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Bioactive Nanofibers  

In this thesis the supramolecular interactions in well-defined hard segments of various 
thermoplastic elastomers are studied. All studies focus on the nanostructured hard 
domains with the ultimate goal to arrive at bioactive nanofibers embedded in a 
biocompatible soft matrix. In order to place our bioactive nanorods in a wider 
perspective, this chapter reviews the field of bioactive nanofibers. These bioactive 
nanofibers show great promise as three dimensional extracellular microenvironments 
in in vivo bioapplications due to their resemblance to the native extracellular matrix. 
The morphological resemblance between nanofiber and extracellular matrix is 
extended to biofunctionality with the use of specific oligopeptide sequences attached to 
the artificial fiber. Bioactive nanofibers have been prepared by functionalizing 
electrospun polymer fibers or carbon nanotubes with peptides, drugs or proteins. In a 
different approach, biofunctional peptide based amphiphiles were designed to self 
assemble into nanofibers. Though the research area of bioactive nanofibers for in vivo 
applications is still in its infancy, bioactive nanofibers are shown to form a promising 
synthetic niche. 
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1.1 Introduction 

Biomaterial research has come a long way from bioinert materials, via biocompatible 
and biodegradable materials1 to the contemporary biomaterials that include 
bioactivity. Bioactivity is especially useful in tissue engineering strategies. In tissue 
engineering, cells are isolated from a biopsy of a patient and expanded in vivo. The 
cells are then seeded onto a temporary, polymeric scaffold and the resulting construct 
is implanted into the patient. The scaffold needs to slowly degrade in vivo concurrently 
with new tissue formation. The final stage is a new, autologous tissue without any 
foreign body material left in the patient. Bioactive molecules, such as specific 
oligopeptides or growth factors, can for example guide the migration of cells and 
stimulate growth and differentiation in this process.2 Porous, three dimensional 
scaffolds need to be prepared fitting the site of implantation. In a top-down approach, 
nanofibrous polymeric scaffolds, mainly prepared by electrospinning, have shown to be 
especially good cell substrates. The relatively large surface to volume ratio in these 
bioactive nanofibers certainly is an advantage. Furthermore, the bioactive nanofibers 
closely resemble the natural extracellular matrix (ECM)3,4,5,6 since the ECM consists for 
a large part of fibrous proteins displaying specific bioactive signals to the cells 
suspended in the ECM.7 Several of the ECM binding sites have been elucidated and the 
functional oligopeptides that have been mapped out for these sites are widely 
incorporated in artificial, bioactive nanofibers. Bioactivity is traditionally introduced in 
polymers via simply mixing the bioactive molecules and the polymer or via covalent 
attachment. A more recent approach is a bottom-up approach, wherein small 
molecules are designed to self assemble into nanofiber morphologies. This method 
provides control over both location and dynamics of the bioactive molecules.  
In this chapter we will review the main research areas that involve the synthesis, 

characterization and applications of synthetic bioactive nanofibers. The reviewed areas 
include electrospun bioactive nanofibers, bioactive carbon nanotubes (an example of 
single molecule artificial nanofibers), and peptide amphiphiles that self assemble into 
bioactive nanofibers forming gels or self assemble into artificial protein channels. The 
synthetic bioactive nanofibers have applications in tissue engineering, drug delivery, 
and biosensors. Finally, we will present our approach of combining self assembly with 
the good mechanical properties of polymeric systems as a new strategy for soft tissue 
engineering. We propose to self assemble bioactive oligopeptides in the hard segment 
nanorods of well-defined thermoplastic elastomers by specifically designing the 
supramolecular interactions involved. In a modular approach, the bioactive peptides 
are equipped with exactly the same hard segment as is present in the polymer. Via 
molecular recognition, the peptides are incorporated in the pre-existing hard segment 
nanorods via a simple mixing procedure. 
  

1.2 Bioactive nanofibers by electrospinning 

The fabrication of bioactive polymer nanofibers by a simple technique as 
electrospinning is attractive for multiple reasons. Electrospinning is a simple and 
cheap technique that has the potential of large scale production.8 Fibers of a wide 
variety of polymers can be spun with diameters typically ranging from tens of 
nanometers up to the micrometer regime.9 Only three major components are required 
for the electrospinning process: a syringe containing a viscous solution of the desired 
polymer in a polar solvent or in the melt, a metallic needle (spinneret), and a grounded 
collection plate. A syringe pump feeds the solution through the needle at a constant 
rate. A high voltage, typically between 10 and 30 kV, is applied to the needle and the 
drop of polymer solution leaving the needle therefore becomes highly charged. Due to a 
combination of electrostatic repulsion at the surface and the electrical field between 
the needle and the grounded collecting plate, a liquid jet is pulled from the droplet. 
During its way to the collector, the jet is continuously elongated and solvent is 
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evaporated, thereby strongly reducing the diameter of the solidifying jet. The resulting 
continuous fiber is randomly deposited as a non-woven mat, but also alignment of 
electrospun nanofibers has been shown.10 When biocompatible or biodegradable 
polymers are used in this process, three dimensional, porous scaffolds are obtained 
that can be used in biomedical applications such as tissue engineering, wound 
dressings, drug delivery or biosensors. Here, we will focus on applications where 
bioactive components such as drug molecules or proteins have been incorporated in 
the nanofibers in a non-covalent or covalent approach. 
 
1.2.1 Non-covalent incorporation of drugs 

Incorporation of drugs into polymer fibers by electrospinning is only a very recent 
development. The first report by Kenawy et al. dates from 2002.11 The authors used 
poly(lactic acid) (PLA), poly(ethylene-co-vinyl acetate) (PEVA) and 1:1 blends of the two 
polymers to prepare viscous polymer solutions in chloroform. Tetracycline 
hydrochloride, a drug used in periodontal disease, was dissolved in a little methanol 
and then added to the polymer solutions. Small crystals, presumably of the 
tetracycline hydrochloride, were observed at the surface of the polymer fibers before in 
vivo release studies, and had disappeared afterwards (Figure 1). A burst release in the 
first 10–12 hours was attributed to the release of drugs from these crystals. The drug 
was released over about 5 days, which is too short to be attributed to degradation of 
the polymers used. Drug release is therefore diffusion mediated. A much higher total 
release from these electrospun mats was observed as compared to the release from 
cast films. This was attributed to the much higher surface area of the mats and was 
confirmed in a later study where various model drugs were incorporated into poly(vinyl 
alcohol) (PVA) fibers.12  

A 

 

  
Figure 1. A) PEVA electrospun sheet and SEM micrographs of fibers from a 14% w/v PEVA solution in 
chloroform electrospun at 15 k, 400 × magnification B) before and C) after drug release.11 

Verreck and colleagues incorporated the poorly water-soluble drugs itraconazole and 
ketanserin in a non-degradable polyurethane.13 They concluded that release of poorly 
water-soluble drugs can be achieved from a water insoluble polymer and that the rate 
of drug release could be tailored by varying the drug to polymer ratio. In a second 
paper, the authors showed itraconazole release was also possible from water-soluble 
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polymer-based fibers.14 Based on DSC thermograms that lacked the itraconazole 
melting endotherm, the formation of an amorphous solid dispersion or solution was 
suggested. About a year later it was shown that the drug compatibility with the 
polymer solution was of great importance for the release kinetics.15,16 Based on their 
observation, the authors concluded that when hydrophilic drugs are incorporated in 
hydrophilic polymers or lipophilic drugs in lipophilic polymers, there is no burst 
release and the release kinetics are nearly zero order. Also the drug and the polymer 
should both be well soluble in the solvent used or solvent mixture to obtain a good 
distribution of the drug in the polymer fibers. When these requirements are not met, 
the drug and the polymer will phase separate and at least part of the drug will be 
present at or close to the surface, resulting in a burst release. Other examples of 
release of drugs from electrospun fibers include heparin17, paracetanol18, paclitaxel19, 
and nanosilver particles used as antimicrobial agent20. 
When drugs are incorporated in electrospun polymer fibers, their chemical integrity 

remains intact as was evidenced by spectroscopic methods12 and the drugs remain 
functional.21,22 Drug release can be influenced by a variety of parameters such as drug 
to polymer ratio13,14, diameter of the fiber14,18 and the drug-polymer compatibility as 
just discussed. Also the molecular weight of the drug is of influence: the rate and total 
amount of released drug decrease with increasing molecular weight.12  

 
1.2.2 Non-covalent incorporation of proteins 

Certain proteins, especially enzymes, have therapeutic value. Therefore also proteins 
have been incorporated in electrospun nanofibers. In this case, the number of suitable 
solvents was reduced to water or some organic solvents that do not denature the 
protein. Up to 10% (w/w) of bovine serum albumin (BSA) or lysozyme was incorporated 
in dextran fibers by dissolving both components in water.23 The proteins incorporated 
in the fibers after the electrospinning process were structurally similar to the native 
proteins based on circular dichroism and gel electrophoresis measurements. 
Strikingly, a Micrococcus lysodeikticus assay revealed similar activity for lysozyme 
before and after the spinning procedure, while the applied voltage had been between 
20 and 35 kV. This study showed the feasibility of direct incorporation of proteins into 
electrospun polymer fibers.  
In a paper by Zeng and colleagues, protein delivery based on this concept was 

investigated.24 BSA release from water soluble PVA fibers showed an initial burst 
release and was fast due to fast disintegration of the PVA fibers in water. To gain a 
better control over the release process, the BSA containing PVA fibers were 
subsequently coated with poly(p-xylylene) (PPX). This significantly slowed down BSA 
release, resulting in BSA release over at least 20 days. Release profiles are then 
governed by the water permeability of the PPX rather than by the rate at which PVA is 
dissolving in water. Released model enzyme luciferase that was incorporated in 
nanofibers in the same way as BSA showed activity over at least one day, though no 
quantification was made.  
Sustained release over three months of human β-nerve growth factor (NGF) from 

fibers of a copolymer of ε-caprolactone and ethyl ethylene phosphate (PCLEEP) has 
been reported.25 The supernatant remained bioactive, as PC12 cells still differentiated 
into neurons in day 85 supernatant.  
 
1.2.3 Co-axial electrospinning 

A different approach to drug and protein delivery from electrospun polymer fibers 
was first reported by Loscertales and coworkers.26 They reported a method to generate 
steady coaxial jets of immiscible liquids. A typical experimental setup is sketched in 
Figure 2. The inner and outer radii can be tuned by controlling the flow rates of both 
liquids and the applied voltage. 



                                                                                                                                                         Bioactive Nanofibers 
 

 

5 

 

 

 
 

Figure 2. A) Typical experimental setup for co-axial electrospinning, B) TEM image of coaxial spun 
nanofiber with PCL as the outer shell and a resveratrol solution in the core.27  

The outer liquid is a viscous polymer solution while the inner liquid can contain 
various drugs27 or proteins28 in solution. In a study by Liao et al.28, PCL was used as 
the outer shell to encapsulate BSA and platelet-derived growth factor. By introducing 
poly(ethylene glycol) (PEG) of various molecular weights and in various concentrations 
in the PCL shell, the release rate could be controlled. When the outer shell consisted of 
only PCL, 60% of the encapsulated protein was released in 44 days. When PEG (3400 
g/mol) had been added in the outer shell as a porogen, all protein was released in the 
same amount of time. By using less PEG or PEG with a higher molecular weight, also 
release profiles in between these two extremes could be achieved. 
The inner liquid can also consist of a solution containing PEG and a protein of 

interest, where the PEG can possibly enhance the stability of fragile bioactive 
compounds.29 Higher feed rates of a PEG-BSA inner solution resulted in faster release 
of the model protein. A clear boundary between the inner and outer fiber was observed 
and the co-axial fiber became a hollow tube after 24 days of incubation in the release 
media. In approximately one month all BSA was released, while in a very similar study, 
BSA was shown to be released for over five months.30 
 

1.2.4 Covalent attachment of drugs and proteins 

For applications in tissue engineering or long-term drug delivery, simply mixing 
bioactive compound into the nanofibers is not sufficient, since control over the location 
and dynamics of the bioactive compound are lacking. Covalent attachment of the 
bioactive drug or protein could be an advantage in this case. For this reason low 
molecular weight heparin was covalently attached to a four arm star PEG. Heparin is 
known to bind various growth factors, a process essential for storage, release, and 
preservation of the bioactivity of growth factors. The incorporation of heparin 
functionalized PEG into nanofibers showed improved growth factor binding as 
compared to incorporating free heparin in the same fibers.31 Long term drug delivery 
was achieved in a second example. Ibuprofen was used since it can prevent post-
operational atrial fibrillation when administered locally. Chitosan grafted with PEG 
(2000 g/mol) (PEG-g-CHN) and chitosan grafted with PEG and ibuprofen (PEG-g-CHN-
ibuprofen) were synthesized. Both were mixed with PLGA and used to spin fiber 
mats.32 Ibuprofen release from PLGA/PEG-g-CHN-ibuprofen (40% in 16 days) was 
much slower as compared to the release of ibuprofen that was blended with 
PLGA/PEG-g-CHN (100% in 10 days). Covalent protein immobilization could be very 
useful in tissue engineering strategies, but was so far mainly studied for sensor 

B A 

Inner liquid 

Outer 
liquid 
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applications33 or use in catalytic reactions33,34. The big advantage here is the large 
surface area per unit mass and hence the loading capacity is much higher as 
compared to proteins immobilized on polymer films (Figure 3). 

 

 
 

 

Figure 3. A) Schematic diagram of lysozyme immobilization process and B) Amount of lysozyme 
immobilized on the surfaces of films and nanofibers.33 

1.3 Bioactive carbon nanotubes 

Since their rediscovery in 199135, the interest in carbon nanotubes (CNTs) rapidly 
increased due to their remarkable properties, such as high electrical and thermal 
conductivity, high chemical and thermal stability, great strength, rigidity and ultra 
light weight.36 Single-walled carbon nanotubes typically have a diameter between 0.3 
and 4 nm and are 20 to 1000 nm long. Multi-walled carbon nanotubes have larger 
dimensions: their diameters range between 1.4 and 100 nm and they can be 1–50 µm 
in length.37 More recently, CNTs have been explored for their potential use in 
bioapplications.36,37,38 The major challenge that had to be overcome before this was 
possible, was solubilizing CNTs in aqueous media. This problem has been addressed 
by either non-covalent or covalent functionalization of CNTs. The advantage of non-
covalent functionalization is the preservation of the extended π networks39, which is of 
great advantage in biosensor applications. When bioactive molecules are used to 
functionalize CNTs, they can be used in various bioapplications ranging from 
biosensors to drug delivery. Even the possibility to use CNTs in tissue engineering was 
shown by the attachment and growth of neurons on CNTs.40 In this section we will 
provide an overview of various functionalization methods and their bioapplications.  
 

1.3.1 Non-covalent CNT functionalization 

As prepared CNTs consist of only carbon atoms and are therefore highly 
hydrophobic. Immobilizing hydrophilic (macro)molecules onto CNTs is therefore not 
straightforward. Streptavidin displays some hydrophobic domains and can therefore be 
immobilized directly onto CNTs.41 Also glycoconjugate polymer-SWNT complexes have 
been made simply by mixing the polymer with the CNTs. Immobilization was attributed 
to the interaction between the inner hydrophobic site of the polymer and the 
hydrophobic surface of the CNTs in combination with a suitable orientation of outer 
sugar parts to the water.42 However, most proteins and other bioactive compounds are 
hydrophilic in nature. To overcome this discrepancy, several approaches have been 
followed. Attaching a hydrocarbon tail to the molecule of interest proved to be 
successful. Chen and colleagues made various Tween conjugates, for example with 
proteins or antigens. The conjugates were successfully immobilized onto CNTs via 
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hydrophobic interactions, while Tween at the same time should prevent non-specific 
protein binding.43 The same authors have non-covalently functionalized CNTs with 1-
pyrenebutanoic acid, succinimidyl ester (Figure 4, left).44 The pyrene unit strongly 
interacts with the CNTs via π-stacking. The free succinimidyl ester was subsequently 
reacted with free amines available at the surface of ferritin or gold labelled streptavidin 
(Figure 4, right). 
In another approach, the CNTs are acid-oxidized to obtain oxygen containing groups 

(e.g. carboxylic acid groups) at their surface. Positively charged protein domains can 
now bind at the CNT surface through electrostatic interactions. Simultaneously, some 
hydrophobic interactions between unfunctionalized parts of CNTs and hydrophobic 
parts of proteins cannot be ruled out.45 Streptavidine45, protein A45, BSA45, cytochrome 
C45,46, ferritin46, and Glucose Oxidase (GOx)46 have been immobilized on acid-oxidized 
CNTs. 

NH2

2HN

NH2

NH2

NH2

NH2

2HN

2HN

11

           
Figure 4. Left: Amine groups on a protein react with the anchored succinimidyl ester to form amide bonds 
for protein immobilization. Right: (a) TEM image of a bundle of SWNTs functionalized by 1 followed by 
ferritin immobilization. The round dark spots are the (~4 nm) iron cores of ferritin on the bundle. (b) A 
TEM image of ferritin immobilized onto an individual SWNT. (c) A TEM image of streptavidin-Au 
conjugates immobilized onto a bundle of SWNTs. The dark spots represent the 1.4 nm Au particles bound 
to streptavidin molecules. (d) A TEM image of streptavidin-Au conjugates immobilized on an individual 
SWNT. (e) A TEM image showing the absence of protein immobilization on as-grown nanotubes without 
functionalization by 1.44 

1.3.2 Covalent CNT functionalization 

There are two ways reported in literature in which CNTs can be covalently 
functionalized (Figure 5). Prato and Bianco and coworkers have developed a route in 
which CNTs undergo 1,3-dipolar cycloaddition when heated in DMF in the presence of 
an α-amino acid and an aldehyde.47 Amino acids and bioactive peptides were attached 
to CNTs by following this route, such as a virus neutralizing and protective 19 amino 
acid epitope, derived from the foot-and-mouth disease virus (FMDV).48,49 These 
modified CNTs could be useful in vaccine delivery, since in vivo studies showed that 
the FMDV peptide-CNTs are immunogenic.50 But also fluoresceine and the antibiotic 
amphotericin B (AmB) functionalized CNTs have been prepared by the same 
laboratory, showing that double functionalization of CNTs is possible.51 Their approach 
in this study was to use oxidized CNTs and to use both their cycloaddition method for 
the attachment of AmB, combined with coupling fluoresceine at the carboxylic groups. 
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A

R-NH-CH2-COOH

(CH2O)n

130 oC in DMF R

R
R

R

B

HOT HNO3

 
Figure 5. Two routes for covalent functionalization of CNTs: A) 1,3-dipolar cycloaddition in hot DMF in the 
presence of an α-amino acid and an aldehyde48 B) acid-oxidation of CNTs results in –COOH functionalized 
CNTs.53 

This brings us directly to the second method for covalent CNT functionalization. The 
carboxylic acid groups of oxidized CNTs can be used for further functionalization, for 
example by using the standard water soluble coupling agents 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysulfo-
succinimide (sulfo-NHS).52 Baker at al. reacted carboxylic acid groups with thionyl 
chloride and ethylenediamine respectively to create amine terminated sites.53 Then a 
dimaleimide linker was coupled before thiol-terminated DNA could be reacted to 
produce DNA functionalized CNTs. Carbodiimide-mediated amidation of CNTs was also 
reported for covalent immobilization of DNA.54 DNA functionalized CNTs may find 
potential use in biosensor applications. Dekker and coworkers choose to covalently 
functionalize CNTs with peptide nucleic acid (PNA) in stead of DNA.55 The advantages 
are, amongst others, compatibility with a larger variety of solvents and the fact that 
PNA is not enzymatically degraded. 
As a final example, also proteins have been coupled via carboxylic acid 

functionalities. Diimide-activated amidation was used to couple BSA, which was found 
to remain largely active after coupling.56 Also biotin has been covalently coupled to 
CNTs after which streptavidin (SA) was complexed with the biotin. SA itself cannot 
enter cells, but the SA-CNTs were shown to be taken up by cells in an in vivo study 
using fluorescently labeled SA.57 
 

1.3.3 Bioactive cargo delivery into cells by CNTs 
Due to their nano scale dimensions and high aspect ratio, SWNTs can have a high 

cargo loading and are therefore promising as a new intracellular delivery system. 
Covalently and non-covalently functionalized SWNTs have been shown to be 
internalized by cells in various studies.58,59,51,60,61,57,45,62,63 All reports agree on the non-
toxicity of CNTs in these in vitro studies and the studied cargos seem to remain 
bioactive after delivery into the cell. A nice example is that of Dai and coworkers62, who 
used phospholipids for non-covalent functionalization of CNTs. To the phospholipid, 
siRNA was linked via a disulphide bond (Figure 6C) that is cleaved under acidic 
conditions such as the inside of endosomal vesicles. This RNA was deemed highly 
promising for therapeutic knock-down of disease-causing genes. The authors used a 
model system in which they used siRNA with a sequence specific for the laminin A/C 
gene. HeLa cells, known to express the laminin A/C protein, were treated with their 
SWNT-siRNA conjugates that contained a disulfide bond. Expression of the protein was 
evaluated by staining with a fluorescently labeled anti-laminin antibody. Non-treated 
HeLa cells showed significantly higher fluorescence than cells treated with SWNT-
siRNA conjugates containing disulfide bonds (Figure 6). Moreover, cells treated with 
SWNT-siRNA conjugates lacking disulfide bonds, showed an inferior level of silencing.  
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Figure 6. Laminin A/C silencing in HeLa cells. A) Untreated HeLa cells after staining steps used to assess 
protein expression. B) Protein expression in HeLa cells that were treated with SWNT-siRNA conjugates 
that contained a disulfide bond. C) SWNT-siRNA conjugates containing a disulfide bond.62 

There is still an ongoing debate about the exact pathway of CNT internalization in 
cells. Endocytosis is a general entry mechanism for various extracellular compounds 
and is known to be energy dependent. Therefore the uptake of compounds via this 
route should be hindered when the experiments are performed at lower temperature 
(generally 4 °C in stead of 37 °C) or in ATP depleted environment. The laboratory of 
Prato and Bianco state that the uptake of CNTs does not involve an energy dependent 
mechanism, since they do not observe a decrease in CNT uptake under the stated 
conditions. They propose a spontaneous mechanism in which the CNTs behave like 
nano needles and insert into the cell membrane and cross it without causing cell 
death.58,59,51,60   
The laboratory of Kam and Dai, however, states the opposite. They do observe an 

energy dependent mechanism based on experiments at lower temperature and in ATP 
depleted media.57,45,62 In their last publication, they further elucidated the endocytosis 
mechanism as being mainly mediated through clathrin-coated pits rather than 
caveolae or lipid rafts.63 Though this paper provides some convincing evidence, it 
should be kept in mind that the CNTs used and the experimental conditions are 
different in both laboratories.  
 

1.4 Self assembly of peptide amphiphiles into bioactive nanofibers 

Besides functionalizing fully synthetic, non-biological nanofibers with bioactive 
components, also nanofibers have been built in a bottom-up approach starting from 
bioactive molecules themselves. A major research area in this field is that of the 
peptide based amphiphiles.64 Amphiphilicity is known to drive self assembly, a very 
important example being phospholipids that form our cell membranes. The 
hydrophobic alkyl chains are shielded from the aqueous environment by self 
assembling into lipid bilayers. Other possible morphologies are micelles, rod-like 
micelles and vesicles. In this paragraph we will focus on peptide based amphiphiles 
that self assemble into nanofiber structures. We will discriminate between amphiphiles 
consisting of only amino acids and lipidated peptide amphiphiles. Peptide based 
amphiphiles are used to mimic natural transmembrane channels and can be used in 
drug delivery or sensing applications. Lipidated peptide amphiphiles self assemble into 
well-defined nanofibers that gel under in vivo conditions and therefore the peptide 
amphiphiles are promising candidates in tissue engineering. The major advantage of 
this supramolecular approach is that in vivo self assembly and gelation only requires 
minimal invasive surgery while preserving a high degree of control over the eventual 
molecular structure.  
 
1.4.1 Peptide nanotubes 

Secondary structures in proteins have been an inspiration for the development of 
specific peptide sequences that could fold into β- or πDL- helices. The peptide backbone 
folds into a helical conformation that is stabilized by β-sheet type hydrogen bonding. 
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These conformations are often observed in linear peptides with alternating D- and L- 
amino acids. This work already started in the seventies and was reviewed by Ghadiri 
and coworkers.65 A general drawback of these type of systems, however, is their 
propensity to aggregate in an uncontrolled way.66 Collier and Messersmidth resolved 
this problem by synthesizing PEG-conjugate peptides. The antifouling properties of the 
PEG resulted in little to no lateral aggregation.66  
Conceptually related but highly successful work by Ghadiri and colleagues is the self 

assembly of cyclic D,L-α-peptides. The possibility for cyclic tetramers consisting of 
alternating α- and β-amino acids to form hollow cylindrical structures was already 
predicted by Hassall in 1972.67 The first report by Ghadiri and coworkers on this topic 
was on an eight-residue cyclic peptide: cyclo[-(D-Ala-Glu-D-Ala-Gln)2-] (Figure 7).68  

 

  
Figure 7. A) A two-dimensional representation of the chemical structure of the peptide subunit (D or L 
refers to amino acid chirality). B) Peptide subunits are shown in a self-assembled tubular configuration 
emphasizing the antiparrallel stacking and the extensive network of intermolecular hydrogen bonding 
interactions (for clarity only backbone structure is represented).68 

Due to the alternating D- and L- amino acids, the side chains of each peptide are 
located on the outer part of the cycle, thereby creating a hydrophobic, hollow interior. 
When the glutamic acid side group carboxylic acids are not protonated, the negative 
charges repel each other and the peptide cycles are not stacked in solution. The pH 
dependent protonation of the glutamic acid triggered self-assembly of the peptide 
cycles. Possible applications of these tubules were mentioned to be in mimicking 
biological channels and pores68, novel cytotoxic agents, membrane transport vehicles 
and drug-delivery69. Later, all sorts of variations in the amino acids have been 
made69,70 and the pore diameter was changed by synthesizing ten71- and twelve72-
residue cyclic peptides. The internal pore diameters were reported to be 7, 10 and 13 
Ǻ, respectively.70 Approximately eight rings are needed on top of each other to be able 
to cross the cell membrane and the central axis of the nanotube was shown to be 
approximately 7° from the bilayer normal.73 The ten-residue cyclic peptide nanotubes 
were shown to display efficient glucose transport activity71, thereby corroborating the 
potency of these tubes as artificial transmembrane pores. More recently, series of six- 
and eight- residue cyclic peptide nanotubes were applied as antibacterial agents74, a 
research area of increasing interest due to expanding bacterial resistance to 
contemporary antibiotics. In their design, each peptide should contain at least one 
basic residue to enhance target specificity toward negatively charged bacterial 
membranes. Mice that were infected with a lethal dose of methicillin-resistant S. 
aureus (MRSA) survived the infection when treated with the appropriate amount of 
three specific peptide nanotubes.  
Matile and coworkers reported rigid-rod β-barrels that consist of preorganized 

oligo(p-phenylene)s (for example rod 1 in Figure 8) that are connected via specific 

A 
B 
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peptide sequences that form antiparallel β-sheets (Figure 8).75 The intratoroidal 
ammonium cations cause electrostatic repulsion at the inside of the pore, thereby 
creating an empty nanotube. The barrels proved to be remarkably stable, have 
transmembrane orientation and have a large internal diameter of > 9Å. An elaborate 
example of an application is sugar sensing in liquids.76 The barrels were incorporated 
in unilamellar vesicles loaded with carboxyfluoresceine (CF). Detection was based on 
the disappearance of CF self quenching during CF efflux. ATP was found to block the 
pores while ADP blocked the same pores to a much less extent (IC50ADP/IC50ATP up to 
22). By using invertase (breaks down sucrose to glucose and fructose) and kinase 
(converts glucose to glucose-6-phosphate and fructose to fructose-6-phosphate while 
consuming ATP), sugar contents of various soft drinks could be accurately determined. 

 

 
 
 
 
 
 
 
 

 

Figure 8. Schematic structure of rigid-rod β-barrel formed by Leu-Lys-Leu-rods 1 in EYPC bilayer. The 
distribution of introtoroidal amines and ammonium cations is unknown and depicted arbitrary to 
illustrate the concept.75 

In the above examples, the formed peptide rods as such provided biofunctionality. 
However, a different strategy is to functionalize peptide rods with specific biofunctional 
macromolecules. Collier and Messersmith applied post-assembly modification on their 
(Ac-QQKFQFQFEQQ-Am) β-sheet forming peptide Q11.77 Transglutaminase based 
coupling between a lysine group of the macromolecule and the glutamine residue was 
shown to be able to covalently couple a model compound and RGD-containing peptides 
to the Q11 scaffold. Genové et al. synthesized the RAD16-I (Acn-
RADARADARADARADA-CONH2) sequence, another β-sheet forming peptide (Figure 
9).78 Three known peptide sequences were attached to this sequence by direct solid 
phase synthesis extension at the amino terminal. The bioactive sequences were derived 
from laminin 1 (YIGSR and RYVVLPR) and collagen IV (TAGSCLRKFSTM). Mixing 
functionalized and non-functionalized RAD16-I in a 1 to 9 ratio resulted in hydrogels 
with similar properties as the RAD16-I hydrogel. Moreover, the functionalized scaffolds 
enhanced the human aortic endothelial cell phenotype, as was evidenced by NO 
synthesis and deposition of the basement membrane components laminin I and 
collagen IV. 
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     C  
Figure 9. A) Molecular models of RAD16-I and YIGSR-GG-RAD16-I, B) model representing a double β-
sheet tape of a self-assembled peptide nanofiber of a blend of RAD16-I and YIGSR-GG-RAD16-I in a 9:1 
ratio and C) AFM images of RAD16-I in tapping mode.78 

1.4.2 Lipidated peptide amphiphile nanofibers 

Lipidated peptide amphiphiles (PAs) were first reported by Fields and Tirrell.79 In 
their first reports they used bialkyl chains to attached to peptides that were 
synthesized on the solid phase.80,81,82 These molecules formed stable monolayers but 
not yet nanofibers. Later the bialkyl chains were changed for a monoalkyl chain, 
however, these molecules formed monomeric triple helices.83 It was not until the work 
of Hartgerink and Stupp that this type of molecules could be self assembled into well-
defined nanofibers.84 In this first design five parts were present: (1) a hydrophobic tail 
that triggers the self assembly in aqueous environment, (2) four consecutive cysteine 
amino acids for covalent capture of the supramolecular nanofiber via oxidation, then 
after (3) a GGG spacer there is (4) a serine, known to nucleate the formation of hydroxy 
apatite and finally (5) the RGD sequence, well known for its general cell binding 
properties (Figure 10).  

 

 
 

Figure 10. A) Chemical structure of peptide amphiphile (PA), highlighting five key structural features, B) 
molecular model of PA and C) schematic representation of the self assembled PA nanofiber.84 

At a pH below 4 the molecules are triggered to self assemble due to protonation of 
the carboxylic acids and self assembly is reversed upon returning to more basic 
conditions. The fiber network induced hydroxy apatite crystallization and their c axis 
was aligned along the long axis of the fibers. This PA could also be mixed with cell 
suspensions to entrap cells in the formed PA hydrogel. Cells survived for at least 3 
weeks.85 Twelve variations on this first PA were synthesized, showing the structural 
versatility of this approach.86 Alkyl chains of 10, 16 and 22 carbons resulted in 
nanofiber formation. It was also shown that the cysteines should be fully reduced for 
the assembly to be successful. However, their presence is not required for fiber 
formation. When cysteines were replaced with alanine, they showed a higher tendency 
to pack into broad ribbons of fibers. When sticking with the original molecular design, 
but varying the attached functional peptide (such as RGD to IKVAV or YIGSR), also PA 
nanofibers could be prepared that display two biofunctionalities driven by designed 

N
H

N
H

N
H

N
H

N
H

N
H

N
H

N
H

N
H

N
H

N
H

OH

O

O

O

O

O

O

O

O

O

O

O

O

SH

SH

SH

SH O

P OHOH

O

NH

NHNH
2

OH

O

A 

1 

2 

3 

4 

5 

A
 B 



                                                                                                                                                         Bioactive Nanofibers 
 

 

13 

electrostatics.87 PAs with opposite charges assembled at neutral pH, while PAs with 
carboxylic acids co-assembled under acidic conditions and amine terminated PAs co-
assembled at basic pH. 
The used IKVAV-PA turned out to have extraordinary properties.88 Neural progenitor 

cells encapsulated in the IKVAV PA fiber network differentiate selectively into neurons 
while the development of scar forming astrocytes is inhibited. PA nanofibers lacking 
the IKVAV sequence or a solution of only the IKVAV peptide did not result in the same 
response. Specifically the cylinder morphology with the IKVAV epitopes is very 
bioactive. This system seems promising in treatment of spinal cord lesions. 
By changing the design of these PAs also other applications were explored such as 

visualization of the fiber network with MRI by attaching MRI contrast agents to the 
PAs89 and branched PAs were used as surfactants for solubilizing CNTs90. Peptide 
amphiphiles were used as a template and catalyst for silica nanotube formation91 and 
enzyme cleavable sites have been introduced, resulting in 50% weight loss in vitro in a 
week.92 The PA hydrogels have very little mechanical strength, however, the PAs were 
shown to be able to self assemble on a PGA fiber scaffold93 which opens the possibility 
to use the bioactivity of the PAs in tissue engineering approaches that require some 
mechanical strength. Unfortunately, the specific cylinder morphology, proven to be so 
useful in the IKVAV-PA, is then lost.  
More recent studies are focusing on the assembly mechanism94 and exact 

characterization of the internal structure of the PA nanofibers95,96. Peptide amphiphiles 
form β-sheets oriented parallel to the long axis of the nanofibers. By N-methylating a 
specific amino acid in the PA, hydrogen bonding of amino acids could selectively be 
blocked. This elegant approach identified that hydrogen bonding of the four amino 
acids next to the alkyl tail are necessary for the PAs to self assemble into fibers, while 
blocking amino acids 5 to 7 only reduced the strength of the nanofiber hydrogel.95  
 

1.5 Thermoplastic elastomer nanorods 
Phase separation between hard and soft segments in thermoplastic elastomers 

(TPEs) can result in many types of morphologies, e.g. a rod-like assembly of hard 
segments embedded in the soft matrix when the hard segment content is relatively low. 
Especially TPEs with exactly defined, monodisperse hard segments97,98 show truly 
nano scale size hard segment rods.97,99,100,101 This new class of TPEs was shown to have 
superior mechanical properties as compared to their less-defined analogues.102 More 
interestingly, polymers with bis(ureido)butylene (U4U) hard segments were 
functionalized via molecular recognition between U4U-functionalized guest molecules 
and the U4U units of the polymer.103 The U4U units form long supramolecular ribbons 
due to hydrogen bonding between those units. Simply mixing the U4U polymer with 
the bis(ureido)butylene functionalized azobenzene guest resulted in strong and 
selective incorporation of the guest in the polymer (Figure 11). This approach is 
promising for the biofunctionalization of TPEs for biomedical use. 
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Figure 11. Schematic representation of modular approach in bis(ureido)butylene (U4U) polymer and AFM 
phase image (1 µm2) of U4U polymer.103  
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1.6 Conclusions 

The field of bioactive nanofibers is a young, fast growing research area with a great 
potential for biomedical applications such as tissue engineering, drug or gene delivery 
and biosensor applications. Several approaches to obtain bioactive nanofibers have 
been reviewed. Electrospinning of polymer nanofibers is an accessible technique and 
biofunctionalization of these fiber mats was achieved either covalently or non-
covalently and some general conclusions could be drawn. So far, however, control over 
for example the release kinetics is still limited. Carbon nanotubes have also been 
functionalized covalently and non-covalently. Unfortunately, non-covalent 
immobilization is not always ruled out when applying a covalent strategy. Though the 
exact mechanism is still under debate, the internalization of functionalized CNTs into 
cells shows great potential for the further development of a new transport vehicle for 
gene, drug and vaccine delivery. Before this can result in any practical application, the 
long term biosafety should be mapped out in much more detail. Finally, nanofiber 
formation by self assembling peptide based amphiphiles is an elegant bottom-up 
approach that appears to be very versatile and has the advantage of being able to 
undergo a liquid-gel transition upon injection in vivo.  
Although the reviewed papers contribute to the research field mainly by proof of 

principle, the approach of using three dimensional bioactive nanofiber networks seems 
to be very successful due to their morphological and structural resemblance to the 
native extra cellular matrix. In the top-down approach of electrospinning polymers into 
fine fibers, the adjustable mechanical properties are a major advantage, especially in 
tissue engineering strategies. The bottom-up approach of self assembling small 
functional molecules has the advantage of being extremely versatile in nature, 
however, generally results in weak materials. Based on the promising results by 
Versteegen and Koevoets (section 1.5) we propose in this thesis to self assemble 
bioactive oligopeptides and polymer hard segment of well-defined thermoplastic 
elastomers in single, bioactive nanorods. In the final chapter we will show that 
combining these biofunctionalized TPEs with electrospinning of nanosized fibers, 
simultaneously top-down and bottom-up approaches are used to arrive at ideal 
biomaterials. 
 

1.7 Aim and outline of the thesis 

The aim of this thesis is to develop a new concept to make bioactive thermoplastic 
elastomers by using their supramolecular interactions. Traditionally, bioactivity is 
introduced in polymeric materials either by simply mixing the drug, protein or peptide 
with the desired polymer or via a covalent approach. A new trend, however, is the use 
of self assembly, which provides control over both location and dynamics of the 
bioactive molecules as was discussed in this chapter. Our approach is to combine self 
assembly of bioactive molecules with the good mechanical properties of thermoplastic 
elastomers. We therefore synthesized traditional and supramolecular thermoplastic 
elastomers consisting of a biocompatible and biodegradable soft block and well-defined 
hard segments that self assemble in nanorods via designed supramolecular 
interactions. We use a modular and supramolecular approach in which bioactive 
peptide sequences are equipped with the same hard segment units as present in the 
polymer, so that via simply mixing the desired polymer(s) with the desired bioactive 
peptide(s) bioactive nanorods are obtained that are embedded in the soft matrix (Figure 
12).  
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Figure 12. Modular and supramolecular approach to bioactive thermoplastic elastomers. SB = soft block, 
HB = hard block. 

Moreover, we are aiming for a dynamic system, where the various functionalities can 
move through the rod. Thus, when a certain sequence of receptors is presented, the 
functionalities should reshuffle and adjust to this specific sequence, just like receptor 
proteins can travel in the cell membrane. Conveniently, our approach does not need a 
redesign of the system for each application, but rather a new mix of existing 
components. 
Chapters 2–5 deal with poly(ester) based thermoplastic elastomers that contain well-

defined hard segments. In chapter 2, small differences in hard block composition of a 
well-defined poly(urea) and a well-defined poly(urethane)urea, result in significant 
differences in molecular recognition. A bis(ureido)butylene functionalized dye is 
incorporated much stronger in the poly(urea) than in the poly(urethane)urea hard 
segment rods, due to a perfect fit between the bisurea unit of the poly(urea) and the 
dye. The poly(ε-caprolactone) soft segment of the poly(urethane)urea is known to 
degrade rather slowly in vivo. Therefore, random copolymers of caprolactone and oxo-
crown are prepared in chapter 3 to increase the rate of degradation of the material. 
Unexpectedly, the intrinsic rate of hydrolysis for these copolymers suddenly increased 
enormously when at least two neighboring OC units are present in the soft segment. 
Functionalization of the poly(urea) via our modular and supramolecular approach was 
studied in great detail in chapter 4 using a model system where the bis(ureido)butylene 
unit is used as such to mix into the polymer. In this way, the hard segment content is 
increased and the molecule acts as a supramolecular filler. The molecular mechanism 
resulting in the remarkable mechanical properties upon incorporation of 
supramolecular filler into the polymer hard segment stacks is further elucidated by a 
combination of small angle X-ray scattering and dichroic infrared experiments in 
chapter 5.  
In chapter 6 supramolecular thermoplastic elastomers are introduced: a true 

combination of the well-known ureidopyrimidinone (UPy) supramolecular polymers 
and the well-defined poly(urea) thermoplastic elastomers studied in the previous 
chapters. The strong but dynamic UPy-dimers are introduced to reach for our goal of a 
dynamic, bioactive nanorod. The combination of the UPy unit with an additional urea 
or urethane group to induce lateral interactions, indeed results in stacking of the UPy-
C6-urea (UPy-U) or UPy-C6-urethane (UPy-UT) hard segments. Due to the much 
stronger bifurcated hydrogen bonds, the UPy-U unit is the more promising candidate 
for our purpose. In chapter 6, the substituent on the 6-position of the UPy is a methyl 
unit. In chapter 7, we describe that an optically pure citronellyl substituent at this 
position results in strong, but more dynamic nanorods, while a racemic ethylpentyl 
unit at the 6-position results in extremely slow UPy-U crystallization. Finally, in 
chapter 8, we show that biofunctionalization of the UPy-U polymer with specifically 
selected peptides is excitingly successful in renal tissue engineering. 
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Molecular Recognition in Poly(εεεε-caprolactone) 

Based Thermoplastic Elastomers  

The molecular recognition properties of the hydrogen bonding segments in 
biodegradable thermoplastic elastomers were explored, aiming at the functionalization 
of these potentially interesting biomaterials. A poly(ε-caprolactone)-based poly(urea) 2 
was synthesized and characterized in terms of mechanical properties, processability, 
and histocompatibility. Comparison of the data with those obtained from the 
structurally related poly(urethane)urea 1 revealed that the difference in hard segment 
structure does not significantly affect the potency for application as a biomaterial. 
Nevertheless, the small differences in hard block composition had a strong effect on 
the molecular recognition properties of the hydrogen bonding segments. High 
selectivity was found for poly(urea) 2 in which bis(ureido)butylene-functionalized 
azobenzene dye 3 was selectively incorporated while bis(ureido)pentylene 
functionalized azobenzene dye 4 was completely released. In contrast, the 
incorporation of both dyes in poly(urethane)urea 1 led in both cases to their gradual 
release in time. Thermal analysis of the polymers in combination with variable 
temperature infrared experiments indicated that the hard blocks in 1 showed a sharp 
melting point, whereas those in 2 showed a broad melting trajectory. This suggests a 
more precise organization of the hydrogen bonding segments in the hard blocks of 
poly(urea) 2 than in poly(urethane)urea 1 and explains the results from the molecular 
recognition experiments. Preliminary results revealed that a bis(ureido)butylene-
functionalized GRGDS peptide shows stronger binding interactions with the PCL-based 
poly(urea) containing the bis(ureido)butylene recognition unit, as compared to high 
molecular weight PCL lacking this recognition unit. 

 

 

 

Part of this work has been published: E. Wisse, A. J. H. Spiering, E. N. M. van Leeuwen, R. A. E. Renken, 
P. Y. W. Dankers, L. A. Brouwer, M. J. A. van Luyn, M. C. Harmsen, N. A. J. M. Sommerdijk, E. W. Meijer, 
Biomacromolecules 2006, 7, 3385–3395. 
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2.1 Introduction 

In soft tissue engineering there is an increasing interest in the functionalization of 
biomaterials with specific bioactive moieties, such as peptides or growth factors. In 
general these biomaterials are introduced either by mixing the bioactive molecules with 
the desired polymer1 or via covalent attachment.2,3 Recently, however, Patricia Dankers 
of our laboratory introduced a modular approach to the functionalization of 
biomaterials based on supramolecular interactions using different ureidopyrimidinone 
(UPy)-modified components.4 This approach involves the simple mixing of a desired 
bis-prepolymer with selected bioactive molecules functionalized with the same groups 
to obtain biomaterials tailored toward specific biomedical applications. 
Thermoplastic elastomers are promising as biomaterials for cardiovascular tissue 

engineering since they provide elasticity as well as toughness, which are both required 
to withstand physiological pressures.5–7 Biodegradable poly(urethane)ureas based on 
poly(ε-caprolactone) and 1,4-diisocyanatobutane already proved to be biocompatible in 
vivo and to have appropriate mechanical properties.8,9 Moreover, the introduction of 
biological activity was accomplished by covalent attachment of RGD moieties after 
surface modification of these polymers.9 
The objective of the research presented in this chapter is to use molecular 

recognition of bisurea moieties10 to introduce bioactivity in a poly(ε-caprolactone) 
based poly(urethane)urea and poly(urea) via a modular approach. For this we 
synthesized thermoplastic elastomers 1 and 2 (Chart 1) that both contain poly(ε-
caprolactone) soft blocks and bis(ureido)butylene-based hard blocks. These hydrogen 
bonding segments not only form the reversible cross links in this polymer, but can also 
be used to introduce functionalities via specific molecular recognition (Figure 1).11–13 
When compared to polymer 2 the hard blocks of 1 contain two additional urethane 
groups per hard block segment. In this chapter we show that this variation in the 
polymer structure does not significantly affect the mechanical, biomaterial, and 
processing properties. These differences in the hard block segments, however, do have 
important consequences for the molecular recognition properties of 1 and 2.  
 

Chart 1. Compounds 1–5. Both polymers 1 and 2 were synthesized with PCL blocks of Mn = 1250 or 2000 
g/mol. 
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Figure 1. Schematic representation of the desired molecular recognition in the hard segments of the 
polymers. Grey disk represents desired functionality. 

2.2 Synthesis  

Poly(ε-caprolactone)diol (PCLdiol) with a Mn of 1250 or 2000 g/mol was reacted with 
a threefold excess of 1,4-diisocyanatobutane using dibutyltindilaurate as a catalyst. 
The resulting macrodiisocyanate was subsequently chain extended with 1,4-
diaminobutane to form poly(urethane)urea 1 (1_1250 and 1_2000 for poly(urethane-
urea)s containing a PCL block with Mn = 1250 or 2000 g/mol, respectively). The 
synthesis of poly(urea) 2 (Scheme 1) was less straightforward since functionalizing the 
PCL prepolymer with amine endgroups leads to intramolecular amidation, resulting in 
ill-defined, low molecular weight polymers. This problem was solved in close 
collaboration with Jolanda Spiering. To circumvent this problem, PCLdiol (Mn = 1250 
or 2000 g/mol) was reacted with benzyloxycarbonyl protected α-amino hexanoic acid 
in a DCC coupling using DPTS as a catalyst. The resulting product was stable in time 
as was demonstrated by 1H-NMR spectroscopy. The subsequent deprotection of the 
amine was immediately followed by the dropwise addition of 1,4-diisocyanatobutane to 
obtain maximum chain extension. No amidation was observed and the characterization 
of the polymer by 1H-NMR, 13C-NMR, IR, and GPC confirmed the expected 
macromolecular structure (2_1250 and 2_2000 for poly(urea) containing a PCL block 
with Mn = 1250 or 2000 g/mol, respectively). The synthesis of azobenzene dyes 3 and 4 
was reported elsewhere.11 The bisurea functionalized GRGDS peptide was synthesized 
completely on the solid phase. First GRGDS was synthesized via conventional Fmoc 
based solid phase peptide synthesis. Then the free amine of the final amino acid was 
reacted with 6-(Fmoc-amino)caproic acid as a small spacer between peptide and 
bisurea functionality. After removal of the Fmoc, 1-hexyl-3-(4-isocyanato-butyl)-urea 
was reacted to the free amine of the spacer to yield the functionalized bisurea-GRGDS 
peptide 5. 
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Scheme 1. Synthetic route to polymer 2.  
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2.3 Morphological, Mechanical, and Biocompatibility Characterization of 1 and 2  

For a thermoplastic elastomer to be suitable as a biomaterial for soft tissue 
engineering, it should be processable into three dimensional porous scaffolds, 
mechanically compatible with the tissue of interest, biodegradable, and biocompatible. 
Therefore the morphological, mechanical, and biocompatibility properties of polymers 1 
and 2 are discussed in this section. 
 

2.3.1 Surface Morphology  

Poly(urethane)s and poly(urea)s show well-defined fiber-like morphologies ascribed 
to the micro phase separation of the hard block segments.17–20 As similar structures 
were expected for the present polymers, the micro phase separation of the hard and 
soft block domains of both polymer types was studied using AFM in the tapping mode 
regime. To this end thin polymer films were deposited on glass by drop casting from 
chloroform/methanol (v/v = 9:1). After evaporation of the solvent, the films were dried 
in a vacuum at 40 °C. All measurements were performed at 37 °C to prevent crystalline 
regions of the soft block (Tm is 9 and 19°C for 1_1250 and 2_1250, respectively) from 
concealing the hard segment morphology. Polymers 1 and 2 both indeed show long 
fibers extending for several hundreds of nanometers which are attributed to stacks of 
hard blocks embedded in a soft matrix (Figure 2). Although 1 and 2 have distinctly 
different hard blocks, the apparent width of the observed fibers is 5 ± 1 nm for both 
polymers. Yet, the observed fibers seem to lie closer to each other in the case of 
polymer 2. The fact that no significant differences in dimensions could be observed 
was tentatively attributed to the limited resolution of the AFM tip. The extremely 
narrow distribution of fiber diameters suggests a cylindrical morphology of the hard 
segments in both polymer 1 and 2.        

 
Figure 2. AFM topography (left) and phase images (right) at 500 nm scan sizes of A) 1_1250, B) 2_1250. Z 
ranges are 10 and 20 nm, respectively. Data obtained in tapping mode in air at 37 °C. In the phase images 
the hard phase of the polymer appears brighter than the soft phase. 

2.3.2 Processing of Polymers 1 and 2 

Both polymers were processed from solution by electrospinning.21 Polymer 1_1250 
was spun from a 7.4 wt % solution of methanol/chloroform (v/v = 9:1). For polymer 
2_1250 a solution with similar viscosity (as judged by the eye) was obtained at 15 wt % 
in chloroform. For both polymers a fine fiber mesh was obtained. However, whereas for 
polymer 2_1250 fibers with a uniform diameter of 4–5 µm were observed, polymer 

A 

B 
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1_1250 yielded a distribution of fiber diameters between 1 and 6 µm (Figure 3). This 
was attributed to the fact that in the latter case more than one fiber was drawn from 
the pendant drop at the needle to the ground plate. 

   
Figure 3. SEM image of fibers of A) polymer 1_1250 prepared by electrospinning from 7.4 wt % solution in 
chloroform/methanol (v/v = 9:1), B) polymer 2_1250 prepared by electrospinning from a 15 wt % solution 
in chloroform. 

2.3.3 Mechanical Characterization of Polymers 1 and 2  

Mechanical characterization of all polymers was performed by uniaxial tensile testing 
at room temperature. The mechanical properties directly reflected the different 
molecular compositions of the polymer (Figure 4 and Table 1). It was found that the 
Young’s moduli of 1_1250 and 1_2000 are higher than the moduli of 2_1250 and 
2_2000, respectively. Polymers 1 have a lower extendibility than their poly(urea) 2 
counterparts. This can be attributed to the extra urethane groups in polymer 1, 
resulting in a higher hard block to soft block ratio of polymer 1 as compared to 
polymer 2.  
To be suitable for the intended cardiovascular applications the scaffolds should have 

a Young’s modulus in the range of a few MPa, purely elastic behavior up to at least 
10% strain and sufficiently high strain at break and tensile strength to prevent in vivo 
failure.22,23 The Young’s moduli of the four polymers all are between 10 and 40 MPa for 
bulk samples, but will be reduced when these polymers are processed into porous 
scaffolds. Yield strains were observed between 20 and 30% elongation, which is more 
than sufficient for the intended applications. Finally, high elongations (700–1500%) 
and tensile stresses (15–30 MPa) could be reached. Cyclic loading of similar, solid 
samples up to 0.9 MPa (εcycle 1 = 7%, ƒ = 0.5 Hz) resulted in a tensile set of ~1% after 
1000 cycles (data not shown). Buckling of the material in cardiovascular applications 
is therefore not likely. 
 

Table 1. Tensile properties of polymers 1 and 2. 

Polymer_ 

Mn(PCL) 

E 

[MPa] 

σyield 

[MPa] 

εyield 

[%] 

σmax 

[MPa] 

εbreak 

[%] 

1_1250 38.7 ± 4.2 8.7 ± 0.4 26.9 ± 0.6 17.8 ± 2.1 700 ± 58 

1_2000 16.0 ± 7.9 2.6 ± 1.0 20.2 ± 1.1 30.2 ± 3.8 1114 ± 135 

2_1250 11.4 ± 1.0 3.0 ± 0.1 31.8 ± 2.0 21.0 ± 1.5 1505 ± 121 

2_2000 13.6 ± 1.6 2.6 ± 0.1 19.0 ± 4.2 15.7 ± 1.6 1330 ± 62.5 

50 µm B 50µµµµm A 
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We also prepared 3-dimensional, porous scaffolds by a salt leaching procedure 
(Figure 5A) and used wet scaffolds in tensile tests at 37 °C to study the mechanical 
behavior under more realistic conditions. As an example we used 2_1250, and the 
results are shown in Figure 5B and Table 1. Indeed the mechanical properties are now 
in the range needed for cardiovascular applications. Therefore we conclude that the 
mechanical properties of all four materials are in the appropriate range for 
cardiovascular tissue engineering scaffold materials.   
 

 

 

Figure 5. A) SEM image of a porous, 3-D scaffold of 2_1250, and B) Tensile curves (engineering stress) of 3-D 
porous scaffolds of 2_1250. 

Table 2. Tensile properties of porous, 3-D scaffolds of 2_1250.  

E 

[MPa] 

σyield  

[MPa] 

εyield 

[%] 

σmax  

[MPa] 

εbreak 

[%] 

0.86 ± 0.04 0.35 ± 0.02 31.4 ± 0.5 0.69 ± 0.05 341 ± 28 

 

2.3.4 Biocompatibility and Biodegradability 

Since poly(urethane)urea 1 was already shown to be biocompatible9, the 
biocompatibility of only poly(urea) 2 was studied in vitro and in vivo. In a cell 
proliferation assay, the proliferation of 3T3 mouse fibroblasts on 2 was compared to 
cell proliferation on cell culture polystyrene (PS), a known biocompatible material. 
Cells were seeded at a density of 1 × 103 or 1 × 104 cells/cm2 in duplicate. Cell 
proliferation was evaluated by optical microscopy on day 1, 3, 4, and 7 (Figure 6, one 
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Figure 4. Representative tensile curves (engineering stress) of  1 and 2, Mn (PCL) = 1250 or 2000 g/mol. 

A 

0 50 100 150 200 250 300 350 400
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 

s
tr

e
s
s
 [
M

P
a
]

strain [%]

B 



Molecular Recognition in Poly(ε-caprolactone) based TPEs                                                                                                         

 

25 

sample shown). In all experiments cells seeded on 2 behaved similar to cells seeded on 
PS, demonstrating the biocompatibility of poly(urea) 2.  
 

Day 1                              Day 2                              Day 4                              Day 7 

    

    
Figure 6. Cell proliferation on PS and 2_2000 on day 1, 4, 5 and 7, respectively. The cell seeding density 
was 1 × 103 cells/cm2. 

In a second in vitro biocompatibility test, the cell viability of 3T3 mouse fibroblasts 
seeded in medium that was incubated with poly(urea) 2, UHMWPE or latex was 
investigated using a LDH (lactate dehydrogenase) test (Figure 7).24 Every 24 h the 
medium was refreshed, and all collected medium was used in a LDH activity assay. 
UHMWPE is known to be biocompatible while latex is not. Cell viability for 2 was only 
approximately 50% when no prewash was applied. We tentatively attribute this to the 
presence of small remnants of solvent. All other measurements show high cell 
viabilities, indicative of a biocompatible poly(urea) 2. 
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Figure 7. Cell viabilities in medium that had been in contact with poly(urea) 2, UHMWPE or latex. 

In vivo, solid disks of polymer 2_2000 were studied after subcutaneous implantation 
in Albino Oxford rats. Explantation was performed after 2, 5, 10, 21, and 42 days 
(Figure 8).   

2_2000 

PS 
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Figure 8. Toluidine blue stained sections of biomaterial 2_2000 and surrounding tissue on day 2, 5, 10, 
21, and 42. The following abbreviations are used: S = surrounding tissue, c = fibrous capsule, I = 
interface, m = material, L = lymphocyte, P = polymorphonuclear cell, v = blood vessel, f = fibrin, ▲ = 
macrophage with foamy-like cytoplasm, ▼ = degradation of biomaterial. All scale bars represent 100 µm. 

After 2 days, fibrin was present at the interface between the surrounding tissue and 
biomaterial. Macrophages had infiltrated the tissue surrounding the implant and 
vascularization was visible. Only a few lymphocytes and polymorphonuclear cells 
(PMNs) were observed. On day 5, a layer of fibrin was clearly visible at the interface. 
The number of macrophages was increased and they were mainly located at the 
interface. The number of lymphocytes and newly formed blood vessels was comparable 
as on day 2. PMNs were not observed anymore. A thin fibrin layer was still present 
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after 10 days. Formation of a few giant cells was observed at the interface and some 
macrophages infiltrated the biomaterial. These cells showed active phagocytosis of 
small biomaterial particles. At this point, a thin fibrous capsule was formed containing 
elongated fibroblasts. In the surrounding tissue, macrophages were reduced in 
number and lymphocytes were hardly present. After 21 days, the tissue response 
became restricted to the interface, whereas the surrounding tissue became quiet. 
Further signs of slow degradation of the material by a layer of macrophages with 
foamy-like cytoplasm were visible at the interface. A mature fibrous capsule was 
formed and angiogenesis was slightly increased in the surrounding tissue adjacent to 
this capsule. After 42 days, phagocytosis by macrophages and giant cells had resulted 
in a rim of foamy-like cells at the interface, indicating ongoing degradation of the 
biomaterial.  
In conclusion, the in vivo study shows a mild inflammatory response to polymer 
2_2000 characterized by the infiltration of macrophages. Giant cells are formed at the 
interface. The low number of lymphocytes shows that priming of the immune system is 
hardly involved. Evidence for slow in vivo degradation is found. 
 

2.4 Functionalization of Thermoplastic Elastomer 1 and 2 using Supramolecular 

Interactions 

To investigate the possibility of introducing bisurea-functionalized bioactive 
molecules into polymers 1 and 2 via molecular recognition, we chose to use bisurea-
functionalized azobenzene dyes 3 and 4 as model compounds. Compounds 3 and 4 
contain a matching bis(ureido)butylene and a non-matching bis(ureido)pentylene unit, 
respectively. Polymer films containing dye 3 or 4 were prepared by dissolving both dye 
and polymer in chloroform/MeOH (v/v = 9:1 for 1_2000) or chloroform (2_2000) 
followed by solution casting. For both polymers the 2000 g/mol PCL variation was 
chosen, since those two polymers have similar mechanical properties and, more 
importantly, both polymers have a semicrystalline PCL soft block at room temperature 
(see further on: Figures 11 and 12). Equally sized pieces of the films were placed in a 
stirred 0.1 M sodium dodecyl sulfate (SDS) solution. The release of dye was monitored 
in time by UV-vis spectroscopy of the solution (Figure 9). 
In time, both compounds 3 and 4 were completely released from the cast films of 

polymer 1. However, release of the matching dye 3 was much slower than release of 
non-matching dye 4, indicating a higher interaction between polymer 1 and the 
matching dye compared to the non-matching dye. When the films were annealed at 20 
°C below the melting temperature of the polymer, still 85% of the non-matching dye 4 
was released within 30 h. In contrast, 60% of the matching dye 3 was now retained by 
the polymer film.  
Films of polymer 2 were used after solution casting without thermal annealing, with 

thermal annealing at 20 °C below the melting temperature of the polymer, or after 
mechanical loading by stretching the film for 100 times between 0 and 20% elongation 
at a frequency of 0.5 Hz. Significantly, polymer 2 in all cases was able to retain 70% of 
the matching dye where as the non-matching dye was always completely released. This 
pronounced difference in molecular recognition is surprising as the matching dyes and 
polymers for both 1 and 2 contain bis(ureido)butylene moieties. In polymer 1 however, 
different additional interactions are possible: urethane groups can hydrogen bond with 
urea groups and a whole hard block unit can be shifted with respect to the previous 
hard block in the stack, since urethanes and ureas are also separated by a butylene 
spacer (Figure 10). Thermal annealing of polymer 1 resulted in an enhanced specificity 
of the molecular recognition, however, it also led to an enhanced binding of the non-
matching dye 4. 
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Figure 9. A) Release profiles of (matching) dye 3 and (non-matching) dye 4 from films of polymer 1 
containing 0.25 wt % of dye. Release curves were measured directly after solvent casting and after thermally 
annealing the films (4 h at 120 °C). (■ 3 as prepared, □ 4 as prepared, ♦ 3 annealed, ◊ 4 annealed) B) 
Release profiles of dye 3 and dye 4 from films of polymer 2 containing 0.25 wt % of dye. Release curves were 
measured directly after solvent casting, after thermally annealing (4 h at 80 °C) and after mechanical loading 
of the films (elongating 100 times between 0% and 20% elongation, ƒ = 0.5 Hz). (■ 3 as prepared, □ 4 as 
prepared, ▲ 3 stretched, ∆ 4 stretched, ♦ 3 annealed, ◊ 4 annealed) 
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Figure 10. Possible interactions between two hard segments in polymer 1. 

2.5 Thermal Properties of 1 and 2 

To further understand the differences in release behavior between polymer 1 and 2, 
the thermal behavior of both polymers was studied. Differential Scanning Calorimetry 
(DSC) revealed glass transition temperatures of –53 °C and –50 °C for polymer 1_1250 
and 1_2000, respectively (Figure 11), in both cases close to the glass transition of high 
molecular weight poly(ε-caprolactone) (–60 °C).25 A single melting peak was observed at 
9 °C and 42 °C for polymers 1_1250 for and 1_2000. In the DSC traces of 2_1250 and 
2_2000 glass transitions were observed at –55 °C 2_1250 and –54 °C for 2_2000. In 
addition, both polymers showed two melting transitions. For polymer 2_1250 these 
transitions were observed at 19 °C and 103 °C, whereas those for polymer 2_2000 were 
observed at 27 °C and 98 °C (Figure 12). 
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Figure 11. DSC thermograms (Endo Up) of A) 1_1250 and B) 1_2000. Shown curves were recorded at 10 
°C/min. Glass transition temperatures were determined from thermograms recorded at 40 °C/min 
(insets).  

  
Figure 12. DSC thermograms (Endo Up) of A) 2_1250 and B) 2_2000. Shown curves were recorded at 10 
°C/min. Glass transition temperatures were determined from thermograms recorded at 40 °C/min 
(insets). 

To assign these transitions, variable temperature IR spectra were recorded for all 
polymers at temperatures between 25 and 200 °C (Figures 13 and 14).26–28 In the IR 
spectrum of polymer 1_1250 at room temperature the position of the carbonyl 
vibrations of the urea (1620 cm–1) and the urethane moieties (1680 cm–1) indicate that 
both are strongly hydrogen bonded. Upon heating, all peaks decreased in intensity, 
which was attributed to an increased mobility of the macromolecules and the 
concomitantly reduced dipole moments. At approximately 150 °C the free C=O band of 
the urea groups started to appear at 1690 cm–1. This, in combination with the reduced 
intensity of the signal at 1620 cm–1, indicates the breaking of H-bonds related to the 
melting of the urea hard blocks. However, already at approximately 100 °C we 
observed the appearance of a vibration at 1685 cm–1, which can either be attributed to 
a free urea C=O or to a slightly shifted C=O vibration of the H-bonded urethane. 
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Figure 13. Infrared spectra of (A) 1_1250 (B) 1_2000 at increasing temperatures. Characteristic peaks: 
1730   cm–1, C=O caprolactone and free C=O urethane; 1690 cm–1, free C=O urea; 1680 cm–1, strongly H-
bonded C=O urethane; 1620 cm–1, strongly H-bonded C=O urea; 1575 cm–1, strongly H-bonded amide II; 
3330 cm–1, strongly H-bonded N–H; 3400 cm–1  free N–H. 

Unfortunately the appearance of the free C=O band of the urethane groups was 
masked by the overlapping C=O band of the PCL at 1730 cm–1. The free amide II band 
at 1515 cm–1 was rising in intensity from 100 °C onward. Finally, at approximately 140 
°C the N–H band started shifting from 3330 to 3400 cm–1. Melting of the bisurea 
bisurethane hard segments, as evidenced by shifts in the C=O and N–H vibrations, 
started at approximately 100 °C, nevertheless, at 200 °C signals corresponding to 
hydrogen bonded C=O, N–H and amide II groups were still present. From these results 
we conclude that this polymer shows a gradual dissociation of hydrogen bonds. 
For polymer 1_2000 similar results were obtained. Both the vibrational band of the 

H-bonded urea carbonyl at 1620 cm–1 and the band at 1680 cm–1, corresponding to the 
band of H-bonded urethane carbonyl groups, had completely disappeared at 140 °C. 
However, no clear appearance of bands corresponding to the free urea or urethane 
carbonyl was observed. These peaks are probably obscured by the very broad ester 
carbonyl band of the PCL segments. Above 70 °C the amide II vibration started shifting 
to lower wavenumbers; from 1575 cm–1 to 1515 cm–1 at 140 °C. A similar behavior was 
observed for the N–H vibration that shifted from 3330 cm–1 toward 3400 cm–1. These 
data indicate that the melting of the hard segment of polymer 1_2000 starts around 70 
°C and is complete at 140 °C, where hydrogen bonds were no longer observed.  
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Figure 14. Infrared spectra of (A) 2_1250 (B) 2_2000 at increasing temperatures. Characteristic peaks: 
1730   cm–1, C=O PCL; 1690 cm–1, free C=O urea; 1650 cm–1, weakly H-bonded C=O urea; 1620 cm–1, 
strongly H-bonded C=O urea; 1575 cm–1, strongly H-bonded amide II; 3330 cm–1, strongly H-bonded N–H; 
3410 cm–1, free N–H. 

The broad melting transition of the hard segments of both polymers 1 was also 
observed by optical microscopy. Polymer 1_1250 first started flowing locally around 
125 °C, however at a heating rate of 2 °C/min it was not until 145 °C before the whole 
polymer sample was flowing. For polymer 1_2000 we observed the same behavior, the 
flow temperature being 140 °C. 
In the IR spectrum of polymer 2_1250 at room temperature, vibrational bands were 

observed corresponding to carbonyl vibrations of PCL, carbonyl vibrations of ureas and 
the amide II band at 1730, 1620 and 1575 cm–1, respectively. Up to 106 °C the 
recorded spectra were similar to the spectrum at room temperature. However, at 110 
°C the aforementioned vibrational bands shifted to 1690, 1540 and 3400 cm–1, 
respectively, indicating the breaking of hydrogen bonds. The sudden flow of 2_1250 at 
112 °C, as observed by optical microscopy, confirmed complete melting of the polymer 
at this temperature. Nevertheless there were still some weakly hydrogen bonded urea 
carbonyls in the melt, as indicated by a small band at 1650 cm–1 in the IR spectrum at 
110 °C.  
Also for polymer 2_2000 a narrow melting trajectory was observed. At 100 °C the 

first evidence for some free urea groups was found. At that temperature a band at 
1690 cm–1 appeared and in addition to the N–H stretch vibration at 3330 cm–1 also a 
significant band appeared at 3410 cm–1. Already at 103 °C the bands at 1620 and 
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1575 cm–1 had completely disappeared and only vibrational bands corresponding to 
free groups at 3410, 1690 and 1540 cm–1 for the carbonyl, N–H and amide II bands, 
respectively, remained. Optical microscopy showed a sudden flow of the polymer at 
106 °C, corresponding to the melting point of 106 °C determined by DSC. 
 

2.6 Biofunctionality via Modular Approach 

As a first bioactive functionality, the well-known RGD amino acid sequence, known 
for its cell-binding properties29,30, was functionalized on the solid phase with a 
bis(ureido)butylene recognition unit 5. We incorporated 4 mol % of peptide 5, based on 
the amount of bisurea units, in polymer 2_2000. The same amount of peptide 5 was 
mixed with HMW PCL (Mw = 80 kg/mol). Extraction experiments in water resulted in 26 
± 0.2% of peptide release after 48 h from 2_2000 and 49 ± 0.02% peptide release from 
HMW PCL. The significantly higher amount of retained peptide 5 by poly(urea) 2 can 
be attributed to the molecular recognition between their bisurea units. The observed 
release of the RGD-peptide could be beneficial for tissue engineering purposes. 
Initially, sufficient RGD-peptide will be available to facilitate both integrin-mediated 
adhesion and integrin-mediated survival of cells on the polymer. Upon the continuous 
release and loss of RGD-peptide from the polymer, adhered cells are prompted to 
upregulate the secretion of extracellular matrix compounds such as fibronectin and 
collagens, to further sustain their adhesion and survival. Thus, the transient presence 
of RGD-peptide may help to adapt the cells to their new substrate. When we cultured 
3T3 mouse fibroblasts in serum free medium on bare PCLU4U films and on PCLU4U 
films containing 4 mol % of peptide 5, we observed that cells adhere to the polymer 
surface and spread out only when our cell-binding peptide was present in the polymer 
film. 
 

2.7 Conclusions 

Polymers 1 and 2 are biocompatible and both have mechanical properties that are in 
the right range for use in soft tissue engineering. Furthermore both polymers are 
processable from solution, though more reproducible results were obtained for polymer 
2. Clicking bisurea molecules into thermoplastic elastomers using our supramolecular 
approach is possible when there is a perfect fit between the hydrogen bonding units of 
the molecules and the polymer. In the case of polymer 1, we found that matching dye 
molecule 3 was released much slower than its non-matching variation 4. Therefore we 
conclude that there is a more efficient interaction between the polymer hard blocks 
and matching dye 3 than with non-matching dye 4. The urethane groups in this 
polymer are part of the polymer hard block and are separated by a butylene spacer 
from the urea, the same spacer length as between the two urea groups. Dye 3 can 
therefore hydrogen bond either to a urethane-butylene-urea or a urea-butylene-urea 
repeat.  
Binding to the urea-butylene-urea repeat in the polymer will result in the strongest 

interaction between polymer and dye molecule (Figure 10). However, it appears that 
this is not the dominating interaction, since dye 3 is completely released from the 
polymer film. When polymer 2 containing a bis(ureido)butylene hard block was used, a 
striking difference was observed. Matching dye 3 was released from polymer 2 for only 
30% after a few days of washing, while in the same time non-matching dye 4 was 
completely released from the polymer film. The release curves of samples that were 
prepared by solvent casting without further treatment, thermal annealing after solvent 
casting or mechanical loading after solvent casting, were exactly overlapping for the 
matching and non-matching dyes. Indeed a precise fit between recognition units in 
both the polymer and the dye molecules, results in highly selective incorporation of 
this dye molecule in the polymer hard block stacks.  
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The melting behavior of polymers 1 and 2 supports our theory of a perfect fit. For 
polymer 1 a broad melting transition was observed, while polymer 2 showed a narrow 
melting trajectory. This behavior is reflecting the organization of the hard blocks in the 
two polymers. In polymer 1, hard segments can shift with respect to the next hard 
segment (Figure 10) resulting in many different type of interactions. Breaking of the 
different types of interactions appears to happen at different temperatures, resulting in 
a broad melting transition. In polymer 2 there are only two urea groups involved in 
hydrogen bonding. In this case, the bisurea segments are stacked exactly on top of 
each other, causing the narrow melting trajectory.  
Both poly(urethane)urea 1 and poly(urea) 2 are in principle suitable as a biomaterial 

due to their interesting mechanical properties, biocompatibility and processability. 
However, bis(ureido)butylene functionalized dye molecules can only be incorporated 
with high selectively into the hard block stacks of poly(urea) 2. Finally, promising 
preliminary experiments showed that the bis(ureido)butylene containing PCL polymer 
(2_2000) is better capable of retaining the bisurea functionalized GRGDS peptide as 
compared to the HMW PCL. The selective cell adhesion on polymer 2 containing 
peptide 5, indicates a successful incorporation of bioactivity in the polymer hard block 
stacks via our proposed modular approach. 
 

Experimental Section 

 
Materials and General Synthetic Procedures. Benzyl chloroformate, 6-aminohexanoic acid, poly(ε-
caprolactone)diol (Mn = 1250 and 2000 g/mol), dicyclohexylcarbodiimide (DCC), p-toluenesulfonic 
acid·H2O, and 4-(N,N-dimethyl)aminopyridine (DMAP) were purchased from Acros. Sodium hydroxide 
(NaOH), 4 Å molsieves, and Pd/C(10%) were purchased from Merck. Dibutyltin dilaurate, 1,4-
diaminobutane, hexylamine, and high molecular weight PCL (80.000 g/mol) were purchased from Aldrich. 
1,4-Diisocyanatobutane, sodium dodecyl sulfate (SDS), 1-Hydroxybenzotriazole hydrate (HOBt), 
diisopropylcarbodiimine (DIPCDI) and 6-(Fmoc-amino)caproic acid were purchased from Fluka. Wang-
resin (D-1250) loaded with 0.63 mmol gram–1 FMOC protected serine (FMOC-Ser(tBu)), FMOC-Asp(OtBu), 
FMOC-Gly and FMOC-Arg(PMC) were purchased from Bachem (kindly provided by the University of 
Nijmegen). All solvents were purchased from Biosolve. Deuterated solvents were purchased from 
Cambridge Isotope Laboratories. Water was always demineralized prior to use. Chloroform was dried over 
molsieves. Further chemicals were used without further purification. All reactions were carried out under 
a dry argon atmosphere, except for the synthesis of peptide 5. Infrared spectra were measured on a Perkin 
Elmer Spectrum One FT-IR spectrometer with a Universal ATR Sampling Accessory. 1H-NMR and 13C-NMR 
spectra were recorded on a Varian Gemini 300 or a Varian Mercury 400 NMR spectrometer. Molecular 
weights of the synthesized polymers were determined by GPC using a poly(styrene) calibrated PL-GPC 120 
high temperature chromatograph that was equipped with a PL gel 5 µm mixed-C column, an autosampler 
and an RI detector at 80 °C in 1-methyl-2-pyrrolidinone (NMP). Reversed phase liquid chromatography-
mass spectroscopy (RPLC-MS) was performed on a system consisting of the following components: 
Shimadzu SCL-10A VP system controller with Shimadzu LC-10AD VP liquid chromatography pumps with 
an Alltima C18 3u (50 mm × 2.1 mm) reversed phase column and gradients of water-acetonitrile-2-
propanol (1:1:1 v/v supplemented with 0.1% formic acid), a Shimadzu DGU-14A degasser, a Thermo 
Finnigan surveyor autosampler, a Thermo Finnigan surveyor PDA detector and a Finnigan LCQ Deca XP 
Max. 
 
Synthesis of Poly(urethane urea) 1_2000. Polycaprolactonediol (10 g, 5 mmol, Mn = 2000) was dissolved 
in 100 mL of CHCl3, dried over MgSO4 and filtered during transfer to the reaction flask. Under an argon 
atmosphere, 1,4-diisocyanatobutane (1.9 mL, 15 mmol) and 4 drops of dibutyltin dilaurate were added to 
this solution. This solution was refluxed overnight at 85 °C under argon. After precipitation in heptane a 
white powder in a yield of 80% was obtained. This isocyanate-functionalized polycaprolactone (9.7 g, 4.2 
mmol) was then dissolved in 200 of mL dry CHCl3. Subsequently 1,4-diaminobutane (0.42 mL, 4.2 mmol) 
was dissolved in 50 mL of dry CHCl3 and slowly added dropwise to the first solution until the isocyanate 
signal in IR had disappeared. Precipitation in hexane resulted in a white flaky solid in 75% overall yield. 
FT-IR: ν = 3326, 2943, 2866, 1723, 1680, 1623, 1575, 1538 cm–1. 1H-NMR (CDCl3/MeOD): δ = 5.2–5.0 (b, 
6H), 4.23 (t, 4H), 4.06 (t, 2(2n)H), 3.70 (t, 4H), 3.16 (b, 12H), 2.31 (t, 2(2n)H), 1.65 (m, 2(4n)H), 1.51 (m, 
12H), 1.40 (m, 2(2n)H) ppm, with n ≈ 17. 13C-NMR (CDCl3) : δ = 173.5, 68.7, 63.9, 63.0, 40.0, 39.7, 33.7, 
28.3, 26.9, 26.7, 27.9, 25.1, 24.2  ppm. GPC: Mn = 86 kg/mol, Mw = 192 kg/mol, PD = 2.2. 
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Synthesis of Poly(urethane urea) 1_1250. This polymer was synthesized in a manner similar to 
poly(urethane urea) 1_2000. Overall yield = 56%, FT-IR, 1H-NMR (CDCl3/MeOD) and 13C-NMR (CDCl3) 
similar to 1_2000, with n ≈ 10. Mn, Mw and PD were not determined. 
 
Synthesis of Poly(urea) 2_2000. Poly(ε-caprolactone) (Mn = 2000 g/mol, 10 g, 5 mmol), N-carbobenzoxy-
6-aminohexanoic acid14 (2.8 g, 11 mmol), 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS)15 (0.7 g, 
2.5 mmol) and DCC (3 g, 15 mmol) were dissolved in CHCl3 and the reaction was allowed to stir for 48 h. 
The reaction mixture was filtered and the solvent was evaporated. The remaining solid material was 
dissolved in 100 mL of CHCl3 and precipitated in hexane. To remove the remaining DPTS, the product was 
stirred in MeOH. After removing the MeOH, polymer 2a was obtained as a white powder in a 64% yield 
(Scheme 1). A solution of 2a (4 g, 1.6 mmol) in 100 mL of EtOAc/MeOH (v/v 2:1) and 400 mg of 10% Pd 
supported on activated carbon was subjected to hydrogenation under a H2 blanket at room temperature 
for 4 h. After filtration over Celite, the product was isolated by precipitation in hexane, resulting in 
compound 2b, as a white powder in a 95% yield. Compound 2b (14 g, 6.35 mmol) was dissolved in 100 mL 
of CHCl3. A solution of 560 µL 1,4-diisocyanatobutane in 5 mL of CHCl3 was slowly added by drops until 
the signal corresponding to amino methylene protons were no longer visible in 1H-NMR. The product was 
isolated in a 58% overall yield by precipitation in hexane. FT-IR: ν = 3332, 2942, 2866, 1723, 1620, 1575 
cm–1. 1H-NMR (CDCl3): δ = 5.0–4.8 (b, 4H), 4.23 (t, 4H), 4.07 (t, 2(2n)H), 3.70 (t, 4H), 3.18 (b, 8H), 2.31 (t, 
2(2n+2)H), 1.68 (m, 2(4n+2)H), 1.53 (m, 8H), 1.37 (m, 2(2n+2)H) ppm, with n ≈ 17. 13C-NMR (CDCl3) : δ = 
173.5, 158.8, 69.0), 64.1, 63.2, 40.1, 39.8, 34.1, 29.9, 28.3, 27.5, 26.3, 25.5, 24.5 ppm. GPC: Mn = 34 
kg/mol, Mw = 102 kg/mol, PD = 3.0. 
 
Synthesis of Poly(urea) 2_1250. This polymer was synthesized in a manner similar to poly(urea) 2_2000. 
Overall yield = 31%, FT-IR, 1H-NMR (CDCl3/MeOD) and 13C-NMR (CDCl3) similar to 2_2000, with n ≈ 10. 
GPC: Mn = 56 kg/mol, Mw = 109 kg/mol, PD = 1.9. 
 
Synthesis of Azobenzene dyes 3 and 4. The synthesis of azobenzene dyes 3 and 4 was reported 
elswhere11. 
 
Synthesis of 1-Hexyl-3-(4-isocyanato-butyl)-urea. Diisocyanatobutane (5.5 g, 39.5 mmol) was dissolved 

in 30 mL of dry chloroform and a solution of hexylamine (0.4 g, 3.95 
mmol) in 10 mL of dry chloroform was added by drops. The reaction was 
allowed to stir for 30 min after which the reaction mixture was filtrated. 
The filtrate was reduced in volume and precipitated in hexane twice. A 

white solid was obtained in quantitative yield. FT-IR: 3325, 2955, 2930, 2860, 2264, 1615, 1571 cm–1. 1H-
NMR (CDCl3): δ = 4.23 (b, 2H), 3.35 (t, 2H), 3.21 (t, 2H), 3.16 (t, 2H), 1.63 (m, 6H), 1.49 (m, 2H), 1.29 (m, 
4H), 0.89 (t, 3H). 
 
Synthesis of (S)-N-((S)-1-Carboxy-2-hydroxy-ethyl)-3-(2-{(S)-5-guanidino-2-[2-(6-{3-[4-(3-hexyl-ureido)-

butyl]-ureido}-hexanoylamino)-acetylamino]-pentanoylamino}-acetylamino)- succinamic Acid (5). 

Starting with the Wang-resin loaded with Fmoc protected serine (1.5 g, 0.95 mmol), manual peptide chain 
assembly was carried out using DIPCDI/HOBt mediated (3.3/3.6 equiv with respect to peptide-resin) 
couplings in DMF. The Wang-resin loaded with Fmoc protected serine was allowed to swell in DMF and  
the Fmoc removal was achieved with 20% piperidine/DMF for 30 min followed by washes with DMF (3 × 5 
min). Three equivalents of Fmoc protected amino acids were incorporated in separate syntheses; Fmoc-
Asp(OtBu) (1.2 g, 2.9 mmol), Fmoc-Gly (0.84 g, 2.8 mmol), Fmoc-Arg(PMC) (1.9 g, 2.9 mol) and Fmoc-Gly 
(0.84 g, 2.8 mmol) were separately dissolved in DIPCDI/HOBt coupling reagents (6.5 mL) and were allowed 
to react at least 30 minutes with the loaded Wang-resin. Kaiser tests, based on ninhydrin, showed the 
presence of free amine groups after each step, indicating a successful reaction (removal of Fmoc or 
coupling of an amino acid). The obtained product on the resin was washed with dichloromethane (2 × 5 
min) and with Et2O (1 × 5 min) and dried by air. Fmoc removal of this Fmoc–GRGDS–resin (0.63 g, 0.26 
mmol) was achieved with 20% piperidine/DMF and the GRGDS–resin was washed with DMF (3 × 5 min) 
and allowed to swell. 6-(Fmoc-amino)caproic acid (0.32 g, 0.91 mmol) dissolved in 2.1 mL DMF containing 
DIPCDI/HOBt (1:1:1 equiv) was allowed to react with  GRGDS-resin for one hour and was then washed 
with DMF (3 × 5 min). Fmoc was again removed by 20% piperidine/DMF. Three equivalents of 1-hexyl-3-
(4-isocyanato-butyl)-urea (0.10 g, 0.43 mmol), were added and allowed to react overnight. After filtration, 
the resin was washed three times with DMF and three times with DCM. The product was cleaved off the 
resin by 95% TFA/H2O (2 mL) at ambient conditions for six hours, filtered, precipitated in Et2O and spun 
down (2 minutes at 4300 RPM). The product was stirred up in Et2O and spun down three more times. The 
white residue was subsequently freeze dried three times from water with 10–33% acetonitrile, which 
resulted in a white fluffy powder. No TFA was observed anymore by 19F NMR. LC-MS revealed one peak in 
the chromatogram with m/z observed mass: [M + H]+ = 845.5 g/mol and [M + H]2+ = 423.3 g/mol. 
Calculated mass: 844.96 g/mol. 

N
H

N
H
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Azobenzene Dye Release Experiments. Films were cast from solutions containing polymer 1 or 2, each 
containing 0.25 wt % of either azobenzene dye 3 or 4 (Chart 1). Polymer 1 was cast from CHCl3/MeOH 
(v/v ~ 2:1) and polymer 2 from CHCl3. Pieces of the same size were cut from all films and weighed to 
determine the total amount of dye in each film. The films were placed in 15 mL of a stirred 0.1 M dodecyl 
sulfate, sodium salt (SDS) solution. UV-vis spectra of the SDS solution were measured on a Perkin Elmer 
Lambda EZ210 after different time intervals to determine the amount of dye released. (Extinction 
coefficient of the dye was found to be 25 × 103  M–1 cm–1,  λmax = 400 nm.)  
 
Differential Scanning Calorimetry. Differential Scanning Calorimetry (DSC) measurements were 
performed on a Perkin Elmer Differential Scanning Calorimeter Pyris 1 with Pyris 1 DSC autosampler and 
Perkin Elmer CCA7 cooling element under a nitrogen atmosphere. Melting and crystallization 
temperatures were determined in the second heating run at a heating/cooling rate of 10 °C min–1, glass 
transition temperatures at a heating rate of 40 °C min–1. 
 

Variable Temperature Infra Red. Variable Temperature Infra Red spectra were recorded at an Excalibur 
FTS 3000 MX from Biorad. All samples were allowed to reach the set temperature for 5 minutes before 
recording the IR spectrum. 
 

Optical Microscopy. Flow temperatures were determined using a Jeneval microscope equipped with a 
Linkam THMS 600 heating device at a heating rate of 2 °C/min.  
 

Atomic Force Microscopy. AFM images were recorded at 37 °C in air using a Digital Instrument 
Multimode Nanoscope IV operating in the tapping regime mode using silicon cantilever tips (PPP-NCH-50, 
204–497 kHz, 10–130 N/m). Scanner 6007JVH was used with scan rates between 0.5 and 1 Hz. All 
images are subjected to a first-order plane-fitting procedure to compensate for sample tilt. Glass cover 
slips were cleaned by sonicating in acetone, rinsed with acetone and subsequently dried. AFM samples 
were prepared by drop casting on the glass cover slips from CHCl3/MeOH (v/v ~ 8:2) or CHCl3 (1.0 
mg/mL) for polymers 1 and 2, respectively. The solvent was allowed to evaporate under ambient condition 
and was subsequently dried in a vacuum at 40 °C for approximately 3 h.  

Mechanical Testing. Tensile bars were punched from polymer films prepared by solution casting polymer 
films from CHCl3/MeOH (v/v ~ 8:2) or CHCl3 for polymers 1 and 2 respectively. After slowly evaporating 
the solvent, the films were thermally annealed at approximately 20 °C beneath their melting temperatures: 
100°C and 80 °C for polymer 1 and 2, respectively. The salt leached scaffolds were prepared by dissolving 
1 g of 2_1250 and 10 g of salt crystals (sifted to be ~100–200 µm) in 10 mL of CHCl3. Films were drop cast 
when the mixture was homogeneous. After all CHCl3 was evaporated, the film was placed in 1.5 L demi-
water and was refreshed several times to remove all salt crystals. After drying the scaffold, the sample was 
thermally annealed at 80 °C for 4 h. Then the scaffolds were placed in water at 37 °C for 2 days. The 
samples were measured directly after removing them from the water bath also at 37 °C. Tensile properties 
were measured according to ASTM D 1708-96. Grip-to-grip separation in some cases was <22 mm, 
however, sample rupture at the clamps was never observed. Testing was conducted in a Zwick Z100 
Universal Tensile Tester equipped with a 2.5 kN load cell. A crosshead speed of 20 mm/min was used. At 
least four samples were evaluated for each polymer. Due to the shape of the curves, yield stresses and 
strains were determined by determining the intersection point of the two tangents to the initial and final 
parts of the load elongation curves16. An indicative Young’s modulus was determined by calculating the 
slope at zero strain. 
Cyclic loading was performed at 0.5 Hz for 1000 repetitive cycli. The experiment was force controlled and 
in each cycle the sample was loaded up to 0.9 MPa.  
 

Electrospinning. A home built electrospinner was used, equipped with a KD Scientific syringe pump and 
a high voltage source. A 7.4 wt % solution of polymer 1_1250 in CHCl3/MeOH (v/v = 9:1) was spun at a 
feed rate of 5–10 µL min–1. The tip-to-target distance was 19 cm and the applied voltage was 15 kV. A 15 
wt % solution of polymer 2_1250 was spun at a feed rate of 15 µL min–1. The tip-to-target distance was 23 
cm and the applied voltage was 10 kV. 
 

Cell Proliferation Assay. Films of poly(urea) 2_2000 were made by drop casting the polymers from THF 
on glass coverslips (diameter = 1.5 mm). The films were dried in vacuo at 37 °C for at least 2 days and 
sterilized with UV for at least 2 hours. GPC and NMR confirmed that no degradation of the material had 
occurred during UV treatment. 3T3 mouse fibroblasts were seeded in two densities (1·103 cells/cm2 or 
4·103 cells/cm2; medium: 500 mL DMEM + 500 mL Ham’s F12 + 100 mL FBS + 5 mL l-glutamine + P/S) 
on these films in duplicate in a humidified incubator at 37 °C and 5% CO2. The cells were studied in time 
with optical microscopy. 
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Viability Assay. The cell viability of 3T3 mouse fibroblasts seeded in medium that had been incubated 
with poly(urea) 2_2000 was investigated using the LDH (lactate dehydrogenase) leakage kit (Sigma-
Aldrich). Drop cast films (from THF) were sterilized with UV for 2 h on each site, prior to use. The polymer 
was incubated (0.2 g/mL medium) with medium with FBS (composition was the same as described for the 
cell proliferation assay) for 24 h at 37 °C and 5% CO2 (no prewash). After that the medium was refreshed 
and the polymers (0.2 g/mL medium) were incubated again in medium with FBS for another 24 hours at 
37 °C and 5% CO2 (24 h prewash). This procedure was repeated three more times, resulting in samples 
48, 72, and 96 h prewash. Latex gloves (negative control; sterilized using the autoclave) and ultra high 
molecular weight polyethylene (positive control; UHMWPE) were used as controls and were treated in the 
same way, except being incubated twice. The incubated medium (150 µL/well of a 96-wells plate) was 
added to the cells (cultured at a starting density of 2.5 ×103 cells/well in a 96-wells plate for 48 h. 
Beforehand we determined that these cells were 55% confluent at this seeding density after two days), and 
the cells were cultured for 48 h at 37 °C and 5% CO2. 
 

In vivo Tissue Reaction. Solution cast films (from THF) of 2_2000 (diameter = 6 mm, thickness = ~0.4 
mm) were incubated in demi-water at 37 °C for 3 hours, water was then refreshed and the samples were 
again incubated overnight. The subsequently dried samples were implanted subcutaneously into male 
Albino Oxford (AO) rats (n = 3 per time point), after sterilization of the disks with UV for at least 2 h on 
each side. The rats had an age of approximately 10–12 weeks. Animal experiments were carried out 
according to the NIH guidelines for care and use of laboratory animals. The rats were anesthetized with a 
mixture of halothane, N2O and O2. The animals were shaved and disinfected. The subcutaneous pockets 
were made on the back of the rat; three on the right and three on the left side. One sterilized disk was 
placed in each pocket. The animals were housed in a temperature-controlled (20 °C) and humidity-
controlled room with 12 hours light/dark cycles after the surgery. They had access to water and standard 
rat chow ad libitum. Under general inhalation anesthesia, disks were explanted after which the animals 
were euthanized by cervical dislocation. The disks together with the surrounding tissue were explanted at 
day 2, 5, 10, 21 and 42 and fixed in glutaraldehyde and embedded in plastic (Technovit 7100 cold curing 
resin based on hydroxyethyl methacrylate (HEMA), Kulzer Histo-Technik) subsequently. Three disks were 
implanted for each time point. The tissue slices (thickness = 2 µm) were stained with toluidine blue for 
histological examination with optical microscopy. 
 

Extraction Experiments. Glass cover slips (1.5 cm ∅) were sonicated in acetone for 15 min, rinsed and 
dried by air flow. Polymer 2_2000 (203.0 mg, 89.45 µmol) was dissolved in 25.0 mL of THF. Functionalized 
peptide 5 (1.498 mg, 1.773 µmol) was first dissolved in 2.0 mL of THF by sonicating for 10 min, another 
3.0 mL of THF were added and the solution was sonicated for 10 min. Finally 5.0 mL of THF was added 
and the solution was sonicated once more. 12.5 mL of the 2_2000 solution was added to the solution of 5. 
High molecular weight PCL (121.6 mg, 1.52 µmol) was dissolved in 12.50 mL of THF. Peptide 5 (1.559 mg, 
1.845 µmol) was dissolved in 1.0 mL of THF by sonicating for 10 min, diluted with 4.0 mL and again 
sonicated for 10 min. Finally another 5.0 mL of THF was added. The PCL and peptide 5 solutions were 
mixed and 1.0 mL of THF was used to carry over all material. Two polymer films, 2_2000 with 4 mol % of 
peptide 5 incorporated (based on the number of bisurea units) and PCL containing the same amount of 
peptide 5, were obtained by drop casting 50 µL of the desired polymer solution onto the cleaned 
microscope glasses. The solvent was allowed to slowly evaporate overnight by covering the samples by a 
Petri dish. Both films were incubated in 1.00 mL of water at 37 °C for 48 h. The extraction of the peptide 
out of the polymer films was quantified using reversed phase liquid chromatography – mass spectroscopy 
(LC-MS). Calibration was performed by quantifying one fragment of the parent ion (MS2) of the peptide, 
using various concentrations of peptide. The surface area of the corresponding peak in the total ion count, 
was calculated with the ICIS algorithm. 
 
Cell Culture Medium. 3T3 mouse fibroblasts were cultured in a 1:1 mixture of Ham’s F-12 with L-
glutamine (Biowittaker), supplemented with 1% pencillin, 1% streptomycin (Biochrom AG; 1000 u, 10.000 
µg/mL) and 10% Fetal Bovine Serum (FBS) (Biochrom AG) and of Dulbecco’s Modified Eagle’s Medium 
(DMEM) with 1 g/L glucose without L-glutamine, supplemented with 1% pencillin, 1% streptomycin 
(Biochrom AG; 1000 u, 10.000 µg/mL) 1% glutamine (BioWhittaker, 200 mM in 0.85% sodiumchloride 
solution) and 10% FBS.  
 
Cell Growth. 3T3 Swiss mouse fibroblasts were cultured in a humidified incubator at 37°C and 5% CO2. 
Before seeding the cells on the materials, they were washed twice with PBS solution. The cells were 
trypsinized with a trypsin-EDTA solution, washed with PBS and counted after trypan-blue staining in a 
Neubauer counting chamber. The cells were then seeded in the culture medium (with or without FBS 
supplemented, as indicated) on the films. The passage of the cells was always between 10–80 and the 
viability was above 97%. 
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Cell Adhesion Experiments.  3T3 Mouse fibroblasts (5 × 104 cell cm–2) were seeded on cover slips coated 
with PCLU4U containing 4 mol % of peptide 5, bare PCLU4U, glass or PS culture dish in 200 µL medium 
(without FBS). They were incubated for 5 minutes at room temperature, after which 1 mL medium (with or 
without FBS, as indicated) was added. The samples were incubated and studied with optical microscopy 
(Zeiss Axiovert 25 microscope with a DSC-S75 Sony camera). 
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Poly(caprolactone-co-oxo-crown ether) Based 

Poly(urethane)urea for Soft Tissue 

Engineering Applications  

Random copolymers of ε-caprolactone and 2-oxo-12-crown-4 ether, poly(CL-co-OC), 
were used as soft segments in the synthesis of a set of poly(urethane)urea 
thermoplastic elastomers. With increasing OC content, the crystallinity of the proposed 
soft segment decreased, which influenced the mechanical properties: strain induced 
crystallization disappeared upon the introduction of OC into poly(CL). The material 
therefore became weaker, however, without a reduction in strain at break. All polymers 
showed mechanical properties that are suitable for soft tissue engineering. 
Degradation studies revealed a higher intrinsic rate of hydrolysis of poly(CL-co-OC) 
copolymers as compared to poly(CL). When at least two neighboring OC units were 
present in the soft segment, a jump in the intrinsic hydrolysis rate was observed. From 
this study we deduced an ideal OC:CL ratio of up to ~20 mol % of OC for the 
thermoplastic elastomer soft segments for soft tissue engineering applications. An in 
vitro degradation study of these poly(urethane)urea showed an increased weight loss. 
Combined with the enhanced hydrophilicity and reduced crystallinity, we are confident 
that this will indeed lead to an increased degradation rate in vivo. 
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3.1 Introduction 

The development of new synthetic scaffold materials for soft tissue engineering has 
received much attention in recent years. Promising candidates for this application are 
the polyurethanes (PU) due to their good mechanical compatibility with soft tissues1. 
Poly(ε-caprolactone) (poly(CL)) is often applied as soft block material.2–4 However, it is 
known that the degradation time of poly(CL) in vivo can be as long as 2 years.5 
Albertsson et al. have synthesized 1,5 dioxepan-2-one (DXO) that is known to have a 
slightly higher hydrolysis rate as compared to CL in an attempt to solve this problem.6 
Also increasing the hydrophilicity and reducing the crystallinity of the soft block 
material are ways to increase the degradation rate of PCL in a controllable way.7 A 
well-known hydrophilic polymer is poly(ethylene oxide) (PEO). Introducing PEO units 
into the poly(CL) backbone leads to increased water uptake and accelerated ester 
hydrolysis.8–10 Woodhouse et al. have blended poly(CL) and PEO based polyurethanes 
for this purpose. Rapid initial degradation was observed in buffer, most probably due 
to a loss of the PEO based material, followed by a slower degradation of the poly(CL) 
based PU. At the same time the blends are weaker and less tough with increasing 
amount of PEO based material.8 Block copolymers of PEO and poly(CL) have been used 
as soft segments for PUs as well. Again, an increased water uptake results in a faster 
in vitro degradation9,10 and reduced mechanical properties10.  
Recently, Lars van der Mee and Anja Palmans of our laboratory have introduced 2-

oxo-12-crown-4 ether (OC) as a novel hydrophilic lactone monomer11,12 (scheme 1). 
Ring-opening polymerization of this strain free lactone catalyzed by Novozym 435, an 
immobilized form of the lipase B of Candida antartica (CALB), is fast and effective. 
Poly(OC) is a hydrophilic polyester that is soluble in water. Hydrolysis studies have 
shown a steady decrease of the molecular weight (40% reduction in weight in 8 days), 
suggesting that the poly(OC) ester bonds have a higher intrinsic hydrolysis rate than 
poly(CL) ester bonds.  
Here, we focus on the copolymerization of CL and OC with CALB, with the aim to 

obtain random copolymers that are more hydrophilic than poly(CL) itself. Copolymers 
with various CL:OC ratios are studied to select the ideal OC:CL ratio. Prepolymers with 
varying CL:OC ratios are subsequently applied as soft segments in poly(urethane)urea 
(PUU) aiming at a set of materials with controlled degradation rates. All the resulting 
polymers are fully characterized by NMR, IR, GPC and DSC. Moreover, their 
mechanical properties are evaluated and compared to well-known poly(CL) based 
PUUs. Finally, we will rationalize the degradation behavior of the three studied PUUs. 
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Scheme 1. Chemical structure of 2-oxo-12-crown-4 ether (OC) and its polymer poly(OC). 

3.2 Synthesis, characterization and degradation of Poly(CL-co-OC) copolymers 

Copolymers with various OC:CL ratios (100:0, 93:7, 82:18, 53:47 or 34:66) were 
obtained by Jorg Roosma through enzymatic ring opening polymerization of CL and OC 
by Novozym 435. By varying the ratio of the two lactones, the molecular weight and 
composition of the prepolymers could be tuned. It was previously found that the use of 
Novozym 435 in copolymerization results in random copolymers.12,17 In the 
characterization of this set of materials, 1H-NMR spectroscopy was used to determine 
the randomness of HMW versions of the copolymers, in analogy to previously reported 
copolymers of OC and ω-pentadecalactone12 (see also experimental section). The 
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resulting values of the experimental and calculated dyad fractions, and the average 
sequence lengths of OC and CL units, LOC and LCL, are summarized in Table 1. The 
experimental values are in good agreement with the calculated values for all 
copolymers analyzed. As expected for a random copolymer, the randomness factor R (= 
LOCR/LOC)  is always close to 1. These results are also in good agreement with the 
previously reported poly(PDL-co-OC) copolymers12.  
 

Table 1. Determination of the randomness of HMW poly(CL-co-OC) with various compositions. 

Observed 

CL/OC 

Molar 

Ratio 

Observed 

fOC-OC 

(Calcd.)
a
 

Observed 

fCL-CL 

(Calcd.)
a
 

Observed 

fOC-CL 

(Calcd.)
a
 

Observed 

fCL-OC 

(Calcd.)
a
 

 

LOC
b 

(LOC
R
)
a
 

 

LCL
b 

(LCL
R
)
a
 

 

ROC
c
 

93/7 
0.004    

(0.005) 
0.866    

(0.865) 
0.063    

(0.065) 
0.067    

(0.065) 
1.06    

(1.08) 
13.84    

(14.29) 
1.01 

82/18 
0.030    

(0.032) 
0.664    

(0.672) 
0.152    

(0.148) 
0.154    

(0.148) 
1.20    

(1.22) 
5.32    

(5.56) 
1.02 

53/47 
0.212    

(0.185) 
0.272    

(0.281) 
0.252    

(0.228) 
0.264    

(0.228) 
1.84    

(1.81) 
2.03    

(2.23) 
0.98 

34/66 
0.410    

(0.436) 
0.110    

(0.116) 
0.215    

(0.224) 
0.266    

(0.224) 
2.90    

(2.94) 
1.42    

(1.52) 
1.01 

 (a) Observed from 1H-NMR spectra or calculated for a random copolymer chain. (b) LOC and LCL were 
derived from 1H-NMR spectra; LOCR an LCLR were calculated for a completely random copolymer chain. (c) 
Degree of randomness for the OC monomer. 

 

To study the intrinsic hydrolysis rate, these polymers were stirred in a THF/water 
solution (v/v = 1:1) at 37 °C and GPC data were collected as a function of time. Figure 
1 shows the decrease of Mp in time (Mp values: see experimental section), and the GPC 
traces of poly(CL-co-18 mol % OC) and poly(CL-co-66 mol % OC) are reported in Figure 
2. With increasing amounts of OC, a slightly faster decrease in molecular weight was 
observed. However, a striking difference is observed when going from poly(CL-co-47 
mol % OC) to poly(CL-co-66 mol % OC). The latter shows a significantly faster decrease 
in molecular weight. Furthermore, in the GPC traces beyond 18 days, we can already 
find monomers and small oligomers. From Table 1, we know that there are most 
probably at least two neighboring OC units (LOC > 2) in those polymers, while that 
chance is still very small in the former (LOC < 2). Apparently, the presence of two 
connected OC units increases the hydrolysis rate dramatically. 
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Figure 1. Mp decrease in time for various compositions of poly(CL-co-OC). 
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On account of the results just described, we decided to use three compositions 
containing up to ~20 mol % of OC in poly(CL-co-OC) as prepolymers for the PUU 
synthesis. We know from previous research that PUUs with PEO in the poly(CL) soft 
segment reduced mechanical properties.10 In the extreme case of a pure PEO soft 
segment, the resulting polymer is a tacky, semi-viscous material, without useful 
mechanical properties.4b, 18a Because PEO and poly(OC) are very similar in chemical 
structure and properties, a similar trend is expected to hold for the introduction of 
poly(OC) into the poly(CL) soft segment. We anticipate that using up to ~20 mol % of 
OC will not lead to severely decreased mechanical properties. The reduction in 
mechanical properties is due to (partial) hydrogen bonding of the urea N–H not just to 
the carbonyl of another urea, but also to the ether oxygens in the soft segments18b, 
resulting in reduced phase separation between hard and soft segments. This event 
would rule out the concept of a modular and supramolecular approach to introduce 
biofunctionalities into the polymers as we recently introduced.19 In this approach we 
functionalize for example peptides with the same hydrogen bonding unit as present in 
the polymer hard segment. By simply mixing this peptide with the desired polymer, the 
peptide is strongly incorporated into the polymer hard segment stacks by specific 
hydrogen bonding interactions. Such an approach would loose its specificity when 
ether units from the soft segment are disrupting the well-defined supramolecular hard 
segment stacks. Finally, Figure 1 shows a dramatic jump in degradation speed when 
going from poly(CL-co- 47 mol % OC) to poly(CL-co-66 mol % OC). And although the in 
vivo degradation time for soft tissue engineering applications is not exactly known, it is 
proposed that scaffold degradation should take place within several weeks to months, 
depending on each specific application.20 Therefore, the hydrolysis rate of poly(CL-co-
66 mol % OC) is too fast for tissue engineering applications, especially for load bearing 
applications such as cardiovascular tissue engineering. For all these reasons, the 
choice for PUUs based on poly(CL-co- OC) soft segments containing up to ~20 mol % of 
OC is regarded as the right choice. 
 

  
Figure 2. GPC traces of A) poly(CL-co-18 mol % OC) and B) poly(CL-co-66 mol % OC) when stirring in 
THF/water (1/1, v/v) in time. The numbers in B) denote the number of repeating monomer units (CL 

and/or OC) in the oligomers. * 3,4-dibutyl4-hydroxytoluene (BHT, a stabilizer in THF). 
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3.3 Synthesis and characterization of Poly(CL-co-OC) Poly(urethane)urea PUU1-

PUU3 

Prepolymer diols P1–3 were obtained by enzymatic ring opening polymerization of CL 
and OC by Novozym 435, using 1,6-hexanediol as an initiator. Also the prepolymers 
synthesized here, showed a random composition (data not shown). The composition of 
the prepolymers could be determined by 1H-NMR spectroscopy and showed almost the 
same composition as the monomer feed (Table 2). After precipitation all prepolymer 
diols showed a relatively low polydispersity of approximately 1.4.  
 

Table 2. Composition and molecular weights of synthesized poly(CL-co-OC) diol prepolymers.  

Prepolymers Feed ratio 

poly(CLn-co-OCm) 
(n:m) 

Observed molar 
ratio (

1
H-NMR) 

poly(CLn-co-OCm) 
(n:m)  

Mn (GPC) 

[g/mol]
a 

Mw (GPC) 

[g/mol]
a 

P1 100:0 100:0 3730 5160 

P2 95:5 97:3 3330 4600 

P3 80:20 86:14 3320 4650 

(a) All GPC were measured in NMP relative to polystyrene standards. 

 
Prepolymer diols P1–P3 were end capped with an excess of diisocyanatobutane using 

dibutyltin dilaurate as a catalyst. The resulting macro-diisocyanate was isolated by 
precipitation and was subsequently chain extended with 1,4-diaminobutane resulting 
in three poly(urethane)ureas PUU1–PUU3, respectively (Scheme 2). The structures of 
all poly(urethane)ureas were confirmed by 1H-NMR spectroscopy (see experimental 
section, Figure E1), GPC and IR. 
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Scheme 2. Chemical structure of poly(CL-co-OC) prepolymer (top) and the corresponding PUU (bottom). 

The thermal properties of PUU1–PUU3 were studied by Differential Scanning 
Calorimetry (DSC). All polymers were measured between –100 °C and 180 °C. The 
second run at 10 °C/min was used to determine the melting and crystallization 
transitions, while the third heating run at 40 °C/min was used to determine the glass 
transition temperature. Flow temperatures were determined by optical microscopy. The 
results are presented in Table 3 and the DSC curve of PUU1 is shown in Figure 3.  
PUU1 has a glass transition at –54 °C, close to the Tg of high molecular weight 

poly(CL) (Tg = –60 °C) 21. When OC was introduced in PUU2 and PUU3, a single Tg 
between the Tg of the respective homopolymers, poly(CL) and poly(OC) (Tg = –40 °C)12 
confirmed the random distribution of OC and CL. All traces showed only one melting 
transition that was attributed to melting of the poly(CL-co-OC) soft segment. Poly(CL) is 
known to be semicrystalline. However, in the copolymer, OC can strongly reduce the 
crystallinity of poly(CL), as can be seen from the decreasing melting and crystallization 
temperatures as well as the decreasing melting enthalpy, with increasing amounts of 
OC. 

 



Chapter 3 

 

44 

Table 3. Thermal properties of the PUUs. 

Polymer Tg [°C] Tm,s
a
 [°C] Tc,s

a
 [°C] ∆H [J/g] Tflow

 b
 [°C]

 

PUU1 –54 19 2 17.4 160–175 

PUU2 –51 21 –9 11.9 140–174 

PUU3 –52 –10 –36 6.7 140–160 

(a) Tm,s and Tm,s: melting and crystallization temperatures of the soft segment. (b) Determined with optical 
microscopy. 

 

 
Figure 3. Second DSC heating and cooling curves at 10 °C/minute of PUU1. Insert: Zoom in on Tg region. 

For the hard segments we never observed a melting or crystallization transition by 
DSC. Optical microscopy was therefore used to determine the Tflow, applying a heating 
rate of 1 °C/minute. We observed a gradual melting transition between 140 and 175 
°C. The onset of flow (locally in the sample) and the temperature at which the entire 
sample was flowing are reported in Table 3. Variable temperature IR, as performed 
before for similar poly(urethane)urea and poly(urea)18, confirmed a gradual transition 
and revealed the presence of hydrogen bonds even in the melt (Figure 4).  
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Figure 4. Representative Variable Temperature IR data of PUU2. Characteristic peaks: 1730 cm–1: C=O 
PCL and free C=O urethane; 1690 cm–1: free C=O urea; 1680 cm–1: strongly H-bonded C=O urethane; 1620 
cm–1: strongly H-bonded C=O urea; 1575 cm–1: strongly H-bonded amide II; 3330 cm–1: strongly H-bonded 
N–H; 3400 cm–1: free N–H. 
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Intermezzo: Hydrogen bonding in PCLU-(EO)2-U 
The PCLU-(EO)2-U polymer was synthesized to study the influence of ether units on hydrogen bonding 

between hard segments. In this polymer, however, the ether units are present in the hard segments 

themselves and not in the soft segments, as discussed in the remainder of this chapter. 
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Infrared analysis 

The infrared spectrum of PCLU-(EO)2-U 

shows the carbonyl band of the PCL soft 

segment at 1722 cm
–1

 (1). The N–H 

stretching band lies around 3358 cm
–1

 (2), 

which is too high for strong urea hydrogen 

bonds. Also the C=O bands at 1687 (3) 

and 1636 (4) cm
–1

, respectively, indicate 

that the urea groups in this polymer are 

partially free and partially weakly hydrogen 

bonded.  

 

Differential Scanning Calorimetry  

DSC thermograms show a single melting and crystallization 

transitionand corresponding to melting and crystallization of the 

PCL soft segment. A transition for the urea hard segment 

stacks, as observed for the PCLU4U polymer with a C4 spacer 

between the two urea groups, is lacking.  
 

Atomic Force Microscopy (AFM)  

A representative AFM phase image shows some nanorod 

formation, most probably due to urea-urea hydrogen bonding. 

However, far less then was observed for PCLU4U. At different spots of 

two samples we found slightly different morphologies. At some spots 

we found less to no fibers compared to the picture below, and in other 

spots the fibers are denser. 
 

Conclusions 

The (EO)2 spacer between the urea units is strongly interfering with 

urea hydrogen bonding, resulting a low amount of hard segment 

nanorod formation, invisible in DSC. 

 

 

 

3.4 Mechanical properties of PUU1-PUU3 

For soft tissue engineering, flexible materials are needed that are sufficiently strong 
and elastic. For example, to be suitable for cardiovascular tissues, which have 
relatively high demands, the scaffolds should have a Young’s modulus in the range of a 
few MPa, purely elastic behavior up to at least 10% strain and sufficiently high strain 
at break and tensile strength to prevent in vivo failure, as was discussed in Chapter 
2.19 The mechanical properties of our materials were studied by unidirectional tensile 
testing at ambient conditions. Representative tensile curves are plotted in Figure 5, the 
mechanical properties are listed in Table 4. 
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Figure 5. Representative  engineering stress-strain curves for PUU1, 2 and 3. 

Table 4. Mechanical properties for PUU1, 2 and 3. 

  
All polymers PUU1–PUU3 are flexible and elastic, properties typical for thermoplastic 

elastomers. The stress-strain curve of PUU1 shows a different shape as compared to 
the other two curves, most probably because the poly(CL) soft segment is 
semicrystalline. Also, PUU1 showed some strain-induced crystallization from 
approximately 500% onward. PUU2 became more opaque during tensile testing which 
indicates strain-induced crystallization. However, the stress-strain curve shows no 
evidence for strain induced crystallization. As a result, the tensile strength and 
toughness (defined as the area under the stress-strain curve) are reduced. PUU3 
stayed transparent during the whole tensile test. The tensile strength and toughness 
were further reduced, while strain at break was not changed. This trend is very similar 
as observed by others.8,10 The material seems to become a little more stiff (increased 
Young’s modulus) when OC was present in the soft segments, but no clear trend could 
be derived. Despite their differences, the polymers also have an important 
commonality: mechanical properties that are suitable for soft tissue engineering. After 
processing these materials into porous structures, we anticipate that the Young’s 
modulus will decrease and come to the appropriate range for soft tissues, as was 
shown in Chapter 2. The materials are more than sufficiently strong and tough to 
prevent in vivo failure. Finally the yield point is around 15–20% strain, which is more 
than most soft tissues will experience in vivo. 
 
3.5 In vitro degradation of PUU1-PUU3 

Small discs with a diameter of 6 mm were punched from the same films as used for 
tensile testing. These discs (n = 3 for each polymer) were then placed in 30 mL of PBS 
buffer (pH 7.4) at 37 °C while gently shaking. After 50 days, the weight loss of two of 
each three disc was determined, the third disc was weighed after 121 days (Figure 6). 
The more OC was introduced into the poly(CL) backbone, the more weight loss was 

Polymer 

(number of 

evaluated 

samples) 

E  

[MPa] 

σyield 

[MPa] 

εyield 

[%] 

Tensile 

strength 

[MPa] 

εεεεat break 

[%] 

Toughness 

[MPa] 

PUU1 (n=8) 14.4 ± 4.1 2.9 ± 0.1 17.6 ± 1.0 36.9 ± 5.7 910 ± 29 174 ± 18 

PUU2 (n=5) 33.2 ± 1.2 4.4 ± 0.1 14.3 ± 0.5 28.1 ± 0.3 1030 ± 14 173 ± 3 

PUU3 (n=6) 25.5 ± 0.5 3.9 ± 0.1 16.1 ± 0.4 18.4 ± 0.3 970 ± 30 109 ± 4 
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observed over four months. The intrinsic rate of hydrolysis has indeed increased as 
anticipated. However, a maximum weight loss of little over 2% is still relatively low. 
Yet, the in vivo degradation behavior is not only determined by the hydrolysis rate of 
the polyester, but also by morphological parameters, that is the hydrophilicity and 
crystallinity of the polymers. Since we increased also those parameters, the in vivo 
degradation behavior is expected to be relevant for soft tissue engineering purposes.  

 
Figure 6. Weight loss in time of poly(CL-co-OC) PUUs. T = 50 days: average and standard deviation of two 
measurements, t = 121 days: single measurement. 

3.6 Conclusions 
Random poly(CL-co-OC) copolymers with varying molecular weights were synthesized 

by varying the amount of OC and CL monomers, and the amount of initiator. The 
intrinsic hydrolysis rate increases when more OC was introduced, and shows an 
unexpected jump in the case of at least two neighboring OC units (situation B in 
Figure 7). This can be attributed to oxygen 1 that makes the ester carbon more 
electrophilic, in combination with oxygen 2 that provides a much better leaving group 
as compared to situation A. 

 
Figure 7. More labile ester bond in the case of an OC-OC repeat (B). 

Based on these initial results, short diol prepolymers of three different compositions 
(CL:OC = 100:0, 97:3 and 86:14) were synthesized and used as a soft segment in 
poly(urethane)urea polymers. The hard bisurea-bisurethane segments do not cause a 
melting transition in DSC. From the previous chapter we already expected a more 
gradual melting transition.18 This observation was also made for PUUs 1, 2 and 3 by 
VTIR and optical microscopy. PUU1 displays a Tg at –54 °C, close to the Tg of pure 
poly(CL). When OC is introduced, still a single Tg is observed at slightly higher 
temperatures. This finding confirms that OC is randomly incorporated in the PCL 
backbone of the soft segment, as a block type copolymer would result in two separate 
glass transitions. This random incorporation of OC into poly(CL) also reduces the 
crystallinity of the soft segment. The presence of OC units hinders the CL units in their 
crystallization process. This could also explain the reduction in strength of these 
materials as compared to PUU1. However, all polymers have mechanical properties 
that are suitable for soft tissue engineering applications. Due to the increased 
hydrophilicity and reduced crystallinity, relevant in vivo degradation of the synthesized 
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PUUs 2 and 3 is anticipated, with a faster degradation rate as compared to poly(CL) 
based PUUs.  
 
Experimental Section 

 

Materials. Tetrahydrofuran (THF), methanol (MeOH), chloroform (CHCl3), diethyl ether (Et2O), hexane, 
hexafluoroisopropanol (HFIP) and heptane were purchased from Biosolve. 1,4-Diisocyanatobutane and ε-
caprolactone were purchased from Fluka. 1,6-Hexanediol was obtained from Sigma. Novozym 435, CALB 
immobilized on an acrylic resin, was obtained from Novozymes A/S. All other chemicals were purchased 
from Aldrich and used without further purification unless otherwise noted. Chloroform and DMSO were 
dried over molsieves of 4 Å and 3 Å, respectively. Toluene was freshly distilled from sodium. Deuterated 
solvents were purchased from Cambridge Isotope Laboratories. All polymerizations were carried out under 
a dry argon atmosphere. 2-Oxo-12-crown-4 ether (OC) was synthesized as described before12. 
 
Instrumentation. NMR spectra were taken with a Varian Mercury 400 spectrometer (400 MHz for 1H-
NMR, 100 MHz for 13C-NMR) or a Varian Gemini (300 MHz for 1H-NMR, 75 MHz for 13C-NMR) 
spectrometer in CDCl3 with the delay time (d1) set at 10 s for 1H-NMR. Chemical shifts are reported as 
parts per million with respect to tetramethylsilane (TMS). The peak assignments are based on 1H-NMR 
studies of the respective homopolymers and poly(CL-co-OC) copolymers. The integral ratio of the signals at 
4.30 and 4.24 ppm (CH2(OC)OC=O) and 2.3 ppm (CH2(CL)C=O) were used to determine the composition of 
the copolymers. Infrared spectra were measured on a Perkin Elmer 1600 FT-IR. GPC (HFIP, 0.8 mL/min) 
was measured using a Shimadzu LC-10AD that was equipped with a PSS 2×PFG-lin-XL column (7 µm, 
8×300 mm) at 40°C with a Waters 2487 dual wavelength UV detector, a viscotek 270, a light scattering 
(RALS/LALS) detector and a viscometry Waters 2414 differential refractive index detector at 35 °C. 
Samples of 4.00 mg mL–1 were filtered over a 0.2 µm PTFE filter and injected in volumes of 50 µL. GPC (N-
methylpyrrolidone (NMP),1 mL/min) was measured on a PL-GPC 210 high temperature chromatograph, 
using a Polymer Laboratories gel 5 µm Mixed-C column with a Shimadzu RID-6A detector at 80 °C. 
Samples of 100 µL (3 mg/mL concentrations) were injected. GPC (THF, 1 mL/min) was measured on a 
Shimadzu LC-10ADvp system with a Shimadzu RID-10A detector and a PLgel 5-µm mixed-D and mixed C-
column. All molecular weights were relative to polystyrene standards. Differential Scanning Calorimetry 
(DSC) measurements were performed on a Perkin Elmer Differential Scanning Calorimeter Pyris 1 with 
Pyris 1 DSC autosampler and Perkin Elmer CCA7 cooling element under a nitrogen atmosphere. Melting 
and crystallization temperatures were determined in the second heating run at a heating/cooling rate of 
10 °C min–1, glass transition temperatures were determined in a third run at a heating rate of 40 °C min–1. 
Flow temperatures were determined using a Jeneval microscope equipped with a Linkam THMS 600 
heating device.  
 
Novozym 435 Catalyzed Copolymerization of OC and CL (HMW copolymers). 2-Oxo-12-crown-4 ether 
(OC) (400 mg, 2.11 mmol) and Novozym 435 (5 mg) were dried (separately) in vacuo at 50 °C in the 
presence of P2O5. A 5 molar stock solution of CL in distilled toluene was prepared and stirred overnight at 
45 °C in the presence of dry molecular sieves (4 Å). After 12 hours, 3.2 mL of stock solution were 
transferred to a 10 mL flask containing dry OC (400 mg) and Nozozym 435 (5 mg) was added. After 7 days, 
the enzyme was removed from the reaction mixture by filtration and the polymer was precipitated in cold 
heptane. The yields after precipitation were around 70%. The amount of stock solution was kept constant, 
the OC feed was varied to obtain CL/OC molar ratios of 93/7, 82/18, 53/47 and 34/66. For the 
polymerization of CL, no OC was added. 1H-NMR for poly(CL-co-18 mol % OC) (CDCl3): δ = 4.30 (t, 
CH2(OC)O(C=O)); 4.23 (t, CH2(OC)O(C=O)); 4.21–4.12 (CH2(OC)(C=O) and CH2(CL)O(C=O); 4.06 (t, 
CH2(CL)O(C=O)); 3.80–3.60 (CH2O); 2.30 (dt, CH2(CL)(C=O)); 1.63 (m, CH2CH2(C=O)); 1.39 (m, CH2). 1H-NMR 
for poly(CL) (CDCl3): δ = 4.08 (t, CH2O(C=O)), 3.63 (t, CH2OH end group), 2.32 (t, CH2(C=O)O), 1.68 (m, 
CH2) 1.41 (m, CH2).  GPC (THF): poly(CL): Mn = 18.4 kg/mol, Mw = 27.9 kg/mol, Mp = 26.5 kg/mol, PD = 
1.5, poly(CL-co-7 mol % OC): Mn = 22.8 kg/mol, Mw = 38.7 kg/mol, Mp = 38.0 kg/mol, PD = 1.7, poly(CL-
co-18 mol % OC): Mn = 8.1 kg/mol, Mw = 17.3 kg/mol, Mp = 17.5 kg/mol, PD = 2.1, poly(CL-co-47 mol % 
OC): Mn = 3.2 kg/mol, Mw = 6.5 kg/mol, Mp = 7.4 kg/mol, PD = 2.0, poly(CL-co-66 mol % OC): Mn = 2.5 
kg/mol, Mw = 5.0 kg/mol, Mp = 5.7 kg/mol, PD = 2.0. 
 
Table E1: Composition and nomenclature of prepolymer diols and corresponding PUUs. 

Composition CL:OC 
(observed molar ratio) 

Prepolymer diol Poly(urethane)urea 

100:0 P1 PUU1 

97:3 P2 PUU2 

86:14 P3 PUU3 
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Novozym 435 Catalyzed Copolymerization of OC and CL (prepolymer diols) (P1–P3). OC (2.7 g, 14.21 
mmol) and Novozym 435 (97 mg) were dried overnight (separately) in vacuo at 50 °C in the presence of 
P2O5. A solution of ε-caprolactone (CL) (6.54 g, 57.31 mmol) and 1,6-hexanediol (0.55 g, 4.67 mmol) in 20 
mL distilled toluene was prepared and stirred overnight at 45 oC in the presence of dry molecular sieves (4 
Å). After 12 h, the toluene solution was transferred to a 50 mL flask containing the dry OC and Novozym 
435 was added. After stirring at 45 °C for 5 hours, the enzyme was removed from the reaction mixture by 
filtration and the solution was concentrated. The polymer was precipitated in cold heptane. The yields 
after precipitation were typically around 70%. 1H-NMR for poly(CL-co-14 mol % OC) diol (CDCl3): δ = 4.30 
(t, CH2(OC)O(C=O)); 4.23 (t, CH2(OC)O(C=O)); 4.21-4.12 (CH2(OC)(C=O) and CH2(CL)O(C=O); 4.06 (t, 
CH2(CL)O(C=O)); 3.80–3.60 (CH2O); 2.30 (dt, CH2(CL)(C=O)); 1.63 (m, CH2CH2(C=O)); 1.39 (m, CH2). 1H-NMR 
for poly(CL) (CDCl3): δ = 4.08 (t, CH2O(C=O)), 3.63 (t, CH2OH end group), 2.32 (t, CH2(C=O)O), 1.68 (m, 
CH2) 1.41 (m, CH2). 1H-NMR for poly(CL) diol (CDCl3): δ = 4.08 (t, CH2O(C=O)), 3.63 (t, CH2OH end group), 
2.32 (t, CH2(C=O)O), 1.68 (m, CH2) 1.41 (m, CH2). GPC (NMP, poly(CL) diol): Mn = 3730 g/mol, Mw = 5160 
g/mol, PD = 1.4, GPC (NMP, poly(CL-co-3 mol % OC) diol: Mn = 3330 g/mol, Mw = 4600 g/mol, PD = 1.4, 
GPC (NMP, poly(CL-co-14 mol % OC) diol: Mn = 3320 g/mol, Mw = 4650 g/mol, PD =1.4. Prepolymer diols 
with other OC content were synthesized in the same manner. For the polymerisation of CL, no OC was 
added. 
 
Synthesis of poly(CL-co-14 mol % OC) diisocyanate. The poly(CL-co-14 mol % OC) diol was dried 
overnight in the presence of P2O5. The experimental setup was flushed with argon; glassware was heated 
with a heat gun and allowed to cool to room temperature under argon. Poly(CL-co-14 mol % OC) diol (10 g, 
5.3 mmol) was dissolved in 50 mL dry chloroform (4 Å molecular sieves) and extra 4 Å molecular sieves 
were added to remove water under a dry argon atmosphere. Six equivalents of 1,4-diisocyanatobutane (4.0 
mL, 32 mmol) and 4 drops of dibutyltin dilaurate were added. After heating under reflux for 22 hours 
under argon, the reaction mixture was allowed to cool down to room temperature and was filtered, 
precipitated in cold, dry diethyl ether (0 °C) or heptane. Typical yield ~85%. 1H-NMR poly(CL-co-14 mol % 
OC) diisocyanate: (CDCl3): δ = 4.30 (t, CH2(OC)O(C=O)), 4.22 (t, CH2(OC)O(C=O)), 4.14–4.17 (CH2(OC)(C=O) and 
CH2(CL)O(C=O)), 4.05 (t, CH2(CL)O(C=O)), 3.65–3.75 (CH2O), 3.34 (t, CH2NCO), 3.20 (q, (C=O)NHCH2), 2.32 (t, 
O(C=O)CH2CH2), 2.28 (t, O(C=O)CH2CH2), 1.56–1.65 (O(C=O)CH2CH2, CH2CH2O(C=O), CH2CH2NCO), 1.53 
(CH2CH2CH2NCO), 1.21–1.36 (CH2CH2CH2). IR (ATR): ν = 3374, 2917, 2850, 2266, 1732, 1530, 1464, 
1170 cm–1.  1H-NMR poly(CL) diisocyanate: (CDCl3): δ = 4.78 (NH),  4.06 (t, CH2O(C=O)), 3.35 (t, CH2NCO), 
3.21 ((C=O)NHCH2), 2.30 (t, O(C=O)CH2), 1.52–1.69 (O(C=O)CH2CH2, CH2CH2O(C=O), and CH2CH2NCO), 
1.51 (CH2CH2NH(C=O)), 1.36–1.42 (CH2CH2CH2). FT-IR (ATR): ν = 3383, 2944, 2865, 2265, 1732, 1531, 
1471, 1175 cm–1. Diisocyanate prepolymers of other compositions were synthesized in a similar manner, 
and, depending on the amount of OC incorporated, a white powder or a viscous yellow oil was obtained. 
 
Synthesis of poly(CL-co-14 mol % OC) (PUU3). The experimental setup was flushed with argon; 
glassware was heated with a heat gun and was allowed to cool to room temperature under argon. Poly(CL-
co-14 mol % OC) diisocyanate (6.3 g, 2.8 mmol) was dissolved in 200 mL dry chloroform under dry argon 
atmosphere. 1,4-diaminobutane (0.28 mL, 2.8 mmol) dissolved in 50 mL dry chloroform was added 
dropwise to the reaction mixture until the isocyanate peak had disappeared from the FT-IR spectrum 
(2265 cm–1). The polymer solution was precipitated in heptane, filtered and dried over night under high 
vacuum at room temperature. The product was obtained as white elastic flakes in an overall yield of 45–
87% for the three different compositions. NMR and IR data given for PUU3 are representative for all three 
polymers. 1H-NMR of PUU3 (CDCl3/MeOD (8%)): δ = 4.30 (t, CH2(OC)O(C=O)), 4.22 (t, CH2(OC)O(C=O)), 4.14–
4.17 (CH2(OC)(C=O) and CH2(CL)O(C=O)), 4.05 (t, CH2(CL)O(C=O)), 3.65–3.75 (CH2O), 3.13 (q, (C=O)NHCH2), 
2.32 (t, O(C=O)CH2CH2), 2.28 (t, O(C=O)CH2CH2), 1.56–1.65 (O(C=O)CH2CH2 and CH2CH2O(C=O)), 1.49 
((C=O)NHCH2CH2), 1.21–1.36 (CH2CH2CH2). FT-IR (ATR): ν = 3320, 2941, 2866, 1728, 1683, 1620, 1577, 
1537, 1464, 1155 cm–1. DSC: PUU1: Tg = –54 °C, Tm = 19 °C, PUU2: Tg = –51 °C, Tm = 21 °C, PUU3: Tg = –
52 °C, Tm = –10 °C. GPC (HFIP, PUU1): Mn = 33 kg/mol, Mw = 269 kg/mol, PD = 8.1, GPC (HFIP, PUU2): Mn 

= 19 kg/mol, Mw = 76 kg/mol, PD = 4.0, GPC (HFIP, PUU3): Mn = 19 kg/mol, Mw = 53 kg/mol, PD = 2.8. 
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Figure E1. 1H-NMR spectrum of PUU3. 

Synthesis of PCLU(EO)2U. Poly (caprolactone) diol was functionalized with 6-benzyloxycarbonylamino-
hexanoic acid via mild coupling with DCC and DPTS to obtain an amine terminated PCL prepolymer as 
described before. The amine terminated polymer (4.5 g, 2 mmol) was dissolved in 100 mL of dry 
chloroform and injected into a mixture of di-t-butyl-tricarbonate (2.1 g, 8.0 mmol) in 40 mL of dry 
chloroform. The mixture was stirred for 1 hour and the polymer was precipitated in heptane. The di-
isocyanate polymer was obtained in a yield of 66% and was subsequently dissolved (3 g, 0.95 mmol) in dry 
chloroform and a solution of 2,2’-(ethylenedioxy)diethylamine (140 µL, 0.95 mmol) in dry chloroform was 
added by drops very slowly. The reaction was monitored via infrared spectroscopy. Upon complete 
disappearance of the NCO peak, PCLU(EO)2U was obtained via precipitation in heptane as a white 
material in a 95% yield. 1H-NMR (CDCl3): δ = 5.28 (s, 4H), 4.23 (t, 4H), 4.06 (t, 2(2n)H), 3.69 (t, 4H), 3.61 
(s, 4H), 3.57 (t, 4H), 3.35 (q, 4H), 3.18 (q, 4H), 2.28 (m, (2(2n)+4)H), 1.65 (m, (2(4n)+4)H), 1.51 (m, 4H), 
1.39 (m, (2(2n)+4)H) ppm. 13C-NMR (CDCl3): δ = 173.7, 173.5, 173.4, 158.9, 70.6, 70.2, 69.0, 64.1, 63.2, 
40.4, 40.0, 34.1, 33.9, 29.9, 28.3, 26.4, 25.5, 24.5, 24.4 ppm. FT-IR (ATR): ν = 3358, 2943, 2866, 1722, 
1687, 1636, 1564 cm–1. GPC (THF): Mn = 11.3 kg/mol, Mw = 40.9 kg/mol, PD = 3.6. DSC: Tm = 42 °C and 
Tc = 15 °C. 
 

Determination of the randomness of HMW poly(CL-co-OC). The fractions of the OC–OC dyad, CL-CL 
dyad, and OC–CL dyad were derived from the integral of the signals at 4.30, 4.05, and 4.24 ppm in the 
corresponding 1H-NMR spectra. The fraction of the CL–OC dyad was derived from the peak at 4.21–4.12 
ppm after correction for overlapping signals. The average sequence lengths of the CL and OC units (LCL 
and LOC, respectively) were calculated as follows: LCL = (fCL–OC + fCL–CL)/fCL–OC and LOC = (fOC–CL + fOC–OC)/fOC–
CL, where f represents the observed fraction of the respective dyad13,14. The average sequence lengths of the 
CL and OC units calculated for random copolymers (LCLR and LOCR, respectively) were calculated as 
follows: LOCR = k + 1 and LCLR = (k + 1)/k, where k is equal to [OC]/[CL]14,15. The randomness factor (R) 
was calculated as R = LOCR/LOC.14,15 Dyad fractions of the copolymer blocks were compared with calculated 
dyad fractions based on theoretical dyad fractions where random statistical copolymers were assumed. 
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Hydrolysis experiments of HMW poly(CL-co-OC). Poly(CL-co-OC) was dissolved in a 1:1 (v/v) mixture of 
THF/water and stirred at 37 °C. Samples were taken at regular time intervals. After removal of water with 
MgSO4, the molecular weight decrease was analyzed by GPC (THF). 
 
Film preparation. Films of the various PUUs were prepared by dissolving 1.5 g of polymer in ~26 mL 
HFIP under a blanket of argon. The resulting solutions were filtered (5 µm PTFE filter) before solvent 
casting in a PTFE mold. The solvent was allowed to slowly evaporate overnight in the presence of P2O5. 
Before use the films were thermally treated for approximately 5 hours, 50 °C below the observed Tflow 
under reduced pressure and subsequently stored under P2O5. The thickness of all films was between 0.2 
and 0.3 mm. 
 
Variable Temperature Infra Red Spectroscopy. Variable Temperature Infra Red spectra were recorded 
with an Excalibur FTS 3000 MX from Biorad between 25 and 200 °C. All samples were allowed to reach 
the set temperature for 5 minutes before recording the IR spectrum. 
 
Tensile testing. Tensile properties were measured according to ASTM D 1708–96 on a Zwick Z100 
equipped with a 2.5 kN or 100 N load cell applying a crosshead speed of 20 mm/min. Grip to grip 
separation was sometimes <22 mm, however, samples that failed at the clamps were not included. Yield 
stresses and strains were determined by determining the intersection point of the two tangents to the 
initial and final parts of the load elongation curves around the yield point15. An indicative Young’s 
modulus was determined by calculating the slope of the stress-strain curve via E [MPa] = (σ2 – σ1) / (ε2 – 
ε1), ε2 = 0.0005 and ε1 = 0.0025.16  

 
Degradation of PUUs in buffer. Small discs with a diameter of 6 mm were punched from the same films 
as used for tensile testing. These discs were each placed in 30 mL of PBS buffer (pH 7.4) at 37 °C while 
gently shaking. After 50 days, two of each three discs were removed from the buffer, rinsed with water, 
dried and weighed and GPC (HFIP) was measured. Each third disc was removed from the buffer, rinsed, 
dried and weighed after 121 days. At this time point, no GPC was measured. 
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4 

Unusual Tuning of Mechanical Properties of 

Thermoplastic Elastomers using 

Supramolecular Fillers 

Supramolecular fillers were incorporated in a poly(ε-caprolactone) based polyurea in a 
modular approach via a ‘perfect-fit’ principle. DSC and AFM studies both support the 
same model in which the bis(ureido)butylene based filler molecules are incorporated 
into the bis(ureido)butylene hard segment domains of the polymer via bifurcated 
hydrogen bonding interactions up to 23 mol % (= 7.3 wt %) of incorporated filler. 
Polymer hard segment and filler form a single phase and the soft phase remains 
unaffected. This resulted in stiffer materials (23 mol % of incorporated filler more than 
doubled the Young’s modulus) without a decrease in tensile strength or elongation at 
break. When more than 23 mol % of filler was added to the poly(urea), separate filler 
crystallites were observed both in AFM and DSC. A drop in Young’s modulus was now 
observed, followed by an increase upon adding even more filler. In this second regime, 
a decrease in tensile strength and elongation at break was observed, revealing similar 
behavior to reinforcing thermoplastic elastomers with the more common micrometer-
sized reinforcement fillers.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Part of this work has been published: E. Wisse, L. E. Govaert, H. E. H. Meijer, E. W. Meijer, 
Macromolecules 2006, 39, 7425-7432. 
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4.1 Introduction 

Reinforcement fillers are used extensively to improve stiffness of thermoplastic 
elastomers. However, due to rigidity of most fillers the polymer becomes also more 
brittle. The increase in stiffness depends mainly on size, shape, and interfacial 
adhesion between the polymer and the surface of the filler.1 In general smaller sized 
fillers give better mechanical properties, higher Young’s modulus, and less reduced 
tensile strength and elongation at break. The smallest fillers have the largest surface 
area resulting in an improved filler-matrix interaction.2 To improve interfacial 
adhesion, chemical or physical bonding between filler and matrix has been introduced. 
Dubois et al.3 applied the polymerization filling technique to improve the interfacial 
adhesion between filler and polymer by in-situ polymerization on the filler surface. 
Chantaratcharoen et al.4 used chemical modification of reinforcing fibers to improve 
filler-matrix adhesion. They showed improved tensile strength and elongation at break 
as compared to nontreated fillers. However, compared to the unfilled polymers, tensile 
strength and elongation at break still decreased when filler was added.  
An alternative approach to stiffen thermoplastic elastomers is to increase the hard 

block to soft block (HB/SB) ratio in the polymer chain. According to Wegner5, the 
logarithm of the Young’s modulus of segmented copolymers follows a linear 
relationship with the volume fraction of the crystalline phase. He showed this relation 
for copolymers with a constant PTMO (poly(tetramethylene oxide)) soft segment (Mn = 
1000 g/mol) and PBT (poly(butylene terephthalate)) hard segments of varying lengths. 
The same relation is valid for poly(ε-caprolactone)-based polyurethanes where the 
HB/SB ratio was altered by varying soft segment length.6 Also here an increase in 
stiffness was accompanied by a decrease in both tensile strength and strain at break.  
From the literature cited above it becomes clear that two general methods to 

increase the stiffness of a thermoplastic elastomer are in use. First, reinforcement 
fillers can be mixed with the thermoplastic elastomer. This will result in a second, 
separate filler hard phase besides the hard and soft phase already present in the 
polymer chains of the segmented copolymer. Second, the ratio of hard to soft segments 
can be varied in the polymer chains. This can be achieved by either varying the soft or 
the hard block length. Both methods can increase the stiffness of thermoplastic 
elastomers, but simultaneously tensile strength and strain at break are reduced. The 
first approach needs significantly higher amounts of additional hard segments to 
increase the stiffness to the same extent as compared to the second method. Here, we 
demonstrate the unusual properties of a supramolecular filler that is only incorporated 
in the hard segments of a well-defined thermoplastic elastomer via supramolecular 
interactions, an approach recently introduced by us.7 In this way a combination of the 
two described methods is realized: filler is mixed with the thermoplastic elastomer but 
filler and polymer hard segments now form a single hard phase.  The block 
copoly(ester)urea (PCLU4U) used consists of a poly(ε-caprolactone) (PCL, Mn = 1446 
g/mol) soft segment and a well-defined hard segment consisting of two urea groups 
separated by a fixed spacer length (Figure 1, Mbisurea = 172.2 g/mol; 10.6 wt % of hard 
segments). The hard segments of these polymers self-assemble into supramolecular 
ribbons and form reversible cross-links. In our modular approach, guest molecules 
bearing a bis(ureido)butylene moiety are incorporated in the supramolecular ribbons of 
the thermoplastic elastomer via a ‘perfect-fit’ principle (Figure 1).8 By mixing 
supramolecular filler with PCLU4U, we circumvent the problem of packing 
characteristics, size and shape of the more traditional micrometer sized fillers by using 
a molecular sized filler. Since filler and hard segments of the polymer form a single 
hard phase, we expect excellent interfacial adhesion and no interference with the soft 
phase. A maximum of 23 mol % of filler (mol % per mol of polymer U4U units) can be 
incorporated before the filler gradually starts to phase separate from the polymer hard 
segments. The Young’s modulus is increased more than twofold without a decrease in 
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tensile strength or strain at break. A stiffer material resulted in a lower inflammatory 
response in a rat model, therefore the supramolecular filler can be very useful in fine 
tuning the mechanical properties in a final biomedical application of our poly(urea) as 
discussed in Chapters 2 and 3. 
 

  
Figure 1. Proposed modular approach: the supramolecular filler (gray) is incorporated into the PCLU4U 
hard domains (black) via bifurcated hydrogen bonds. 

 
4.2 Synthesis of supramolecular filler and PCLU4U 

The molecular filler was prepared by adding a solution of 1,4-diisocyanato-butane in 
chloroform dropwise to a solution of four equivalents of 2-ethyl-hexylamine in 
chloroform. The product was isolated in high yields by precipitation from THF in 0.1 M 
hydrochloric acid. In Differential Scanning Calorimetry (DSC) a melting peak was 
observed at 117 °C. The product was further characterized by NMR, IR and mass-
spectrometry. The synthesis of PCLU4U was already described in Chapter 2. PCLU4U 
shows a glass transition temperature at –56.5 °C, a melting peak at 17 °C of the poly(ε-
caprolactone) soft block and a melting peak at 107 °C of the bis(ureido)butylene hard 
segments in DSC. The synthesis of various batches leads to small but insignificant 
differences in glass and melting transitions for the different PCLU4U samples. For all 
measurements reported in this paper the data of a single batch are used.  
 

4.3 Thermal Properties 

The clear difference in melting temperatures for the bis(ureido)butylene hard 
segments of the polymer and the supramolecular filler can be employed to study the 
thermal properties of PCLU4U containing different amounts of supramolecular filler. 
The supramolecular based composites were prepared by dissolving both compounds in 
various ratios in chloroform and subsequent solution casting of these solutions. The 
amount of incorporated filler is given in mol % per mol of polymer U4U units. In DSC, 
measured between 50 °C and 140 °C, the melting peaks in the second heating runs 
were evaluated. The results are plotted in Figure 2A and 2B. The bis(ureido)butylene 
units of the pure polymer showed a melting peak at 107 °C. Upon adding more and 
more filler to PCLU4U we observed one melting transition that was decreasing a few 
degrees in melting temperature upon adding the supramolecular filler. Simultaneously 
the melting enthalpy (∆Hm) increased (Figure 3). However, when 29 mol % of filler was 
present in the polymer, a second melting transition appeared (Figure 2B), accompanied 
by a drop in ∆Hm. Continuing to incorporate more filler, the first melting transition 
remained around the same temperature of approximately 102 °C, while the melting 
temperature of the newly observed melting transition gradually shifted toward the 
melting temperature of the pure filler. The melting enthalpy (∆Hm) of this second 
melting peak increased when more filler was added. It was not always possible to 
determine the melting enthalpies of the two observed melting transitions separately, 
due to some peak overlap. However, the total ∆Hm increased upon adding more filler 
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above 29 mol %. Finally, the glass transition temperature of the PCL soft block was 
measured and showed only a slight decrease of 3 °C over the range of compositions 
(Figure 2C).  
 

 
 

 

 

Figure 2. DSC thermograms (Endo Up) of various amounts of filler in PCLU4U for (A) melting temperatures 
(B) zoom of melting temperatures of three samples and (C) glass transition temperatures. 

 
Figure 3. Melting temperatures (A) as a function of supramolecular filler added to PCLU4U and ∆Hm (B), 
derived from DSC thermograms in Figure 2A. 
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4.4 Surface Morphology 

Hard segment morphologies of thermoplastic elastomers were investigated using 
Atomic Force Microscopy (AFM).10 Especially phase images obtained with this imaging 
technique provide useful information and proved to be reasonably representative for 
bulk morphologies.11 In phase images the hard phase of the polymer appears brighter 
than the soft phase. AFM topography and phase images were recorded in tapping mode 
in air at 37 °C. From DSC it is known that the PCL soft block is completely amorphous 
at this temperature. In this way the semicrystallinity of PCL was not interfering in 
imaging the hard segment morphology. Phase as well as height images of PCLU4U 
showed a typical fiber-like morphology of hard segments embedded in a soft matrix. 
The diameter of the observed fibers was measured to be 5–6 nm in all cases. When 1 
mol % of filler was added, the surface morphology looked similar. When more and more 
filler was added, up to 23 mol %, always similar surface morphologies were observed 
with similar fiber diameters. From 4 mol % up to 23 mol % filler, small white features 
of approximately 1 nm thickness were observed in the phase images (Figure 4). Phase 
images showed them to be relatively hard with more white features at higher filler 
content. These features however, were not always evenly distributed over the surface. 
When more than 23 mol % filler was added to PCLU4U films, white features started to 
cluster and formed bigger aggregates covering the whole surface. Even already on some 
locations of the 23 mol % sample this clustering was observed. The white features are 
proposed to be crystals of filler. As a result, no fiber-like morphology was observed 
anymore (Figure 5).  
 

 

A B C 
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Figure 4. AFM topography (top) and phase (bottom) images at 1 µm scan sizes (inserts: 150 nm) of 
PCLU4U containing increasing amounts of molecular filler: A) 0, B) 1, C) 4, D) 10, E) 17, and F) 23 mol %. 
Z ranges are 3, 5, 5, 5, 8 and 10 nm for A-F, respectively. ∆φ is 10°, 10°, 12°, 6°, 12°, and 5° for A-F, 
respectively. Data obtained in tapping mode in air at 37 °C. 

 
Figure 5. AFM (A) topography and (B) phase images at 10 µm scan sizes of PCLU4U containing 29 mol % 
of filler. Z range is 15 nm and ∆φ is 15°. Data obtained in tapping mode in air at 37 °C. 

4.5 Mechanical properties  

Tensile tests were performed in air at 37 °C to eliminate the influence of the 
semicrystallinity of PCL, like in the AFM study. The results are listed in Table 1 and 
plotted in Figure 6, derived from engineering stress-strain curves. Figure 7 is based on 
the true stress-elongation curves. With increasing amount of molecular filler in 
PCLU4U, the Young’s modulus increased up to 29 MPa at 29 mol %, more than twice 
the value of the pristine PCLU4U (Figure 7A). The maximum was expected to lie 
between 23 (7.3 wt %) and 29 mol % (9.5 wt %) according to the DSC measurements. 
When more than 29 mol % was added, a drop in Young’s modulus was observed, 
followed by a gradual increase upon adding even more of the supramolecular filler. The 
yield stress remained constant up to 17 mol %, with a small decrease at 23 and 29 mol 
% and remained significantly lower afterwards (Figure 7B). Tensile strength and strain 
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at break were surprisingly not decreasing with increasing amount of incorporated filler 
up to 29 mol %. The slightly lower value at 17 mol % of filler, accompanied by a higher 
standard deviation, was attributed to the use of two polymer films for the 
determination of the tensile properties. One film apparently was of slightly lower 
quality, resulting in three samples that reached elongations at break around 2400% 
(true tensile strength ~325 MPa). A second film was of better quality, resulting in two 
samples breaking over 3200% of elongation (true tensile strength ~510 MPa). When 
more than 29 mol % of molecular filler was added, a decreasing trend for both tensile 
strength and elongation at break was observed (Figure 7C, D). In Figures 7C and 7D 
the error bars around the transition going from the first to the second regime are 
significantly larger as compared to the other error bars. This and the decreasing values 
of the yield stress at 23 and 29 mol % of filler indicate there is not a sudden transition 
from the first to the second regime, but rather one that is more gradual in nature.  
The logarithm of the Young’s modulus follows a linear relationship with the volume 

fraction of crystallinity in the regime up to 29 mol % of filler. Since there is no 
crystallinity in the PCL phase at 37 °C, this corresponds to the calculated weight 
fraction of bisurea hard segments (Mbisurea = 172.2 g/mol). We compared this relation 
for our data with the data of poly(ε-caprolactone)-based polyurethanes in which the 
HB/SB ratio was altered by varying soft segment length.6 The slope for the former is 
three times higher (14.5) than the slope of the latter (4.5) (Figure 8). 
 

Table 1. Mechanical properties of PCLU4U containing increasing amounts of filler, data derived from 
engineering σ-ε curves. 

Amount of 

filler in 

PCLU4U 

[mol%] 

E 

[MPa] 

σyield 

[MPa] 

εyield 

[%] 

σmax 

[MPa] 

εbreak 

[%] 

0 11.8 ± 1.5 3.8 ± 0.1 35.9 ± 4.0 17.9 ± 1.0 3000 ± 60 

4 11.6 ± 1.7 3.7 ± 0.2 34.8 ± 3.5 17.0♪
 

3020♪
 

10 13.0 ± 3.3 3.8 ± 0.3 28.3 ± 3.5 17.0 ± 0.6 2920 ± 160 

17 19.8 ± 1.5 3.8 ± 0.4 20.8 ± 2.7 14.2 ± 0.8 2710 ± 600 

23 23.1 ± 3.9 3.9 ± 0.3 17.0 ± 3.1 17.8 ± 2.0 2910 ± 350 

29 28.7 ± 3.8 3.7 ± 0.1 14.4 ± 0.5 15.1 ± 2.2 2920 ± 300 

38 21.6 ± 1.3 3.2 ± 0.1 16.7 ± 2.3 13.3 ± 2.4 2710 ± 220 

50 24.9 ± 2.1 3.2 ± 0.1 17.1 ± 0.6
 

12.7 ± 0.1♫ 2130 ± 2♫ 

60 25.5 ± 3.5 2.8 ± 0.1 13.1 ± 1.3 10.9 ± 0.6 2100 ± 180 

♪n=1; ♫n=2 
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Figure 6. Representative engineering stress-strain curves for PCLU4U with various amounts of 
incorporated supramolecular filler. Mol % of incorporated filler is indicated. 

 

Figure 7. Young’s modulus (A), yield stress (B), tensile strength (C) and λ at break (D) of PCLU4U films 
containing increasing amounts of filler. Data derived from true σ-λ curves. 
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Figure 8. Relation between log(E) and hard segment content. 

4.6 In vivo behavior 

The in vivo response to PCLU4U films containing different amounts of filler was 
evaluated in a rat model. Round specimens with a diameter of 6 mm and 0.3 mm thick 
were implanted subcutaneously on the back of male rats. Their inflammatory response 
was evaluated by standard histology using toluidine blue staining. The histology 
results at day 10 at a magnification of 400 × are depicted in Figure 9. One sample of 
each composition was implanted, all in the same rat. 

 

Figure 9. Toluidine blue stained sections of PCLU4U containing different amounts of molecular filler, and 
surrounding tissue. The following abbreviations are used: I = interface, � = macrophage, L = lymphocyte, p 
= polymorphonuclear cell, v = blood vessel, G = giant cell.  

A clear inflammatory response is observed for the pure polymer accompanied with a lot 
of activity (0 mol % filler). Many inflammatory cells, such as macrophages and 
lymphocytes, migrate from the surrounding tissue to the interface. We think this 
response might be caused by the presence of many signal proteins on the biomaterial. 
The reasons for the presence of these proteins might be the low Young’s modulus 
(flexibility) of the biomaterial. Furthermore, the interface is just a few cell layers thick. 
Upon addition of more filler the material becomes stiffer. This possibly alters the 
inflammatory response, as is observed for 4 mol % of filler, where the reaction is very 
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quiet. At 10 mol % the reaction has changed. The interface is thicker and the response 
becomes more located to the surface of the material. It is conceivable that the presence 
of some filler at the surface of the material, as was observed in our AFM study, is 
causing this surface response. The same is true for PCLU4U with 24 mol % of filler. In 
samples containing 50 and 80 mol %, where the surface is now completely covered 
with filler, there is a real surface response. The interface becomes much thicker. Giant 
cells are present at the interface in the case of 80 mol % of filler and the formation of a 
fibrous capsule has started.  
In conclusion, upon addition of more filler to PCLU4U the material becomes stiffer 

and a lower inflammatory response is observed. When filler is present at the surface, 
the inflammatory response is located to the interface. The interface is increasing in 
thickness when more filler is present at the surface of our poly(urea). 
 

4.7 Discussion 

In an unusual way, we have tuned the mechanical properties of our PCLU4U 
thermoplastic elastomer by incorporating supramolecular fillers via a modular 
approach. By mixing only 7.3% by weight (23 mol %) of our supramolecular filler in 
PCLU4U, the Young’s modulus increased from 12 to 29 MPa. Concurrently, the yield 
stress, tensile strength, and strain at break are not influenced by the filler. To our 
knowledge, similar results have never been reported with other fillers or by changing 
the hard block to soft block (HB/SB) ratio. In agreement with Wegner5, there is a linear 
relationship between log(E/MPa) and the HB content. With a slope of 14.5, the effect is 
significantly higher than by increasing the HB/SB ratio in the traditional way by 
changing the lengths of both segments. In the latter, the data of Heijkants et al.6 yield 
a slope of 4.5 by varying the soft block length in the covalent polymer chain. This 
difference and the notion that only in our case the other mechanical properties are not 
affected when increasing the E-modulus, prompt us to propose a molecular picture of 
our modular approach using the DSC and AFM data.  
The PCLU4U polymer, consisting of a polydisperse PCL soft block and monodisperse 

small bisurea hard block, forms well-known morphologies: nanofibers embedded into a 
soft matrix.7,10 The nanofibers with a Tm of 107 °C have a very high aspect ratio with an 
apparent diameter of 5–6 nm. Since these fibers have a monodisperse diameter, the 
fibers are expected to have a similar width and thickness and they most probably 
consist of a few bisurea stacks aligned together. By adding the supramolecular filler, 
we identify at first glance two regimes in the phase diagram. At concentrations of filler 
up to 23 mol %, intimate mixing between filler and hard segment of the polymer is 
observed. The morphology as studied by AFM hardly changes (the small filler 
crystallites are assumed to be a surface phenomenon, only, since in this regime no 
evidence for a separate hard phase is found in DSC), while the Tm and Tg are only 
slightly shifted (less than 5 °C).  
For concentrations above 23 mol %, both DSC and AFM show the presence of 

crystallites of filler as a second hard phase. DSC in this regime shows a separate 
melting transition for the filler. Whereas DSC measurements are representative for the 
bulk sample, AFM only shows the morphology of the surface and therefore quantitative 
data are hard to discern from these AFM measurements. From the phase diagram in 
Figure 3 a sudden transition from the first regime to the second regime could be 
assumed between 23 and 29 mol % of filler. However, in AFM measurements at 23 mol 
% the surface morphology was very inhomogeneous, with sometimes morphologies as 
shown in Figure 4, but also the onset of clustering of the small filler crystallites to 
larger aggregates was observed (data not shown). Together with the more deviating ∆Hm 
data between approximately 23 and 38 mol % of filler from Figure 3, this gives rise to 
the idea of another regime: a less-defined transition regime when going from a single 
phase of filler and polymer hard segments, to a situation where also a separate filler 



                                                             Unusual Tuning of Mechanical Properties of TPEs using Supramolecular Fillers 

 

63 

hard phase is present.13 As a result, also the homogeneity of the sample will be less. 
This assumption grows stronger when looking at the mechanical properties. 
In the first regime, the Young’s modulus increases over 100% without a decrease in 

tensile strength or strain at break. All the filler is present in the hard segment stacks 
of the polymer, leaving the polymer soft matrix unaffected (Figure 1). The significantly 
larger error bars around the transition from the first to the second regime in the tensile 
strength and elongation at break together with the decreasing values of the yield stress 
at 23 and 29 mol % once more indicate the existence of a transition regime. In the 
second regime, significant amounts of separate filler crystallites are present. The 
Young’s modulus shows a slower increase and tensile strength and strain at break are 
decreasing. The mechanical behavior in this second regime seems similar to the 
incorporation of more common micrometer sized fillers. When we think of possible 
molecular understanding in this regime, we can propose two options: large domains of 
filler still present in the same bisurea nanorod, large enough to be visible by DSC 
(Figure 10A), or a physically separate filler hard phase (Figure 10B). The morphology in 
figure B, however, is more likely to result in three dimensional filler crystallites.  

  

Figure 10. Schematic representation of two possible molecular interpretations of the regime above 23 mol 
% of filler (for clarity, a nanorod is depicted as a single supramolecular ribbon). 

4.8 Conclusions 

A new way to increase stiffness in thermoplastic elastomers is introduced. In this 
method a supramolecular filler is introduced in the bis(ureido)butylene stacks of a 
segmented copoly(ester)urea. DSC, AFM and mechanical analysis all support the same 
model in which the molecular filler is completely implemented in the 
bis(ureido)butylene stacks of the polymer up to approximately 23 mol % (7.3 wt %) via 
supramolecular interactions. In this way we are able to increase the Young’s modulus 
from 12 to 29 MPa without a reduction in tensile strength or strain at break. 
Compared to using the more common micrometer sized reinforcement fillers, the same 
amount of filler results in a much higher increase in Young’s modulus in our case1a,2a. 
Furthermore the fact that molecular filler and the hard segments of our thermoplastic 
elastomer form a single phase provides excellent interfacial adhesion and is 
responsible for an unaffected soft matrix. A three times higher slope of the straight line 
in a log(E/MPa) versus hard segment content plot, shows that also compared to the 
second method, as described in the introduction, our approach results in a larger 
increase in stiffness. In our system the increase of the hard phase in the HB/SB ratio 
is not in the direction of the covalent polymer chains, but in a direction perpendicular 
to the covalent chain. The extremely high aspect ratio of the U4U nanorods most 
probably causes the remarkable mechanical behavior. Finally, upon incorporation of 
the supramolecular filler the biocompatibility of the system was preserved. Therefore, 
the supramolecular filler can be safely used to fine tune the mechanical properties (see 
also Chapter 2) in specific biomedical applications of PCLU4U. 
 

A B 
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Experimental Section  
 
Materials and general synthetic procedures. All reagents and solvents were purchased from commercial 
sources and were used without further purification. Chloroform was dried over 4 Å molsieves (Merck). All 
reactions were carried out under a dry argon atmosphere. Infrared spectra were measured on a Perkin 
Elmer Spectrum One FT-IR spectrometer with a Universal ATR Sampling Accessory. 1H-NMR and 13C-NMR 
spectra were recorded on a Varian Gemini (300 MHz for 1H-NMR, 75 MHz for 13C-NMR) or a Varian 
Mercury (400 MHz for 1H-NMR, 100 MHz for 13C-NMR) spectrometer at 298 K. Matrix assisted laser 
desorption/ionization mass-time of flight spectra (Maldi-TOF) were obtained using α-cyano-4-
4hydroxycinnamic acid as the matrix on a PerSeptive Biosystems Voyager-DE PRO spectrometer. 
 

Synthesis of 1-(2-Ethyl-hexyl)-3-{4-[3-(2-ethyl-hexyl)-ureido]-butyl}-urea. The supramolecular filler was 
synthesized by dissolving 2-ethyl-1-hexylamine (3.69 g, 28.6 mmol) in 60 mL of dry CHCl3. A solution of 
diisocyanatobutane (0.9 mL, 7.14 mmol) in 10 mL of dry CHCl3 was added dropwise. The reaction was 
allowed to stir until no isocyanate functionalities were observed with Infrared spectroscopy. All solvent 
was evaporated and the reaction mixture was redissolved in THF and subsequently precipitated in 0.1 M 
hydrochloric acid. The product was washed with 0.1 M hydrochloric acid and neutral water before it was 
dried in vacuum overnight. The product was dissolved in CHCl3 and dried with Na2SO4. The product was 
obtained as a white powder in a 99.4% yield. Melting point = 117 °C. FT-IR: 3330, 2958, 2925, 2860, 
1624, 1564, 1480, 1459, 1379, 1258, 1234, 1142, 1066, 774 cm–1. 1H-NMR (CDCl3): δ 4.99 + 4.77 (t, 4H, 
NH), 3.20 (m, 4H, NHCH2(CH2)3), 3.08 (m, 4H, NHCH2CH), 1.51 (m, 4H, NHCH2CH2), 1.40 (m, 2H, CH), 
1.34–1.26 (m, 16H, CH3CH2CH2CH2), 0.88 (m, 12H, CH3) ppm. 13C-NMR (CDCl3): 159.7 (C=O), 43.2 (CH), 
40.0 (NHCH2), 31.0 (CH3CH2CH), 29.0 (CH2CH2CH), 28.1 (NHCH2CH2), 24.1 (CH3CH2CH2), 23.1 
(CH3CH2CH2), 14.1 and 10.9 (CH3) ppm. MALDI-TOF: calculated mass: 398.63 g/mol, observed mass: 
399.56 g/mol. 
 

Synthesis of PCLU4U. The synthesis is described in the Experimental Section of Chapter 2. 
Characterization for the batch used in this chapter:  FT-IR: ν = 3323, 2940, 2864, 1728, 1616, 1576 cm–1. 
1H-NMR (CDCl3): δ = 4.24 (t, 4H), 4.04 (t, 2(2n)H), 3.70 (t, 4H), 3.14 (b, 8H), 2.32 (t, 2(2n+2)H), 1.66 (m, 
2(4n+2)H), 1.49 (m, 8H), 1.39 (m, 2(2n+2)H) ppm. 13C-NMR (CDCl3) : δ = 173.5, 159.0, 69.0, 64.1, 63.2, 
40.0, 39.8, 34.0, 30.0, 27.6, 26.3, 28.3, 25.4, 24.5 ppm. GPC: Mn= 34 kg/mol, Mw= 87 kg/mol, PD= 2.5. 
Tg = –57 °C, Tm,SB = 17 °C, Tm,HB = 107 °C.  
 

Preparation of polymer films. All samples were prepared by dissolving the right amounts of 
supramolecular filler and PCLU4U together in chloroform. Films for DSC were prepared by drop casting 
these solutions (100 mg in 3 mL) in Teflon dishes of 45 × 25 × 5 mm. The dishes were covered with a 

spoutless beaker to allow the solvent to evaporate slowly. Further drying in vacuum at 40 °C overnight 
resulted in solvent free films. Approximately 3–10 mg of each film was used for DSC measurements. Films 
for tensile testing were prepared by drop casting these solutions (1.5 g in 15 mL) in Teflon dishes of 105 × 
45 × 5 mm. The dishes were covered with a spoutless beaker to allow the solvent to slowly evaporate. After 

thermally annealing at 80 °C for 4 h tensile bars (according to ASTM D 1708–96 dimensions) were 
punched from the resulting films. Samples for AFM were prepared by dissolving 1 mg of the films that 
were prepared for DSC measurements in 1 mL of chloroform and were subsequently drop-cast on glass 
cover slips that were cleaned by sonicating in acetone for 15 min and subsequently dried under vacuum at 

40 °C for a few hours.  
 

Differential Scanning Calorimetry. DSC measurements were performed on a Perkin Elmer Differential 
Scanning Calorimeter Pyris 1 with Pyris 1 DSC autosampler and Perkin Elmer CCA7 cooling element 
under a nitrogen atmosphere. Melting and crystallization temperatures were determined in the second 

heating run at a heating/cooling rate of 10 °C min–1, glass transition temperatures at a heating rate of 40 
°C min–1. 
  

Atomic Force Microscopy. AFM images were recorded at 37 °C in air using a Digital Instrument 
Multimode Nanoscope IV operating in the tapping regime mode using silicon cantilever tips (PPP-NCH-50, 
204–497 kHz, 10–130 N/m). Scanner 6007JVH was used with scan rates between 0.5 and 1 Hz. All 
images are subjected to a first-order plane-fitting procedure to compensate for sample tilt.  
 

Tensile Testing. Tensile properties were measured according to ASTM D 1708–96 in air at 37 °C. 
Thickness of the samples was always very close to 0.3 mm. Grip to grip separation was < 22 mm due to 
limited dimensions of the used climate chamber. Testing was conducted in a Zwick Z100 Universal Tensile 
Tester equipped with a 2.5 kN or 100 N load cell. A Noske-Kaeser TEE_180/1N2_(80)_X climate chamber 
was used around the test specimens. The crosshead speed was 20 mm/min. Between 4 and 6 samples 
were evaluated for each polymer/filler ratio to determine E, yield stress, and yield strain. Due to slipping 
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of some samples from the clamps at higher elongations, the tensile strength, strain at break, and 
toughness could be determined from 3 to 5 samples per polymer/filler ratio. Exceptions: for 3.8 mol%: n = 
1 (though elongations of 2790 and 3500% and corresponding tensile strengths of 17.3 and 17.7 MPa were 
reached without failure, further elongation could not be reached due to the limiting dimensions of the 
climate chamber) and for 50 mol % n = 2. Due to the shape of the stress-strain curves, yield stresses and 
strains were determined as the intersection point of the two tangents to the initial and final parts of the 
load elongation curves at the yield point.9 An indicative Young’s modulus was determined by calculating 
the slope at 0% strain.  
 
In vivo Tissue Reaction Solution cast films (from THF) of PCLU4U containing 0, 4, 9, 23, 50, or 80 mol % 
of supramolecular filler (diameter = 6 mm, thickness ~0.3 mm) were prepared and the solvent was 
removed in vacuo. The samples (n = 1) were implanted subcutaneously into male Albino Oxford (AO) rats, 
after sterilization of the disks with UV for at least 2 h on each side. The rats had an age of approximately 
10–12 weeks. Animal experiments were carried out according to the NIH guidelines for care and use of 
laboratory animals. The rats were anesthetized with a mixture of isoflurane, N2O and O2. The animals 
were shaved and disinfected. The subcutaneous pockets were made on the back of the rat; three on the 
right and three on the left side. One sterilized disk was placed in each pocket. The animals were housed in 
a temperature-controlled and humidity-controlled room with 12 h light/dark cycles after the surgery. They 
had access to water and standard rat chow ad libitum. Under general inhalation anesthesia (isoflurane, 
N2O and O2), disks were explanted after which the animals were euthanized by cervical dislocation. The 
disks together with the surrounding tissue were explanted at day 10 and fixed in 2% glutaraldehyde and 
embedded in plastic (Technovit 7100 cold curing resin based on hydroxyethyl methacrylate (HEMA), 
Kulzer Histo-Technik) subsequently. The tissue slices (thickness = 2 µm) were stained with toluidine blue 
for histological examination with optical microscopy. 
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5 

Segmental Orientation in Well-defined 

Thermoplastic Elastomers containing 

Supramolecular Fillers  

Mechanical behavior of segmented block copolymers can be understood by studying 
the deformation mechanisms on a macroscopic and molecular level. Small angle X-ray 
scattering and infrared dichroism are useful tools to do so, and were used to study the 
deformation of PCLU4U thermoplastic elastomer containing various amounts of 
incorporated supramolecular filler. The pristine polymer and PCLU4U containing filler 
amounts of below 25 mol %, show predominantly a shear type of deformation. The 
hard segment stacks align parallel to the strain axis upon uniaxial deformation up to 
the yield point. Permanent deformation is caused by fragmenting of the stacks which 
then start to orient perpendicular to the strain axis. When more than 25 mol % of filler 
was added to PCLU4U, two hard phases are present: the first hard phase consists of 
polymer hard segments containing a maximum amount of filler incorporated in the 
same bisurea stacks and the second hard phase consists of filler stacks only. When 
such a sample is uniaxially loaded, all urea groups orient parallel to the strain axis 
before the yield point. IR dichroism and SAXS data both suggest the following model. 
At the yield point the first hard phase shows the same shear type of deformation as the 
pure PCLU4U polymer. The filler stacks, however, are not connected to the soft 
segment matrix and we propose that they remain parallel to the strain axis. The excess 
filler forms larger domains and therefore acts as the more common reinforcement 
fillers which have significantly larger than molecular dimensions, as was already 
concluded from their mechanical behavior in the previous chapter. However, additional 
IR dichroism experiments, designed to further elucidate the proposed mechanism, did 
not confirm our hypothesis. The true mechanism might therefore be more complicated. 

 

 

 

This work will be submitted for publication: E. Wisse, A. J. H. Spiering, F. Pfeifer, G. Portale, H. W. Siesler 

and E. W. Meijer, manuscript in preparation. 



Chapter 5 

 

68 

5.1 Introduction 

The domain morphology of micro phase separation between hard and soft domains 
in thermoplastic elastomers (TPEs) has been studied extensively to explain their 
mechanical behavior. The first report on morphological changes during deformation of 
segmented poly(urethanes) (PUs) was by Bonart.1,2 He studied PUs with small angle X-
ray scattering (SAXS) and came up with a molecular interpretation for his systems. In 
later studies, SAXS was often used.3,4 However, in order to gain more insight at the 
molecular level, infrared (IR) polarization spectroscopy proved to be very useful.5–12 
Ideally, SAXS and transmission infrared dichroism experiments are combined to study 
the deformation at the macroscopic domain level and the molecular level, 
respectively.13–15  
For the uniaxial deformation of poly(urethane)s or poly(urethane)ureas various 

deformation mechanisms, typically for lamella-type hard domains, are described. Two 
extremes of deformation mechanisms are reported.13 In the first mechanism, the long 
axis of the hard domain orients parallel to the applied force at low strains, combined 
with orientation of the soft segment chains in the same direction. When the stress is 
transferred from the hard to the soft segments, permanent deformation starts to occur, 
causing hard segment fragmentation. The hard domains now orient perpendicular to 
the applied force. The same principle is also described by Desper et al. as the shear 
model.4 In a second mechanism, the hard domains are oriented with their long axis 
perpendicular to the tensile direction and the soft segment chains are pulled apart at 
low strains (affine deformation). When the soft segments are extended sufficiently, the 
stress is transferred from the soft segments to the hard domains, causing the hard 
domains to fragment. This mechanism is described as tensile mode by Desper et al.4 In 
this case, the hard domains are always oriented perpendicular to the applied force. 
Desper et al. conclude that the shearing mechanism is predominant in their amine-
cured poly(urethane), where the hard domains have a good structural integrity. A high 
degree of crystallinity of the hard segments is also reported to cause this orientation 
behavior by Lin et al.6 The diol-cured poly(urethane) from Desper et al. possesses 
weaker hydrogen bonds in the hard domains and shows predominantly deformation 
behavior according to the tensile mode. Lee et al.13,14 describe the deformation of their 
poly(urethane) as a combination of both processes. This seems to be the case in many 
reports, since mostly a negative value for the orientation function (see experimental 
section for description of the orientation function f is observed at lower strains, which 
again increases in value when permanent deformation sets in.6,7,8,10,14 
In this chapter, the orientation behavior of PCLU4U upon uniaxial deformation with 

increasing amounts of incorporated supramolecular filler is studied by a combination 
of dichroic IR and SAXS measurements. In this way, the remarkable mechanical 
properties reported in the previous chapter can be explained. Based on those 
mechanical properties, we hypothesized that in the first regime (filler content < 25 mol 
%), where the filler is completely incorporated in the polymer hard segment stacks, the 
orientation behavior of all bisurea units will be the same as compared to the pure 
polymer. All measurements point toward a predominantly shear mode type of 
deformation mechanism for PCLU4U in this first regime. This shows that indeed the 
hard segment domains and the incorporated filler remain a single hard phase during 
uniaxial loading. In the second regime (filler content > 25 mol % filler), however, a 
separate filler phase is present that is not connected via any soft segment chains. We 
therefore expected a very different orientation mechanism in this case. Both hard 
domains orient in the tensile direction upon applying strains below the yield point. 
After the yield point, fragmentation occurs in the hard phase rods consisting of 
polymer hard segments and a maximum amount of incorporated filler. We propose 
that this phase orients perpendicular to the applied strain, while the separate filler 
stacks remain oriented in the strain direction. However, IR dichroic experiments with 
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selectively deuterated hard segments in either the polymer or the filler suggested that 
the true deformation mechanism after the yield point in the second regime might be 
more complicated. 
 

5.2 Phase separation between hard and soft segments 

Before studying the orientation behavior of the hard segment nanorods, the extent 
of phase separation between hard and soft segments was investigated. Infrared data 
presented in Chapter 2 only showed evidence for strongly hydrogen bonded urea units 
in PCLU4U up to the melting point of the hard segments (urea: C=O ~1620 cm–1 and 
N–H ~3330 cm–1). This implies that there are no bisurea segments dissolved in the soft 
matrix and phase separation between hard and soft segments is complete. A relatively 
new method to study phase separation, is solid state NMR spectroscopy.16 Direct 13C-
NMR excitation selects the more mobile carbons (Figure 1A), while 1H-13C cross-
polarization experiments select the rigid carbons (Figure 1B). Accurate resolution was 
reached for both carbonyl carbons (∗ and • in Figure 1) and for the CH2 groups next to 
the urea (♦). The carbonyl carbon of the PCL soft segment is observed in the direct 13C 
excitation spectrum. In the 1H-13C cross polarization experiments, this peak is strongly 
reduced17 while the carbonyl carbon of the urea has appeared. Also the signal of the 
CH2 groups next to the urea has strongly increased. Especially the fact that no urea 
carbonyl signals are observed in the mobile phase, confirms that within the 
experimental error of the measurement, no bisurea segments are dissolved in the soft 
matrix. All bisurea units are therefore involved in hard segment nanorod formation.  

 
Figure 1. Solid state 13C-NMR spectra selecting either A) mobile phase (direct 13C excitation) or B) rigid 
phase of PCLU4U (1H-13C cross-polarization). 

5.3 IR dichroic measurements 

Thin films (typically ~20 µm thick) of PCLU4U with varying amounts of 
supramolecular filler were prepared by drop casting from chloroform. The samples 
were stretched at 10 mm/min while recording IR spectra using polarized radiation 
alternately changed between the parallel and perpendicular direction with respect to 
the deformation axis. All measurements were performed at 37 °C, to ensure that the 
PCL soft segment is completely molten. From the recorded IR spectra we calculated the 
dichroic ratio R. 
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In this equation, β is the angle between the main chain axis and the deformation axis. 
The orientation function is related to the dichroic ratio by: 
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R0 = 2 cot2ψ          (4) 
R0 is the dichroic ratio for perfect uniaxial orientation, with ψ the angle between the 
transition moment of the vibrating oscillator and the polymer chain axis. The upper 
and lower limits of equation (3) are defined by equation (2) and result in f = 1 for 
parallel alignment of the chains, f = –1/2 for perpendicular alignment. In the case of 
random orientation, f = 0. Substituting these values in equation (3) for the N–H 
vibration (β = 90°) shows that 0 ≤ R ≤ 2, with R = 1 for random orientation for the N–H 
vibration. 
In Chapter 2, the IR spectra of PCLU4U have already been discussed in detail. In the 

present chapter, we predominantly used the N–H bands of the urea to calculate R and 
ƒ. Also the C=O band of the urea was used, however, due to the large difference in 
intrinsic intensity of these two signals, the C=O intensity was often too high for the 
detector used. Therefore, only the results of the N–H groups are reported. In all cases 
where we could calculate the orientation function based on the C=O of the urea, the 
same orientation behavior was observed (data not shown).  
Figure 2 shows typical examples of a recorded engineering stress−strain curve of 

PCLU4U and of orientation functions of four samples with various filler contents (0, 
10, 24, and 51 mol %) as a function of strain during a dichroic IR measurement. Due 
to the dimensions of the setup, a maximum elongation of ~550% could be reached. All 
samples started with a random orientation (ƒ = 0), as expected from previous AFM 
studies (see Chapter 4). 
In PCLU4U without any additional filler, the orientation function became negative 

when elongation starts, indicating that the urea N–H groups and therefore also the 
nanorods are orienting parallel to the strain axis. This orientation became stronger 
upon approaching the yield point, and almost reached its theoretical minimum value of 
–0.5 at the yield point, indicating excellent orientation of the bisurea nanorods. In 
duplo experiments the minimum value of –0.5 for ƒ was sometimes a little higher, 
which we attribute to small differences in sample preparation. According to Fischer 
and colleagues, this type of deformation mechanism indicates that rotation of the hard 
segments occurs without substantial inter-domain interactions.14 Considering the low 
hard block content of 10.6 wt %, the Fischer model provides an attractive 
interpretation of the behavior of PCLU4U. When the yield point is reached at ~100% 
strain, permanent deformation set in and concurrently the orientation function started 
to increase again. Values up to 0.7 at 550% elongation were reached. When we keep in 
mind that PCLU4U can be elongated over 3000% under these conditions (see Chapter 
4), already a high degree of order is reached at this moderate elongation. These 
observations correspond to a shear mode deformation mechanism for PCLU4U. In this 
model, the perpendicular orientation of the hard segment stacks after the yield point is 
explained by fragmenting of the stacks, after which the stress is transferred from the 
hard segments to the soft segments. The smaller stacks therefore twist toward an 
orientation perpendicular to the strain axis. This theory is confirmed when looking at 
various IR spectra during the tensile tests. In the IR spectra of PCLU4U at 15, 275, 
and 560% strain (Figure 3), we see a free N–H band at 3405 cm–1 appearing at 275% 
strain. This corresponds nicely with more free N–H groups at the ends of the rods due 
to fragmenting of the nanorods. This band is more intense at higher elongation (560% 
strain), indicating increased fragmentation into smaller hard segment stacks. An 
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additional explanation could be that some hard segments are pulled into the soft 
matrix.10 
The orientation function as a function of strain for PCLU4U with 10 mol % of 

supramolecular filler is similar to that of PCLU4U. Filler and polymer HB remain a 
single hard phase during uniaxial loading, as was already suggested in the previous 
chapter in an attempt to explain the remarkable mechanical behavior in this first 
regime. When 51 mol % of filler is mixed into the polymer, the deformation behavior is 
different. Up to the yield point all urea groups oriented in the direction of the applied 
force. Upon elongating beyond the yield strain, the orientation function also increased 
in value. However, the maximum value reached was now approximately zero. A sudden 
random orientation of the urea seems illogical. We propose that beyond the yield point 
the polymer hard phase (including a maximum amount of incorporated filler) 
fragments and orients perpendicular to the applied strain, similar to what was just 
described. However, since the filler phase is not connected to the PCL matrix, we 
propose the filler stacks remain in their previous orientation. In total, we have 
nanorods of one hard phase (polymer hard segments including a maximum amount of 
filler) oriented perpendicular to the applied force, while the second hard phase (filler 
stacks) remains oriented parallel to the tensile direction. Counting up the orientation 
functions of these two phases will lead to an orientation function as observed in Figure 
2 for PCLU4U containing 51 mol % of filler. When 24 mol % was mixed into PCLU4U, 
we observed intermediate behavior. The curve still mostly resembles the behavior of 
the pure polymer, but its final value for ƒ has already decreased somewhat. This is 
once more an indication of a less-defined transition regime when going from the first to 
the second regime.  
The orientation of the soft segment was studied by integrating the C=O bands of the 

PCL at 1720 cm–1. Remarkably, we never observed any orientation opposed to what is 
generally stated in literature.5,6,8,9,10,13,14 For polymers with the same hard segment, but 
a poly(tetrahydrofuran) soft segment, the soft segment also did not orient upon 
uniaxial elongation.18 Moreland et al. also observed no orientation of poly(propylene 
oxide) soft segments in his poly(urethane urea).7 He attributed this to the entropy 
driven relaxation of the soft segments leading to more disorder.  

 
Figure 2. Representative stress strain curve (PCLU4U, no filler) and corresponding orientation functions of N–
H vibration of PCLU4U containing various amounts of supramolecular filler. 
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Figure 3. Zoom of IR spectra in N–H stretching region of PCLU4U: A) at 15 % strain, B) at 275 % strain, C) at 
560 % strain.  Dashed curve: recorded parallel to tensile direction, solid curve: recorded perpendicular to 
tensile direction. The arrow indicates the free N–H band. 

Beyond the yield point, plastic deformation starts due to fragmentation of the hard 
segment nanorods. This was shown by elongating a sample of PCLU4U to 530% strain 
under the same conditions as just described. At certain elongations, the experiment 
was stopped and the sample was held at this position while we kept recording IR 
spectra alternately parallel and perpendicular to the strain axis (Figure 4A). The 
orientation function remained at the final value of 0.7. When we stopped the 
experiment at 50% strain, the hard segment stacks showed some relaxation. The 
orientation function increased in value, though not all the way back to the initial 
situation of ƒ = 0 in the time span used for the measurement (Figure 4B). 

  
Figure 4. Orientation function of N–H vibration in time. A) End of tensile test at 520% strain. B) End of 
tensile test at 50% strain. 

5.4 Small angle X-ray scattering (SAXS) 

Deformation at the macroscopic level was studied by SAXS. Samples of 0.5–1.0 mm 
were elongated at 10 mm/min in a tensile setup at 37 °C to a certain elongation, after 
which we measured SAXS patterns using a 2-D detector. The SAXS patterns show a d-
spacing of ~6 nm for all samples before elongation (Figure 5). The corrected intensity is 
clearly lower for 23 and 50 mol % samples than for 0 and 10 mol % samples. This is 
most probably due to differences in electron density between the samples. The 
corresponding circular scattering halos are presented in Figure 6, confirming random 
orientation at 0% strain. All samples were stretched up to strains below (50%), at 
(100%), and over the yield point (300 or 400%), and were then kept at that elongation 
after which SAXS patterns were recorded for 5 minutes to obtain patterns with a good 
resolution (Figure 6). The pure polymer and the sample containing 10 mol % of filler 
again showed very similar behavior upon elongation. At 50% strain, an ellipsoid 
pattern is observed indicating that the orientation of the hard segment stacks (long 
period) is increased in the strain direction. At 100% strain, we see a four point 
scattering pattern. The nanorods are orienting more parallel to the strain axis. Also a 
superimposed scattering halo is still observed, indicating the presence of still more 
randomly distributed rods. At 400% strain, a two point pattern is observed, showing 
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that the nanorods are now oriented perpendicular to the strain axis. The SAXS data 
confirm the orientation behavior as deduced from the dichroic IR measurements for 
samples containing 0 and 10 mol % of supramolecular filler.  
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Figure 5. SAXS patterns of PCLU4U with various amounts of incorporated filler; d-spacings (= 2π/q) are 
6.3, 5.9, 6.5 and 6.7 nm respectively. 
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Figure 6. 2D-SAXS patterns of PCLU4U at various elongations with various amounts of incorporated filler: 
A) 0 mol % filler, B) 10 mol % filler, C) 23 mol % filler, and D) 50 mol % filler. Strain in each sample is 
given in %. 
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For the samples containing 23 and 50 mol %, respectively, we basically see the same 
behavior. Additionally, a horizontal streak is observed at strains over the yield point in 
both samples. This is most clearly observed in PCLU4U containing 50 mol % filler. 
These horizontal streaks are most probably caused by filler nanorods that are aligned 
perpendicular to the strain axis. We also recorded SAXS patterns during tensile tests 
at 1 mm/min. These dynamic studies resulted in spectra with lower resolution (for 
results of dynamic measurements: see experimental section). However, the results did 
show similar scattering patterns as shown in Figure 6, indicating that the static 
measurements are a good representation of the dynamic processes. 
The results from the Infrared and SAXS measurements presented in the previous 

sections, both support the same model of U4U nanorod orientation during uniaxial 
elongation. Figure 7 schematically summarizes the nanorod deformation, showing the 
polymer U4U hard segments in black and the filler U4U segments in gray.  

 
Figure 7. Schematic representation of molecular picture during deformation in the indicated direction, for 
PCLU4U (top) and PCLU4U with incorporated filler, both in the first regime (middle) as well as in the 
second regime (bottom). For clarity, the nanorods are drawn as single supramolecular ribbons. 

5.5 Dichroic IR measurements on deuterated samples 

To substantiate our explanation for the dichroic behavior of PCLU4U with 51 mol % 
of incorporated supramolecular filler, we selectively labeled the CH2 groups between 
the urea groups with deuterium (Chart 1). Deuterated supramolecular filler (filler-d8) 
was mixed with PCLU4U, and supramolecular filler was mixed with deuterated 
PCLU4U (PCLU4U-d8). Both samples were prepared containing 25 and 50 mol % of 
filler, respectively. Since the C–D symmetrical vibrational band appears at an isolated 
position in the IR spectrum (2100 cm–1)19, the orientation of the filler bisurea units or 
the orientation of the polymer bisurea units could be followed selectively. In this way, 
the hypothesis postulated in the previous paragraph was tested. 
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Chart 1. Chemical structures of deuterated filler (filler-d8) and deuterated PCLU4U (PCLU4U-d8). 
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In Figure 8A the orientation function of the C–D symmetric stretching vibration of 

50 mol % filler-d8 in PCLU4U is shown. Beforehand, we expected f to be at its 
minimum, negative value at the yield point (100% strain) and to increase a little after 
the yield point due to the fraction of filler that remains in the polymer hard segment 
nanorods. The orientation function indeed decreases as observed before (Figure 2) and 
therefore the U4U nanorods are orienting along the deformation axis. After 100% 
strain, however, the orientation function unexpectedly remains around –0.3. For the 
samples with deuterated polymer containing 50 or 25 mol % of filler (Figure 8B and D, 
respectively), the orientation function versus strain plots are comparable to Figure 8A. 
We were expecting, however, to find similar plots as shown in Figure 2 (0 mol %) where 
the orientation function rises to positive values after the yield point. Only for the 
sample containing 25 mol % of deuterated filler in PCLU4U, f is progressing differently. 
Again the orientation function first goes down upon elongation. However, after the yield 
point around 100% of strain, the orientation function rises again to ~0.15 and then 
remains at that value. Since most filler is still one phase together with the polymer 
U4U nanorods, we expected the orientation function to keep rising after the yield point. 
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Figure 8. Orientation function versus strain of C–D symmetrical vibration as a function of applied strain: 
A) 50 mol % filler-d8 in PCLU4U, B) 50 mol % filler in PCLU4U-d8, C) 25 mol % filler-d8 in PCLU4U and 
D) 25 mol % filler in PCLU4U-d8. 
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Up to the yield point, all U4U nanorods align in the direction of the strain as 
expected. After the yield point, however, the orientation function unexpectedly does not 
change very much in all samples. The reason for this unexpected behavior is 
unknown, but wrong assumptions might be involved, such as the exact orientation of 
the symmetrical CD2 stretching vibration with respect to the defined coordinate 
system. Also the phase diagram might be different in this situation as compared to 
Figure 3 in Chapter 4. Another possibility is that our proposed model is oversimplified 
and that the truth is more complicated than depicted in Figure 7. 
 

5.6 Conclusions 

In PCLU4U the bisurea hard segments (10.6 wt % HB) are completely phase 
separated from the soft PCL matrix. The rod-to-rod distance in unloaded samples is on 
average ~6 nm. In AFM we observe rods with a monodisperse diameter, pointing to 
cylindrical type of hard segment stacks. We propose that supramolecular bisurea 
ribbons (Figure 9A) stack on top of each other due to dipole-dipole interactions 
between the urea groups. Most probably, a single hard segment stack, as visualized in 
AFM images, consists of a few supramolecular ribbons crystallized together (Figure 9B) 
into a nanorod with similar width and thickness.  

When PCLU4U is uniaxially strained, a shear type deformation mechanism is 
observed for the hard segment nanorods both in dichroic IR and SAXS experiments. 
We attribute this to the strong hydrogen bonds between bisurea units, as already 
suggested in literature4,6 combined with very little inter-domain interaction between 
hard domains14.  The soft segment does not show any preferred orientation during 
stretching up to 550% strain, due to relatively fast relaxation of the soft segment 
chains.7 When 10 mol % of supramolecular filler was added to the poly(urea), the exact 
same mechanism is observed. This confirms that during uniaxial loading of this 
material, the filler and polymer hard segments remain a single hard phase. PCLU4U 
containing 50 mol % of filler, displays different behavior. Up to the yield point, all urea 
groups orient parallel to the strain axis. When fragmentation of the nanorods sets in, 
stress is transferred from the hard segments to the soft segments and the stacks of the 
first hard phase (polymer bisurea units containing a maximum amount of incorporated 
filler), are now pulled into a perpendicular orientation (Figure 7C). The second hard 
phase consists of only filler and is not connected to the matrix via PCL chains. We 
propose that therefore, stress can not be transferred to the soft segments in this case 
and the filler nanorods remain in their parallel orientation. Upon high strains, we 
would then have nanorods oriented perpendicular and parallel to the strain axis of the 
first and second hard phase, respectively. The excess filler no longer acts as a 
(supra)molecular filler, but more as common reinforcement fillers with significantly 
larger than molecular dimensions, as was already discussed in the previous chapter. 
The described cross experiments using deuterated filler or polymer U4U segments, 

  
Figure 9: A) Supramolecular ribbon of single bisurea stack, B) proposed composition of bisurea hard 
segment stacks: a few bisurea ribbons form a nanorod.  
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however, do not fully confirm the described model. The true deformation mechanism 
might therefore be more complicated than is suggested in Figure 7. 
 

Experimental Section 
 

Materials and General Synthetic Procedures. All reagents and solvents were purchased from 
commercial sources and were used without further purification. Chloroform was dried over 4 Å molsieves 
(Merck). All reactions were carried out under a dry argon atmosphere.  
 

Instrumentation. Infrared spectra were measured on a Perkin Elmer Spectrum One FT-IR spectrometer 
with a Universal ATR Sampling Accessory. NMR spectra were taken with a Varian Mercury 400 
spectrometer (400 MHz for 1H-NMR, 100 MHz for 13C-NMR) or a Varian Gemini (300 MHz for 1H-NMR, 75 
MHz for 13C-NMR) spectrometer. GPC (THF, 1 mL/min) was measured on a Shimadzu LC-10DVP system 
with a Shimadzu RID-10A detector and a PLgel 5–lm mixed-D column. All molecular weights were relative 
to polystyrene standards. Matrix assisted laser desorption/ionization mass-time of flight spectra (Maldi-
TOF) were obtained using α-cyano-4-4hydroxycinnamic acid as the matrix on a PerSeptive Biosystems 
Voyager-DE PRO spectrometer. 
 

Synthesis of PCLU4U and supramolecular filler. The synthesis of PCLU4U and the supramolecular filler 
were reported elsewhere.20  
 

Synthesis of PCLU4U-d8. 1,4-Diaminobutane that was fully deuterated on all carbon atoms was obtained 
as the HCl salt. To 
obtain the free 
amine, a Dowex ion-

exchange column (length = 30 cm, diameter = 0.75 cm) was used. Before use, the column was flushed four 
times with water and five times with MeOH. The 1,4-diaminobutane-d8 HCl salt was applied  as a 
suspension in MeOH to the column. The free amine was obtained by eluting with methanol in 82% yield. 
PCL2000(C5–NH2)2 (Mn (PCL) = 2000 g/mol) was synthesized as described before21. PCL(C5–NH2)2 (2.4 g, 
1.08 mmol) was dissolved in 40 mL CHCl3 and tricarbonate (1.13 g, 4.31 mmol) was dissolved 60 mL 
CHCl3. The polymer solution was injected into the tricarbonate solution and the reaction was allowed to 
proceed for 30 minutes. The reaction mixture was reduced in volume and precipitated in heptane. After 
filtration, PCL(C5–NCO)2 was dried in vacuo (Yield: 41 %). PCL(C5–NCO)2 (1 g, 0.44 mmol) was dissolved in 
30 mL CHCl3, diaminobutane-d8 was dissolved in 10 mL CHCl3. The diaminobutane solution was added 
by drops to the polymer solution until no NCO was observed anymore in IR. The resulting PCLU4U-d8 was 
precipitated in heptane and obtained in quantitative yield. FT-IR: ν = 3329, 2943, 2865, 1723, 1618, 1577 
cm–1. 1H-NMR (CDCl3): δ = 4.23 (t, 4H), 4.06 (t, 2(2n)H), 3.70 (t, 4H), 3.16 (b, 4H), 2.31 (t, 2(2n+2)H), 1.65 
(m, 2(4n+2)H), 1.49 (m, 4H), 1.39 (m, 2(2n+2)H) ppm. 13C-NMR (CDCl3) : δ = 173.7, 173.6, 173.5, 173.4, 
158.7, 69.0, 64.1,  63.8, 63.2, 40.1, 34.1, 33.9, 33.7, 29.9, 28.3, 26.3, 25.5, 24.5, 24.4 ppm. GPC (THF, 1 
mL/min): Mn = 7.39 kg/mol, Mw = 29.4 kg/mol, PD = 4.0. 
 

Synthesis of filler-d8. 1,4-Diaminobutane-d8 (213 mg, 1.26 mmol) was dissolved in CDCl3. 2-ethyl-1-
hexylisocyanate (0.44 mL, 2.52 mmol) was added and the reaction 
was allowed to stir for 1.5 hours. Amino-poly(styrene) resin was 
added to react with the slight excess of 2-ethylhexylisocyanate. The 
reaction mixture was then filtered, the filtrate was reduced in 

volume and precipitated in heptane three times. Supramolecular filler-d8 was obtained in almost 
quantitative yield. FT-IR: 3326, 2959, 2925, 2873, 2860, 2212, 2101, 1718, 1645, 1621, 1564 cm–1. 1H-
NMR (CDCl3): δ 5.09 + 4.89 (t, 4H, NH), 3.08 (m, 4H, NHCH2CH), 1.40 (m, 2H, CH), 1.26 (m, 24H, 
CH3CH2CH2CH2), 0.88 (m, 12H, CH3) ppm. 13C-NMR (CDCl3): 159.2, 43.3, 40.0, 31.0, 29.0, 24.1, 23.1, 
14.2 and 10.9 ppm. MALDI-TOF: calculated mass: 406.69 g/mol, observed mass: 407.33 g/mol. 
 

Preparation of polymer films. All samples were prepared by dissolving the right amounts of 
supramolecular filler or supramolecular filler-d8 and PCLU4U or PCLU4U-d8 together in chloroform. Films 
for transmission FT-IR dichroism were prepared by drop casting these solutions on glass with a mean 
roughness of 1 ± 0.1 µm. The thickness of the resulting films was 25 ± 5 µm for the non-deuterated 
samples and 80 ± 10 µm for the deuterated samples. All films were annealed at 80°C in vacuo for 4 hours. 
Films for SAXS analysis were prepared by drop casting the appropriate solutions (~400 mg in 6 mL) in 

Teflon dishes of 45×25×5mm. The dishes were covered with a spoutless beaker to allow the solvent to 
slowly evaporate. After thermally annealing at 80°C in vacuo for 4 hours tensile bars were cut from the 
resulting films (length between 1.5 and 2.0 cm, width ~5 mm, thickness between 0.5 and 1.0 mm).  
 

Small Angle X-ray Scattering (SAXS). SAXS experiments were performed at the DUBBLE beam line 
(BM26B) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The 2-D SAXS data 
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were collected on a multiwire two-dimensional detector positioned at approximately 2.5 meters from the 
sample using a wavelength of 0.954 Å. For calibration of the SAXS detector the positions of the diffracted 
peaks of a silver behanate standard sample were used. The samples were stretched using a home-built 
tensile test machine at an elongation rate of 10 m/min. Samples were stretched up to the mentioned 
elongation, and directly after that SAXS data were collected for 5 minutes. As a control experiment, we 
also measured dynamically SAXS data during a tensile test at a rate of 1 mm/min. All measurements were 
performed at 37 °C. Both methods resulted in comparable scattering patterns. The clamps of the 
apparatus moved both in opposite direction at the same speed, so that the centre position of the sample 
was fixed in the X-ray beam. The experimental data were at first divided by the detector response to 
correct for the different pixel-to-pixel sensitivity of the detector and then corrected for the background 
scattering. The 2-D SAXS images of the non-stretched samples were transformed into 1-D profiles by 
performing radial integration along the azimuthal angle using the FIT2D program developed by dr. 
Hammersley of the ESRF.22 

 
Results dynamic SAXS experiments: 

             
2D-SAXS patterns of PCLU4U, from top left to 
bottom right: 0, 27, 60, 93, 160, 393, 593, 810% 
strain. 

2D-SAXS patterns of PCLU4U + 10 mol % filler, 
from top left to bottom right: 0, 20, 53, 87, 153, 
387, 587, 810% strain. 

             
2D-SAXS data of PCLU4U + 24 mol % filler, from 
top left to bottom right: 0, 20, 53, 87, 153, 387, 
587, 770% strain. 

2D-SAXS pattern of PCLU4U + 51 mol % filler, from 
top left to bottom right: 0, 20, 53, 87, 153, 387, 
587, 820% strain. 

Transmission FT-IR dichroism. The prepared films were uniaxially elongated in a miniaturized 
stretching machine, which was modified to fit in the sample compartment of the spectrometer at an 
elongation rate of 10 mm/min. During deformation, 10 scan interferograms were acquired in small time 
intervals (2.975 s) with polarized radiation alternately changed between the parallel and perpendicular 
directions with respect to the deformation axis. All measurements were performed at 37 °C. Upon 
completion of the experiment, the interferograms were transformed to the corresponding spectra with a 
spectral resolution of 4 cm–1. The dichroic ratio R was determined as the absorbance of a specified band 
recorded parallel to the deformation axis, divided by the absorbance of a specified band recorded 
perpendicular to the deformation axis. The area of the specified band was taken as the value for A. 

⊥

=

A

A
R //           (1) 

The state of orientation can be expressed by the orientation function f: 

2

1cos3 2
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In this equation, β is the angle between the main chain axis and the deformation axis. The  orientation 
function is related to the dichroic ratio by: 
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R0 is the dichroic ratio for perfect uniaxial orientation, with ψ the angle between the transition moment of 
the vibrating oscillator and the polymer chain axis. ψ = 90° for N–H and C–D bands and 78° for C=O bands 
of the urea. The upper and lower limits of equation (3) are defined by equation (2) and result in f = 1 for 
parallel alignment of the chains, f = –1/2 for perpendicular alignment. In the case of random orientation, f 
= 0.  
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6 

Hard Segment Nanorods in Supramolecular 

Thermoplastic Elastomers  

In thermoplastic elastomers, physical cross-linking occurs due to supramolecular 
interactions between the hard segments. On a macroscopic scale, this generally results 
in soft, flexible and elastic materials that are nevertheless easy to process. In 
supramolecular polymers, short molecules or prepolymers are linked together via 
similar supramolecular interactions to form virtual high molecular weight polymers 
which display real material properties. In this chapter a true combination of TPEs and 
supramolecular polymers is made: we added lateral interactions to ureidopyrimidinone 
(UPy) based supramolecular polymers by introducing a urea (U) or urethane (UT) unit, 
six carbons removed from the UPy group. We used poly(4-methyl-ε-caprolactone) as an 
amorphous, biodegradable soft segment. The strong directionality of the urea units 
results in urea-urea stacking, further stabilized by π-π interactions between UPy-UPy 
dimers. Long, well-defined UPy-U nanorods were observed with a high melting 
temperature (120 ºC). In UPy-UT stacks, the UT-UT hydrogen bonds are much weaker 
than the U-U hydrogen bonds. Therefore the UPy-UT stacks are less defined and show 
a low melting temperature (40 ºC). The UPy-U units are completely phase separated 
from the soft matrix, while a significant part of the urethanes seems to be dissolved in 
the soft matrix. Increasing the soft segment length in the UPy-U system by a factor of 
four reduces the end group density significantly. However, well-defined nanorod 
formation was still observed. The nanorods orient in the direction of the applied force 
upon uniaxial deformation.  

 

 
 
 
 
Part of this work will be submitted for publication: E. Wisse, P. Y. W. Dankers, B. Mezari, P. C. M. M. 
Magusin, E. W. Meijer, manuscript in preparation. 
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6.1 Introduction 

Supramolecular interactions have been introduced in numerous macromolecular 
architectures. In the class of supramolecular polymers1–5, small molecules or 
prepolymers are functionalized on each end with functional groups that associate via 
supramolecular interactions such as hydrogen bonding6–11 or coordination chemistry12–
18. The 2-ureido-4[1H]-pyrimidinone (UPy) unit is a well-known, self complementary 
quadruple hydrogen bonding unit, developed in our group.9 When short prepolymers 
are end functionalized with UPy groups, the UPy units will form dimers and long 
supramolecular polymer chains are formed (Figure 1).10   
Supramolecular interactions are also used extensively in thermoplastic elastomers 

(TPEs), where they give rise to physical cross-linking between long covalent polymer 
chains.19 Well-defined bis(ureido)butylene based poly(urea) show superior mechanical 
properties as compared to their polydisperse analogues.20 The bisurea hard segments 
form long, supramolecular ribbons by the strong, directional hydrogen bonding 
between the urea groups and were visualized by Atomic Force Microscopy (AFM).21–23 A 
combination of supramolecular polymers and TPEs was recently made by introducing 
additional lateral interactions into 2-ureido-4[1H]-pyrimidinone (UPy) based 
supramolecular polymers by additional urea (U) or urethane (UT) hydrogen bonding 
units.11,23 In this way a new class of polymers, the supramolecular thermoplastic 
elastomers, came into being (Figure 1). Also here, nanorod formation was visualized 
and enhanced mechanical properties were observed as compared to the corresponding 
supramolecular polymers.23  

Covalent polymer

Thermoplastic 
elastomer (TPE)

Supramolecular
polymer

Supramolecular 
TPE

Covalent polymer

Thermoplastic 
elastomer (TPE)

Supramolecular
polymer

Supramolecular 
TPE  

Figure 1. Supramolecular interactions can give rise to various classes of polymers: in TPEs there is 
physical cross-linking between polymer chains, in supramolecular polymers association of functional 
groups results in virtual high molecular weight polymers, and finally in supramolecular TPEs lateral 
interactions are introduced in supramolecular polymers.  

We will now take a more detailed look at UPy-U and UPy-UT based nanorods in an 
attempt to fathom the structural differences in the two nanorods. We used an 
amorphous, biodegradable soft segment of poly(4-methyl-ε-caprolactone) (p(mCL), 
racemic, Mn = 2600 g/mol), as we are interested to use supramolecular TPEs for 
biomedical applications These oligomers are end capped with either UPy-U or UPy-UT 
functionalities (Figure 2). 

      
Figure 2. Chemical structure and cartoon of UPy-U 1 and UPy-UT 2 and hydrogen bonding in both 
polymers.  
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Urea hydrogen bonds are known to be significantly stronger than the urethane 
hydrogen bonds.24,25 We therefore expect to find different hard segment stacks in the 
two polymers. In earlier work23 it was observed that the hard segment rods of Kraton-
based PEBdiUPy-UT were shorter and less densely packed than in PEBdiUPy-U, 
indicating incomplete phase separation. Therefore it was anticipated that phase 
separation in UPy-UT 2 will be less complete than the phase separation in UPy-U 1. 
This hypothesis was further strengthened by the fact that in regular poly(urethane)s a 
significant part of the hard segment urethanes is usually dissolved in the soft 
matrix.26–29 Finally, p(CL) is also commonly used as compatibilizer in various polymer 
blends30, which is why we expect better solubility of the hard segments in the p(CL) 
soft matrix than in the Kraton based materials. Therefore it is of the utmost 
importance to study the phase separation between the hard segments and the 
polyester soft matrix in detail.  
In this chapter we show that UPy-U 1 contains well-defined, high melting nanorods, 

most probably cylindrical in nature, that are completely phase separated from the soft 
matrix, while UPy-UT 2 contains polydisperse, low melting nano-sized hard segment 
stacks. Moreover, the phase separation of the UPy-UT hard segments from the p(mCL) 
matrix is shown to be incomplete. In mixtures of the two polymers, separate UPy-U 
and UPy-UT stacks are observed. However, after melting, a single type of nanorods 
consisting of mainly UPy-U units remained. Additionally, we show there is still 
nanorod formation when we used poly(ε-caprolactone) (p(CL)) prepolymers with a 
relatively high molecular weight of approximately 10,000 g/mol in UPy-U 3. This 
polymer was used to show that UPy-U nanorods orient in the tensile direction upon 
uniaxial elongation. 
 

6.2 Synthesis of UPy-U and UPy-UT polymers 

The p(mCL)diol prepolymers were prepared as described before31 using 1,6-
hexanediol as the initiator. This prepolymer was reacted with UPy-C6-NCO synthon10 

at elevated temperature in the presence of dibutyltindilaurate (DBTDL) as the catalyst 
to obtain UPy-UT 2. To obtain UPy-U 1, the diol functionalities were first reacted with 
benzyl protected amine hexanoic acid. After deprotecting the amine (see also Chapter 
2), the polymer was directly reacted with UPy-C6-NCO synthon to form the urea. 
Poly(ε-caprolactone)diol (Mn = 10 kg/mol) was synthesized by polymerizing ε-
caprolactone at 120 ºC overnight under argon atmosphere, using diethylene glycol as 
initiator and tin(II) bis(2-ethylhexanoate) as the catalyst. The prepolymer was again 
amine terminated by the same procedure as just described, after which the polymer 
was directly reacted with UPy-C6-NCO synthon to obtain UPy-U 3. The chemical 
structures of all polymers were confirmed by GPC, NMR spectroscopy and IR analysis. 
1H-NMR spectra clearly showed the typical UPy signals at 13, 12, 10, and 6 ppm in 
chloroform. In 13C-NMR spectroscopy, the four different carbonyl carbons (two in the 
UPy, one of the non-UPy urea, and one of the PCL soft segment) resulted in separate 
peaks, which we will later on use to compare phase separation in the UPy-U and UPy-
UT polymers. Infrared analysis showed ester carbonyl signals (~1720 cm–1) and 
strongly hydrogen bonded N–H signals (~3330 cm–1) in all polymers, while strongly 
hydrogen bonded urea carbonyl signals are only found for the UPy-U polymers (~1620 
cm–1). 
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Scheme 1. Synthetic routes to UPy-U 1 and UPy-UT 2. 

6.3 Stack morphology of UPy-U 1 and UPy-UT 2 by AFM 

The surface morphology of both polymers was studied using AFM in the tapping 
mode regime. Under the applied conditions, phase images show bright parts 
corresponding to relatively hard material, and dark regions corresponding to relatively 
soft material (Figure 3). 
UPy-U 1 shows rod-like phase separation with fibers of very high aspect ratio. The 

diameter of the observed rods is approximately 5 nm and is noticeably monodisperse, 
indicating a cylindrical morphology. The actual diameter is expected to be lower, due to 
the limited resolution of the AFM tip. The phase image of UPy-UT 2, however, shows 
hard segment stacks that are clearly different in nature. The fiber diameter varies 
between 5 and 15 nm and most fibers are very disperse, though also more well-defined 
rods are visible. Also, the UPy-U rods appear brighter in the phase images than the 
UPy-UT rods. When we compare this to the PEB based analogues described by Kautz23, 
there is a high resemblance between PEBdiUPy-U and UPy-U 1. However, PEBdiUPy-
UT shows shorter, less dense packed fibrils with similar diameter, which is very 
different from the phase morphology in UPy-UT 2. This illustrates that the nature of 
the soft segment such as polarity and χ-parameter also influences stack morphology, 
as we were already expecting due to the compatibilizing properties of p(CL). This was 
only pronounced in the case of the UPy-UT polymers, where the lateral hydrogen 
bonding interactions are relatively weak. 

               
Figure 3. AFM phase (left) and height (right) images of A) UPy-U 1 and B) UPy-UT 2.  Scan size is 1 µm, 
∆φ is 4°, Z ranges are 10 and 50 nm, respectively. 

A B 
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6.4 Phase separation in UPy-U 1 and UPy-UT 2 

Commonly, infrared (IR) spectroscopy is used to determine the strength of hydrogen 
bonding in urea and urethane groups (see also Chapter 2). The degree of phase 
separation can then be estimated by comparing the area of the hydrogen-bonded 
carbonyl stretching band to the total area of carbonyl stretching bands in the IR 
spectrum.26,28,32 However, due to the complex nature and multiple absorbances in the 
carbonyl and N–H regions of the FT-IR spectra, neither qualitative nor quantitative 
analysis was possible. Therefore, conclusions about phase separation in UPy-U 1 and 
UPy-UT 2 were based on small angle X-ray scattering (SAXS) experiments, differential 
scanning calorimetry (DSC) and solid state NMR spectroscopy.  
In SAXS profiles, we observed a single peak, corresponding to the rod-to-rod 

distance or d-spacing. In UPy-U 1 the average d-spacing is 9.1 nm (Figure 4A), 
however, it ranges from approximately 12.6 nm (q = 0.05 Ǻ–1) to 6.3 nm (q = 0.1 Ǻ –1) 
due to the random orientation of rods as observed in the AFM images. In UPy-UT 2 we 
observed a significantly broader peak as compared to the SAXS results of UPy-U 1, due 
to the polydisperse hard segment stacks as observed in the AFM image. Since the hard 
and soft segments of UPy-UT 2 are of comparable length as the segments in UPy-U 1, a 
similar d-spacing was expected. However, the d-spacing in UPy-UT 2 is 15.0 nm 
(Figure 4B), which is significantly larger than 9.1 nm in UPy-U 1.  

 

  
Figure 4. SAXS profiles of A) UPy-U 1 and B) UPy-UT 2. ∗∗∗∗: Peak due to the beam stop. 

In DSC we measured three runs at 20, 10, and 40 °C/min of both polymers (Figure 
5). The melting temperatures of the hard segments and their corresponding melting 
enthalpies (∆Hmelt) are reported in Table 1. The UPy-U stacks melt around 120 °C while 
the less defined UPy-UT stacks already melt around 40 °C. The Tg of the polyester 
backbone is observed at –55 and –49 °C for UPy-U 1 and UPy-UT 2, respectively. 

 
Figure 5. DSC thermograms of A) UPy-U 1 and B) UPy-UT 2. 
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Table 1. Melting temperatures and corresponding melting enthalpies.  

 Tm (°C) ∆Hmelt (J/g) 

UPy-U 1   

1
st
 run (20 °C/min) 117.5, 122.5 11.4 

2
nd

 run (10 °C/min) 111, 117 9.2 

3
rd

 run (40 °C/min) 115 9.3 

UPy-UT 2   

1
st
 run (20 °C/min) 40, 50 8.9 

2
nd

 run (10 °C/min) 40 5.6 

3
rd

 run (40 °C/min) 45 3.4 

 
In solid state NMR spectroscopy33 (see also Ch. 5), we performed direct 13C excitation 

experiments that select mobile carbons, and 1H-13C cross-polarization experiments 
that select rigid or protonated carbons. Figure 6A shows the mobile part of the carbons 
of UPy-U 1, revealing only the carbonyl carbon of the amorphous p(mCL) soft segment 
(carbon b). In Figure 6B, the more rigid carbons are selected. This can be seen from 
the strong reduction of peak b, combined with the appearance of peaks a and c–f, all 
attributed to carbons in the UPy-U hard domain.34 When we now compare the rigid 
carbons of UPy-U 1 to the rigid carbons of UPy-UT 2 (Figures 6B and 7B), we see 
almost the same spectra. However, peak c, attributed to the carbonyl carbon of the 
urethane, is now present in the mobile phase (Figure 7A).  

 

 

 
Figure 6. Solid state NMR spectra of UPy-U 1: A) 
direct 13C excitation, B) 1H-13C cross-polarization. 

Figure 7: Solid state NMR spectra of UPy-UT 2: A) 
direct 13C excitation, B) 1H-13C cross-polarization. 

All the results described above, point to the same conclusion, namely complete 
phase separation in UPy-U 1 and incomplete phase separation in UPy-UT 2. The most 
conclusive evidence was found in solid state NMR spectroscopy. Direct 13C excitation 
experiments showed only the carbonyl carbon of the soft segment in the mobile phase. 
All signals of the UPy-U hard segment appeared only when the rigid carbons were 
selected by a 1H-13C cross-polarization experiment. Therefore, we concluded that no 
UPy-U hard segments are dissolved in the soft matrix, comparable to what was 
observed in the bis(ureido)butylene system described in Chapter 5. For UPy-UT 2, 
however, carbon c was observed in the mobile phase, meaning that at least a part of all 
urethane units is dissolved in the soft matrix. We expect that c is also present in the 
rigid phase underneath signals d and e based on our hypothesis of partial UPy-UT 
phase separation. Remarkably, all UPy signals appear to be in the rigid phase. We 
attribute this to the presence of very small UPy-UPy dimer stacks, where no hydrogen 
bonds are present between the UT groups. A molecular interpretation is schematically 
depicted in Figure 8. We are aware that due to peak overlap near 156 ppm with peaks 
d and e, we can not make the attribution of peak c in Figure 7A to the urethane 
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carbonyl carbon c with absolute certainty. However, in combination with the other 
evidence presented, we are confident with our assignments and that at least a part of 
the carbonyl carbons of the urethane groups is mobile due to solvation in the soft 
matrix. 

 

 

Figure 8. Suggested molecular picture of stacking interactions in UPy-UT 2: A) UPy-UT segments are 
crystallized completely, B) UPy dimers form small stacks, but UT units are solvated in the soft matrix (SB 
= soft block). 

Additionally, incomplete phase separation of UPy-UT 2 also implies a lower HB/SB 
ratio. This explains the larger d-spacing of 15 nm compared to only 9.1 nm for UPy-U 
1 observed in SAXS experiments. More evidence to support our conclusion can be 
found in the DSC studies. The degree of crystallinity of UPy-U 1 (∆Hmelt = 9.2 J/g) is 
significantly larger than the degree of crystallinity of UPy-UT 2 (∆Hmelt = 5.6 J/g). 
Additionally, the higher Tg of UPy-UT 2 (-49 ºC as compared to -55 ºC for UPy-U 1) can 
be explained by the presence of UT segments dissolved in the soft p(mCL) matrix. 
 

6.5 Mixtures of UPy-U 1 and UPy-UT 2 

Mixtures of UPy-U 1 and UPy-UT 2 in various ratios (UPy-U 1/UPy-UT 2 = 1:2, 1:1 
and 2:1) were prepared by dissolving both polymers in chloroform and drop-casting a 
film from this solution. After drying the samples in vacuo at room temperature, their 
phase morphology was studied by tapping mode AFM. The phase images revealed a 
mixture of monodisperse, bright UPy-U stacks and less-defined, less-bright UPy-UT 
stacks. The two types of stacks are similar to those observed for the individual 
polymers (Figure 9, see also Figure 3). When more UPy-U 1 was present in the 
mixture, more of the bright, well-defined UPy-U nanorods are observed. DSC 
thermograms of the 2:1 mixture show two separate melting peaks at 45 and 110 ºC in 
the first run, thereby confirming the presence of separate UPy-UT and UPy-U crystals, 
respectively. However, the second heating run only shows a melting transition at 110 
ºC, which suggests the presence of only one type of nanorod (Figure 9). Also in AFM 
phase images recorded after the melt, we observed only a single type of nanorod 
(Figure 10B). The rod density is relatively low, therefore, the UPy-UT rods probably 
disappeared due to solvation of the UPy-UT segments in the soft matrix.   

 
Figure 9. AFM phase images of UPy-U 1/UPy-UT 2 is A) 1:2, B) 1:1, C) 2:1. Scan sizes are 500 µm, ∆φ is 
5, 5, and 7º respectively. 
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Figure 10. A) DSC thermogram and B) AFM phase image of UPy-U 1/UPy-UT 2 is 2:1. Scan size is 500 
µm and ∆φ is 7º. 

6.6 Supramolecular TPE with relatively long soft segment 

So far, the UPy-based supramolecular polymers studied had a soft segment length 
between 2000 and 4500 g/mol.35 For the first time, we increased the soft segment 
length, in this case poly(ε-caprolactone) (p(CL)), to 10,000 g/mol. Since the end group 
functionalities are strongly diluted, we were interested to see whether nanorod 
formation still occurs. 

 
Figure 11: Chemical structure and cartoon of P(CL)10,000diUPy-U 3. 

DSC revealed a Tg at –58.5 ºC, and a melting temperature of p(CL) at 56 ºC (Figure 
12). Also a small melting transition at 99 ºC was observed that we attributed to melting 
of hard block stacks. This peak is so small since the UPy-U segments form only 6 wt % 
of the total polymer. The existence of nanorods was also confirmed by AFM 
measurements. The data shown in Figure 13 were recorded at 45, 50, and 60 ºC, so 
just before, in, and above the melting transition of the soft segment, respectively. At 45 
ºC only crystalline platelets of p(CL) are observed. At 50 ºC a part of the crystalline 
p(CL) platelets is melting, revealing a part of the nanorods. Upon complete melting of 
the soft segment at 60 ºC, only the hard segment nanorods with a diameter of 
approximately 5 nm can be seen. When we compare Figure 13C to Figure 13D, we see 
that the rod density in the former is significantly lower than in the latter. This can be 
explained by the lower amount of end groups in the former as compared to the latter (6 
and 24 wt %, respectively). 

           
Figure 12. DSC thermograms of UPy-U 3 and zoom (right) of region indicated by rectangle in A. 
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Figure 13. AFM phase images of UPy-U 3 at A) 45 ºC, B) 50 ºC, C) 60 ºC and D) UPy-U polymer with p(CL) 
soft segment of 2000 g/mol at RT (Tm (p(CL)) = 22 ºC). Scan size is 400 nm, ∆φ is 5, 6, 5, and 13º, 
respectively. 

Finally, this material was used to prepare very thin films (~20 µm) for dichroic IR 
experiments (similar as described in chapter 5) at 60 °C. The orientation functions for 
the non-UPy-urea N–H and carbonyl are presented in Figure 14. The samples could be 
stretched to a maximum elongation of 60%. Up to that point, the orientation function 
is negative, indicating an orientation of the non-UPy-urea in the direction of the 
applied force.  When we calculated the dichroic ratio for the well-known UPy bands at 
1668, 1590 and 1527 cm–1, respectively36, the dichroic ratio remained at a value of 1. 
We propose that this is due to the high amount of symmetry in the UPy-UPy dimers, 
and not due to a random orientation of UPy units. Therefore, we conclude that the 
UPy-U nanorods are orienting in the direction of the applied force until failure of the 
sample. 
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Figure 14. Orientation function of N–H and C=O of non-UPy-urea in UPy-U 3. 

6.7 Conclusions 

Crystallization of the UPy-U hard segment in UPy-U 1 is dominated by the strong, 
directional urea-urea hydrogen bonding. The hard segments stack into well-defined 
nanorods that can be up to a micrometer in length. The nanorods have a diameter 
smaller than 5 nm and melt around 120 °C. The UPy-U units completely phase 
separate from the soft matrix. When the urea is replaced by a urethane group, the 
directional hydrogen bonding interactions become much weaker. As a result, the 
melting temperature drops to only 40 °C and the rod morphology is very polydisperse 
with diameters ranging from 5 to approximately 15 nm. Phase separation is 
incomplete, and a significant part of the urethane groups are dissolved in the p(mCL) 
matrix. This difference between the two polymers is also reflected in their physical 
appearance: UPy-U 1 is a slightly elastic solid, while UPy-UT 2 is a waxy solid. Upon 
mixing UPy-U 1 with UPy-UT 2, separate UPy-U and UPy-UT nanorods are present. 
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However, upon cooling from the melt, a single type of nanorod remains (Tm = 110 °C), 
that we propose to consist of mainly UPy-U units. 
When we change the soft block in UPy-U 1 from p(mCL) (Mn = 2600 g/mol) to p(CL) 

with a much higher molecular weight of 10,000 g/mol, the end group functionalities 
are dramatically diluted. Nevertheless, well-defined nanorod formation still occurs. 
Dichroic IR measurements showed that the UPy-U nanorods orient in the direction of 
the applied force, before failure.  
 

Experimental Section 

 

Materials. All reagents and solvents were purchased from commercial sources and were used without 
further purification. Chloroform was dried over 4 Ǻ molsieves (Merck).  
 
Instrumentation. Infra red spectra were measured on a Perkin Elmer Spectrum One FT-IR spectrometer 
with a Universal ATR Sampling Accessory. 1H-NMR and 13C-NMR spectra were recorded on a Varian 
Gemini (300 MHz for 1H-NMR, 75 MHz for 13C-NMR) or a Varian Mercury 400 spectrometer (400 MHz for 
1H-NMR, 100 MHz for 13C-NMR). GPC was measured on a Shimadzu LC-10DVP system with a Shimadzu 
RID-10A detector and a PLgel 5-lm mixed-D column with THF as the eluent (flow rate: 1 mL/min). 
Poly(styrene) standards were used for calibration. 
 
Synthesis of p(mCL)diol. The p(mCL)diol prepolymers were prepared as described before31 using 1,6-
hexanediol as the initiator. Optimized work up: solution of reaction mixture in CHCL3 was filtered over 
hyflo followed by precipitation in cold heptane. Yield: 81%. 1H-NMR (CDCl3): δ = 4.10 (m, 2(2n)H), 3.70 (m, 
4H), 2.31 (m, 2(2n)H), 1.8–1.3 (3m, 2((2+1+2)n)H + 8H), 0.93 (d, 2(3n)H) ppm. Mn based on 1H-NMR is 
2600 g/mol, GPC: Mn = 2780 g/mol, Mw = 4100 g/mol, PD = 1.48.  
 
Synthesis of p(mCL)diUPy-U. p(mCL)-diol was reacted with benzyl-protected aminohexanoic acid in a 
DCC coupling using DPTS as a catalyst as described before22. After deprotection of the amine22 the amine 
end functionalized polymer was directly dissolved in 70 mL of dry CHCl3 (2.72 g, 0.957 mmol), and UPy-
hexyl-isocyanate (2-(6-isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]-pyrimidinone, 0.8 g, 2.73 
mmol) was added under argon atmosphere in a three fold excess. The reaction was allowed to stir 
overnight. The mixture was filtrated over hyflo. To remove the excess of UPy-hexyl-isocyanate, silica and 
dibutyltin dilaurate were added and the mixture was stirred for 16 hours at 75 ºC. The silica was removed 
by filtration over hyflo and the resulting filtrate was reduced in volume. Precipitation in heptane and 
drying in vacuo resulted in p(mCL)diUPy-U. Yield: 61%. FT-IR: ν = 3329, 2957, 2930, 2872, 1729, 1702, 
1668, 1648, 1622, 1587, 1528 cm–1. 1H-NMR (CDCl3): δ = 13.15 (s, 2H), 11.83 (s, 2H), 10.07 (s, 2H), 5.84 
(s, 2H), 4.73 (s, 2H), 4.57 (s, 2H), 4.10 (m, 4H + 2(2n)H), 3.24 (q, 4H), 3.16 (m, 8H), 2.31 (m, 2(2n)H + 4H), 
2.24 (s, 6H), 1.76–1.33 (m, 2(5n)H + 16H + 12 H + 8H), 0.93 (2(3n)H). 13C-NMR (CDCl3): δ = 173.7, 173.1, 
158.5, 156.5, 154.7, 148.5, 106.5, 64.3, 62.6, 40.2, 39.6, 35.2, 34.1, 31.9, 31.7, 29.8, 29.5, 28.5, 26.4, 
26.2, 26.6, 24.5, 19.0 ppm. GPC: Mn = 5430 g/mol, Mw = 7800 g/mol, PD = 1.4. Tg = –55 ºC, Tm,UPy-U = 117 
ºC. 
 

Synthesis of P(mCL)diUPy-UT The synthesis of p(mCL)diUPy-UT was performed similar as described 
before37 now starting from p(mCL)-diol. Yield: 85%. FT-IR: ν = 3329, 2957, 2931, 2872, 1730, 1699, 1670, 
1647, 1587, 1527 cm–1. 1H-NMR (CDCl3): δ = 13.13 (s, 2H), 11.86 (s, 2H), 10.14 (s, 2H), 5.84, (s, 2H), 4.90 
(s, 2H), 4.10 (m, 2(2n)H + 4H, 3.25 (q, 4H), 3.15 (q, 4H), 2.30 (m, 2(2n)H, 2.23 (s, 6H), 1.73–1.26 (m, 
2(5n)H + 16H + 8H), 0.93 (d, 2(3n)H) ppm. 13C-NMR (CDCl3): δ = 173.7, 173.1, 156.6 (2 peaks), 154.7, 
148.3, 106.7, 64.3, 62.6, 40.7, 39.6, 35.6, 35.2, 31.9, 31.8, 29.6, 28.5, 26.3, 26.2, 25.6, 19.1, 19.0, 18.9 
ppm. GPC: Mn = 3850 g/mol, Mw = 5330 g/mol, PD = 1.4. Tg = –49 ºC, Tm,UPy-UT = 40 ºC. 
 

Synthesis of p(CL)10,000diol. Diethyleneglycol (initiator, 105 µL, 1.095 mmol), ε-caprolactone (10 g, 87.6 
mmol) and tin(II) bis(2-ethylhexanoate (Sn(Oct)2, 1.5 mL of a 0.2 M solution in toluene) were stirred at 120 
ºC overnight under argon atmosphere. After cooling the reaction to RT, the product was dissolved in 150 
mL of CHCl3 and subsequently precipitated in heptane. The resulting product was again dissolved in 
CHCl3, washed with water, dried with MgSO4 and concentrated to 150 mL. A second precipitation in 
heptane yielded the pure poly(ε-caprolactone)diol prepolymer. Yield: 90%. Mn based on 1H-NMR is 10.380 
g/mol. FT-IR: ν = 2944, 2897, 2865, 1721 cm–1. 1H-NMR (CDCl3): 4.23 (t, 4H), 4.06 (t, 2(2n-2)H), 3.70 (t, 
4H), 3.65 (t, 4H), 2.31 (t, 2(2n)H), 1.65 (m, 2(4n)H), 1.38 (m, 2(2n)H) ppm. 13C-NMR: (CDCl3): δ = 173.7, 
173.5, 69.0, 64.1, 63.2, 62.5, 34.2, 34.1, 33.9, 32.3, 28.3, 25.5, 25.2, 24.6, 24.5, 24.3 ppm. GPC: Mn = 
9.09 kg/mol, Mw = 17.6 kg/mol, PD = 1.9. 
 

Synthesis of p(CL)diUPy-U. P(CL)10,000diol (Mn = 10.380 g/mol, 6.0 g, 0.58 mmol) was reacted with 
benzyloxycarbonyl aminehexanoic acid (0.32 g, 1.27 mmol) in 100 mL of dry CHCl3 in the presence of 
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dicyclohexylcarbodiimide (DCC, 0.36 g, 1.74 mmol) and 4-(dimethylamino)pyridinium-4-toluenesulfonate 
(DPTS, 42.6 mg, 0.145 mmol) over the weekend at RT under argon atmosphere. The mixture was filtrated, 
concentrated and subsequently precipitated in heptane. After stirring in MeOH to remove the DPTS, the 
product was dried in vacuo (yield: 85%). To remove the protecting group from the amines, the product (4.8 
g, 0.45 mmol) was dissolved in 100 mL of ethylacetate + 10 mL methanol and hydrogenated in the 
presence of 10% Pd/C (0.35 g) overnight at RT. The reaction mixture was filtrated over hyflo, reduced in 
volume and precipitated in heptane (yield: 98%). The resulting p(CL)10,000amine2 (4.1 g, 0.44 mmol) was 
dissolved in 250 mL of dry chloroform under argon atmosphere and UPy-hexyl-isocyanate (0.26 g, 0.89 
mmol) was added. The reaction was stirred for 3 h. To remove the excess of UPy-hexyl-isocyanate, silica 
and dibutyltin dilaurate were added and the mixture was refluxed overnight. The silica was removed by 
filtration over hyflo and the resulting filtrate was reduced in volume. Precipitation in heptane and drying 
in vacuo resulted in the desired product. Yield: 52%. FT-IR: ν = 3443, 3330, 2944, 2879, 2866, 1722, 
1702, 1668, 1621, 1588, 1528 cm–1. 1H-NMR (CDCl3): 13.15 (s, 2H), 11.84 (s, 2H), 10.08 (s, 2H), 5.84 (s, 
2H), 4.66 (s, 2H), 4.50 (s, 2H), 4.23 (t, 4H), 4.06 (t, 2(2n)H, 3.69 (t, 4H), 3.25 (q, 4H), 3.16 (m, 8H), 2.31 (m, 
2(2n)H + 4H), 2.24 (s, 6H), 1.85 (m, 8H), 1.65 (m, 2(4n)H + 4H, 1.49 (m, 12H), 1.38 (m, 2(2n)H + 4H ppm. 
13C-NMR (CDCl3): δ = 173.9, 173.5, 173.2, 158.3, 156.5, 154.7, 148.5, 106.5, 69.0, 64.08, 63.2, 40.2 (2 
peaks), 39.5, 34.1, 33.9, 29.9, 29.7, 29.2, 28.3, 26.3, 26.1 (2 peaks), 25.5, 25.3, 24.5, 18.9 ppm. GPC: Mn 

= 27.4 kg/mol, Mw = 35.2 kg/mol, PD = 1.3. Tg = –58.5 ºC Tm, p(CL) = 56 ºC, Tm, UPy-U = 99 ºC. 
 

Atomic Force Microscopy. AFM images were recorded at indicated temperatures in air using a Digital 
Instrument Multimode Nanoscope IV operating in the tapping regime mode using silicon cantilever tips 
(PPP-NCH-50, 204–497 kHz, 10–130 N/m). Scanner 6007JVH was used with scan rates between 0.5 and 1 
Hz. All images are subjected to a first-order plane-fitting procedure to compensate for sample tilt. 
 

SAXS measurements. Small angle X-ray scattering measurements were performed at the DUBBLE beam 
line (BM 26) at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). The exposure 
time for both experiments was 180 s. Spectra were recorded with a sample to detector distance of 2.5 m. 
 

Differential Scanning Calorimetry. DSC measurements were performed on a Perkin Elmer Differential 
Scanning Calorimeter Pyris 1 with Pyris 1 DSC autosampler and Perkin Elmer CCA7 cooling element 
under a nitrogen atmosphere. Three subsequent runs were measured at 20, 10, and 40 ºC min–1 
respectively. Melting and crystallization temperatures were determined in the second and third heating 
runs. Glass transition temperatures were determined at a heating rate of 40 ºC min–1.  
 

Solid state NMR. 1H decoupled 13C-NMR spectra were recorded on a Bruker DMX500 spectrometer with a 
13C-NMR frequency of 125.13 MHz. A 4-mm magic-angle-spinning (MAS) probe head was used with a 
sample rotation rates 6–8 kHz. The radio-frequency power was adjusted to obtain 5-µs 90-degree pulses 
both for the 1H and 13C nuclei.  13C-NMR spectra were recorded by use of direct excitation pulse sequence 
with an interscan delay of 5 sec and by use of standard 1H-13C cross polarization with an amplitude-
modulated contact pulse of 3 ms.  
 

Dichroic IR measurements. General procedure: see Experimental Section Chapter 5. Films of UPy-U 3 
with a thickness of 40 µm were uniaxially stretched at constant strain rate of 1 mm/min at 60 ºC. Sample 
width was 7 mm, starting length was 8 mm.  
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Morphology and Dynamics of UPy-U Nanorods 

with Various UPy Substituents at C-6 

A series of ureidopyrimidinone-C6-urea (UPy-U) based thermoplastic elastomers with 
various substituents at the C-6 position of the UPy is synthesized to study the 
influence of this substituent on the morphology of the UPy-U nanorods and the way 
the nanorods are formed. A methyl substituent allows for instantaneous crystallization 
into straight UPy-U hard segment nanorods, with high melting temperature (~130 °C). 
When more bulky groups are used at C-6, both nanorod morphology and the rate of 
formation of the nanorods change. Placing a relatively bulky group at C-6 (a citronellyl 
or ethylpentyl unit), results in less strongly packed crystal structures, as is evidenced 
by the significantly decreased melting temperatures. However, the differences in e.e. 
between the ethylpentyl, the (S) and (R) citronellyl variants of 0, 98.4 and > 99% 
respectively, determine the speed at which the nanorod crystals are formed: the higher 
the e.e., the faster the hard segments crystallize. The racemic ethylpentyl-UPy-U was 
observed to crystallize only very slowly. The difference in phase separation between 
methyl, (S) citronellyl, and ethylpentyl UPy-U polymers is also reflected in their 
mechanical properties. The lack of physical cross-links in the ethylpentyl-UPy-U 
polymer results in a much weaker material that behaves like a viscous liquid, while the 
(S) citronellyl-UPy-U polymer is a flexible, solid material. The methyl-UPy-U polymer is 
the strongest and stiffest of this series because the methyl-UPy-U nanorods have the 
strongest crystalline packing. 
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7.1 Introduction 

2-Ureido-4-[1H]-pyrimidinone (UPy) units are known to form strong dimers (Kd > 107 
in chloroform).1,2 Chemical variations can be introduced at the C-6 or the ureido group 
positions: R1 and R2, respectively (Scheme 1). The substituent on the C-6 position of 
the UPy can influence the dimerization properties of the UPy units. When an electron 
withdrawing group, such as a nitrophenyl or trifluoromethyl group is placed at the C-6 
position, the tautomeric form of the UPy changes from keto to enol. Dimerization now 
occurs via the DADA array and results in similar high dimerization constants.1 
Aminophenyl electron donating groups at this position, also result in enol tautomers, 
that even show dimers in pure DMSO.3 UPy groups with various trialkoxyphenyl 
substituents at the C-6 position, are shown to form UPy-UPy dimer stacks with 
hexagonal order.4 R2 substituents in small UPy molecules have been predominantly 
alkanes, but it is also shown that electron withdrawing R2 groups favor the 4[1H] 
pyrimidinone tautomer.1  

N

NH

O

R1

N
H

N
H

R2

O

 
Scheme 1. General chemical structure of the 2-ureido-4-[1H]-pyrimidinone (UPy) unit. 

UPy units are proven to be extremely useful in synthesizing supramolecular 
polymers (see also Chapter 6). Bifunctional telechelic polymers are functionalized with 
UPy units via their R15,6 or R26,7 groups. UPy units were grafted on a polyolefin 
elastomer by Coates et al. thereby creating a reversible network where UPy-UPy dimers 
form the cross-links.8 Networks are also realized by functionalizing telechelic 
trifunctional prepolymers with UPy units via the R2 position.9  
In the previous chapter, we disclosed how supramolecular TPEs are designed based 

on UPy units and an additional urea to direct strong, lateral interactions. The UPy-U 
hard segments are shown to form well-defined nanorods, dispersed in the soft matrix. 
In this particular case, the prepolymers were coupled at the R2 position and the C-6 
substituent was a methyl group. In the present chapter, the prepolymer remains 
coupled at the ureido position, however, we vary the C-6 substituent to study the 
influence of this substituent on UPy-U nanorod formation. In previous work from our 
group by Holger Kautz, the Me-UPy-U Kraton polymer was already studied.10 In this 
chapter we compare Kraton based polymers with R1 being either a methyl, a (R) 
citronellyl, (S) citronellyl or a racemic ethylpentyl unit (Chart 1). More bulky groups at 
C-6 are shown to result in less strongly packed hard segment crystals with lower 
melting temperature: for a methyl, homochiral citronellyl or racemic ethylpentyl unit at 
C-6, the melting transitions are observed at 130, 70–90 and 60 °C, respectively. In 
case there is the racemic ethylpentyl unit at C-6, we expect RR (25%), SS (25%) and RS 
(50%) dimers to be present. However, if these dimers will stack to form racemates or 
conglomerates remains unknown. We show by DSC studies that the rate of 
crystallization in nanorod formation is strongly depending on the e.e. of the R1 unit. 
Overall, the R1 substituent can therefore easily be used to tune crystallinity and 
dynamics in UPy-U nanorods. Furthermore, we show that EP-UPy-U 4 has a 
templating effect for nanorods formation of a small EP-UPy-U model molecule 5 that 
on its own is not able to do so. Finally, the mechanical properties of polymers 1, 2 and 
4 are correlated to their different hard segment nanorods. 
 

7.2 Synthesis of UPy-U polymers 

Polymers 1–4 were synthesized starting from Kraton-bisamine.10 Me-UPy-U 1 was 
synthesized by directly coupling the Me-UPy-C6-NCO11 synthon to the amine 
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functionalized polymer. To synthesize both Ci-UPy-U polymers, commercially available 
(S) (e.e. is 98.4%) and (R) (e.e. is > 99%) citronellol was hydrogenated to form 3(S),7-
dimethyloctanol and 3(R),7-dimethyloctanol, respectively. The alcohol was converted to 
the carboxylic acid by oxidation in the presence of periodic acid and a catalytic amount 
of pyridinium chlorochromate. By adding oxalyl chloride and a catalytic amount of 
DMF, the carboxylic acid was converted into the acid chloride. Ethyl potassium 
malonate, triethylamine, magnesium chloride in ethyl acetate at 35 ºC gave the 
magnesium ethylmalonate complex.11 After 6 hours, the acid chloride was added and 
acylation of the malonate complex was achieved. Addition of 13% HCl/H2O resulted in 
decarboxylation and gave both β-keto esters.12 The last step to the isocytosines was 
performed by adding guanidinium carbonate to the β-keto ester and refluxing in 
ethanol in the presence of potassium tert-butoxide. The amine was activated with CDI 
after which mono-BOC protected 1,6-hexanediamine was coupled.13 After deprotection 
of the BOC group using TFA/CH2Cl2 (v/v = 1:1), the free amine was activated with CDI 
in the presence of five equivalents of triethylamine. This CDI activated Ci-UPy-synthon 
was coupled to the Kraton-bisamine. EP-UPy-U 4 was synthesized starting from CDI 
activated EP-UPy.14 Subsequently the same route was followed as described above for 
the citronellyl-UPy-U polymers; steps g to j in Scheme 2. All polymer structures (Chart 
1) were confirmed by IR spectroscopy, NMR spectroscopy and GPC analysis. 
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Scheme 2. Synthetic route to Ci(S)-UPy-U 2. (a) Pd/C, H2, EtOAc, (b) H5IO6, 2% PCC, MeCN, 0–25 °C, (c) 
oxalyl chloride, DMF (cat), CH2Cl2, 0–25 °C, (d) ethyl potassium malonate, MgCl2, Et3N, MeCN, 0–25 °C, (e) 
guanidinium carbonate, potassium tert-butoxide, EtOH, reflux, (f) CHCl3, CDI, (g) CHCl3, mono-BOC 
pretected hexanediamine, 50 °C, (h) CH2Cl2, TFA ( 30 eq), 25 °C, (i) CHCl3, Et3N, CDI, (j) CHCl3, Kraton 
bisamine, 50 °C. 
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Chart 1. Chemical structures of Me-UPy-U 1, Ci(S)-UPy-U 2, Ci(R)-UPy-U 3, and EP-UPy-U 4. 
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7.3 Morphology of UPy-U nanorods with various UPy substituents at C-6  

The morphology of phase separation in Me-UPy-U 1 was already probed in earlier 
work by Kautz in our laboratory.10 AFM phase images revealed Me-UPy-U nanorods 
similar in morphology as we reported for the p(CL) based Me-UPy-U polymer in the 
previous chapter. The phase morphologies of polymers 2–4 were studied with AFM in 
the tapping mode regime under ambient conditions. The phase images are given in 
Figure 1 and show that in each polymer a different nanorod is formed. 

 

Figure 1. AFM phase image (tapping mode) of (A) Ci(S)-UPy-U 2 before and (B) 30 minutes after the melt, 
(C) Ci(R)-UPy-U 3, (D) EP-UPy-U 4 fresh, annealed at 40 °C in vacuo or after melt and (E) EP-UPy-U 4 2 
days after drying in vacuo at RT. All scan sizes are 500 nm, ∆ϕ is 10°, 5°, 4°, 4° and 6°, respectively. 
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Drop cast samples of Ci(S)UPy-U 2 show a clear fiber-like morphology in AFM phase 
images (Figure 1A) with observed fiber diameters of 4–5 nm. Both drying the samples 
at room temperature and thermally annealing of the samples at 60 °C in vacuo, 
resulted in similar morphologies. The fibers are more curved than the nanorods in Me-
UPy-U 1.10 Directly after melting the polymer, no phase morphology is observed 
anymore. After half an hour at room temperature, a fiber-like morphology re-appeared 
(Figure 1B). Samples of Ci(R)-UPy-U 3 were prepared by drop casting, after which the 
samples were dried in vacuo at 40 °C overnight. AFM phase images of these Ci(R)-UPy-
U 3 films show similar fiber-like structures as observed in Ci(S)UPy-U 2 with an 
apparent rod diameter of ~5 nm (Figure 1C). 
The phase morphology of the racemic EP-UPy-U 4 (Figure 1D) is distinctly different 

from the previously observed morphologies. The fiber diameter is significantly smaller 
with a diameter of 3–4 nm. The fibers also seem extremely flexible and bendy. This 
morphology is observed for freshly prepared samples and samples that had been 
thermally annealed at 40 °C in vacuo. The same phase images reappeared immediately 
after the melt. We propose that the observed fibers correspond to the EP-UPy-U units 
embedded in the darker soft matrix, but that the EP-UPy-U units have not crystallized 
in this case. Only in samples that were dried in vacuo at room temperature and that 
were subsequently left on the bench for at least several days, we observed a different 
morphology (Figure 1E). Longer, straighter, and brighter fibers are present besides the 
morphology as observed in Figure 1D. We propose that the EP-UPy-U units now have 
started to crystallize into the straighter, brighter fibers. 
 
7.4 Dynamics in UPy-U nanorods with various UPy substituents at C-6  

It appears that sample preparation strongly influences the observed phase 
morphologies. Therefore, the crystallization speed of all observed nanorods was probed 
in a DSC study. We started each measurement at 25 °C and heated the sample in a 
first run at 10 °C/min up to 140 (Me-UPy-U 1) or 110 °C (other polymers). The sample 
was held at this temperature for one minute before cooling the sample at the same 
speed to 25 °C. We then left the sample at 25 °C for increasing amounts of time after 
each subsequent run. In this way the crystallization (∆Hmelt) as a function of time could 
be probed.  
The DSC thermograms of Me-UPy-U 1 are plotted in Figure 2A, and the total ∆Hmelt 

for two duplo measurements is plotted against crystallization time in Figure 2B. For 
clarity, not always the full temperature range is shown. We observed the bimodal 
melting transition for the UPy-U hard segment more often in various batches of UPy-U 
polymers, especially in first runs. Compared to the batch from Kautz et al., the batch 
of this study showed peaks that are a bit more separated. At this moment we have no 
clear explanation for these batch to batch differences. However, we are dealing with a 
complicated energy landscape in all these type of samples and the state a specific 
sample is in seems very dependent on the sample history (see e.g. also Figure 5 
Chapter 6). In both measurements the melting enthalpy reached a stable value (∆Hmelt 
is 7.2 and 6.8 J/g, respectively) after 10 minutes at room temperature. This value did 
not increase anymore with increasing crystallization time. 
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Figure 2. A) DSC thermograms (Endo Up) of Me-UPy-U 1 and B) Melting enthalpies after various 
crystallization times. 

In a similar crystallization experiment for Ci(S)-UPy-U 2, the sample was heated up 
to 110 °C, and we observed a small melting transition in the second melting run after 
leaving the sample for 10 minutes at 25 °C (Figure 3A). This melting peak increased 
when the sample was left for longer periods at 25 °C after going through the melt. After 
approximately 20 hours a plateau value for ∆Hmelt is reached (Figure 3). 

  
Figure 3. A) DSC thermograms (Endo Up) of Ci(S)-UPy-U 2 and B) Melting enthalpies after various 
crystallization times. 

The melting temperature of the Ci(S)-UPy-U hard segments is observed to be ~85 °C, 
and is therefore significantly lower than the melting temperature of Me-UPy-U 
nanorods. Furthermore, the melting temperature shifted to lower values (72 °C) after 
the melt. Only after approximately 8 hours, a second melting peak appeared at 80 °C. 
With longer crystallization times, this second peak increased while the transition at 72 
°C decreased.  
For Ci(R)-UPy-U 3 the melting transitions were of equal intensity in all runs (Figure 

4). The melting transitions displayed a more complicated shape: a first transition 
around 55–60 °C, followed by a bimodal transition between 70 and 90 °C. Melting 
enthalpies were calculated for both the first and second transition, and both are 
plotted in Figure 4B. The dominating second transition showed a constant melting 
enthalpy, while the much smaller first transition disappeared with increasing 
crystallization time.  
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Figure 4. A) DSC thermograms (Endo Up) of Ci(R)-UPy-U 3 and B) Melting enthalpies after various 
crystallization times. 

Only in the first run of the DSC thermograms of EP-UPy-U 4 a melting transition is 
observed (Figure 5A). From the ∆Hmelt versus crystallization time plot in Figure 5B, we 
see it takes very long to form any EP-UPy-U crystals after the melt. Even after 66 hours 
at room temperature, there are hardly any crystals in the bulk.  

  
Figure 5. DSC thermograms (Endo Up) of EP-UPy-U 4 and B) Melting enthalpies after various 
crystallization times. 

7.5 Probing order preceding crystallization 
Both polymers 2 and 3 contain an optically pure citronellyl unit (e.e. is 98.4% and > 

99%, respectively). We could therefore study the process of nanorod formation from the 
melt also with Circular Dichroism spectroscopy (CD). Thin films of polymer 2 were 
drop cast on quartz and CD spectra were recorded for several samples and with each 
sample at various angles with respect to the detector. In this way linear dichroic effects 
were excluded, since the recorded CD spectra were always of the same shape. The 
recorded CD spectra show a small bisignate effect: a negative peak around 212 nm, 
combined with a smaller positive peak around 240 nm (Figure 6). Depending on the 
exact spot on the sample, only the absolute values fluctuated between –10 and –2 
mdeg at 212 nm, due to slight variations in sample thickness. Without changing the 
sample position after recording the spectrum shown in Figure 6A, we started heating 
to 110 °C at 10 °C/min. During heating, the CD effect at 212 nm gradually decreased 
and showed a transition around 80 °C, correlating to the Tm observed in DSC (Figure 
6B). The sample was left at 110 °C for 1 minute before measuring a cooling run (Figure 
6C). Already during the cooling run, the CD effect returned. Within 20 seconds after 
reaching 25 °C, CD spectra between 200 and 300 nm were recorded every 10 minutes 
(Figure 6D). Already in the first run, the CD effect was similar to the spectrum in 
Figure 6A.  
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Figure 6. A) CD spectrum of Ci(S)-UPy-U 2 before melting, B) CD intensity at 212 nm during heating run 
at 10 °C/min, C) CD intensity during cooling run at 10 °C/min at 212 nm, and D) CD spectra every 10 
minutes after cooling to 25 °C. 

The CD spectrum of Ci(R)-UPy-U 3 was comparable to the spectrum of Ci(S)-UPy-U 
2, but with opposite signs (Figure 7). A one to one mixture of the R and S variants did 
not show a CD effect (data not shown). 
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Figure 7. CD spectrum of Ci(R)-UPy-U 3, before melting. 

7.6 EP-UPy-U 4 as a template for guest molecule nanorod formation 

Model molecule 5 (Chart 2) was synthesized to explore the possibility of introducing 
guest molecules in the UPy-U nanorods, comparable to the model study reported in 
chapter 4. We mixed model compound 5 with EP-UPy-U 4 and thermally annealed the 
samples at 40 °C for four hours. The pure polymer showed no crystalline EP-UPy-U 
rods under these conditions in AFM phase images (Figure 1D). When small amounts of 
5 were incorporated, this morphology remained unaffected (Figure 8).  

 
Chart 2. Chemical structure of model EP-UPy-U molecule 5. 
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Figure 8. AFM phase images of EP-UPy-U 4 with various amounts (mol %) of incorporated model molecule 5 
and of only model molecule 5 as indicated. Insert in 25 mol % sample: duplo measurement, lacking any 
crystalline EP-UPy-U rods. ∆ϕ is 5° for images of 2–10% and the inset of 25%, ∆ϕ is 10° for images of 25–
50% and 30° for the image of model molecule 5. 

Up to 10 mol % of incorporated model molecule 5, we observed no sign of any 
crystalline nanorod formation. Samples containing 25 mol % of 5 sometimes did not 
show crystalline EP-UPy-U nanorods (inset in Figure 8), and sometimes did show some 
crystalline nanorod formation at the surface, but these rods are morphologically 
different to the ones in Figure 1E. This difference became more pronounced upon 
further increasing the amount of molecule 5. The number of rods increased and their 
capability to curl up is evident, especially in the samples containing 30, 35 and 40 mol 
% of molecule 5 in EP-UPy-U 4. Only when it becomes too crowded with these 
nanorods, a more straight conformation is observed, combined with more sharp turns. 
Finally, the Tg of molecule 5 is 11.0 °C, while that of EP-UPy-U 4 is –57.0 °C. In DSC 
thermograms of the same mixtures, only a Tg at –57.0 ± 0.5 °C is observed (data not 
shown). 
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7.7 Mechanical properties of Ci(S)-UPy-U 2 and EP-UPy-U 4 
The different ways of phase separation in Me-UPy-U 1, Ci(S)-UPy-U 2 and EP-UPy-U 

4 are also reflected in the macroscopic properties of these materials (Figure 9). Tensile 
tests for Me-UPy-U 1 were performed before.10 Here, we plot a representative 
engineering tensile curve from these data, recorded at an elongation speed of 1 
mm/minute, for comparison. The material can be elongated up to almost 40% 
elongation, has a tensile strength of 2.4 MPa, and a Young’s modulus of 17 MPa. Ci(S)-
UPy-U 2 can be elongated to 30% under the same conditions. The tensile strength is 
approximately 1.2 ± 0.01 MPa and the Young’s modulus is 8.9 ± 0.9 MPa. With a 
tensile strength of only 0.24 ± 0.007 MPa, EP-UPy-U 4 is much weaker. The material 
can be stretched to very high elongations, however, the force quickly approaches zero 
and the polymer is therefore behaving like a highly viscous liquid. Also the Young’s 
modulus (2.1 ± 0.09 MPa) is much lower. At a strain rate of 10 mm/min, the tensile 
strength increases significantly and the sample fails a little over 350%. For Ci(S)-UPy-U 
2, the same trend is observed, though to a lesser extent.  

 

 

 

Figure 9. Engineering stress-strain curves of (A) Me-UPy-U 1, reproduced from data reported by Kautz et 
al.10 with permission, (B) Ci(S) UPy-U 2 and (C) EP-UPy-U 4. 

7.8 Discussion 

The AFM studies show that sample preparation in the case of Ci(S)-UPy-U 2 and EP-
UPy-U 4 is very important for the resulting phase separated morphology. The former 
needs at least 30 minutes before nanorods form from the melt, while the latter only 
shows some crystalline nanorods after several days at room temperature. And even 
those nanorods can very well be enriched at the surface as compared to the bulk. In 
fact, the DSC crystallization studies confirm what AFM already suggested, that is the 
very fast crystallization of Me-UPy-U 1 and Ci(R)-UPy-U 3 hard segments, the much 
slower crystallization in Ci(S)-UPy-U 2 and finally the extremely slow crystallization of 
EP-UPy-U units in polymer 4. The fact that EP-UPy-U 4 crystallizes very slow, 
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supports the conclusion that phase separation visualized in Figure 1D is indeed non-
crystalline in nature. 

The high melting temperature of the Me-UPy-U nanorods of close to 130 °C indicates 
a strongly packed, crystalline nanorod structure. Therefore we propose that Me-UPy-U 
nanorods are not very dynamic in nature. During crystallization of the Ci(S)-UPy-U 2 
hard segments the Tm shifts from 70 °C to approximately 85 °C in time. The process of 
nanorod formation is therefore not a simple process with discrete steps, but rather a 
complex sequence of events, eventually leading to a thermodynamically stable 
crystalline Ci(S)-UPy-U structure. Since the melting temperature is significantly lower 
than in Me-UPy-U 1, the Ci(S)-UPy-U nanorods are less strongly packed crystals. The 
Tm of ~60 °C shows that the slowly forming EP-UPy-U crystalline nanorods are even 
less densely packed. 

 
 

Intermezzo: UPy-U model molecules 
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Small UPy-U model molecules 6 and 7 were studied in solution. Racemic EP-UPy-U 6 shows small, worm-

like aggregates when drop cast from cyclohexane on HOPG and no CD effect is observed for a solution of 

6 in cyclohexane. The (S) citronellyl variant 7, however, shows long bundles of fibers in AFM and a 

solution of 7 in cyclohexane shows a temperature dependent CD effect. This indicates that only molecule 

7 can nicely pack into helical stacks of high aspect ratio. Therefore, molecules 6 and 7 show differences 

comparable to the differences observed between polymers 2 and 4. 

 

 

200 220 240 260 280 300

-20

-10

0

10

20

 

C
D

 (
m

d
e
g

)

Wavelength (nm)

 95

 90 

 80

 70

 60

 50

 40

 30

 20

 10

 0

 
AFM Height image (Z range 10 nm, scan size 

 3 µm), drop cast from 0.1 mM  

cyclohexane on HOPG. 

CD spectrum in heptane (3.5·10
–5

 M) at various 
temperatures (°C) 

 

6 

 

O

O

O

N

O

N

N

O N

H H

H

N
H

N
H

O

7 

 

O

O

O

N

N

O N

H

H

N

O

H

N
H

N
H

O



Chapter 7                                     

 

104 

 We attribute the difference in crystallization rates between the S and R variant to 
the slightly different enantiomeric excess of 98.4 and > 99%, respectively. This can also 
explain the extremely slow crystallization process observed in EP-UPy-U 4, since the 
used ethylpentyl unit has an e.e. of 0%.  

It is known that CD spectroscopy can probe pre-crystallization order.15 Therefore, 
Ci(S)-UPy-U 2 is studied using CD when going through the melt and directly 
afterwards. The CD spectrum observed before the melt immediately returns upon 
cooling from the melt. This proves that Ci(S)-UPy-U dimers start to stack 
instantaneously upon cooling from the melt to form supramolecular ribbons of 
unknown length. The crystallization process is much slower and goes through at least 
one intermediate state with a melting transition at ~70 °C.  

When model molecule 5 is mixed with polymer 4, about 25 mol % of 5 can be 
incorporated in the non-crystalline EP-UPy-U phase before separate nanorods appear 
at the surface. Presumably, these rods consist of molecule 5 only, since under the 
conditions used, the polymer did not show crystalline EP-UPy-U nanorods. 
Additionally, the observed crystalline nanorods clearly have a different morphology 
than the crystalline EP-UPy-U nanorods in polymer 4 (Figure 1E). The nanorods in 
Figure 8 are extremely coiled as compared to the polymer EP-UPy-U nanorods in 
Figure 1E. Considering the absence of any connecting soft segments in molecule 5, it 
is indeed rational to expect a much more flexible EP-UPy-U nanorod due to less spatial 
restrictions. Since molecule 5 alone drop cast on the same substrate did not show any 
nanorod formation, the EP-UPy-U 4 polymer is acting as a template for nanorod 
formation of model molecule 5. Based on DSC results that only show the Tg of the 
polymer and not of molecule 5, this is mainly a surface phenomenon. Comparable 
results were recently obtained by Hammond and coworkers.16 They showed 
spontaneous formation of a two-dimensional monolayer of rod-like structured viruses 
atop a cohesive polyelectrolyte multilayer. 

The differences between nanorods in Me-UPy-U 1, Ci(S)-UPy-U 2, and EP-UPy-U 4 
are also reflected in their macroscopic properties. Me-UPy-U 1 is significantly stronger 
and stiffer than the other two polymers, due to its most strongly packed nanorods. 
Consistently, Ci(S)-UPy-U 2 is stronger and stiffer than EP-UPy-U 4, but at the same 
time the elongation at break is lower. This behavior is attributed to the fact that the 
crystalline Me-UPy-U and Ci(S)-UPy-U nanorods act as physical cross-links in polymer 
2, while EP-UPy-U 4 lacks these physical cross-links under the used conditions. When 
we increase the speed of elongation for Ci(S)-UPy-U 2 and EP-UPy-U 4, the material 
properties increase because there is less time for relaxation due to reptation. 
Entanglements are now forming physical cross-links in EP-UPy-U 4 and also provide 
some additional cross-linking in Ci(S)-UPy-U 2. The effect of additional entanglements 
is most pronounced in EP-UPy-U 4. The tensile strength increases significantly and the 
sample fails a little over 350%. Still, Ci(S)-UPy-U 2 remains the stronger polymer due 
to the presence of crystalline Ci(S)UPy-U nanorods. 
 

7.9 Conclusions 

Variations in R1 in UPy-U based supramolecular thermoplastic elastomers 
dramatically influence the UPy-U hard segment nanorod morphology and nanorod 
formation. A methyl unit at R1 results in very fast crystallization of the Me-UPy-U 
units into highly crystalline nanorods. These rods melt at 130 °C and display the 
highest ∆Hm of the studied series. UPy dimers are in principle known to be dynamic in 
nature, however, we propose that the additional urea combined with a methyl at the C-
6 position of the UPy results in highly crystalline nanorods with little mobility. This is 
also reflected by the straight nanorods as observed in AFM.  
By introducing a more bulky group at R1, one would expect to significantly affect the 

nanorod formation process, if crystallization occurs at all. When a racemic ethylpentyl 
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unit is used as R1, we hardly observe any crystalline nanorod formation at first. It 
takes several days at room temperature before a small amount of crystalline EP-UPy-U 
nanorods is formed. These rods melt at 60 °C and therefore are less strongly packed 
crystals than the Me-UPy-U nanorods. At this moment we do not have any conclusive 
evidence as to whether the crystalline EP-UPy-U nanorods are racemates or 
conglomerates.  
In Ci(S)-UPy-U 2, the substituent at the C-6 position is (S) citronellyl with an 

enantiomeric excess of 98.4%. CD spectroscopy shows instantaneous supramolecular 
ribbon formation, that preambles crystallization. The crystallization process itself, 
however, is much slower: it takes close to one day to reach maximum crystallinity 
based on DSC measurements. In Ci(R)-UPy-U 3, the enantiomeric excess is 
significantly higher: > 99%. Surprisingly, we now observe a crystallization rate 
comparable to that of Me-UPy-U 1. Simultaneously, both citronellyl UPy-U polymers 
show comparable melting temperatures, roughly between 70 and 90 °C. Their 
appearance in AFM is also comparable and slightly more winding than the Me-UPy-U 
nanorods. Apparently, the bulkiness of the citronellyl and ethylpentyl units results in 
less strongly packed crystal structures, but the optical purity of the units determines 
the speed at which the nanorod crystals are formed. 
The EP-UPy-U 4 acts as a template for nanorod formation of model molecule 5 that 

on its own is not able to do so. Finally, the crystalline nanorods of polymer 1 and 2 act 
as physical cross-links as evidenced by their mechanical properties. Me-UPy-U 1 has 
the most strongly packed nanorods and is therefore stronger and stiffer than Ci(S)-
UPy-U 2. EP-UPy-U 4 lacks physical cross-links and is therefore very weak and 
behaves like a highly viscous liquid. 
To obtain our desired dynamic, biofunctional nanorods, the Me-UPy-U and the Ci-UPy-
U polymers seem the most promising candidates.  
 

Experimental Section 

 

Materials. All reagents and solvents were obtained from commercial sources and used without further 
purifications. Chloroform was dried over 4 Å molsieves (Merck). Column chromatography was performed 
with Fluka silica gel 60. Thin layer chromatography (TLC) analyses were performed on Kieselgel F-254 
precoated silica plates. Visualisation was accomplished with UV light (365 or 254 nm). 

Instrumentation. 1H-NMR and 13C-NMR spectra were recorded on a 400 MHz NMR (Varian Mercury, 400 
MHz for 1H-NMR and 100 MHz for 13C-NMR) or on a 300 MHz NMR (Varian Gemini, 300 MHz for 1H-NMR 
and 75 MHz for 13C-NMR). Proton and carbon chemical shifts are reported in ppm downfield of TMS using 
the resonance of the deuterated solvent as internal standard. Splitting patterns are designated as singlet 
(s), broad singlet (bs), doublet (d), double doublet (dd), triplet (t), quartet (q), quintet (quin) and multiplet 
(m). Elemental analyses were carried out using Perkin Elmer 2400. Matrix Assisted Laser Desorption 
Ionisation Time of Flight Mass Spectrometry (MALDI-TOF-MS), spectra were obtained using indole acrylic 
acid as the matrix on a PerSeptive Biosystems Voyager-DE PRO spectrometer. IR spectra were measured 
on a Perkin Elmer 1600 FT-IR. Melting points were measured on a Büchi B-540 and rotation angles were 
measured on a Jasco DIP-370 digital polarimeter. GPC was done with a Plgel 3 µm 100 Å column. GPC 
was measured on a Shimadzu LC-10DVP system with a Shimadzu RID-10A detector and a PLgel 5-lm 
mixed-D column with THF as the eluent (flow rate: 1 mL/min). Poly(styrene) standards were used for 
calibration.  

Syntheses: 

Kraton-bisamine. Synthesis of Kraton-bisamine was already described elsewhere.10 
 
Me-UPy-U 1. Kraton-bisamine was dissolved in dry CHCl3 (2.0 g, 0.57 mmol), and 2-(6-
isocyanatohexylaminocarbonylamino)-6-methyl-4[1H]-pyrimidinone (0.37 g, 1.257 mmol) was added under 
argon atmosphere in a 2.2 fold excess. The reaction was allowed to reflux for 5 minutes. To remove the 
excess of UPy-hexyl-isocyanate, silica and dibutyltin dilaurate were added and the mixture was stirred for 
16 hours under reflux conditions. The reaction mixture was filtrated over hyflo and the resulting filtrate 
was reduced in volume. Precipitation in heptane and drying in vacuo resulted in a slightly yellow solid. 
Yield: 74%. FT-IR: ν = 3331, 2960, 2921, 2873, 2853, 1702, 1667, 1649, 1626, 1584, 1528 cm–1. 1H-NMR 
(CDCl3): δ = 13.14 (s, 2H), 11.79 (s, 2H), 10.04 (s, 2H), 5.81 (s, 2H), 3.20 (m, 4H), 3.13 (m, 4H), 2.95 (m, 
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4H), 2.22 (s, 6H), 1.56–0.80 (m, ~600H) ppm. GPC: Mn = 5.40 kg/mol, Mw = 6.25 kg/mol, PD = 1.16. Tg = –
57.5 ºC, Tm,1 = 119 ºC, Tm,2 = 126 ºC. 
 
3(R),7-Dimethyl-octanol. 3(R),7-Dimethyl-6-octen-1-ol 1 (10.40 g, 66.6 mmol) was dissolved in ethyl 

acetate (75 mL) and bubbled through by argon for 15 min. Pd/C (0.5 g) was added 
and the solution was catalytically hydrogenated in a Parr apparatus and after 24 h no 
more H2 was taken up. The suspension was filtered over Celite and washed with ethyl 

acetate (20 mL). After evaporation in vacuo pure 3(R),7-dimethyl-octanol was obtained as an colourless oil. 
(9.71 g, 61.43 mmol, 92% yield). 1H-NMR (CDCl3): δ = 3.67–3.58 (m, 2H, CH2–OH), 1.62–1.47 (m, 3H, –
CH2–, (CH2)2CHCH3), 1.39–1.06 (m, 7H, –CH2–, (CH2)2CH(CH3)2, 0.89 (d, 3H, CHCH3), 0.87 (d, 6H, 
CH(CH3)2) ppm. 13C-NMR (CDCl3): δ = 60.0 (C–OH), 39.9, 39.2, 37.3, 29.5, 27.9, 24.6, 22.6 (–CH2–), 22.5 
(CHCH3), 19.6 (CH(CH3)2) ppm. FT-IR: ν = 3324, 2954, 2926, 2870, 1464, 1383, 1366, 1052, 1010, 966 
cm–1. [ ]

25

Dα = + 4.55 (density decanol (0.82 g/mL) used). 

 
3(R),7-Dimethyl-octanoic acid. Periodic acid (31.15 g, 136.8 mmol) was added to MeCN (500 mL) and the 

mixture was vigorously stirred at room temperature for 40 min. A solution of 3(R),7-
dimethyl-octanol 3 (9.71 g, 61.3 mmol) and MeCN (125 mL) was then added (in ice-
water bath), stirred for 15 min, followed by addition of pyridinium chlorochromate 

(0.272 g, 1.27 mmol). The reaction mixture was stirred for 3 h. MeCN was evaporated in vacuo and ethyl 
acetate (1000 mL) was added and extracted with H2O:brine 1:1 ν/ν (600 mL), saturated NaHSO3 (1000 mL) 
and brine (1000 mL), respectively. The solution was dried over anhydrous MgSO4, filtered and evaporated 
in vacuo. Kügel-Rohr distillation (1 mbar, 120 °C) yielded the pure acid as yellow oil (8.54 g, 49.57 mmol, 
81% yield). 1H-NMR (CDCl3): δ = 12.0 (s, 1H, C–OH), 2.36–2.31 (dd, 1H, CH2COOH), 2.15–2.10 (dd, 1H, 
CH2COOH), 1.97–1.93 (m, 1H, (CH2)2CHCH3), 1.55–1.48 (m, 1H, CH2CH(CH3)2), 1.31–1.12 (m, 6H, –CH2–), 
0.95 (d, 3H, CHCH3), 0.86 (d, 6H, CH(CH3)2 ppm. 13C-NMR (CDCl3): δ = 180.3 (COOH), 41.7 ((C=O)CH2), 
39.0, 36.9, 30.1, 27.9, 24.6, 22.6 (–CH2–), 22.5 (CHCH3), 19.6 (CH(CH3)2) ppm.  FT-IR: ν = 2956, 2928, 
2870, 2678, 1705, 1463, 1410, 1293, 1220, 936 cm–1. [ ]

25

Dα = + 5.12 (density 0.90 g/mL used). 

 
3(S),7-Dimethyl-octanoic acid . Periodic acid (15.24 g, 66.9 mmol, 2.2 eq) was dissolved in MeCN (240 

mL) during 30 min. The solution was cooled on an ice bath and a solution of 3(S),7-
dimethyloctanol 4 (4.7502 g, 30.0 mmol) in MeCN (60 mL) was added dropwise. 
Pyridinium chlorochromate (0.1330 g, 0.62 mmol) was added and an additional 15 

min was stirred. After stirring at room temperature for 3.5 h, ethyl acetate (600 mL) was added and 
extracted with H2O:brine 1:1 v/v (600 mL), saturated NaHSO3 (500 mL) and brine (500 mL). Column 
chromatography (SiO2, CHCl3:EtOH 100:0 to 95:5 v/v) yielded the pure acid as a colorless oil (2.76 g, 
16.00 mmol, 54% yield) 1H-NMR (CDCl3): δ = 2.35 (dd, 1H, CH2COOH), 2.15 (dd, 1H, CH2COOH), 1.98–
1.93 (m, 1H, (CH2)2CHCH3), 1.56–1.47 (m, 1H, CH2CH(CH3)2), 1.35–1.12 (m, 6H, –CH2–), 0.98 (d, 3H, 
CHCH3), 0.86 (d, 6H, CH(CH3)2) ppm. 13C-NMR (CDCl3): δ = 179.4 (COOH), 41.5 ((C=O)CH2), 39.0, 36.9, 
30.2, 27.9, 24.6, 22.6 (–CH2–), 22.5 (CHCH3), 19.7(CH(CH3)2) ppm. FT-IR: ν = 2957, 2929, 2871, 2672, 
1709, 1464, 1411, 1384, 1294, 1221, 937 cm–1. [ ]

25

Dα = – 4.94. (density 0.90 g/mL used). 

 
3(R),7-Dimethyl octanoic acid chloride. Under an argon atmosphere 3(R),7-dimethyl-octanoic acid (8.54 

g, 49.51 mmol) was dissolved in dry DCM (100 mL). The solution was cooled on an ice 
bath and a drop of DMF was added. A solution of oxalylchloride (5.3 mL, 59.41 mmol) 
in dry DCM (60 mL) was added dropwise and the solution was stirred at room 

temperature overnight. Evaporation of the solvent and excess oxalylchloride followed by flushing several 
times with toluene, yielded yellow oil (8.50 g, 44.57 mmol, 90% yield). 1H-NMR (CDCl3): δ = 2.90–2.85 (dd, 
1H, (COOH)CH2), 2.70–2.64 (dd, 1H, (COOH)CH2), 2.16–2.07 (m, 1H, (CH2)2CHCH3), 1.56–1.50 (m, 1H, 
CH2CH(CH3)2), 1.34–1.13 (m, 6H, –CH2–), 0.98 (d, 3H, CHCH3), 0.88 ((d, 6H, CH(CH3)2) ppm. 13C-NMR 
(CDCl3): δ = 173.0 (COOH), 54.2 ((COOH)CH2), 38.8, 36.3, 30.7, 27.8, 24.5, 22.6 (–CH2–), 22.5 (CHCH3), 
19.2 (CH(CH3)2) ppm. FT-IR: ν = 2957, 2930, 2871, 1798, 1464, 1385, 985, 967, 929, 724 cm–1. 

 
3(S),7-Dimethyl-octanoic acid chloride. 3(S),7-Dimethyl-octanoic acid (2.76 g, 16.00 mmol) was 

dissolved in dry DCM (30 mL) under an argon atmosphere and cooled on an ice bath. 
A solution of oxalylchloride (1.65 mL, 19.22 mmol, 1.2 eq) in dry DCM (20 mL) was 
added dropwise and the solution was stirred under an argon atmosphere at room 

temperature for an additional 3 h. Evaporation of the solvent and the excess oxalylchloride in vacuo 
yielded a yellow oil (2.78 g, 14.6 mmol, 92% yield), which was used as such. 1H-NMR (CDCl3): δ = 2.88 (dd, 
1H, (COOH)CH2), 2.71 (dd, 1H, (COOH)CH2), 2.10–2.08 (m, 1H, (CH2)2CHCH3), 1.59–1.51 (m, 1H, 
CH2CH(CH3)2), 1.36–1.14 (m, 6H, –CH2–), 1.00 (d, 3H, CHCH3), 0.89 (d, 6H, CH(CH3)2) ppm. 13C-NMR 
(CDCl3): δ = 173.2 (COOH), 54.2 ((COOH)CH2), 38.9, 36.3, 30.7, 27.9, 24.5, 22.6 (–CH2–), 22.5 (CHCH3), 
19.2 (CH(CH3)2) ppm. FT-IR: ν = 2957, 2930, 2870, 1799, 1464, 1384, 985, 967, 929 cm–1. 
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5(R),9-Dimethyl-3-oxo-decanoic acid ethyl ester. Potassium ethyl malonate (11.8 g, 66.8 mmol) and dry 
ethyl acetate (100 mL) were transferred to a round bottom flask. The mixture 
was cooled on an ice bath under an argon atmosphere. To this mixture was 
added Et3N (12.1 g, 119.5 mmol) followed by MgCl2 (5.46 g, 57.4 mmol). The 

mixture was heated at 35°C for 6 h. Subsequently cooled on an ice bath and a solution of 3(R),7-dimethyl 
octanoic acid chloride (8.3 g, 43,5 mmol) in dry ethyl acetate (35 mL) was added dropwise. The mixture 
was allowed to stir at room temperature and then cooled down on an ice bath adding 13% HCl (120 mL) 
carefully while keeping the temperature below 25°C. The aqueous layer was separated and then back 
extracted with CHCl3: ethyl acetate 1:1 ν/ν (65 mL). The combined organic layers were washed with 13% 
HCl (2x 65mL), followed by H2O (70 mL), brine (70 mL) and 5 wt % KHCO3 (150 mL). The organic layer was 
dried over sodium sulfate, filtered and evaporated in vacuo. Column chromatography (SiO2, 
CHCl3:methanol 100:0 to 98:2 ν/ν), yielded the pure product as a yellow oil (7.4 g, 30.53 mmol, 70% 
yield). 1H-NMR (CDCl3): δ = 4.22–4.16 (d, 2H, OCH2CH3), 3.41 (s, 2H, (C=O)CH2(COOEt)), 2.54–2.49 (dd, 
1H, CH2(C=O)(COOEt)), 2.36–2.30 (dd, 1H, CH2(C=O)(COOEt)), 2.02–1.81 (m, 1H, (CH2)2CHCH3), 1.55–1.48 
(m, 1H, CH2CH(CH3)2), 1.33–1.10 (m, 6H, –CH2–), 0.91–0.85 (m, 12H, –CH3) ppm. 13C-NMR (CDCl3): δ = 
202.4 (COOH), 167.0 ((O=C)O), 61.1(OCH2), 50.3 ((C=O)CH2(COOEt)), 49.6 ((C=O)CH2), 38.9, 36.9, 28.8, 
27.8, 24.5, 22.5 , 22.4, 19.6 (–CH2–), 19.3 (CHCH3),  14.0 (CH(CH3)2) ppm.   FT-IR: ν = 2956, 2929, 2871, 
1744, 1716, 1647, 1630, 1465, 1367, 1315, 1232, 1150, 1096, 1030 cm–1. [ ]

25

Dα = +2.51 (density ethyl 

caprate (0.86 g/mL) used). 
 

5(S),9-Dimethyl-3-oxo-decanoic acid ethyl ester. Ethyl potassium malonate (3.81 g, 22.38 mmol, 1.4 
eq) was dissolved in dry ethyl acetate (35 mL) and cooled on an ice bath under 
an argon atmosphere. Et3N (4.05 g, 40.02 mmol, 2.5 eq) and MgCl2 (1.83 g, 
19.22 mmol, 1.2 eq) were added and stirred at 35 ºC for 6.25 h. The suspension 

was cooled on an ice bath and a solution of 3(S),7-dimethyl-octanoic acid chloride in dry ethyl acetate (10 
mL) was added dropwise. The suspension was stirred at room temperature for 19 h, after which it was 
cooled on an ice bath and 13% HCl (40 mL) was gently added. The solution was stirred at room 
temperature for 15 min after which the layers were separated. The aqueous layer was extracted with 
CHCl3:ethyl acetate 1:1 v/v (20 mL). The combined organic layers were extracted with 13% HCl (2 × 20 
mL), H2O (20 mL) and brine (20 mL). Additional washing with 5 wt % KHCO3 removed the unreacted ethyl 
potassium malonate present. The organic layer was dried over sodium sulfate and removal of the solvent 
in vacuo yielded the product (3.3523 g, 13.83 mmol, 96% yield) as orange oil. 1H-NMR (CDCl3): δ = 4.28–
4.12 (q, 2H, OCH2CH3), 3.44 (s, 2H, (C=O)CH2(COOEt)), 2.50 (dd, 1H, CH2(C=O)(COOEt)), 2.37 (dd, 1H, 
CH2(C=O)(COOEt)), 2.08–1.97 (m, 1H, (CH2)2CHCH3), 1.53 (m, 1H, CH2CH(CH3)2), 1.35–1.11 (m, 6H, –CH2–
), 0.93–0.87 (m, 12H, –CH3) ppm. 13C–NMR (CDCl3): δ = 202.7 (COOH), 167.2 ((O=C)O), 61.3 (OCH2), 50.4 
((C=O)CH2(COOEt)), 49.8 ((C=O)CH2), 39.0, 37.0, 36.9, 29.0, 27.9, 24.6, 22.6, 22.5, 19.7 (–CH2–), 19.7 
(CHCH3), 14.1 (CH(CH3)2) ppm. FT-IR: ν = 2956, 2939, 2871, 1743, 1716, 1647, 1465, 1411, 1367, 1315, 
1233, 1151, 1096, 1031 cm–1. [ ]

25

Dα = –1.91 (density ethyl caprate (0.86 g/mL) used). 

 

2-Amino-6-(2(R),6 dimethylheptyl)-4[1H]-pyrimidinone. 5(R),9-dimethyl-3-oxo-decanoic acid ethyl ester 
(7.4 g, 30.53 mmol), guanidinium carbonate (3.364 g, 40.30 mmol, 1.3 eq) and potassium 
tert-butoxide (3.43 g, 30.53 mmol) were dissolved in EtOH (120 mL) and stirred at reflux 
temperature for 65 h. The solvent was evaporated in vacuo and CHCl3 (400 mL) was added. 
The organic layer was extracted with 10% citric acid (2x 200 mL), saturated KHCO3 (2x 200 
mL) and brine (2x 200 mL). The organic layer was dried over sodium sulfate. The product 
was concentrated in vacuo and precipitated in pentane. Column chromatography (SiO2, 
CHCl3:EtOH 100:0 to 95:5 v/v) yielded the pure isocytosine (4.45 g, 18.73 mmol, 61% yield) 
as a slightly yellow solid. Tm = 201.9–208.7 °C. 1H-NMR (CDCl3): δ = 7.00 (bs, 3H, NH), 5.56 

(s, 1H, C=CH ), 2.42–2.37 (dd, 1H, (CH=C)–CH2CH(CH3)(CH2), 2.14–2.09 (dd, 1H, (CH=C)–
CH2CH(CH3)(CH2)), 1.83 (m, 1H, (CH2)2CHCH3), 1.53–1.46 (m, 1H, CH2CH(CH3)2), 1.31–1.10 (m, 6H, –CH2–
), 0.89–0.84 (m, 9H, –CH3) ppm. 13C-NMR (CDCl3): δ = 38.9, 36.8, 27.7, 24.5, 22.5 (–CH2–), 22.3 (CHCH3), 
19.1 (CH(CH3)2) ppm. FT-IR: ν = 3320, 3104, 2953, 2926, 2869, 2742, 1645, 1612, 1520, 1467, 1384 cm–

1. MALDI-TOF-MS: Calculated M = 237.18 g/mol, observed m/z = 238.27 [MH+]. Elemental analysis: 
Calculated: C: 65.79%, H: 9.77%, N: 17.70%. Measured: C: 66.12%, H: 9.78%, N: 17.85%. [ ]

25

Dα = +1.55 

(0.02g/mL CHCl3).  
 

2-Amino-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone. 5(S),9-Dimethyl-3-oxo-decanoic acid ethyl ester 
(3.263 g, 13.46 mmol), guanidinium carbonate (1.60 g, 17.76 mmol, 1.3 eq) and potassium 
tert-butoxide (1.51 g, 13.46 mmol) were dissolved in EtOH (50 mL) and stirred at reflux 
temperature for 43 h. The solvent was evaporated in vacuo and CHCl3 (50 mL) was added. 
The organic layer was extracted with saturated KHCO3 (2 × 30 mL) and brine (2 × 30 mL). 
The organic layer was dried over sodium sulfate. The product was concentrated in vacuo and 
precipitated in pentane. Column chromatography (SiO2, CHCl3:EtOH 100:0 to 95:5 v/v) 
yielded the pure isocytosine (0.903 g, 3.79 mmol, 30% yield) as a slightly yellow solid. Tm= 
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203 °C. 1H-NMR (CDCl3): δ = 6.93 (bs, 3H, NH), 5.61 (s, 1H, C=CH), 2.39 (dd, 1H, (CH=C)–
CH2CH(CH3)(CH2), 2.14 (dd, 1H, (CH=C)–CH2CH(CH3)(CH2), 1.84 (m, 1H, (CH2)2CHCH3), 1.52 (m, 1H, 
CH2CH(CH3)2), 1.33–1.13 (m, 6H, –CH2–), 0.90–0.81 (m, 9H, –CH3) ppm. 13C-NMR (CDCl3): δ = (incomplete) 
39.1, 37.0, 32.2, 27.9, 24.7, 22.7 (–CH2–), 22.6 (CHCH3), 19.3 (CH(CH3)2) ppm. FT-IR: ν = 3334, 3070, 
2955, 2929, 2869, 1655, 1480, 1376, 1284, 1171, 825, 767 cm–1. MALDI-TOF-MS: Calculated Mw = 
237.18 g/mol, observed m/z = 238.08 [MH+]. Elemental analysis: Calculated: C: 65.79%, H: 9.77%, N: 
17.70%. Measured: C: 65.73%, H: 9.72%, N: 17.58%. [ ]

25

Dα = –1.40 (0.02g/mL CHCl3). 

 
2-(1-Imidazolycarbonylamino)-6-(2(R),6-dimethylheptyl)-4[1H]-pyrimidinone. 2-Amino-6-(2(R),6- 

dimethylheptyl)-4[1H]-pyrimidinone (1.5 g, 6.31 mmol) and 1,1’-carbonyldiimidazole (1.24 
g, 7.58 mmol) were dissolved in dry CHCl3 (20 mL) under an argon atmosphere at 50°C 
and stirred overnight. CHCl3 (50 mL) was added and the organic layer was extracted with 
H2O (2x 35 mL) and brine (2 × 35 mL). The organic layer was dried over magnesium 
sulfate an evaporated in vacuo. Trituration in diethyl ether (20 mL) yielded the product as 
a white solid (1.62 g, 4.89 mmol, 77% yield). 1H-NMR (CDCl3): δ = 12.01–11.86 (bs, 2H, 
NH), 8.86 (s, 8.86, N–CH=N), 7.64 (s, 1H, (C=O)N–CH=CH), 7.02 (s, 1H, (C=O)N–CH=CH), 
5.79 (s, 1H, C=CH ), 2.63–2.60 (dd, 1H, (CH=C)–CH2CH(CH3)(CH2), 2.46–2.41 (dd, 1H, 

(CH=C)–CH2CH(CH3)(CH2)), 1.97–2.00 (m, 1H, (CH2)2CHCH3), 1.54–1.51 (m, 1H, CH2CH(CH3)2), 1.44–1.15 
(m, 6H, –CH2–), 1.00–0.86 (m, 9H, –CH3) ppm.  

 
2-(1-Imidazolylcarbonylamino)-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone. 2-Amino-6-(2(S),6-

dimethylheptyl)-4[1H]-pyrimidinone (0.526 g, 2.21 mmol) and 1,1’-carbonyldiimidazole 
(0.396 g, 2.44 mmol, 1.2 eq) were dissolved in dry CHCl3 (3 mL) under an argon 
atmosphere and stirred at room temperature for 4 h. CHCl3 (10 mL) was added and 
extracted with H2O (2 × 15 mL) and brine (15 mL). The organic layer was dried over 
sodium sulfate. Evaporation of the solvent in vacuo yielded the product (0.693 g, 2.08 
mmol, 94% yield) as a yellow solid. 1H-NMR (CDCl3): δ = 8.85 (s, 1H, N–CH=N), 7.65 (s, 
1H, (C=O)N–CH=CH), 7.03 (s, 1H, (C=O)N–CH=CH), 5.79 (s, 1H, C=CH), 2.62 (dd, 1H, 
(CH=C)–CH2CH(CH3)(CH2)), 2.44 (dd, 1H, (CH=C)–CH2CH(CH3)(CH2)), 1.99 (m, 1H, 

(CH2)2CHCH3), 1.56–1.13 (m, 7H, –CH2–), 1.01 (d, 3H, –CH3), 0.86 (d, 6H, –CH3) ppm. 13C-NMR (CDCl3): δ 
= 199.6, 161.0, 157.6, 157.1, 155.9, 138.3, 128.2, 118.0, 105.4, 90.3, 57.5, 41.0, 39.4, 37.2, 32.6, 28.3, 
24.9, 23.0, 22.8, 19.5 ppm. FT-IR: ν = 3165, 3070, 2953, 2927, 2868, 1708, 1654, 1599, 1465, 1363, 
1317, 1274, 1231, 1221, 1182, 1093, 1060, 1030, 986 cm–1. MALDI-TOF-MS: Calculated M = 331.42 
g/mol, observed m/z = 238.30 [Mfragment]. 

 
2-(6-[t-Butoxycarbonylamino]-hexylureido)-6-(2(R),6-dimethylheptyl)-4-[1H]-pyrimidinone. 2-(1-Imi- 

dazolycarbonylamino)-6-(2(R),6-dimethylheptyl)-4[1H]-pyrimidinone (1.60 
g, 4.83 mmol) and mono-BOC protected 1,6-hexanediamine (1.25 g, 5.77 
mmol) were dissolved in dry CHCL3 (20 mL) under an argon atmosphere 
and stirred at 50°C overnight. CHCl3 (100 mL) was added and the solution 
was extracted with 1 M HCl (60 mL), saturated NaHCO3 (60 mL) and brine 
(60 mL). The organic layer was dried over magnesium sulfate, filtered and 
evaporated in vacuo. This yielded the product as a white solid (2.17 g, 
4.52 mmol, 94% yield). Tm= 122.0–123.1 °C. 1H-NMR (CDCl3): δ = 13.18 

(s, 1H, C=C–NH–C), 11.87 (s, 1H, C–NH–(C=O)), 10.17 (s, 1H, (C=O)NH–CH2), 5.82 (s, 1H, C=CH ), 4.64 (s, 
1H, NH–BOC) 3.32–3.19 (q, 2H, NH–CH2–CH2), 3.17–3.08 (q, 2H, CH2CH2–NH–BOC), 2.51–2.39 (dd, 1H, 
(CH=C)–CH2CH(CH3)(CH2), 2.32–2.16 (dd, 1H, (CH=C)–CH2CH(CH3)(CH2)), 1.82 (m, 1H, (CH2)2CHCH3), 1.61 
(m, 1H, CH2CH(CH3)2), 1.60–1.03 (m, 23H, –CH2–, –CH3), 0.99–0.65 (m, 9H, –CH3) ppm. 13C-NMR (CDCl3): 
δ =  173.1, 156.6, 155.9, 154.7, 151.5, 106.8, 78.9(OC(CH3)3), 40.4, 39.7, 38.9, 16.6, 31.9, 29.8, 29.3, 
28.4, 27.8, 26.4, 26.2, 24.5, 22.6, 22.5, 19.2 ppm. FT-IR: ν = 3217, 1954, 2929, 2868, 1698, 1659, 1585, 
1525, 1462, 1390, 1365, 1251, 1172, 1140, 801 cm–1. MALDI-TOF-MS: Calculated M = 479.35 g/mol, 
observed m/z = 480.22 [MH+], 502.21 [Na+ adduct]. Elemental analysis: Calculated: C: 62.60%, H: 9.46%, 
N: 14.60%. Measured: C: 62.37%, H: 9.44%, N: 14.66%. [ ]

25

Dα = +0.48 (50 mg/mL CHCl3). 

 
2-(6-[t-Butoxycarbonylamino]-hexylureido)-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone. 2-(-1-

Imidazolylcarbonylamino)-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone 
(0.619 g, 1.87 mmol) and mono-BOC protected 1,6-hexanediamine (0.495 
g, 2.29 mmol, 1.2 eq) were dissolved in dry CHCl3 (14 mL) under an argon 
atmosphere and stirred at 52 ºC for 17 h. CHCl3 (30 mL) was added and 
extracted with 1 M HCl (25 mL), saturated NaHCO3 (25 mL) and brine (25 
mL). The organic layer was dried over sodium sulfate. Evaporation of the 
solvent in vacuo yielded the product (0.553 g, 1.15 mmol, 62% yield) as a 
white solid. Tm= 122 °C. 1H-NMR (CDCl3): δ = 13.17 (s, 1H, C=C–NH–C), 

11.87 (s, 1H, C–NH–(C=O)), 10.17 (s, 1H, (C=O)NH–CH2), 5.82 (s, 1H, C=CH), 4.64 (s, 1H, NH–BOC), 3.24 
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(q, 2H, NH–CH2–CH2), 3.09 (q, 2H, CH2CH2–NH–BOC), 2.44 (dd, 1H, (CH=C)–CH2CH(CH3)(CH2)), 2.24 (dd, 
1H, (CH=C)–CH2CH(CH3)(CH2)), 1.83 (m, 1H, (CH2)2CHCH3), 1.63–1.12 (m, 24H, –CH2–, –CH3), 0.94 (d, 3H, 
–CH3), 0.86 (d, 6H, –CH3) ppm. 13C-NMR (CDCl3): δ = 173.2, 156.6, 156.0, 154.7, 151.5, 106.9, 79.0 (OC 
(CH3)3), 40.5, 39.8, 39.0, 36.7, 31.9, 29.9, 29.4, 28.4, 27.9, 26.4, 26.3, 24.5, 22.7, 22.5, 19.3 ppm. FT-IR: 
ν = 3372, 3216, 2955, 2928, 2858, 1698, 1683, 1645, 1578, 1519, 1463, 1446, 1365, 1249, 1170, 804 
cm–1. MALDI-TOF-MS: Calculated M = 479.35 g/mol, observed m/z = 480.26 [MH+], 502.26 [Na+ adduct]. 
Elemental analysis: Calculated: C: 62.60%, H: 9.46%, N: 14.60%. Measured: C: 62.69%, H: 9.45%, N: 
14.50%. [ ]

25

Dα = –0.52 (50 mg/mL CHCl3). 

 
2-(6-Amino-hexylureido)-6-(2(R),6-dimethylheptyl)-4[1H]-pyrimidinone. 2-(6-[t-Butoxycarbonylamino]-

hexylureido)-6-(2(R),6-dimethylheptyl)-4-[1H]-pyrimidinone (2.17 g, 4.52 
mmol) was stirred in DCM (200 mL). Trifluoric acid (TFA) (65 mL, 30 eq) 
was added at room temperature and the mixture was stirred overnight. 
TFA and DCM were evaporated in vacuo and the remaining solid was 
flushed several times with toluene. Trituration with diethyl ether (25 mL) 
yielded the product as a white solid (1.96 g, 3.97 mmol, 88% yield). Tm = 
123.4–130.3 °C. 1H-NMR (DMSO-d6): δ = 10.6–8.4 (bs, 2H, C–NH–(C=O), 

(C=O)NH–CH2), 7.73 (s, 1H, CH2–NH3+), 7.61 (s, 1H, C=C–NH–C), 5.76 (s, 1H, C=CH ), 3.17–3.12 (q, 2H, 
NH–CH2–CH2), 2.80–2.75 (q, 2H, CH2CH2–NH3+), 2.38–2.30 (dd, 1H, (CH=C)–CH2CH(CH3)(CH2)), 2.17–2.12 
(dd, 1H, (CH=C)–CH2CH(CH3)(CH2)), 1.90–1.78 (m, 1H, (CH2)2CHCH3), 1.55–1.44 (m, 1H, CH2CH(CH3)2), 
1.39–1.09 (m, 14H, –CH2–), 0.87–0.79 (m, 9H, –CH3) ppm. 13C-NMR (DMSO-d6): δ =  167.6, 162.7, 155.7, 
152.5, 106.1, 44.9, 39.7, 39.5, 37.3, 32.4, 29.9, 28.3, 27.9, 26.7, 26.4, 25.1, 23.5, 23.4, 20.2 ppm. FT-IR: 
ν = 2934, 2866, 1698, 1640, 1575, 1526, 1465, 1435, 1251, 1202, 1182, 1133, 835, 798, 722 cm–1. 
MALDI-TOF-MS: Calculated M = 379.29 g/mol, observed m/z = 380.41 [MH+], 402.40 [Na+ adduct]. 
Elemental analysis: Calculated: C: 53.54%, H: 7.76%, N: 14.19%. Measured: C: 52.50%, H: 7.40%, N: 
13.75% (0.15 eq TFA).  

 
2-(6-Amino-hexylureido)-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone. 2-(6-[t-Butoxycarbonylamino]-

hexylureido)-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone (2.40 g, 5.0 
mmol) was stirred in DCM (140 mL). Trifluoric acid (TFA) (12 mL) was 
added dropwise during 1 h at room temperature and the mixture was 
stirred for an additional 3 h. The TFA and DCM were evaporated in vacuo 
and the oil was repeatedly dissolved in toluene and evaporated in vacuo 
to yield a brown oil which slowly solidified (2.41 g, 4.88 mmol, 98% yield). 
1H-NMR (CDCl3): δ = 5.95 (s, 1H, C=CH), 4.93 (s, 3H, CH2–NH3+), 3.24 (q, 

2H, NH–CH2–CH2), 2.92 (t, CH2NH2), 2.54 (dd, 1H, (CH=C)–CH2CH(CH3)(CH2)), 2.34 (dd, 1H, (CH=C)–
CH2CH(CH3)(CH2)), 1.88 (m, 1H, (CH2)2CHCH3), 1.68–1.15 (m, 15H, –CH2–), 0.93 (d, 3H, –CH3), 0.88 (d, 
6H, –CH3) ppm. 13C-NMR (DMSO-d6): δ = 167.0, 162.3, 155.1, 152.0, 105.5, 44.3, 39.1, 38.6, 36.7, 31.9, 
29.4, 27.8, 27.4, 26.2, 25.8, 24.6, 23.0, 22.8, 19.6 ppm. FT-IR: ν = 3279, 2957, 2934, 2871, 2555, 1687, 
1637, 1545, 1369, 1255, 1179, 1142 cm–1. MALDI-TOF-MS: Calculated M = 379.29 g/mol, observed m/z = 
380.44 [MH+], 402.43 [Na+ adduct] Elemental analysis: Calculated: C: 53.54%, H: 7.76%, N: 14.19%. 
Measured: C: 50.14%, H: 7.12%, N: 12.90% (0.5 eq TFA). 
 
Ci(S)-UPy-U 2. 2-(6-Amino-hexylureido)-6-(2(S),6-dimethylheptyl)-4[1H]-pyrimidinone (0.882 g, 1.787 
mmol) was dissolved in 6 mL of CHCl3. Triethylamine (1.25 mL) and 1,1-carbodiimidazole (CDI, 0.383 g, 
2.36 mmol) in 6 mL of CHCl3 was added and the reaction was stirred overnight. The solvent was 
evaporated and the remaining dissolved in CHCl3. The organic layer was extracted with water and brine to 
yield CDI-activated (S) citronellyl-UPy hexylamine, a sticky oil, in 57% yield. The product (480 mg, 1.01 
mmol) and Kraton-bisamine (1.48 g, 0.42 mmol) were dissolved in 15 mL CHCl3 and stirred overnight at 
50 °C under argon atmosphere. To the reaction mixture, 50 mL of CHCl3 was added and the organic layer 
was extracted twice with H2O, twice with 1 M HCl, and once with brine and was subsequently dried with 
Na2SO4. The polymer was obtained in 93% yield. 1H-NMR (CDCl3): δ = 13.26 (s, 2H), 11.74 (s, 2H), 10.16 
(s, 2H), 5.88 (s, 2H), 3.25 (q, 4H), 3.16 (q, 4H), 3.00 (q, 4H), 2.51 (q, 2H), 2.28 (q, 2H), 1.98 and 1.85 (m, 
2H), 1.7–1.5 (m, ~600 + 42 H) ppm. FT-IR: ν = 3317, 2959, 2921, 2873, 2853, 1701, 1656, 1629, 1582, 
1529 cm–1. GPC: Mn = 5.57 kg/mol, Mw = 6.20 kg/mol, PD = 1.11. Tg = –57.0 ºC, Tm,1 = 80 ºC (first run 
only). 
 
Ci(R)-UPy-U 3. 2-(6-Amino-hexylureido)-6-(2(R),6-dimethylheptyl)-4[1H]-pyrimidinone (500 mg, 1 mmol) 
was dissolved in 5 mL of CHCl3. Triethylamine (1 mL) and 1, 1-carbodiimidazole (CDI, 0.200 g, 1.2 mmol) 
in 5 mL of CHCl3 was added and the reaction was stirred overnight. The solvent was evaporated and the 
remaining dissolved in CHCl3. The organic layer was extracted with water and brine to yield CDI-activated 
(S) citronellyl-UPy hexylamine, a sticky oil, in 61% yield. The product (295 mg, 0.62 mmol) and Kraton-
bisamine (0.95 g, 0.27 mmol) were dissolved in 10 mL CHCl3 and stirred overnight at 50 °C under argon 
atmosphere. Workup was done as described for Ci(S)-UPy-U 2. The polymer was obtained in 70% yield. 
1H-NMR (CDCl3): δ = 13.19 (s, 2H), 11.81 (s, 2H), 10.08 (s, 2H), 5.83 (s, 2H), 5.3–4.5 (m, 4H), 3.22 (q, 4H), 
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3.16 (q, 4H), 2.99 (q, 4H), 2.23 (d, 4H), 1.96 and 1.75 (dt, 2H), 1.7–0.6 (m, ~600 + 42 H) ppm. 13C-NMR 
(CDCl3): δ = 173.2, 156.5, 154.8, 148.5, 106.5, 40.1, 39.5, 39.1, 38.9, 38.4, 37.9, 36.1, 33.4, 33.2, 30.6, 
30.2, 29.7, 29.3, 26.8, 26.6, 26.4, 26.1, 25.9, 24.9, 24.0, 18.9, 10.9, 10.7, 10.6. FT-IR: ν = 3342, 2959, 
2921, 2872, 2853, 1702, 1657, 1631, 1581, 1529 cm–1. GPC: Mn = 4.84 kg/mol, Mw = 5.85 kg/mol, PD = 
1.21. Tg = –57.0 ºC, Tm,1 = 64 ºC, Tm,2 = 82 ºC. 

 
2-(6-[t-Butoxycarbonylamino]-hexylureido)-6-(1-ethylpentyl)-4[1H]-pyrimidinone. 2-(1-imidazolylcar- 

bonylamino)-6-(1-ethylpentyl)-4[1H]-pyrimidinone14 (6.96 g, 22.9 mmol) 
and mono-BOC protected hexanediamine (5.95 g, 27.5 mmol) were 
dissolved in 100 mL CHCl3 and the solution was stirred overnight. The 
reaction mixture was extracted twice with 0.1 M HCl, once with NaHCO3 
and H2O and additionally twice with saturated NaCl solution. The solution 
was dried with MgSO4 and the solvent was removed in vacuo. The product 
was recrystallized from acetonitrile and subsequently dried in vacuo. The 

product was obtained as a slightly yellow powder. 1H-NMR (CDCl3): δ = 13.26 (s, 1H), 11.92 (s, 1H), 10.20 
(s, 1H), 5.84 (s, 1H), 4.68 (s, 1H), 3.25 (q, 2H), 3.10 (q, 2H), 2.31 (m, 1H), 1.75–1.20 (m, 25H), 0.88 (m, 6H) 
ppm, 13C-NMR (CDCl3): δ = 173.2, 156.7, 155.9, 155.4, 154.8, 106.2, 78.9, 45.3, 40.4, 39.8, 32.8, 29.8, 
29.3, 28.4, 26.6, 26.4, 26.3, 22.4, 13.8, 11.7 ppm, MALDI-TOF-MS: Calculated M = 451.32 g/mol, 
observed m/z = 452.51 [MH+], 474.51 [Na+ adduct]. 
 
Imidazole-1-carboxylic acid (6-{3-[6-(1-ethyl-pentyl)-4-oxo-1,4-dihydro-pyrimidin-2-yl]-ureido}-hexyl)-

amide. The BOC group of 2-(6-[t-Butoxycarbonylamino]-hexylureido)-6-(1-
ethylpentyl)-4[1H]-pyrimidinone was removed in TFA/CH2Cl2 in 4 h after 
which the mixture was flushed with CH2Cl2 six times. The resulting amine 
(1.7 g, 1.57 mmol) was dissolved in 20 mL CHCl3  and 1.4 mL Et3N and 
CDI (382 mg, 2.36 mmol) was added. The reaction was allowed to stir 
overnight under an argon atmosphere. The solvent was evaporated and 
the resulting material was dissolved in CHCl3, extracted with H2O and a 

saturated NaCl solution. Yield: 90%. 1H-NMR (CDCl3): δ =  13.37 (s, 1H), 11.89 (s, 1H), 10.05 (s, 1H), 8.22 
(s, 1H), 7.70 (s, 1H), 7.54 (d, 1H), 7.04 (d, 1H), 5.69 (s, 1H), 3.42 (q, 2H), 3.30 (q, 2H), 2.26 (m, 1H), 1.80–
1.05 (m, 16H), 0.88 (m, 6H) ppm, 13C-NMR (CDCl3): δ = 173.6, 156.6, 156.2, 154.9, 149.1, 137.0, 136.0, 
130.5, 130.1, 117.1, 116.0, 105.6, 64.4, 46.1, 45.3, 40.0, 38.8, 32.7, 29.2, 29.1, 28.4, 26.5, 25.1, 22.4, 
14.1, 13.8, 11.6 ppm.  

 
EP-UPy-U 4. Kraton-bisamine (2.2 g, 0.64 mmol) and imidazole-1-carboxylic acid (6-{3-[6-(1-ethyl-pentyl)-
4-oxo-1,4-dihydro-pyrimidin-2-yl]-ureido}-hexyl)-amide (630 mg, 1.41 mmol) were dissolved in 50 mL 
CHCl3 and were allowed to react overnight at 60 °C under argon atmosphere. After cooling down the 
reaction mixture to RT, the mixture was precipitated in acetone. The slightly yellow product was dried in 
vacuo. Yield: 67%. 1H-NMR (CDCl3): δ = 13.31 (s, 2H), 11.90 (s, 2H), 10.14 (s, 2H), 5.84 (s, 2H), 4.8–4.3 (4 
broad singlets, 4H), 3.25 (q, 4H), 3.17 (q, 4H), 2.98 (q, 4H), 2.31 (m, 2H), 1.7–0.6 (m, ~600 + 44H) ppm. 
13C-NMR (CDCl3): δ = 173.4, 158.4, 158.0, 156.7, 155.7, 154.9, 106.1, 45.4, 40.2, 39.6, 39.1, 38.9, 38.5, 
38.4, 37.9, 36.1, 34.2, 33.5 (m), 33.2, 32.9, 30.6, 30.2, 29.7, 29.3, 29.2, 26.8, 26.6, 26.4, 26.3, 26.1 (d), 
25.9, 24.9, 22.5, 13.9, 11.7, 10.9, 10.7, 10.6 (m), 10.4 ppm. FT-IR: ν = 3340, 2960, 2921, 2872, 2853, 
1698, 1639, 1579, 1527 cm–1. GPC: Mn = 5.19 kg/mol, Mw = 5.69 kg/mol, PD = 1.10. Tg = –56.0 ºC, Tm = 
63.5 ºC (first run only). 

 
2-[6-(3(S),7-Dimethyloctylaminocarbonylamino)-hexylureido]-6-(1-ethylpentyl)-4[1H]- pyrimidinone 

5. 2-(6-Aminohexyl)-6-(1-ethylpentyl)-4[1H]-pyrimidinone 
(0.4360 g) and CDI activated 3(S),7-dimethyloctylamine 
(0.3382 g, 1.21 mmol) were stirred in dry CHCl3 (12 mL) 
under an argon atmosphere. Et3N (1.8 mL) was added and 
the solution was stirred under an argon atmosphere at 52 ºC 

for 4 h. Evaporation of the solvent and the excess of Et3N in vacuo yielded a brown solid. The solid was 
dissolved in CHCl3 (30 mL) and extracted with H2O (30 mL) and brine (30 mL). Precipitation in cold ether 
gave a slightly brown solid (0.2244 g, 0.400 mmol). 19F NMR was performed to ensure that no TFA was 
present. 1H-NMR (CDCl3): δ = 13.29 (s, 1H, NH UPy), 11.87 (s, 1H), 10.10 (s, 1H), 5.81 (s, 1H), 4.84 (t, 1H), 
4.62 (t, 1H) 3.23 (q, 2H), 3.15 (q, 4H), 2.32–2.28 (m, 1H), 1.69–1.07 (m, 26H), 0.90–0.82 (m, 15H) ppm. 
13C-NMR (CDCl3): δ = 173.3, 158.5, 156.6, 155.7, 154.9, 106.0, 45.3, 40.1, 39.7, 39.2, 38.6, 37.4, 37.2, 
32.8, 30.6, 29.8, 29.3, 29.2, 27.9, 26.6, 26.3, 26.2, 24.6, 22.7, 22.5, 22.4, 19.5, 13.8, 11.7 ppm. FT-IR: ν 
= 3321, 3220, 2956, 2928, 2861, 1698, 1641, 1578, 1525, 1463, 1380, 1252 cm–1. MALDI-TOF-MS: 
Calculated M = 534.79 g/mol, observed m/z= 535.27 [MH+], 557.26 [Na+ adduct], 573.24 [K+ adduct], 
1107.52 [Dimer + K+]. Elemental analysis: Calculated: C: 65.13%, H: 10.18%, N: 15.71%. Measured: C: 
65.08%, H: 10.19%, N: 15.67%. Tm = 129.8 °C. 
 
2-[6-{3,4,5-Tris(3(S),7-dimethyloctyloxy)-phenylaminocarbonylamino}-hexylureido]-6-(1-thylpentyl)-

4[1H]-pyrimidinone 6. The synthesis was performed according to the procedure described for molecule 5. 
Purification was done by precipitation in cold methanol. 1H-NMR (CDCl3): δ = 13.37 (s, 1H, 11.86 (s, 1H), 
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10.07 (s, 1H), 6.90 (s, 1H), 6.61 (s, 2H), 5.83 (s, 1H), 5.27 (t, 
1H), 3.97–3.88 (m, 6H), 3.22 (m, 4H), 2.29 (m, 1H), 1.85–
1.09 (m, 46H), 0.92–0.83 (m, 33H) ppm. 13C-NMR (CDCl3): δ 
= 173.6, 156.6, 156.2, 156.0, 155.0, 153.3, 134.7, 134.1, 
106.0, 99.3, 71.7, 67.3, 45.3, 39.7, 39.4, 37.5, 37.4, 37.3, 

36.4, 32.8, 29.8, 29.7, 29.4, 29.3, 29.2, 28.0, 26.5, 26.1, 26.0, 24.7, 22.7, 22.6, 22.4, 19.5, 19.5, 13.8, 
11.6 ppm. FT-IR: ν = 3331, 3210, 2954, 2926, 2869, 1698, 1644, 1583, 1563, 1526, 1504, 1464, 1422, 
1383, 1294, 1247, 1228, 1114 cm–1. MALDI-TOF-MS: Calculated M = 939.43 g/mol, observed m/z= 
939.70 [MH+], 961.70 [Na+ adduct]. Elemental analysis: Calculated: C: 70.32%, H: 10.51%, N: 8.95%. 
Measured: C: 70.44%, H: 10.51%, N: 8.66%. Tm = 71.3 °C. 
 
2-{6-(3,4,5-Tris(3(S),7-dimethyloctyoxy)-phenylureido}-hexylureido-6-(2(S), 6-dimethylheptyl)-4[1H]-

pyrimidinone 7. 2-(6-Amino-hexylureido)-6-(2(S),6-
dimethylheptyl)-4[1H]-pyrimidinone (0.53 g, 1.07 mmol) was 
dissolved in Et3N (0.12 g, 1.18 mmol, 1.1 eq) and distilled 
CHCl3 (20 ml). 3,4,5-Tris(3(S),7-dimethyloctyoxy)-phenyl 
isocyanate (0.78 g, 1.33 mmol, 1.2 eq) was added and the 
mixture stirred under argon atmosphere at 50 ºC, during a 
period of 48 hours. CHCl3 (15 ml) was added and the organic 

layer was extracted with NaHCO3 (25 ml), citric acid (25 ml, pH 3~4) and brine (25 ml). The organic layer 
was dried over magnesium sulfate and evaporated in vacuo.  The pure product was obtained after column 
chromatography (SiO2, CHCl3:ethanol, 98:2 to 95:5, ν/ν) followed by precipitation in cold acetonitrile (60 
ml) as a off white solid in 65% yield. 1H-NMR (CDCl3): δ = 13.33 (s, 1H), 11.75 (s, 1H), 10.03 (s, 1H), 7.73 
(s, 1H.), 6.74, (s, 2H), 5.80 (s, 1H), 5.75 (s, 1H), 3.99–3.86 (m, 6H), 3.25–3.17 (m, 4H),  2.51–2.46 (dd, 1H), 
2.25–2.19 (dd, 1H), 1.85–1.08 (m, 46H), 0.97–0.80 (m, 36H). 1H-NMR (DMF-d6): δ = 11.96–11.53 (bs, 1H), 
9.78–9.52 (bs, 1H), 8.37 (s, 1H), 7.93–7.59 (bs, 1H), 6.89 (s, 2H), 6.18 (s, 1H), 5.80 (s, 1H), 4.03–3.86 (m, 
6H), 3.28–3.15 (m, 4H),  2.44–2.39 (dd, 1H), 2.21–2.18 (dd, 1H), 1.89 (m, 46H), 1.06–0.92 (m, 36H) ppm. 
13C-NMR (CDCl3): δ = 173.5, 156.3, 156.2, 154.8, 153.3, 152.3, 135.5, 133.4, 106.4, 98.2, 71.8, 67.3, 
40.4, 39.4, 39.3, 39.0, 37.6, 37.4, 37.3, 36.8, 36.4, 32.0, 29.8, 29.7, 29.4, 29.1, 28.0, 27.9, 25.8, 25.6, 
24.7, 24.5, 22.7, 22.6, 22.6, 22.6, 22.5, 19.6, 19.5, 19.5, 19.2 ppm. FT-IR: ν = 3319, 2953, 2926, 2869, 
1702, 1638, 1593, 1564, 1530, 1464, 1423, 1255, 1230, 1113, 801 cm–1. MALDI-TOF-MS: Calculated M = 
966.786 g/mol, observed m/z = 967.74 g/mol [MH+]. Elemental analysis: Calculated: C: 70.76%, H: 
10.63%, N: 8.69%.  Measured: C: 70.37%, H: 10.56%, N: 8.56%. [ ]

25

Dα = –3.84 (25 mg/ml CHCl3). Tm= 99.6–

101.8 °C. 

Differential Scanning Calorimetry (DSC). All crystallization studies were performed with samples taken 
from a drop cast film of the specific polymer that had been on the bench for at least days. For EP-UPy-U 4 
this was longer than a week. Runs were measured between 25 and 140 °C for Me-UPy-U 1 and between 25 
and 110 °C for 2–4. All runs were recorded at 10 °C/min. After each heating run, the sample was held at 
the upper temperature for one minute to ensure complete melting of the sample. After each cooling run, 
the sample was held at room temperature for increasing amounts of time (as reported in Figures 1, 3, 7, 
and 8 respectively).  
 
Atomic Force Microscopy (AFM). AFM images were recorded at ambient conditions using a Digital 
Instrument Multimode Nanoscope IV operating in the tapping regime mode using silicon cantilever tips 
(PPP-NCH-50, 204–497 kHz, 10–130 N/m). Scanner 5962EV was used with scan rates between 0.5 and 1 
Hz. All images are subjected to a first-order plane-fitting procedure to compensate for sample tilt. All 
polymer samples were prepared by drop casting a continuous film on glass or mica and subsequently just 
dried at room temperature, or thermally annealed typically for 4 hours or brought to their melting 
temperature after which AFM images were recorded. In the text the exact conditions are reported for each 
image. Samples described in paragraph 7.6 were drop cast out of a 1 mg/ml polymer solution in 
chloroform, at which the correct amount of molecule 5 was added. The percentage was calculated using a 
molecular weight of EP-UPy-U 4 of 4307 g/mol and is reported as the mol % of molecule 5 per polymer 
end group. The solvent was removed by evaporation in air, after which the samples were annealed at 40 °C 
for 4 h. All samples were measured at least in duplo and each sample was evaluated at at least three 
different spots. The shown images are representative for all these images. 
 
Circular Dichroism spectroscopy (CD). CD measurements were performed on a Jasco J-815 CD 
spectropolarimeter. Films of Ci(S) UPy-U 2 and Ci(R)-UPy-U 3 were prepared by drop casting films onto 
quartz plates from a 5 mg/mL solution in CHCl3. The exact thickness of the films was not measured and 
was not homogeneous over the samples. The maximum CD effect with HT signals below 600, was observed 
to be ~ –10 mdeg. Measurements of 5 were done in spectro grade cyclohexane at 0.1 mM. Temperature 
dependent measurements of 6 in spectro grade heptane was done at 3.5·10–5 M. The sample was first 
heated to 95 °C for three minutes and was subsequently cooled at 20 °C/min to 0 °C. 
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Uniaxial tensile testing. Samples for tensile testing were prepared by drop casting and were dried 
overnight in vacuo at room temperature. Tensile bars were punched from the resulting films. Tensile 
properties were measured according to ASTM D 1708–96 in air at RT. Thickness of the samples was 
between 0.16 and 0.22 mm for Ci(S)-UPy-U 2 and between 0.23 and 0.30 mm for EP-UPy-U 4. Grip to grip 
separation was ~22 mm. Testing was conducted in a Zwick Z100 Universal Tensile Tester equipped with a 
100 N load cell. The crosshead speed was 10 or 1 mm/min. For Ci(S)-UPy-U 2, 5 samples were evaluated 
at 1 mm/min and a single sample at 10 mm/min. For EP-UPy-U 4 four samples were measured at 1 
mm/min and 2 samples at 10 mm/min.  
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Bioactive poly(εεεε-caprolactone)-UPy-U 

Polymers in Renal Tissue Engineering  

Upy-U functionalized peptides are shown to be incorporated in the poly(ε-caprolactone) 

based UPy-U polymer in a highly specific way. Therefore, PCL-UPy-U is selected as cell 

supporting material in tissue engineering of the renal tubule. Membranes of this 

material are fabricated by electrospinning of a viscous polymer solution with or 

without UPy-U functionalized peptides in the solution. Culturing human primary 

tubule epithelial cells (PTECs) on PCL-UPy-U membranes under static conditions 

results in large gaps between adjacent PTECs. Culturing PTECs under perfusion 

conditions shows closed monolayers of polarized epithelial cells. Additionally, four 

peptides, selected to mimic the natural ECM, are functionalized with the UPy-U unit. 

Though the UPy-U peptides act as chain stoppers, a very high concentration of the 

peptides and the polymer results in a solution usable for electrospinning. When all 

four peptides are incorporated in the membranes, a slightly higher cell density is 

observed on these membranes than on bare PCL-UPy-U membranes. Excitingly, the 

collagen I derived DGEA peptide seems to be most beneficial to maintain epithelial 

phenotype. 

 

 

 

 

 

Parts of this work will be submitted for publication: 1. E. Wisse, P. Y. W. Dankers, B. Mezari, P. C. M. M. 

Magusin, E. W. Meijer and 2.  P. Y. W. Dankers, J. M. Boomker, E. Wisse, A. Huizinga-van der Vlag, F. M. 

M. Smedts, M. C. Harmsen, A. W. Bosman, E. W. Meijer, M. J. A. van Luyn. 
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8.1 Introduction 

In the previous chapters, both bis(ureido)butylene (U4U) based and 

ureidopyrimidinone-hexyl-urea (UPy-U) based thermoplastic elastomers are shown to 

have great potential in soft tissue engineering applications. This is especially true 

because of the possibility to easily incorporate various bioactive peptides in the hard 

segment nanorods via a modular and supramolecular approach. In the current 

chapter, the gained knowledge will be applied in a first attempt to tissue engineer a 

part of the renal tubule by using the slightly more specific UPy-U system. 

 In the Netherlands alone, approximately 40,000 people have a kidney disorder of 

which 12,000 are treated by haemodialysis or have had a kidney transplantation. 

Moreover, the average waiting time for a kidney transplantation is four years.1 

Therefore there is a strong need for tissue engineering of (parts of the) kidney or at 

least improving the current dialysis methods. 

In tissue engineering, cells are isolated from a biopt from the patient and the cells 

are expanded in vitro. The cells are then seeded on a natural or synthetic polymeric 

scaffold, mimicking the tissue to be replaced. The cells are cultured in vitro in a 

bioreactor for some time before implanting the construct in the patient or the construct 

is directly placed in the in vivo environment. In time, the scaffold will degrade while the 

new tissue is being formed.2,3,4  

Every human kidney consists of little over one million nephrons (Figure 1A). In each 

nephron, blood is filtrated in the glomerulus. The ultra filtrate formed or so-called pre-

urine is collected in the proximal tubule, where ~70% of all water is reabsorbed along 

with salts and nutrients, such as glucose and amino acids. Further transport 

processes are carried out in the loop of Henle and the distal tubule, after which the 

urine is collected in the collecting duct to enter the bladder via the urether. The fact 

that the majority of the reabsorption processes occurs in the proximal tubule, induced 

us to first focus on mimicking the proximal tubule. To mimic a proximal tubule, the 

minimal requirements are two layers of cells: one layer consisting of proximal epithelial 

cells and one layer of endothelial cells to represent the pre-urine side and the blood 

side, respectively (Figure 1B). The cells need to be separated from each other by some 

sort of membrane that mimics the basement membrane and still allows for the 

transport of water and other small molecules across that membrane. The spaces 

between adjacent epithelial cells should be sealed so that the transported molecules 

A 

 
 

C               Epithelial cells (pre-urine flow) 

                  
                    Endothelial cells (blood flow) 

B 

 

         

Figure 1. A) Schematic representation of a nephron, B) microenvironment in proximal tubule5, C) cartoon 
showing our design for tissue engineering the proximal tubule.  

Basement 
membrane 



                                                             Bioactive PCL-UPy-U Polymers in Renal Tissue Engineering 

 

115 

cannot diffuse through the intercellular space. Only when the epithelial cells form a 

closed monolayer, they can perform their physiological task of active reabsorption of a 

lot of water, salts and nutrients. To maintain such a monolayer in time, the total 

amount of functional cells will need to remain constant.  

Earlier studies have addressed culturing renal epithelial cells on artificial 

membranes. Generally, it was found that retaining a closed, uniform monolayer is not 

straightforward.6 Various cell sources such as renal proximal tubule cell lines6, renal 

progenitor cells7, embryonic renal cells8, porcine renal proximal tubule cells9 and 

human cortical tubular epithelial cells10 have been used. All membranes were from 

commercial sources and at most coated with e.g. collagen, fibronectin or laminin6,10 to 

improve cell compatibility. 

Our design to fulfill the stated requirements is schematically depicted in Figure 1C. 

We propose to prepare membranes by electrospinning of the PCL-UPy-U polymer from 

a viscous solution. Furthermore, bioactive UPy-U peptides will be co-spun by 

dissolving them in the same polymer solution. During the spinning process, the 

composition of the polymer solution should change from a solution with more 

epithelial specific peptides to a mixture of polymer with more endothelial specific 

peptides. We selected various bioactive oligopeptides derived from various extra 

cellular matrix (ECM) proteins; the DGEA oligopeptide derived from collagen I11, 

GRGDS12 and its synergistic sequence PHSRN13 derived from fibronectin and finally 

YIGSR14 derived from laminin. Both RGD and YIGSR have been shown to improve cell 

adhesion15 and differentiation16 of various endothelial cells. More recently, the 

combination of RGD and YIGSR was found to significantly increase microvascular 

endothelial cells migration rates relative to RGD alone or the combination of RGD and 

PHSRN.17 However, the specificity of these sequences for renal endothelial cells 

remains to be established. A general point of attention is that for both RGD and YIGSR 

it was also shown that a too high density of these peptides might hamper ECM 

production of the PTECs, which could be disadvantageous for the formation of renal 

tissue.  

Epithelial polarity development and tubule formation has been demonstrated to be 

integrin α2β1 mediated.18 Since the DGEA sequence binds to α2β1, we anticipate that 

DGEA might be beneficial to maintain epithelial phenotype. Every peptide will be 

separately incorporated in the PCL-UPy-U polymer and will be screened for its possible 

selectivity for either endothelial cells or renal epithelial cells. Finally, also mixtures of 

all oligopeptides will be tested, since the combination of the four peptides might best 

represent the basement membrane. 

 

8.2 Syntheses 

The HVWMQAPGGKG peptide was synthesized by conventional solid phase peptide 

synthesis techniques using standard Fmoc-coupling chemistry on a Wang resin.19 

After loading the resin with Fmoc-Gly-OH, subsequently amino acids were coupled in 

the order given in Table 1. Each amino acid was coupled for 30–60 minutes at room 

temperature using the coupling reagents 1-hydroxybenzotriazole (HOBt) and 

diisopropylcarbodiimide (DICI). In between deprotection and coupling steps the 

presence or absence, respectively, of primary free amines on the resin was determined 

by the Kaiser test.20 The 4-methyltrityl (Mtt) protected amine in the lysine side chain 

was deprotected in 15 minutes with 5% trifluoro acetic acid (TFA), 5% tri-isopropyl 

silane (Tis) and 90% dichloromethane (DCM). After washing with diisopropylethylamine 

(DIPEA) in DCM, the free –NH2 was reacted with 1-hexyl-3-(4-isocyanato-butyl)-urea, 

UPy-hexyl-isocyanate synthon or isocyanatobutane for the synthesis of peptides 5, 6 

and  7,  respectively.   For  the  synthesis  of   peptide  8  no  additional   coupling  was  
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Chart 1. Used polymers: PCLU4U 1, HMW-PCL 2, UPy-UT 3, UPy-U 4. Used peptides: HVWMQAPGGK-
U4U-G 5, HVWMQAPGGK-U-UPy-G 6, HVWMQAPGGK-U-G 7, HVWMQAPGGKG 8, UPy-U-GGGGRGDS 9, 
UPy-U-GGGPHSRN 10, UPy-U-GGGYIGSR 11, UPy-U-GGGDGEA 12. 
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performed. For all four peptides, the Fmoc was then removed from the N-terminus and 

subsequently the constructs were deprotected and cleaved from the resin using 95% 

TFA, 2.5% Tis and 2.5% water for 4 hours. After precipitation in diethyl ether, the 

product was lyophilized at least three times from water with 10–20% acetonitrile, 

resulting in a white fluffy powder. Purification with preparative reversed phase liquid 

chromatography (RPLC) resulted in the pure compounds, as was evidenced by RPLC-

MS (reversed phase liquid chromatography combined with mass spectroscopy). 

Peptides 9 to 12 were synthesized using a slightly different strategy. After building 

the various peptide sequences on the resin in the order described in Table 1, the final 

Fmoc group was deprotected and now the UPy-hexyl-isocyanate synthon was coupled 

to the free amine at the N-terminus. The Kaiser test confirmed the absence of residual 

free amine. After deprotection of the sequences and cleaving the products from the 

resin, the peptides were precipitated in diethyl ether and subsequently washed four 

times with ether. No further purification was necessary as observed with RPLC-MS. 

The syntheses of the polymers used in this chapter have been described in previous 

chapters and high molecular weight poly(ε-caprolactone) (HMW-PCL, Mw ~80 kg/mol) 2 

was bought from a commercial source. The chemical structures of the polymers and 

peptides used in this chapter are reported in Chart 1. 

 
Table 1. Order of amino acid coupling for peptides 5–12. 

Peptide 1
st
 amino acid 

coupled to Wang 

resin 

UPy, U4U or hexyl 

coupled at 

Order of amino acid addition 

5–8 Gly (G) Lys 
Lys (K), Gly (G), Gly (G), Pro (P), Ala (A), Gln 

(Q), Met (M), Trp (W), Val (V), His (H). 

9 Ser (S) N-terminus 
Asp (D), Gly (G), Arg (R), Gly (G), Gly (G), Gly 

(G), Gly (G). 

10 Asn (N) N-terminus 
Arg (R), Ser (S), His (H), Pro (P), Gly (G), Gly 

(G), Gly (G). 

11 Arg (R) N-terminus 
Ser (S), Gly (G), Ile (I), Tyr (Y), Gly (G), Gly 

(G), Gly (G). 

12 Ala (A) N-terminus 
Glu (E), Gly (G), Asp (D), Gly (G), Gly (G), Gly 

(G). 

 

8.3 Peptide extraction from U4U and UPy-U polymer systems 

We selected a biologically relevant peptide sequence to functionalize the U4U and 

UPy-U nanorods and to study the peptide extraction from those polymers. The 

sequence HVWMQAPGG was discovered by phage display techniques on collagen I 

(unpublished results, M. Merkx). One of many examples of the use of binding of 

collagen I is as a top layer in heart valves.21 We synthesized the collagen-binding 

peptides 5–8 on the solid phase as described in the previous section. Peptides 5–8 

were dissolved in water after which some THF was added. Polymers 1–4 were dissolved 

in THF and the right amounts of peptide and polymer solution were mixed (4 mol % of 

peptide per mol of U4U or UPy-U unit). We drop cast thin films from these solutions 

onto glass slides and evaporated all solvent. All films were extracted with water at 37 

°C for 5 hours and the concentration of the released peptide was determined by 

combining liquid chromatography with mass spectrometry (RPLC-MS, Figure 2 and 3).  

Approximately 30% of the U4U peptide 5 is released from the matching U4U polymer 

1. The same peptide is released for 70% from HMW PCL 2 that lacks the U4U 

recognition unit. This distinct difference in release of peptide 5 from polymers 1 and 2 

once more demonstrates the specific molecular recognition as discussed in Chapter 2. 

The two control peptides 7 and 8 showed intermediate release behavior: both peptides 

are released for roughly 50%. It is more than likely that hydrogen bonding of the 
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various amide groups with the urea units in the polymer hampers peptide release from 

polymer 1. 

In the UPy-U based system the control peptides are released to a higher extent in the 

same amount of time (Figure 3). The system is therefore more specific as compared to 

the U4U system. Approximately 75% of the control peptides 7 and 8 is extracted both 

from UPy-UT 3 and UPy-U 4, while only 20% and 35% of UPy-U-peptide 6 is released 

from UPy-UT 3 and UPy-U 4, respectively. At first sight, the lower release of 6 might be 

attributed to an expected difference in solubility. Excitingly, however, a difference of 

15% between polymer 3 and 4 is detected for the extraction of peptide 6. This strongly 

suggests a robust incorporation of UPy-U-peptide 6 into the highly crystalline, well-

defined UPy-U 4 nanorods as compared to incorporation of 6 in the much weaker and 

less-defined UPy-UT hard segment stacks (see also Chapter 6).  

 
Figure 2. Amounts of released peptides 5, 7 and 8 from polymers 1 or 2. 

 
Figure 3. Amounts of released peptides 6, 7 and 8 from polymers 3 or 4. 

AFM images of UPy-U 4 containing 4 mol % of UPy-U-GGGGRGDS 9, which we 

selected for its well-known cell binding properties12, show that the morphology of the 

UPy-U nanorods does not change upon incorporation of UPy-U-GGGGRGDS 9 (Figure 

4). This indicates that the UPy-U unit of the peptide and the polymer UPy-U unit co-

assemble into one type of UPy-U nanorods and thus form a single hard phase. 
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Figure 4. AFM phase image of UPy-U 4 containing 4 mol % of UPy-U-GGGGRGDS 9. Scan size is 400 nm 

and ∆ϕ is 8°. 

8.4 Electrospun membranes of UPy-U 4 as kidney epithelial cell support 

A highly viscous solution of a polymer in a polar solvent is needed for 

electrospinning, as discussed in Chapter 1. Supramolecular polymers have a low 

molecular weight in solution. Obtaining a viscous solution of a supramolecular 

polymer therefore requires a higher polymer concentration than a comparable solution 

of a covalent polymer. Electrospinning of a supramolecular polymer is therefore less 

straightforward than spinning conventional covalent polymers. Typical covalent 

polymer solutions reported in literature contain ~10–15 wt % of polymer in various 

polar solvents. We experienced that a solution of UPy-U 4 in THF/water (5 volume % 

water) requires a polymer content as high as ~28 wt % to obtain a viscous solution 

that can be used for electrospinning. Electrospun meshes of UPy-U 4 are prepared 

from these solutions and their morphology is evaluated with Scanning Electron 

Microscopy (SEM, Figure 5). The observed fiber diameter lies mainly between 100 nm 

and 1 µm. 

       
Figure 5. SEM image of an electrospun fiber mesh of UPy-U 4. Scale bar is 50 µm. 

Circular samples with a diameter of 12 mm were punched from these meshes and 

the samples were used as membranes for the support of human primary tubule 

epithelial cells (PTECs). PTECs were isolated from nephrectomized human kidneys, 

cultured and characterized (data not shown). RT-PCR analyses on several genes 

encoding for transporter proteins confirmed the tubule epithelial origin of these cells. 

Immunohistochemical phenotyping revealed a heterogeneous cell population of 

proximal, distal and collecting duct epithelia. After seeding of the PTECs on 72 

membranes, they were cultured for four days under static conditions. At this time 

point, a confluent layer was formed and the experiment was started (t = 0). At t = 0, 24 

samples were taken out and analyzed. Of the remaining samples, 24 were cultured 
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statically for another 7 days (t = 7, static), while the other 24 samples were placed in 

the perfusion system shown in Figure 6. In this system medium is flowing past the 

cell-seeded membranes at a speed of 16.6 µL/min (t = 7, perfusion). All experiments 

were performed with PTECs of three different donors on separate samples.  

 
Figure 6. Photographs of the perfusion system used to culture PTECs on circular membranes (∅ 12 mm, 
the membranes are placed between the white and the black rings).  

The total DNA content of both living and dead PTECs was determined by a CyQuant 

assay in nanograms per sample at day 0, 7 days after static culturing and 7 days after 

culturing in the perfusion system (Figure 7). Longer culturing under static conditions 

resulted in higher amounts of DNA, which indicates the presence of more PTECs on 

these samples. The samples in the perfusion system, however, showed a DNA content 

comparable to the DNA content at day 0. The cell viabilities as detected with a 

resazurin essay were in the same order of magnitute for all samples. It is therefore 

proposed that many dead PTECs are present after 7 days of static culturing, while in 

the perfusion system after 7 days, any dead PTECs are probably washed away by the 

flowing medium.  

 
Figure 7. DNA content and cell viability of PTECs from three different donors at day 0, 7 days after static 
culturing, and after 7 days of culturing in the perfusion system. 

Immune fluorescent staining of the cell membrane protein EpCAM22, which is an 

epithelial cell adhesion molecule, reveals that at least more than 90% of the PTECs 

have an epithelial phenotype in all cases, i.e. for the three different donors, and for the 

three culture conditions (Figure 8). Viability staining with CFSE (carboxyfluorescein 

succinimidyl ester) suggests the presence of a higher amount of viable PTECs after 

perfusion culturing (data not shown). Roughly 10% of the PTECs cultured under the 

three conditions were positively stained for the water transport protein, aquaporin-1 

(AQP-1), which is selectively found on the apical side of proximal tubular epithelial 
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cells. From Figure 8 onward, all experiments are performed in triplicate using PTECs 

originating from three different donors. Since all triplicates show comparable results, 

data of a single donor are shown. 

 
Figure 8. Immunofluorescence images at A) t = 0, B) t = 7 days after static culturing and C) t = 7 days 

after culturing in the perfusion system. Staining: α-EpCAM, second conjugate FITC = green = epithelial 
cells and DAPI = blue = cell nuclei. A color version of this figure is available at page 131. 

A stable number of living epithelial cells is needed to be able to make a functional 

monolayer as discussed in the introduction. The perfusion system therefore seems a 

promising approach. To investigate if indeed a monolayer is formed on top of the 

membranes, the membranes with the PTECs were fixed in 2% glutaraldehyde and 

embedded in EPON 812. The samples were sliced to prepare them for optical (Figure 9) 

and transmission electron microscopy (TEM, Figure 10). In all images a few PTECs 

have infiltrated in the membrane. Under static conditions, no closed monolayer is 

observed; large gaps are visible between adjacent PTECs (Figure 10A and 10B). Also 

multiple cell layers are seen on top of each other (Figure 9A and 9B). In the perfusion 

system, a closed monolayer of PTECs is formed with tight junctions between adjacent 

PTECs (Figure 9C and 10C). Furthermore, the PTECs are polarized under perfusion 

culture conditions; the presence of a brush border is clearly visible on the TEM images.  

 

 
Figure 9. Optical microscopy images of PTECs from a single donor on PCL-UPy-U membranes A) on day 0, 
B) on day 7 of static culturing and C) on day 7 of culturing in the perfusion system. The membrane is 
indicated with m. 
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Figure 10. TEM images of PTECs from a single donor on PCL-UPy-U membranes on A) day 0, B) day 7 

static and C) day 7 perfusion. Magnifications are 7000×, 10,000×, 4500× (left) and 10,000× (right) for A-C, 
respectively. m = membrane fiber, arrows indicate tight junction. 

8.5 Electrospinning of UPy-U 3 containing biofunctional peptides 9–12 

Electrospinning of UPy-U 4 containing peptides is even more challenging than 

spinning of just the supramolecular polymer. It is known that small amounts of mono-

functional UPy molecules have a dramatic effect on the viscosity of bifunctional 

telechelic UPy polymers in solution, since the mono-functional UPy acts as a chain 

stopper. A threefold decrease of the specific viscosity is observed when only 1 mol % of 

chain stopper was added to a bifunctional UPy molecule in chloroform.23 

For the preparation of peptide functionalized UPy-U 4 membranes, peptides 9–12 

were mixed in equal amounts with the polymer to mimic the ECM as best as possible. 

The peptides were dissolved in water and this solution was added to a solution of UPy-

U 4 in THF. The resulting solution consisted of 5 volume % water in THF and the total 

amount of peptide was 1.7 mol % (calculated per mol of UPy units). All solvent was 

evaporated overnight and the next day the resulting polymer containing the peptides 

was redissolved in THF/water (5 volume % water). A solution containing 34 wt % of the 

polymer and peptides could be used for electrospinning of bioactive fiber meshes. This 

significantly increased concentration shows that the UPy-U functionalized peptides 

indeed act as chain stoppers. In the dry state after spinning, the supramolecular TPE 

does not suffer any consequences of this chain stopper effect since the lateral 

interactions that were disrupted in the highly polar solvent mixture, are now restored. 

The supramolecular TPE with the incorporated peptides remains a flexible and elastic 

material. The morphology of the resulting fiber meshes, visualized with SEM in Figure 

11, is very similar to the morphology observed for electrospun PCL-UPy-U. 
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Figure 11. SEM image of electrospun fiber meshes of UPy-U 4 containing a total of 1.7 mol % of peptides 
9–12. Scale bar is 50 µm. 

 Culturing of PTECs on the PCL-UPy-U membranes with and without incorporated 

peptides 9–12 and on commercial poly(carbonate) (PC) membranes was compared. 

PTECs from three different donors were cultured on the various membranes for 3 days 

under static conditions. A sample of each donor was stained with both CFSE and DAPI 

(4',6-diamidino-2-phenylindole) without fixating the samples first (Figure 12, top). 

Fluorescence images of the PTECs on the various membranes shows that almost no 

PTECs are present on the PC membranes. Both the PCL-UPy-U membranes with and 

without the incorporated peptides are almost completely covered with living PTECs. 

Interestingly, the PCL-UPy-U membranes containing peptides 9–12 have a slightly 

higher cell density than the bare PCL-UPy-U membranes. This is probably caused by 

the presence of the integrin binding peptides that induce better cell adhesion. 

We also performed staining with the lectin LTA (lotus tetragonolobus) on fixated 

samples, to get an impression of the amount of proximal epithelial cells. LTA stains 

proximal tubule epithelial cells green (Figure 12, bottom). Almost no PTECs are present 

on the PC membranes; at most a few clumps. As observed before using the AQP-1 

staining, a small amount of all PTECs displays the proximal epithelial phenotype. No 

significant differences are observed between the PCL-UPy-U membranes with or 

without incorporated peptide 9–12.  

 
Figure 12. Immunofluorescence images of PTECs on membranes of A) PC, B) PCL-UPy-U and C) PCL-UPy-

U + peptides 9–12. Top: CFSE = green, bottom: LTA-FITC = green = proximal epithelial cells, both: DAPI = 

blue = cell nuclei. A color version of this figure is available at page 131.  

A         B              C 
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We also prepared films of the PCL-UPy-U polymer containing no or only one of the 

four peptides 9–12 and films containing both peptides 9 and 10, since the RGD and 

PHSRN sequences are known to be synergistic.24 PTECs from three donors were seeded 

on the films and were cultured for 8 days. After fixating all the samples, 

immunofluorescent staining against EpCAM was performed. The highest amount of 

epithelial cells was found on the films containing UPy-U-GGGDGEA peptide 12 (Figure 

13). Excitingly, this indicates that indeed the DGEA peptide best maintains epithelial 

phenotype.   

 
Figure 13. Immunofluorescence images of PTECs on thin films of PCL-UPy-U containing A) no peptide, B) 
2 mol % of peptide 9, C) 2 mol % of peptide 10, D) 2 mol % of peptide 11, E) 2 mol % of peptide 12 and F) 

2 mol % of peptide 9 + 2 mol % of peptide 10. Staining: α-EpCAM, second conjugate FITC = green = 
epithelial cells and DAPI = blue = cell nuclei. A color version of this figure is available at page 131. 

8.6 Conclusions and Outlook  

Bioactive peptide incorporation via a modular and supramolecular approach is 

demonstrated to be strong in both U4U and UPy-U nanorods. Because the UPy-U 

system is shown to be more specific, this system is used in tissue engineering of a part 

of the renal tubule. PCL-UPy-U membranes can be prepared by electrospinning of 

viscous polymer solutions with or without bioactive peptides in the solution. Extremely 

high concentrations of this supramolecular polymer (~28 wt %) in THF/water (5 

volume % water) are required to obtain solutions usable for electrospinning. When the 

UPy-U functionalized peptides are added to a PCL-UPy-U solution, they act as chain 

stoppers and the concentration needs to be raised even further to 34 wt % in the same 

solvent mixture.  

Human primary tubule epithelial cells (PTECs) seeded on the PCL-UPy-U 

membranes can be cultured statically or under perfusion conditions. Culturing under 

perfusion conditions seems to be most effective since under these conditions the closed 

monolayer of polarized epithelial cells that is essential for the success of our design, is 

observed. PCL-UPy-U membranes containing in total 1.7 mol % of peptides 9–12 show 

a slightly higher cell density when cultured statically, probably because of better cell 

adhesion via the integrin binding peptides. However, no significant differences are 

observed between membranes with and without the peptides concerning the amount of 

cells with a proximal epithelial phenotype. Possibly, we might be able to improve these 

results by using perfusion conditions in the future.  

Finally, culturing PTECs under static conditions on PCL-UPy-U films containing one 

of the four selected peptides shows very promising results. We specifically selected the 

DGEA peptide for its potential to support the epithelial phenotype. On films containing 

A        B            C 
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2 mol % of the UPy-U-GGGDGEA peptide 12, more cells with the epithelial phenotype 

are present than on any of the other used films. Excitingly, the DGEA sequence seems 

therefore indeed beneficial to maintain epithelial phenotype.  

The preliminary results shown in this chapter are fascinating and illustrate that 

well-selected peptides can indeed be used in a modular approach to support specific 

cell types and help maintaining the desired phenotype. These results clear the way for 

our approach of renal tissue engineering as described in the introduction. The next 

step will be to confirm the endothelial selectivity of the RGD, PHSRN and YIGSR 

peptides. Subsequently, scaffolds will be prepared presenting peptide 12 on the 

epithelial side and peptides 9–11 on the endothelial side. Meanwhile, we are working 

on sorting out proximal epithelial cells more specifically by Fluorescence Activated Cell 

Sorting (FACS) after cell isolation from donor kidneys. Finally, proximal epithelial cells 

and endothelial cells will be seeded on the desired side of the prepared two-sided 

membranes. Culturing the cells under perfusion conditions, should then result in the 

intended functional construct.  
 

Experimental Section 

 

Instrumentation. Infrared spectra were measured on a Perkin Elmer Spectrum One FT-IR spectrometer 

with a Universal ATR Sampling Accessory. 1H-NMR spectra were recorded on a Varian Gemini 300 or a 

Varian Mercury 400 NMR spectrometer. Reversed phase liquid chromatography-mass spectroscopy (RPLC-

MS) was performed on a system consisting of the following components: Shimadzu SCL-10A VP system 

controller with Shimadzu LC-10AD VP liquid chromatography pumps with an Alltima C18 3u (50 mm × 

2.1 mm) reversed phase column and gradients of water-acetonitrile-2-propanol (1:1:1 v/v supplemented 

with 0.1% formic acid), a Shimadzu DGU-14A degasser, a Thermo Finnigan surveyor autosampler, a 

Thermo Finnigan surveyor PDA detector and a Finnigan LCQ Deca XP Max. Scanning Electron Microscopy 

images were measured on a XL 30 ESEM-FEG by Philips.  

 

Synthesis of 1-hexyl-3-(4-isocyanato-butyl)-urea. This synthesis was described in Chapter 2. 

 

Synthesis of polymers 1, 3 and 4. Syntheses are described in previous Chapters.  

 

Synthesis of peptides HVWMQAPGGKG 5–8. The peptide HVWMQAPGGK was synthesized according to 

conventional SPPS techniques using standard Fmoc-coupling chemistry25 on a Wang (p-alkoxybenzyl 

alcohol; 200–400 mesh) resin. The resin was loaded with Fmoc-Gly-OH in the following way. The resin was 

washed three times with CH2Cl2, after which the resin was suspended in DMF. Fmoc-Gly-OH (2 eq), 1-

hydroxybenzotriazole (4 eq, HOBT), diisopropylcarbodiimide (2 eq, DICI) and N,N-dimethylaminopyridine 

(2 eq, DMAP) were added to this suspension. The reaction mixture was shaken for 24 h at 21 °C. The resin 

was filtrated and washed twice successively with DCM, DMR and isopropanol, three times with DCM and 

three times with diethyl ether. The resin was dried in vacuo and weighed. The loading of the resin was 

0.75 mmol/g (mmol amino acid per g resin), as determined gravimetrically. 

The subsequent Fmoc removal and aminoacid coupling cycles were performed at room temperature 

(~21 °C) and the order of amino acid addition was: Fmoc-Lys(Mtt)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, 

Fmoc-Pro-OH, Fmoc-Ala-OH, Fmoc-Gln(Trt)-OH, Fmoc-Met-OH, Fmoc-Trp(Boc)-OH, Fmoc-Val-OH, Fmoc-

His(Trt)-OH. The Fmoc-protection groups were removed with 20% piperidine in N,N-dimethylformamide 

(DMF) for 20 minutes. The resin was washed 3 times with DMF for 5 minutes. The protected (if necessary) 

amino acids (3 eq) were dissolved in DMF. As coupling reagents HOBt (3.6 eq) and diisopropylcarbodiimide 

(3.3 eq; DICI) in DMF were used. The amino acids were coupled for 30–60 minutes. The resin was washed 

3 times with DMF for 5 minutes. The cycle was repeated until the last amino acid was coupled. In between 

the deprotection and coupling steps the presence or absence, respectively, of primary free amines on the 

resin was determined with the Kaiser test. After coupling of the last amino acid, the resin was washed 

subsequently, with DMF, DCM and diethyl ether. The resin with the protected peptide sequence was used 

for the following reactions to obtain peptides 5–8: 

Peptide 5: The protected peptide sequence on the resin (0.309 g, 0.232 mmol peptide) was used for the 

reaction with 1-hexyl-3-(4-isocyanato-butyl)-urea. First, the Mtt-protection group was selectively removed 

from the Lys using 5% TFA, 5% Tis and 90% DCM for 15 minutes. The resin was filtrated and washed 

twice with DCM and four times with 5% diisopropylethylamine (DIPEA) in DCM. The resin was filtrated 

and washed twice with DCM and four times with 5% diisopropylethylamine (DIPEA) in DCM. 1-Hexyl-3-(4-

isocyanato-butyl)-urea (5.6 eq, 310 mg) was added to the resin together with 5 drops of DIPEA under an 

argon atmosphere. The reaction mixture was shaken for 3 h. This resulted in the protected Fmoc-

HVWMQAPGGK(bisurea)G on the resin. The resin was filtrated and washed subsequently with DCM, 

methanol, water, 3 N HCl (to remove the triurea byproduct), water, methanol, DCM and DMF. Then, the 
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Fmoc-group at the N-terminus was removed with 20% piperidine in DMF for 1 hour at 21 °C. The resin 

was washed with 20% piperidine in DMF, DMF and then with DCM. The peptide was deprotected and 

cleaved from the support with 95% trifluoro acetic acid (TFA), 2.5% triisopropylsilane (Tis) and 2.5% water 

for 4 hours. The resin was filtrated and the peptide was precipitated in (cold) diethyl ether, spun down and 

washed three times with diethyl ether. Subsequently, the product was lyophilized at least three times from 

water with 10–20% acetonitrile which resulted in a white fluffy powder. The peptide was purified using 

preparative reversed phase liquid chromatography (RPLC). RPLC-MS: one peak in chromatogram with 

m/z: Calcd. 1408.7 g/mol. Obsd. [M]+ = 1408.7 g/mol, [M + H]2+ = 705.0 g/mol and [M + H]3+ = 470.3 

g/mol. 

Peptide 6: The protected peptide sequence on the resin (0.27 g, 0.202 mmol peptide) was used for the 

reaction with 2(6-isocyanatohexylaminocarbonyl-amino)-6-methyl-4[1H]-pyrimidinone26, UPy-hexyl-

isocyanate synthon. After deprotection of the Mtt group (see above), the resin was filtrated and washed 

twice with DCM and four times with 5% diisopropylethylamine (DIPEA) in DCM. Before the addition of 

UPy-hexyl-isocyanate synthon to the resin, the suspension of UPy-hexyl-isocyanate synthon (10 eq; 0.61 

mmol; 0.18 g) in dry chloroform (molsieves) was heated and filtrated. The clear filtrate was added to the 

resin. The reaction of the free amine of the protected Fmoc-HVWMQAPGGKG peptide with UPy-hexyl-

isocyanate synthon was performed in the presence of DIPEA (1 eq) for 7 hours at 21 °C, while shaking the 

solution. This resulted in the protected Fmoc-HVWMQAPGGK(-urea-hexyl-UPy)G on the resin. The resin 

was filtrated and washed subsequently with DCM, methanol, water, acidic water (to remove the excess of 

UPy-hexyl-isocyanate synthon), water, methanol, DCM and DMF. Then, the Fmoc-group at the N-terminus 

was removed with 20% piperidine in DMF for 1 hour at 21 °C. The resin was washed with DMF and then 

with DCM. The peptide was deprotected and cleaved from the support with 95% trifluoro acetic acid (TFA), 

2.5% triisopropylsilane (Tis) and 2.5% water for 4 hours. The resin was filtrated and the peptide was 

precipitated in (cold) diethyl ether, spun down and washed three times with diethyl ether. Subsequently, 

the product was lyophilized at least three times from water with 10–20% acetonitrile which resulted in a 

white fluffy powder. The peptide was purified using preparative reversed phase liquid chromatography 

(RPLC). Yield: 82%, 74 mg, 0.051 mmol (after prep-RPLC; 16%). 1H-NMR (D2O/ACN-d3): the spectrum is 

too complicated. The alkylidene proton is visible at 5.99 (s, C=CH, UPy) ppm. 19F-NMR (D2O/ACN-d3), 

with potassium hexafluorophosphate as internal standard showed that the sample contained less than 0.1 

weight% TFA. IR (ATR): ν = 3279, 3071, 2936, 1633 (amide I), 1535 (amide II), 1436, 1342, 1233, 1200, 

1134, 1029 cm–1. RPLC-MS: one peak in chromatogram with m/z: Calcd. 1459.7 g/mol. Obsd. [M + H]+ = 

1460.6 g/mol, [M + H]2+ = 730.9 g/mol and [M + H]3+ = 487.7 g/mol. 

Peptide 7: This peptide was synthesized as described for peptide 6, only in stead of the UPy-hexyl-

isocyanate synthon, isocyanatobutane was reacted with the free amine of the Lys side group. RPLC-MS: 

one peak in chromatogram with m/z: Calcd. 1294.55 g/mol. Obsd. [M]+ = 1294.7 g/mol, [M + H]2+ = 648.0 

g/mol and [M + 2H]3+ = 432.3 g/mol. 

 

Synthesis of peptide 9. The peptide GGGGRGDS was synthesized according to conventional SPPS 

techniques using standard Fmoc-coupling chemistry on a Wang resin. The resin was loaded with Fmoc-

Ser(tBu)-OH as described above. The loading of the resin was 0.45 mmol/g and 1 g of resin was used for 

the reaction. Additional amino acid coupling was done as described above. The order of amino acid 

addition was: Fmoc-Asp(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, 

Fmoc-Gly-OH, Fmoc-Gly-OH. After deprotection of the final Fmoc grop, UPy-hexyl-isocyanate synthon (0.8 

g, 2.73 mmol) was dissolved in dry chloroform, heated shortly to improve solubility and was then filtered. 

The filtrate was added immediately to the resin in the peptide synthesizer and the reaction mixture was 

allowed to shake for 30 min, after which the Kaiser test showed that there was no free amine present 

anymore. The resulting peptide 9 was deprotected and cleaved from the support as described above. 

Further purification proved to be unnecessary. The product was obtained in quantitative yield. RPLC-MS: 

one peak in chromatogram with m/z: Calcd. 954.96 g/mol. Obsd. [M]+ = 955.3 g/mol, [M + H]+ = 956.3 

g/mol and [M + H]2+ = 478.2 g/mol. 

 

Synthesis of peptide 10. The peptide GGGPHSRN was synthesized according to conventional SPPS 

techniques using standard Fmoc-coupling chemistry on a Wang resin. The resin was loaded with Fmoc-

Asn(Trt)-OH as described above. The loading of the resin was 0.55 mmol/g and 1 g of resin was used for 

the reaction. Additional amino acid coupling was done as described above. The order of amino acid 

addition was: Fmoc-Arg(Pmc)-OH, Fmoc-Ser(tBu)-OH, Fmoc-His(Trt)-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, 

Fmoc-Gly-OH, Fmoc-Gly-OH. After deprotection of the final Fmoc grop, UPy-hexyl-isocyanate synthon (0.6 

g, 2.05 mmol) was coupled as described for peptide 9. Yield: 67%. RPLC-MS: one peak in chromatogram 

with m/z: Calcd. 1074.1 g/mol. Obsd. [M]+ = 1074.3 g/mol, [M + H]+ = 1075.3 g/mol and [M + H]2+ = 537.7 

g/mol. 

 

Synthesis of peptide 11. The peptide GGGYIGSR was synthesized according to conventional SPPS 

techniques using standard Fmoc-coupling chemistry on a Wang resin. The resin was loaded with Fmoc-

Arg(Pmc)-OH as described above. The loading of the resin was 0.54 mmol/g and 1 g of resin was used for 

the reaction. Additional amino acid coupling was done as described above. The order of amino acid 
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addition was: Fmoc-Ser(tBu)-OH, Fmoc-Gly-OH, Fmoc-Ile-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Gly-OH, Fmoc-

Gly-OH, Fmoc-Gly-OH. After deprotection of the final Fmoc grop, UPy-hexyl-isocyanate synthon (0.6 g, 

2.05 mmol) was coupled as described for peptide 9. Yield: 61%. RPLC-MS: one peak in chromatogram with 

m/z: Calcd. 1058.2 g/mol. Obsd. [M + H]+ = 1059.4 g/mol, [M + 2H]+ = 1060.3 g/mol and [M + 2H]2+ = 

530.3 g/mol.  

 

Synthesis of peptide 12. The peptide GGGDGEA was synthesized according to conventional SPPS 

techniques using standard Fmoc-coupling chemistry on a Wang resin. The resin was loaded with Fmoc-

Ala-OH as described above. The loading of the resin was 0.67 mmol/g and 1 g of resin was used for the 

reaction. Additional amino acid coupling was done as described above. The order of amino acid addition 

was: Fmoc-Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, Fmoc-Gly-

OH. After deprotection of the final Fmoc grop, UPy-hexyl-isocyanate synthon (0.24 g, 0.82 mmol) was 

coupled as described for peptide 9. Yield: 57%. RPLC-MS: one peak in chromatogram with m/z: Calcd. 

854.8 g/mol. Obsd. [M]+ = 855.2 g/mol and [M + H]+ = 856.2 g/mol. 

 

Extraction Experiment. The extraction of peptides 5–8 out of PCLU4U 1, HMW-PCL 2, UPy-UT 3 or UPy-

U 4 films was investigated with RPLC-MS measurements. The peptide-polymer films were prepared by 

dissolving the peptides in THF with 20 volume % water and the polymers were dissolved in THF. A 

bioactive blend with 4 mol % of each peptide was produced by mixing both solutions. The resulting 

mixture was drop cast on glass cover slips (diameter = 1.5 cm; 4·10–5 mmol peptide and 0.96·10–3 mmol 

polymer per cover slip).The extraction experiments were conducted in triplicate. The extraction 

experiments were performed via incubation of the polymer films in water (1 mL/film) for 5 hours at 37 °C. 

For the RPLC-MS quantification measurements, calibration was performed by quantification of all 

fragments of the parent ions (in MS2) of the peptides using different concentrations of peptide (0.5·10–4, 

0.38·10–4 M, 0.25·10–4 M, 0.19·10–4 M, 0.13·10–4 M, 0.094·10–4 M, 0.063·10–4 M, 0.031·10–4 M and 

0.013·10–4 M). The surface area of the corresponding peak (in the total ion count) was calculated with the 

ICIS algorithm. All solutions were kept at 20 °C during the RPLC-MS measurements. 

 

Atomic Force Microscopy. Peptide 9 (0.47 mg, 4.9⋅10–7 mol) was dissolved in 20 µL of water and 

subsequently 80 µL of THF was added. This solution was added to a solution of UPy-U 4 (16.5 mg, 

1.17⋅10–5 mol) in 1.5 mL of water. The resulting solution (containing 4 mol % of peptide 9 based on the 

amount of UPy-U units) was drop cast on mica plates and the samples were dried overnight at 40 °C in 

vacuo. AFM images were recorded the next day at ambient conditions using a Digital Instrument 

Multimode Nanoscope IV operating in the tapping regime mode using silicon cantilever tips (PPP-NCH-50, 

204–497 kHz, 10–130 N/m). Scanner 5962EV was used with scan rates between 0.5 and 1 Hz. All images 

are subjected to a first-order plane-fitting procedure to compensate for sample tilt. 

 

Electrospinning (general). A home built electrospinner was used, equipped with a KD Scientific syringe 

pump and a high voltage source. The fiber mats were collected on a glass plate covering the ground plate. 

From the resulting fiber mats circular samples were punched with a diameter of 12 mm. The glass plate, 

the punch and gloves manipulating the samples after spinning were all rinsed with ethanol prior to use. 

Electrospinning of UPy-U 4 fiber mats. Solutions of ~28 wt % UPy-U 4 in THF/water (5% by volume) 

were prepared by slowly adding the polymer to the solvent mixture. The resulting solution was spun at a 

feed rate of 20–30 µL min–1. The tip-to-target distance was 12 cm and the applied voltage was 15–17.5 kV.  

Electrospinning of bioactive UPy-U 4 fiber mats. A solution of ~34 wt % UPy-U 4 and peptides 9–12 in 

THF/water (5%) was prepared by dissolving the peptides in water, dissolving the polymer in THF similar 

as described above, and mixing the two solutions. The resulting solution contained 1.7 mol % of peptide 

per UPy unit. In the final solution the solvent was again 5% water in THF. Overnight all solvent was 

evaporated and the residue was redissolved in THF/water (5%). The resulting solution contained 34 wt % 

of polymer and was spun at a feed rate of 30 µL min–1. The tip-to-target distance was 12 cm and the 

applied voltage was 15 kV.  

 

Isolation of Human Primary Tubule Kidney Cells (PTEC) from donor kidney. Isolation of PTECs was 

performed according to the protocol as described by Humes et al.27 Patients who donated tissues used in 

the study were informed as to the nature of the study and signed a consent form according to Dutch legal 

requirements. 

 

PTEC culture conditions. Complete medium = 1:1 mixture of Ham’s F-12 (5 mM L-glutamine; Invitrogen) 

and DMEM (0.9 g/L glucose, 5 mM L-glutamine; Invitrogen) supplemented with 1% penicillin (10,000 

u/mL; Invirogen), 1% streptomycin (10 mg/mL; Invitrogen), 0.01 mg/L epidermal growth factor (EGF; 

Peprotech), ITS (10 mg/L insulin, 5.5 mg/L transferrin, 6.7 µg/L sodium selenite; Gibco), 36 µg/L 

hydrocortisone (Sigma Aldrich), Glutamax (2 mM L-alanyl-L-glutamine; Invitrogen).  

The PTECs were cultured at 37 ºC and 5% CO2 in a humidified atmosphere in culture flasks coated with 

collagen I (0.1 mg/mL collagen I in PBS. The medium was changed every 2–3 days. When a confluent 

monolayer was formed, the PTECs were detached by incubation with a trypsin-EDTA solution (0.5 mM 
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EDTA (Merck), 0.25% trypsin (MP Biomedicals)). In order to inactivate the trypsin, the PTECs were 

resuspended in complete medium and spun down at 300 g for 10 minutes at 4 ºC. The pellets were 

resuspended in complete medium without 1% human pool serum (HPS) and seeded on the membranes. 

 

Loading PTECs on membranes or films. Poly(carbonate) (PC) Isopore membrane filters (0.4 µm pore size, 

HTTP) were purchased from Millipore (Ireland).  The PC membranes were autoclaved at 120 ºC before 

loading after which they were treated with UV for at least one hour on each side. The supramolecular 

meshes were only sterilized by UV treatment for at least one hour on each side after loading. Trypsinized 

and detached PTECs were resuspended in complete medium. We placed one membrane or film in one well 

(24 wells plate) and seeded 0.15⋅106 PTECs per filter by placing 100 µL of the cell suspension on the 

sample. This was incubated for at least one hour at 37 °C, before an additional 800 µL complete medium 

was added per sample. PTECs were further cultured at 37 °C and 5% CO2 in a humidified atmosphere, 

with medium replacement every two days. Bufferall (1%; Sigma-Aldrich) and fungizone (0.5 µg/mL; 

Bristol-Meyers Squibb) were added to the culture medium when PTECs were cultured on membranes in 

the perfusion system. 

 

Static versus perfusion cultures on bare PCL-UPy-U mebranes. PTECs were loaded on 72 membranes 

as described above. The PTECs on all samples were cultures under static conditions for 4 days in complete 

medium with fungizone, without HPS. Then, 24 samples were taken out (t=0, static group) and analyzed. 

Another 24 samples were further cultured under static conditions for another 7 days (t=7, static group) 

and the final 24 samples were transferred to the perfusion system and were cultured for 7 days in 

complete medium with fungizone and 1% bufferall, without HPS (t=7, perfusion). After 7 days both t=7 

groups were analyzed as described below.  

The perfusion system consists of IPC High Precision Multichannel Dispenser ISM936 (Ismatec SA, IDEX 

Corporation, Glattburg, Swiss) with 8 channels coupled to a perfusion chamber for 24 filters in Minusheet 

holders (diameter = 13 mm) (Minucells and Minutissue GmbH, Bad Abbach, Germany). The system was 

placed on a heating plate (Medax Nagel GmbH, Kiel, Germany) to maintain a temperature of 37 °C in the 

culture container. 

 

Cultures on PCL-UPy-U membranes versus bioactive PCL-UPy-U membranes containing peptides 9–

12. PTECs were loaded on bare PCL-UPy-U membranes and on PCL-UPy-U membranes containing a total 

of 1.7 mol % of peptides 9–12. The PTECs were cultured statically for 3 days in complete medium with 

without HPS and were then taken out for analysis. 

 

Cultures on PCL-UPy-U films containing various bioactive peptides. The desired peptide (see table 

below) was dissolved in water/THF (8 volume % water) and added to a solution of PCL-UPy-U in THF 

(1.2·10–5 mmol peptide/glass cover slip and 6·10–4 mmol polymer/glass cover slip; peptide and polymer 

together mixed in 75 µL per glass cover slip (sample nr 5 = 100 µL per glass cover slip). The resulting 

solution was used to drop cast thin films of the polymer containing 2 mol % of the desired peptide on 

cleaned (with 70% ethanol) glass cover slides. The films were sterilized under UV for at least 1 h. PTECs 

(1·105 cells/film = 5.7·104 cells/cm2) were seeded as described above and cultured for 8 days in the 

absence of HPS. Then the samples were removed for analysis (see below).  

 

Sample nr. Peptide added to PCL-UPy-U Concentration of peptide per 

mole of UPy (mol %) 

1               UPy-U-GGGGRGDS 9 2 

2               UPy-U-GGGPHSRN 10 2 

3               UPy-U-GGGYIGSR 11 2 

4               UPy-U-GGGDGEA 12 2 

5               UPy-U-GGGGRGDS 9 +  

              UPy-U-GGGPHSRN 10 

   2 +  

2 

6                                - - 

 

Analysis of cultures on membranes and films. 

Staining samples for fluorescent microscopy (LTA or α-EpCAM combined with DAPI). The samples were 

washed twice with 500 µL PBS after which 2% paraformaldehyde was added which was incubated for 10 

minutes. The samples were again washed twice with 500 µL PBS and stored in 500 µL PBS at 4 °C. 

Staining was performed within 4 weeks. Standard immunofluorescent histochemistry protocols were 

performed. LTA fluorescent staining was performed with LTA-biotin (1:200; Vector Laboratories, 

Burlingame, CA, USA) as first conjugate and avidin-FITC (1:400; DakoCytomation) as second conjugate. 

Before incubation with the first antibody, the endogenous biotin was blocked with the DakoCytomation 

Biotin Blocking System with avidin solution and biotin solution (DakoCytomation, Carpinteria, USA). α-

EpCAM staining was performed with the human MOC31 antibody  from mouse hybridoma supernatant 

(UMCG, Medical Biology, Groningen, The Netherlands) as first antibody. Rabbit-anti-mouse-FITC IgG 
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(1:100; DakoCytomation) was used as the second conjugate. The nuclear DAPI (Sigma-Aldrich, Zwijdrecht, 

The Neterlands) staining was added in the last (i.e. second conjugate) step in PBS (1:5000). The samples 

were covered with CITIfluor (Agar Scientific). Then they were viewed and analyzed using a Leica 

fluorescence DM-RXA microscope with FITC and DAPI filter (Leica Microsystems, Rijswijk, The 

Netherlands), fitted with a Leica DC350 FX high resolution fluorescence digital camera, Leica Q550IW PC 

with Leica Qwin Pro image analysis software (Leica Microsystems, Rijswijk, The Netherlands). 

CFSE staining of samples for fluorescent microscopy. The PTECs were incubated at 37 °C and 5% CO2 in a 

humidified atmosphere in complete medium without HPS with CFSE (1:1000) for 30–45 minutes. The 

samples were washed twice with PBS, after which they were incubated again at 37 °C and 5% CO2 for 15 

minutes in complete medium in the presence of DAPI (1:10,000). The samples were washed twice with PBS 

and stored at 37 °C in complete medium before microscopical analysis (within 15 minutes). 

Resazurin viability assay. A 44 µM resazurin (resazurin sodium salt; Sigma, St. Louis, USA) stock solution 

was prepared in PBS. Complete medium without HPS was prewarmed at 37 °C and was used to dilute the 

resazurin stock solution. The resazurin containing medium was added to the filters with PTECs. Always a 

sample without cells was included as a reference. The resazurin was incubated for 2 h at 37 °C after 

which the fluorescence was read immediately in a 96-wells plate at 540 nm (excitation) and 590 nm 

(emission) on a VarioSkan.   

Sample preparations for Transmission Electron Microscopy. The PTECs on the filters were washed twice 

with PBS and, fixed and stored in 2% gluteraldehyde at 4 °C until further use. Then, the samples were 

washed with PBS and 6.8% sucrose (pH 7.4). They were postfixed in 1% osmiumtetroxide, 1.5% potassium 

hexacyanoferratetrihydrate in 0.1 M PBS at 4 °C. Then, the samples were washed with distilled water, 

dehydrated through graded series of ethanol, and embedded in EPON 812 (Serva Feinbiochemica, 

Heidelberg, Germany). Ultra thin sections of approximately 80 nm were cut on a Sorvall microtome 

(Sorvall, Newton, CT) and contrasted with uranyl acetate and lead citrate. The sections were evaluated on 

a Philips 201 TEM (Philips, Eindhoven, The Netherlans) operated at 60 kV.  

Determination of amount of DNA. The samples were washed twice with PBS, dried in air and stored at –20 

°C. The CyQuant assay was performed according to the manufacturer’s protocol (CyQuant Cell 

Proliferation Assay kit, Invitrogen Molecular Probes, Eugene, Oregon, USA).  
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Figure 8. Immunofluorescence images at A) t = 0, B) t = 7 days after static culturing and C) t = 7 days 

after culturing in the perfusion system. Staining: α-EpCAM, second conjugate FITC = green = epithelial 
cells and DAPI = blue = cell nuclei. 

 
Figure 12. Immunofluorescence images of PTECs on membranes of A) PC, B) PCL-UPy-U and C) PCL-UPy-

U + peptides 9–12. Top: CFSE = green, bottom: LTA-FITC = green = proximal epithelial cells, both: DAPI = 

blue = cell nuclei.  

 
Figure 13. Immunofluorescence images of PTECs on thin films of PCL-UPy-U containing A) no peptide, B) 
2 mol % of peptide 9, C) 2 mol % of peptide 10, D) 2 mol % of peptide 11, E) 2 mol % of peptide 12 and F) 

2 mol % of peptide 9 + 2 mol % of peptide 10. Staining: α-EpCAM, second conjugate FITC = green = 
epithelial cells and DAPI = blue = cell nuclei.  
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Summary 

In contemporary biomaterials research bioactive polymers are state of the art since 

they can interact with the in vivo environment. Especially nanofiber morphologies are 

shown to form a promising synthetic niche. The aim of this thesis is to develop a new 

concept to make bioactive thermoplastic elastomers (TPEs) by using their 

supramolecular interactions. In a modular and supramolecular approach bioactive 

peptides are equipped with the same well-defined hard segment units as present in the 

polymer. A desired polymer is formed by simple mixing the polymer with the desired 

bioactive peptide(s). Preferably dynamic and bioactive nanorods are formed due to the 

designed supramolecular interactions between the hard segments. In this way the good 

mechanical properties of TPEs are combined with the versatility of self assembly.  

In chapter 2 a poly(ε-caprolactone)-based poly(urethane)urea and poly(urea) were 

synthesized and characterized in terms of mechanical properties, processability, and 

histocompatibility. The difference in hard segment structure does not significantly 

affect the potency for application as a biomaterial. Nevertheless, the small differences 

in hard block composition have a strong effect on the molecular recognition properties 

of the hydrogen bonding segments. It is shown that only an exact match between the 

polymer hard segment and the unit attached to a dye molecule results in strong 

incorporation of the dye in the polymer. Preliminary results reveal that a 

bis(ureido)butylene-functionalized GRGDS peptide incorporated in the 

bis(ureido)butylene hard segment stacks of the poly(urea) can indeed result in cell 

adhesion and spreading on the polymer surface. 

Poly(ε-caprolactone) (PCL) is known to degrade very slowly in vivo, however. By 

preparing copolymers of ε-caprolactone and 2-oxo-12-crown-4 ether, poly(CL-co-OC), 

we are able to increase the intrinsic rate of hydrolysis of the proposed soft segments as 

described in chapter 3. Combined with the enhanced hydrophilicity and reduced 

crystallinity, we are confident that the prepared poly(urethane)ureas with the poly(CL-

co-OC) soft segments have appropriate in vivo degradation rates for soft tissue 

engineering applications. 

Functionalization of the poly(urea) (PCLU4U) via our modular and supramolecular 

approach is studied in great detail in chapter 4 using a model system where the 

bis(ureido)butylene (U4U) unit is used as such to mix into the polymer. The fillers are 

indeed incorporated into the U4U hard segment rods of the polymer via bifurcated 

hydrogen bonding interactions up to 23 mol % (= 7.3 wt %) of incorporated filler. The 

incorporation of filler in this regime results in remarkable mechanical properties: a 

more than doubled stiffness of the material, but unaltered tensile strength and 

elongation at break. When more than 23 mol % of filler is added to PCLU4U, separate 

filler crystallites are observed and the Young’s modulus drops a little, followed by an 

increase upon adding even more filler. In this second regime, tensile strength and 

elongation at break decrease, revealing similar behavior to reinforcing thermoplastic 

elastomers with the more common micrometer-sized reinforcement fillers.  

To shed more light on this peculiar mechanical behavior, we combined small angle X-

ray scattering and infrared dichroism in chapter 5 to study the deformation 

mechanism of PCLU4U containing various amounts of incorporated filler on a 

macroscopic and molecular level, respectively. In the bare polymer and PCLU4U 

containing less than 25 mol % of filler, the hard segment nanorods align parallel to the 

strain axis upon uniaxial deformation up to the yield point. Permanent deformation is 

caused by fragmenting of the stacks which then start to orient perpendicular to the 

strain axis. Above 25 mol % of incorporated filler, all urea groups orient parallel to the 

strain axis before the yield point. Beyond the yield point, however, the deformation 

mechanism is not completely clear. The phase-separated filler stacks are not 

connected to the soft matrix and from the obtained data we propose that the filler 
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stacks therefore remain parallel to the strain axis, while the polymer hard segments 

with the strongly incorporated part of the filler behaves similar to the hard segment 

stacks in the pure polymer. 

In chapter 6 a true combination of traditional TPEs and supramolecular polymers is 

made: we added lateral interactions to ureidopyrimidinone (UPy) based supramolecular 

polymers by introducing a urea (U) or urethane (UT) unit, six carbons away from the 

UPy group. The strong directionality of the urea units results in urea-urea stacking, 

further stabilized by π-π interactions between UPy-UPy dimers. Long, well-defined UPy-

U nanorods were observed with a high melting temperature (120 ºC). These nanorods 

orient in the direction of the applied force upon uniaxial deformation. The UT-UT 

hydrogen bonds are much weaker, therefore the UPy-UT stacks are less defined and 

show a low melting temperature (40 ºC). The UPy-U units are completely phase 

separated from the soft matrix, while a significant part of the urethanes seems to be 

dissolved in the soft matrix.  

Based on the previous chapter, we synthesized a series of ureidopyrimidinone-C6-

urea (UPy-U) based thermoplastic elastomers with various substituents at the C-6 

position of the UPy and studied its influence on the formation and morphology of the 

UPy-U nanorods. A bulky C-6 substituent results in less strongly packed crystal 

structures, as evidenced by significantly decreased melting temperatures. However, the 

enantiomeric excess (e.e.), determines the speed at which the nanorod crystals are 

formed. A methyl substituent allows for instantaneous crystallization into UPy-U hard 

segment nanorods with high melting temperature (~130 °C). The nanorods are straight 

and have a high aspect ratio based on AFM images. A more bulky ethylpentyl unit at 

C-6 (e.e. is 0%) results in partial and slow crystallization of the UPy-U units into low 

melting (~60 °C) nanorods. When the optically pure and bulky (S) or (R) citronellyl-

UPy-U units are used at the C-6 position, the citronellyl-UPy-U units completely 

crystallize into slightly winding nanorods that melt at intermediate temperatures (70-

90 °C). The optically most pure (R, e.e. is > 99%) citronellyl-UPy-U polymer shows a 

crystallization speed similar to that of the Me-UPy-U hard segments. The slightly less 

optically pure (S, e.e. is 98.4%) citronellyl-UPy-U units crystallize much slower. From 

this chapter, we concluded that the most promising candidates for a dynamic UPy-U 

nanorod are the (S) citronellyl-UPy-U and the Me-Upy-U unit. 

In chapter 8 we show that by combining our biofunctionalized supramolecular TPEs 

with electrospinning of nanosized fibers, both top-down and bottom-up approaches are 

used to arrive at ideal biomaterials. UPy-U functionalized peptides are shown to be 

incorporated in the poly(ε-caprolactone) based UPy-U polymer in a highly specific way. 

Therefore, PCL-UPy-U is selected as cell supporting material in tissue engineering of 

the renal tubule. Electrospun membranes of this material are prepared with or without 

UPy-U functionalized peptides in the solution. While culturing human primary tubule 

epithelial cells (PTECs) on PCL-UPy-U membranes under static conditions results in 

large gaps between adjacent cells, culturing PTECs under perfusion conditions show 

closed monolayers of polarized epithelial cells. Additionally, four peptides, selected to 

mimic the natural ECM, are functionalized with the UPy-U unit. Though the UPy-U 

peptides act as chain stoppers, a very high concentration of the peptides and the 

polymer results in a solution usable for electrospinning. When all four peptides are 

incorporated in the membranes, a slightly higher cell density is observed on these 

membranes than on bare PCL-UPy-U membranes. Excitingly, the collagen I derived 

DGEA peptide seems to be beneficial to maintain the epithelial phenotype. 

In conclusion, the use of well-designed supramolecular interactions to produce 

bioactive nanorods embedded in a biocompatible soft matrix is shown to be an exciting 

new approach to bioactive thermoplastic elastomers and holds great potential for soft 

tissue engineering. 
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zijn en de resultaten niet altijd zwart-wit te interpreteren zijn. Daarom wil ik graag 

Marja van Luyn, Marco Harmsen, Linda Brouwer, Jasper Boomker en Ali Huizinga-van 

der Vlag bedanken voor de goede samenwerking en alle hulp op jullie lab. 

Ellen van Leeuwen wil ik bedanken voor haar hulp bij een aantal in vivo 

experimenten uitgevoerd in Groningen en in vitro experimenten gedaan in Eindhoven.  

Het onderzoek naar polymeren met een stuurbare degradatiesnelheid is uitgevoerd 

door Raymond Renken tijdens zijn afstudeerproject met veel hulp van Jorg Roosma en 

Anja Palmans. We hebben er een mooie publicatie van gemaakt! 

I could not have done the described SAXS experiments without Han Goossens and 

Giuseppe Portale: many thanks for that.  

The IR experiments described in chapter five have been performed in the Laboratory 

of prof. dr. H. W. Siesler in Essen (Germany) together with Frank Pfeifer. Frank, thank 

you for our pleasant collaboration and all your efforts. Prof. Siesler, thank you for 

welcoming me so kindly in your Laboratory and for our very helpful discussions on 

dichroic IR measurements.  

Pieter Magusin en Brahim Mezari wil ik graag bedanken voor hun grote bijdrage aan 

het uitvoeren en interpreteren van de vaste stof NMR experimenten. 

Wilco Appel heeft in zijn afstudeerwerk een begin gemaakt met de synthese van de 

UPy-U polymeren met verschillende substituenten op de C-6 positie. Daarna zijn Tom 

de Greef, Rob van der Bruggen en Jos Paulusse er verder mee aan de slag gegaan, met 

een serie interessante polymeren als resultaat (hoofdstuk 7). 

Joris Meijer en Hans Adams hebben me geleerd peptiden te maken met solid phase 

peptide synthesis en Hans heeft bovendien steeds meegeholpen om veel peptiden in (te) 

weinig tijd af te krijgen. 

Voor de vele polymeersyntheses ben ik voornamelijk Jolanda Spiering héél veel dank 

verschuldigd. Jo, jammer dat ik je bij DSM moet missen! 
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Tijdens mijn promotie heb ik heel wat studenten mogen begeleiden bij hun stages en 

afstudeerprojecten. Anna Llanes Pallas was the first to do a graduation project with 

me. She managed to synthesize several difficult compounds that have not been 

included in this thesis but have resulted in a nice paper with Nico and Matthijn. 

Raymond en Wilco, ik vind het erg leuk dat jullie zoveel plezier beleven in het doen van 

onderzoek, dat jullie er allebei in verder gegaan zijn. Een bijzondere ervaring was het 

begeleiden van de ‘W-ers’ Ramon Pikaart en Anthal Smits samen met Linda van Beek. 

Jullie hebben in korte tijd een mooi vervolg op hoofdstuk vier neergezet en een 

publicatie is in voorbereiding. I wish all of you a lot of success in the future! 

Binnen de vakgroep heb ik altijd met veel plezier en in een prettige omgeving 

gewerkt, super! In het bijzonder wil ik hier Joke en Hanneke bedanken die veel voor 

mij gedaan hebben en ontzettend snel alles wat je ze vraagt voor elkaar krijgen. 

Een heel bijzondere samenwerking en vriendschap heb ik de afgelopen jaren 

opgebouwd met mijn ‘biomaterials sister’ Patricia Dankers. We hebben vaak tot in de 

(hele) late uurtjes doorgewerkt, en altijd met een groot gedeeld enthousiasme voor het 

onderzoek. Samen naar Hawai’i was een top ervaring. Ook kunnen we samen heerlijk 

genieten van muziek, het muzikant zijn en alles wat daarbij hoort… (hi hi). P, bedankt 

voor alles, de volgende keer dat ik naar Groningen kom is het alleen voor de lol! 

Mijn hele promotietijd heb ik een kamer gedeeld met Linda Havermans - van Beek. 

In die jaren is daar een diepe vriendschap ontstaan en veel lief en leed gedeeld. En veel 

gelachen… Linda, je bent een geweldige vriendin. Straks zitten we gelukkig weer dicht 

bij elkaar, kunnen we toch nog samen koffie gaan drinken!  

Tijdens je promotie maak je bijzondere vrienden, je herkent veel bij elkaar. Speciaal 

wil ik hier noemen Linda en Pim, Patricia, Nicole, Jolanda, Kelly, Sagitta, Hinke, 

Daniela, Ingrid en Bart van As. Nicole, jij speciaal bedankt voor al het SEM werk, de 

kaft is mooi geworden he? 

Mijn familie en vrienden zijn me erg dierbaar. Annemiek, Steven, Sander, Ferdie, 

Joris, David, Andrea, Marco, Laura Goris, Leentje en Jojanneke, onze jaarlijkse 

vakanties samen zijn altijd heerlijk! Jorien, Linda Epping, Melvin, Stan, Marina, Roald, 

Bart Weemaes en Wieteke, bedankt voor jullie vriendschap! Laura, grazie per la tua 

amicitia! 

Hanny en Wim, bedankt voor al jullie interesse en steun. Mijn paranimfen op deze 

dag zijn Linda E. en Guus. Linda, wij hebben een geweldige tijd samen gehad als 

huisgenoten. Die band is gelukkig ook na onze verhuizingen blijven bestaan. Broer, ik 

ben trots op je en trots dat je mij vandaag op deze manier wilt steunen. 

Pap en mam, zonder jullie steun en liefde had ik hier vandaag nooit gestaan. Jullie 

zijn mijn basis, mijn ‘thuis’.  

Bart, jij bent mijn tweede helft. Ik houd van je. 
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