(tetrahydrofuran) PTHF or 
poly(propylene glycol) (PPG) blocks providing easy incorporation, and PEG functionalities 
for antifouling properties. The additives in the research by Tan et al.13, Xu et al.15, and Zhang 
et al.14 had macromolecular hydrophobic blocks that matched the base materials. We 
propose that for biomaterials development the interaction of the additive with the base 
polymer should be delicately managed. When this interaction is constituted by hydrogen 
bonding, directionality and specificity can be introduced. A well-known class of hydrogen 
bonded polymers is formed by segmented PUs and poly(urethane urea)s (PUU) consisting 
of macromolecular soft blocks, and hard blocks that are formed by urethane and/or urea 
functionalities. Such materials have been used in numerous biomedical applications ranging 
from cardiac patches18, heart valves19 to vascular grafts.20,21

In supramolecular thermoplastic elastomers the hard-blocks, that assemble through 
directed hydrogen-bonding, can be specifically functionalized with supramolecular additives 
that have matching hard-blocks.22 This principle has been extensively studied by our group 
with the fourfold hydrogen bonding ureido-pyrimidinone (UPy) moiety as a supramolecular 
motif.23 UPy-based materials were modified with UPy-additives to incorporate both 
antifouling24–26 and bioactive24,27–29 functionalities. However, this approach has been 
left relatively unexplored in more traditional hydrogen bonded elastomeric materials.
Thermoplastic elastomers with highly defined bisurea hard-blocks follow the same principle, 
i.e., specific, robust modification via matching small-molecule bisurea additives (Figure 
3.1).30 Importantly, it was previously shown that additives and thermoplastic elastomers 
with bisurea motifs that have a different spacer length between the urea groups are able to 
self-sort with matching motifs.31,32  

Here, OEG-based bisurea containing additives were judiciously designed to be incorporated 
in bisurea-based elastomers in order to arrive at robust antifouling materials. Comparison 
of three different OEG-based bisurea containing additives allows us to investigate the 
importance of molecular design of additives with highly specific interactions with the base 
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material for functional antifouling properties. First, surface properties and functionality 
of solution-cast thin films were assessed, followed by the characterization of functional 
electrospun scaffolds.

Materials design

The two urea groups in the bisurea moieties of the additives are spaced with a C4, to 
match the bisurea in the base polymer (Figure 3.1). To further facilitate supramolecular 
anchoring in the base material, small hydrophobic alkyl spacers flank the bisurea motifs in 
the additives. 

The first additive, BU-OEG (BO) is a monovalent (i.e., with one bisurea moiety) additive, 
which comprises of one OEG chain (OEG12) and one bisurea moiety. The second additive, 
OEG-BU-OEG (OBO), is a monovalent additive, in which the bisurea moiety is flanked 
by two OEG chains, equal in length to the OEG chain in BO (OEG12). The third additive, 
BU-OEG-BU (BOB) is a bivalent additive, with an OEG chain that is approximately two 
times the size of the OEGs in OBO and BO (OEG27), end-functionalized with two bisurea 
moieties. 

These additive designs allow to study the effect of additive design independent from OEG 
concentration. The choice of soft-block of the elastomeric base polymer vastly influences 
the degradability of the biomaterial.19,33 Here we have chosen to investigate the influence of 
both a polyester, i.e., polycaprolactone (PCL), and a polycarbonate, i.e., poly(hexamethylene 
carbonate) (PC), backbone.
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Figure 3.1.  A) Structural representation of the base polymers polycaprolactone-bisurea (PCL-BU) and 
polycarbonate-bisurea (PC-BU), and the three additives, BU-OEG (BO), OEG-BU-OEG (OBO) and BU-OEG-BU 
(BOB). B) Schematic representation of self-assembly of bisurea moieties (in red) into a fibrous hard-block.
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Solution-cast surface characterization and functionality

The effect on surface morphology of addition of the three OEG-based additives to the 
PCL-BU base polymer was probed using tapping mode atomic force microscopy, in which 
the self-assembled fibrous structure of thin films with bisurea hard blocks are visualized 
as brighter domains.30,31,34,35 The pristine PCL-BU material showed characteristic fibers 
that are formed by organized self-assembly of the bisurea hard-blocks. (Figure 3.2). A 
fibrous morphology was also observed for the solution-cast films with 2 mol% of each 
of the additives, which suggests proper supramolecular incorporation of the additives, 
even though the exact morphology was different for each additive. An increase in lighter 
domains on the surface of the solution-cast films with BOB and especially the OBO 
additive indicates the presence of crystalline OEG domains. Moreover, no obvious changes 
were observed in the presence of OEG domains at the surface of the films with additive 
after annealing in aqueous environment for 24 hours (data not shown). Thus, these additives 
were properly incorporated in the PCL-BU base polymer and OEG presence at the surface 
remained stable in aqueous environment.  The hydrophilicity of the solution-cast films was 
assessed with static water contact angle measurements, where a decreased contact angle 
(i.e., increased hydrophilicity) can be attributed to an increase of hydrophilic OEG at the 
surface of the films. Increased hydrophilicity in turn is an indication of the non-cell adhesive 

PCL-BU +2% BO +2% OBO +2% BOBA B

D

C

Figure 3.2. A) Schematic representation of a self-assembled nanofiber at the surface of a film. B) AFM phase 
micrographs of solution-cast films of PCL-BU with 2 mol% of the three additives. Scale bars represent 100 nm. C) 
AFM height images of PCL-BU with 2 mol% additive. The false color ruler shows height in nm. Scale bars represent 
100 nm. D) Water contact angles measured on solution-cast films of PCL-BU with 0, 0.5, 1, 2, and 4 mol% of the 
additives. Regular films are indicated by the blue data points, water annealed films by the red data points. Non-cell 
adhesive solution-cast films are indicated with asterisks. Data is represented as mean ± SEM.
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properties of the films.36 The pristine material shows a contact angle of 80 ± 1°, which 
decreased to 48 ± 5° with 4 mol% OBO, and to 69 ± 2° with 4 mol% BO, but slightly 
increased to 86 ± 2° with 4 mol% BOB (Figure 3.2). Incubating the solution-cast samples 
in aqueous environment for 24 hours resulted in decreased contact angles for all additive 
concentrations, which indicates an increase in OEG at the surface of the films, as opposed 
to what was observed in the AFM on water annealed samples with 2 mol% additive. 

Scaffold Atomic Composition [At %]
C-C C-N C-O O=C-O O=C-N

Pristine PCL-BU 63.9 6.6 14.4 14.1 1.0

+ 1% OBO 49.0 9.9 29.9 8.8 2.5
+ 2% OBO 40.3 12.8 36.6 7.0 3.3
+ 4% OBO 38.8 11.2 40.9 5.8 3.3
Pure OBO 31.7 14.8 45.1 4.0 4.4

+ 1% BOB 55.5 10.2 21.3 10.8 2.2
+ 2% BOB 44.8 12.4 32.4 7.3 3.0
+ 4% BOB 47.5 10.6 32.1 6.5 3.4
Pure BOB 40.2 17.9 34.4 3.3 4.3

Table 3.2. Quantification of components in XPS C1s narrow scan of solution-cast films of PCL-BU with the 
OBO and BOB additive

Contractile and adhesive primary vascular derived myofibroblast-like cells, i.e., human vena 
saphena cells, were cultured on thin films of material mixtures with 0.5, 1, 2 and 4 mol% of 
the additives to investigate the non-cell adhesive properties. On the pristine PCL-BU 
surface, and the mixtures with 0.5 or 1 mol% additive, cells adhered and displayed a clear 
spread morphology with a well-defined actin cytoskeleton (Figure 3.4). For the OBO and 
BOB, incorporation of only 2 mol% was required for significant non-cell adhesive 
properties, whereas the BO additive is virtually non-cell adhesive at 4 mol%. Strikingly, the 
hydrophilicity of those surfaces that resist cell adhesion did not differ from the surfaces 

Surface Surface Composition [At %]

C O N

Pristine PCL-BU 76.4 22.2 1.5

+ 1% OBO 74.4 22.8 2.8
+ 2% OBO 74.1 22.4 3.5
+ 4% OBO 73.4 23.3 3.3
Pure OBO 72.2 23.6 4.3

+ 1% BOB 74.9 21.9 3.2
+ 2% BOB 73.7 20.3 6.0
+ 4% BOB 74.3 20.4 5.3
Pure BOB 69.8 24.0 6.2

Table 3.1. Atomic surface composition of solution-cast films derived from narrow scan XPS spectra.
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that do. Only upon incorporation of higher concentrations of OEG-additive, the water 
contact angle decreased. With X-ray photoelectron spectroscopy (XPS) an increase in 
nitrogen content and  characteristic C-O species was observed with increasing additive 
concentration (Figure 3.3, Table 3.1, Table 3.2), which indicates increased OEG content 
at the surface.

Moreover, these concentrations are relatively low, in comparison to previous studies 
where PEG-based UPy-additives were non-covalently incorporated in UPy-functionalized 
materials.24–26 In the studies by Van Almen et al. and Mollet et al., respectively, ratios of base 
material to additive of 90:10 and 70:30 were used for non-cell adhesive properties.24,25 In 
the study by Pape et al. a ratio of 95:5 was used, but non-cell adhesive properties were 

A

B

PCL-BU PCL-BU

1% OBO

2% OBO

4% OBO

100% OBO

PCL-BU

1% BOB

2% BOB

4% BOB

100% BOB

Figure 3.3. A) XPS survey spectra for solution-cast films of PCL-BU with the OBO and BOB additive. B)  XPS 
carbon narrow scans of solution-cast films of PCL-BU with the OBO and BOB additive, and pure OBO and BOB 
additive, with the measured data represented by the black circles, the modelled atomic components by the blue 
curves, and the sum of these components by the red curve. 
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less significant.26 Incubation with culture medium for 24 hours, which would allow for 
adsorption of serum proteins prior to cell seeding, yielded similar results (Figure 3.5). 
When polycarbonate is used as the soft-block in the base material (Figure 3.1), mixtures 
with the three additives show similar non-cell adhesive properties (Figure 3.6). These 
results highlight the modularity of the material system and show efficient non-cell adhesive 
properties at low additive concentrations. 

In conclusion, the primary screening of the OEG-based additives showed that the BOB 
and OBO require the lowest degree of incorporation –2 mol%– for non-cell adhesive 
properties, and would therefore be the candidates that are used for further processing into 
electrospun scaffolds. The amount of OEG seems to be the dictating factor for non-cell 
adhesive properties in the functionality of a single additive.

Electrospun scaffold characterization

Electrospinning of these bisurea elastomeric materials yields fibrous and porous constructs, 
and when deposited on a rotating mandrel can be readily fabricated into tubular vascular 
grafts and heart valves.19,37,38 Since the functionalization strategy relies on non-covalent 
interactions, varying processing conditions can however affect the self-assembly of the 
polymeric materials and therefore also the incorporation of the additive and the resulting 
representation of the OEG-additives at the surface of the processed material. The two 
OEG-additives that required lower concentrations for non-cell adhesive properties were 
further processed into electrospun scaffolds at increased additive concentrations of 4, 
10 and 20 mol%. To ensure that the changes in cell-adhesive properties can be attributed 
to the difference in chemical make-up of the material, the morphologies of the scaffolds 
should be roughly the same, since it is known that electrospun scaffold properties such as 
fiber diameter and porosity can have a significant effect on for instance cell spreading and 
proliferation, and platelet adhesion39. The desired fiber diameter for these scaffolds was ≤ 
1 µm, to prevent cellular infiltration in the in vitro cell adhesion experiments. The average 
fiber diameter of the scaffolds ranged from 0.6 ± 0.1 µm to 0.9 ± 0.1 µm, which is relatively 

0.5 mol% 1 mol% 2 mol% 4 mol%

O
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O
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O

B
PCL-BU
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O

Figure 3.4. Fluorescence micrographs of HVSCs cultured on PCL-BU based solution-cast films for 24 hours. The 
actin cytoskeleton is presented in green, and nuclei in blue. Scale bars represent 100 µm.
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close to the desired 1 µm (Table 3.3) Moreover, the overall morphology of the fibers was 
smooth, no obvious surface roughness was detected with SEM (Figure 3.7). 

Water contact angle measurements on the electrospun scaffolds showed an increased 
contact angle for the pristine PCL-BU mesh (128 ± 2 °), attributed to the roughness of 
the electrospun scaffold surface, compared to the smooth solution-cast films. All scaffolds 
with an additive showed very fast absorption (< 5 seconds), which made the determination 
of contact angles for these scaffolds impossible, but did indicate that incorporation of all 
concentrations of additive resulted in more hydrophilic constructs.  

Similar to the solution-cast films, the surface chemistry of the electrospun scaffolds can 
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Figure 3.5. Fluorescence micrographs of HVSCs cultured on PCL-BU based solution-cast films for 24 hours, 
prior to which these films were incubated in growth medium for 24 hours at 37°C. The actin cytoskeleton is 
presented in green, and nuclei in blue. Scale bars represent 100 µm.
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Figure 3.6. Fluorescence micrographs of HVSCs cultured on PC-BU based solution-cast films for 24 hours. The 
actin cytoskeleton is presented in green, and nuclei in blue. Scale bars represent 100 µm.
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be assessed by means of XPS. For both the OBO and the BOB additive, an increase in the 
characteristic C-O component of the high-resolution carbon scan was observed, which 
indicates an increased OEG coverage at the surface of the fibers (Figure 3.7, Table 3.4). 

Interestingly, the carbon spectrum of the 20 mol% OBO additive closely resembled the 
spectrum of the solution-cast film from the pure additive (Figure 3.3, Figure 3.7). For 
BOB however, this did not hold. This suggests that the incorporation of the two additives 
in the electrospun fiber is different; on the surface of the fiber more OBO than BOB 
additive is presented. Since the interactions that enable incorporation of the additives are 
non-covalent, it is detrimental that no additive leaks from the scaffold and functionality 
is maintained. Leakage of the additives was assessed using liquid chromatography-mass 
spectrometry (LC-MS).  Seven days incubation of the scaffolds with 10 mol% of OBO 
in Milli-Q or PBS resulted in the release of 5 ± 2% or 26 ± 3% OBO, respectively. It is 
proposed that the presence of salts influences the leakage of the OBO additive. In contrast, 

O
BO

BO
B

PCL-BU

4 mol% 10 mol% 20 mol%A

B

Figure 3.7. A) Scanning electron micrographs of electrospun scaffolds with 4, 10 and 20 mol% OBO and BOB 
additive (composite image of secondary and backscattered electrons). Scale bars represent 10 µm. B) XPS carbon 
spectra of electrospun scaffolds with 4, 10 and 20 mol% OBO and BOB additive. The data is presented by the 
black circles, the individual modelled components by blue curves (left to right, O=C-O, O=C-N, C-O, C-N, C-C) 
and the sum of the components, or the total fit by the red curves.
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the BOB additive was not detected with LC-MS after 7 days in Milli-Q and PBS, which 
indicates that this additive is retained in the scaffold. The cytotoxicity of the additives from 
the scaffold was investigated by means of a resazurin assay. This revealed that the additives 
had no cytotoxic effect in both direct and indirect cytoxicity assays (Figure 3.8).

Antifouling properties of electrospun scaffolds

Human Vena Saphena Cells show a clear spread morphology on the pristine PCL-BU 
scaffold (Figure 3.9). Upon incorporation of either 4 mol% OBO or 4 mol% BOB, the 
adhesion was decreased, even though patches of cells were still able to adhere, in contrast 
to the solution-cast films with 4 mol% additive. A striking difference between the two 
additives was observed in the cell adhesion on scaffolds with 10 and 20 mol% additive. 
Cell adhesion was reduced to a minimum on electrospun meshes with 10 and 20 mol% 
BOB, where non-spreading cell(-cluster)s were still present on the surfaces with 10 and 20 
mol% OBO. For scaffolds with 4, 10 and 20 mol% BO, large patches of adhered cells were 
observed (Figure 3.9). Similar to the solution-cast films, the electrospun scaffolds can be 
fabricated with polycarbonate as the soft-block in the base polymer. The cell adhesion on 

Material Fiber diameter [mean ± SD]

PCL-BU 0.8 ± 0.1 µm

+ 4% OBO 0.7 ± 0.1 µm

+ 10% OBO 0.9 ± 0.1 µm

+ 20% OBO 0.8 ± 0.1 µm

+ 4% BOB 0.6 ± 0.2 µm

+ 10% BOB 0.7 ± 0.1 µm

+ 20% BOB 0.6 ± 0.1 µm

Table 3.3. Average fiber diameter of electrospun scaffolds with 4, 10, and 20 mol% BOB and OBO in PCL-BU

Table 3.4. Quantification of components in XPS C1s narrow scan of electrospun scaffolds of PCL-BU with the 
OBO and BOB additive

Scaffold Atomic Composition [At %]

C-C C-N C-O O=C-O O=C-N

Pristine PCL-BU 61.7 4.7 16.0 15.6 1.9

+ 4% OBO 47.4 9.4 28.5 2.8 11.9

+ 10% OBO 37.0 10.0 40.7 3.7 8.5

+ 20% OBO 33.4 6.5 50.5 4.1 5.6

+ 4% BOB 57.3 8.1 18.2 2.2 14.2

+ 10% BOB 51.3 13.5 21.2 3.0 11.0

+ 20% BOB 44.0 15.9 28.8 2.5 8.9
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an electrospun scaffold of PC-BU with 10 mol% BOB was significantly decreased (Figure 
3.9), which confirms once again the modularity of this system and the ability to tune other 
relevant material properties towards different applications.  Interestingly, when the cells 
seeded on the scaffolds with 10 mol% OBO were cultured for 7 days, these were able to 
spread resulting in patches with spread cells on the scaffold (Figure 3.11), which may be 
attributed to the possible leakage of the OBO additive from the scaffold in a period of 7 
days. The scaffold with 10 mol% BOB showed no spreading cells and retained the non-
cell adhesive properties. Even when the scaffold was repeatedly seeded, up to 3 times, no 
spreading cell patches were observed, though the amount of rounded cell clusters slightly 
increased. 

The material system used here has applications in vascular regeneration therapy. In this 
case, the material would slowly degrade in vivo. Since the modular approach relies on 
functionalization prior to processing, the bulk of the material is functionalized, apart from 
possible segregation during the electrospinning process. To investigate whether the non-cell 
adhesive functionality is retained upon degradation, cell adhesion was studied on scaffolds 
that were partially degraded in vitro with a lipase enzyme (Figure 3.11). The SEM images 
showed a different morphology in the degraded scaffolds, where the fibers on the surface 
in the PCL-BU scaffold were thinner and perforated, and the scaffold with additive showed 
more segmented fiber fragments on the surface of the scaffold. The change in surface 
morphology on the PCL-BU scaffold even seemed to increase the cell-adhesive properties 
of the material. Strikingly though, the non-cell adhesive properties of the scaffold with 10 
mol% BOB was largely maintained after partial degradation of the scaffold material. 

The protein fouling properties of the functionalized scaffolds was assessed on the basis of 
adsorption of the first three proteins from the Vroman series40, i.e., albumin, γ-globulin, and 
fibrinogen, that would normally be the first to adsorb from blood. Interestingly, a similar 
amount of protein adsorbed from a 1 mg protein mL-1 solution on the pristine scaffolds 
samples for all of the tested proteins. Albumin adsorption was significantly reduced on all 
scaffolds with additive, and was even reduced to below the detection limit for 10 and 20 
mol% BOB incorporation (Figure 3.9), which nicely corresponds to the trend seen in 
cell adhesion on these scaffolds. However, even though the adsorption of γ-globulin and 
fibrinogen was drastically decreased on scaffolds upon incorporation of the additives, no 
clear difference in adsorption of these proteins was observed with different concentrations 

Figure 3.8. Cell viability as measured with the resazurin assay for direct cytotoxicity (A) and indirect cytotoxicity 
(B). Data is represented as mean ± SEM.
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of the two additives. Adsorption from a 10% FBS solution, which corresponds to roughly 
3 mg mL-1 total protein (measured with Bradford Assay, data not shown), might provide 
results that can be better correlated to the cell adhesion studies. A decreased protein 
adsorption of protein was still observed for the scaffolds with additive compared to pristine 
PCL-BU (Figure 3.10). A distinct decrease in adsorption was observed when the BOB 
concentration was increased from 4 to 10 and 20 mol%, similar to the albumin adsorption. 
However, the decreased adsorption with 10 and 20 mol% did not clearly differ from the 
scaffolds with the OBO additive, whereas the cell adhesion did show significant differences 
for these two additives. Similar differences between a reduction in protein adsorption 
and cell adhesion was observed previously on UPy-based functionalized supramolecular 
surfaces, which confirms no direct correlation may be possible between quantification of 
protein adsorption and cell adhesion.26 

The first obvious difference between functionalization of simple solution-cast films and 
electrospun scaffolds is the increased additive concentration that is required for non-cell 
adhesive properties. Firstly, this could be attributed to an increase in surface area to bulk 
volume ratio, which increases roughly 30 times. This would of course hold true for any 
material system that is developed on simple 2D substrates and later further processed into 
more complex 3D structures. However, since the increase in required additive is only 5 
times, it could be hypothesized that a certain gradient of additive concentration is present 
from the bulk to the surface of the material, as was seen before in another supramolecular 
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Figure 3.9. Fluorescence micrographs of HVSCs cultured for 24 hours on A) electrospun PCL-BU scaffolds with 
0, 4, 10 and 20 mol% of the OBO, BOB and BO additive and B) electrospun PC-BU scaffolds with 0 and 10 mol% 
of the BOB additive. Actin cytoskeleton is presented in green, and nuclei in blue. Scale bars represent 100 µm. 
Scanning electron micrographs are included for the PC-BU based scaffolds. Scale bars in the SEM images represent 
10 µm. C) Adsorption of albumin, γ-globulin and fibrinogen on electrospun scaffolds of PCL-BU with 0, 4, 10, and 
20 mol% OBO and BOB additive. Data is represented as mean ± SEM. 
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functionalization study.41 If this gradient is present, the cross-sectional shape and surface 
area would influence this gradient, which is different for one solid layer and a thin 
electrospun fiber. For instance, the distance over which this gradient can be present is in 
the order of micrometers for the thin film, where this is a few hundred nanometers for the 
electrospun fibers.

Also the processing involved influences this distribution, which is governed by self-assembly 
during solvent evaporation, where for the solution-cast films the solvent is evaporated to 
the air, and in electrospinning, an electric field is applied while the solvent evaporates fairly 
fast. For the functionalized electrospun scaffolds, a clear distinction can be made between 
the efficacy of OBO and BOB. Even though the data from the XPS measurements points 
towards an increased OEG content at the surface of the electrospun fibers for both 
additive designs, the scaffolds with OBO are not able to prevent cell adhesion completely, 
whereas the BOB is able to do this. The improved non-cell adhesive properties of the BOB 
could be attributed to molecular design: in a study on polyethyloxazoline brushes, that were 
grafted to a surface in either a loop or as linear grafts, it was shown that a loop can indeed 
be more efficient in resisting biofouling than linear chains.42 This finding can be attributed 
to the ability of hydrophilic loops to form significantly more hydrated brushes.43 The 
importance of hydration has previously also been shown for OEG-based self-assembled 
monolayers, where the protein repelling properties depend on the conformation of the 
OEG chains and the resulting hydration of the monolayer. 44–46 

Interestingly, in our results the difference between additive designs was only observed 
in the electrospun scaffolds, where the small increments in additive concentrations in 
solution-cast films did not result in clear differences. In previous studies with UPy-based 
materials, the comparison was also made between a looped and linear configuration, or 
rather a monovalent and bivalent additive in terms of supramolecular motifs. In Pape et 
al.26 no obvious difference was found between a bivalent PEG10kdiUPy and a monovalent 

 







 


 








 








      












 

Figure 3.10. Protein adsorption from 10% fetal bovine serum in PBS, compared to an albumin standard, on 
electrospun scaffolds of PCL-BU with 0, 4, 10, and 20 mol% OBO and BOB additive. Data is represented as mean 
± SEM
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PEG5kdiUPy in spin-coated 2D films. In a post-modification approach however, in which 
molecular design has been shown to be important for functionalization efficiency47, we have 
reported that bivalent PEG-additives outperformed monovalent PEG in terms of antifouling 
properties when the additives were reacted to the surface using a click-reaction.48

Besides the efficacy of antifouling functionalization, retention of the additives is paramount 
for proper functionality. In previously reported studies, where antifouling amphiphilic 
additives were incorporated, macromolecular hydrophobic blocks were used to facilitate 
incorporation of the additives. Either leaching of the additives was not quantified10,13, or 
significant leaching of the additives was reported11,12. Similar to these amphiphilic tri-block 
copolymers the OBO additive reported here leaches from the base material. However, the 
design of the BOB additive provides proper anchoring in the base polymer through the two 
bisurea moieties.

Conclusions

Here we have demonstrated the feasibility of incorporation of antifouling properties in 
supramolecular elastomers. The robustness and functionality of the OEG-based additives 
is dependent on the molecular design of the additive, and therefore great care should be 
taken in the development of new supramolecular additives for other possible functionalities.  

A

B

PCL-BU 10% OBO 10% BOB
10% BOB
Seeded 3x

PCL-BU 10% BOB

No degradation No degradation
Lipase-mediated

degradation
Lipase-mediated

degradation

Figure 3.11. A) Fluorescence micrographs of HVSCs cultured up to 7 days on electrospun scaffolds of PCL-
BU with 10 mol% OBO and BOB additive. Cells were seeded on day 0, and for the graph on the far right also 
on day 2 and 4. Actin cytoskeleton is presented in green, and nuclei in blue. Scale bars represent 100 µm. B) Top 
row: scanning electron micrographs of PCL-BU scaffolds with 0 and 10 mol% BOB, both before and after lipase-
mediated degradation (only backscattered electrons). Scale bars represent 10 µm. Bottom row: Fluorescence 
micrographs of HVSCs cultured for 24 hours on scaffolds that have undergone lipase-mediated degradation. Scale 
bars represent 100 µm.
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It is also evident that the translation from simple 2D solution-cast films to 3D electrospun 
scaffolds is not completely trivial in terms of additive presentation and functionality. 
However, a slight increase in additive concentration proved sufficient to regain non-cell 
adhesive functionality on the electrospun scaffolds.  Even though the design of these 
additives was optimized for incorporation in a highly defined PCL-BU polymer, it would be 
interesting to apply the findings presented in this work on more generic PUU biomaterials.

Experimental section

Materials
PCL-BU and PC-BU were synthesized by SyMO-CHEM B.V. as described previously.19,32,38 The BU-
OEG, BU-OEG-BU, and OEG-BU-OEG were kindly synthesized by Henk M. Keizer from SyMO-Chem 
B.V.. The full description of the synthesis can be found in the publication related to this chapter.49

Preparation of solution-cast samples
The PCL-BU and additives were dissolved in 1,1,1,3,3,3, hexofluorisopropanol (HFIP, Sigma) at a 
concentration of 7.4 mM – where the molar mass of a single repeating unit, as shown in figure 1, 
is used - , which is equal to 20 mg mL-1 for the base polymer. These solutions were mixed in molar 
ratios PCL-BU:additive of 0.5:99.5, 1:99, 2:98, and 4:96, prior to casting 50-60 µL on 13 or 14 mm 
glass coverslips. The polymer films were air-dried for several hours, before final drying in vacuum 
overnight. For cell culture experiments, the coverslips were sterilized under UV for 15 minutes.  For 
AFM and water contact angle experiments after water annealing, solution-cast films were incubated 
covered with MQ for 24 hours at 37 °C and dried to air overnight prior to the measurement. 

Preparation of electrospun samples
Mixtures of PCL-BU or PC-BU and additive were simultaneously dissolved at 12% w/w in HFIP by 
mixing with a magnetic stirrer at room temperature overnight. The viscous solution was transferred 
to a 3 mL syringe, which was connected to a steel needle with an inner diameter of 0.8 mm via 
tubing with an inner diameter of 1 mm. An electrospinning setup by IME technologies (Geldrop, 
Netherlands) was used, equipped with a.o. climate control, and an antistatic module. A voltage of 
25 kV was applied between the needle and a mandrel, rotating at 500 rpm. Polymer solution was 
extruded from the needle at a flowrate of 10-20 µL min-1. The electrospun scaffolds were dried in 
vacuo overnight after removal from the mandrel. 

Atomic Force Microscopy
A Digital Instruments Multimode Nanoscope IV, operating in the tapping mode regime, was used to 
record phase and height images of solution-cast films at room temperature with silicon cantilever tips 
(PPP-NCHR, NanoSensorstm, 204-497 kHz, 10-130 N m-1). Images were processed using Gwyddion 
software (version 2.43).

Water Contact Angle measurements
Static water contact angles were determined using an OCA30 machine (DataPhysics) at room 
temperature. Water droplets of 5 µL were applied and the contact angle was measured at the 
polymer-air-water interface at 5 seconds. 

X-ray Photoelectron Spectroscopy (XPS)
XPS was performed 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. Coverslips were secured using double sided carbon tape and spectra were obtained using 
an Aluminium anode (Al Kα, 1486.7 eV, 72W). 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 CasaXPS software (version 2.3.17). 

Cell culture
Human vena saphena cells, which are vascular derived matrix producing myofibroblasts50 were 
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harvested from the human vena saphena magna according to the Dutch guidelines for secondary use 
of materials. HVSCs were expanded in culture medium, which consisted of Dulbecco’s modified Eagle 
medium (DMEM, #41966 Gibco) supplemented with 10% fetal bovine serum, 1% Glutamax (Gibco) 
and 1% penicillin/streptomycin, and used for experiments up to passage 7.

Cell adhesion analysis
Solution-cast films on glass were secured in adapted 12 well Transwell inserts (Corning), from 
which the membrane was removed and custom made PEEK rings were used to mount the samples. 
For the electrospun scaffolds 8 mm circular shaped samples were punched from the sheet with a 
biopsy punch (Kai Medical) and mounted in similarly adapted 24 well Transwell inserts. Samples were 
sterilized under UV on both sides for 15 minutes. Cells were collected from the culture flasks using 
trypsin and seeded at a concentration of 25,000 cells/cm2 on the solution-cast films and 60,000 cells 
cm-2 for the electrospun scaffolds. For the pre-incubation, 500 µL culture medium was incubated in 
the inserts for 24 hours and removed just prior to seeding. For the 7 day cultures, medium was 
refreshed 1 and 3 days after seeding. For the repeatedly seeded samples, cells were seeded in a similar 
fashion on day 2 and day 4 after initial seeding. Non-adherent cells were aspirated and samples were 
washed twice with PBS prior to fixation with 3.7% formaldehyde. The actin cytoskeleton was stained 
with ATTO 488 conjugated phalloidin (Invitrogen) and nuclei with DAPI, after removal of the samples 
from the adapted Transwell inserts. Samples were visualized with a Zeiss Axiovert 200M fluorescence 
microscope.

Cytotoxicity assay
For an indirect cytotoxicity assay circular samples of PCL-BU electrospun scaffolds with 0 and 10 
mol% OBO, BOB and BO additive were incubated in 1 mL culture medium for 7 days at 37 °C. For 
a direct cytotoxicity assay 1 mL growth medium was supplemented with the amount of additive that 
would be present in 1 mg of electrospun scaffold, i.e., 66 µg mL-1 for OBO, 83 µg mL-1 for BOB and 41 
µg mL-1 for BO.

HVSCs were seeded at 25,000 cells cm-2 in 24 wells culture plates and left to adhere in between 
8 hours and overnight. The medium was changed with either the conditioned medium for indirect 
cytotoxicity or the additive supplemented medium for direct cytotoxicity and cells were cultured for 
a further 24 hours. Cell viability was determined using a resazurin assay, where cells were incubated 
in culture medium supplemented with 44 µM resazurin for 24 hours at 37 °C. Fluorescence of the 
reduced form of resazurin, resorufin, (λex = 550 , λem= 584 nm) was measured using a Synergy HT 
plate reader and Gen5 software.

In vitro enzymatic degradation
Electrospun scaffold samples were mounted in the adapted 24 well Transwell inserts, similar as for 
regular cell culture, and incubated in milli-Q water overnight. Subsequently scaffolds were incubated 
overnight in 20 U/mL Lipase (from Thermomyces Lanuginosus) solution, followed by washes in 
milli-Q and PBS. 

Scanning Electron Microscopy
Scaffolds were analyzed using a FEI Quanta 600 scanning electron microscope and Xt Microscope 
control software. Images were recorded in low vacuum (~0.6 mbar) with water vapor, of samples 
fixed on metal stubs with adhesive carbon conductive tape. Secondary and backscattered electrons 
were detected with an accelerating voltage of 10 kV and a working distance of 10 mm. Compound 
images were constructed by overlaying the resulting images from both detectors.

Additive leakage
Leakage of the OEG-additives from electrospun scaffolds was measured using analytical reversed 
phase high pressure liquid chromatography-mass spectrometry (LC-MS) on a system consisting of 
the following components: Shimadzu SCL-10A VP system controller, Shimadzu LC-10AD VP liquid 
chromatography pumps (with an Alltima C18 3u (50 mm x 2.1 mm) reversed phase column and 
gradients of water-acetonitrile supplemented with 0.1% (v/v) formic acid), a Shimadzu DGU 20A3 
prominence degasser, a Thermo Finnigan surveyor autosampler, a Thermo Finnigan surveyor detector 
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and Thermo Scientific LCQ Fleet. 

For the OBO a standard curve was prepared by dissolving OBO in PBS at 100, 10, 1, and 0.1 µg mL-1 
and in Milli-Q supplemented with 0.1 % (v/v) Formic Acid at 100, 50, 1, 0.5, 0.1 and 0.05 µg mL-1. 
In the PBS samples the total ion count for three hydrogen adducts ([M+H]+, [M+2H]2+, [M+3H]3+) 
was determined with the genesis algorithm and for the samples in Milli-Q for three sodium adducts 
(([M+Na]+, [M+H+Na]2+, [M+2H+Na]3+ ). Electrospun scaffolds were incubated with 1 mL PBS or 
Milli-Q for 7 days at 37 °C. The solutions were filtered over a 0.2 µm filter prior to the measurement.

For the BOB no standard curve could be prepared due to poor solubility. Nevertheless, the 
electrospun scaffolds were incubated with 1 mL PBS or Milli-Q for 7 days at 37 °C. The solutions 
were filtered of a 0.2 µm filter prior to measurement with LC-MS. 

Protein adsorption
Adsorption of bovine serum albumin (BSA), γ-globulin, fibrinogen and 10% FBS was measured with a 
bicinchoninic acid assay (BCA assay, QuantiPro, Sigma). Scaffold samples were individually incubated in 
eppendorf tubes with PBS for 24 hours, to completely wet the scaffolds. Each scaffold was incubated 
in 500 µL of 1 mg mL-1 protein solution, or 10% FBS in PBS at 37 °C for 2 hours on a shaking table. 
The scaffolds were then washed three times for 5 minutes, by transferring to new Eppendorf tubes 
with PBS. Then the adsorbed protein was washed from the scaffolds in 500 µL 1% SDS solution at 
37 °C for 2 hours and measured subsequently with the BCA assay. Amount of adsorbed protein 
was corrected for the initial weight of the scaffold samples. The measured adsorption of albumin, 
γ-globulin and fibrinogen was divided by the molecular weight of the protein.
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4
Combinatorial functionalization with bisurea-
peptide and antifouling bisurea additives of a 
supramolecular elastomeric biomaterial

Abstract

The bioactive additive toolbox to functionalize supramolecular elastomeric 
materials expands rapidly. Here we have set an explorative step towards 
screening of complex combinatorial functionalization with antifouling and three 
peptide-containing additives in a bisurea-based supramolecular system. Thorough 
investigation of surface properties of thin films with contact angle measurements, 
x-ray photoelectron spectroscopy and atomic force microscopy, was correlated to 
cell-adhesion of endothelial and smooth muscle cells to apprehend their respective 
predictive values for functional biomaterial development. Peptides were presented 
at the surface alone, and in combinatorial functionalization with the oligo(ethylene 
glycol) based non-cell adhesive additive. The bisurea-RGD additive was cell-adhesive 
in all conditions, whereas the endothelial cell-specific bisurea-REDV showed limited 
bioactive properties in all chemical nano-environments. Also, aspecific functionality 
was observed for a bisurea-SDF1α peptide. These results emphasize that special 
care should be taken in changing the chemical nano-environment with peptide 
functionalization.

The content of this chapter is based on: 

Bastiaan D. Ippel, Boris Arts, Henk M. Keizer, Patricia Y.W. Dankers, Combinatorial 
functionalization with bisurea-peptide and antifouling bisurea additives of a supramolecular 
elastomeric biomaterial, submitted
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Introduction

Biomaterial functionalization with various bioactive cues has been studied for several 
decades to be able to steer cellular behaviour and positively influence the response upon 
implantation of the biomaterial.1 Inspiration for the design of these cues is often taken 
from natural extracellular matrix components.2 In direct approaches, extracellular matrix 
proteins have been used to coat or covalently functionalize biomaterials for improved 
bioactivity.3,4 To induce or enhance adhesion of cells to synthetic materials, functionalization 
with short peptide mimics of adhesion sites in extracellular matrix proteins is a popular 
strategy. One of the most studied examples of such a peptide is the RGD sequence5–9, 
found in for instance fibronectin and vitronectin. Besides peptides such as RGD, which 
induce cell adhesion in general, peptide sequences have been discovered for which specific 
cell types have an increased affinity over other cell types, due to increased expression of 
the binding motif on these cells.2 The REDV peptide, for which endothelial cell-specificity 
has been reported,10,11 attributed to binding to integrin α4β1,11,12 has been extensively 
applied to enhance endothelialization of biomaterials.13–39 In another approach, a peptide 
derived from stromal cell derived factor-1α (SDF1α), a chemoattractant of lymphocytes, 
monocytes and progenitors cells, has been applied for improved in-situ cellularization.40

Several parameters in the method of covalent tethering of peptides to a biomaterial surface 
influence the resulting functionality of the peptide. This includes, but is not limited to, 
the spacing between adhesive peptides41, the length of the linker that is used to attach 
the peptide,42–47 and the amino-acids that flank the essential peptide sequence6, which all 
suggest that tuning the chemical nano-environment of peptides is of great importance for 
functionality of the peptides. However, a popular approach features the functionalization 
with both bioactive peptides, and antifouling moieties, to enhance specificity of 
the bioactivation and reduce adhesion of undesired entities to the functionalized 
biomaterial48–51, where the chemical environment of the peptides is designed to repel any 
aspecific interactions. 

In our group we apply a functionalization strategy based on specific supramolecular 
interactions,52,53 that facilitate the non-covalent incorporation of functional additives. 
In the past, adhesive properties of supramolecular biomaterials were improved through 
incorporation of additives, including additives with peptide functionality.54–56 Here the 
bisurea moiety is employed as the supramolecular motif, as an integral part of a segmented 
block-copolymer as the hard-segment. The mechanical properties of such hydrogen 
bonded elastomeric materials allow for application in biomedical applications ranging 
from heart valves57 and cardiac patches58, to vascular grafts59–61 Bisurea-based additives 
have been shown to self-sort with matching motifs. 62–65 Furthermore, antifouling materials 
were formulated with oligo(ethylene glycol) (OEG) based bisurea additives, with a strong 
dependence of functionality on molecular design of the additive.66 

Here, as a first step towards screening of bioactive supramolecular additives, using a 
combination of extensive surface characterization and functionality assessment, we 
functionalized the polycaprolactone-bisurea (PCL-BU) base material in combinatorial 
fashion with the best performing antifouling OEG-based bisurea additive from our previous 
work, BU-OEG-BU (BOB),66, and three bioactive peptide additives. To this end three 
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bisurea-peptide conjugates, i.e., BU-RGD, BU-REDV, and BU-SDF1α (Figure 4.1), were 
synthesized. Solution-cast thin films of PCL-BU, mixed with BOB and BU-RGD, BU-REDV, 
or BU-SDF1α were characterized with water contact angle measurements (WCA), atomic 
force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS). The cell-adhesion 
of vascular endothelial and smooth muscle cells was studied to gain insight in the efficacy 
of the incorporated BU-peptide additives, in co-formulation with the antifouling BOB. 
Moreover, this combinatorial approach allowed us to systematically study the functionality 
of the mixtures with bisurea-peptides in different supramolecular nano-environments. 
These results can determine the predictive value of extensive surface characterization, in 
view of further screening of new bioactive supramolecular additives.
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Figure 4.1. A) Schematic representation of supramolecular approach for the combinatorial functionalization 
of BU-peptides and BOB additives in the PCL-BU base material and the resulting cell adhesion functionality. B) 
Structural representation of the bifurcated hydrogen bonding pattern between bisurea moieties that facilitate the 
supramolecular assembly and incorporation of bisurea-containing additives. C) Structural representations of the 
PCL-BU base material, BU-OEG-BU (BOB) antifouling additive, and the BU-peptide conjugates (BU-RGD, BU-
REDV, and BU-SDF1α).
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Material toolbox

A materials toolbox was designed for the first step towards screening complex 
combinatorially functionalized supramolecular biomaterials, where we aimed to use 
structure-property relations to predict functionality for these mixtures. The bisurea-
peptide conjugates were successfully synthesized with fmoc solid phase peptide synthesis 
and subsequent coupling of a bisurea-OEG-COOH to the N-terminus on the resin. The 
ethylene glycol linker should ensure proper exposure at the surface of the mixtures, and is 
hypothesized to facilitate better mixing in the combination with the OEG-based antifouling 
BOB,67 of which the design was described previously.66

Surface characterization

Atomic force microscopic analysis allows for the surface morphology of the solution-cast 
films to be probed, which can give insight in the influence of additives on the combinatorial 
self-assembly with the supramolecular base material and the other additives. In phase 
images of the pristine PCL-BU a characteristic fibrous morphology was visible (Figure 
4.2),62,64,65,68 where the brighter domains were attributed to the hard-phase made up of 
self-assembled bisurea fibers. Upon incorporation of the non-cell adhesive BOB additive, 
a fibrous morphology was retained, which indicated proper incorporation of the additive 
in the base material. The increased presence of brighter domains such as with 2 and 4% 
BOB, were associated with presence of poly(ethylene glycol) at the surface, similar to 
previously reported results.66 When the bisurea-peptide additives were mixed with the 
PCL-BU polymer, brighter domains were again observed, but here in a different capacity. 
For the BU-RGD and BU-SDF1α, small fibrillar structures could be resolved within the 
brighter domains. The BU-REDV formed larger domains, in which these fibrous structures 
were clearly present. In the background darker areas, the fibrous structure that resembled 
the pristine PCL-BU could still be detected, which was especially apparent in the surfaces 
with only BU-REDV. Such a fibrous morphology was not self-evident upon incorporation 
of a supramolecular peptide additive.69 For all the surfaces with combinations of the BU-
peptides and the BOB additive in the PCL-BU base material, the surface appeared to be 
saturated with additive. The fibrous morphology that was observed for the bisurea-
peptides separately was retained upon combination with BOB, except for the combination 
of 4% BOB and 1% BU-SDF1α, where the surface was more of an amorphous nature. 
However, the separated domains of peptide, that were present most obvious with BU-
REDV and to a lesser extent with BU-SDF1α and BU-RGD, were no longer discernible 
upon combination with BOB and the distribution of the additives over the surfaces was 
more homogeneous. In the height images the same trend was observed (Figure 4.3) and 
the nanoscale roughness of these surfaces was highest for the surfaces with only BOB, and 
smaller than 4 nm for all films with BU-peptide additives (Table 4.1). These observations 
indicated a retained presence of the peptides at the surface, in the case of co-formulation 
with the BOB additive.

 WCA measurements give an indication for the macroscale hydrophilic properties of an 
interface. In general, functionalization with hydrophilic moieties will result in an increased 
hydrophilicity of the surface.70 However, when the BOB additive was incorporated in PCL-
BU previously, no increase in hydrophilicity was observed similar to what was observed 
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here (Figure 4.3).66 The inclusion of the different BU-peptide conjugates in the PCL-BU 
base material led to different changes in surface hydrophilicity. Incorporation of 1 and 4% 
BU-RGD resulted in a stark decrease in contact angle. A similar concentration dependent 
decrease in contact angle resulted from the incorporation of BU-REDV, which was in 
line with previous efforts with REDV surface functionalization.19,23,35,71 Interestingly, the 
incorporation of 1% BU-SDF1α resulted in a lower contact angle compared to 4% BU-
SDF1α, which was comparable to that of pristine PCL-BU. In combination with the non-
cell adhesive BOB additive, the incorporation of BU-peptide conjugates resulted in contact 
angles that did not deviate considerably from pristine PCL-BU, and no concentration 
dependence could be discerned. 

Using XPS, the chemical composition of the surfaces with these self-assembled complex 
mixtures was investigated. In general, an increase in the contribution of nitrogen was 
detected upon incorporation of the additives, which could be explained by the presence 
of additional urea, urethane and amide bonds in both the BOB and BU-peptide additives 
(Table 4.2). More direct evidence for the presence of the peptides at the surface arose 
from deconvolution of the C 1s narrow scans of these surfaces, where the contribution 
of different carbon species was fitted (Figure 4.4). Evidently, the fraction of carbon 
species that could be attributed to O=C-N bonds, which are abundant in the backbone 

A

B C

Figure 4.4. A) Water contact angles measured on solution-cast films of PCL-BU with mixtures of BU-OEG-BU 
and the BU-peptide conjugates. Data is represented as mean ± SD B) Quantification of fraction of O=C-N carbon 
species from narrow scan XPS carbon spectra. C) Example of fit in narrow scan XPS carbon spectra for PCL-BU 
+ 1% BU-RGD. The data are represented by the black circles, the individual modelled components by blue curves 
and the sum of the components, or the total fit by the red curve.
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Surface Surface Composition [at %] Ratio
C O N C/N

PCL-BU 77.4 21.43 1.17 66.2

+ 2% BU-OEG-BU 75.2 22.6 2.16 34.8
+ 4% BU-OEG-BU 73.2 20.2 6.6 11.1

+ 1% BU-RGD 73.09 22.12 4.79 15.3
+ 4% BU-RGD 70.44 22.03 7.54 9.3

+ 1% BU-REDV 74.14 22.03 3.83 19.4
+ 4% BU-REDV 70.65 21.76 7.59 9.3

+ 1% BU-SDF1α 73.2 21.71 5.09 14.4
+ 4% BU-SDF1α 71.56 21.13 7.31 9.8

+ 2% BU-OEG-BU + 1% BU-RGD 72.9 21.98 5.13 14.2
+ 4% BU-OEG-BU  +1% BU-RGD 75.28 21.84 2.88 26.1
+ 2% BU-OEG-BU + 4% BU-RGD 71.64 21.73 6.63 10.8
+ 4% BU-OEG-BU + 4% BU-RGD 72.58 21.66 5.76 12.6

+ 2% BU-OEG-BU + 1% BU-REDV 73.67 21.53 4.8 15.3
+ 4% BU-OEG-BU + 1% BU-REDV 72.54 21.23 6.23 11.6
+ 2% BU-OEG-BU + 4% BU-REDV 70.68 21.5 7.82 9.0
+ 4% BU-OEG-BU + 4% BU-REDV 70.71 21.33 7.96 8.9

+ 2% BU-OEG-BU + 1% BU-SDF1α 73.47 21.48 5.06 14.5
+ 4% BU-OEG-BU + 1% BU-SDF1α 72.95 20.87 6.18 11.8
+ 2% BU-OEG-BU + 4% BU-SDF1α 71.04 21.03 7.92 9.0
+ 4% BU-OEG-BU + 4% BU-SDF1α 71.24 20.74 8.02 8.9

Table 4.2. Elemental Composition of surface of solution-cast films of PCL-BU functionalized with mixtures of 
BOB  and BU-peptide conjugates.

Surface Carbon species
C-C C-O C-N O=C-N O=C-O

PCL-BU 65.17 18.05 1.05 1.12 14.61

+ 2% BU-OEG-BU 61.17 22.53 2.11 1.33 12.86
+ 4% BU-OEG-BU 45.01 36.69 7.64 3.31 7.35

+ 1% BU-RGD 51.84 24.18 7.85 4.13 12
+ 4% BU-RGD 42.5 29.04 12.11 7.07 9.27

+ 1% BU-REDV 57.14 20.62 5.78 2.7 13.75
+ 4% BU-REDV 44.32 27.49 11.29 7.56 9.34

+ 1% BU-SDF1α 54.2 22.53 7.73 4.34 11.2
+ 4% BU-SDF1α 48.29 27.22 9.33 7.22 7.95

+ 2% BU-OEG-BU + 1% BU-RGD 47.82 29.02 8.98 4.1 10.08
+ 4% BU-OEG-BU  +1% BU-RGD 52.49 26.6 7.21 2.27 11.43
+ 2% BU-OEG-BU + 4% BU-RGD 42.52 31.61 11.2 6.03 8.64
+ 4% BU-OEG-BU + 4% BU-RGD 43.18 33.85 9.44 5.49 8.05

+ 2% BU-OEG-BU + 1% BU-REDV 51.12 25.96 8.35 3.5 11.06
+ 4% BU-OEG-BU + 1% BU-REDV 43.65 35.81 8.58 4.45 7.51
+ 2% BU-OEG-BU + 4% BU-REDV 43.26 30.09 11.02 7.15 8.47
+ 4% BU-OEG-BU + 4% BU-REDV 41.94 32.8 10.7 6.77 7.8

+ 2% BU-OEG-BU + 1% BU-SDF1α 51.46 25.64 8.29 4.24 10.37
+ 4% BU-OEG-BU + 1% BU-SDF1α 45.99 32.66 8.76 4.44 8.15
+ 2% BU-OEG-BU + 4% BU-SDF1α 45.93 30.47 9.37 7.32 6.91
+ 4% BU-OEG-BU + 4% BU-SDF1α 45.17 32.42 8.9 6.95 6.55

Table 4.3. Quantification of components in XPS C1s narrow scan of solution-cast films of PCL-BU functionalized 
with mixtures of BOB and BU-peptide conjugates.
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of peptides, could be correlated to the extent of the incorporation of the BU-peptide 
additives (Figure 4.4, Table 4.3, Figure 4.5), which further substantiated the determined 
peptide presence at the surface of these films. The C 1s component attributed to C-O that 
is distinctive of the ethylene glycol in both the BOB additive and the OEG linker present 
in the bisurea-peptide additives, increased clearly with BOB concentration, but had a poor 
positive correlation to amount of OEG (Figure 4.5) The chemical and morphological 
characterization of these complex material interfaces suggested a persistent exposure of 
the peptides at the surface, which was not negated by combinatorial self-assembly with the 
antifouling BOB additive. The analysis of macro-scale hydrophilic properties however could 
not distinguish for surfaces with or without BU-peptides.

Screening of cell-adhesive properties of complex co-formulations for 
endothelial and smooth muscle cells.

Human umbilical vein endothelial cells (HUVEC) and human aortic smooth muscle cells 
(hASMC) were cultured on the solution-cast films as a measure for the effectivity and 
bioactive properties of these co-assemblies of bisurea-peptide additives and antifouling 
BOB. On PCL-BU the HUVECs adhered and spread and showed the tendency to form small 
colonies (Figure 4.6). Upon functionalization with BOB, the adhesion and spreading of 
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Figure 4.5. A) O=C-N component of Carbon 1s spectrum as a function of BU-peptide concentration. B) C-O 
component of C 1s spectrum as a function of BOB concentration, also in combination with the BU-peptide 
additives. C) C-O component of C 1s spectrum related to the concentration of both the antifouling and BU-
peptide additives, for which the absolute amount of oligo(ethylene glycol) units increases incrementally. Data is 
represented as mean ± SD.
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HUVECs was significantly decreased, and only small clusters of rounded cells were present, 
similar to results on the same mixtures with a myofibroblast-like cells.66 Incorporation of 
the generic cell-adhesive BU-RGD increased the adhesion and spreading of the HUVECs 
and more actin stress-fibers can be seen (Figure 4.6). Supramolecular incorporation 
of BU-REDV only did not improve adhesion of the HUVECs. Functionalization with 1% 
BU-SDF1α resulted in similar HUVEC adhesion and spreading compared to pristine PCL-
BU, whereas the adhesion on surfaces with 4% BU-SDF1α may even have been slightly 
decreased. The adhesion of the endothelial cells to the surfaces with the mixtures of 
BOB and BU-SDF1α might be explained by the presence of the CXCR4 receptor on the 
endothelial cell membrane, even though this receptor has no obvious adhesive function for 
the endothelial cells.72 Strikingly, the integrin α4β1 that has been shown to be present in 
endothelial cells,11 was not able to induce cell adhesion through binding with the REDV on 
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Figure 4.6.  A) Fluorescence micrographs of human umbilical vein endothelial cells cultured for 24 hours on 
solution-cast films of PCL-BU functionalized with mixtures of anti-fouling BOB, and BU-peptide conjugates. The 
actin cytoskeleton is represented in green, nuclei in blue. Scale bars indicate µm. B) Surface coverage of the 
endothelial cells on the solution-cast films. Data is represented as mean ± SD.
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the passivated BOB-functionalized surfaces. An increased concentration of 6 and 8 mol% 
BU-REDV, both alone and in combination with the non-cell adhesive BOB, also did not 
result in an increased adhesion for the endothelial cells (Figure 4.9)

For human Aortic Smooth Muscle cells this panel of material mixtures showed similar cell-
adhesive properties, even though the adhesion on pristine PCL-BU was not particularly 
good. Cell spreading and adhesion was significantly decreased through incorporation of the 
non-cell adhesive BOB additive. The adhesive properties were efficiently restored in the 
combinatorial functionalization with BU-RGD, which resulted in clearly spread cells that 
depicted a defined actin cytoskeleton (Figure 4.7) Here, expectedly the functionalization 
with BU-REDV did not increase smooth muscle cell adhesion compared to pristine, and 
neither did the combination of BOB and BU-REDV result in adhesion of SMCs. However, 
comparable to the endothelial cells, both incorporation of BU-SDF1α alone and the 
composite of BU-SDF1α and BOB resulted in the adhesion of SMCs. Yet the morphology 
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Figure 4.7. Fluorescence micrographs of human aortic smooth muscle cells cultured for 24 hours on solution-
cast films of PCL-BU functionalized with mixtures of anti-fouling BU-OEG-BU and BU-peptide conjugates. The 
actin cytoskeleton is represented in green, nuclei in blue. Scale bars indicate 100 µm. B) Surface coverage of the 
smooth muscle cells on the solution-cast films. Data is represented as mean ± SD.
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of these cells was less spread compared to BU-RGD functionalized surfaces, and the actin 
cytoskeleton was less defined, which may indicate less tight attachment to the biomaterial 
surface. Interestingly, the amount of cells that adhered on the materials containing both 
BOB and BU-SDF1α showed a negative correlation to the BU-SDF1α concentration for 
2% BOB, where less cells adhered on the surface with 4% BU-SDF1α compared to 1% 
BU-SDF1α, whereas this correlation was positive for the combination with 4% BOB, where 
more cells adhered with 4% BU-SDF1α compared to 1% BU-SDF1α. This observation 
cannot be correlated to neither the macro-scale hydrophilicity, which was comparable for 
all four combinations and close to that of pristine PCL-BU, nor the amount of peptide, if 
the O=C-N component was taken as a measure. 

In the single cell-type cultures comparable adhesive behaviour was observed. Since 
literature states the ability of the REDV peptide to provide specificity in adhesion for 
endothelial cells over smooth muscle cells, a co-culture experiment was conducted. For 
this human Aortic Endothelial Cells were used, which showed a similar response in single 
culture to REDV functionalized surfaces (Figure 4.9), and the human aortic Smooth 
Muscle Cells for a more fair comparison. For pristine PCL-BU, less ECs adhere compared 
to the SMCs (Figure 4.8), which was not altered by incorporation of 4% BU-RGD, 4% BU-
REDV, or the combination of 2% BOB and 4% BU-RGD. However, the adhesion of SMCs 
seemed to be increased for BU-RGD functionalized films. Congruent with the results for 
the single-cell cultures, the co-formulation of BU-REDV with BOB was not able to negate 
the non-cell adhesive functionality of BOB for both ECs and SMCs in co-culture. 

PCL-BU
PCL-BU
+4% RGD
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+4% REDV

PCL-BU
+2% BOB
+4% RGD

PCL-BU
+2% BOB
+4% REDV

hAECs

hVSMCs

Merge

Figure 4.8. Fluorescence micrographs of endothelial cells and smooth muscle cells co-cultured on thin films op 
PCL-BU with  Endothelial cells (top row) are stained in green and smooth muscle cells (middle row) are stained in 
red. Scale bars represent 100 µm.
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General discussion

The modular supramolecular approach allowed for this study on the functionality and 
presentation of BU-peptide conjugates, both alone and in combination with the non-cell 
adhesive BOB additive, in varying ratios. The combination of BU-RGD and antifouling 
BOB in the PCL-BU base polymer resulted in surface where RGD presentation restored 
biofunctional properties. Cells adhered readily, despite the OEG of the BOB being present 
at the surface. Even though obvious differences between the co-assemblies of the BU-
peptides and the BOB did not emerge from screening of their surface properties, the 
BU-REDV and BU-SDF1α functionalized surfaces had unequivocally different functionality 
in terms of cellular adhesion. Many reports in literature describe the functionalization of 
biomaterials with RGD peptides for increased bioactivity through improved adhesion of 
numerous cell types.

Numerous studies describe the functionalization of biomaterials with the RGD peptide 
for increased bioactivity through improved adhesion of numerous cell types,6,9 including 
on materials where antifouling linkers or substrates were applied as the base.73 Sufficient 
anchoring of RGD-moieties to biomaterials is a prerequisite for functionality of the peptides. 
Loosely bound RGD, or RGD present in solution actually inhibits adhesion.6,11 The proper 
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Figure 4.9. A) Phase contrast micrographs of human umbilical vein endothelial cells cultured for 24 hours on 
solution-cast films of PCL-BU functionalized with mixtures of 2 mol% BU-OEG-BU and increased BU-REDV 
concentrations. Scale bars represent 100 µm. B) Water contact angles on solution-cast films of PCL-BU with 4, 
6, and 8 mol% BU-REDV. Data is represented as mean ± SD. C) Phase contrast micrographs of human Aortic 
Endothelial Cells cultured for 24 hours on solution-cast films of PCL-BU functionalized with mixtures of BU-
OEG-BU and BU-REDV. Scale bars represent 100 µm.
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attachment of both endothelial cells and smooth muscle cells in this study on the RGD 
functionalized material, alone and in combination with the antifouling BOB additive, shows 
that our supramolecular system allows for proper anchoring of peptide ligands of similar 
design. Surprisingly, the non-integrin binding SDF1α peptide did show refunctionalization 
capability. It is known that cell-binding is not necessarily integrin mediated,74 but impaired 
focal adhesion formation may result in altered cellular morphology, just as was observed 
here for the SDF1α functionalized surfaces. Besides proper incorporation, grafting density 
and distribution of biomimetic adhesive ligands can influence their efficacy. For RGD 
grafting densities as low as 1 fmol cm-2 have been reported to induce cell adhesion and 
spreading75 and for REDV a density of 10 pmol cm-2 was reported.10 The additives and 
base material are self-assembled into structures described here, and therefore the peptide 
concentration at the surface is unknown, and would be particularly hard to quantify. 
However, in a system with mesoscopically similar assembly that relies on a quadruple 
hydrogen bonding motif, an additive with a OEG6 spacer was shown to accumulate at the 
surface of the supramolecular material.76 Theoretically, if all the incorporated peptide for 
4 mol% BU-peptide is present at the surface, a density of approximately 10 nmol cm-2 is 
obtained. Note that, in the unlikely scenario where only a fraction of the incorporated 
additive is available at the surface, the density would still be relatively high.21 Comparing the 
affinity to different peptide-functionalized surfaces is non-trivial, since the chemistry used 
to tether the peptide to a material, and the amino-acids that flank the principal sequence 
can influence this affinity. The thresh-hold for cell-spreading has been shown to be 6x higher 
for REDV when compared to RGD.77 This suggested difference in ligand density required 
for effective functionalization with REDV, compared to RGD, may indicate a difference 
in affinity of integrins binding to these receptors. Moreover, half of the integrins is able 
to bind RGD motifs,6 whereas REDV binding relies on the α4β1 integrin. Nonetheless, 
inconsistent results have been reported for the efficacy of REDV functionalization. Some 
studies report improved adhesion of endothelial cells, but do not compare to RGD or 
other peptides for functionalization,14–20,22–24,27–30,33,34,36,39,78,79 or adhesion of other mammalian 
cell types.19,20,23,26–28,32–34,36,39,71,80, or show unexpected failed refunctionalization for other cell-
types with RGD10. Other studies also unexpectedly show reduced endothelial cell adhesion 
on REDV functionalized surfaces compared to RGD.21,37,71,80–82 Yet, taking into account the 
concerns raised above, the comparison between different biomaterial platforms, with 
different functionalization chemistries, ligand densities, and experimental methods remains 
hampered. 

Conclusion

These results serve as a reminder that in the design and fabrication of biomimetic materials 
we should heed to capture the complexity that is found in nature. Ligand chemical nano-
environment, spacing, ordening, density and affinity all influence the cellular responses in 
both natural and synthetic systems. Here we have demonstrated in a combinatorial non-
covalent approach that a supramolecular mixture of a polymeric base material , non-cell 
adhesive BOB, and the generic BU-peptide conjugate BU-RGD results in re-activated and 
cell adhesive surface. However, the supramolecular incorporation of BU-REDV showed 
little activity, whereas the BU-SDF1α exhibited aspecific functionality, both alone and in 
combined formulation with the BOB. These results were hard to correlate to physical and 
chemical properties of these surfaces, and the chemical nano-environment of the peptides, 
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which highlights that care should be taken with the predictive value of such read-outs for 
future screening purposes.

Experimental section

Materials and instrumentation
All reagents, chemicals, materials and solvents were obtained from commercial sources and were 
used as received. All solvents were of AR quality. In the synthetic procedures, equivalents (eq) are 
molar equivalents. HPLC-PDA/ESI-MS analyses were performed using a Shimadzu LC-10 AD VP 
series HPLC coupled to a diode array detector (Finnigan Surveyor PDA Plus detector, Thermo 
Electron Corporation) and an ion-trap (LCQ Fleet, Thermo Scientific), applying a 95/5 to 5/95 water/
acetonitrile gradient, with this eluent always containing 0.1 v/v% formic acid.

Syntheses
PCL-BU and BU-OEG-BU were synthesized as described previously by SyMO-Chem.60,63,66 The 
BU-COOH precursor and BU-SDF1α were synthesized by SyMO-Chem. GGREDVG was manually 
synthesized through Fmoc-based solide phase peptide synthesis. The peptide was synthesized on a 
Rink-amide resin (0.61 mmol g-1, 50 µmol scale) in dimethylformamide (DMF) as solvent with O-(1H-
6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) as activator 
and DIPEA as a base (4:4:16 equivalent of amino acid/HCTU/DIPEA to the resin). All amino acids 
were coupled in duplicate. Fmoc deprotection was achieved with 20 (v/v)% piperidine in DMF. 
Bisurea-carboxylic acid was coupled on the solid support to the N-terminus of the peptide with a 
ratio of 2:1,2:5 equivalent of BU-COOH/HATU/DIPEA to the resin. After overnight reaction bisurea-
peptide was cleaved using a mixture of TFA, TIS and mQ (95/2.5/2.5 (v/v)%). The BU-peptide conjugate 
was obtained pure directly after synthesis indicated by HPLC-MS(ESI). TFA ions were exchanged by 
chloride ions via two cycles of dissolving the peptide in 2 mM HCl and freeze drying. Lyophilisation 
yielded a white powder. HPLC-MS(ESI) Rt= 5.31 min m/z calcd (C78H146N16O28) 1755.1 g mol-1; found 
[M+1H]1+ = 1756.20 g mol-1, [M+2H]2+ = 879.00 g mol-1, [M+3H]3+ = 586.42 g mol-1.

Preparation of polymer films
PCL-BU and additives were dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP, Fluorochem) at a 
concentration of 7.4 mM, where the molar mass of a single repeating unit was used for PCL-BU, 
which is depicted in figure 4.1. The solutions were mixed in appropriate molar ratios through the 
combination of volumes in the same respective ratios. This resulted in solutions of approximately 20 
mg mL-1, of which 25 or 50 µL was cast on 10 or 14 mm glass coverslips respectively. The films were 
dried to air for several hours, before final drying in vacuum overnight.  

Atomic Force Microscopy
Atomic Force Microscopy was performed on a Digital Instruments Multimode Nanoscope IIIa, and a 
Digitial Instruments Dimension 3100 Nanoscope IIIa. Phase and height images of solution-cast films 
were recorded in the tapping mode regime in air at room temperature using silicon cantilever tips 
(PPP-NCHR). Images were processed using Gwyddion software (version 2.43), and the root mean 
square roughness was extracted from 1 x 1 µm height images.

X-ray Photoelectron Spectroscopy
XPS was performed 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. Coverslips were secured using double sided carbon tape and spectra were obtained using 
an aluminum anode (Al Kα , 1486.7 eV, 72 W). Survey scans were measured at a pass energy of 200 
eV and region scans at a pass energy of 50 eV. Scans were analysed using CasaXPS software (version 
2.3.18). For quantification the high resolution scans of carbon, oxygen and nitrogen were used.

Water Contact Angle Measurements
An OCA30 machine (DataPhysics), operated with SCA20 software (version 4.1.13), was used to 
determine static water contact angles on solution-cast films at room temperature. 5 µL Milli-Q water 
droplets were applied to the surface through a needle and the contact angle was measured at the 



Chapter 4

86

polymer-air-water interface 5 seconds after deposition of the droplet.

Endothelial cell culture
Both Human Umbilical Vein Endothelial Cells (HUVEC, Lonza) and human Aortic Endothelial Cells 
(hAECs, Lonza) were cultured in endothelial growth medium (Lonza and PromoCell, endothelial 
basal medium supplemented with endothelial cell growth factors, and additional Pen/Strep for 
the supplemented PromoCell medium). Culture flasks were coated with 0.1% gelatin in PBS for 
approximately 15 minutes at 37 °C prior to seeding the cells, which were passaged before reaching 
80% confluency. Cells were harvested using trypsin/EDTA and used for experiments up to passage 6. 

Smooth muscle cell culture
Human aortic smooth muscle cells (hASMCs, Lonza) were cultured in smooth muscle growth medium, 
consisting of medium 231 supplemented with smooth muscle cell growth factors and additional Pen/
Strep. Cells were harvested using trypsin/EDTA and used for experiments up to passage 5.

Cell adhesion assay
Solution-cast films on 14 mm glass coverslips were secured in an adapted Transwell as described 
before66,83and sterilized under UV for 15 minutes. Endothelial cells were seeded at a density of 40,000 
cells cm-2 and smooth muscle cells at 25,000 cm-2. 500 µL cell-suspension was used inside the inserts, 
and 1 mL appropriate growth medium was added outside the insert after establishing the inserts 
did not leak immediately. Cells were cultured for 24 hours at 37 °C and 5% CO2, after which non-
adherent cells were aspirated and the surfaces were washed with PBS with subsequent fixation in 
3.7% formaldehyde. The actin-cytoskeleton was stained with ATTO488 conjugated phalloidin and 
nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Samples were visualized using 
a Leica DMi8s microscope. Furthermore, the surface covered by cells was determined by binarizing 
fluorescence micrographs of the phalloidin-stained samples into background and cells in ImageJ (NIH, 
version 1.48). The percentage of foreground pixels was used as a measure for the area occupied by 
cells. Three images taken with a 10x objective were measured per condition.

Endothelial Cell and Smooth Muscle Cell co-culture
HAECs and hASMCs were expanded as before. Prior to harvesting, medium was aspirated from the 
cells, and cells were incubated for 30 minutes with 10 µM CellTracker Green CMFDA and Orange 
CMTMR (Invitrogen) respectively for 30 minutes. The cells were then washed with PBS twice and 
harvested. Both HAECs and HASMCs were resuspended in smooth muscle cell growth medium and 
combined 1:1 for a total of 80,000 cells mL-1. 500 µL of mixed-cell suspension was seeded on each 
of the coverslip, which corresponds to approximately 20,000 hAECs and 20,000 hASMCS cm-2. After 
24 hours of culture, the cells were visualized before and after fixation in 3.7% formaldehyde and 
counterstaining with DAPI using a Leica DMI8s microscope.
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5
Non-cell adhesive properties of UPy-PEG 
additive functionalized thin films

Abstract

Fouling properties of new biomaterials are important for the performance of a 
material in a biological environment. In this chapter, thin supramolecular material 
films were formulated using end-functionalized PCLdiUPy and chain-extended CE-
UPyPCL as structural base materials, to assess the influence of base material design, 
and three UPy-functionalized poly(ethylene glycol) additives, where the influence 
of the design of these additives was investigated. The films were fabricated with 
both solution-casting and spin-coating. The antifouling properties were determined 
through cell adhesion assays with 4 different cell-types. The results described in 
this chapter compare the results from these studies with the cell adhesion assays 
described throughout this thesis.

The content of this chapter is based on: 

A.C.H. Pape, Bastiaan D. Ippel, Patricia Y.W. Dankers, Cell and protein fouling properties of 
polymeric mixtures containing supramolecular poly(ethylene glycol) additives, Langmuir 2017, 
201700505

Geert C. van Almen, Hanna Talacua, Bastiaan D. Ippel, Björne B. Mollet, Mellany Ramaekers, 
Marc Simonet, Anthal I.P.M. Smits, Carlijn V.C. Bouten, Jolanda Kluin, Patricia Y.W. Danekrs, 
Development of non-cell adhesive vascular grafts using supramolecular building blocks, 
Macromolecular Bioscience 2016, 16, 350-362
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Introduction

Control of the fouling properties of biomaterials, e.g.  protein adsorption and cell adhesion, 
is essential for ultimate functioning of these materials as implants and prostheses. Surface 
coating of implants using antifouling compounds is often applied. Functional antifouling 
properties are most frequently added through physisorption or chemical tethering of 
antifouling moieties. Covalently attached layers are more durable than physisorbed adlayers, 
but making stable coatings on more complex surfaces as efficient in reducing biofouling as 
self-assembling monolayers (SAM) on gold remains a challenge.1 

Initial investigation on properties of antifouling SAMs revealed that moieties that resist 
the adsorption of proteins and cells typically are hydrophilic, include hydrogen-bond 
acceptors, lack hydrogen-bond donors, and have an overall neutral charge.2,3 Since then, 
hydrophilic poly(ethylene glycol) (PEG)-based materials have been widely used to develop 
antifouling surfaces using varying surface preparation techniques.4 Similar to hydrophilic 
polysaccharide containing materials and coatings based on zwitterionic molecules, the 
antifouling properties of PEG-based materials have been attributed to the presence of an 
hydration layer near the surface, which acts as a physical barrier.5   

To design antifouling materials, ethylene glycol-based materials have been used in varying 
designs. Recently, the functionalization of substrates with polymer brushes has proven to 
increase surface coverage and thereby increase effectivity of the applied coating.1,6 Brush-
like coatings based on PEG, often in the form of a poly[oligo(ethylene glycol) methyl 
methacrylate] (pOEGMa), have for instance been successfully applied via surface-initiated 
atom transfer radical polymerization (SI-ATRP) on 2D substrates7,8 and on electrospun 
fibers.9,10  

Figure 5.1. A) Structural representation of the base polymers PCLdiUPy and CE-UPyPCL. B) Structural 
representation of the PEG-based UPy additives PEG2kdiUPy, PEG10kdiUPy and PEG5kUPy. 
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Our approach to new biomaterials applies an alternative strategy. Using noncovalent 
supramolecular interactions, based on the self-complementary 2-ureido-4[1H]-
pyrimidinone (UPy) moiety11, we were able to develop modular biomaterials with UPy-
modified polycaprolactone (PCLdiUPy) (Figure 5.1) as the structural base material.12–15  
To induce bioactive properties in these biomaterials, UPy-peptide conjugates were non-
covalently incorporated using the specificity of the UPy-UPy interactions to anchor these 
additives in the base material. Mollet et al. showed that cell adhesion could be decreased 
by incorporation of a hydrophilic poly(ethylene glycol) (PEG) based UPy-additive in a UPy-
based biomaterial.15 In this chapter, the functionality of this additive is further explored by 
testing the adhesion of a variety of cell-types, including endothelial cells, fibroblasts and the 
myofibroblast-like human vena saphena cells that were used in other studies throughout 
this thesis. Furthermore, the incorporation in a chain-extended (CE) UPy-polymer as base 
material is studied, which has improved mechanical properties for e.g. vascular replacement 
therapies compared to PCLdiUPy.16,17 Moreover, the additive toolbox is extended with two 
PEG-based UPy-additives of different designs, which have longer PEG-chains (5 kDa and 10 
kDa), and an additional alkyl spacer for improved anchoring in the base material (Figure 
5.1). Cell adhesion assays over 24 hours serve as the main read-out reported in this 
chapter. In text, these will be related to the surface characterization and more extensive 
quantification of the cell adhesion as described in the publications related to this chapter.

End-functionalized versus chain-extended UPy-polymer

Human Umbilical Vein Endothelial Cells (HUVEC) and 3T3 cells that were cultured 
on solution-cast films of PCLdiUPy show a spread-out morphology and exhibit actin-
stress fibers (Figure 5.2). However, the 3T3 fibroblasts adhere in larger numbers 
compared to the endothelial cells.16 The number of adhered cells significantly decreases 
upon incorporation of PEG2kdiUPy in the polymer film, and the cells show a less spread 
morphology and no defined stress-fibers compared to the pristine material. 

Interestingly, when HUVECs and 3T3 cells are cultured for up to 7 days on these surfaces, 
the effect of the PEG2kdiUPy in the CE-UPyPCL is lost, and the cells that did adhere grow 

PCLdiUPy 10 wt% 
PEG2kdiUPy

HUVEC

3T3

CE-UPyPCL 10 wt% 
PEG2kdiUPy

HUVEC

3T3

A B

Figure 5.2. A) Fluorescence micrographs of HUVECs and 3T3s cultured on solution-cast films of PCLdiUPy with 
10 wt% PEG2kdiUPy for 24 hours. B) Fluorescence micrographs of HUVECs and 3T3s cultured on solution-cast 
films of CE-UPyPCL with 10 wt% PEG2kdiUPy for 24 hours. The actin cytoskeleton is presented in green, and 
nuclei in blue. Scale bars represent 50 µm.
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to cover the surface. These results are in line with significant erosion of the PEG2kdiUPy 
from the CE-UPyPCL.16 In the PCLdiUPy, this effect is less pronounced for the HUVECs, 
whereas the remaining 3T3 cells barely expand.16

The PCLdiUPy base material is used in our group for the initial testing of practically all 
UPy-based additives. The characteristic self-assembly of the UPy-moieties into fibrous 
structures is a well-established platform to test the effect of additive incorporation on the 
assembly process, which can be visualized through e.g. atomic force microscopy.13 However, 
the resulting supramolecular thermoplastic material is quite brittle, when compared to 
classic thermoplastic elastomers and therefore less well suited for applications such as 
vascular grafts.18 The chain-extended UPy-based polymers of a (AB)n design, such as the 
CE-UPyPCL as used in this study offer better mechanical stability, but lack the defined 
assembly that is seen in PCLdiUPy, even when the sterically unfavorable isoforon moiety is 
not present the structure.19 Moreover, when a UPy-peptide conjugate was incorporated in 
a CE-UPy polymer, amorphous phase separation of this additive was clearly visible in AFM 
phase images.19 Incorporation of the hydrophilic PEG2kdiUPy, which shows self-assembly 
into fibrous structures on its own, either results in stabilization of the assembly of the CE-
UPy polymer or phase separates from the CE-UPy-polymer.16 

Considering these results, the formulation of non-cell adhesive materials is feasible with 
both end-functionalized PCLdiUPy and chain extended CE-UPyPCL in combination with 
PEG2kdiUPy. However, the nature of the base material determines here how effective and 
robust this functionalization is in long-term cell adhesion assays.16

Influence of PEG-UPy additive design

On spin-coated surfaces, for which the protein adsorption was quantified using quartz-
crystal microbalance with dissipation monitoring (QCM-D), the adhesion of HUVEC 
endothelial and HK-2 epithelial cells was investigated. The concentration of UPy-PEG 
additives was reduced from 10 wt% to 5 wt% compared to the solution-cast surfaces 

5 wt%
 PEG2kdiUPy

5 wt%
PEG5kUPy

HUVEC

HK-2

PCLdiUPy 5 wt%
PEG10kdiUPy

Figure 5.3. Fluorescence micrographs of HUVECs and HK-2 cells cultured on spincoated films of PCLdiUPy with 
5 wt% PEG2kdiUPy and PEG5kUPy for 24 hours. The actin cytoskeleton is presented in green, and nuclei in blue. 
Scale bars represent 50 µm.
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described above. The endothelial and epithelial cells are able to spread on the pristine 
PCLdiUPy, and both express actin stress fibers (Figure 5.3). Similar to the solution-cast 
surfaces and when compared to the 3T3 fibroblasts, less endothelial cells adhere compared 
to the epithelial HK-2 cells. The incorporation of 5 % PEG2kdiUPy resulted in a decrease 
in cell spreading for the endothelial cells, whereas the HK-2 cells adhere and spread 
comparable to pristine. Moreover, the 6-fold decrease in concentration of the PEG2kdiUPy 
compared to previous study with kidney epithelial cells by Mollet et al. resulted in surfaces 
that had no significant non-cell adhesive properties.15

The bi-functional PEG10kdiUPy additive has a design where the PEG-length is longer 
compared to the PEG2kdiUPy, and additional alkyl spacers are incorporated in between the 
PEG and the UPy, to provide proper anchorage in the base material. The mono-functional 
PEG5kUPy additive is in principle half the PEG10kdiUPy, where only one UPy-moiety is 
combined with a longer PEG-chain and the additional alkyl spacer. Cell-spreading and overall 
adhesion, as evident by the quantification of surface coverage20, is significantly reduced upon 
incorporation of 5 wt% of  PEG10kdiUPy and  PEG5kUPy. Since the amount of PEG that is 
incorporated for 5 wt% PEG10kdiUPy ánd  PEG5kUPy is only 1.2 times that of PEG2kdiUPy, 
the design of the molecule, with the increased alkyl spacer and the length of the PEG-chain 
determines the non-cell adhesive properties. The amount of PEG incorporated for the 
PEG5kUPy and PEG10kdiUPy is also significantly lower than the 30 wt% that was required 
in the previously mentioned study by Mollet et al.15 In this study, the morphology of the 
exposed PEG chains, through attachment on only one side or on either side, has no clear 
effect on anti-fouling properties, contrasting to the work presented in Chapter 3 in this 
thesis.

Generally, the increased hydrophilicity of a PEG-modified surface is correlated to anti-
fouling properties, in accordance with the hypothesis that such functionalization strategies 
are functionally antifouling due to the formation of a stable hydrated layer.5 For the 
spin-coated surfaces, no significant difference in hydrophilicity was observed between 
the mixtures of PCLdiUPy with PEG2kdiUPy and PEG10kdiUPy,20 even though a distinct 
difference in non-cell adhesive properties is evident on films made from the same mixtures. 
This suggests that an increased hydrophilicity of our surfaces may indicate the presence of 
PEG, but cannot be used to suggest antifouling properties of such materials.

Pape et al. quantified the protein adsorption of the first three proteins from the Vroman 
series, which are the first proteins to normally adsorb from blood,21 on the spin-coated 
films using quartz crystal microbalance with dissipation monitoring.20 Since cell-adhesion is 
presumed to be preceded by aspecific protein adsorption to biomaterials, negating protein 
adsorption would result in non-cell adhesive surfaces. However, this does not necessarily 
hold the other way around, since in this study the distinct correlation between protein 
adsorption and cell adhesion was hard to make; only the adsorption of y-globulin was 
significantly decreased on surfaces that also resisted cell adhesion, whereas no significant 
differences were found for albumin, fibrinogen and a mixture of albumin, y-globulin and 
fibrinogen. These results showed that non-cell adhesive behavior cannot per definition be 
correlated with a possible reduction in protein adsorption.20 
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Perspective

Cell-adhesive properties of films made by solution-casting the polymeric mixtures of 
PCLdiUPy with 5 and 10 wt% PEG2kdiUPy and 5 wt% PEG5kUPy were additionally examined 
with HVSCs and HUVECs, to be able to compare these results to other work in this thesis 
and the spin-coated surfaces from this chapter respectively. Solution-casting from organic 
solvent rather than spin-coating ensues longer drying times, which gives the mixtures 
more time to phase separate, as is seen in atomic force microscopy images of similar 
films.22 The adhesion of both HVSCs and HUVECs is not significantly decreased upon 
the incorporation of 5 wt% PEG2kdiUPy, similar to the spin-coated surfaces (Figure 5.4). 
Spreading and adhesion does decrease when 10 wt% of the PEG2kdiUPy is incorporated, 
which is in line with the results shown in figure 5.2. Cell-adhesion is drastically decreased 
for the films cast from the mixture of PCLdiUPy with PEG5kUPy, for both the endothelial 
cells and myofibroblasts.

These results indicate that, despite the difference in processing and apparent morphology of 
the films, the non-cell adhesive properties are similar for these two processing techniques. 
There is a difference in adhesive properties between different cell-types. The endothelial 
cells studied here tend to adhere less, and are affected more easily when additives are 
incorporated. The HVSC cells appear to be as adhesive as both the HK-2 epithelial cells and 
3T3 mouse-fibroblasts, and therefore are a suitable candidate to use as for the assessment 
of non-cell adhesive surface properties of our biomaterials.

Conclusion

Adhesion of cells from a variety of sources on surfaces made from polymeric mixtures 
of two UPy-based base polymers and three PEG-based UPy additives was described in 
this chapter. The non-cell adhesive properties found in PCLdiUPy can be translated to the 
CE-UPyPCL, however, these properties are not retained over longer culture periods. The 
bifunctional PEG2kdiUPy requires increased concentrations to reduce cell-adhesion from all 
sources. The incorporation of 5wt% PEG5kUPy and PEG10kdiUPy additives resulted in non-

HUVEC

HVSC

PCLdiUPy 10 wt% 
PEG2kdiUPy

5 wt%
 PEG2kdiUPy

5 wt%
PEG5kUPy

Figure 5.4. Fluorescence micrographs of HUVECs and HVSCs cultured on solution-cast films of PCLdiUPy with 
5 and 10 wt% PEG2kdiUPy and 5 wt% PEG5kUPy. The actin cytoskeleton is presented in green, and nuclei in blue. 
Scale bars represent 50 µm.
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cell adhesive films, even though the anti-fouling properties were not evident on protein-
level. The additional alkyl-spacer in the PEG5kUPy and PEG10kdiUPy, which was stipulated 
to improve anchoring in the base material, might facilitate better anchoring of these 
additives also in the mechanically more favorable chain-extended UPy-materials. Therefore, 
the retention of these additives in CE-UPyPCL and the non-cell adhesive properties of 
the mixtures could be an interesting topic for future research. Moreover, the adhesive 
character of the HVSCs used throughout this thesis makes them a good candidate for the 
exploration of non-cell adhesive properties in biomaterials.

Experimental section 

Materials
The syntheses of PCLdiUPy15, CE-UPyPCL18, PEG2kdiUPy15, PEG5kUPy23, and PEG10kdiUPy24 have been 
descirbed previously. 

Preparation of polymeric thin films
For results in figure 5.2: Drop cast supramolecular UPy-polymer surfaces were obtained via mixing 
of UPy-modified PCL polymers with UPy-PEG at different weight ratios. CE-UPyPCL and PCLdiUPy 
were dissolved in hexafluoroisopropanol (HFIP , Acros Organics) at 10% w/v by stirring at room 
temperature for 16-24 h. PEG2kdiUPy was added to PCLdiUPy and CE-UPyPCL at a w/w ratio of  
90:10 base polymer:additive. Each film contained 5 mg UPy-polymer and was cast from a volume of 
50 µL 10% w/v polymer solution and dried overnight at room temperature followed by an additional 
24h in vacuo at 40 °C. Substrates were cast on 13 mm round glass coverslips and sterilized under UV 
for 30-60 minutes prior to the cell adhesion assay.

For results in figure 5.3: Polymer solutions were prepared at a concentration of 20 mg mL-1 in HFIP. 
For the mixtures, 5 vol% of the additive polymer solution was added to 95 vol % of PCLdiUPy. This 
results in a 5:95 wt% additive:PCLdiUPy mixtures, corresponding to 5 and 2.45 mol % for PEG2kdiUPy 
and PEG5kUPy respectively.  Samples were prepared by spin-coating 100 µL of a 20 mg mL-1 solution 
of the polymers in HFIP at 5000 rpm for 30 s on glass coverslips with a diameter of 13 mm. The 
samples were left to dry for 1 h at room temperature before continuing the experiments. The 
coverlips coated with the thin films were mounted in Minusheet tissue carriers with 13 mm o.d. 
(Minucells and Minutissue-Vertriebs GmbH) and then sterilized under UV for approximately 1 hour. 

For results in figure 5.4: Polymer solutions were prepared at a concentration of 20 mg mL-1 in HFIP. 
For the mixtures, 5 and 10 vol% of the additive solutions were added to 95 and 90 vol% of PCLdiUPy 
respectively. This results in 5:95 and 10:90 additive:PCLdiUPy mixtures. 40-50 µL solution was cast on 
14 mm glass coverslips, after which the samples were dried to the air for 1-2 hours with subsequent 
overnight drying in vacuo. The solution-cast films were secured in adapted Transwell inserts (Corning) 
as described before25,26 and sterilized under UV for 15 minutes. 

Cell culture
Human umbilical vein endothelial cells (HUVEC, Lonza) were cultured in endothelial growth medium 
(Lonza and PromoCell, endothelial basal medium supplemented with endothelial growth factors, and 
additional Pen/Strep for the supplemented PromoCell medium). Culture flasks were coated with 0.1% 
gelatin in PBS for approximately 15 minutes at 37 °C prior to cell seeding. HUVECs were passaged 
before reaching 80% confluency, and used for experiments up to passage 6. Mouse fibroblasts 
(NIH/3T3) were cultured in Dulbecco’s modified eagle medium (DMEM, Gibco) supplemented with 
10% v/v fetal bovine serum (FBS, Greinier Bio) and 1% penicillin/streptomycin (Invitrogen). Proximal 
epithelial cells from a human kidney (HK-2, ATCC) were cultured in DMEM, supplemented with 10% 
FBS and 1% penicillin/streptomycin. Human vena saphena cells (HVSCs) were harvested from the 
human vena saphena magna according to the Dutch guidelines for secondary use materials. HVSCs 
were expanded in DMEM, supplemented with 10% FBS, 1% glutamax (Gibco) and 1% penicillin/
streptomycin. HVSCs were used for experiments up to passage 7. All cells were harvested using 
trypsin/EDTA (Lonza) for use in experiments.
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Cell adhesion assay
For the results in figure 5.2, the coverslips coated with polymeric thin films were placed in standard 
24 well culture plates. HUVECs and 3T3s were seeded at 3-3.5 x 104 cells cm-2 onto the coverslips, 
while holding down the films with a pipet-tip. For the results in figure 5.3, 62 µL from a 2.6 x 105 cells 
mL-1 HUVEC and HK-2 cell suspension was pipetted onto the exposed surface of the coverslips, and 
cells were left to adhere for 1.5 hours, before adding 500 µL culture medium on top of the cells. For 
the results in figure 5.4 HUVECs and HVSCs were seeded at 25,000 cells cm-2 in 500 µL on the inside 
of the inserts, and 1 mL cell-free growth medium was added outside the insert after establishing the 
inserts did not leak immediately. 

Cells were cultured for 24 hours at 37 °C and 5% CO2, after which non adherent cells were 
aspirated and the surfaces were washed with PBS and subsequently fixated in 3.7% formaldehyde. 
The actin-cytoskeleton of the cells was stained with ATTO-488 conjugated phalloidin, and nuclei 
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI).  Stained samples were visualized 
with a confocal laser scanning microscope (results in figure 5.2: Zeiss LSM510 META NLO) or an 
epifluorescence microscope (results in figure 5.3: Zeiss Axiovert 200M, results in figure 5.4: Leica 
DMi8s).
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Abstract

Surface-initiated controlled radical polymerization is a popular technique for the 
modification of biomaterials with, for example, antifouling polymers. Here we 
report on the functionalization of a supramolecular biomaterial with zwitterionic 
poly(sulfobetaine methacrylate) via atom transfer radical polymerization 
from a macro-initiator additive, which is embedded in the hard-phase of the 
ureidopyrimidinone-based material. Poly(sulfobetaine methacrylate) was 
successfully polymerized from these surfaces, and the polymerized sulfobetaine 
content, with corresponding antifouling properties, depended on both the macro-
initiator additive concentration and polymerization time. Furthermore, the 
polymerization from the macro-initiator additive was successfully translated to 
functional electrospun scaffolds, showing the potential for this functionalization 
strategy in supramolecular material systems.

The content of this chapter is based on: 

Bastiaan D. Ippel*, Muhabbat I. Komil*, Paul A.A. Bartels, Roy J.E.A. Boonen, Maarten  
M.J. Smulders, Patricia Y.W. Dankers, Supramolecular additive initiated controlled radical 
polymerization of zwitterionic brushes on ureidopyrimidinone-based biomaterial surface, 
submitted

Supramolecular additive initiated controlled 
atom transfer radical polymerization of 
zwitterionic brushes on ureido-pyrimidinone-
based biomaterial surfaces
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Introduction

Antifouling functionalization strategies are of interest for a variety of applications, ranging 
from the prevention of biofouling in marine environments to the restriction of fouling 
of blood components in vascular grafts. Hydrophilic surface functionalization is a well-
established method to decrease undesired fouling for biomaterials1,2 and is hypothesized to 
be effective through the formation of a thin, but stable hydrated layer that serves as a barrier 
between the material and the environment.3 In recent years, surface functionalization with 
zwitterionic polymers has gained more traction for the purpose of generating antifouling 
properties.4 Their ability to repel for instance protein adsorption exceeds that of classic 
hydrophilic polymers such as poly(ethylene glycol) (PEG) through a stronger interaction 
between zwitterions and water molecules.5,6 Monomers with intramolecular opposing 
charges on which such polymers are based include carboxybetaine, sulfobetaine and 
phosphorylcholine derivatives.4 The functioning of zwitterionic layers depends on the design 
of the zwitterionic moiety in terms of potential charge and separation of the charges, the 
overall polymer morphology and molecular weight, and functionalization density.7,8 

Several controlled polymerization strategies can be applied to functionalize biomaterial 
surfaces with zwitterionic polymers, among which radical polymerization techniques 
such as surface-initiated atom transfer radical polymerization (SI-ATRP) can yield highly 
antifouling layers.1,9,10 Furthermore, surface-initiated controlled radical polymerization (SI-
CRP) allows for the precise control over the molecular weight and polymer morphology, as 
well as grafting density.11,12 
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Figure 6.1. Schematic overview of the approach used in this study. A) Structural and graphical representations 
of the PCLdiUPy supramolecular base material, the UPy-BiB macro-initiator additive and the SBMA monomer. B) 
Schematic representation of fibrous hard-phase formed through UPy-dimerization and assembly. C) Schematic 
representation of SI-ATRP with SBMA from the UPy-BiB initiator additive.
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Methods for SI-CRP are commonly developed on model substrates such as silica or flat and 
thin polymer layers. Availability of a highly reactive initiating group on the surface of these 
materials is a prerequisite. Initiators can be simply covalently conjugated to a surface13–15 or 
attached through catechol-mediated chemistry.16,17  Both these methods can be applied to 
functional constructs such as filtration membranes and biological scaffolds,18–23 but require 
extra processing steps after fabrication prior to polymerization. Inclusion of additives with 
the initiating groups before fabrication, in a similar fashion to formulation of everyday 
polymeric materials, can overcome this need for extra post-fabrication modification of the 
material.

Zwitterionic amphiphilic additives, where a macromolecular hydrophobic block facilitates 
anchoring in the base material through hydrophobic interactions, have been previously 
used to directly incorporate zwitterionic functionality.24–29 In a comparable approach 
macromolecular additives functionalized with initiating groups were mixed with base 
polymers prior to fabrication into porous membranes.30–32 From the available initiators 
at the surface of the membranes or electrospun scaffolds, antifouling polymers were 
polymerized, thereby retaining the control over the brush properties.33 For biomaterial 
development, we propose that the interactions between the structural material and the 
additive should be managed with care. Additional interactions, such as hydrogen bonding, 
introduce a higher degree of specificity. Previously, hydrogen-bonded supramolecular 
materials were specifically functionalized with additives for antifouling properties34–37, 
antimicrobial activity38, additional bioactivity36,39–41 and post-functionalization.42,43 Here, we 
use the quadruple hydrogen bonding of the ureidopyrimidinone (UPy) moiety to facilitate 
the incorporation of a macroinitiator for SI-ATRP, to increase the functionalization potential 
of this class of materials. 

A newly synthesized UPy-ATRP macro-initiator additive that contains a tertiary bromide 
(UPy-BiB) was mixed with UPy-modified polycaprolactone (PCLdiUPy) (Figure 6.1). Thin 
films were cast for initial screening of the reactivity of the mixtures with the macromolecular 
initiator. Sulfobetaine methacrylate (SBMA) monomers were polymerized by means of SI-
ATRP from the additive that was embedded in the hard-phase of the constructs (Figure 
6.1). The surfaces were characterized with water contact angle measurements (WCA), 
X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM), followed by 
functional cell adhesion assays. Furthermore, functional porous scaffolds were fabricated 
from the material mixtures with the UPy-BiB additive via electrospinning, to demonstrate 
applicability of the approach described here.

Surface characterization

Surfaces were prepared by casting solutions of mixtures of PCLdiUPy and the UPy-BiB 
macro-initiator additive on glass coverslips to investigate the influence of the incorporation 
of the UPy-BiB additive on the surface properties. The surface morphology of the solution-
cast films was investigated with AFM. In the phase diagrams, where brighter domains 
indicate a harder phase, the fibrous structure resulting from the self-assembly of the UPy 
moieties was clearly visible (Figure 6.2).44–46 This fibrous morphology was not altered by 
incorporation of up to 10% UPy-BiB additive, except for only a few small bright spots. The 
surfaces without initiator additive were exposed to the polymerization reaction mixture 
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for 3, 6, and 24 hours, after which the surfaces were thoroughly washed and dried before 
analysis. Little aspecific adsorption of components from the polymerization reaction 
mixture was observed, which was evident from the small increase in the number of brighter 
domains on the surfaces that were present over the exposure time (Figure 6.2, Figure 
6.3). After 3 hours of grafting from the supramolecular UPy-BiB additive, a concentration 
dependent presence of brighter domains was observed, indicative of SBMA presence and 
therefore successful polymerization (Figure 6.2, Figure 6.3). For 5 and 10 mol% additive, 
these domains increased in size across the surface upon further reaction to 6 hours, 
whereas for 1 mol% additive, a minimal difference was observed. When the polymerization 
was run for up to 24 hours, the concentration dependent increase was no longer apparent. 
In the background, the fibrous morphology of the PCLdiUPy base material was still clearly 
visible in all samples. The most astonishing observation from these AFM images was that the 
brighter pSBMA domains originated from the hard-phase in the base material, as observed 

PCLdiUPy +1% UPy-BiB +5% UPy-BiB +10% UPy-BiB
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Figure 6.2. AFM phase micrographs of solution-cast films of PCLdiUPy with 0, 1, 5, and 10 % UPy-BiB macro-
initiator additive before and after 3, 6, and 24 hours of polymerization on the surfaces. Scale bars indicate 100 nm.
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from the zoomed in images (Figure 6.3). This confirmed that the initiator additive was 
well incorporated the UPy-based assemblies and that the polymerization reaction occurred 
from the hard-segments of this supramolecular thermoplastic elastomer. 

In previous studies using SI-ATRP for the functionalization with sulfobetaine polymers, a 
brush thickness of ≥ 20 nm has been reported sufficient for antifouling properties.15,47,48 
From the height images recorded with AFM, the height of the pSBMA domains that were 
observed was quantified (Figure 6.3, Figure 6.4). Even though the assessment of the 
height was relatively inaccurate due to the inherent roughness of the solution-cast surfaces 
(Table 6.1), the thickness of the pSBMA domains did not exceed the 20 nm in general, for 
all UPy-BiB concentrations and polymerization times. Instead a thickness slightly over 10 
nm could be achieved for the samples.

The presence of zwitterionic SBMA on the surface of the biomaterials was evident from 
an emerging sulfur signal and an additional quaternary nitrogen signal in the XPS spectra 
(Figure 6.5, Table 6.2). For increasing concentrations and polymerization reaction times, 
the contributions of the extra nitrogen and sulfur components also increased. A surface of 
pure pSBMA would result in a theoretical sulfur and quaternary nitrogen concentration 
of approximately 5.6%. The concentrations observed on the pSBMA grafted biomaterials 
were significantly lower (Table S2). This could suggest that the surface coverage was indeed 
not complete, or the thickness of polymerized pSBMA does not exceed the penetration 
depth of the radiation in the XPS measurements. Furthermore, the determined quaternary 
nitrogen component was generally lower than that for the sulfur species. Interestingly 
though, the reactive tertiary bromide is retained more with increasing polymerization time 
and thereby amount of pSBMA (Table 6.2). A hypothetical explanation for the retention of 

PCLdiUPy +1% UPy-BiB +5% UPy-BiB +10% UPy-BiB

3h
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Figure 6.3. A) Zoomed cutouts of AFM phase micrographs from the 3 hour reaction time samples. Scale bars 
indicate 100 nm. B) Percentage of the solution-cast surface covered with SBMA domains, and the height of these 
domains. Data is represented as mean ± SD.
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the bromide could be that the chain-end folds back into the polymer layer, where it is less 
accessible for elimination. It’s worthwhile to note that the presence of the bromide can 
facilitate secondary functionalization approaches.49

The macro-scale hydrophilicity of the surface was measured by means of WCA 
measurements, where a decrease in contact angle indicated the presence of hydrophilic 
pSBMA at the surface of the films. The addition of the UPy-BiB additive had no significant 
effect on the hydrophilicity of the surfaces (Figure 6.5). Exposure to the polymerization 

PCLdiUPy +1% UPy-BiB +5% UPy-BiB +10% UPy-BiB
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Figure 6.4. AFM height images recorded in tapping mode in air of solution-cast films of PCLdiUPy with 0, 1, 5, and 
10% UPy-BiB additive before and after 3, 6, and 24 hours of polymerization on the surface. Scale bars represent 
100 nm.

PCLdiUPy [nm] +1% UPy-BiB 
[nm]

+5% UPy-BiB 
[nm]

+10% UPy-BiB 
[nm]

0h 4.6 ± 1.4 8.7 ± 0.8  6.3 5.1 ± 0.1

3h 4.5 ± 0.4 7.7 ± 2.3 7.5 ± 1.6 8.2 ± 0.8
6h 5.6 ± 1.0 7.6 ± 0.4 6.0 ± 0.2  7.1 ± 0.2
24h 5.8 ± 0.5  7.2 ± 1.6 11.1 ± 1.5 7.5 ± 0.1

Table 6.1. Root Mean Square (RMS) roughness of solution-cast films.
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reaction mixture decreased the contact angle only slightly on the films without UPy-BiB, 
going from  76 ± 1 ° to 71 ± 1 ° for subsequent polymerization reaction times.  For films 
modified with the UPy-BiB additive, the contact angle decreased both with 3 and 6 hour 
polymerization reaction time, and increasing additive concentration. However, contact 
angles of below 20 °, reported for completely covered surfaces,50,51 were not reached, 
which could result from incomplete SBMA surface coverage. For the films with 1, 5, and 
10% UPy-BiB, the contact angles were again slightly higher after the 24 hour reaction times 
compared to the 6 hour samples.   

The observations from AFM, WCA and XPS measurements all indicate an increased 
efficacy in polymerization with increasing UPy-BiB additive concentrations up to 6 hours of 
reaction time. However, for 24 hours of reaction time, these measurements show no clear 
increase in polymerization efficacy compared to the 6 hour time point. Due to extended 
polymerization times, the presence of longer and more water-soluble polymer chains may 
result in increased erosion from the supramolecular surface during the polymerization 
reaction and the subsequent washing steps.

Cell adhesion on surfaces modified with zwitterionic polymers

To probe the functionality of the SBMA-functionalized surfaces, cell adhesion was assessed. 
Human Vena Saphena Cells (HVSC) were cultured on the pristine solution-cast surfaces 
with 0, 1, 5 and 10% UPy-BiB and after 3, 6 and 24 hours of polymerization of SBMA. The 
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Figure 6.5. A) Water contact angles measured on solution-cast films with 0, 1, 5, and 10% UPy-BiB before and 
after 3, 6, and 24 hours of polymerization on the surface. Data are represented as mean ± SD. B) Contribution of 
quaternary nitrogen and sulfur components, which are unique for the SBMA, calculated from XPS spectra of the 
solution-cast films.
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presence of 1, 5 and 10% UPy-BiB alone did not influence cell adhesion, as the HVSCs 
adhered and spread similarly to the PCLdiUPy surface without additive (Figure 6.6). 
The surfaces without the UPy-BiB additive that were exposed to the SI-ATRP reaction 
conditions for 3, 6 and 24 hours showed no distinct decrease in cell adhesive properties, 
which indicates that neither the exposure to the polymerization reaction mixture, nor the 
presence of aspecific adsorbed pSBMA affects cell adhesion. For the films with 1% UPy-BiB 
the SBMA that was reacted to the surface had no significant effect on the adhesion and 
spreading of the HVSCs. After 3 hours of SI-ATRP reaction, the presence of pSBMA on the 
surface of the films with 5% UPy-BiB did not negatively influence cell adhesion. However, 
after 6 hours reaction time, a striking decrease in the adhesion of the HVSCs was observed 
here. Patches of cells were interchanged with clusters of rounded cells on these surfaces. 
For the surfaces with 10% UPy-BiB the cell adhesion decreased significantly already at 3 
hours reaction time, which was amplified after 6 hours. However, the surfaces that have 
been used for the polymerization reaction for 24 hours, showed an increase in amount and 
variability of cell adhesion. 

These results show that the pSBMA reacted from the UPy-BiB additive is functional to 
the extent where cell adhesion is significantly decreased. However, increased reaction time 
did not necessarily result in increased antifouling properties, which indicates that a critical 
pSBMA polymer chain length should not be exceeded. 

Mechanistic insight in the surface-initiated polymerization is essential for further 
understanding of the process. The detected amount of SBMA increased accordingly with 
the UPy-BiB additive concentration. Also, the increase in surface area occupied by SBMA 

Surface composition [at%]
C O N N+ S Br

PCLdiUPy 0h 74.45 22.17 3.38 0.00 0.00 0.00
3h 75.20 20.67 4.00 0.08 0.03 0.00
6h 76.64 19.60 3.65 0.04 0.07 0.00
24h 75.36 20.48 3.80 0.12 0.23 0.00

+1% UPy-BiB 0h 74.72 21.30 3.95 0.00 0.03 0.00
3h 74.23 21.36 3.65 0.24 0.48 0.04
6h 74.93 20.69 3.75 0.21 0.36 0.04
24h 74.81 20.82 4.02 0.13 0.22 0.00

+5% UPy-BiB 0h 73.81 22.23 3.85 0.00 0.07 0.03
3h 73.15 22.21 3.41 0.41 0.69 0.11
6h 74.87 20.64 3.42 0.36 0.60 0.10
24h 73.48 22.31 3.24 0.34 0.55 0.07

+10% UPy-BiB 0h 74.23 21.16 4.46 0.00 0.07 0.08
3h 71.38 23.78 3.37 0.47 0.82 0.16
6h 70.76 23.66 2.97 0.82 1.58 0.22
24h 72.21 22.23 3.23 0.84 1.37 0.12

Table 6.2. Atomic surface composition of solution-cast films with 0, 1, 5, and 10 mol% UPy-BiB before and after 
exposure to the SI-ATRP reaction conditions for 3, 6, and 24 hour.
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associated domains followed this trend. However, it would be particularly interesting 
to evaluate the amount of actual initiation sites for polymerization, and whether or not 
those correlate to the UPy-BiB concentrations and amount of detected pSBMA. From the 
AFM images of the solution-cast films it could be deduced that there might be localized 
points of initiation, since, especially with increasing polymerization times, the surfaces are 
characterized by separated domains of pSBMA. A certain spacing between initiation points 

PCLdiUPy +1% UPy-BiB +5% UPy-BiB +10% UPy-BiB
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Figure 6.6. A) Fluorescence micrographs of HVSCs cultured for 24 hours on PCLdiUPy based solution-cast films, 
with 0, 1, 5, and 10% UPy-BiB, before and after 3, 6, and 24 hour polymerization reaction on the surface. Actin 
cytoskeleton is depicted in green and nuclei in blue. Scale bars represent 100 µm. B) Quantified surface coverage 
for the HVSCs on the solution-cast films. Data is represented as mean ± SD.
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may be more preferable for the SI-ATRP reaction to occur. Furthermore, the assessment 
of the length of the UPy-pSBMA polymers within these domains would provide important 
information on the polymerization efficiency and chain-length. However quantification of 
the pSBMA size was practically not feasible, because of the small absolute amount of UPy-
pSBMA in these small 2D samples, and the difficult quantification of molecular weight of 
zwitterionic polymer brushes on our non-ideal biomaterial surfaces.

Functionality of post-modified electrospun scaffolds

To further study the applicability of this post-functionalization polymerization strategy 
initiated from the hard-phase in a supramolecular thermoplastic elastomer, the mixture of 
10% UPy-BiB additive and PCLdiUPy was electrospun into fibrous scaffolds. The scaffolds 
with and without 10% UPy-BiB additive had comparable morphologies and a fiber diameter 
of 0.36 ± 0.15 µm, and 0.46 ± 0.23 µm respectively (Figure 6.7). The hydrophilicity was 
similar for the scaffolds with and without additive (data not shown). The SI-ATRP reaction 
was performed on the electrospun scaffolds for 24 hours, since the relative surface area 
of the fibrous construct is significantly higher compared to 2D solution-cast substrates. 
After polymerization, the hydrophilicity of the scaffolds decreased significantly for both the 
scaffolds with and without 10% UPy-BiB additive, but was not determinable due to fast 
wetting of the microporous samples. The fiber diameter of the reacted samples increased 
slightly to 0.43 ± 0.15 µm and 0.58 ± 0.24 µm for the scaffolds with and without UPy-
BiB, respectively. However, quantification was hampered by the presence of apparently 
fused fibers after the subsequent washing and drying procedures. Remarkably, the scaffolds 
with UPy-BiB additive that were reacted for 24 hours charged significantly faster whilst 
measuring with scanning electron microscopy. The XPS measurements on the scaffolds 
revealed presence of the quaternary nitrogen and sulfur components in the scaffolds with 
and without UPy-BiB that were exposed to the SI-ATRP reaction mixture. More SBMA 
appeared to be present in the scaffolds without initiator additive (Figure 6.7, Table 6.3). 
Moreover, little residual copper was detected on the scaffolds (<1 at%, Table 6.3), which 
was not observed on the solution-cast samples. The presence of physisorbed SBMA and 
copper indicate that in future experiments washing procedures must be further optimized.  

The functional antifouling properties of the SBMA post-modified scaffolds were assessed 
with a cell adhesion assay. HVSCs were cultured for 24 hours on the scaffolds, which 
adhered and spread on the pristine scaffolds (Figure 6.7). The adhesion of the fibroblast-
like cells was significantly decreased on the scaffolds with UPy-BiB that were reacted for 
24 hours, whereas the decrease in cell adhesion was less defined for the scaffolds without 
UPy-BiB additive. This shows that, even though the XPS measurements implied increased 
SBMA presence on the scaffolds without UPy-BiB, compared to the scaffolds with UPy-BiB, 

Surface composition [at %]
C O N N+ S Br Cu

PCLdiUPy 0h 75.16 20.68 4.16 0.00 0.00 0.00 0.00
PCLdiUPy 24h 67.58 26.41 2.07 1.13 2.00 0.00 0.81
10% UPy-BiB 0h 74.59 20.89 4.48 0.00 0.00 0.03 0.00
10% UPy-BiB 24h 70.63 24.07 2.91 0.72 1.20 0.09 0.38

Table 6.3. Surface composition of electrospun scaffolds. 
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the functional antifouling properties of the polymerized UPy-pSBMA are clearly superior. 

General discussion

One interesting observation from both solution-cast films and electrospun scaffolds, was the 
apparent improved stability of the tertiary bromide on the polymerized pSBMA molecules, 
compared to the UPy-BiB initiator. In previous reports, the bromide signal is not present 
after polymerization, where reported tertiary bromide concentrations prior to reacting 
range from 0.81 to 1.9.16,52,53 Due to the non-covalent nature of the incorporation of the 
UPy-pSBMA after polymerization, stability of the post-functionalized substrates should 
be subject of future studies. The polymerization reaction time of 24 hours is particularly 
long, compared to literature.15 In the current setup, a color change in the polymerization 
reaction mixture indicated full oxidation of the copper catalyst, between the 6 and 24 hour 
time points. Therefore, future efforts should focus on shorter polymerization times to have 

PCLdiUPy +10% UPy-BiB
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Figure 6.7. A) Scanning electron micrographs of electrospun scaffolds of PCLdiUPy with 0 and 10 mol% UPy-
BiB, before and after 24 hour reaction. Scale bars indicate 10 µm. B) XPS spectra focused on nitrogen and sulfur 
signals. The data are represented in black, the modelled components by blue lines and the total fit by the red line. 
Dashed lines indicate the location of characteristic contributions in the spectra. C) Fluorescence micrographs of 
HVSCs cultured for 24 hours on the electrospun scaffolds used for the SI-ATRP reaction. Actin cytoskeleton is 
depicted in green, scale bars indicate 100 µm. D) Quantified surface coverage for the HVSCs on the electrospun 
scaffolds. Data is represented as mean ± SD.
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better control over the polymer brush dispersity and polymer chain-end livingness.

Conclusion and outlook

For the first time, the successful ATRP of zwitterionic SBMA monomers from a macro-
initiator additive incorporated in the hard-phase of a supramolecular elastomeric 
material is reported here. Surface analysis by AFM, XPS and WCA measurements, as well 
as cell adhesion assays, show an initiator concentration and reaction time dependent 
polymerization efficacy. Cell adhesion was decreased significantly for surfaces with 5 and 
10 mol% UPy-BiB additive and 6 hours reaction time. The non-cell adhesive properties 
could be translated to a functional electrospun scaffold with 10 mol% UPy-BiB. These 
results serve as a first step towards the fabrication of scaffolds or membranes that can 
be functionally post-modified via polymerization through the simple inclusion of a macro-
initiator additive in the hard-phase of the structural base material.

The electrospun scaffolds post-modified with zwitterionic polymers offer many possibilities, 
mostly due to the properties of the zwitterionic compounds. The responsivity to varying 
salt concentrations could be employed to tune the porosity of the scaffolds reversibly27. 
Additionally, the interesting UCST behavior of pSBMA can give similar switchable 
properties.54

Moreover, a popular approach featuring antifouling materials involves further modification 
with specific bioactive moieties.55 This could be achieved through the reaction of bioactive 
moieties to reactive monomers that were co-polymerized during the modification with the 
antifouling layer,53 or by end-functionalizing the antifouling brush, making use of the reactive 
nature of the halide-capped polymer ends.56

Additionally, the presence of copper in the electrospun scaffolds after washing indicates 
that greener radical polymerization strategies such as activators regeneration ATRP 
methods where significantly lower amounts of copper are used, may be worth investigating, 
especially for biomedical applications.57–64

Experimental section

Materials
Unless stated otherwise, all reagents were used without further purification. Copper(I) 
chloride (CuCl, ≥99.99%) copper(II) chloride (CuCl2, 97%) and 2,2′-bipyridyl (bpy, ≥99%) 
were obtained from Sigma-Aldrich. 2-(N-3-Sulfopropyl-N,N-dimethyl ammonium)ethyl 
methacrylate (SBMA, ≥98%) was obtained from Merck. The UPy-BiB additive was kindly 
synthesized and provided by Muhabbat Komil. UPy-modified polycaprolactone (PCLdiUPy) 
was purchased from SyMO-Chem. Copper(I) chloride (≥98%) was purified by vigorous 
stirring in acetic acid three times, washed with ethanol multiple times and dried under 
vacuum overnight.62

Chloroform (>99.8%), diethyl ether (DEE, >99.5%), dichloromethane (DCM, >99.9%), 
N,N-dimethylformamide (DMF, >99.8%), dioxane (>99.8%), ethanol (EtOH, >99.9%), ethyl 
acetate (>99.8%), heptane (>95%) and methanol (>99.8%) were purchased from Biosolve. 
1,1,1,3,3,3-hexafluoroisopropanol (HFIP, >99%) was obtained from Sigma-Aldrich and 
Fluorochem. 

Preparation of polymer films
PCLdiUPy (molecular weight of 2650 g mol-1) and the additive UPy-BiB were dissolved 
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separately in HFIP at concentrations of 7.55 mM, each. The solutions were stirred overnight 
at room temperature in the dark. The conditions 1, 5, and 10 mol% UPy-BiB were mixed 
in molar ratios PCLdiUPy:UPy-BiB of 99:1, 95:5, and 90:10 in separate vials. In a large glass 
petri dish equipped with a cover, the solutions were cast (50 µL) on ø14 mm glass cover 
slips. The films were allowed to dry covered in the petri dish for 1 hour and subsequently 
air-dried overnight. Prior to characterizations the films were dried in vacuo overnight.  

Preparation of electrospun scaffolds
PCLdiUPy and PCLdiUPy + 10% UPy-BiB were dissolved in HFIP at a total concentration 
of 340 mg mL-1. Solutions were stirred overnight at room temperature. The electrospun 
constructs were prepared on a climate controlled electrospinning setup by IME 
technologies (Geldrop, Netherlands). A cylindrical mandrel rotating at 100 rpm with a 
diameter of 21 mm, covered in aluminium foil was used to collect the polymer fibers. A 
voltage of 18 kV, + 17 kV on the needle and -1 kV on the rotating mandrel, was applied 
over a distance of 12 cm between needle and collector. Temperature was set at 23 °C and 
relative humidity at 30%. The polymer solutions were fed through a nozzle (ø 0.8 mm) 
with a rate of 25 µL min-1 and 15 µL min-1 for PCLdiUPy and PCLdiUPy+10% UPy-BiB 
respectively. The aluminium foil, covered with the electrospun scaffold was removed from 
the mandrel and dried overnight in vacuum. Using a biopsy punch (Kai Medical), 8 mm 
circular discs were cut from the scaffold and used for polymerization and further analyses. 

Surface-initiated atom transfer radical polymerization (Scheme 6.1)
The polymerization stock solution was prepared as follows: CuCl (2.60 mg, 0.03 mmol, 
1 eq.), CuCl2 (31.78 mg, 0.24 mmol, 9 eq.) and bpy (90.24 mg, 0.58 mmol, 22 eq.) were 
weighed in a 10 mL Schlenk flask equipped with a septum and a magnetic stirring bar. The 
flask was sealed and deoxygenated by argon flow for 30 minutes. Deoxygenated milliQ 
(2.60 mL) was transferred to the catalyst/ligand mixture and further deoxygenated by argon 
flow until fully dissolved by stirring. The catalyst/ligand/solvent mixture was transferred 
to deoxygenated sulfobetaine methacrylate (1.47 g, 5.25 mmol, 200 eq.) in a separate 10 
mL Schlenk flask equipped with a septum and a magnetic stirring bar. The polymerization 
mixture was further deoxygenated for 15 minutes, and used for the polymerization 
immediately. 

For each polymerization condition, 10 solution-cast polymer films were immobilized in 
adapted 12-well Transwell inserts, from which the membrane was removed and custom 
made poly(ether ether ketone) (PEEK) rings were used to mount the samples. The 
polymer films were degassed under a funnel with heavy argon flow for 30 minutes. The 
polymerization was initiated by transferring the polymerization mixture (200 µL) from 
the stock solution to each Transwell insert under exclusion of air. The polymerization was 
carried out at room temperature, under moderate argon flow. The polymerization was 
stopped by exposing the reaction mixture to air. The polymerization mixture was removed, 
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Scheme 6.1: Reaction conditions for SI-ATRP of SBMA from UPy-BiB functionalized surfaces.
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and each polymer film was washed with milliQ (0.5 mL) three times. Subsequently, the 
polymer films were removed from the inserts and thoroughly washed three times with 
milliQ (1 mL), and air-dried for several hours. Prior to characterization techniques the films 
were dried in vacuo overnight.  For the electrospun scaffolds, 10 samples were immobilized 
in similarly adapted 24-well Transwell inserts. The same polymerization conditions were 
applied as for solution-cast films. Post-polymerization, the samples were washed by 
submerging the scaffolds in milliQ (3 mL) three times, or until the strong catalyst color was 
imperceptible. Prior to characterization the scaffolds were dried in vacuo overnight. 

Water Contact Angle Measurements
Static water contact angles were measured using a DataPhyisics OCA 30 goniometer at room 
temperature. Droplets of 2 µL were applied on the surface and the contact angle was measured using 
SCA20 software (v4.1.13) at the polymer-air-water interfaces 5 seconds after depositing the droplet. 

Scanning Electron Microscopy
Electrospun scaffolds were analyzed using a FEI Quanta 600 scanning electron microscope and Xt 
Microscope control software. Images were recorded in low vacuum (~0.6 mbar) with water vapor, 
of samples fixed on metal stubs with adhesive carbon conductive tape. Secondary and backscattered 
electrons were detected with an accelerating voltage of 10 kV and a working distance of 10 mm. 
Compound images were constructed by overlaying the resulting images from both detectors.

Atomic Force Microscopy
A Digital Instruments Multimode and a Dimension 3100 with Nanoscope III controllers were used 
to probe the surfaces of the solution-cast films. Silicon cantilever tips with a typical tip radius of 7 
nm were used to record phase and height images in the tapping mode regime at room temperature. 
Images were processed using Gwyddion software (version 2.43). The percentage of the surface 
covered by SBMA domains was determined from two 1 × 1 µm phase images, and the height of the 
domains from 40 measurements per condition using ImageJ (NIH, version 1.48).

X-ray photoelectron spectroscopy
XPS was performed 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 aluminium anode (Al Kα, 1486.7 eV, 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 CasaXPS software (version 2.3.18). 

Cell culture and adhesion assay
Human vena saphena cells were harvested from the human vena saphena magna according to the 
Dutch guidelines for secondary use of materials. HVSCs were expanded in culture medium, which 
consisted of Dulbecco’s modified Eagle medium (DMEM, Gibco) supplemented with 10% fetal bovine 
serum (FBS), 1% glutamax (Gibco), and 1% penicillin/streptomycin, and used for experiments up to 
passage 7. 

The solution-cast polymer films on glass were secured in adapted 12 well Transwell inserts (Corning), 
from which the membrane was removed and custom made PEEK rings were used to mount the 
samples. Samples were sterilized under UV for 15 minutes. An 8 mm biopsy punch (Kai Medical) was 
used to prepare circular samples from the electrospun constructs. These were mounted in similarly 
adapted 24 well Transwell inserts and sterilized under UV on both sides for 15 minutes. Cells were 
harvested from the culture flasks using trypsin/EDTA and seeded at a concentration of 25 000 cells 
cm–2 on the solution-cast films and 60 000 cells cm–2 on the scaffold samples. After 24 hours culture, 
non-adherent cells were aspirated and the samples were washed twice with PBS prior to fixation in 
3.7% formaldehyde. The actin cytoskeleton was stained with phalloidin-ATTO488, and nuclei were 
stained with 4’,6-diamidino-2-phenylindole (DAPI). Samples were visualized using a Zeiss Axiovert 
200M.
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Abstract

Modification with supramolecular additives is used to alter the properties of 
elastomeric materials, rendering these anti-fouling, specifically cell-adhesive, or 
suitable for further post-functionalization. Often, the additive containing materials 
are processed into functional scaffolds using electrospinning for mechanically 
challenging applications. Under these conditions, the mechanical properties of the 
scaffold are unequivocally important. Here, the effect of supramolecular additive 
functionalization on mechanical behavior of electrospun scaffolds was investigated 
for one model supramolecular filler and three previously developed antifouling 
additives. Results indicated that the filler additive had no effect on the mechanical 
properties of the bulk material, whereas the mechanical properties were slightly 
decreased following the addition of the additives compared to the pristine 
elastomeric PCL-BU base material.

The content of this chapter is based on: 

Bastiaan D. Ippel, Eline E. van Haaften, Carlijn V.C. Bouten, Patricia Y.W. Dankers, Impact of 
additives on mechanical properties of supramolecular electrospun scaffolds,  (in preparation)

Impact of additives on mechanical properties of 
supramolecular electrospun scaffolds
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Introduction

Supramolecular biomaterials can be functionalized by modular incorporation of additives, to 
formulate materials with antifouling and specific cell-adhesive properties, and with groups 
that allow for post-functionalization. The properties of the functionalized materials were 
initially studied on thin films, which were either solution-cast or spin-coated. In Chapters 
3 and 6 the translational step towards functional biomaterials was made through processing 
of the studied materials into electrospun scaffolds. In general, the mechanical properties of 
functional, load-bearing scaffolds fabricated with electrospinning, such as vascular grafts, are 
particularly important for proper functioning. 

Hydrogen bonded thermoplastic elastomers, such as polyurethane, poly(urethane urea), 
or polyurea, are regularly used in biomedical applications, such as cardiac patches1, heart 
valves2, and vascular grafts.3,4 The unique mechanical properties of these materials arise 
from their molecular composition, where macromolecular soft-blocks with rubber-like 
properties are alternated with hard-blocks capable of crystallization, e.g. through hydrogen-
bonding.5 These two components have the tendency to phase-separate on the nano-scale, 
and in the case where the hard-block is comprised of well-defined hydrogen bonding units, 
intriguingly form fibrous hard-segments.6,7 Past investigations have tried to elucidate the 
molecular reorganization of hydrogen-bonded fibrous thermoplastic elastomers during 
elongation.7,8 The orientation of the fibrous hard-phase is generally isotropic following 
solution-casting, as seen in atomic force microscopy phase images (example in Figure 
7.1B). Upon stretching, the hard-segments orient in the direction of the applied strain. 
When the yield-point is exceeded, the hard-segments fracture and their orientation 
transgresses to the direction perpendicular to the strain.7,8 

Previously, the supramolecular functionalization strategy based on molecular recognition 
by bisurea additives, has been used to tune the mechanical properties of bisurea-based 
thermoplastic elastomers.9 Through incorporation of a small molecular filler, which was 
shown to co-assemble with the bisurea phase in the poly(caprolactone)-bisurea (PCL-
BU) base material up to approximately 25 mol%, the ratio of hard-block to soft-block was 
altered in a supramolecular fashion. This resulted in an approximately twofold increased 
Young’s modulus, without a clear loss in ultimate tensile strength.9 Higher concentrations 
of filler additive resulted in two distinct hard-segment domains. Below this threshold, 
similar strain-induced orientation of the fibrous hard-segments is observed compared to 
the unmodified base material.10 Hard-segments consisting of solely filler, that form with 
increased bisurea-filler concentration, do not orient with the hard-phase of the base 
material, as little interaction forces them to.10

However, when these materials are processed into electrospun scaffolds, another order 
of complexity is introduced in the mechanical behaviour. The mechanical properties of 
electrospun scaffolds are not only determined by the bulk material properties, but also by 
microscale scaffold properties, such as fiber diameter, fiber structure, fiber distribution, and 
fiber interconnectivity (Figure 7.1C).11,12 Biaxial deformation of isotropically distributed 
electrospun fibers results in stretching of the fibers, until the fiber-fiber crosslinks are 
strained at higher strains.13 With uniaxial elongation, additional alignment of the fibers 
occurs. This shows that several principles play important roles in the mechanical behaviour 
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in physiologically relevant strain-regimes.14 

Since supramolecular functionalization has been used to change the bulk mechanical 
properties of bisurea-based thermoplastic elastomers, it is extremely relevant to investigate 
the influence of functional additives on the mechanical performance of electrospun 
fibrous scaffolds for load-bearing applications. Therefore, in this chapter the properties 
of supramolecular electrospun scaffolds functionalized with the antifouling oligo(ethylene 
glycol) (OEG)-based bisurea additives described in Chapter 3, and the bisurea-filler (BF) 
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Figure 7.1. Multi-scale overview of study A) Structural representation of bisurea additives and the PCL-BU base 
polymer used in this chapter. B) Atomic force microscopy phase image with fibrous hard-segments attributed to 
the bisurea-assembly. Scale bar indicates 100 nm. C) Example of scanning electron micrograph of electrospun PCL-
BU scaffold (scale bar indicates 10 µm) and the fiber orientation analysis of an electrospun scaffold. D) Dogbone 
shaped sample for tensile testing coated with graphite for strain analysis, before and during elongation.
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as a model compound, were studied (Figure 7.1A) and compared to pristine controls. 
Considering that fiber diameter and orientation directly influence the mechanical properties 
of electrospun scaffolds15,16, we fabricated electrospun scaffolds with similar fiber diameters 
and isotropic fiber distributions in this study. To determine if the bisureas from the additives 
are incorporated in the same hard-segments as those from the TPE base material, the 
thermal properties of the functionalized materials were assessed with differential scanning 
calorimetry (DSC). Finally, the mechanical properties of the electrospun scaffolds were 
measured with uniaxial tensile testing. 

Efficacy of bisurea-filler additive in electrospun scaffolds

Firstly, the effect on mechanical properties of the BF additive was investigated in both 
thick films and electrospun scaffolds at concentrations of 5, 10, and 25 mol% additive. 
For this additive, the mechanical properties of the composite material are affected if one 
bisurea hard-phase is formed, which was the case for < 25 mol% in previously reported 
literature.9 In that case, a single melting peak associated with the crystalline bisurea domain 
was observed with DSC. In the thermogram of both the films and electrospun scaffolds 
a single peak was observed (Figure 7.2), for which the melting temperature decreased 
slightly with increasing BF concentration (Table 7.1). However, the melting peak of the 
pure BF additive overlapped with that of the bisurea in the PCL-BU, which hampers the 
determination of segregated hard-phases as in Wisse et al.9 Remarkably, the enthalpy 
decreased slightly for the films with increasing  BF concentration, whereas it increased 
somewhat for the electrospun scaffolds with increasing BF concentration, which could 
indicate minor differences in the crystallinity of the hard-phases.

Prior to mechanical testing, the morphology of the scaffolds was characterized using 
scanning electron microscopy and subsequent image analysis. The fiber diameters for the 
electrospun scaffolds were comparable at approximately 0.6-0.7 um (Table 7.2). Using 
a previously reported method, the degree of (an)isotropy of the electrospun fibers was 
quantified.17 Using this method, the fiber directionality histograms obtained after image 
analysis were fit with a Gaussian distribution on top of a baseline, where the portion 
below the baseline is considered the isotropic fraction. For these electrospun scaffolds the 
approximated anisotropic fraction was low with broad peaks (Figure 7.3, Table 7.2), and 
therefore these scaffolds could be considered sufficiently isotropic. The combined similarity 
of fiber diameter and isotropy substantiated the assumption that these scaffolds also had 
similar porosity. 

PCL-BU 5% BF 10% BF 25% BF 100% BF
Films

Melting temperature [°C] 121.5 120.2 120.6 117.0 117.7
Melting enthalpy [J g-1] 11.1 11.5 10.7 10.1 19.4

Scaffolds
Melting temperature [°C] 121.0 121.5 120.3 117.2
Melting enthalpy [J g-1] 11.9 12.1 13.2 13.6

Table 7.1. Melting temperatures and melting enthalpy for the films and electrospun scaffolds of PCL-BU with 5, 
10, and 25 mol% BF additive.
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Interestingly, the Young’s modulus did not increase for the films with increasing BF 
additive concentration (Figure 7.3), in contrast to the results reported by Wisse et al..9 
Compared to these earlier reported results, the Young’s modulus of the pristine PCL-
BU films measured in the current study was significantly higher, whereas the amount of 
hard segments was lower due to an increased soft-block length (PCL, Mn=2 kg mol-1 in 
this study18 compared to Mn=1.4 kg mol-1 in Wisse et al.9). The moduli determined for the 
electrospun scaffolds were roughly one order of magnitude lower than for the films, which 
could be explained from the porosity of the scaffolds and deformation mechanisms involved 
in changing scaffold microstructure. Upon incorporation of BF additive, the stiffness of the 
scaffolds decreased 10-25 %, although no BF concentration-dependence was observed.

Scaffolds functionalized with antifouling additives

The electrospun scaffolds functionalized with the antifouling additives were characterized in 
a similar fashion with DSC. The melting temperature of the bisurea only varies a few degrees 
upon functionalization with the three OEG-based additives (Figure 7.4, Table 7.3, Table 
7.4). Interestingly, the melting temperatures for the pure additives are substantially higher. 
The absence of these additional peaks in the thermograms of the functionalized scaffolds 
indicates that the bisurea motifs of the additives are incorporated in the hard phase of the 
PCL-BU base material. The increased temperature of the bisurea additives, along with a 
clear melting transition that is not necessarily wider compared to PCL-BU, indicates nice 
assembly of the larger hard-segments with additional hydrogen bonding urethane groups 
in these additives.19 The different melting temperatures for the three additives can also be 
attributed to the slightly different composition of the hydrophobic parts in the additives. 
The negative (i.e. exothermic) peak that is observed for the scaffold with 10% BOB additive 
might be related to degradation of the material, as little to no crystallinity is observed in 
this region in subsequent heating runs. The fiber diameter in these scaffolds ranges from 

A B C

PCL-BU

+5% BF

+10% BF

+25% BF

PCL-BU

+5% BF

+10% BF

+25% BF

BF

Figure 7.2. Thermograms of the first heating run of  A) films of PCL-BU with 5, 10 and 25 % BF additive, B) 
electrospun scaffolds of PCL-BU with 5, 10, and 25 mol% BF additive, and the second heating run of the pure BF 
additive. Endotherm processes appear as peaks.

PCL-BU +5% BF +10% BF +25% BF
Fiber diameter [µm] 0.6 ± 0.2 0.6 ± 0.2 0.7 ± 0.2 0.7 ± 0.2
Anisotropic fraction [-] 0.14 0.28 0.22 0.06
Peak σ [°] 35 41 36 22

Table 7.2. Morphological properties of the electrospun scaffolds of PCL-BU with 5, 10, and 25% of the BF model 
compound.
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0.7 ± 0.1 µm to 0.8 ± 0.1 µm and can therefore be considered similar for the purpose of 
these experiments (Table 7.5). Moreover, the overall morphology and isotropic properties 
of the scaffolds are comparable (Figure 7.5, Table 7.5). The stiffness of the electrospun 
scaffolds decreases slightly upon functionalization with either one of the three OEG-based 
additives, approximately to the same extent was observed for the model BF compound 
(Figure 7.5). Interestingly, a slight strain-stiffening trend can be observed in the tensile test 
up to 100% strain, which is typically observed for biopolymer materials.20

Combining the data on mechanical testing of electrospun scaffolds of PCL-BU modified 
with the BF model compound and with the antifouling OEG-based additives indicates that 
incorporation of a supramolecular additive can result in a slight decrease in initial modulus 
of the electrospun scaffolds. For the BF additive, this cannot be related to a change in 
mechanical properties of the bulk material, which was unexpectedly not affected by filler 
incorporation, as was earlier reported.9 Therefore, the observed decrease in modulus of 
the electrospun scaffolds, which have apparent similar morphologies, must have a cause in a 
different aspect of the scaffold properties.

Other studies have reported on the mechanical properties of electrospun scaffolds 
with changing chemical composition. In a study by Ye et al., electrospun scaffolds were 
fabricated from a PCL-based poly(urethane urea), that had increasing sulfobetaine content 

PCL-BU +5% BF +10% BF +25% BF
A

B

C D

Figure 7.3. A) Scanning Electron Micrographs of electrospun scaffolds of PCL-BU with 5, 10, and 25% of the BF  
additive.  Scale bars indicate 10 µm. B) Fiber distributions for the electrospun scaffolds. Open circles represent 
the data, and the red line represents the fit. C) Young’s moduli of films (determined between 0 and 5% stretch) 
of PCL-BU with 0, 5, 10, and 25% BF additive. D) Young’s moduli (determined between 0 and 20% stretch) of 
electrospun scaffolds of PCL-BU with 0, 5, 10, and 25% BF additive.
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incorporated in the polymer backbone, and corresponding increasing hard-phase:soft-
phase ratios. The initial modulus of the bulk material did not change up to 50% sulfobetaine 
content when measured in dry conditions, and decreased slightly when measured in wet 
conditions. The initial modulus of their electrospun scaffolds also decreased considerably 
with increasing sulfobetaine content, which illustrates the effect chemical adaptations can 
have on electrospun scaffold properties.21 

The degree of fiber-fiber interactions in electrospun scaffolds has been shown to affect 
mechanical behavior.13 Electrospinning with different material composition may need 
different spinning condition and may result in different spinning outcomes and thereby a 
change in fiber-fiber interactions, which would not be obvious in the optical characterization 
implemented here. Furthermore, a change in surface chemistry of the fibers, which was 
present at least for the scaffolds modified with OEG-based additives (Chapter 3), can 
also result in changed fiber-fiber interactions. However, decreased interactions between 
the fibers was not expected in particular for the BF additive, because of an expected 
limited effect on surface chemistry. Besides the fiber-fiber interactions, the overall porosity 
of the scaffold might be influenced by the incorporation of additives. Now, based on the 
similarities in fiber diameter and isotropy the porosity was also assumed to be similar. Yet, 
changes in porosity would influence the true stress in the material. An increased porosity 
for the additive modified scaffolds would explain the decrease in initial stiffness. Therefore, 

A B

PCL-BU

10% BO

10% OBO

10% BOB

BO

OBO

BOB

Figure 7.4. A) Thermogram of first heating run of electrospun scaffolds of PCL-BU with 10% BO, OBO and 
BOB additive. Endotherm processes appear as peaks. B) Second heating run of pure BO, OBO and BOB additive. 
Endotherm processes appear as peaks.

BO OBO BOB
Melting temperature [°C] 157.9 130.3 152.5

Table 7.4. Melting temperature and melting enthalpy of the bisurea melt in the second heating cycle for the pure 
BO, OBO, and BOB additive.

PCL-BU 10% BO 10% OBO 10% BOB
Melting temperature [°C] 117.0 120.5 116.1 119.6
Melting enthalpy [J g-1] 8.5 7.3 11.6 5.6

Table 7.3. Melting temperatures and melting enthalpy of the bisurea-melt in the first heating cycle for the 
electrospun scaffolds of PCL-BU with 10% of the BO, OBO, and BOB additive.
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porosity should be determined accurately in future efforts.22

The choice for thermoplastic elastomers with defined hard-blocks such as the PCL-BU 
studied here follows from their enhanced mechanical properties compared to TPEs with 
less defined hard-segments.8 This was attributed to an increased nanoscale segregation 
of the hard and soft phases, in combination with increased crystallinity. The comparable 
melting transitions observed here for films of PCL-BU and scaffolds (Figure 7.2) suggest 
that similar degrees of crystallinity are obtained, which would point towards the same 
amount of segregation between soft and hard phase. However, the mechanical behavior 
under tensile deformation of the bulk material involves reorientation of the fibrous hard 
phase from isotropic to anisotropic, parallel to the strain directions. For other polymeric 
electrospun fibers, orientation of the polymer chains parallel to the fiber direction 
is observed.11 Furthermore, in supramolecular TPE electrospun fibers evidence from 

PCL-BU +10% BO +10% OBO +10% BOB

Fiber diameter [µm] 0.7 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.7 ± 0.1
Anisotropic fraction 0.23 0.20 0.18 0.19
Peak σ [°] 36 19 35 31

Table 7.5. Morphological properties of the electrospun scaffolds of PCL-BU with 10% BO, OBO, and BOB 
additive.

PCL-BU +10% BO +10% OBO +10% BOB
A

B
C

Figure 7.5. A) Top row: Scanning Electron Micrographs of electrospun scaffolds of PCL-BU with 10% BO, OBO, 
and BOB additive.  Scale bars indicate 10 µm. Bottom row: Fiber distributions for the electrospun scaffolds. Open 
circles represent the data, and the red line represents the fitted distribution.  B) Young’s modulus of electrospun 
scaffolds of PCL-BU with 10% BO, OBO, and BOB additive. C) Representative engineering stress-strain curve for 
electrospun scaffold, up to 100% strain. The Young’s modulus is determined from slope of the red fitted line. 
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wide angle X-ray scattering and atomic force microscopy measurements points towards 
the presence of nanofibers, similar to those seen in solution-cast films.23 These findings, 
in combination with the comparable degree of bisurea hard-phase crystallinity in the 
electrospun scaffolds may indicate a molecular hard-segment conformation with alignment 
already perpendicular to the fiber direction, which would correspond to a bulk material 
beyond the yield point. It would be particularly interesting to more closely investigate 
the molecular conformation of the bisurea-based TPEs in electrospun fibers with X-ray 
diffraction methods under strain, in a similar fashion as for the bulk materials, to get a more 
fundamental understanding of the nano-scale processes that are involved in deformation 
of supramolecular electrospun scaffolds. Furthermore, the opportunity to probe strain at 
a molecular level using mechanically sensitive additives can be used in a complimentary 
fashion.24–26 Additionally, numerical modelling efforts may result in increased understanding 
of the principles involved in these complex, multi-scale questions.15,27

Conclusion

In this chapter we have shown that despite a lack of change in bulk mechanical properties, 
the initial modulus of electrospun scaffolds can be affected due to supramolecular additive 
modification. The decrease in initial stiffness was similar for the four additives studied 
here, and was independent of model additive concentration. These results show that the 
combination of supramolecular modification and processing into complex 3D shapes 
with electrospinning is a multi-scale problem that requires more in depth understanding. 
Furthermore, in designing functional biomaterial constructs, care should be taken with the 
–albeit minor – effect of the functionalization on mechanical properties of the electrospun 
scaffolds.

Experimental section 

Materials
The (2-ethylhexyl)2-U4U (Bisurea filler, BF)9, antifouling additives (BU-OEG, BU-OEG-BU, and OEG-
BU-OEG),28 and PCL-BU9,18 were synthesized by SyMO-Chem as described previously.

Fabrication of electrospun scaffolds
Solutions were prepared by dissolving mixtures of PCL-BU with 10 mol% additives in 
hexafluoroisopropanol (HFIP, Fluorochem) at 12% w/w. The molar ratio PCL-BU:additive of 90:10 
was determined with respect to the molecular weight of a single repeating unit of PCL-BU, as 
depicted in figure 7.1. The solutions were mixed overnight at room temperature with a magnetic 
stirrer. The electrospun scaffolds were prepared in a climate controlled electrospinning setup by IME 
technologies (Geldrop, Netherlands). A cylindrical mandrel rotating at 500 rpm with a diameter of 
18-21 mm, covered in aluminium foil was used to collect the polymer fibers. A voltage of 25 kV, +24 
kV on the needle and -1 kV on the collector, was applied over a distance of 20 cm between needle 
and rotating mandrel. The temperature was controlled at 23 °C and relative humidity at 30%. Using a 
flow rate of 15 µL min-1 for the pristine PCL-BU, and 20 µL min-1 for the mixtures with additive, the 
polymer solutions were fed through a needle with an inner diameter of 0.8 mm. The needle scanned 
a distance of 60 – 80 mm, at a speed of 12 mm s-1. The electrospun scaffolds were removed from the 
mandrel with the aluminium foil and dried overnight in vacuum. 

Preparation of films
The solution that was left over after electrospinning was evaporated and re-dissolved at approximately 
100 mg mL-1 in HFIP by stirring overnight at room temperature. The solutions were then poured in 
rectangular Teflon molds measuring 2 cm by 4 cm and solvent was evaporated overnight.
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Differential Scanning Calorimetry
DSC measurements were performed on a DSC Q2000 (TA Instruments). Using a 5 mm biopsy punch 
(Kai Medical), samples were cut from the electrospun scaffolds and films. These samples, and pure 
additive, were placed in Tzero aluminium pans to be weighed and hermetically sealed. The samples cut 
from the electrospun scaffolds and films were subjected to three heating/cooling cycles from -70°C 
to 160°C, and the pure additives to three heating/cooling cycles from -70 °C to 180 °C. The data was 
analyzed and quantified using Universal Analysis Software (TA Instruments, V4.5A).

Scanning electron microscopy
The electrospun scaffolds were visualized using a FEI Quanta 600 scanning electron microscope 
with Xt Microscope control software. Images of samples immobilized on metal stubs with adhesive 
carbon conductive tape were recorded in low vacuum (~0.6 mbar) with the presence of water vapor. 
Secondary electrons were detected with an accelerating voltage of 10 kV and a working distance of 
10 mm.  

Morphological characterization of scaffolds
Average fiber diameters were determined from >45 individual fibers from 3 SEM images using ImageJ 
software (NIH, version 1.48). The fiber distributions were determined using a custom-made MatLab 
(Mathworks, 2017b) script. In short, fiber orientations were calculated based on the vesselness 
measure as described by Frangi et al.29 on three SEM images per scaffold. Subsequently, the degree 
of anisotropy was calculated using previously developed software.17 Average sample thickness was 
determined using a Keyence VHX-500FE. To this end, samples cut from the films and scaffolds were 
placed in between two glass microscopy slides, to be able to make cross-sectional images. Thickness 
of the films was approximately 150 µm, and the thickness for the scaffolds ranged from 120 to 160 
µm, and 200 to 250 µm for the scaffolds with BF additive and BU-OEG additives, respectively. 

Mechanical Characterization
Dogbone shaped samples (width of narrow section approximately 14 mm) of the films and 
electrospun scaffolds were cut using a Zwick (ZCP 020) manual cutting press and patterned with 
graphite prior to testing. Uniaxial tensile tests were performed on a CellScale Tensile setup, using 
a 5N loadcell. Strains in the loading direction were computed from images recorded during the 
measurement using digital image correlation in Labjoy software (Cellscale). Engineering stress-strain 
curves were calculated, where a cross-sectional area based on 0 % porosity and an average sample 
thickness per experimental group was used for both films and scaffolds. For the films, the initial elastic 
modulus was determined in the region from 0 to 5 % strain and for the scaffolds in the region from 0 
to 20 % strain.
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Introduction

Functionalization of supramolecular elastomeric materials, based on both 
ureidopyrimidinone (UPy) and bisurea motifs, has been described in this thesis. Mixtures 
with antifouling additives, bioactive additives, and with reactive groups for post-
functionalization were prepared and analyzed with various methods. These studies gave new 
handles for the optimal design for oligo(ethylene glycol) (OEG) based antifouling additives 
(Chapter 3), the efficacy of combinatorial functionalization with antifouling additives and 
bisurea-peptide conjugates (Chapter 4), the non-cell adhesive properties of formulations 
with UPy-poly(ethylene glycol) (UPy-PEG) additives and varying base polymers (Chapter 
5), the exploration of supramolecular hard-phase initiated controlled radical polymerization 
(Chapter 6), and the influence of supramolecular additives on the mechanical properties 
of functional electrospun scaffolds (Chapter 7). 

The content of this final chapter is threefold, as schematically depicted in Figure 8.1. First, 
an overview is presented of preliminary studies with alternative bisurea additives (Figure 
8.2), with functional end-groups that would bestow biomaterials with antifouling properties 
and new post-functionalization possibilities. The characterization of materials functionalized 
with these new additives provides further insights that may advance our understanding of 
supramolecular functionalization. Second, the molecular design of supramolecular additives, 
which has been shown to be particularly important in supramolecular functionalization 
strategies, is discussed, with implications for future research directions. Finally, the relevance 
of the results for vascular (access) grafts as well as opportunities and challenges for the 
steps towards clinical application of the next generation of vascular (access) grafts will be 
discussed. 

Patient

?
(new) additive design

+
-

Translation

Figure 8.1. Contents of final chapter. First, preliminary results for new additives are reported, followed by the 
review of molecular design of our supramolecular additives. Finally, the translation of biomaterial development for 
vascular grafts towards clinical application is discussed.
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Alternative bisurea additives

Supramolecular functionalization with zwitterionic bisurea-additive 

The functionalization of elastomeric materials with supramolecular antifouling additives 
was described in chapter 3.1 Three oligo(ethylene glycol)-based bisurea additives were 
studied in the PCL-BU base material. Besides functionalization with hydrophilic moieties, 
zwitterionic functional groups have been used for the fabrication of antifouling materials.2–4 
Due the different nature through which zwitterionic layers bind water compared to 
hydrophilic non-charged molecules (electrostatic and hydrogen bonding respectively) it is 
argued that the hydration layer is even more stable.3 A popular approach for zwitteration 
is through surface initiated polymerization, where zwitterionic polymers are grafted from 
a biomaterial surface.5 However, non-covalent incorporation of zwitterionic additives has 
been reported previously, with either random zwitterionic copolymers,6,7 or A-B type 
block-copolymers consisting of a macromolecular part A that provides anchoring in the 
base material and where B is a zwitterionic polymer.8–10 Here, we set the first step towards 
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Figure 8.2. Structural representation of the additional bisurea additives of which the functionality is explored in 
this chapter.  
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modular incorporation of a small, supramolecular zwitterionic additive in our defined 
supramolecular base material, where anchoring in the base material is provided by the 
highly-directional hydrogen bonding bisurea moiety. A zwitterionic moiety was conjugated 
directly to a bisurea (BU-betaine, figure 8.2) and on the end of a oligo(ethylene glycol) 
(OEG) 12 linker (BU-OEG-betaine), similar to the way bioactive peptides have been 
conjugated to the bisurea in Chapter 4. Antifouling properties were studied through a cell 
adhesion assay using human vena saphena cells (HVSC), which allows for comparison with 
antifouling properties of solution-cast films found in this thesis, and directly compared to 
the BU-OEG additive that was described in chapter 3.

Adhesion of HVSCs on solution-cast films of PCL-BU with 0.5, 1, 2, and 4 mol% of BU-
OEG, BU-OEG-betaine, and BU-betaine is shown in Figure 8.3. Matching the results 
reported in chapter 3, adhesion of HVSCs on surfaces functionalized with 0.5 and 1 mol% 
BU-OEG is not affected compared to pristine; cells spread and cover essentially the entire 
biomaterial surface. With 2 mol% BU-OEG, less cells are present, but these still show a 
spread morphology, whereas for 4 mol% BU-OEG cell adhesion is significantly decreased. 
Interestingly, the cell adhesion on surfaces with BU-OEG-betaine shows a different trend, 
with less pronounced antifouling properties. Only at 4 mol% BU-OEG-betaine adhesion of 
HVSCs is slightly decreased. No effect on cell-adhesive properties is observed in the range 
of 0.5 to 4 mol% for the BU-betaine additive.

In early investigative studies for functionalized surfaces that can repel fouling, single-
component self-assembled monolayers were also investigated, where zwitterionic end-
groups showed relatively good antifouling properties, compared to OEG3 terminated 
surfaces.11 Here, a carboxybetaine with a methylene spacer between the charged 
quaternary nitrogen and carboxylic acid groups was used. The length of the spacer 
between the charged groups has been shown to be important for antifouling properties of 
carboxybetaineacrylamide based zwitterionic polymers and was comparable for an ethylene 
and a methylene spacer, but increased compared to a propylene spacer.12 Nevertheless, in 
most biomaterial functionalization strategies where zwitterions were applied as antifouling 
component, polymerized zwitterions, e.g. through radical polymerization of methacrylated 
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Figure 8.3. A) Fluorescence micrographs of HVSCs cultured on solution-cast surfaces of PCL-BU with 0.5, 1, 
2, and 4% additive. Actin cytoskeleton is presented in green, and nuclei in blue. Scale bar represents 100 µm. 
B) Surface of the solution-cast films that is covered by the HVSCs, normalized to pristine PCL-BU. Data is 
represented as mean ± SD.
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zwitterions, are used.4,5 Moreover, the modular incorporation of supramolecular additives 
relies on the presentation at the surface of the functional groups of these additives for 
functional surfaces. We have observed an enhanced presence of additives at the surface of 
our biomaterials, attributed there to the presence of a PEG-linker.13 The absence of such 
a linker, in combination with the smaller capacity of a single betaine to form a hydration 
could explain the negligible effect on cell adhesion for the BU-betaine additive. 

The BU-OEG-betaine shows an increased cell adhesion compared to the BU-OEG additive. 
The additional zwitterionic group was not expected to decrease the antifouling properties 
of this additive design. Since in two dimensional structures the antifouling properties 
induced by incorporation of OEG-based bisurea additives seems to be determined by the 
OEG-content, the structure of the BU-OEG-betaine could result in less exposed OEG at 
the surface of the films when compared to BU-OEG. The amide bond that links the OEG 
and the betaine in this additive could be able to form additional hydrogen bonds that might 
intercalate in the bisurea-bisurea assemblies, thereby ‘looping’ the betaine into the material 
bulk and limiting the exposure of OEG at the surface of these films. 

All-in-all, these results indicate that the supramolecular incorporation of these zwitterionic 
additives does not result in sufficient surface exposure of the zwitterionic functional groups 
to induce antifouling properties. Moreover, the design of the zwitterionic component in 
supramolecular additives could be improved for enhanced antifouling properties, for 
instance through the use of a polymeric zwitterion, with an optimized zwitterionic 
monomer design.

Influence of polymer backbone on functional additive presentation

In Chapter 3, the functionality of three antifouling OEG-bisurea additives was described 
(BO, OBO, and BOB). Solution-cast films composed of these additives in thermoplastic 
elastomeric (TPE) base materials, with either polycaprolactone (PCL-BU) or polycarbonate 
(PC-BU) soft-blocks were studied. The efficacy of non-cell adhesive functionalization was 
similar for the three additives in the two materials with different soft-block. However, 
nano-scale phase separation and self-assembly of supramolecular TPEs is known to be 
affected by the physiochemical properties of the soft-segment.14,15 Moreover, one can 
imagine that the result from co-formulation of additives with different supramolecular TPEs 
relies on complex processes where interactions between the supramolecular motif of the 
additive and the base material and their respective functional group and soft-segment all 
play a role. Therefore we systematically studied the effect of the polymeric backbone on 
the presentation of two bioactive additives, from which a section of the results related to 
bisurea-based materials is shown here. The first additive has a functional catechol moiety 
(BU-catechol), which was previously conjugated to a UPy-group where both improved cell-
material interactions14 and neglible effect on cell-adhesion16 were observed. The second 
additive is a bisurea-cyclic RGD conjugate (BU-cRGD) that is known to influence human 
epithelial cell adhesion. The surface of thin films cast from mixtures of either PCL-BU or 
PC-BU with the BU-catechol or BU-cRGD additive was characterized with atomic force 
microscopy and water contact angle measurements. Adhesion of human kidney epithelial 
cells served as a functional read-out for cellular response to these biomaterials. 

The surface morphology of the solution-cast films of PCL-BU and PC-BU with the 
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addition of either 5 mol% BU-catechol or 5 mol% BU-cRGD was analyzed with atomic 
force microscopy. In the phase images of the pristine materials, the characteristic fibrous 
morphology is observed for PCL-BU, whereas for PC-BU the hard-phase fibers appear 
shorter and less abundant (Figure 8.4). Upon incorporation of both the BU-catechol 
and the BU-cRGD additives, striking differences in surface morphology can be observed. 
For 5 mol% BU-catechol, the surface of the solution-cast film appears to be covered with 
non-fibrous platelet-like structures. For the PC-BU base material, these platelets are also 
present, but appear more fibrous in nature. Presence of BU-cRGD in the mixture with 
PCL-BU is evident from the small, fibrillary structures that were previously seen for 
other bisurea-peptide additives in PCL-BU (Chapter 6). In PC-BU, the morphology is 
drastically different, with longer, flowing fibrous structures. The macroscale hydrophilic 
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Figure 8.4. A) Atomic force microscopy phase images of solution-cast films of PCL-BU and PC-BU with 5% 
of the BU-catechol and BU-cRGD additives. Scale bars indicate 100 nm. B) Water contact angles measured on 
solution-cast films of PCL-BU and PC-BU with 5% of the BU-catechol and BU-cRGD additives. Data is presented 
as mean ± SD. C) Fluorescence micrographs of HK-2 cells cultured on the solution-cast films of PCL-BU and PC-
BU with 5% BU-catechol and BU-cRGD additive. Actin cytoskeleton is stained in green and nuclei in blue. Scale 
bars represent 100 µm.
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properties change accordingly with the additives. The BU-catechol functionalization 
results in an increased contact angle indicative of a more hydrophobic surface, and the 
BU-cRGD decreases the contact-angle leading to significantly more hydrophilic surfaces. 
The functionalization with BU-catechol had an adverse effect on the adhesion of the HK-2 
cells, compared to pristine material (Figure 8.4C). This was more pronounced in PCL-
BU compared to PC-BU. This negative effect may be the result of the protein mediated 
functioning of catechol-modified biomaterials. The incorporation of BU-cRGD had a limited 
effect on cell adhesion and spreading of the epithelial cells, with slightly improved spreading 
on PCL-BU functionalized surfaces and decreased spreading on PC-BU surfaces. 

These results show that slight variations in the chemical structure of the soft-segment 
of the bisurea TPEs drastically changes the presentation of bisurea additives, even 
though evidence of these changes may not be evident on a larger scale. Furthermore, 
the introduced functionality through additive incorporation in one supramolecular is 
not necessarily translated to another supramolecular system with similarities in terms 
of meso-scale assembly, by simple conjugation of the functional moiety to the respective 
supramolecular motifs. 

Fluorinated bisurea additive for hydrophobic surface functionalization

The fluoropolymer polytetrafluoroethylene (PTFE) is a popular material for the fabrication 
of blood-contacting material, such as vascular grafts, due to its inert properties. However, the 
hydrophobic nature of the polymer can lead to unwanted protein adsorption and platelet 
adhesion, eventually leading to thrombus formation.17,18 Interestingly, the hydrophobic 
nature of fluorinated molecules has also been exploited for antifouling properties.19–21 In 
combination with intricately designed nano-scale patterns, surfaces with extreme fluid 
repelling properties have been developed.22 However, the application of such surfaces is 
hampered by the functionality dependence on the combination of surface morphology, 
roughness and wettability.22,23 Here, we introduce a fluorinated bisurea additive (BU-fluor) 
(Figure 8.2), for hydrophobic surface functionalization. The combinatorial modification of 
PCL-BU with the hydrophilic BO additive described in chapter 3 is studied on solution-cast 
films with atomic force microscopy (AFM) and water contact angle measurements. 

2% BO 4% BO

2% BU-fluor 4% BU-fluor

PCL-BU
2% BO 

+ 2% BU-fluor

A B

Figure 8.5. A) Atomic force microscopy phase diagrams of solution-cast films of PCL-BU with 2 and 4 mol% 
BO and BO-fluor, and the combination of 2 mol% BO and BO-fluor. Scale bars indicate 100 nm. B) Water contact 
angle measured on the solution-cast films. Data is represented as mean ± SD.
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AFM phase images show the characteristic fibrous structure for pristine PCL-BU (Figure 
8.5A) Upon incorporation of 2 mol% BO, elongated brighter yellow structures, attributed 
to crystalline OEG, are observed, which increase in number significantly for 4 mol% BO. 
In the background, the fibrous structure of PCL-BU is still visible for 2 mol% BO. With 
2 mol% BU-fluor, the surface is already saturated with sharp platelet-like domains, which 
remain for 4% BU-fluor. The bulkier fluorinated end-group therefore results in increased 
surface presentation of this particular additive. Both the BO and BU-fluor modified 
surfaces are relatively fibrous in nature. The surface with a combination of 2% BO and 
2% BU-fluor more closely resembles the BU-fluor functionalized surfaces, than the surface 
with BO. The water contact angle for BO-functionalized PCL-BU increases slightly for 2% 
BO and then decreases for 4% BO. The surfaces with 2 and 4% BU-fluor, equally so for 
the combination with 2% BO, show an increased contact angle, indicative of increased 
hydrophobic properties. These results indicate that the BU-fluor additive incorporation, 
both with and without BO results in the presence of the fluorinated end-group of the BU-
fluor additive at the surface of these films. In the combinatorial functionalization this effect 
could be aided by the OEG-linker that is present in the BU-fluor additive, as suggested 
previously.24 Decreased concentrations of the BU-fluor additive, in combination with 2% 
BO could provide more insight in the interactions between these two additives in a self-
assembled elastomeric system. Moreover, cell-adhesion assays may provide information on 
the efficacy of hydrophobic surface functionalization strategies in supramolecular materials 
for antifouling properties.

Towards patterned supramolecular surfaces

The modification of supramolecular biomaterials with functional additives relies on 
self-assembly for the presentation of the functional groups at the surface. An increased 
concentration of additives at the surface compared to the bulk of the material has been 
seen,13 however the distribution of the additive over the surface is random. Topographical 
organization is important for tissue function25, and patterned biomaterials have been 
shown to direct cellular behavior in terms of survival26, orientation,27 migration,28 and 
sprouting.29 Using a bisurea-norbornene additive (BU-Nb, Figure 8.2), the first steps 
towards topographical control over the presentation of bioactive moieties at the surface of 
supramolecular biomaterials are explored. The norbornene moiety is proposed to be used 
to decorate the surface of elastomeric films via photo-activated thiol-ene click-chemistry 
(Figure 8.7A), with thiolated bioactive molecules.30,31 First the properties, i.e., surface 
morphology, hydrophilicity, and cell-adhesive properties of solution-cast films with 1, 5, 
and 10% of the BU-Nb additive were assessed. Next, preliminary results based on surface 
matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-
ToF MS) and a cell adhesion measurements are shown for the surface modification with a 
thiolated RGD peptide, as a first step towards patterned bioactive supramolecular surfaces.  

The incorporation of 1% BU-Nb results in a surface morphology comparable to pristine 
PCL-BU, with fibrous hard-segments clearly visible in light yellow (Figure 8.6A). The surface 
cast from the mixture with 5 % BU-Nb shows abundant elongated brighter yellow domains, 
which cover the entire surface at 10% additive concentration. In the background, the fibrous 
morphology of the PCL-BU base material is still visible. The contact angle for the surfaces 
with 0 and 1% BU-Nb is comparable, measuring 70 ± 2° and 69 ± 3°, respectively (Figure 
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8.6C). With increased BU-Nb concentration, the contact angle also increases. This indicates 
that the surface properties become predominantly more hydrophobic, which could be 
due to the presence of the hydrophobic norbornene moiety. Interestingly, the adhesion of 
human epithelial kidney cells (HK-2) is significantly reduced on the surfaces with 5 and 10% 
BU-Nb (Figure 8.6B). This compares to the adhesion of these cells on the surfaces with BU-
catechol described previously in this chapter. 

Surface MALDI-ToF MS measurements of the materials with 0, 1, 5 and 10 % BU-Nb confirm 
the presence of the additive (1192 m/z) at the surface (Figure 8.7B). Moreover, after 
incubating the 5 and 10% norbornene functionalized surfaces with a thiolated RGD peptide 
(CGGRGDS) for 20 minutes with UV irradiation (365 nm, 10 mW cm-2), the expected 
mass of the BU-Nb-RGD product is detected (1840 m/z), indicative of occurrence of the 
reaction (Figure 8.7). Furthermore, the adhesion of HK-2 cells is improved on solution-
cast surfaces with 4 % BU-Nb with the same reaction conditions (Figure 8.7). Interestingly 
though, the samples that were not exposed to UV light also show evidence of reaction in 
terms of cell-adhesion (Figure 8.7) and presence of the BU-Nb-RGD product (measured 

PCL-BU +1% BU-Nb +5% BU-Nb
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B
PCL-BU +1% BU-Nb +5% BU-Nb
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+10% BU-Nb

+10% BU-Nb

Figure 8.6. A) Atomic force microscopy phase diagrams of solution-cast films of PCL-BU with 1 and 5 mol% BU-
Nb additive. Scale bars indicate 100 nm. B) Fluorescence micrographs of HK-2 cells cultured for 24 hours on the 
solution-cast films. Actin cytoskeleton is depicted in green and nuclei in blue. Scale bars indicate 100 µm. C) Water 
contact angles measured on the solution-cast films. Data is represented as mean ± SD.
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with MALDI-ToF MS, data not shown). 

These results show that the norbornene functionalized supramolecular elastomeric 
materials are reactive and a thiolated peptide can be conjugated to the surface. The photo-
activation and efficiency of the reaction should be studied in more detail for more control 
and the possibility to move towards light-mediated patterning methods.

On the design of bisurea-additives

Preparation relies on supramolecular assembly. 

The results in this thesis show that the supramolecular functionalization of our biomaterials 
is facile and can be performed in an accessible modular fashion. Moreover, extensive 
opportunities arise with the combination of additives with different intended functionalities. 
However, the actual control over surface properties and the presentation of the functional 
groups on the supramolecular additives remains limited. The incorporation of the additives, 
as elaborately described, relies on the non-covalent and reversible interactions between 
the supramolecular motifs of the base material and the additives, which are the hydrogen 
bonding bisurea and UPy moieties in particular in this thesis. Many factors besides 
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Figure 8.7. A) Schematic representation of the light-induced light-mediated thiol-ene click reaction between 
a norbornene and a thiol. B) Surface MALDI-ToF MS spectra of BU-Nb functionalized thin films after reacting 
with the thiolated RGD peptide. Regions for the mass of the BU-Nb additive and the BU-Nb-RGD product are 
indicated. C) Quantified surface coverage of HK-2 cells cultured for 24 hours on surfaces with 4% BU-Nb after 
reacting with the thiolated RGD peptide. Data is represented as mean ± SD.
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changes in molecular structure can influence the assembly process, and consequently the 
presentation of the functional groups of additives.32 Processing into solution-cast films and 
electrospinning has been performed in a climate-controlled environment, and samples were 
stored in a desiccator to eliminate some variability. Nevertheless, within these perimeters, 
the detailed surface characterization we have performed sometimes reveals varying 
morphologies and properties with the same preparation conditions, as for example with 
the same concentration BU-OEG and BU-RGD additives.

Value of detailed surface characterization

The combination of surface characterization and determination of functionality was 
intended to give insights in the structure-property relationships of our functionalized 
supramolecular biomaterials. However, the correlation between observations on the 
material level with AFM and XPS and functionality on cell-level is non-trivial; the results 
described in Chapter 3 showed evidence for an increased presence of OEG with 
increasing BU-OEG-BU and OEG-BU-OEG additive concentration, which matched 
with a decrease in cell adhesive properties. Yet such measurements could not be used 
to predict non-cell adhesiveness of our supramolecular biomaterials in the future. In 
Chapter 4, the presence of bisurea-peptides was evident, but could not be correlated 
to functional presentation of the peptides. Furthermore, macroscale properties such as 
hydrophilicity of the functionalized materials can indicate presence of a functional group, 
but are not indicative of functionality. Additionally, the surface characterization with e.g. 
AFM, XPS and WCA measurements are performed in dry and ambient conditions. With 
AFM measurements, the bisurea additives with OEG linkers are present in a crystalline 
fashion at the surface of the materials. Investigating the surface morphology in wet and 
or physiological conditions with AFM could provide more insight in a relevant biological 
environment.

This indicates that the way we characterize our surfaces and materials can be optimized 
to further study structure-property relationships for increased understanding and to aid in 
the design of new supramolecular additives.

Future bioactive additive design: Bisurea and UPy compared

In early work with bioactive supramolecular additives, the functional moiety, e.g. peptide, 
was directly conjugated to the UPy-group.33,34 In the following development of UPy-
additives, firstly an additional C6-Urea was introduced, which improved incorporation 
in the PCLdiUPy base material, attributed to the matching chemical structure.15,35 For 
combinatorial functionalization with the PEG2kdiUPy additive, an additional short OEG5 
linker was introduced to facilitate presentation in the presence of a hydrated PEG-layer.24 
In following studies, these alkyl and OEG spacers could be used to tune the amphiphilic 
properties of UPy-peptide conjugates36, and have been used in UPy-additives since, also 
in Chapter 6 of this thesis.13,16,37–39 Moreover, the short OEG spacers do not inhibit cell-
adhesion alone14 or end-functionalized with  a catechol14 or reactive tetrazine moiety40 as 
compared to the longer PEG5kUPy that does.41 

In the translation to recent bisurea-based bioactive additives, which are featured 
prominently in this thesis, a C6-Urea-C4-Urea-C12-Urethane-OEG12-X design is used, where 
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X represents the functional moiety, which comprises both the additional alkyl spacer and 
urethane linker, and the OEG spacer. Interestingly, the BU-OEG additive without functional 
moiety inhibited cell adhesion at 4 mol% in PCL-BU (Chapter 3).1 As described above, 
bisurea additives of this design with catechol and reactive norbornene functional groups 
also decrease cell adhesive properties of the biomaterials, and activity of bisurea-peptide 
conjugates was unpredictable (Chapter 4). Additionally, the slight variation in molecular 
structure through substitution of the functional group results in drastically different surface 
morphologies. Especially in the case of bisurea-peptide additives, it would be interesting to 
study if this relates to the possibility of the additive to form supramolecular assemblies on 
their own. 

Surely, the design of bioactive bisurea additives can yet be improved upon, where a 
reduction of the OEG-linker may decrease the tendency to formulate non-cell adhesive 
materials, whilst at the same time retaining the additives in the base material. 

Furthermore, since the interaction with the base material ensures the effectivity of the 
assembly and incorporation of additives, the composition of the soft-segment in the base 
material, apart from the supramolecular bisurea or UPy-moiety could provide a platform to 
improve said incorporated additive. The results from the direct comparison between the 
PC-BU and PCL-BU base material illustrate the influence of the soft-segment, but the exact 
mechanisms are not yet understood. 

Besides contributing to effective supramolecular additive incorporation, the properties 
of the soft-segment of the elastomeric base may provide tools for other purposes 
besides mechanical strength and susceptibility to degradation. Through the engineering of 
supramolecular thermoplastic elastomers with soft-blocks that have additional functionality, 
an additional approach for supramolecular functionalization could be utilized.

Improving understanding of the antifouling properties of BU-OEG 
additives

In Chapter 3 we showed that the design of supramolecular antifouling additives has a big 
impact on the functionality of the functionalized material, especially when processed into 
electrospun scaffolds. There, we suggested that the looped conformation of the hydrophilic 
OEG induced increased hydration of the brushes, which is known to influence antifouling 
properties.3,42 However, we have not presented direct proof to substantiate this statement. 
Future research with other techniques could elucidate the interesting diverse properties 
of these materials with supramolecular antifouling additives. We have explored the use of 
quartz crystal microbalance with dissipation monitoring (QCM-D) to study the hydration 
of these material mixtures, where the formation of a hydrated layer would result in an 
increase of mass and a change of the visco-elastic properties of the surfaces. First results 
for the detection of the hydrated layers were promising when spin-coated layers of cell-
adhesive PCL-BU and non-cell adhesive PCL-BU + 8 mol% BOB were compared (data not 
shown). However, reproducibility issues necessitate further optimization. Other techniques 
that would allow for the characterization of the interaction of water with the functionalized 
supramolecular materials include DSC and Raman spectroscopy, which offer the tools to 
distinguish different states of water upon interaction with materials.43–45
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Making bisurea hydrogels

The interaction of the amphiphilic bisurea-additives with water can also be exploited in 
more dilute systems. Bisurea-based supramolecular assemblies have been used in the past 
to formulate particles and hydrogels46–48 Interestingly, the bola-amphiphilic OBO additive 
forms fibrous structures in water, and would therefore be an interesting candidate for 
hydrogel formation (Figure 8.8). Furthermore, such assemblies in aqueous environments 
could be functionalized with additives in a similar fashion as has been explored for BTA, 
peptide-amphiphiles, or UPy-based systems.49

Translation and valorization

The BU-OEG-BU additive efficiently reduced cell adhesion on solution-cast films and 
electrospun scaffolds with PCL-BU and PC-BU as structural base material. Furthermore, 
protein adsorption was decreased on the PCL-BU based scaffolds with BU-OEG-BU. One 
aspect that was not covered in this thesis, which is relevant with respect to the translation 
to vascular graft development, is the more practical assessment of blood-compatibility. We 
have assumed that the decrease in cell adhesion and protein adsorption would coincide 
with reduced thrombogenicity.50 However, in vitro testing of blood-compatibility of our 
functionalized and processed biomaterials could aid in their development. Promisingly, the 
pristine PCL-BU and PC-BU show intrinsic thrombin generation profiles upon contact 
activation, in the same range as commercial shunt materials, when measured using a 
calibrated automated thrombogram (Figure 8.9).51  

The following step to test the efficiency of antifouling functionalisation, would be through 
in vivo examination. In collaboration with partners from the University Medical Center in 
Utrecht, this material could be tested in an abdominal aorta interposition model in rats. 
By choice, the fiber diameter of the electrospun scaffolds described in Chapter 3 was 
below 1 µm to prevent cellular infiltration for ease of analysis. However, for application in 
vascular grafts purposed for in situ tissue engineering, a more porous scaffold is required, 
which is generally acquired by an increased fiber diameter. Moreover, the design of the 
small diameter vascular grafts for in vivo testing features a luminal diameter of 1.4 mm, and 
a wall thickness of approximately 300 µm. 

OBO 0.1 mg/mL OBO 0.5 mg/mLBO 0.1 mg/mL

Figure 8.8. Cryogenic transmission electron micrographs of BO and OBO in water. Scale bars indicate 100 nm.
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Through changes in the solvent system and electrospinning conditions (Table 8.1) scaffolds 
with a fiber diameter of 3.4 ± 0.4 µm were produced (Figure 8.10). Unexpectedly, 
removing the graft from the mandrel proved to be a tough challenge. Hence we tested 
methods for graft removal. The method that provided grafts with the best features as based 
on visual inspection, comprises the use of a sodium alginate coated mandrel as collector, 
subsequent freezing of the scaffold on the mandrel in water, removal of the mandrel, and 
freeze drying of the scaffold to remove excess water. However, the presence of residual 
alginate raised concerns for increased thrombogenicity of the luminal surface of the 
vascular grafts. Therefore, future efforts should focus on the development of methods 
for easy graft removal, where no effect on surface chemistry of the remaining material is 
expected. 

Towards the next generation of vascular access grafts

The end-goal of all medical device development, including that of vascular (access) grafts, 
is application in a clinical setting. The road towards clinical application is time-consuming 
and expensive and involves rigorous testing and evaluation of safety before approval is 

Figure 8.9. Thrombin peak for the commercial graft samples and electrospun bisurea-based TPEs. Data is 
represented as mean ± SD.

Solvent Conc. Flow 
rate

V Mandrel 
diameter

WD Mandrel 
rotation

Climate GS

Sheets HFIP
12% 
w/w

20 µL 
min-1

24(-1) 
kV

>18 mm 24 cm 500 rpm
T: 23 °C 
H: 30%

~

Grafts
CHCl3:AA 
95:5 v/v

16% 
w/w

40 µL 
min-1

24(-1)
kV

1.4 mm 11 cm 500 rpm
T: 23 °C 
H: 50%

CHCl3 
35       

ml min-1

HFIP: Hexafluoroisopropanol, CHCL3: Chloroform, AA: Acetic Acid, Conc.: Concentration, V: Voltage, WD: Working 
Distance, GS: Gas Shielding

Table 8.1. Comparison of electrospinning conditions for the PC-BU with 10 mol% BOB scaffolds as described in 
chapter 3, and for the fabrication of small diameter vascular grafts with increased fiber size.
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procured.52 Therefore, relatively simple approaches may find the way to the clinic faster. 
However, as was highlighted in Chapter 2, the trend in blood-compatible biomaterials 
development shifts towards increased complexity rather than simplicity, in an effort to 
mimic the dynamics of endothelial cell-mediated hemostasis. With respect to the tissue 
engineering approach, biomaterial-independent factors such as patient-to-patient variability 
and co-morbidities might actually necessitate more complex and instructive biomaterials to 
properly steer de novo tissue formation. It is also imperative that future efforts will not only 
be evaluated in healthy (animal) models, but also in in vitro or in vivo (disease) models that 
capture the disrupted environment present in patients.

In this thesis, functionalization strategies based on small supramolecular additives were 
shown to improve control over cell-biomaterial interactions. Importantly, it was shown that 
the supramolecular materials platform allows for versatile and combinatorial approaches 
for bioactivation of biomaterial scaffolds. However, the interactions that were tuned were 
still one-directional, where in nature, cells communicate in a dynamic reciprocal fashion 
with their extracellular environment. In future, such dynamic interactions are proposed to 
be incorporated in vascular biomaterials, to give the cells of the patient - depending on the 
specific requirements - the proper stimuli, and thereby guide in situ generation of vascular 
tissue.
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Experimental section

Materials and instrumentation
Unless stated otherwise, all used solvents and chemicals were purchased from Biosolve. PCL-BU, 
and the BU- COOH synthon were synthesized by SyMO-Chem BV (Eindhoven, the Netherlands). 

outsideinside cross-section

Figure 8.10. Scanning electron micrographs of small diameter electrospun vascular graft. Scale bars represent 10 
µm for the inside and outside image and 250 µm for the cross-section.
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N,N’-diisopropylethylamine (DIPEA) and Irgacure D-2959 (I2959) were purchased from Sigma-
Aldrich. 5-norbornene-2-methylamine and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 
were purchased from TCI chemicals. Piperidine was purchased from Carlo Erba Reagents and 
dichloromethane (DCM) was used from Cambridge Isotope Laboratory. 

HPLC-PDA/ESI-MS analyses were performed using a Shimadzu LC-10 AD VP series HPLC coupled to 
a diode array detector (Finnigan Surveyor PDA Plus detector, Thermo Electron Corporation) and an 
ion-trap (LCQ Fleet, Thermo Scientific). 1H-NMR data were recorded on a Bruker Cryomagnet for 
NMR spectroscopy (400 MHz) at room temperature. Proton experiments were reported in parts per 
million (ppm) downfield of TMS. The 1H-NMR data are abbreviated as the following: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet) and integration.

Synthesis of bisurea-norbornene 
BU-COOH (101 mg, 93 mmol) was stirred in 10 mL dimethylformamide (DMF) until dissolved, 
followed by addition of N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate 
(HATU) (51 mg, 134.1 mmol) in 1 mL DMF and DIPEA (80.1 mL, 460 mmol). After stirring for 30 
minutes at room temperature, 5-norbornene-2-methylamine (23.6 mL, 184 mmol) in 1 mL DMF was 
added to the mixture. The reaction mixture was stirred for 24 hours at room temperature under 
Argon. The mixture was dropwise added to 40 mL of cold di-ethyl ether in which it precipitated. The 
solid was dried with N2, yielding a light orange solid (90 mg, 89%). 1H NMR (399 MHz, Chloroform-d) 
δ 6.22 – 5.89 (m, 2H), 5.40 (d, J = 62.2 Hz, 1H), 4.19 (s, 2H), 3.62 (d, J = 27.0 Hz, 62H), 3.38 (s, 3H), 
3.13 (s, 11H), 2.99 (s, 1H), 2.86 (d, J = 29.9 Hz, 3H), 2.45 (s, 2H), 2.25 (s, 1H), 1.84 (s, 1H), 1.47 (s, 12H), 
1.29 (s, 25H), 0.89 (s, 3H), 0.56 (s, 1H). R: ν = 3322, 2923, 2852, 1680, 1616, 1575, 1539, 1477, 1467, 
1344, 1311, 1269, 1235, 1145, 1105, 1060, 963, 842, 782, 723, 631, 584, 558 cm-1. LC-MS (ESI), calc. m/z  
1191.60, found: [M+H]+, 1191.83 m/z and [M+2H]+, 596.67. 

Synthesis of CGGRGDS 
The CGGRGDS (Cys-Gly-Gly-Arg-Gly-Asp-Ser) was synthesized on a Rink-amide resin through 
Fmoc-based solid phase peptide synthesis (100 umol scale). The resin was swollen in Dimethyl 
formamide (DMF, 4 mL) for 30 minutes prior to the first coupling. After swelling, DMF is drained 
from resin. The resin is deprotected 2 times with 20 v% piperidine in 80 v% DMF (6 mL, 10 min) and 
subsequently washed 5 times with DMF (4 mL, 30 sec). The amino acid (100mM, 4mL) was coupled 
2 times to the resin in the presence of HCTU (200mM, 2mL) and diisopropylethylamine (DIPEA, 
800mM, 2 mL) for 10 minutes, followed by washing 5 times with DMF (4 mL, 30 sec). The process was 
repeated until all amino acids were coupled. The final peptide was deprotected 2 times using 20 vol% 
piperidine in 80 vol% DMF (6 mL, 10 min) and washed 5 times with DMF (4 mL, 30 sec). Subsequently 
the resin was washed 3 times with DCM and 3 times with cold diethyl ether alternately. The peptide 
was cleaved from the resin by shaking for 2 hours with a cleavage mixture consisting of 92.5 vol% 
trifluoroacetic acid (TFA), 2.5 vol% milli-Q, 2.5 vol% triisopropylsilane and 2.5 vol% 1,2-ethyldithiol 
(EDT). The suspension was filtered, and the resin was washed 3 times with DMF. The filtrate was 
precipitated in cold diethyl ether and centrifuged at 3000 rpm for 5 minutes. 

LCMS (ESI), calc. m/z 650.25, found: [M+2H]+ 325.75 m/z and [M+H]+ 650.33 m/z.

Preparation of polymer films
The PCL-BU and additives were dissolved in 1,1,1,3,3,3, hexofluorisopropanol (HFIP, Fluorochem) at 
a concentration of 7.4 mM – where the molar mass of a single repeating unit is used - , which is equal 
to 20 mg mL-1 for the base polymer. These solutions were mixed in molar ratios additive:PCL-BU of 
0.5:99.5, 1:99, 2:98, and 4:96, or additive 1:additive 2:PCL-BU of 2:2:96, for double functionalization, 
prior to casting 50-60 µL on 13 or 14 mm glass coverslips. The polymer films were air-dried for 
several hours, before final drying in vacuum overnight.  

Cell culture
Human vena saphena cells, which are vascular derived matrix producing myofibroblasts54 were 
harvested from the human vena saphena magna according to the Dutch guidelines for secondary 
use of materials. HVSCs were expanded in culture medium, which consisted of Dulbecco’s modified 
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Eagle medium (DMEM, #41966 Gibco) supplemented with 10% fetal bovine serum, 1% Glutamax 
(Gibco) and 1% Penicillin/Streptomycin, and used for experiments up to passage 7. Human kidney 2 
cells (HK-2, ATCC) were cultured in DMEM supplemented with 10% FBS (Greiner), and 1% penicillin/
streptomycin (Invitrogen). 

Cell adhesion analysis
Solution-cast films on glass were secured in adapted 12 well Transwell inserts (Corning), from which 
the membrane was removed and custom made PEEK rings were used to mount the samples. Samples 
were sterilized under UV on both sides for 15 minutes. Cells were collected from the culture flasks 
using trypsin and seeded at a concentration of 25,000 cells cm-2 and 20,000 cells cm-2 on the solution-
cast films for HVSCs and HK-2s, respectively. Non-adherent cells were aspirated and samples 
were washed twice with PBS prior to fixation with 3.7% formaldehyde. The actin cytoskeleton was 
stained with ATTO 488 conjugated phalloidin and nuclei with DAPI, after removal of the samples 
from the adapted Transwell inserts. Samples were visualized with a Zeiss Axiovert 200M fluorescence 
microscope.

Quantification of surface coverage
Surface coverage was quantified by binarizing the fluorescence micrographs of the phalloidin-stained 
cells on the polymer surfaces in ImageJ (NIH, version X) such that background and cells were black 
and white respectively. The number of foreground, i.e., the cells, pixels divided by the total number 
of pixels per image gives the percentage surface coverage. Since this measure can be dependent on 
seeding density for different experiments, the coverage was normalized for the amount of surface 
coverage on pristine PCL-BU for the concerning experiment.

AFM
Atomic Force Microscopy was performed on a Digital Instruments Multimode Nanoscope IIIa, and 
a Digitial Instruments Dimension 3100 Nanoscope IIIa. Phase images of solution-cast films were 
recorded in the tapping mode regime in air at room temperature using silicon cantilever tips (PPP-
NCHR). Images were processed using Gwyddion software (version 2.43).

Water Contact Angle Measurements
An OCA30 machine (DataPhysics), operated with SCA20 software (version 4.1.13), was used to 
determine static water contact angles on solution-cast films at room temperature. 5 µL Milli-Q water 
droplets were applied to the surface through a needle and the contact angle was measured at the 
polymer-air-water interface 5 seconds after deposition of the droplet.

Surface modification of BU-Nb functionalized materials with CGGRGDS
CGGRGDS (4.4 mg, 0.17 µmol), photo initiator (0.07 µg, 6.6 nmol), 0.05 v/v% Triton-X-100 in 
PBS were dissolved in 8 mL PBS. The solution was bubbled under Argon for 15 minutes. Prior to 
surface reactions, solution-cast films were secured in adapted 12 well Transwell inserts (Corning). 
Subsequently, 200 µL of CGGRGDS solution was pipetted onto solution-casted and UV irradiated 
(365 nm) for 20 minutes under 10 mW cm-2. Finally, the samples were washed 5 times for 10 minutes 
on a shaker plate with milliQ water. For cell adhesion experiments, the post-modified solution-cast 
samples were stored in PBS at 4 °C. For water contact angle measurements, the samples were dried 
overnight in a desiccator containing silica drying beads under vacuum at room temperature. 

Surface MALDI-ToF MS
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry was performed on an 
Autoflex Speed MALDI-MS (Bruker). Samples for surface MALDI-ToF MS experiments were prepared 
via casting 3 µL polymer solution (prepared similar to the regular solution-cast samples, but at a 
concentration of 14.8 mM), with 0, 1, 5, and 10 mol% BU-Nb on a MTP 384 polished steel TF target 
plate. The solution-cast films were incubated with 1.5 or 5 mM CGGRGDS for 20 minutes at RT 
under 10 mW cm-2 UV irradiation followed by washing with milliQ water 5 times. Subsequently, 1 µL 
α-cyano-4-hydroxycinnamic acid (CHCA) in 49.5/49.5/1 acetonitrile/water/trifluoroacetic acid (v/v/v) 
was spotted on each surface and dried to the air for 30 minutes. Measurements were performed in 
positive linear mode (method: 700-2000 Da), 3000 shots per spot and a laser power of 60%.
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Cryo-TEM
For Cryo-TEM, solutions of BU-OEG and OEG-BU-OEG were prepared at 0.1 mg mL-1 and 0.1 and 
0.5 mg mL-1 in milliQ, respectively. Vitrified films were prepared in a Vitrobot instrument at 22 °C 
and at a relative humidity of 100%. 3 μL samples were applied on a Quantifoil grid (R2/2, Quantifoil 
Micro Tools GmbH), which was surface-plasma treated prior to use (Cressington 208 carbon coater 
operated at 5 mA for 40 s). Excess sample solution was removed by blotting with filter paper for 3 
s at -3 mm.  The films were plunged into liquid ethane just above its freezing point. The vitrified films 
were transferred to a cryoholder Gatan 626) and observed at temperatures below −170 °C in a FEI 
Titan TEM equipped with a field emission gun operating at 300 kV. Micrographs were recorded at low 
dose conditions, using a defocus setting of 5 or 10 µm at 24,000 times magnification.

Electrospinning
For the CAT-experiments two types of grafts were prepared, with an intended fiber diameter of ~ 1 
µm (marked with an extra ‘S’) and a fiber diameter of ~ 4 µm (marked with an extra ‘L’), from both 
PCL-BU and polycarbonate-bisurea (PC-BU). For the smaller fibers, both polymers were dissolved at 
a concentration of 12% w/w in HFIP. For the larger fibers, PCL-BU was dissolved at a concentration 
of 13% w/w in a 90:10 (v:v) chloroform:HFIP mixture, and PC-BU at a concentration of 23% w/v in a 
85:15 (v:v) chloroform:HFIP mixture. The sheets were spun in a climate controlled electrospinning 
setup with the following settings: 

For the tubular grafts, solutions from the mixture of PC-BU and BU-OEG-BU in a 90:10 molar ratio 
were dissolved by overnight stirring on a heated plate (45 °C). The grafts were electrospun onto 
alginate coated 1.4 ø mm mandrels with the settings in table 8.1. Critically, the climate chamber doors 
were closed 10 minutes prior to initiating the spinning procedure. Moreover, in between grafts, the 
electrospinning needle was replaced by a clean one. After spinning, the grafts were dried overnight in 
vacuum, whilst still on the mandrel. For removal, the following procedure was followed: the exposed 
end of the mandrel was inserted through a 1.4 mm hole in the bottom of a 15 mL falcon tube, which 
was subsequently filled with milliQ water and placed at -30 °C. Once frozen, the end of the mandrel 
sticking out of the falcon tube was heated for a couple of seconds with warm water, after which the 
mandrel was gently removed from the graft embedded in ice using pliers. Most of the water was then 
thawed, after which the grafts were again frozen and freeze dried to remove the last of the water, 
without collapsing. 

Calibrated Automated Thrombogram
Samples with a diameter of 7 mm were punched using a biopsy punch and subsequently glued to 
the bottom of a 96 well assay plate using surgical glue. The CAT measurement was performed in 
a fluorimeter (Thermo Fisher). In short, samples were incubated with a mixture of normal platelet 
poor plasma, a fluorogenic substrate (Thrombinoscope BV), and MP-reagent (Thrombinoscope BV). 
The formation of thrombin was measured in time, against a calibrated control to obtain the calibrated 
thrombogram. 

Flow rate Voltage Mandrel 
diameter

Working 
distance

Mandrel 
rotation

Climate

PCL-BU L 55 µL min-1 16(-1) kV 27 mm 14 cm 200 rpm
T: 23 °C    
H: 30%

PC-BU L 80 µL min-1 19(-1) kV 27 mm 15 cm 500 rpm
T: 23 °C    
H: 50%

PCL-BU S 10 µL min-1 24(-1) kV 18 mm 22 cm 2000 rpm
T: 23 °C    
H: 50%

PC-BU S 10 µL min-1 24(-1) kV 18 mm 22 cm 2000 rpm
T: 23 °C    
H: 30%

Table 8.2. Electrospinning settings for sheets intended for the CAT-assays.
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Scanning electron microscopy
Electrospun scaffold samples were analyzed using a FEI Quanta 600 scanning electron microscope 
operated with Xt Microscope control software. Images were recorded in low vacuum (~0.6 mbar) in 
the presence of water vapor, of samples fixed on metal stubs with adhesive carbon conductive tape. 
Secondary and backscattered electrons were detected with an accelerating voltage of 10 kV and a 
working distance of 10 mm. Compound images were constructed by overlaying the resulting images 
from both detectors.
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allemaal achter ons laten als doctor. Ik heb met jullie ontzettend veel plezier gemaakt 
met bier brouwen (en drinken), gamen, eten, pizza’s bouwen, conferenties bezoeken 
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de entiteit, ik zie jullie misschien maar een paar keer per jaar, met daarin het inmiddels 
traditiegetrouwe weekendje, maar als we elkaar zien, is het altijd prachtig. Ik vind het 
daarom ook supermooi dat jullie hier weer bij zijn!

Ineke, Luuk, en Bart, ik vind het super fijn dat ik jullie alweer een hele tijd geleden heb leren 
kennen. Bedankt voor alle gezellige etentjes, en wie weet word ik vast ooit nog een keertje 
beter in boeren-bridge.

Opa en oma, dankjewel voor alle support en de interesse in mijn studies al die jaren! Ik 
vind het superleuk dat je jullie hier bij kunnen zijn. Merel, ik ben ontzettend trots op wat 
jij nu allemaal doet. En, je kan altijd bellen voor midden-in-de-nacht uit leggen wat het nou 
ook alweer is wat ik doe.

Papa en mama, wat bof ik me toch een partijtje met zulke toppertjes als ouders. Jullie 
steunen mij altijd in alles wat ik gedaan heb, doe, en ik weet zeker dat jullie dat ook blijven 
doen bij wat ik nog ga doen.

Lautje, waar moet ik beginnen. Ik denk dat ik deze hele onderneming niet zo ongeschonden 
door was gekomen als ik niet iedere dag bij jou thuis had kunnen komen om te ontspannen, 
samen te koken, te eten, te genieten, voor een peptalk en de niet te ontwijken (en ook 
stiekem welkome) knuffels. Ik vind het super fijn dat jij al zo lang aan mijn kant staat en kijk 
enorm uit naar alles wat wij samen nog gaan doen, straks met twee goeie knieën én allebei 
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