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Abstract 
 

Development of improved hemodialysis treatment for kidney patients has been slow since 

its invention. The bio-artificial kidney has been proposed to improve filtration by incorporating 

renal epithelial cells in hemodialysis hollow fiber membranes. Renal epithelial cells can fine 

tune the dialysate composition through nutrient and toxin handling. Clinical trials with the bio-

artificial kidney have failed due to an insufficient understanding and control over cell function 

on synthetic membranes. Alternative purposely designed bioactive membranes are required 

to instruct renal epithelial cells to form a long-term functional monolayer. These membranes 

require biomaterials inspired on the extracellular matrix for both chemical and topographical 

cues. Easy modular functionalization of biomaterials is crucial for the exploration of potent 

membrane compositions. Supramolecular chemistry enables modular construction of 

biomaterials through directed motifs which assemble through non-covalent interactions. 

Within this thesis modular supramolecular biomaterials based on ureido-pyrimidinone and 

bis-urea motifs are employed to generate materials with chemical cues. Knowledge is required 

on a multitude of scales to construct supramolecular based bioactive membranes. Insights on 

fundamental supramolecular biomaterial design and assembly are crucial to produce effective 

biomaterial libraries. These screening libraries provide a comprehension on which chemical 

cues are most potent in directing cell behavior. Chemical cues are provided in a topographical 

context, this warrants a systematic investigation on the effect of curvature on renal epithelial 

cell response. Lastly, insight is required on the compatibility of supramolecular chemistry with 

membrane fabrication technologies to enable the translation from biomaterial screening 

towards a purposely designed membrane for the bio-artificial kidney.  
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Kidney function 
 

Every day the kidneys strictly control our body hemostasis through handling of fluid, salts 

and nutrients, and the clearance of waste products and toxins. This is achieved through a 

complex interplay of size exclusion and charge depended filtration, osmotic gradients and 

active transport which results in the production of urine.1 The functional unit of the kidney is 

the nephron (Figure 1.1A). The journey of urine productions starts at the beginning of the 

nephron in Bowman’s capsule where blood from the glomerulus meets an interplay of 

podocytes foot processes and the glomerular basement membrane. Together they form an 

electrostatically charged slit shaped membrane with a cutoff of 70> kDa.2,3 This membrane 

enables retention of cells, platelets and large weight proteins in the blood while small 

molecules such as peptides, metabolites, nutrients, toxins and water can pass and form the 

pre-urine. The pre-urine is fine tuned in the nephron’s tubule. Most resorption of water, salts 

and nutrients is performed in proximal tubule by proximal tubular epithelial cells (PTEC).1 Not 

all toxins are present in their free form, but also exist in a protein bound state, therefore these 

so called protein bound uremic toxins cannot be filtered in Bowman’s capsule. However, PTEC 

are capable of uptaking these uremic toxins and secretion into the urine, thereby clearing 

them from the blood.4 Further fine tuning of pre-urine is subsequently performed in the loop 

of Henle, distal tubule, and collecting duct. The formed urine is then transported to the 

bladder.1 

 

 

Figure 1.1 – Schematic representation of kidney and dialysis treatment. A Cartoon of a kidney and its functional 

unit, the nephron. B Illustration of a hemodialysis cartridge and the basic premise of membrane based filtration.  

Kidney disease and dialysis treatment 
 

In kidney disease the nephron is often affected and is unable to clear the blood efficiently. 

Around 10 % of the Dutch population is affected by kidney disease in several degrees of 

severity.5 Patients with end-stage renal disease rely on a donor kidney for long-term 

treatment. Yet the supply of donor kidneys is limited and patients risk acute rejection and 
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long-term use of immuno-suppressive drugs post-transplantation.1 Patients on the waiting list 

often rely on interval hemodialysis until a suitable donor kidney is available. Life expectancy 

is prolonged, yet hemodialysis can never recapitulate kidney function. It only mimics the first 

size exclusion filtration step of the nephron with no filtrate fine tuning.1 The functional 

components in hemodialysis is a cartridge filled with an array of hollow fiber membranes 

(Figure 1.1B). The material composition and pore size of the membranes determine the 

clearance capacity of the device.6 Membranes prevent proteins loss, however this restricts the 

clearance of protein bound uremic toxins. Taken together, the non-continuous clearance, the 

lack of filtrate fine tuning and poor removal of protein bound uremic toxins prevent patients 

to indefinitely rely on hemodialysis.  

Improvement of renal therapy 
 

A diverse set of treatments is envisioned to improve renal therapy. The most progressed 

example being developed is the wearable artificial kidney in the Netherlands. This approach 

entails a down sized hemodialysis machine, of which the first versions have existed since the 

mid twenty century.7 A constant push for downsizing has led to the development of improved 

toxin sorbents and fluid handling.7 Although the dimensions from earlier models has been 

reduced, the size is still considerable, with the latest prototypes being around 45x45x35 cm.8 

The wearable artificial kidney mainly relies on breakthroughs in material science and bio-

chemistry, other endeavors harness biological breakthroughs often in combination with 

material sciences.  

Bio-artificial kidney 
 

The bio-artificial kidney (BAK) was envisioned by Aebischer et al. in 1987. The concept 

entails hemodialysis membranes interfaced with renal epithelial cells (REC; Figure 1.2).9 One 

cartridge, filled with an array of hollow fiber membranes, filters the blood, as is performed in 

standard hemodialysis. The produced filtrate and semi-cleared blood are subsequently fed 

into a second cartridge in which the hollow fiber membranes are now covered with a 

functional monolayer of PTECs.9,10 The first cartridge mimics the function of the glomerulus 

and the podocyte food processes, the second mimics the proximal tubule. The cells act as 

active gatekeepers regulating nutrient, electrolyte and water resorption and protein bound 

uremic toxin excretion.11 From the earliest studies it was evident that bioactivation was 

required to ensure PTEC adhesion for hemocompatible hemodialysis hollow fiber membranes 

(Table 1.1). 12 

The initial concept of the BAK was further developed by the group of David Humes. In a 

series of articles the feasibility of the BAK was explored. Early work showed lining of functional 

renal epithelial cells on protein coated polysulfone (PSF) hollow fiber membranes.13,14 
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Subsequent in vivo studies reported promising results in improving outcome for uremic 

animals.15,16 The PSF membranes were coated with collagen type IV (Col IV) and laminin, and 

three different suppliers were used for the membranes. Although profound experimental 

changes were made, no proof of sufficient cell lining was provided.15,16 In phase II clinical trials 

the BAK failed as patient control groups with and without PTEC in BAKs gave similar outcome 

improvements.17,18 Little focus was given to the cell viability in the last studies, which might 

have been the Achilles heel of the design. In parallel, the group of Saito observed similar  

results in in vitro and in vivo studies employing ethylene vinyl alcohol based hollow fibers, 

coated with Attachin.19–21 The research did not progress towards clinical trials, likely due to 

the failure of the Humes groups.  

 

Figure 1.2 Schematic representation of the bio-artificial kidney. A hemodialysis cartridge filled with hollow fiber 

membranes covered with renal epithelial cells. Image adapted from BioMedical Materials program.  

Since the failure of the phase II clinical trials research has focused on the development of 

bioactivation and more careful experiments in cellular behavior in in vitro BAK studies.22–25 

The current generation of hollow fiber membranes are produced from a blend of 

polyvinylpyrrolidone (PVP) and polyethersulfone (PES). The most potent coatings to induce 

cell adhesion are based on a double coating of an general adhesive polymerized L-3,4-di-

hydroxy-phenylalanine (L-DOPA) followed by Col IV or Col IV in combination with laminin 

coating.22–26 Different primary and cell line PTECs have shown to form tight monolayers on 

double coated membranes.24,26 The PVP/PES double coated hollow fibers have currently been 

tested in vitro on a small scale with promising results for the removal of protein bound uremic 

toxins, which are not cleared in conventional hemodyalsis.25,27,28 Although these 
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Table 1.1 - Overview of (hollow fiber) membrane materials and biofunctionalizations for the bio-artificial 
kidney. Adapted from Mollet29. 

Membrane 
material 

Functionalization Cell type 
Inner/outer 

diameter 
(µm) 

Luminal / 
Basolateral 

seeding 
Main results Ref 

Acrylic 
copolymer 
and PSF 

None, collagen or 
ECM proteins 

MDCK or 
LLC-PK1 

200/270 Both Confluency and cell 
polarization 
depended on base 
material. 
 
Cell proliferation 
independent on 
geometry.  
 

Ip et al. and 
Aebischer 
et al. 9,30 

Cellulose 
blend 

None, mussel 
adhesive protein, 
Col I and II, or 
Matrigel 

LLC-PK1 Flat  Collagens and 
Matrigel coating 
induced long-term 
monolayer 
formation.  
 
Matrigel most potent 
in improving 
differentiation and 
transporter activity. 
 

Ip et al.12 

PSF Laminin MDCK 270/305 Luminal Transporter 
functional 
monolayer. 
 

Mackay et 
al.13 

PSF Pronectin-L Primary 
Porcine 
REC 
 

200/240 or 
250/320 

Luminal Near confluent 
monolayer with 
active transport and 
enzyme activity in 
vitro full BAK 
cartridge.  
 
In vivo promising 
replacement of 
kidney function. 
 

Humes et 
al.14,15 

PSF/PVP Col IV and laminin Primary 
Human 
REC 
 

Not specified Luminal In vivo promising 
replacement of 
kidney function. No 
proof of monolayer 
formation provided. 
 
Clinical trials failed in 
phase II, as the 
addition of cells 
showed no added 
benefit.  

Humes et 
al.16,17 and 
Pino et al.18  

Carbon Col IV Primary 
Human 
or 
Porcine 
REC 
 

Flat   
REC adhesion and 
retention of 
phenotype, could be 
cryopreserved.  
No function 
assessed. 
 

Buffington 
et al.31 
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EVOH Attachin Primary 
Human 
REC 

175/200 Luminal Confluent monolayer, 
phenotype and transporter 
activity confirmed in vitro.  
 
In vivo studies showed 
reduced damage endotoxin 
shock and improved life 
expectancy in AKI goats. 
 

Saito et al.19,20 
And 
Sanechika et 
al.21 

PES/PVP None, Col I, Col 
IV, Col IV and 
laminin, L-DOPA 
and Col IV  

Primary 
Human 
REC 
or HK-2 

Flat or 
490/635 

Luminal L-DOPA and Col IV improved 
monolayer formation and 
performance. Exclusion of 
PVP improved cel adhesion 
Performance in 3D not 
evaluated.   

Ni et al.23 and 
Oo et al.22 

       

Silicons Col IV Primary 
Human 
REC 

Flat  Monolayer formation, no 
investigation in function. 

Fissell et al.32 

PES or PE L-DOPA and/or 
Col IV 

ciPTEC Flat  Double coating required for 
functional monolayer 
formation. 
 

Schophuizen 
et al.24 

PES/PVP 
or PES 

L-DOPA and Col 
IV 

ciPTEC 215/315 
or 300/400 

Basolateral Monolayers can form on 
hollow fiber membranes, 
which are capable of uremic 
toxin clearance.  
 
Increased convex curvature 
induced poor cell adhesion, 
not decoupled form base 
material. 
 

Jansen et 
al.25,28 

PCL L-DOPA and Col 
IV 

ciPTEC or 
iREC 

700/1000 Luminal Smaller cells require dense 
electrospun membrane to 
form functional monolayers. 
 

Jansen et al.33 

PSF-PEG None MDCK or 
HK-2 

Flat, 
1200/1300, 
800/900, 
400/500 

Luminal Improved cell-cell contacts 
and brush border enzymes 
as the curvature increased 

Shen et al.34 

PCLdiUPy None or ECM 
mimicking 
peptides (RGD, 
PHSRN, YIGSR 
and DGEA) 
 

Primary 
Human 
REC 
 

Flat  Monolayer formation when 
functionalized with 
peptides. 

Dankers et 
al.35 

PCLdiUPy ECM mimicking 
peptides (RGD, 
PHSRN, YIGSR 
and DGEA) 

HK-2 Flat  Without flow no monolayer 
formation despite 
bioactivation. 

Mollet et al.36 

Abbreviations: Polysulfone (PSF), polyvinylpyrrolidone (PVP), Ethylene vinyl alcohol (EVOH), polyethersulfone (PES), 
polyethylene glycol (PEG), polycaprolactone (PCL) PCL modified with ureido-pyrimidinone (PCLdiUPy), Collagen (Col), 
Madin-Darby Canine Kidney cells (MDCK), Lilly Laboratories Cell-Porcine Kidney 1 cells (LLC-PK1), renal epithelial cells 
(REC), induced RECs, (iREC) Human Kidney-2 cells (HK-2), conditionally immortalized proximal tubule epithelial cells 
(ciPTEC), acute kidney injury (AKI) and extracellular matrix (ECM). 
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improvements have been made with the bio-artificial kidney in mind, the living membranes 

now mainly serve as in vitro nephrotoxicity platforms, and drug screening applications. 

The currently applied hollow fiber membranes are designed to be anti-fouling to improve 

hemocompatibility. This has created the need for coating strategies to enable long-term 

adhesion of renal epithelial cells (REC) to the membranes (Table 1.1). Although powerful, little 

control is achieved on how coatings adhere to the surface, and therefore the exact surface 

sensed by cells is unknown. Moreover extra cellular matrix (ECM) based protein coatings have 

additional limitations due to availability, stability, processability and batch differences. This 

thesis focuses on material development for an off-the-shelf bioactive completely synthetic 

membranes for a BAK, where the ECM is as an inspirational source.  

The extracellular matrix as inspirational source 
 

The ECM has inspired scientists to introduce key ECM features into synthetic platforms, 

such as: strain stiffening or relaxing behavior37,38, degradability39, growth factor sequestering 

and release40,41, and cell adhesive bioactivation42,43. The natural ECM has an enormous 

capacity to steer cells into specific phenotypes.44,45 The ECM is a vast, dynamic and complex 

interplay of structural proteins, sugars, glycoproteins, growth factors and small molecules 

(Figure 1.3A). Components are linked through covalent bonds, however in a higher degree 

through supramolecular bonds such as hydrophobic interactions and hydrogen bonds.44 These 

interactions allow for the certain presentation of chemical cues, yet also provide mechanical 

and topological information which signal to the adhered cells.44 The native ECM along the 

nephron, the basement membrane, varies in composition, however it mainly consists of 

laminin and Col IV.46 Cells sense and integrate chemical and mechanical cues mainly through 

initial binding of integrins to specific peptide sequences in the ECM proteins such as Col IV.47–

49 The resulting integrin activation sequentially recruits intracellular focal adhesion proteins, 

 

Figure 1.3 Schematic representation of the extracellular matrix and cell adhesion. A Schematic representation 

of a cell interacting the complex extracellular matrix (ECM). B Representation of a cell’s focal adhesion coupling 

biomaterial epitopes to the actin cytoskeleton. C Hypotheses on catechol mediated cell adhesion, cells bind to 

ECM proteins covalently or non-covalently bound to a catechol (left), or catechols directly bind covalently or non-

covalently to the cell membrane/membrane proteins (right). 
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such as focal adhesion kinase and vinculin. The highly multifaceted focal adhesion complexes 

link to the actin mechanosensitive cytoskeleton thereby allowing the interpretation of 

mechanical and geometrical signals by the cell (Figure 1.3B).47–49 

Cell adhesive moieties 

 

Small ECM mimicking peptides can 

partly recapitulate cell adhesive protein 

sequences that bind to integrins (Table 

1.2).51 The best known and most applied 

examples of ECM mimicking peptides in 

biomaterials are RGD-based 

sequences.50 The RGD sequence is 

derived from fibronectin, but can also be 

observed in a multitude of other proteins.50 Enemchukwu et al. recently demonstrated that 

the RGD concentration is crucial for REC lumen formation in synthetic 3D matrices.39 Other 

promising peptide sequences are (i) PHSRN, which synergistically improves RGD function51, (ii) 

DGEA and GFOGER, which can be found in a collagens52, and (iii) YIGSR and IKVAV, which are 

attributed to mimic laminin51. Dankers et al. and Mollet et al. have used a combination of ECM 

mimicking peptides (Table 1.1) to promote functional monolayer formation on synthetic 

substrates, the strategy was successful for primary RECs, but not for Human Kidney-2 cells (a 

PTEC cell line).35,36 

Alternatively to specific integrin targeting, unselective adhesives can be applied to facilitate 

cell adhesion. Polymerized dopamine coatings can improve cell adhesion to a wide variety of 

normally poor cell adhesive material surfaces.53 The catechol groups in the polymerized 

dopamine are responsible for the adhesive properties, with catechol mediated cell adhesion 

being explored on multiple occasions.24,53–55 The exact mechanism of cell adhesion is still 

debated, but is proposed to be protein mediated (Figure 1.3C). Catechols have the capacity to 

become reactive o-quinones which can react through a Michael-type addition or via Schiff 

base reaction to lysines or cysteines.56 The hydroxyl groups and the aromatic ring of the 

catechol can addition partake in supramolecular binding through respectively hydrogen bonds 

or hydrophobic interactions.57 Moreover, surface hydrophobicity and charge changes after 

catechol functionalization are proposed to favor protein absorption.53,58 Random polymeric 

catechol coating was shown to be insufficient for PTEC cell adhesion.24 It is speculated that 

the polymerized catechols can detach from the surface and exert a toxic effect on cells.55 

Several groups have developed stably attached monomeric catechol functionalization on 

material surfaces with improved adhesion as outcome.54,55,59  

 

Table 1.2 - Selection of ECM mimicking peptides. 
Information adapted from 50–52.  
Peptide sequence Sequence-derived protein 

GRGDS Fibronectin 
cyclic RGDfK Fibronectin 

PHSRN Fibronectin 
IKVAV Laminin 
YIGSR Laminin 
DGEA Collagens 

GFOGER Collagens 
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The importance of curvature on cell behavior  
 

The ECM provides topographical information in addition to chemical binding motifs.44 

Many cellular processes have shown to be affected by topographical cues such as 

differentiation60–62, alignment63,64, and migration65–67. Fibrous ECM structures are present in 

overarching geometrical shapes, in the context of the nephron cylindrical shapes. Cylindrical 

shapes provide two types of curvature, either concave or convex, respectively the inside or 

outside geometry of a tube (Figure 1.4). In recent years, the understanding of cellular 

curvature response has made significant strides.68–75 Convex and concave geometries provoke 

different cellular responses in for example differentiation68, adhesion69,76, migration73,74, and 

alignment70,72,77,78. Curvatures magnitudes larger than cell dimensions can still be sensed by 

cells.70,78 The current hypothesis states that cells sense curvature through a complex interplay 

of the cytoskeleton and the nucleus.68,69 The nucleus acts as a stress sensor, which is 

compressed by linked actin filaments spanning the nucleus under convex constraints.68–70,75 

Other factors that likely contribute to curvature sensing are intrinsic cell rigidity, cell-cell 

contacts and membrane curvature.72,79 

 

Figure 1.4 - Cells cultured on different curvatures. Cells schematically represented on a concave (i.e. valley) or 

convex (i.e. hill) substrate.  

REC naturally reside in a concave environment within the nephron. Nevertheless, practical 

reasons and technical limitations dictate whether hollow fibers membranes are seeded on the 

luminal side (i.e. concave) or basolateral side (i.e. convex) in the context of the BAK.14,22,28 

Generally, epithelial cells appear to avoid convex structures, however it is postulated that they 

can overcome convex aversion by being part of a colony with increased cell-cell contacts.69,80 

Correspondingly to convex aversion, Jansen et al. reported indications that a decrease in outer 

hollow fiber diameter (i.e. an increase in curvature) resulted in decreased REC adhesion for 

basolateral seeding.28 Moreover, Shen et al. found that REC monolayer transport function was 

increased when the hollow fiber diameter was decreased with cells seeded luminal.34 These 

results indicate beneficial effects of concave curvature on REC adhesion and function. Yet, in 

recent work by Yu et al. it is claimed that REC polarization was increased on convex structures 

over concave structures within a more physiological range of curvatures.72  

Screening of biomaterial libraries 
 

The quest for biomaterials that mimics key features of the ECM to steer cells in a desired 

phenotype is challenging. A multitude of biomaterial properties can be varied, which has led 
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to the development of biomaterial screening which tackle one or more variable properties in 

biomaterial design. Most prominent work utilizes constructed libraries based on polymer 

chemistry81,82, surface chemistry83, types of bioactivation43,45,84,85 and topography.86–88 

Polymeric libraries 
 

The landmark study by Anderson et al. employed a polymer library to screen for embryonic 

stem cell differentiation routes, either epithelial or mesenchymal.81 The library was prepared 

through polymerization of 25 different acrylate, diacrylate, dimethacrylate and triacrylate 

monomers in various combinations. This proof-of-concept study mainly identified polymers 

that stimulated mesenchymal differentiation. Differentiation was purely based on the 

polymer backbone, although authors noted that the acrylate polymerization allows for the 

incorporation of bioactive peptides into the material.81 The platform has been employed for 

dental pulp cell differentiation or the development of bacterial resistant materials since 

then.82,89 With a similar approach Tourniaire et al. designed a polyurethane based library and 

screened for the attachment of primary RECs. Polymer surfaces containing 4,4´-

methylenebis(phenylisocyanate) and poly(tetramethylene glycol) most effectively induced 

cell adhesion.90 Polymer composition will inevitably affect surface chemistry. Surface 

chemistry in turn affects protein absorption and this subsequently impacts cell adhesion.91 

Zhou et al. recently developed an elegant method to alter surface chemistry through plasma 

oxidation, the resulting hydrophobic gradient could be combined with a stiffness gradient 

enabling the screening of two biomaterial parameters on one chip.83 

Protein and peptide functionalized libraries 
 

Screening of ECM proteins and peptides is a common approach to find bioactivations for 

tailored applications.43,45,85,92–94 Flaim et al. pioneered the use of robotic spotting technology 

to create ECM coating libraries.45 Within this study a small screening library was constructed 

containing collagen I, III and IV, laminin and fibronectin. The library was used to find coatings 

that maintained hepatocyte phenotype or induced stem cell differentiation towards 

hepatocyte lineages. Next to ECM components other types of proteins have been screened in 

biomaterial libraries, such as Jagged or antibodies towards cell-cell contacts.93 ECM mimicking 

peptides have been employed in screening libraries as a more defined alternative for ECM 

proteins.43,94 Several approaches are employed for the creation of such libraries, for example 

droplet spotted solid-state peptide synthesis on cellulose surfaces95,96 or machine spotted 

norbornene-thiol chemistry43,94. A recent study by Sharma et al. screened for the adhesion 

capacity of ten different cell lines to RGD, IKVAV, YIGSR, DGEA and VAPG modified surfaces, 

showing cell specific response to the different peptides.43 The system can potentially be 

expanded to peptide combinations and unevaluated peptides. Overall protein and peptide 
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libraries have exemplified the power of bioactivation to steer cell response towards a desired 

phenotype.   

Geometrical libraries 
 

Simple topographical chips, such as a curvature chip allow for the systematic evaluation of 

the geometry on cellular behavior. However this approach requires preconceived notions of 

the design of the topographical feature.78 Several research groups have started to screen more 

random topographical biomaterial libraries for desired cell response.86–88 The TopoChip is a 

elagent example of topographical screening without preconceived notion of shape.86 Up to 

2176 unique patterns are generated by an algorithm from three basic shapes, which are 

translated onto chip.86,97,98 A comprehensive study by Hulshof et al. demonstrated the power 

of topographical based screening, mesenchymal stromal cells (MSCs) were cultured on the 

TopoChip and screened for alkaline phosphatase as a marker for primitive bone formation. 

Positive hits were distilled by in silico analysis and translated to topographies on titanium 

implants. The topographies were finally shown to promote implant integration to the bone in 

vivo.61 Studies with kidney derived cells showed that MSC origin was important towards 

topography, with different secretomes for renal MSCs and bone marrow derived MSC in 

response to the same topographies.99 RECs cultured on the TopoChip showed monolayer 

alignment on smaller features, larger structures disrupted the monolayer formation.100 No 

conclusive results were found on regulation of transporter activity as a function of 

topography.100  

Design of experiments for library construction  
 

High-throughput screening requires specialized equipment such as micro contact arrays43 

and pipetting robots81, or complete clean rooms facilities for lithography97. Inaccessibility to 

these types of equipment forces the adaption of low-throughput screening approaches. To 

maximize information gained from such approaches the application of established design of 

experiment statistics is a must. In a conventional experiment, a set of factors is varied to study 

the influence of each factors on the desired outcome, this approach is called a full factorial 

design.101 Envision a simple experiment with only three factors which have two settings, this 

would result in eight experimental conditions. The construction of a small biomaterial library 

with only seven factors, yields already 128 unique conditions. This highlights one of the major 

limitations of a full factorial design, the number of experimental conditions is equal to 2k, with 

k the number of factors. This makes full factorial design practical when k ≤ 4, a higher number 

of factors are often laborious to set up and prone to experimental errors.101 A fractional 

factorial design is more suited when the number of factors increases, and enables maximum 

information to be gained with a limited number of experiments. The goal is to find factors that 

are of influence on the experimental outcome, other factors can be excluded.101  
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Figure 1.5 - Design of experiments principles. A Cube representation of a three factor experimental design, A, B 

and C (right). Grey dots indicate experiments performed, + and - indicate presence of the factor. Square indicates 

an experimental design when factor C is deemed unimportant for the outcome, resulting in a full factorial design. 

B Design resolution table, as a function of factors and experimental conditions. Roman numeral indicates level 

of resolution. Bottom right equation indicates aliasing of factors. Adapted from Dunn et al.102  

Within the example of a three factor experiment, a fractional factorial design would 

encompass four experiments, which can be visualized in a cube (Figure 1.5A). If factor C is not 

of importance, the factor is no longer a variable and the design collapses in to a full factorial 

square of factor A and B (Figure 1.5A). Nonetheless, information is lost in a fractional factorial 

design compared to a full factorial design, namely the interaction effects between factors. In 

the provided example, factor C is aliased with the interaction effect of A and B, the number of 

interacting factors that are aliasing with another factor determines the design resolution 

(Figure 1.5B).101 A typical screening design benefits most of a design with a resolution of IV or 

higher, i.e. the effect tertiary interaction coalesces with the effect of a single factor.101 Within 

the context of a small biomaterial library, factors are for example ECM mimicking peptides. 

The construction of such libraries requires chemistry which is highly adaptable and modular 

in nature. 

Supramolecular biomaterials 
 

The majority of polymer based biomaterials rely on covalent chemistry to link monomers, 

provide crosslinks or tether bioactive molecules. Supramolecular chemistry goes beyond the 

covalent bond and relies on non-covalent interactions to provide stable yet often dynamic 

interactions between polymer components and/or bioactives.103 Non-covalent interactions 

represent a broad range of bonds which include examples such as hydrogen bonding, 

hydrophobic interactions, electrostatic interactions and π-π stacking. These bonds are lower 

in required binding energy, yielding dynamic reversible interactions.104 Nature abundantly 

employs the dynamic supramolecular interactions ranging from structural ECM components 

to metabolic enzymes. Carefully designed supramolecular motifs can form complex secondary 
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structures through specific and directed interactions.104 Through these interactions modular 

properties arise in supramolecular biomaterials, which makes them eminently suitable for 

complex biomaterial design.105 Several well-known supramolecular examples are 

cucurbit[8]uril based host-guest chemistry, benzene-1,3,5-tricarboxamides (BTA) stacking, 

ureido-pyrimidinone (UPy) dimer stacking, bis-urea (BU) ribbon formation and nanofiber 

assembly of peptide amphiphiles.105–110 Elucidation of synthetic supramolecular assembly has 

progressed from studies in organic phase111,112 and in bulk110,113 towards assembly and 

function in water.110,114 In recent years an emphasis has been on studying the interface of 

synthetic supramolecular systems with biology.105–107,115 UPy, BU BTA, and peptide amphiphile 

motifs all can form true supramolecular polymers, i.e. monomers that assemble in polymers 

which are not covalently bound.107–110 Within this thesis a focus is placed on UPy and BU based 

supramolecular biomaterials. 

Ureido-pyrimidinone and bis-urea based assembly  
 

Both UPy and BU-systems have the ability to self-assemble into nano-fibrous structures 

which are akin of each other on the mesoscopic scale, yet distinct assembly modes proceed 

these comparable nano-fibrous structures (Figure 1.6). UPy-motifs dimerize through 

quadruple hydrogen-bonding, the formed dimers stack through π-π interactions which is 

promoted by an additional urea hydrogen bonding separated by a short alkyl spacer from the 

UPy-group.116–118 Lateral assembly of three UPy-stacks is postulated to form fibrous structures 

(Figure 1.6).119 BU-motifs assemble via bifurcated hydrogen-bonding into ribbons, where the 

spacer between both urea groups determines the assembly. Three to six ribbons further 

assemble laterally into fibrous structures (Figure 1.6).120–123  

Ureido-pyrimidinone modified thermoplastic elastomers 
 

The conjugation of UPy and BU motifs to elastomeric polymers, enables the assembly of 

hard phase fibers (i.e. the motifs) embedded in a soft matrix (i.e. the polymer), this is 

comparable to block copolymers (Figure 1.6). The motifs act as a modular building blocks, 

allowing for other polymers, bioactive peptides, or other functional additives conjugated with 

a the same supramolecular motif to co-assemble into supramolecular base materials (Figure 

1.6).35,42,120,122,124,125 This permits the formation of a vast library of polymeric materials with 

bioactive properties and functions.  

Modification of elastomeric pre-polymers with UPy-moieties often follows two routes, 

either the UPy-units are present in a polymer backbone forming a segmented co-polymer, or 

they are telechelically coupled to the polymers.54,119,126–128 Both classes of UPy-modified 

elastomeric polymers present the characteristic fibrous structures as a hard phase in a soft 

matrix, yet the telechelically modified UPy-polymers show improved longitudinal fiber 

assembly and ordering.119,127 A variety of functions such as anti-fouling, post-modification,  
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Figure - 1.6 Schematic overview of ureido-pyrimidinone (UPy) and bis-urea (BU) assembly. Chemical structures 

with schematic representation indicating hydrogen bonding between supramolecular motifs (left). Cartoon 

depicting assembled UPy and BU fibers (middle). Atomic force microscopy images of polycaprolactone (PCL) 

telechelically modified with UPy-motifs (PCLdiUPy) or PCL modified with BU as segmented co-polymer (PCL-BU), 

scale bars are 100 nm (right). Chemical structures of PCLdiUPy, UPy-additive design, PCL-BU, and BU-additive 

design (bottom).  
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cell-adhesiveness and heparin binding properties can be introduced by UPy-based additives in 

the material.35,126,127,129,130 The additives assemble with UPy-polymers during processing. 

However, due to differences in the applied UPy-polymer and in UPy-additive function and 

design, no systematic, detailed study has been performed on additive presentation. For 

example, a UPy-tetrazine additive was incorporated in polycaprolactone (PCL) telechelically 

modified with UPy-motifs (PCLdiUPy), which gave rise to plaque formation at the nanoscopic 

level of the polymer surface. While UPy-heparin binding peptide in a segmented UPy-modified 

PCL gave phase separation on the surface.127,129 Although the basic design of the UPy-additive 

was the same between studies, end-group and polymer were different. 

Bis-urea modified thermoplastic elastomers 
 

BU-modified elastomeric polymers are mainly designed as segmented co-polymers where 

the polymer backbone is modified with BU-units in segments.122,131 The BU-motifs assemble 

in hard phase fibers, comparable to telechelically modified UPy-polymers (Figure 1.6).122 BU-

based polymers have been modified with non-bioactive additives to study assembly, but 

peptide additive incorporation has barely been explored.122,132–134 Wisse et al. described a BU-

peptide additive in which RGD was coupled to the core BU-motif with a pentyl-spacer, 

incorporation was poorly investigated and only additive leakage was determined.122 Around 

26% of the BU-additive leaked out during water annealing, a follow-up study indicated that 

this did not affect cell adhesion.135 In a recent study by Ippel et al. the importance of BU-

additive design for anti-fouling material functionalization was shown.134   

Three designs were evaluated which showed varying levels of surface presentation and anti-

fouling properties.135 The novel mono-functional BU-additive design (Figure 1.6) has yet to be 

employed with a peptide functionalization. The increased alkyl-spacer, urethane and oligo 

ethylene glycol-linker in the design are proposed to stably incorporate the additive into the 

base material, while improving presentation.  

The supramolecular UPy- and BU-based elastomeric polymers have been applied in a wide 

variety of studies with tissue engineering and regenerative medicine applications.124,131,136 The 

polymers are currently processed via two routes, solvent casting or electrospinning. Solvent 

cast films enable feasibility studies of new additives and polymers. Electrospinning produces 

porous materials with micrometer sized polymer fibers, which are spun through application 

of high voltage on a polymer solution. The materials can serve as membranes or as scaffolds 

for in situ tissue engineering. Early work showed that a combination of UPy-modified ECM 

mimicking peptides incorporated in electrospun PCLdiUPy yielded a living renal epithelial 

membrane.35 It remains unanswered whether all peptides were required and what their 

optimal concentration is to induce the same effect. 
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Aim and outline of this thesis 
 

The potential of supramolecular biomaterials to mimic the natural ECM is explored in this 

thesis, taking further steps to develop tailored synthetic ECM analogs. Specifically, the 

research aim is at finding bioactive cues that enable the creation of “off the shelf” living 

membranes for the development of a bio-artificial kidney. Elucidation of such cues requires 

an understanding of the employed biomaterials across a diverse set of scales. Comprehending 

bioactive additive presentation in supramolecular biomaterials is the first scale to be 

traversed. This enables the creation of effective screening libraries. Libraries can reveal potent 

chemical surface modifications which steer renal epithelial cells into a desired phenotype. 

Elucidating the influence of geometry on renal cell behavior is the ensuing scale to understand 

for the development of a living membrane. This requires the systematic evaluation of curved 

geometries. The final scale is the exploration of membrane fabrication technologies in the 

context of supramolecular biomaterials. Only by understanding the compatibility of 

supramolecular chemistry with fabrication technologies can bioactives be effectively 

incorporated into membranes.   

The difference in peptide presentation between different supramolecular biomaterial 

systems is examined in Chapter 2. In this chapter, PCL modified with UPy or BU is bioactivated 

by mixing in different levels UPy- and BU-modified RGD and cRGD peptides. The effect of linker 

length on peptide presentation is additionally investigated for the UPy-system. Biomaterials 

are physically characterized by atomic force microscopy and hydrophobicity measurements. 

Surface characterization is linked to focal adhesions properties and cell migration in response 

to the peptide presentation in the biomaterials. 

In Chapter 3 the ideal composition of a bioactive membrane to steer PTEC phenotype is 

explored. A bis-urea based biomaterial library is generated employing ECM protein coatings 

or BU-additives based on ECM mimicking peptides or monomeric catechols. Initial screening 

is performed on monolayer integrity which requires the development of a custom analysis 

script. Hits are further characterized though phenotypical studies to assess the epithelial 

behavior of the cells. Finally, living membranes are created by employing best performing 

complex ECM coatings or simple synthetic modification.  

A comprehensive study is described in Chapter 4 were the presentation of monomeric 

catechol and cRGD additives are investigated in the UPy- and BU-platform, wherein a variety 

of backbone polymers is employed. This enables the assessment of the influence of the 

additive and the backbone polymer on the supramolecular assembly and their impact on the 

effectiveness of the cell adhesive additives. The chapter combines atomic force microscopy 

and hydrophobicity measurements of supramolecular surfaces with detailed cell adhesive 

analyses.   
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Technical limitations dictate inside or outside cell seeding on hollow fiber membranes for 

the BAK. However, this results in different mechanical environment experienced by the cells, 

either concave (i.e. inside) or convex (i.e. outside). In Chapter 5 the response of PTECs to a 

range of concave and convex curvatures is elucidated. Moreover, this response is studied as a 

function of cell-cell contacts and chemical modifications of the surface. Cell adhesion, gap size 

and polarization are employed to assess the cell response.   

The potential monomeric catechol modified membranes as an alternative for random 

deposited polymeric catechols is further investigated in Chapter 6. PCLdiUPy films and 

electrospun membranes are functionalized with monomeric catechol groups or coated with 

polymeric L-DOPA. This investigation employs chemical and physical characterization of the 

films and membranes to assess functionalization. Subsequently, the monolayer coverage and 

transporter function of PTEC is investigated to determine the effectiveness of monomeric and 

polymeric catechols in the context of UPy-based films and membranes.    

Chapter 7 describes a proof of concept study that investigates the potential modularity of 

the BU-system for classical membrane processing. Membranes based on PCL-BU are produced 

employing phase immersion precipitation. PEG-BU and PEG are employed as potential poor 

cell adhesive polymer additives. Membranes were characterized with scanning electron 

microscopy, porometry, water contact angle measurements and their capacity to adhere cells. 

Finally, in the epilogue the implications of the research described in this dissertation with 

respect to the development of supramolecular biomaterials and applications such as the bio-

artificial kidney are discussed. 
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Abstract 
 

Supramolecular biomaterials based on hydrogen bonding units can be conveniently 

functionalized in a mix-and-match approach using supramolecular additives. The presentation 

of bioactive additives has been sparsely investigated in supramolecular-based elastomeric 

biomaterials. Here it was investigated how cell adhesive peptides are presented and affect the 

surface of supramolecular biomaterials based either on ureido-pyrimidinone (UPy) or bis-urea 

(BU) moieties. Subsequently cellular focal adhesions and migration were determined in 

response to the biomaterials. Polycaprolactone modified with UPy or BU moieties served as 

the base material. RGD or cyclic (c)RGD were conjugated to complementary supramolecular 

motifs, and were mixed with the corresponding base materials. Biomaterial surface 

morphology changed upon bioactivation, resulting in the formation of globular aggregates on 

UPy-based materials, and fibrous aggregates on BU-materials. Moreover, peptide type 

affected aggregation morphology, in which RGD led to larger cluster formation than cRGD. 

Increased cRGD concentrations led to increased focal adhesion numbers, and reduced focal 

adhesion size and cell migration velocity in both systems, yet most prominent on 

functionalized BU-biomaterials. Additive space length only partly explained the differences 

found between the UPy- and BU-system. In conclusion, both systems exhibited distinct 

peptide presenting properties, of which the BU-system most strongly affected cellular 

adhesive behavior on the biomaterial. This research provided deeper insights in the 

differences between supramolecular elastomeric platforms, and the level of peptide 

introduction for biomaterial applications.  
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Introduction 
 

New functional biomaterials are paving the way for medical treatment strategies.1–3 At the 

fundament of novel biomaterials development lays inspiration acquired from the natural 

extracellular matrix (ECM).1,3,4 The ECM varies in composition between tissues and within, and 

is capable of directing cell function and phenotype.5,6 The effects on cell behavior arise from 

a complex interplay between mechanical and chemical properties, topology, and the dynamic 

behavior of all ECM constituents.6,7  

Integration of this diverse set of cues is initiated by cellular integrins binding to specific 

peptide sequences in the ECM. This resulting integrin activation sequentially recruits 

intracellular focal adhesion (FA) proteins, such as focal adhesion kinase (FAK) and vinculin. The 

formed FA complexes link to the actin cytoskeleton thereby allowing the interpretation of 

mechanical signals by the cell.8,9 Biomaterials are frequently surface functionalized with ECM 

proteins or ECM mimicking peptides, such as RGD, to mimic the chemical signaling properties 

of the ECM and thereby enhance cell engraftment.10–14 Polymers often require several 

chemical modification to finally introduce bioactive peptides, yet biomaterials which can be 

bioactivated in one step are favored in terms of ease.15,16  

Supramolecular biomaterials present modular properties, which makes them eminently 

suitable for complex biomaterial design.17–21 Their properties originate from specific and 

directed dynamic non-covalent interactions between supramolecular motifs. Introduction of 

bioactive peptides or other functional additives conjugated with a specific supramolecular 

motif allows for modular integration into supramolecular base materials during material 

formulation. 17,22–26 This permits the formation of a vast library of polymeric materials with 

bioactive properties and functions. The bulk of supramolecular research is predominantly 

focused on co-assembly in aqueous environments, while assembly for solid elastomeric 

supramolecular biomaterials is limitedly studied. 27–29 

Research in our group concentrates on supramolecular biomaterials based on hydrogen 

bonding ureido-pyrimidinone (UPy) or bis-urea (BU) functionalities for several biomedical 

applications.4,17,22,30 Both supramolecular systems have the ability to self-assemble into nano-

fibrous structures, however they have distinct assembly modes. UPy-moieties dimerize 

through quadruple hydrogen-bonding. The dimers are able to form fibrous structures through 

π-π interactions, promoted by additional urea hydrogen bonding separated by a short alkyl 

spacer from the UPy group.31–33 Three of the assembled UPy-stacks are postulated to form 

fibrous structures through lateral assembly.34 Two common approaches are followed in the 

modification of short pre-polymers with UPy-moieties. Either the UPy-units are present in a 

polymer backbone forming a segmented co-polymer, or are telechelically coupled to pre-
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polymers.34–38 Both present the characteristic fibrous structures as hard phase in a soft matrix. 

The telechelically modified UPy-polymers show improved longitudinal fiber assembly and 

ordering.34,37 Co-assembly of UPy-polymers and UPy-based additives has been investigated in 

order to introduce various functions such as anti-fouling, post-modification, cell-adhesiveness 

and heparin binding properties.17,30,36,37,39 Due to differences in the applied UPy-polymer and 

in UPy-additive function and design, no systematic, detailed study has been performed on 

additive presentation.  

 

Figure 2.1 - Schematic representation of the supramolecular systems. Left. Schematic representation of ureido-

pyrimidinone (UPy; blue, top) and bis-urea (BU; red, bottom) fibers functionalized with an additive (green). Right. 

Chemical structures and schematic representations of correspondingly supramolecular polymers and additives. 

In the BU-system, BU-groups arrange via bifurcated hydrogen-bonding into stacks, in which 

the spacer between both urea groups determines the assembly. Three to six stacks further 

assemble laterally into fibrous structures.23,24,40,41 Elastomeric BU-based polymers are mainly 

designed as segmented co-polymers where the polymer backbone is modified with BU-units 

in segments. 4,23 BU-based polymers have been modified with non-bioactive additives, but 

peptide additives have not been explored.42–44 A recent study by Ippel et al. showed the 

importance of BU-additive design for material functionalization to produce anti-fouling 

surfaces.44 The additive designs can easily be adapted to present cell adhesive motifs.  
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Although the UPy- and BU-system show similarities in fiber formation, subtle nano-level 

changes can affect the desired cellular response to supramolecular biomaterials.45 To assess 

the effect of such changes, a deeper understanding of potential differences in peptide additive 

presentation between both systems is required. In this study, short polycaprolactone (PCL) 

pre-polymers modified with supramolecular motifs have been employed, either telechelically 

with UPy-units (PCLdiUPy), or segmented via BU-moieties (PCL-BU). Linear RGD and cyclic RGD 

(cRGD) were conjugated to the supramolecular moieties (UPy-RGD, UPy-cRGD, BU-RGD, and 

BU-cRGD) and added in different concentrations to the complementary supramolecular PCL 

(Figure 2.1). In order to elucidate the delicate balance of the supramolecular peptide 

incorporation into the supramolecular polymers after assembly, thorough surface analysis 

using atomic force microscopy (AFM) and water contact angle is performed. This is combined 

with quantitative analysis of cell-material interactions such as FA properties and cell 

migration. 

Results and discussion 
 

Distinct differences in additive presentation between both supramolecular systems  

 

The incorporation of peptide additives into hard phase fibers was first investigated through 

AFM analysis. Both pristine PCLdiUPy and PCL-BU presented characteristic hard phase fiber 

formation clearly visible AFM phase images (Figure 2.2A).23,35 A fiber thickness of 8.9±0.4 nm 

was observed for UPy-fibers and 6.9±0.2 nm thickness for BU based fibers. The nano-scale 

morphology of the biomaterials surface changed upon bioactivation, resulting in the 

appearance of globular aggregates on UPy-based materials, and fibrous aggregates on BU-

materials (Figure 2.2A). UPy-RGD addition gave rise to small punctuated and elongated 

aggregations which formed larger clusters without a distinct shape as the concentration was 

increased. UPy-cRGD formed punctuated clusters on the surface and the number of such 

clusters increased as the concentration increased. The height of surface aggregations did not 

exceed the general roughness of the UPy-polymer film (Figure 2.3). BU-RGD formed fibrous 

clusters which increased in size as the concentration increased. In comparison, BU-cRGD 

formed disorganized fibrous clusters which appear to cover the complete surface when the 

concentration was increased (Figure 2.2A). The height range of the aggregations varied 

between 12.8 and 21.5 nm in the BU-system (Figure 2.3). The topology induced by BU surface 

aggregations is unlikely to affect cell behavior, as it is below the 35 nm height threshold which 

cells are proposed to be able to sense.46 
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Figure 2.2 - Surface characteristics of functionalized supramolecular biomaterials. A Atomic force microscopy 

phase images of PCLdiUPy or PCL-BU films with and without corresponding UPy- or BU-RGD and -cyclic RGD 

(cRGD) added in different mol percentage (mol%), scale bars are 100 nm. B Determination of corresponding 

surface wettability through water contact angle analysis on the material interface. Mean ± standard error of the 

mean (SEM) depicted, n=3. 

 

 

Figure 2.3 - Atomic force microscopy height images of supramolecular biomaterials. PCLdiUPy or PCL-BU films 

with and without corresponding UPy- or BU-RGD and -cyclic RGD (cRGD) added in different mole percentage 

(mol%), horizontal scale bars are 100 nm, vertical scale bars are in nm. 
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Further surface characterization revealed a water contact angle (WCA), a measure for 

hydrophobicity, of 74.6±0.7° on pristine PCLdiUPy. The addition of UPy-RGD reduced 

hydrophobicity to 71.0±0.3° (1 mol%) and 58.3±3.8° (4 mol%) as concentration was increased 

in PCLdiUPy films. Incorporation of UPy-cRGD resulted in a markedly smaller decrease 

reaching 66.9±0.4° (4 mol%) after PCLdiUPy functionalization (Figure 2.2B). Pristine PCL-BU 

had a surface hydrophobicity comparable to pristine PCLdiUPy, of 74.6±2.1°. 

Biofunctionalization with BU-RGD drastically decreased surface hydrophobicity to 30.0±1.1° 

(4 mol%) compared to pristine PCL-BU. The addition of BU-cRGD resulted in a more gradual 

decrease ending in a WCA of 33.3±0.6° (4 mol%) as the concentration was increased in PCL-

BU. Taken together, AFM and water contact angle measurements showed that the additive 

presentation was enhanced on PCL-BU surfaces compared to PCLdiUPy. 

Surface alterations after incorporation of UPy- and BU-additives have been extensively 

studied in literature.37,39,42–44 However, additive design and type, or the employed 

supramolecular polymer were often varied, therefore a systematic comparison has not been 

performed in the past. A UPy-tetrazine and UPy-heparin binding peptide with the UPy-OEG6-

additive design gave rise to either plaque formation or phase separation at the biomaterial 

surface, different from the aggregation observed in this study for UPy-RGD and UPy-cRGD.37,39 

No previous investigations have been performed for BU-peptide additive surface 

presentation. BU-pyrene additives have been shown to form fibrous aggregates in higher 

concentration on material surfaces reminiscent of the fibrous aggregations found for BU-RGD 

and BU-cRGD.43 However, this BU-pyrene additive design has differences in alkyl-spacer 

between urea, and linker size compared with the currently employed BU-peptide additive. 

Recently, PCL-BU was functionalized with a BU-OEG12-methoxy additive to create non-cell 

adhesive surfaces.44 The molecular design of the additive was highly similar compared to the 

BU additive employed in this study, the only difference was the OEG end-group. AFM analysis 

of the BU-OEG12-methoxy functionalized PCL-BU revealed sparse small aggregations at the 

surface. Moreover, differences here observed in aggregations between cRGD and RGD 

indicate that the peptide itself influences the assembly process at the surface of both 

supramolecular systems. Summarizing, the employed supramolecular system and the 

functional group of a supramolecular additives are important for the additive presentation 

mode at the nano-scale. 

Focal adhesion properties and cell velocity indicate functional peptide presentation  

 

Functional peptide presentation in both supramolecular systems was primarily investigated 

via quantitative analysis of the FAs, which are the primary protein complexes involved in cell-

biomaterial adhesion. FAs have been shown to increase in number and decrease in size as the 

concentration of accessible surface cRGD is increased.12 A similar response can be observed 

for RGD functionalization, but is less pronounced.12 
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Large elongated FAs were observed on both pristine PCLdiUPy and PCL-BU films displaying 

5.5±0.3 and 6.6±0.6 FAs per 100 μm2 cell area, respectively (Figure 2.4A and B). 

Functionalization of PCLdiUPy with both UPy-RGD and UPy-cRGD resulted in non-significant 

changes in FA numbers compared to pristine PCLdiUPy. PCL-BU functionalization with BU-RGD 

led to a non-significant increase in FA numbers compared to pristine PCL-BU. Introduction of 

BU-cRGD resulted in a significant concentration dependent increase in FAs compared to 

pristine PCL-BU, 9.6±0.8 (1 mol%; p≤0.01) and 14.5±1.4 (4 mol%; p≤0.001) FAs per 100 μm2 

cell area (Figure 2.4A and B). The number of FA induced by BU-cRGD functionalized PCL-BU 

was shown to be significantly higher compared to UPy-cRGD functionalization of PCLdiUPy 

(p≤0.001).  

 

Figure 2.4 - Focal adhesion morphological properties on supramolecular biomaterials. A Fluorescence 

microscopy images of HK-2 cells cultured for 24h on PCLdiUPy or PCL-BU films with and without corresponding 

UPy- or BU-RGD and -cyclic RGD (cRGD) added in different mol percentage (mol %). Cells stained for pFAK, scale 

bar = 15 μm, n=5. B Analysis of pFAK containing focal adhesions to assess size, focal adhesions / cell and focal 

adhesion elongation factor. ***p≤0.001, **p≤0.01, intra supramolecular system compared to pristine; 

###p≤0.001, inter supramolecular systems.  

Cells cultured on pristine PCLdiUPy presented FAs with a mean size of 1.48 ± 0.03 μm2. 

Introduction of UPy-RGD or UPy-cRGD led to a concentration dependent decrease in size 

reaching 1.26 ± 0.02 μm2 for UPy-RGD (4 mol%) and 1.11 ± 0.01 μm2 for UPy-cRGD (4 mol%; 

Figure 2.4A and B). FAs on PCL-BU adopted a larger size compared to PCLdiUPy, which was 
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1.62 ± 0.03 μm2. BU-RGD addition led to a concentration independent decrease in size 

compared to pristine PCL-BU resulting in a FA size of 1.10 ± 0.01 μm2 (4 mol%). The inclusion 

of BU-cRGD resulted in a concentration dependent decrease in FA size compared to pristine 

PCL-BU, reaching 0.77 ± 0.01 μm2 (4 mol%; Figure 2.4A and B). 4 mol% of UPy-cRGD appeared 

to initiated an equal response as 1 mol% BU-cRGD in FA size, while 4 mol% BU-cRGD was 

significantly lower than 4 mol% UPy-cRGD (p≤0.001). It is interesting to note that the size of 

one FA, i.e, roughly 1 µm2, corresponds to the area depicted in the AFM images (Figure 2.2A). 

In response to bioactivation, FAs adopted a more punctuated morphology compared to 

pristine materials, except for the addition of 1 mol % UPy-RGD (Figure 2.4B). A round FA 

morphology can be an indication of a nascent phenotype, as opposed to a more mature 

phenotype.8,12 Mature FAs can be defined as pFAK+ and zyxin+, while nascent FAs lack zyxin.8 

Overall, pFAK and zyxin appeared to co-localize in the majority of observed FAs in both the 

UPy- and BU-system (Figure 2.5 and 2.6). However, slightly more nascent FAs could be 

observed with the introduction of cRGD in general, i.e., 4 mol% of UPy-cRGD, and 1 or 4 mol% 

of BU-cRGD. 

All cell-material interaction experiments were performed in cell culture medium 

supplemented with serum. However, the presence of serum proteins can largely influence FA 

behavior. Therefore, the adhesion experiment was repeated in the absence of serum. It was 

shown that responses observed in FA number and size appeared to be independent of the 

presence of serum (Figure 2.7). These results are in line with recent findings that cells can 

sense and bind to RGD through a layer of deposited serum proteins within 2h post seeding.11 

FAs are linked by mechanosensitive cytoskeleton to cell-cell contacts. Cell-cell contacts 

have the potential to alter the forces experienced by the cells and thereby potentially 

influence the FAs as they adapt to the newly experienced forces.7,47 Therefore, it was 

investigated if cell-cell contacts influenced FAs morphology. However, FAs morphology 

appeared to be independent of cell-cell contacts as cell clusters appeared to show similar FA 

properties as single cells (Figure 2.8). Additionally, cell clusters showed apparent similar FA 

morphology at 3h, 24h and 72h (Figure 2.8).  
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Figure 2.5 – Focal adhesion phenotype on UPy based biomaterials. HK-2 cells cultured for 24h on PCLdiUPy films 

with and without corresponding UPy-RGD and -cyclic RGD (cRGD) added in different mole percentage (mol %). 

Cells stained the nucleus (DAPI, blue), actin (green), nascent and mature marker pFAK (red), and mature marker 

zyxin (green). Scale bar is 15 µm.  

 

 

 

 

 

 



Functional peptide presentation on different supramolecular biomaterials 

35 
 

 

 

 

Figure 2.6 – Focal adhesion phenotype on UPy based biomaterials. HK-2 cells cultured for 24h on PCL-BU films 

with and without corresponding BU-RGD and -cyclic RGD (cRGD) added in different mole percentage (mol %). 

Cells stained the nucleus (DAPI, blue), actin (green), nascent and mature marker pFAK (red), and mature marker 

zyxin (green). Scale bar is 15 µm.  
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Figure 2.7 – Focal adhesion behavior under serum free conditions. HK-2 cells cultured for 24h on PCLdiUPy or 

PCL-BU films with and without corresponding UPy- or BU-RGD and -cyclic RGD (cRGD) added in different mole 

percentage (mol %) without serum. Cells stained for pFAK, scale bar is 15 µm. 

Cells reduce migration speed in response to surfaces functionalized with increasing 

amounts of RGD or cRGD, as cells are unable to effectively cycle between adherent and non-

adherent states due to sheer magnitude in adherent sites.16,48 Reduction in random migration 

speed can therefore be considered as an additional measurement of material 

functionalization. Within the UPy-system only the addition of 4 mol% UPy-cRGD was able to 

reduce cell velocity significantly compared to pristine PCLdiUPy, thereby limiting the distance 

from the starting position, from 0.75 ±0.05 µm/min to 0.54 ±0.03 µm/min (p≤0.01; Figure 2.9). 

Cells migrated at a speed of 0.81±0.07 µm/min on pristine PCL-BU (Figure 2.9). Both BU-RGD 

and BU-cRGD addition to PCL-BU resulted in significant reductions in cell velocity (Figure 2.9). 

BU-RGD induced a concentration independent reduction in migration speed with 0.50±0.04 

µm/min for 4 mol% BU-RGD (p≤0.001). The introduction of BU-cRGD reduced cell velocity in 

a concentration dependent matter, i.e. 0.54±0.04 µm/min (1 mol%, p≤0.01) and 0.34±0.02 

µm/min (4 mol%, p≤0.001). Interestingly, similar reponses were found for FA size, which 

confirmed previous reports that migration speed is correlated to FA size and not numbers.49 
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Figure 2.8 – Influence of time and cell-cell contacts on focal adhesion morphology. HK-2 cells cultured for 3h, 

24h and 72h on PCLdiUPy or PCL-BU films with and without corresponding UPy- or BU-RGD and -cyclic RGD 

(cRGD) added in different mole percentage (mol%). Cells stained for pFAK. Scale bar is 100 µm. 
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Figure 2.9 - Cell trajectories and velocity on the supramolecular biomaterials. HK-2 cell velocity on PCLdiUPy 

and PCL-BU biomaterials with varying levels of (cyclic) cRGD and linear RGD functionalization on corresponding 

supramolecular motifs. Top part depicts cell trajectory diagrams of cells for 12h after 3h after initial seeding. Dots 

represent the final destination of the cell, the line the path taken. Bottom part depicts quantification of the cell 

velocity. n=30-40, ***p≤0.001, **p≤0.01, intra supramolecular system compared to pristine; #p≤0.05, inter 

supramolecular systems. 
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In summary, results indicated more numerous and smaller punctuated FAs arose in 

response to increasing concentrations of cRGD. The addition of RGD only led to smaller, 

punctuated FAs. The response to both RGD as cRGD was most pronounced in the BU-system, 

indicating more functional peptide presentation. FAs were primarily found to be mature, and 

independent of serum presence and cell-cell contacts. Additionally, the FA behavior was 

preserved over time. Random migration was most strongly reduced in the BU-system 

compared to the UPy system. Cellular read-outs completed indications provided by AFM 

analysis and hydrophobic properties of the material surfaces that the BU-system excels in 

presenting functional peptide at the surface compared to the UPy-system.  

Importance of linker length for peptide presentation  

 

Linker length has shown to be crucial for bioactive peptide presentation in different 

supramolecular and traditional biomaterial platforms.16,18,50,51 With respect to this literature 

the differences found for the UPy- and BU-system can be caused by the length of the OEG 

linker which is 6 units for the UPy-additives and 12 units for the BU moieties. To investigate 

whether the length of the OEG influences the peptide presentation, a UPy-additive with an 

extended OEG linker was acquired, i.e. UPy-OEG12-cRGD (UPy-cRGD*, Figure 2.10). 

 

Figure 2.10 – Chemical structure and schematic representation of UPy-cRGD*. 

The addition of the UPy-cRGD* into the PCLdiUPy polymer resulted in similar aggregates 

on the surface as observed for UPy-cRGD (Figure 2.2A, 2.11A). The height of the aggregations 

did not exceed the general roughness of the material (Figure 2.12). The AFM images indicate 

that more surface is covered when the UPy-cRGD* concentration is increased. This exceeds 

coverage found for UPy-cRGD. Comparison between UPy-cRGD* and BU-cRGD indicated more 

aggregate coverage at the surface of the BU-system. Hydrophobicity decreased as more UPy-

cRGD* was added to PCLdiUPy (Figure 2.11B). Interestingly, the WCAs values observed for 

UPy-cRGD* were between those observed of UPy-cRGD and BU-cRGD. Combined, AFM and 

hydrophobicity measurements indicated that cRGD presentation is enhanced through spacer 

extension.  
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Figure 2.11 - Effect of linker size on peptide presentation. PCLdiUPy with UPy-OEG12-cyclic RGD (cRGD*) added 

in different mole percentages (mol%) to assess material properties and cellular behavior. A Top, atomic force 

microscopy phase images, scale bar = 100 nm. Bottom, Fluorescence microscopy images of HK-2 cells cultured 

for 24h on surfaces. Cells stained for pFAK, scale bar = 15 μm, n=5. B Determination of surface hydrophobicity 

through water contact angle analysis on the material surface. Mean ± SEM depicted, n=3. C Image analysis of 

pFAK containing focal adhesion to assess size, focal adhesions / cell area and focal adhesion elongation factor, 

and quantification of cell velocity on material surfaces. ***p≤0.001, **p≤0.01, *p≤0.05 intra supramolecular 

system compared to pristine; #p≤0.05, inter supramolecular systems, non-significant (n.s). Remark: data for 

PCLdiUPy/UPy-OEG6-cRGD and PCL-BU/BU-OEG12-cRGD replotted data from figure 2.2 and 2.4. 

Addition of UPy-cRGD* to PCLdiUPy resulted in cellular responses that more closely 

resembled the response on BU-cRGD functionalized PCL-BU than UPy-cRGD in PCLdiUPy 
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(Figure 2.11C). More FAs were found on UPy-cRGD* functionalized compared to pristine 

materials (4 mol%, p≤0.001; Figure 5B, S14). Nonetheless, UPy-cRGD* functionalization was 

unable to provoke similar numbers of FAs as BU-cRGD addition did (#p≤0.05). FA size and 

elongation followed similar response as 4 mol% BU-cRGD with no significant differences 

between both supramolecular systems (Figure 2.11C). Also, using this additive, the absence of 

serum appeared to induce similar FA responses as in the presence of serum (Figure 2.13). Cell 

migration was more strongly reduced with the UPy-cRGD* compared to UPy-cRGD, and no 

significant difference in migration speed was found between UPy-cRGD* and BU-cRGD (Figure 

2.11C).  

 

Figure 2.12 - Atomic force microscopy height images of supramolecular biomaterials. PCLdiUPy with UPy-

OEG12-cyclic RGD (cRGD) added in different mole percentage (mol %), scale bar = 100 nm. 

 

Figure 2.13 - Focal adhesion behavior on supramolecular biomaterials with different linkers. HK-2 cell cultured 

on PCLdiUPy or PCL-BU films with and without corresponding UPy-OEG6-cyclic RGD (cRGD), UPy-OEG12-cRGD, or 

UPy-OEG12-cRGD added in different mole percentage (mol%) for 24h. Cells stained for pFAK, scale bar = 15 µm. 

Collectively, these results indicated that longer linker length improved functional cRGD 

availability at the biomaterial surface within the UPy-system. UPy-cRGD* was able to elicit a 

similar response in FA size, FA elongation and cell migration compared to BU-cRGD. However, 
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AFM, surface hydrophobicity, and FA numbers indicated that cRGD presentation is still 

superior in the BU-system.  

Additive linker length can only partly explain the difference in presentation found between 

both supramolecular systems. It remains speculative where the difference in peptide 

presentation between supramolecular systems originates from. Mostly likely differences in 

fibrous aggregate formation during nanoscale assembly favor peptide additive presentation 

in the BU-system.  

Conclusion 
 

BU- and UPy-based supramolecular elastomeric biomaterials show similar fibrous 

assembly, however distinct differences were found in the presentation of peptides between 

the two classes of supramolecular biomaterials. In addition, the employed peptide influences 

the nanoscale presentation independent of the employed supramolecular material. Cellular 

studies indicate that the BU-system more effectively presents functional peptides at the 

biomaterial surface than the UPy-based system. This research provides insights in the 

difference between supramolecular systems; how changes in chemistry can influence the 

delicate balance of presentation, and the level of peptide introduction for biomaterial 

applications. 
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Materials & Methods 
 

Supramolecular polymer film fabrication 

 

PCLdiUPy (Mn = 2.8 kg/mol; SyMO-Chem, The Netherlands) and PCL-BU (Mn = 2.7 kg/mol; 

per segmented unit; SyMO-chem) were dissolved at 20 mg/mL in 1,1,1,3,3,3-Hexafluoro-2-

propanol (Fluorochem, UK). UPy-OEG6-RGD, UPy-OEG6-cRGD, or UPy-OEG12-cRGD were added 

at a concentration of 0, 1 or 4 mol % to the PCLdiUPy solution, taking into account the weight 

of the entire polymer. BU-OEG12-RGD or BU-OEG12-cRGD were added at 0, 1 or 4 mol% to the 

PCL-BU solution, here mol% was determined by the weight per segmented unit. Clear 

homogeneously dispersed polymer films were fabricated by casting a 45 μL drop of polymer 

solution on a 14 mm Ø glass coverslips (VWR, USA). The solvent was evaporated at RT between 

30-40% humidity. The resulting films were placed overnight under vacuum to remove residual 

solvent. The polymer covered coverslips were mounted in custom holders to prevent film 

detachment during cell culture. The holders consist out of a 12well Transwell insert (Corning, 

USA) without membrane and a custom ring which can be clamped on the insert. 

 

Surface morphology  

 

Atomic Force Microscopy 

A Digital Instruments Multimode Nanoscope IIIa, operating in the tapping mode regime, 

was used to record phase and height images of solution-cast films at room temperature with 

silicon cantilever tips (PPP-NCHR, NanoSensorstm, 204-497 kHz, 10-130 N/m). Images were 

processed using Gwyddion software (version 2.43). 

Determination Hydrophobicity polymer films 

Hydrophobicity of polymer films was determined with contact angle system OCA and SCA 

202 v4.1.13 build 1020 software (Dataphysics Intruments, Germany). A 4 μL water droplet was 

deposited on the polymer surface, images were taken at 30 sec after droplet deposition and 

contact angles were determined. Two droplets per sample were deposited over 3 replicates. 

 

Cell culture 

 

Human kidney 2 cells (HK-2; ATCC, Germany) were cultured in Dulbecco's Modified Eagle 

Medium (DMEM; 41966, Gibco, UK), supplemented with 10% v/v fetal bovine serum (FBS; 

Greiner Bio-one, The Netherlands) and 1% v/v penicillin and streptomycin (Invitrogen, USA) 

under standard culturing conditions at 37 °C and 5% CO2. Cells were seeded on the polymer 

surfaces at a density of 10*103 cells/cm2. Experiments were replicated in quadruplicate. In 
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serum free experiments the medium was completed without FBS and cells were washed and 

resuspended in serum free medium before cell seeding. Serum free experiments were 

replicated three times. 

 

Fluorescence staining 

 

Cells were fixed with 3.7% v/v formaldehyde solution (Merck, USA) plus 0.5% v/v Triton X-

100 (Merck) in phosphate buffered saline (PBS; Sigma-Aldrich) for 10 min at room 

temperature (RT) after 3h, 24h or 72h post seeding. Samples were subsequently washed with 

PBS and blocked with 5% w/v BSA (Roche, The Netherlands) in PBS for 20 min at RT to prevent 

aspecific antibody binding. FA were stained with anti-FAK (pY397; mouse IgG1; BD Bioscience, 

USA) and anti-zyxin (IgG rabbit; Sigma-Aldrich) for 60 min in staining buffer (2% w/v BSA, 

0.05% Triton X-100 in PBS) at RT. After washing with 0.05% v/v Triton X-100 in PBS samples 

were incubated with secondary antibodies Goat-α-Mouse-Alexa Fluor 555 and Goat-α-Rabbit-

Alexa Fluor 647 (Molecular Probes, USA) phalloidin-Atto 488 (Sigma-Aldrich) in staining buffer 

for 45 min with the last 10 min 4′-6-diamidino-2-phenylindole (DAPI; 0.1 μg/mL; Sigma-

Aldrich) added. Samples were finally washed with PBS and mounted with Mowiol (Sigma-

Aldrich). FA were imaged with a Zeiss Axiovert 200M microscope with 63x magnification and 

AxioVision software (Zeiss, Germany) for quantification. 

 

Focal adhesion quantification 

 

Cell area and FA size, elongation and number per cell were determined using a custom-

built Mathematica script (version 11.1, Wolfram Research Inc., USA), as previously described 

by Buskermolen et al.52. Single cells were selected in the software for analysis. FAs between 

0.1 μm2 and 11 μm2 were used for further analysis. Elongation was determined as 1 - (FA 

length / FA width)-1, thereby a perfect circle has an elongation of 0. Per condition 

approximately 10 to 20 single cells were selected and analyzed in each of the four replicates 

(n=40-58).  

 

Migration assay 

 

HK-2s were seeded as stated before and were allowed to adhere for 3 hours on polymer 

surfaces. Cells were imaged at 5 minute intervals for 12h with a CytoMate (CytoSMART 

Technologies B.V., The Netherlands). Images were converted to stacks with ImageJ (version 

1.48v, National Institutes of Health, USA). Migration paths of 10 random cells were manually 

tracked in triplicate for each condition (n= 30) with MTrackJ (University Medical Center 

Rotterdam, The Netherlands) and analyzed with Chemotaxis and Migration Tool (version 1.01, 

ibidi GmbH, Germany), both within ImageJ.  
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Statistical analysis 

 

Data regarding FA size and the number of FAs per cell, as well as data on migration velocity 

of cells were subjected to a one way ANOVA followed by a Bonferroni post-test to compare 

all conditions with each other. Data n≤5 were subjected to a Kruskal-Wallis test with a Dunns 

post-test in which all conditions were compared. Tests were performed with the use of Prism 

5 (GraphPad Software Inc., La Jolla, USA). Probabilities of p≤0.05 were considered as 

significantly different.  
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Abstract 
 

Bio-artificial kidneys require tailor-made bioactive membranes in order to provide signals 

that regulate renal cell function. Here we employed screening of biomaterial libraries to find 

material modifications that harbor functional renal epithelial cell monolayers. Two types of 

libraries were designed, i.e. based on natural extracellular matrix (ECM) protein coatings and 

on synthetic ECM-derived peptide sequences. The synthetic library was based supramolecular 

on bis-urea based (BU) additives, which allows for modular non-covalent incorporation of 

these additives in polymeric base materials with the same BU-motif. This modular behavior is 

crucial for designing fractional factorial based biomaterial libraries. The parallel screening of 

the libraries permits for a comparison of complex proteins and simple synthetic moieties. The 

protein based library revealed that basement membrane proteins together with a polymeric 

catechol coating were able to induce monolayer formation. On the contrary, a selection of 

synthetic ECM protein derived peptides was unable to induce long-term monolayer formation. 

However, a monomeric catechol additive was able to steer monolayer formation. 

Unexpectedly, monolayers cultured on the simple catechol functionalization presented similar 

levels of epithelial markers and apical transporter function when compared to the complex 

protein coatings found in the screening of the natural library. Both hits were successfully 

translated from films to electrospun membranes, retaining their potency to induce tight 

monolayers and basolateral transporter activity. This study indicated that complex protein 

coatings can be replaced by a simple catechol modification to cultivate living membranes for 

a bio-artificial kidney. Moreover, it displayed the potency of material libraries based on design 

of experiments in combination with the modular supramolecular BU chemistry to reveal 

unexpected findings. 
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Introduction 
 

Biomaterials are at the fundament of many regenerative medicine therapies, providing a 

protective environment, or supportive mechanical properties.1,2 Tailor-made bio-instructive 

materials are important to guide a desired cell response for a specific application.2 Functions 

have been engineered into biomaterials to allow cells to remodel their environment3,4, release 

instructive cytokines5,6, or have cell specific adhesion sites7,8.    

The development of a bio-artificial kidney requires a bioactive membrane on which renal 

epithelial cells (RECs) form a tight polarized monolayer with efficient transporter activity to 

fine tune both pre-urine and blood composition.9–11 Several research groups have evaluated 

the effect of extracellular matrix (ECM) protein coatings on anti-fouling hemodialysis 

membranes to achieve a tight functional monolayer.12,13 Basement membrane components 

collagen type IV (Col IV) and laminin (Lam) were found to retain epithelial monolayers for a 

prolonged period of time. Moreover, the addition of adhesive polymerized L-3,4-

dihydroxyphenylalanine (L-DOPA) further improved monolayer formation.13–15 Albeit 

successful, the coating of hemodialysis membranes requires laborious protocols, while “off-

the-shelf” bioactive membranes are desirable.  

Alternatively, biomaterials have been functionalized with ECM protein mimicking peptides 

substituting ECM protein coatings.8,16,17 Short peptides do not suffer from batch to batch 

differences and are synthetically more accessible than proteins. Sharma et al. recently 

screened the adhesion of different cell types on a range of peptides, demonstrating cell 

specific responses to specific peptides.8 Fibronectin derived peptide sequence RGD, however 

showed to be a common anchoring point for cell types.8 The response of RECs to ECM 

mimicking peptides has been barely explored. Research by Enemchukwu et al. revealed that 

tubular genesis and polarity establishment is dependent on RGD density in artificial matrices.4  

The incorporation of ECM derived peptides in biomaterials often relies on laborious 

covalent modification of the surface.18,19 Supramolecular chemistry can provide bioactive 

materials functionalized through a simple mix-and-match approach.7,20 Carefully designed 

Supramolecular motifs are designed to interact through non-covalent interactions, thereby 

acting as modular building blocks.20,21 The conjugation of such supramolecular motifs on 

bioactive peptides or polymers allows for engineering complex materials that stably integrates 

the different properties brought by the individual components (e.g. mechanical properties, 

cell adhesion, or anti-fouling).7,22–24 A clear example is the work on ureido-pyrimidinone (UPy) 

modified polycaprolactone based (PCL) membranes. A mixture of UPy-modified ECM 

mimicking peptides was successfully integrated into the membranes, resulting in stable 

monolayer formation of RECs.23,25 However, the exact contribution and optimal concentration 
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of each peptide were not investigated. Moreover it is unknown if peptides can completely 

replace complex protein coatings for phenotype induction. 

Supramolecular bis-urea (BU) motifs are exceedingly suited as a modular building blocks. 

BU-moieties assemble into ribbon structures through bifurcated hydrogen bonds, and three 

to six of these ribbons assemble into nanoscale fibers (Figure 3.1A).26–30 Several additives, 

peptides and polymers have been modified with BU-moieties, which enabled the integration 

of the additives into base polymers (Chapter 2).31–36 Moreover, BU-moieties allow for more 

efficient material functionalization compared to UPy-units (Chapter 2). The intrinsic modular 

nature of supramolecular BU-moeities makes them eminently suitable for the creation of 

complex screening libraries.   

Until now the power of supramolecular biomaterials libraries has not been harnessed for 

screening elastomeric biomaterial compositions.37 Over the years a variety of covalent 

biomaterials libraries have been constructed, which mainly focused on basic cell adhesion or 

influencing stem cell behavior.8,37–44 In early work by Anderson et al., a beautiful array was 

developed in which the polymer composition was varied using 24 different monomers to 

evaluate stem cell response.42 Other groups have evaluated biomaterial libraries based on 

protein coatings40,41, peptide functionalizations8,39, topography44, and hydrophobicity45. 

Seldom protein and peptide functionalizations are directly compared for electing a desired 

cell response, while peptides are often selected to mimic proteins.46  

In this study, a natural ECM protein coating library and a synthetic supramolecular additive 

library were investigated for their capacity to induce REC monolayers. Established statistical 

fractional factorial design of experiments enables for the creation and evaluation of both small 

libraries.47 This approach is barely employed in biomaterial screenings due to difficulties faced 

when independently altering constituents in synthetic polymer systems.37 The natural ECM 

protein library consisted out of collagen type I (Col I), Col IV, Lam, fibronectin (Fib), and 

polymeric L-DOPA (Figure 3.1B). L-DOPA is often applied as an adhesive to improve protein 

anchoring to a material.13,14,48 The synthetic supramolecular additive library was comprised of 

several ECM derived peptides; (i) cyclic (c)RGD derived from laminin, collagens and 

fibronectin19, (ii) PHSRN found in fibronectin49, (iii) GFOGER and (iv) DGEA both derived from 

Col IV and Col I18,50, and (v) YIGSR from laminin17. The peptides were functionalized with BU-

motifs to allow for modular integration into the base material (Figure 3.1B, Scheme 3.1) 

Additionally, a BU functionalized monomeric catechol (BU-Catechol) was included to 

potentially mimic a polymeric catechol L-DOPA coating (Figure 3.1B). As a base material PCL-

BU was selected, which has been shown to effectively present BU-peptides at the surface 

(Chapter 2). Initial screening was performed with two different REC cell lines, i.e. Renal 

Proximal Tubule Epithelial Cells (RPTEC) and Human Kidney 2 cells (HK-2), assessing their 

monolayer formation capacity to elucidate cell specific responses to biomaterial 
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functionalizations (Figure 3.1C). Monolayer quality was firstly assessed through the 

quantification of epithelial cell-cell contact marker Zona Occludens 1 (ZO-1).51 Monolayers 

with matured ZO-1 indicate tight cell-cell contacts which are crucial for a cell based selective 

membrane in a bio-artificial kidney. Hits from both natural and synthetic libraries were directly 

compared in terms of monolayer coverage, presence of REC markers, apical transporters 

function and matrix deposition. Finally, library hits were employed to create living electrospun 

membranes to move towards off-the-shelf bioactive membranes for a bio-artificial kidney. 

 

Figure 3.1 - Schematic representation of library construction and chemical structures. A Single stack assembly 

of bis-urea based hard phase motifs (top). Atomic force phase micrograph of a BU-modified polycaprolactone 

(PCL-BU) film depicting hard phase bis-urea fibers in a soft phase polymeric matrix. B Chemical structures of the 

base material PCL-BU and BU-modified additives. C Schematic representation of BU-additive and -polymer 

assembly. D Schematic representation of library construction and evaluation. 

Results and discussion 
 

Library set-up 
 

Biomaterial library combinations were created by established fractional factorial design 

(Table 3.1, 3.2). The five component ECM based library employed 16 initial screening 

conditions, while the six component synthetic library required 32 combinations. This resulted 

in low level aliasing of a primary effector with quaternary or pentanary interaction effects, 
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respectively. To quantify ZO-1 expression by REC monolayers a custom analysis script was 

developed. A grid was superimposed on fluorescent images and the amount of intersections 

between the grid and ZO-1 positive cell-cell contacts was quantified.  

Natural ECM protein library screened for monolayer formation 
 

The fractional factorial protein coating library revealed that pristine PCL-BU was incapable 

of maintaining a HK-2 monolayer with full coverage for a three week culture period (Figure 

3.2A, B). None of the protein coatings prevented defect and multilayer formation in HK-2 cell 

layers (Figure 3.2A, B). The presence of laminin in a coating drastically improved the quality of 

the HK-2 monolayer (Figure 3.2A, B). The laminin did not require other factors to exert its 

function, and therefore presented a significant effect size compared to the base line. (Figure 

3.2C). 

Full confluency of RPTEC monolayers was not achieved on pristine PCL-BU. The addition of 

protein coatings did partly improve cell coverage (Figure 3.2D, E). RPTEC monolayers with full 

to near full coverage were observed in most combinations of L-DOPA with proteins (Figure 

3.2D, E). The promiscuous synergistic behavior of L-DOPA with Col IV, Lam or Fib resulted in a 

large effect size of L-DOPA as a single factor, albeit the modest effect observed as single 

coating (Figure 3.2D, F). To further investigate synergistic effects between L-DOPA and various 

ECM proteins, a full factorial screening was performed where L-DOPA was set as a constant 

and Col IV, Lam and Fib as variables. The presence of Col IV was shown to be the most 

important synergistic partner of L-DOPA with a significant effect size (Figure 3.3). The 

combination of L-DOPA with Col IV and Lam however most consistently produced confluent 

monolayers, while large to small defects can be observed in the monolayers of the other 

combinations, i.e. including L-DOPA with only Col IV (Figure 3.2, 3.3).  

 Taken together these results indicated that there are cell specific differences between two 

REC cell lines in the response to ECM protein coatings. HK-2 monolayer formation benefitted 

from a Lam coating. RPTECs required a complex coating consisting out of L-DOPA, Col IV and 

Lam to reach full confluency. These data are in line with previous reports by Zhang et al. who 

observed cell specific responses to ECM coatings between different types of REC.12 Secondly, 

L-DOPA, Col IV and Lam are known for their positive influence on monolayer formation of 

RECs.12–14 Catechols in the polymeric L-DOPA coating likely effectively tether proteins to the 

surface through both covalent as supramolecular interactions.52,53 The improved protein 

adhesion to the surface is postulated to improve cellular adhesion to the protein coating. The 

native basement membrane of REC is abundant in Col IV and Lam, thereby indicating that the 

coatings mimic parts of native environmental cues.54 

 



Screening of biomaterial libraries: the comparison of natural and synthetic surfaces 

55 
 

 

 

Figure 3.2 - Renal epithelial cell monolayer response to a protein coating library. Selection of protein conditions 

depicting A HK-2 or D RPTEC monolayers stained for Zona Occludens-1 (ZO-1), scale bars are 100 µm. Pristine is 

uncoated PCL-BU, Collagen type I (Col I) and type IV (Col IV), Laminin (Lam), Fibronectin (Fib). B, E Quantification 

of ZO-1 expression by HK-2 and RPTEC respectively. C, F Effect size of single components and interactions by two 

coating components. n=9, *p≤0.05, ***p≤0.001. 
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Figure 3.3 - Response of RPTEC to ECM proteins with L-DOPA constant. RPTEC cells cultured on biomaterial 

conditions coated with L-DOPA, Collagen type IV (Col IV), Laminin (Lam) or Fibronectin (Fib) or left pristine (no 

coating on PCL-BU) for 3 weeks. Cells stained for Zona Occludens-1 (ZO-1; Left), scale bar are 100 µm. 

Quantification of ZO-1 (Right top), effect size components (Right bottom), n=3, *p≤0.05.  

Synthetic supramolecular biomaterial library screening for monolayer formation 
 

The BU-additive design entailing C6-Urea-C4-Urea-C12-(OEG)12-R, where R can be a variety 

of functional groups, was proven to be successful in presenting functional peptides at the 

biomaterial surface as shown in chapter 2. Therefore it was employed as the design for all BU-

additives. Screening of the synthetic additive library indicated that all BU-additives were 

incapable to exercise a meaningful positive effect on monolayer quality of HK-2, with 

overgrowth and defects observed in the cell layer (Figure 3.4A-C). The quality of the 

monolayer coverage was equal to that of pristine PCL-BU. The addition of BU-peptides to PCL-

BU, in combinations or solely, resulted in a patchy RPTEC layer on the materials after three 

weeks of culture (Figure 3.4D, E). According to previous studies, BU-peptides additives were 

estimated to be effective at a concentration of 1 mol% (chapter 2).23,25 Peptide ineffectiveness 

could be caused by insufficient peptide presentation. Nevertheless, a concentration increase 

from 1 mol% to ultimately 5 mol% did not improve monolayer confluency for RPTEC cells 

(Figure 3.5). The addition of BU-Catechol to PCL-BU did result in perfect to near perfect RPTEC 

monolayer formation in all combinations (Figure 3.4D, E). The BU-Catechol additive presented 

a significant effect size on monolayer coverage (Figure 3.4F). Interestingly, subsequent 

investigation revealed BU-Catechol to be active as a single component which retained its  
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Figure 3.4 - Renal epithelial cell monolayer response to an additive library. Selection of BU-additive conditions 

depicting A HK-2 or D RPTEC monolayers stained for Zona Occludens-1 (ZO-1), scale bar = 100 µm. Pristine is 

uncoated PCL-BU. B,E Quantification of ZO-1 expression by HK-2 and RPTEC respectively. Pristine is unmodified 

PCL-BU, BU-GFOGER (G), BU-YIGSR, (Y), BU-cyclic RGD (R), BU-DGEA (D), BU-Catechol (C), and BU-PHSRN (P) C,F 

Effect size of single components and interactions by two coating components, n=6.  

activity when its concentration was decreased from 5 mol% to 2.5 mol% (Figure 3.5). More 

frequent defect formation was observed in the RPTEC monolayers when the addition of BU-

Catechol was below 2.5 mol%. However monolayers were often of better coverage quality 

than those found on peptide functionalized surfaces (Figure 3.5). Thereby, it is shown that BU-

Catechols strong effect size is independent of other factors (Figure 3.4F)   
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In conclusion, screening of the synthetic library revealed remarkable results, as the selected 

peptides were incapable of recapitulating the beneficial effect found by protein coatings on 

monolayer formation for both cell types under these experimental conditions. Remarkably, 

the simple reactive BU-Catechol additive was able to induce RPTEC monolayer formation. 

The ability of ECM mimicking peptides to induce a REC monolayer has been reported with 

varying levels of success.23,25 Primary human REC formed confluent monolayers on peptide 

functionalized membranes, in the absence of flow, this was not achieved by HK-2s, indicating 

cell specific responses.23,25 The presently employed BU-system has superior effective peptide 

presenting properties compared to the previously employed material system (Chapter 2). This 

suggests that any initial cues provided by the peptides are unable to steer the currently 

selected cell types to form full coverage monolayers. Monomeric catechol surface 

functionalization by BU-Catechol addition resulted in fully confluent RPTEC monolayers, not 

for HK-2 cells. Yet, sole polymeric catechol L-DOPA coating was unable to promote RPTEC 

monolayer formation. This discrepancy can potentially be explained by work by Choi et al., 

where it was speculated that polymerized L-DOPA coatings can detach and exert detrimental 

effects on cells, acting as a double edge sword.55 Stable anchoring of monomeric catechols to 

the surface prevents detachment and retains the adhesive character of the surface.55 We 

speculate that a subsection of BU-Catechol reacts to proteins bound on the cell membrane 

which initiates initial attachment, afterwards proteins deposited by the cells are bound to the 

surface.   

 

Figure 3.5 - Concentration range of BU-additives. RPTEC cells cultured for 3 weeks on biomaterials containing 

different concentrations of BU-additives. Cells stained for Zona Occludens-1 (ZO-1), and subsequently quantified, 

n=3. 

Comparison of natural and synthetic modifications on monolayer formation  
 

Bio-artificial kidneys are based on the premise that a confluent monolayer of REC can act 

as a selective barrier for filtrate fine tuning. HK-2 were unable to achieve a confluent 

monolayer on both coatings and additive modifications. Moreover, HK-2 lost several key 

transporters required for filtrate fine-tuning compared to RPTEC.56–58 Initial quantification of 

ZO-1 positive cell-cell contacts revealed the degree of cell coverage and the basic premise of 
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the cell’s epithelial nature to be similar on a complex protein coated surface and on a simple 

reactive surface functionalization, i.e. L-DOPA with Col IV and Lam, and BU-Catechol, for 

RPTEC.51 However, BU-Catechol cannot provide complex signaling as the natural basement 

membrane proteins, therefore we assume the mechanism behind the similar monolayer 

coverage are initially different. In a direct comparison it was assessed whether the monolayers 

were of equal quality in terms of coverage, epithelial marker expression and function. 

ZO-1 expression and quantification revealed similar levels of cell coverage between L-DOPA 

with Col IV and Lam coated samples and BU-Catechol functionalized materials (Figure 3.6A). 

In this experiment both conditions outperformed pristine PCL-BU in monolayer formation. 

Additional epithelial markers, i.e. primary cilia, megalin expression, and γ-glutamyltransferase 

activity, were found to be conserved over all material conditions (Figure 3.6B-D), indicating 

that the RPTEC cell line stably preserves its epithelial nature over the applied culture period. 

Furthermore, the deposition of basement membrane proteins Col IV and Lam γ1 by the 

RPTECs was investigated. Under all material conditions Col IV and laminin is expressed, with 

Col IV more clearly visible (Figure 3.6E). RPTECs cultured on pristine PCL-BU presented Col IV 

in a punctuated form and was mainly situated intracellular. In response to the L-DOPA with 

Col IV and Lam coating, RPTECs deposited small Col IV fibrils relatively homogenously over the 

surface under the cells. This deposition pattern is in contrast with the initial pattern provided 

by the L-DOPA with Col IV/Lam coating, which presented small globular clusters of co-localized 

Col IV and Lam γ1 (Figure 3.7). Cells cultured on BU-Catechol functionalized surfaces deposited 

Col IV in similar fibrils, but in lesser extent and more heterogeneously in comparison to cells 

cultured L-DOPA with Col IV and Lam coating. Additionally, larger Col IV aggregates were 

observed on BU-Catechol surfaces (Figure 3.6E).  

The collective apical efflux transporter function of breast cancer resistance protein (BCRP), 

multidrug resistance protein 4 (MRP4) and P-glycoprotein (P-gp) is assessed by the clearance 

efficiency of 5-chloromethylfluorescein diacetate (CMFDA). Cells cultured on pristine PCL-BU 

showed no effective transporter activity, however cells on L-DOPA with Col IV/Lam, or BU-

Catechol functionalized PCL-BU surfaces showed clearance of CMFDA in an inhibited state 

(Figure 3.6F). Cells on BU-Catechol functionalized PCL-BU exhibited the strongest collective 

efflux transport function of all material conditions. Transporter function was shown to 

improve over time as a REC monolayer matures.58,59 RPTECs cultured on PCL-BU were 

incapable of forming a monolayer with full coverage, hindering monolayer maturation, and 

thereby potentially limiting efflux transporter expression. 

Overall the data indicated that both the complex L-DOPA with Col IV and Lam protein 

coating, and a simple synthetic BU-Catechol functionalization resulted in a monolayers of 

similar quality, in terms of cell coverage, REC marker expression and transporter activity. 

Moreover, both functionalizations showed improved matrix deposition by cells compared to 
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pristine PCL-BU. Taken together the data implies that a simple synthetic modification can 

replace a complex protein coating. 

 

 

 

Figure 3.6 - Epithelial phenotype of monolayers on natural vs. synthetic modified materials. Left column 

pristine PCL-BU, middle column PCL-BU coated with L-DOPA, Collagen type IV (Col IV) and Laminin (Lam), right 

column PCL-BU functionalized with 5 mol% BU-Catechol. A Monolayer formation of RPTECs, cells stained for Zona 

Occludens-1 (ZO-1; left), and quantification of ZO-1 (right). Scale bar is 100 µm. B Cells stained for primary cilia 

(α-Tubulin; left), arrows indicate examples of primary cilia. Scale bar = 25 µm. Amount of primary cilia positive 

cells (right). C Megalin (red) expression by cells, nucleus (blue), scale bar = 25 µm. D γ-glutamyltransferase activity 

of cells corrected for cell numbers. E Extra cellular matrix deposition by cells, top row depicting top view with 

Laminin γ1 (red), Col IV (green), and nucleus (blue), scale bar is 25 µm. Bottom row side view Laminin γ1 (red), 

Col IV (green) and actin (pink), scale bar is 10 µm. F Ratio of fluorescent model substrate presence in cells where 

apical efflux transporters are inhibited and uninhibited. Mean ± SEM depicted from n=3.  
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Figure 3.7 Staining of L-DOPA with Collagen type IV and Laminin coating before cell culture. laminin (green), 

Collagen type IV (red), scale bar is 100 µm. 

Both natural and synthetic modifications enable living membrane formation 
 

Membranes which permit efficient diffusion and potentially mimic topographical ECM 

features are desired for a bio-artificial kidney. Both features are provided by the highly 

interconnected fibrous electrospun membranes. Here, we assessed whether hits from both 

libraries could be translated from flat polymer films towards living membranes. PCL-BU and 

PCL-BU with 5 mol% BU-DOPA were successfully electrospun in membranes with similar fiber 

morphology, respective fiber diameters of 0.79±0.20 µm and 0.65±0.19 µm (Figure 3.8A). An  

 

Figure 3.8 - Achieving functional living membranes through different bio-activation routes. A Left panels show 

macroscopic images of PCL-BU membranes, either pristine or with 5 mol% BU-Catechol incorporation subjected 

to an Arnow’s staining for catechols (orange). The right panels show scanning electron micrographs of the 

membranes. B RPTEC cultured on pristine PCL-BU (left column), PCL-BU coated with L-DOPA, Collagen type IV 

(Col IV) and Laminin (Lam; middle column), PCL-BU functionalized with 5 mol% BU-Catechol (right column) for 3 

weeks, cells stained for Zona Occludens-1 (ZO-1; grey). Scale bar is 50 µm. C Membrane permeability defined by 

the level of passive FITC-inulin transport between the basolateral and apical compartment. D Basolateral 

transporter OCT2 activity assessment by fluorescent model substrate (4-(4-(Dimethylamino)styryl)-N-

methylpyridinium iodide, ASP) uptake presence in cells where OCT2 is inhibited and uninhibited. Mean ± SEM 

depicted from n=3.   
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Arnow’s staining revealed accessible catechols in BU-Catechol functionalized materials, while 

pristine samples remained negative (Figure 3.8A). Fully confluent monolayers were observed 

on L-DOPA with Col IV and Lam, or BU-Catechol modified membranes, in line with results 

found on flat polymer films (Figure 3.8B). These monolayers effectively limited passive 

diffusion of FITC-inulin from the basolateral to the apical compartment (Figure 3.8C). RPTECs 

showed effective basolateral uptake transporter organic cation transporter 2 (OCT2) activity 

under all material conditions, with the highest activity found in cells cultured on L-DOPA with 

Col IV/Lam coated membranes (Figure 3.8D). 

Conclusion and Outlook 
 

We reported a parallel screening of two biomaterial libraries, a commonly used natural 

ECM coating library and a synthetic supramolecular additive biomaterial library. Natural 

basement membrane components Col IV and Lam, and polymerized L-DOPA achieved 

monolayer formation. Small ECM mimicking peptides were unable to induce stable monolayer 

formation, while a simple monomeric catechol additive did. Albeit there being cell specific 

responses between employed REC cell lines. Importantly, the simple catechol modification 

yielded cell monolayers of equal quality in terms of epithelial phenotype and transporter 

function as the complex coating mixture of L-DOPA with Col IV and Lam. These findings can be 

translated to produce bioactive membranes for applications such as the bio-artificial kidney 

or nephrotoxicity assays. Moreover, this study displayed the strength of the mix-and-match 

principle of supramolecular BU based biomaterials. Currently, only one base polymer and a 

few selected ECM peptide mimics were selected to screen for a response. The library has the 

potential to be expanded with different base polymers and to include more ECM protein 

mimicking peptides such as IKVAV, full length GFOGER or PHSRNKRGDS.17,60 In addition, other 

cell environment cues could be incorporated such as cell-cell contact mimics (e.g. HAVS), and 

glycosaminoglycan mimics (e.g. sulfated peptides).61–63 Overall the supramolecular approach 

allows for easy construction of versatile biomaterial libraries aimed at desired biomedical 

applications. 
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Materials and Methods  
 

Synthesis of BU functionalized peptides and catechol 
 

BU-additives were kindly synthesized by Dr. Peter-Paul Fransen and Johnick van Sprang.  

 

Scheme 3.1 - Chemical structures and schematic representations of BU-additives. 
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Biomaterial library preparation 
 

A solution of 15 mg/mL PCL-BU (Mn=2.7 kg/mol, SyMO-Chem) in hexafluoroisopropanol 

(HFIP; Fluorochem) was prepared and left to dissolve overnight. A glass bottom 96-well plate 

(Greiner Bio-one) was coated with PCL-BU by pipetting 40 µL of solution per well. Through 

solvent evaporation phase separation a thin polymer film was formed on the glass at a 

maximum relative humidity of 40%. The well plate was placed in vacuo overnight to ensure 

evaporation of the organic solvent. Samples were UV-sterilized for 10 min and subsequently 

pre-wetted with PBS (Sigma-Aldrich) for 10 min. ECM protein screening conditions were 

applied as according to Table 3.1. 2 mg/mL L-DOPA (Sigma-Aldrich) in 10 mM TRIS-buffer 

(Sigma-Aldrich) pH 8.5 was left to dissolve and polymerize for 1h at 37°C. PBS was aspirated 

and sterile filtered L-DOPA solution was applied where applicable and incubated for 4 min at 

37 °C. Subsequently, samples were washed with PBS and left to dry for 5 min at RT. Four times 

concentrated stocks of ECM protein were prepared in PBS, Rat tail Col I (1200 µg/mL, Corning), 

bovine Fib (120 µg/mL, Biomedical Technologies Inc.), Col IV from human placenta (100 

µg/mL, Sigma-Aldrich), and Lam from Engelbreth-Holm-Swarm murine sarcoma basement 

membrane (120 ug/mL, Sigma-Aldrich). According to Table 3.1, 25 µL of protein coating 

solution and PBS were added in each well to achieve an end volume of 100 µL. The ECM 

protein solutions were applied for 30 minutes at 37 °C and were subsequently aspirated and 

washed with PBS. The films were left to dry for 5 minutes after which samples were 

immediately used for cell culture purposes. The conditions were performed in triplo, and 

replicated three times. The screening combinations for the BU-peptides and BU-Catechol were 

prepared as according to Table 3.2. Per condition a 15 mg/mL PCL-BU solution in HFIP was 

complemented with additives to achieve 1 mol % of each of the applicable BU-peptides and 5 

mol% of BU-Catechol in the final casting solution. Thin polymer films were produced in triplo 

per condition as described before for pristine PCL-BU. Additionally, samples were prepared 

with 1.25 mol%, 2.5 mol%, and 5 mol% of single BU-peptide functionalized surfaces, or PCL-

BU was functionalized with 0.3 mol%, 0.6 mol%, 1.25 mol%, 2.5 mol% or 5 mol% BU-Catechol. 

Samples were UV-sterilized for 10 min before usage for cell culture. 
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Table 3.1 - ECM Library composition. “+” present, “-“ absent in coating combination, *Not required for DoE 
analysis, performed as control. Sole presence of PCL-BU is termed Pristine. 

Run Collagen type IV Laminin Fibronectin Collagen type I L-DOPA 

1 - - - - + 

2 + - - - - 

3 - + - - - 

4 + + - - + 

5 - - + - - 

6 + - + - + 

7 - + + - + 

8 + + + - - 

9 - - - + - 

10 + - - + + 

11 - + - + + 

12 + + - + - 

13 - - + + + 

14 + - + + - 

15 - + + + - 

16 + + + + + 

17* - - - - - 
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Table 3.2 BU-additive library composition. “+” present, “-“ absent in combination. Sole presence of PCL-BU 
is termed Pristine 

Run BU-GFOGER BU-YIGSR BU-cRGD BU-DGEA BU-Catechol BU-PHSRN 

1 - - - - - - 

2 + - - - - + 

3 - + - - - + 

4 + + - - - - 

5 - - + - - + 

6 + - + - - - 

7 - + + - - - 

8 + + + - - + 

9 - - - + - + 

10 + - - + - - 

11 - + - + - - 

12 + + - + - + 

13 - - + + - - 

14 + - + + - + 

15 - + + + - + 

16 + + + + - - 

17 - - - - + + 

18 + - - - + - 

19 - + - - + - 

20 + + - - + + 

21 - - + - + - 

22 + - + - + + 

23 - + + - + + 

24 + + + - + - 

25 - - - + + - 

26 + - - + + + 

27 - + - + + + 

28 + + - + + - 

29 - - + + + + 

30 + - + + + - 

31 - + + + + - 

32 + + + + + + 

 

  



Screening of biomaterial libraries: the comparison of natural and synthetic surfaces 

67 
 

Membrane fabrication and characterization  
 

Electrospun membranes were produced from a 200 mg/mL PCL-BU in HFIP solution with or 

without 5 mol% BU-Catechol. Electrospinning was performed on an EC-CLI (IME Technologies), 

polymer fibers were collected on a cylindrical target (Ø = 28 mm) wrapped in aluminum foil 

while rotating at 500 rpm. The polymer solution was fed through a nozzle (Ø = 1.0–0.8 mm) 

with a rate of 20 µL min−1, the nozzle tip was 21.5 cm removed from the collector with a 

scanning distance of 100 mm. A voltage difference of 25 kV was applied to enable spinning of 

around 800 µL of solution. The chamber temperature was set to 23 °C and a relative humidity 

of 30%. Scanning electron microscopy and an Arnows staining (i.e. staining for catechols) were 

performed as described in literature.64,65 The experiments were performed in triplicated. 

Circular membranes were punched with a diameter of 8 mm and mounted in a custom 

modified 24-well transwell inserts.  

 

Culture of renal epithelial cell lines 
 

HK-2 cells (ATCC) were cultured in complete medium consisting of Dulbecco’s Modified 

Eagle Medium (DMEM) (Gibco) supplemented with 10 v/v% fetal bovine serum (FBS) (Greiner 

Bio-one) and 1 v/v% penicillin-streptomycin solution (Invitrogen) in a humidified atmosphere 

at 37 °C and 5% CO2. RPTEC cells (RPTECs-TERT1; ATCC) were cultured in complete medium 

consisting of DMEM:F-12 Nutrient Mixture (Gibco), L-Glutamine and 15mM HEPES. 

Furthermore, the medium was supplemented with 1 v/v% penicillin-streptomycin solution, 

RPTEC growth kit of ATCC (PCS-999-058, PCS-999-059) and 0.1 mg/mL G418 (Sigma-Aldrich). 

HK-2 and RPTECs cells were seeded respectively with a density of 30,000 and 160,000 

cells/cm2 on samples to form a monolayer 3 to 4 days. Cells were kept in culture for 3 weeks, 

with medium changes every 2 to 3 days, to evaluate screening conditions over a long-term.  

Immunostaining and imaging of cells 
 

Cells were washed with PBS and fixated with 3.7% formaldehyde in PBS for 10 minutes. 

Followed by a second wash with PBS and a permeabilization step with 0.5% v/v Triton X-100 

in PBS for 10 minutes. The solution was aspirated and the cells were washed twice with PBS. 

To prevent non-specific binding of antibodies, samples were incubated with 5% BSA (Roche) 

in washing buffer (0.05% v/v Triton X-100 in PBS). The blocking solution was aspirated and 

samples were incubated with primary antibodies against selected biomarkers (Table 3.3) in 

2% BSA in washing buffer for 1h at RT. Cells were subsequently washed with washing buffer 

and incubated with secondary antibodies and phallodin-488 (Sigma-Aldrich; Table 3.3) for 45 

minutes. During the final 10 min DAPI nuclei staining (1:500 dilution, D9542, Sigma) was 

added. Samples were washed three times with PBS. Cells were imaged using the Zeiss Axiovert 
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200M microscope (Zeiss). Cell nuclei were quantified with ImageJ (v1.48, NIH), cilia manually 

counted in a blinded fashion. 

 
Table 3.3 - List of employed antibodies. 

Antibody against Supplier, catalogue number Dilution 

ZO-1 BD Biosciences, 610966 1:200 
αTubulin Abcam, ab18251 1:200 
Collagen type IV Abcam ab6586 1:100 
Laminin gamma 1 Abcam, ab17792 1:50 
Megalin Abcam, ab76969 1:200 
Phalloidin-atto4888 Sigma-Aldrich, 49409 1:500 
anti-mouse IgG (H+L) - AF555 Molecular probes, A21424 1:200 
anti-mouse IgG (H+L) - AF647 Molecular probes, A21236 1:200 
anti-rabbit IgG (H+L) - AF555 Molecular probes, A21428 1:200 
anti-rabbit IgG (H+L) - AF647 Molecular probes, A21244 1:200 
anti-Rat IgG (H+L) - AF488 Invitrogen, A11006 1:200 
anti-Rat IgG (H+L) - AF555 Molecular Probes, A21434 1:200 

 

ZO-1 quantification model 
 

Per well three images were acquired of the ZO-1 localization in the sample. A custom 

automatic MatLab script was written to quantify ZO-1 expression in cells. Briefly, the following 

steps were executed. Firstly images were subjected to a sharpening filter and contrast 

stretching followed by subtraction of grey values of the DAPI staining to reduce the signal of 

non-specific ZO-1 staining around the nuclei of the cells. With an automatically calculated 

global threshold images converted into binary images. Remaining noise was removed through 

the application of a Weiner filter. An identical twenty by twenty grid with a 3 pixel line width 

was imposed on the images. For each grid line the intensity was averaged over X pixels to 

create a 1D intensity profile. The profiles per image were analyzed for peaks with Matlab 

findpeaks function. Peak properties for detection (width, minimum area and minimum peak 

height) were established by visual inspection of pilot data in order to minimize the amount of 

false positives and false negatives. For each image the total number of detected peaks on the 

grid lines are presented and the model calculates the total amount of peaks per image. The 

term “intersections” is used to refer to these measured intensity peaks. Eventually, only the 

intersections between the grid and the ZO-1 signal with the required pixel intensity (including 

the required peak properties) are measured and counted these intersections. 

γ-Glutamyltransferase activity 
 

γ-Glutamyltransferase (GGT) is an enzyme secreted by renal epithelial cells. Cells were 

incubated with assay mixture containing 1 mM L-Glutamic acid γ-(4-nitroanilide) and 20 mM 

glycylglycine in DMEM:F12 medium for 1h at 37°C. Cells were incubated with 20 mM 

glycylglycine in DMEM:F12 as control. A serial diluted p-nitroaniline standard curve was 
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prepared with a range of 5 mM to 2.5 µM in DMEM:F12 medium. Absorbance was measured 

at 405 nm (SynergyHT, BioTEK). Cells were lysed in 20 mM TRIS-buffer pH 8 supplemented 

with 150 mM NaCl, 1 mM EDTA and 1% v/v Triton X-100. Protein content was determined 

through a BCA assay (Thermo Scientific), which was performed according to manufacture’s 

protocol. The experiment was performed in triplicated 

Transporter activity 
 

Efflux transporter functionality was assessed through inhibition of BCRP, MRP4, and P-gp 

by an inhibitor cocktail adapted from Caetano-Pinto et al.66 In short, cell were washed with 

PBS and exposed either to an inhibitor cocktail containing 5 M KO143 (K2144, Sigma), 5 M 

MK571 (M7571, Sigma), and 2 M PSC833 (4042, Tocris) in completed growth medium, or to 

completed growth medium for 30 min at 37°C. After pre-inhibition, the cells were incubated 

with 1.25 M CMFDA (C7025, Molecular Probes) in completed growth medium 

correspondingly with and without inhibitors. Cells were incubated for 40 min at 37°C and 

subsequently washed with ice cold completed medium. Cells were lysed with 0.5% v/v Triton 

X-100 in PBS for 30 min at 37°C. The lysate was collected and fluorescence was measured (Ex: 

492 nm, Em: 517 nm, SynergyHT). The experiment was performed in triplicate. 

Basolateral uptake receptor OCT-2 activity was assessed through adaptation of previously 

reported protocols.67,68 In short, cells were washed with PBS and pre-exposed either in the 

presence or absence of 100 M OCT-2 inhibitor tetrapentyl ammonium chloride (Sigma-

Aldrich) in completed growth medium without antibiotics for 30 min at 37°C. Subsequently, 

fluorescent substrate 4-(4-(Dimethylamino)styryl)-N-methylpyridinium iodide (ASP) was 

added in the basolateral compartment to achieve a final concentration of 12.5 M. Cells were 

lysed with 1% v/v Triton X-100 in PBS for 30 min after substrate incubation for 24h at 37°C. 

The lysate was collected and fluorescence was measured (Ex: 485 nm, Em: 590 nm, 

SynergyHT). The experiment was performed in triplicate. 

Monolayer permeability 
 

A FITC-inulin diffusion assay was performed to assess monolayer permeability, as described 

in literature.69  

Statistics 
 

An established standard statistical fractional factorial design was employed to reduce the 

number of ECM protein and peptide combination in the initial screening library. Design and 

analysis of the experiments was done using R (v3.4.4, R Foundation) with Rcmdr.DoE plugin 

(v0.12-3, Ulrike Groemping). A 2 level fractional factorial design with 5 factors for ECM 

coatings and 6 factors for ECM peptides was selected with 16 or 32 unique conditions (Table 
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3.1 and 3.2). This resulted in respectively a design resolution of V and IV. Main effects, two- 

and three-factor interactions along with statistical significance were calculated according to 

standard fractional factorial analysis by R and the Rcmdr.DoE plugin. Significance was assumed 

α≤0.05. Remaining statistical analysis were formed in Prism (GraphPad Software Inc.). Data 

was subjected to a Kruskal-Wallis test with a Dunns post-test in which all conditions were 

compared. 
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Abstract 
 

Supramolecular motifs in elastomeric biomaterials facilitate the modular incorporation of 

additives with corresponding motifs. The influence of the elastomeric supramolecular polymer 

on the presentation of the additives has been sparsely examined, limiting the knowledge of 

transferability of effective functionalizations between polymers. Here it was investigated how 

the polymer backbone and the additive influence biomaterial modification in two different 

types of hydrogen bonding supramolecular systems, i.e. based on ureido-pyrimidinone or bis-

urea units. Two different cell adhesive additives, i.e. catechol or cyclic RGD, were incorporated 

into different elastomeric polymers, i.e. polycaprolactone, priplast or polycarbonate. The 

additive effectiveness was evaluated with three different cell types. Additive incorporation 

showed modest alterations on nano-scale assembly at the surface in ureido-pyrimidinone 

based materials. While additive addition was highly intrusive on the surface morphology in 

bis-urea-based polymers. In both systems, the elastomeric base polymer gave unique changes 

in surface morphology after additive incorporation. Detailed cell adhesive studies revealed 

additive effectiveness varied between base polymers and the supramolecular platform, with 

bis-urea-based materials more potently affecting cell behavior. This research highlights that 

additive transposition might not always be as evident. Therefore, additive effectiveness 

requires re-evaluation in supramolecular biomaterials when altering the polymer backbone to 

suit the biomaterial application.  
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Introduction 
 

Tailored biomaterials often rely on covalent modifications or physisorbed coatings to 

achieve a desired function.1,2 Alternatively, biomaterials can be modified by blending 

functional additives with a base polymer.3–5 Additive design requires interactions with the 

base material to ensure stable and effective incorporation. Macromolecular block copolymer 

additives have previously been employed to introduce anti-fouling properties in polymers, 

such as polyurethane though interaction of simple hydrophobic domain.4–6 More meticulously 

designed chemical moieties, which can interact specifically through non-covalent interactions, 

such as hydrogen bonding and hydrophobic interactions, allow for the generation of complex 

supramolecular biomaterials.3,7 The modular nature provided by the supramolecular domains 

allows for the construction of highly complex materials with near infinite variation 

possibilities.3 The supramolecular moieties assemble into larger structures to form a 

biomaterial.3,7,8 Conjugation of supramolecular moieties to polymers, small reactive groups, 

and bioactives allows for the integration of the properties of the separate components as they 

assemble during processing.8–10 Polymers can bring forth variations in degradability and 

mechanical strength 11,12, while reactive groups provide post-functionalization possibilities13, 

and bioactives can influence cellular interactions8,10 for the desired biomaterial. 

Understanding additive-polymer interactions is crucial for the design of functional 

biomaterials.  

Supramolecular materials based on hydrogen bonding ureido-pyrimidinone (UPy) or bis-

urea (BU) moieties are employed for several biomedical applications.14–16 Both 

supramolecular systems self-assemble into nano-fibrous structures that form the hard phase. 

The assembly mode is distinctly different between both systems. UPy-moieties dimerize 

through quadruple hydrogen-bonding, the dimers form stacks through π-π interactions. The 

latter are promoted by additional urea or urethane hydrogen bonding separated by a short 

alkyl spacer from the UPy group (Figure 4.1).17–19 It is postulated that three of such stacks form 

a UPy-fiber.20 BU-motifs form ribbons through self-complementary bifurcated hydrogen-

bonding, three to six ribbons assemble laterally into BU-fibers (Figure 4.1).21–24  

The modular nature of the UPy- and BU-systems allows for effective additives to be 

incorporated into different supramolecular elastomeric biomaterials.25,26 This enables the 

construction of biomaterial screening libraries. However, the effectiveness of the additive 

transposition between different supramolecular polymers and platforms has been sparsely 

researched. The nano-scale self-assembly of supramolecular materials has been shown to 

alter with different polymer backbones25,27,28, and additives8,29. Therefore, as both these 

factors influence assembly, it can be postulated that the same additive is presented differently 

in the context of different polymer backbones, and vice versa. The non-trivial transposability 

of additives in and between supramolecular systems is exemplified by previous research on  
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Figure 1 - Overview and structures of supramolecular systems. A Top panel depicts (UPy)-system. Left, proposed 

assembly of UPy-based fibers, on the right chemical structures of UPy modified polycaprolactone (PCLdiUPy), 

Priplast (PriplastdiUPy), dopamine (UPy-Catechol) and cyclic RGD (UPy-cRGD) with schematic representation of 

the components underneath. Lower panel depicts bis-urea (BU)-system. Left, proposed assembly of BU-based 

fibers, on the right chemical structures of BU modified PCL (PCL-BU), Polycarbonate (PC-BU), dopamine (BU-

Catechol) and cRGD (UPy-cRGD) with schematic representation of the components underneath. B Overview of 

experimental conditions. 

catechol functionalization. Ceylan et al. functionalized supramolecular peptide amphiphiles 

with catechols, this improved material adhesion and calcification of the peptide 

amphiphiles.30 Likewise, UPy-conjugated monomeric catechols (UPy-Catechol) were shown to 

improve cell adhesion on poor cell adhesive UPy modified Priplast (PriplastdiUPy).25 However, 

the beneficial cell adhesive properties of UPy-Catechol were hardly observed when 

incorporated in UPy modified polycaprolactone (PCL; PCLdiUPy).25,31 Remarkably, when BU 

conjugated catechols (BU-Catechol) were incorporated in BU modified PCL (PCL-BU) they 

enabled long term cell adhesion (Chapter 3). Overall, these indicate the importance of 

understanding the influence of the polymer on additive presentation in different 

supramolecular systems. 

Here, a comprehensive study is presented where cell adhesive additives are transposed 

between elastomeric supramolecular polymers and supramolecular platforms. A small 

biomaterial library was constructed using two different supramolecular systems (i.e. UPy and 

BU) while employing two different polymer backbones per system. Within the UPy-system 

PCLdiUPy and PriplastdiUPy were selected, and in the BU-system PCL-BU and polycarbonate 

modified with BU motifs (PC-BU) were chosen as base polymers to investigate the influence 

of the backbone on additive presentation. Catechol and cyclic RGD (cRGD) were selected as 

cell adhesive molecules, as they present distinct modes of action which may be differently 

affected by the polymer systems. Catechol mediated cell adhesion is postulated to be effective 

through covalent and non-covalent protein binding by the catechol.32–35 Alternatively, cRGD 

directly binds to integrins on the cell surface, which enables an intracellular protein 

recruitment cascade that allows for the formation of focal adhesions, which function as the 

primary cell adhesive complexes.1  

Nanostructure assembly after additive incorporation in the different supramolecular 

polymers was investigated with detailed surface analysis using atomic force microscopy (AFM) 

and water contact angle (WCA). Subsequently, three different cell lines were cultured on the 

biomaterial composites (i.e. Human Kidney 2 cells (HK-2), renal proximal tubule epithelial cells 

(RPTEC), and cardiomyocyte progenitor cells (CMPC)) to investigate cell specific responses to 

the biomaterial interface. The cell lines were selected in the context of previous research 

conducted in our group. HK-2 focal adhesion morphology allowed for the investigation of 

cRGD levels on UPy- and BU-based polymer films in chapter 2. In chapter 3, RPTECs were 
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employed to screen for long-term beneficial effects of BU-peptides and BU-Catechol. Finally, 

CMPCs adhesion indicated the effectiveness of UPy-Catechol to promote cell adhesion in 

different UPy-polymers25. In this study, cell adhesion, cell spreading and focal adhesion 

properties were quantified to assess cell response to the materials.  

Results and Discussion 
 

Backbone polymer and additive influence surface properties 
 

All pristine supramolecular polymers exhibited hard phase fiber formation, however all 

have a unique morphology (Figure 4.2A).23,25 The nanoscale fibers observed in PCLdiUPy were 

long and appear orientated in random directions. PriplastdiUPy films presented shorter hard 

phase fibers compared to PCLdiUPy (Figure 4.2A). PriplastdiUPy surfaces showed a three times 

larger height difference than PCLdiUPy (Figure 4.3). To assess the hydrophilic character of the 

polymer surfaces water contact angles were determined, PCLdiUPy presented an angle of 

69.1±0.4°, while pristine PriplastdiUPy was drastically more hydrophobic with a WCA of 

92.3±1.1° (Figure 4.2B). Pristine PCL-BU exhibited nanofiber morphology resembling that of 

PCLdiUPy (Figure 4.2A). PC-BU nanoscale fibers appear to consist out of a mixed population 

consisting out of longer subset and a shorter subset (Figure 4.2A). The hydrophilicity of PCL-

BU and PC-BU did not significantly differ between each other, or with PCLdiUPy (Figure 4.2B). 

The observed UPy-fiber size reduction possibly originates from two differences between the 

PCLdiUPy and PriplastdiUPy. Firstly, the stacking of UPy-dimers in the longitudinal direction is 

aided by hydrogen bonding between urea (PCLdiUPy) or urethane (PriplastdiUPy) motifs 

(Figure 4.1).20,28 Urea motifs have the capacity to form two hydrogen bonds, while the 

urethane motif forms a sole hydrogen bond, which is less capable to stabilize fiber growth.19 

Secondly, Priplast is an semi-crystalline polymer due its hydrophobic bulky backbone, 

containing cyclohexane with alkane side chains, which has been shown to hinder 

crystallization in copolymers with polylactide.36 Slight differences in nanofiber morphology 

between PCL-BU and PC-BU likely originate from the backbone, as the BU motif is equal in 

both polymers, unlike in the UPy-system were a urea or urethane is present. The backbone 

has also been shown to affect the melt energy required for BU-stacks.37 

Surface characteristics of UPy-additive functionalized materials 
 

The addition of UPy-Catechol to PCLdiUPy resulted in appearance of disperse punctuated 

aggregates on the biomaterial surface (Figure 4.2A). The morphology of the nanofibers 

appeared not to be affected for PCLdiUPy. The incorporation of UPy-cRGD into PCLdiUPy 

yielded globular aggregates at the material surface, more frequent and larger than observed 

after UPy-Catechol addition to PCLdiUPy (Figure 4.2A). Moreover, a fraction of the nano-scale 

fibers appeared to increase in length. The surface height difference was not affected by 
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Figure 4.2 - Influence of backbone polymer and additive on surface morphology. A AFM phase micrographs of 

solution cast films of polymer and additive combinations. Selected polymers from left to right, PCLdiUPy, 

PriplastdiUPy, PCL-BU, and PC-BU. Additive functionalization from top to bottom, no additive (Pristine), 5 mol% 

UPy-Catechol or BU-Catechol applied in corresponding supramolecular base polymer (Catechol), and 5 mol% 

UPy-cRGD or BU-cRGD applied in corresponding supramolecular base polymer (cRGD). Scale bars are 100 nm. B 

Water contact angle measurements of afore mentioned polymer and additive combinations. Data of three 

replicates, mean ± standard error of the mean. 

additive addition compared to pristine PCLdiUPy (Figure 4.3). Both functionalization of 

PCLdiUPy with UPy-Catechol or UPy-cRGD led to slight reduction of surface hydrophobicity 
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compared to pristine PCLdiUPy (Figure 4.2B). The addition of UPy-Catechol or UPy-cRGD to 

PriplastdiUPy did not induce clear aggregate formation on the surface when compared to 

pristine PriplastdiUPy (Figure 4.2A). Nano-scale fibers appeared to decrease in length after 

introduction of UPy-Catechol or UPy-cRGD to PriplastdiUPy, in contrast to the effects observed 

in PCLdiUPy. The surface height difference diminished in PriplastdiUPy films with additives 

compared to pristine (Figure 4.3). WCAs slightly reduced after UPy-Catechol and UPy-cRGD 

incorporation in PriplastdiUPy (Figure 4.2B). The reduction in PriplastdiUPy hard phase fibers 

after UPy-additive addition is speculated to be the result of a mismatch between the 

PriplastdiUPy’s urethane and the UPy-additives’ urea-group (Figure 4.1). Reductions in 

hydrophobicity after additive addition were similar in both PCLdiUPy and PriplastdiUPy. This 

can be attributed to the hydrophilic nature of the oligo(ethylene glycol) (OEG) spacer, catechol 

end-group, and/or amino acids in the peptide in the UPy-additive (Figure 4.1). Interestingly, 

PCLdiUPy presented surface aggregations, which have been postulated to be the UPy-cRGD 

exposed at the surface in chapter 2, while in PriplastdiUPy none were observed. Both systems 

exhibited a similar decrease in hydrophobicity after cRGD functionalization. This might 

indicate similar levels of peptide exposed on the surface, but in different patterns. 

 

Figure 4.3 - Influence of backbone polymer and additive on surface height. AFM phase micrographs of solution 

cast films of polymer and additive combinations. Selected polymers from left to right, PCLdiUPy, PriplastdiUPy, 

PCL-BU, and PC-BU. Additive functionalization from top to bottom, no additive (pristine), 5 mol% UPy-Catechol 

or BU-Catechol applied in corresponding supramolecular base polymer (Catechol), and 5 mol% UPy-cRGD or BU-

cRGD applied in corresponding supramolecular base polymer (cRGD). Scale bar is 100 nm.  
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Surface characteristics of BU-additive functionalized materials 
 

Functionalization of PCL-BU with BU-Catechol caused the appearance of platelet-like 

structures at the surface (Figure 4.2A). The surface height difference increased at least 3 times 

after the BU-Catechol incorporation in PCL-BU (Figure 4.3). Moreover, a strong increase in 

hydrophobicity was observed after BU-Catechol functionalization of PCL-BU compared to 

pristine, yielding a WCA of 94.7±0.2° (Figure 4.2B). The assembly of BU-cRGD with PCL-BU 

resulted in complete coverage with fibril aggregates on the biomaterial surface (Figure 4.2A). 

Coincidingly, a drastic increase in hydrophilicity was observed compared to pristine PCL-BU 

(Figure 4.2B). Platelet-like structures, that increased the surface height difference, were also 

observed on PC-BU surfaces after BU-Catechol incorporation (Figure 4.2A, 4.3). The BU-

Catechol structures on the PC-BU surface appeared to be more aligned compared to those 

presented on the PCL-BU surface. The addition of BU-Catechol to PC-BU yielded an increase 

in surface hydrophobicity compared to pristine (Figure 4.2B). The addition of BU-cRGD to PC-

BU did not result in clear aggregate formation. However, BU-cRGD did induce an elongation 

and local alignment of the BU-fibers compared to pristine PC-BU (Figure 4.2A). PC-BU with BU-

cRGD resulted in a strong decrease of surface hydrophobicity compared to pristine BU-

materials (Figure 4.2B).  

Catechol functionalization yielded vastly different surface morphologies in the UPy-system 

compared to BU functionalized materials (Figure 4.2A). The platelets are assumed to be 

crystalline OEG spacer domains on the surface based morphological similarity (Figure 4.1).26 

Catechols can be both hydrophilic and hydrophobic in nature depending on the configuration, 

here most likely the hydrophobic properties dominate over the hydrophilic OEG 

spacers.26,32,33,38 The random aggregate formation on PCL-BU surfaces after BU-cRGD 

incorporation is consistent with results described in chapter 2. In contrast are the elongated 

nano-fibers on PC-BU surfaces, which present local alignment thereby creating a “Van Gogh 

style”-effect. This behavior can also be faintly observed after the addition of BU-Catechol to 

PC-BU. The PC melt is lower compared to PCL, indicating that PC has less crystallization 

potential at room temperature.37 Fiber assembly in PC-BU is therefore dominated by BU-

assembly, with little polymer crystallization interference, additives likely promote fiber 

elongation. The hydrophilic nature of the OEG-spacer and amino acids in the peptide of the 

BU-additive can be attributed to the increase in hydrophilicity after BU-cRGD functionalization 

in PCL-BU and PC-BU (Figure 4.1). Results in chapter 2 revealed the same trend that BU-based 

materials more readily increase hydrophilicity after cRGD functionalization than UPy-based 

materials. Moreover this increase was positively correlated to the level of functional cRGD at 

the surface. 

In summary, results indicated that both the backbone polymer and the supramolecular 

additive influence the assembly of hard phase fibers in both supramolecular systems. The 
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addition of additives in the UPy-system resulted mainly in alterations of the nano-fiber length. 

Moreover PCLdiUPy showed the formation of globular aggregates on the surface. BU-additives 

elicited profound changes in surface morphology after addition, either platelet-like or fibrous 

aggregates presented on the surface. Curiously, the inclusion of BU-additives appeared to 

promote local alignment and growth of hard-phase fiber in PC-BU, yet not in PCL-BU.  

Cell specific adhesion as function of biomaterial composition  
 

The cell adhesive properties of the supramolecular biomaterials, and the adhesive 

monomeric catechols and cRGD functionalizations have often been explored with the use of 

one cell type in one supramolecular system, both the additive or cell type differed per 

study.25,31,39 Cell specificity has however been shown to influence the level of adhesion to 

biomaterials.40 Three different cell types were seeded on the different biomaterial 

compositions to assess the effect of the polymer backbone and adhesive molecule on possible 

cell specific adhesion.  

Pristine PCLdiUPy allowed for cell adhesion and spreading of all three different cell types 

(Figure 4.4-6). PriplastdiUPy showed a reduction in adhesive cells and cell spreading for HK-2, 

CMPC and RPTEC compared to pristine PCLdiUPy. The spreading of HK-2 cells was not as 

strongly affected as spreading of CMPCs and RPTECs on PriplastdiUPy (Figure 4.4B). Long-term 

culture of RPTECs on pristine PriplastdiUPy revealed cell detachment after initial adhesion 

(Figure 4.6). Pristine PCL-BU and PC-BU elicited a similar cell response by all three cell types 

as observed for pristine PCLdiUPy, (Figure 4.4-6). These results are unsurprising as pristine 

PCLdiUPy, PCL-BU and PC-BU have all been shown to be adherent for multiple cell types in 

chapter 2 and in literature.15,25,26,41 The poor cell adhesive properties of PriplastdiUPy 

displayed the same trend with previous results.25 The PriplastdiUPy surface was shown to be 

hydrophobic (Figure 4.2B), such surfaces tend to denature absorbed proteins, which might 

prevent the adhesion of cells to those proteins.42 

Cell adhesion on UPy-additive functionalized materials 
 

The addition of UPy-Catechol to PCLdiUPy did not influence cell adhesion and spreading for 

all cell types compared to pristine PCLdiUPy (Figure 4.4-6). The addition of UPy-cRGD to 

PCLdiUPy increased the number of adhered cells and cell spreading for HK-2 cells compared 

to pristine PCLdiUPy. Cell numbers for CMPCs and RPTECs were comparable after UPy-cRGD 

functionalization to pristine PCLdiUPy (Figure 4.4-6). However, for RPTECs spreading was 

improved on cRGD functionalized PCLdiUPy. PriplastdiUPy functionalized with UPy-Catechol 

saw a trend of increased cell adhesion and spreading for all three cell types compared to 

pristine PriplastdiUPy (Figure 4.4B). Long-term culture of RPTECs revealed larger cell clusters 

on UPy-Catechol functionalized PriplastdiUPy compared to 24h culture (Figure 4.6). 
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Figure 4.4 - Cell adhesion to supramolecular materials. A HK-2 cells cultured for 24h on biomaterials, stained for 

f-actin (green) and the nucleus (blue), scale bars are 100 µm. Selected polymers from left to right, PCLdiUPy, 

PriplastdiUPy, PCL-BU, and PC-BU. Additive functionalization from top to bottom, no additive (Pristine), 5 mol% 

UPy-Catechol or BU-Catechol applied in corresponding supramolecular base polymer (Catechol), and 5 mol% 

UPy-cRGD or BU-cRGD applied in corresponding supramolecular base polymer (cRGD). B Quantification of 

cells/mm2 (top row) and cell coverage (bottom row) over the biomaterial surface from fluorescent images of HK-

2 (left), CMPC (middle), and RPTEC (right). Data of three replicates, mean ± standard error of the mean. *p≤0.05, 

**p≤0.01 and ***p≤0.001 intra backbone compared to pristine.  
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Figure 4.5 - CMPC and RPTEC adhesion to supramolecular materials. A CMPCs or B RPTECs cultured for 24h on 

biomaterials, stained for f-actin (green) and the nucleus (blue), scale bars represent 100 µm. Selected polymers 

from left to right, PCLdiUPy, PriplastdiUPy, PCL-BU, and PC-BU. Additive functionalization from top to bottom, 

no additive (Pristine), 5 mol% UPy-Catechol or BU-Catechol applied in corresponding supramolecular base 

polymer (Catechol), and 5 mol% UPy-cRGD or BU-cRGD applied in corresponding supramolecular base polymer 

(cRGD).  
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PriplastdiUPy functionalized with UPy-cRGD showed an improved trend in the number of HK-

2s and CMPCs adhering to the material compared to pristine PriplastdiUPy, but spreading was 

not improved (Figure 4.4, 4.5A). RPTECs showed comparable poor cell adhesion and spreading 

between pristine and UPy-cRGD functionalized PriplastdiUPy (Figure 4.4B, 4.5B). RPTECs 

detached from UPy-cRGD modified PriplastdiUPy surfaces over time (Figure 4.6). The 

ineffectiveness of UPy-Catechol to improve adhesion and spreading on PCLdiUPy is 

comparable to previous results performed with CMPCs and a different renal epithelial cell 

line.25,31 The influence of the backbone polymer on the functionality of UPy-Catechol was 

noted before.25,31 It has been speculated that the innate cell adhesive character of PCLdiUPy 

might dominate over the cell adhesive effects brought by monomeric catechols.31 

PriplastdiUPy is poor cell adhesive and the adhesive effect of catechols prevails. Additionally, 

the level of UPy-Catechol presentation at the surface might be affected by the polymer 

backbone. However, to our knowledge there is no method available to quantify surface 

catechols within our supramolecular systems. The improved cell spreading on PCLdiUPy 

surfaces after UPy-cRGD incorporation is a sign of effective cRGD at the surface.1 UPy-cRGD 

did not improve cell adhesion in PriplastdiUPy, and cell detachment was observed over longer 

culture periods. It demonstrates that not every cell adhesive additive is effective in a polymer 

system, why UPy-Catechol was effective in PriplastdiUPy remains to be elucidated, and might 

originate from the mechanism of action.  

Cell adhesion on BU-additive functionalized materials 
 

Introduction of BU-Catechol in PCL-BU and PC-BU had a detrimental effect on cell adhesion 

of HK-2s and CMPCs compared to their pristine counterparts, and the effect was more 

prominent in functionalized PCL-BU (Figure 4.4, 4.5A). On the other hand, RPTEC remained 

unaffected by BU-Catechol functionalization (Figure 4.4B, 4.5B). Only BU-Catechol mixed with 

PCL-BU and in PC-BU showed successful functionalization to maintain RPTEC monolayers with 

near perfect coverage over a prolonged culture period of three weeks (Figure 4.6). Media 

composition has been shown to affect cell material interactions and might explain the 

observed differences between HK-2 and CMPC, and RPTEC.43 RPTEC culture media was not 

supplemented with serum, while that of HK-2 and CMPC did contain it. The introduction of 

serum in culture media reduced cell adhesion of RPTEC on BU-Catechol functionalized PCL-BU 

and PC-BU surfaces compared to pristine PCL-BU and PC-BU (Figure 4.7). PCL-BU 

functionalization with BU-cRGD resulted in improved cell adhesion and spreading of HK-2s 

compared to pristine PCL-BU (Figure 4.4). CMPCs and RPTECs showed comparable adhesion 

and spreading between pristine and functionalized PCL-BU with BU-cRGD (Figure 4.5-6). The 

introduction of BU-cRGD to PC-BU resulted in comparable cell adhesion for HK-2 and CMPC to 

pristine PC-BU (Figure 4.4A, 4.5A). HK-2s might reduce spreading, while CMPC showed similar 

spreading after BU-cRGD functionalization of PC-BU (Figure 4.4B). RPTECs showed a drastic 
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decrease in cell amount and spreading after BU-cRGD functionalization of PC-BU (Figure 4.4B, 

4.5B). However long-term culture of RPTECs resulted in equally confluent monolayers in BU-

cRGD modified PCL-BU and PC-BU, both outperforming monolayers on pristine materials 

(Figure 4.6).  

 

 

Figure 4.6 - Long-term monolayer formation on supramolecular materials. RPTEC cultured on biomaterials for 

3 weeks and stained for Zona Occludens-1 (ZO-1), scale bar is 100 µm. Selected polymers from left to right, 

PCLdiUPy, PriplastdiUPy, PCL-BU, and PC-BU. Additive functionalization from top to bottom, no additive 

(Pristine), 5 mol% UPy-Catechol or BU-Catechol applied in corresponding supramolecular base polymer 

(Catechol), and 5 mol% UPy-cRGD or BU-cRGD applied in corresponding supramolecular base polymer (cRGD). 

Bottom graph depicts quantification of ZO-1 per image, data derived from three replicates, mean ± standard 

error of the mean presented. **p≤0.01, ***p≤0.001 compared to pristine. 
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It remains to be elucidated why the presence of serum deters cell adhesion on BU-catechol 

modified polymers. The catechol rich surfaces might bind proteins in an unfavorable 

conformation, which can decrease cell adhesion. Furthermore the addition of BU-cRGD to PCL-

BU and PC-BU resulted in strikingly different results for cell adhesion. This is potentially caused 

by the different surface morphologies of the materials. The distance and pattern of RGD 

presentation has been shown to affect its effectiveness.44,45 Therefore, BU-cRGD might be 

presented in a less favorable pattern in the longer PC-BU nano-fibers reducing the cell 

adhesion compared to PCL-BU surfaces. Alternatively, the level of available BU-cRGD on the 

surface might be lower on PC-BU compared to PCL-BU.    

 

Figure 4.7 - Influence of serum on RPTEC adhesion to pristine and catechol modified materials. RPTECs cultured 

for 24h on biomaterials, stained for f-actin (green) and the nucleus (blue), scale bar is 100 µm. Selected polymers 

from left to right, PCL-BU, and PC-BU. Additive functionalization from top to bottom, no additive (Pristine), and 

5 mol% UPy-Catechol or BU-Catechol applied in corresponding supramolecular base polymer (Catechol). Bottom 

graphs depict quantification of cells/mm2 (left) and cell coverage over the biomaterial surface (right) from 

fluorescent images. Data of three replicates, mean ± standard error of the mean. **p≤0.01 compared to pristine. 
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In summary, similar trends in cell adhesion were observed towards the small library of 

biomaterials, although minor cell specific and medium induced differences were present. 

Pristine PCLdiUPy, PCL-BU and PC-BU were found to be cell adhesive, while PriplastdiUPy 

reduced cell spreading and long-term adhesion. UPy-Catechol addition was overall effective 

in improving cell adhesion on PriplastdiUPy, while no effect was observed in PCLdiUPy. The 

addition of UPy-cRGD showed opposite effect, no improved cell adhesion in PriplastdiUPy, 

improved cell adhesion on PCLdiUPy. This indicated that the polymer backbone can influence 

the effectiveness of a cell adhesive additive. The addition of BU-Catechol to PCL-BU and PC-

BU was found to be detrimental for cell adhesion when media was supplemented with serum. 

BU-cRGD addition resulted in overall improved cell adhesion on modified PCL-BU, but when 

incorporated in PC-BU BU-cRGD detrimental effects on cell adhesion. 

Focal adhesion behavior on biomaterial compositions 
 

The focal adhesions were investigated to acquire more in depth knowledge on the adhered 

potential of the cells on various biomaterial compositions. Focal adhesions modulate their 

properties in response to the functional cRGD level at the surface, they become more plentiful 

and reduce in size as the cRGD concentration is increased.46 This property can be exploited to 

get a semi-quantitative measurement of functional cRGD at the surface when comparing the 

different biomaterials. The employed CMPCs, and RPTEC presented minute focal adhesions in 

great number, which we were unable to quantify with conventional image analysis software 

(Figure 4.8). Moreover to exclude potential effects on focal adhesion behavior through stress 

distribution over cell-cell contacts, single cells are preferred for analysis.47,48 Overall no 

definitive conclusions could be drawn for qualitative analysis of the CMPC and RPTEC images 

(Figure 4.8). Therefore analyses only focuses on the focal adhesions presented by the HK-2 

cells (Figure 4.9).  

All pristine materials induced mature focal adhesions with sizes between 1.06±0.02 to 

1.39±0.05 µm2, in descending order of induced size PC-BU, PriplastdiUPy, PCLdiUPy to PCL-BU 

(Figure 4.9). No significant differences were found in the amount of focal adhesions per cell 

area, although a similar trend was observed as with focal adhesion size, in ascending order of 

FAs per cell area PC-BU, PriplastdiUPy, PCL-BU to PCLdiUPy (Figure 4.9).  

Focal adhesion behavior on UPy-based materials 
 

No significant differences were observed in focal adhesion properties on UPy-Catechol 

functionalized PCLdiUPy or PriplastdiUPy compared to their pristine counterparts (Figure 4.9). 

Incorporation of UPy-cRGD in PCLdiUPy significantly reduced focal adhesion size, but not focal 

adhesion density compared to pristine PCLdiUPy (Figure 4.9). No significant differences were 

observed in focal adhesion properties for PriplastdiUPy compared to pristine  
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Figure 4.8 - Focal adhesions behavior of CMPC and RPTEC on supramolecular biomaterials. Fluorescence 

microscopy images of A CMPCs or B RPTECs cultured for 24h on PCLdiUPy (left column), PriplastdiUPy (center 

left column), PCL-BU (center right), or PC-BU (right column) films. Additive functionalization from top to bottom, 

no additive (pristine), 5 mol% UPy-Catechol or BU-Catechol applied in corresponding supramolecular base 

polymer (Catechol), and 5 mol% UPy-cRGD or BU-cRGD applied in corresponding supramolecular base polymer 

(cRGD). Cells stained for zyxin, scale bars are 10 μm, n=3. 

PriplastdiUPy (Figure 4.9). PriplastdiUPy with UPy-cRGD had significantly larger focal 

adhesions compared PCLdiUPy with UPy-cRGD. Although no differences were observed in 

focal adhesions between pristine PriplastdiUPy and PriplastdiUPy functionalized with UPy-

Catechol conditions, the latter did improve the number of adhered cells. Additionally, long-

term culture of RPTEC showed cell detachment if UPy-Catechol was not present in 

PriplastdiUPy, indicating that focal adhesion properties might not be indicative for long-term 

cell adhesive responses. HK-2s presented smaller and more focal adhesions on cRGD modified 

PCLdiUPy than on pristine PCLdiUPy and on modified PriplastdiUPy, this indicated that more 

functional cRGD is presented on PCLdiUPy surfaces than on PriplastdiUPy surfaces.46 

Focal adhesion behavior on BU-based materials 
 

BU-Catechol functionalization significantly decreased focal adhesion size and increased 

focal adhesions per cell area in both PCL-BU and PC-BU compared to pristine (Figure 4.9). Note 

that BU-Catechol functionalization reduced cell adhesion (Figure 4.4), which likely induced 

small and plentiful focal adhesion by a different mechanism. Incorporation of BU-cRGD in PCL-

BU resulted in a significant reduction focal adhesion size and increase in focal adhesion density 

compared to pristine PCL-BU (Figure 4.9). PC-BU functionalized with BU-cRGD induced a 

significant decrease in focal adhesion size, but no increase was observed in focal adhesion 

density compared to pristine PC-BU (Figure 4.9). Both focal adhesion size and density 

significantly differed between BU-cRGD functionalized PCL-BU and PC-BU. The negative 

correlation between functional cRGD at the surface and focal adhesion size indicates that PCL-

BU presents more functional cRGD at the surface when compared to PC-BU.46 Moreover, the 

same reasoning indicates that the BU-system better presents cRGD than the UPy-system.  

Together these results showed that focal adhesion behavior to additives in the UPy-based 

polymers was less pronounced than in the BU-system. The polymer backbone in both systems 

influenced the effectiveness of cRGD presentation. The origin of the contrast found between 

functional cRGD levels in PCL-BU and PC-BU remains to be elucidated. Whether it depends on 

the surface concentration, the mode of presentation within the supramolecular fibers, or fiber 

orientation. 
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Figure 4.9 - Focal adhesion morphological properties on supramolecular biomaterials. Fluorescence microscopy 

images of HK-2 cells cultured for 24h on PCLdiUPy (left column), PriplastdiUPy (center left column), PCL-BU 

(center right), or PC-BU (right column) films. Additive functionalization from top to bottom, no additive (pristine), 

5 mol% UPy-Catechol or BU-Catechol applied in corresponding supramolecular base polymer (Catechol), and 5 

mol% UPy-cRGD or BU-cRGD applied in corresponding supramolecular base polymer (cRGD). Cells stained for 

pFAK, scale bars are 10 μm, n=3. Bottom graphs depict analysis of pFAK containing focal adhesions to assess size 

and focal adhesions / cell area. ***p≤0.001, intra backbone compared to pristine; ###p≤0.001, inter backbone 

in the same supramolecular systems, mean ± standard error of the mean depicted.  
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This research sheds light on the influence of the supramolecular additive and the polymer 

backbone on surface assembly of UPy- and BU-fibers. Over the years supramolecular additive 

incorporation in polymers has been extensively studied, however often both the polymer 

backbone, additive design, and additive end-moiety were varied.26,29,49–51 The effect of 

additive and backbone polymer could therefore for a long time not be decoupled to assess 

the influence nano-scale assembly in supramolecular elastomeric polymer systems. The end 

group of the supramolecular additive was revealed to greatly affect the surface morphology 

in both the UPy and BU-system in two recently published papers and by results described in 

chapter 2.26,51 Previous research hinted towards the importance of the polymer backbone for 

nano-scale assembly and effective additive presentation.25,27,28 The current results confirm 

that in conjunction to the employed supramolecular additive, also the polymer backbone 

influenced nano-scale assembly of both UPy and BU-fibers, which in turn can affect additive 

effectiveness. 

Conclusion 
 

This study demonstrated the importance of both the polymer backbone and the additive 

in supramolecular elastomeric biomaterials. Additives in UPy-based materials appeared to be 

less intrusive on the nano-scale assembly observed at surface, with low levels of aggregates 

observed. Depending on the polymer backbone assembled nano-fibers were either elongated 

or truncated. UPy-Catechol modification appeared to be more effective for cell adhesion in 

PriplastdiUPy than for PCLdiUPy, and vice versa for UPy-cRGD modifications. Within the BU-

system additive addition was found to be highly intrusive on the nano-scale surface assembly 

of fibers. BU-Catechol modification led to hydrophobic platelet formation on the surface, 

which was detrimental for cell adhesion with serum present in culture conditions, but highly 

effective for long-term adhesion without serum. BU-cRGD addition induced fibril aggregates 

on the surface in PCL-BU, however when incorporated in PC-BU elongated fibers with local 

alignment appeared on the surface. cRGD modification was found to be most effective in PCL-

BU over PC-BU and the UPy-system polymers. This research highlighted the importance of 

reevaluating the effectiveness of cell adhesive additives when translating from one polymer 

backbone to another, and from one supramolecular system to another, to suit the biomaterial 

application. Additive transposition might not always be as evident as desired.  
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Materials and Methods  
 

Polymer film preparation 
 

UPy-Catechol, UPy-cRGD, BU-Catechol and BU-cRGD were kindly synthesized by Peter-Paul 

Fransen and Johnick van Sprang. PCLdiUPy (Mn= 2.8 kg/mol), PriplastdiUPy (Mn= 5.0 kg/mol) 

PCL-BU (Mn=2.7 kg/mol per segment), PC-BU (Mn= 2.4 kg/mol per segment) were acquired 

from SyMO-Chem (The Netherlands). To prepare functionalized polymer films, PCLdiUPy, PCL-

BU and PC-BU were dissolved in hexafluoroisopropanol (20 mg/ mL; HFIP, Fluorochem) and 5 

mol% of corresponding UPy-Catechol, UPy-cRGD, BU-Catechol, or BU-cRGD was added. 

Pristine films were produced from the functionalized polymer solutions. To yield a clear 

polymer films, a 45 µL polymer solution droplet was cast on 14 mm Ø glass coverslips and left 

to evaporate at a maximum relative humidity of 40%. Films were kept at least overnight to 

ensure HFIP evaporation. The hydrophobic nature of PriplastdiUPy required specialized 

casting conditions to produce polymer films on glass coverslips, the method has been 

previously reported by Spaans et al.25 In short, a 40 mg/mL PriplastdiUPy solution was 

prepared in chloroform. UPy-Catechol and UPy-cRGD were dissolved chloroform:methanol 

(95:5) in to create 8.3 mM additive solutions. The solutions were mixed to yield no or 5 mol% 

functionalization of the additive in the polymer solution. PriplastdiUPy solutions were casted 

80 µL on silanized glass coverslips and left to evaporate at a maximum relative humidity of 

40%. Films were kept at least overnight to ensure chloroform evaporation.   

Surface characterization 
 

A Digital Instruments Multimode Nanoscope IIIa, operating in the tapping mode regime, 

was used to record phase and height images of solution-cast films at room temperature with 

silicon cantilever tips (PPP-NCHR, NanoSensorstm , 204-497 kHz, 10-130 N/m). Images were 

processed using Gwyddion software (version 2.43). Polymer film hydrophobicity was 

determined by water contact angle analysis. A 4 μL water droplet was deposited on the 

polymer surface, images were taken at 5 sec after droplet deposition and contact angles were 

measured with contact angle system OCA and SCA 202 v4.1.13 build 1020 software 
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(Dataphysics Intruments, Germany). Two droplets per sample were deposited over 3 

replicates. 

Cell culture 
 

Human kidney 2 cells (HK-2; ATCC, Germany) were cultured in Dulbecco's Modified Eagle 

Medium (DMEM; 41966, Gibco, UK), supplemented with 10% v/v fetal bovine serum (FBS; 

Greiner Bio-one, The Netherlands) and 1% v/v penicillin and streptomycin (penstrep, 

Invitrogen, USA). CMPCs (Leiden University Medical Center, The Netherlands) were 

immortalized by lentiviral transduction of hTert and BMI-1.52 Culture medium consisted of 

SP++ growth medium containing M199 (Gibco) supplemented with 33% v/v EGM-2 BullitKit 

(Lonza), 10 % v/v FBS, 1 % v/v penstrep, 1% v/v non-essential amino acids (Gibco). RPTEC cells 

(RPTECs-TERT1; ATCC) were cultured in complete medium consisting of DMEM:F-12 Nutrient 

Mixture (Gibco) containing L-Glutamine and 15 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid. Furthermore, the medium was supplemented with 1 % v/v 

penstrep, RPTEC growth kit (ATCC, PCS-999-058, PCS-999-059) and 0.1 mg/ mL G418 (Sigma-

Aldrich). All three cell types were cultured under a humidified atmosphere at 37 C and 5% 

CO2. Polymer films were sterilized with UV irradiation for 10 min and subsequently mounted 

in custom inserts to prevent film detachment during culture. The seeding densities for 1 day 

culture were 10*103 cells / cm2 (HK-2), 26*103 cells / cm2 (CMPC), and 30*103 cells / cm2 

(RPTEC). Long-term monolayer formation of RPTEC was assessed after a 3 week culture period 

and started with an initial seeding density of 1.6*105 cells / cm2. Medium was changed every 

2 to 3 days. Three replicates were performed for each experiment. 

Immunofluorescent staining 
 

Cells were fixated at their respective time points. CMPC and RPTEC were exposed to 3.7% 

v/v formaldehyde (Merck, USA) in PBS (Sigma-Aldrich) for 10 min and permeabilized with 0.5% 

v/v Triton X-100 (Merck) in PBS for 10 min. HK-2s were fixated and permeabilized 

simultaneously with 3.7% v/v formaldehyde 0.5% v/v Triton X-100 in PBS for 10 min. All afore 

mentioned steps were preceded and succeeded by PBS washing steps. HK-2 and RPTEC 

samples were blocked with 5% w/v BSA (Roche) for 20 min at RT. Short term cultured HK-2 

and RPTEC samples were incubated with mouse-α-pFAK antibody (1:400 dilution, BD 

Bioscience, 611723), and long term RPTEC samples were incubated with mouse-α-ZO-1 

antibody (1:200 dilution, BD Biosciences, 610966) in staining buffer (2% w/v BSA, 0.05% v/v 

Triton X-100 in PBS) for 60 min at RT. Samples were washed with 0.05% v/v Triton X-100 in 

PBS, and subsequently incubated with Goat-α-Mouse-Alexa Fluor 555 (1:200, Molecular 

Probes, A21424) and phalloidin-Atto 488 (1:300, Sigma-Aldrich) in staining buffer for 45 min 

with 4′-6-diamidino-2-phenylindole (DAPI; 0.1 μg/mL; Sigma-Aldrich) added in the last 10 min. 

CMPC samples were blocked for non-specific antibody binding with 2% v/v horse serum 
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(Gibco) in PBS for 20 minutes. Subsequently, samples were incubated with rabbit-α-zyxin 

antibody (1:400, Sigma-Aldrich, HPA004835) in 10% horse serum in PBS for 2 hours at 4 C. 

Cells were washed with PBS and incubated with Goat-α-Rabbit-Alexa Fluor 555 (1:300, 

Molecular Probes, A21428) and phalloidin-Atto 488 for 1h in PBS at RT. The secondary 

antibody was aspirated and cells were stained with DAPI for 5 min in PBS. HK-2, CMPC and 

RPTEC samples were washed with PBS and mounted with mowiol for fluorescent imaging. 

Fluorescent images were acquired with a Zeiss Axiovert 200M microscope and AxioVision 

software (Zeiss, Germany). 

Fluorescence image analysis 
 

Cell area and FA size and number per cell were quantified with a custom-built Mathematica 

analysis script (version 11.1, Wolfram Research Inc., USA), which has been previously reported 

in literature and chapter 2.53 Analysis was performed on 5 to 12 single cells per sample in each 

of the three replicates. Focal adhesions within the size range of 0.1 μm2 and 11 μm2 were used 

for further analysis. Cell-cell contacts were quantified through previously developed custom 

Matlab script (version R2015a, The MathWorks Inc., USA) from chapter 3. In short, a 20 by 20 

line grid is superimposed on the image. Intersections between the grid and the ZO-1 staining 

are quantified.   

Statistics 
 

Data with n≤5 were subjected to a Kruskal-Wallis test with a Dunns post-test, while data 

with n>5 were subjected to a one way ANOVA followed by a Bonferroni post-test or a student 

t-test. Experimental conditions were compared to pristine samples with the same backbone 

polymer in post-tests. For data regarding focal adhesions, post-test were compared between 

all conditions. Tests were performed with the use of Prism 5 (GraphPad Software Inc., USA). 

Probabilities of p≤0.05 were considered as significantly different.  
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Abstract 
 

The nephron naturally provides a concave conformation for renal epithelial cells, yet 

biomedical applications such as the bio-artificial kidney occasionally employ convex seeding. 

Insights on renal epithelial cell response to curvature remains limited, and frequently glass or 

polydimethylsiloxane are utilized as base materials to study cell response. Other material 

systems which are more relevant for biomedical applications are not investigated. Here it was 

investigated how human immortalized renal proximal tubule epithelial cells (RPTEC) respond 

to curvatures based on bis-urea modified polycaprolactone. Bis-urea motifs enable material 

functionalization with cell instructive groups to manipulate curvature sensing by cells. Solvent 

cast chips containing a 50 to 500 µm diameter range of both concave and convex semi-

cylindrical structures were successfully produced and seeded with cells. The gap size in cell 

layers enlarged on the summits of convex structures as the curvature was increased. 

Increasing the cell density allowed for cells to overcome convex avoidance and nearly engulf 

convex structures. Interestingly, sample inversion also enabled gap closure on convex 

structures. Alterations in bioactive ligands provided on the material surface did not affect the 

cell response. Concave structures were completely covered by cells under all conditions. 

Polarization of RPTECs, defined as the number of primary cilia positive cells, was shown to be 

more prominent on concave structures compared to convex structures. The results obtained 

in this study confirm recent findings on convex aversion, but challenge findings on the effect 

of curvature on polarization. Moreover it suggests that biomedical applications such as the 

bio-artificial kidney should focus on concave seeding of cells to acquire better quality cell 

monolayers.  
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Introduction 
 

Cells have the ability to sense and integrate geometrical, mechanical and chemical cues 

from the surrounding microenvironment through a complex interplay of integrins, the 

cytoskeleton and other mechanosensitive processes.1–3 This complex interplay enables cells 

to sense and react to topographical cues on surfaces, with cellular processes such as 

differentiation4–6, alignment7,8, and migration9–11 are affected by these cues. The cellular 

response to rectangular shapes, pillars and pits has been extensively characterized.1,12 Yet 

these geometries do not reflect the in vivo cellular environments, which are rich in curves, 

such as in blood vessels, cornea and nephrons. 

In recent years, our comprehension of cellular curvature response has made significant 

strides, however much remains unknown.13–20 Two types of curvature can be distinguished, 

concave and convex. Each electing different cellular responses, for example in 

differentiation13, adhesion14,21, migration18,19, and alignment15,17,22,23. Cells have the capacity 

to sense curvature magnitudes larger than themselves.15,23 A prominent hypothesis is that 

adherent cells sense curvature by employing the nucleus as a stress sensor.13,14 Actin filaments 

spanning over the nucleus compress the nucleus on convex structures.13–15,20 The generated 

forces are sensed via the linkers of the nucleoskeleton to the cytoskeleton protein complex, 

which regulates DNA packing chromatins.13,14,24 Other factors, such as intrinsic cell rigidity, 

cell-cell contacts and membrane curvature have been postulated to also be important for 

curvature sensing.17,25 

A growing body of literature employed renal epithelial cells (RECs) on curved substrates to 

understand epithelial response towards curvature.14,17–19 RECs naturally reside in a concave 

environment of the kidney’s nephron. Elucidation of curvature sensing by epithelial cells helps 

in understanding natural processes such as tubulogenesis, but also aids in the development of 

tissue engineering approaches, for example the bio-artificial kidney.18,26–28 The concept of the 

bio-artificial kidney entails an array of hollow fiber membranes, which are lined with RECs to 

improve filtration during hemodialysis treatment.26 Inner or outer seeding of RECs on hollow 

fibers is currently governed by practical constraints, smaller inner diameter prove challenging 

for inner seeding.26,27 These seeding locations result in different cell configurations, i.e. 

concave or convex respectively.  

Generally, adherent cells appear to avoid convex structures, but it is postulated that RECs 

can overcome convex aversion by being part of a colony with cell-cell contacts.14 RECs align 

their actin perpendicular to the cylinder axis on convex structures with a diameter below 90 

µm.17,19,22 While on concave structures, cells align parallel to the cylinder axis, however cell 

alignment is slowly lost on structures with a diameter above 80-100 µm,.16–18,29 There are 

indications that cell adhesion decreases on smaller convex structures.27 Other functional 
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processes in RECs are also affected by curvature. Yu et al. claimed that REC polarization was 

increased on convex structures over concave structures.17 However, polarized expressed 

transporters and enzymes have shown to increase their activity with increasing concave 

curvature.28 These conflicting results validate further systematic investigation of REC response 

to convex and concave.  

 

 

Figure 5.1 – Overview of base material, chip design, and micrographs. A Chemical structure of bis-urea modified 

polycaprolactone, the employed base material of the chip. B Schematic representation of the employed 

curvature mold. Semi-cylinders were employed with a diameter ranging between 50 and 500 µm. The height or 

depth of a structure was set to the radius with a maximum of 175 µm, ergo the width of the 500 µm diameter 

semi-cylinder is set to 477 µm. C Scanning electron micrographs of chip, concave structures (top row) and convex 

(bottom row) depicted. Scale bars are 100 µm. 
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The selected base material to study curvature response is mainly glass or 

polydimethylsiloxane (PDMS), which are not suitable for the design of a bio-artificial 

kidney.14,17–19,22 Therefore we set out to investigate the response of RECs to a range of concave 

and convex structures based on polycaprolactone modified with supramolecular bis-urea 

moieties (PCL-BU). PCL-BU was selected as a base material due to its biocompatible nature 

and its possibility into membranes (Figure 5.1A; Chapter 7).30 Moreover, the bis-urea motifs 

permit potential modular introduction of bioactive components in the base material to steer 

cell behaviour.31 Research performed on REC sensing of curvatures has been primarily 

executed with either Madin Darby Canine Kidney and/or Human kidney 2 (HK-2) cells.14,17–19,28 

A bio-artificial kidney requires a human cell line which express crucial transporters, HK-2 have 

lost several transports compared to other human REC cell lines such as the hTERT 

immortalized renal proximal tubule epithelial cells (RPTECs).32–36 Therefore RPTECs were 

selected to systematically study curvature response of cells on PCL-BU. PCL-BU based chips 

were produced encompassing semi-cylindrical structures with diameters within the 

physiological range (50-70 µm) to those found in biomedical applications (250-500 µm; Figure 

5.1B).27,28,37 Flat area’s were employed as controls. Chips were coated with L-3,4-

dihydroxyphenylalanine (L-DOPA) and collagen type IV to ensure RPTEC attachment.27 The cell 

response to the curvatures was determined from cell coverage, cell polarization and collective 

cell migration response. As REC naturally exist in a concave environment, the formation of a 

tight polarized RPTEC monolayer in the concave structures is expected. Convex structures are 

hypothesized to induce cell avoidance, increasing cell-cell contacts might overcome the 

evasion.  

Results 
 

Successful production of curvature range chip 
 

Previously in-house developed curvature chip technology enabled successful fabrication of 

PCL-BU chips through solvent casting in PDMS molds (Figure 5.1C).23 Secondary striation 

structures were visible on all concave and convex structures (Figure 5.1C). An etched master 

mold produced a chip without secondary structures, but only with a viable size range from 

250 µm and higher (Figure 5.2).23 Thereby the etched chips did not enable the study of the 

desired broad of curvatures. The semi cylindrical geometries on the chip had a designed 

maximum height of 175 µm, larger curvatures were lowered in the mold design to match this 

height to enable confocal microscopy. In general, the diameter of the curvatures on the chip 

shrank compared to the mold diameter (Table 5.1). Small discrepancies were observed 

between between concave and convex structures in the range of 500 to 70 µm. Henceforth, 

the mold diameter will be used as nomenclature in the study to refer to diameter range.  
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Figure 5.2 - Micrographs of etched curvatures. Concave structures (top row) and convex (bottom row) ranging 

from 50 to 500 µm in diameter, height of the structure is equal to the radius. Scale bar is 100 µm. 

 

Table 5.1 - Actual curvatures diameter. The diameters of the designed mold versus the diameters measured 

by scanning electron microscopy on the polycaprolactone based chip. Mean ± standard deviation in µm, n=3 

Mold diameter (µm) 500* 350 250 150 100 70 50 

Concave diameter (µm) 464±3* 305±5 214±4 141±2 92±3 56±3 36±2 

Convex diameter (µm) 499±4* 328±11 233±9 132±11 93±8 67±5 52±3 

* corrected for to the lowering of the cylinder in the mold design to uphold height maximum of 175 µm. 

Actual mold width was 477 µm at this height, the measured width was 430±3 µm and 467±4 µm for concave 

and convex respectively. 

 

 Preferential cell coverage and polarization on concave over convex curvatures   
 

Cells were cultured on the chips presenting the broad curvature range from 50 to 500 µm. 

RPTEC were seeded at an initial density of 4*105 cells per chip, which corresponds to 80-90% 

confluency on flat substrates. Flat control surfaces and all concave structures showed full 

coverage by RPTEC cells after 5 days of culture (Figure 5.3A). Extending the culture period to 

10 days did not alter cell coverage on flat surfaces nor on concave structures (Figure 5.3B), 

overall a slight incremental trend in cell number was observed (Figure 5.3C). Cell layers 

cultured on convex structures presented gaps at the tops. Structures with higher convex 

curvatures (i.e. smaller diameter) showed a larger gap size compared to lower convex 

curvatures at 5 days of culture (Figure 5.3A, B). These gaps were shown to reduce in size when  
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Figure 5.3 - Renal epithelial cell response to curvatures. A RPTEC cultured on concave, convex or flat surfaces 

for 5 or 10 days. Cells stained for f-actin (red), α-tubulin (green), and the nucleus (blue). White arrowheads 

indicate examples of observed primary cilia. Scale bars are 100 µm and in enlarged images the scale bars are 10 

µm. B Quantification of the void area between cells on convex structures after 5 and 10 days of culture. f-Actin 

staining is employed as cell marker. C Amount of cells imaged and D amount of primary cilia positive cells on 

convex (hill pictogram), concave (valley pictogram) or flat surfaces after 5 (white) or 10 (black) days of culture. 

Mean ± standard error of the mean depicted, n=3.  

the culture period was prolonged to 10 days (Figure 5.3A, B). A slight increase in cell numbers 

was required to decrease gap size on these convex substrates (Figure 5.3C). RPTECs were 

cultured on the etched chips with a curvature range between 250 and 500 µm to exclude 

potential interference of the secondary structures on cell response. RPTECs showed similar 

cell coverage on etched chips compared to the rougher chips at 5 days of culture (Figure 5.4).  

 

Figure 5.4 Cell response to etched curvatures. RPTEC cultured on flat, concave, or convex structures for 5 days. 

Cells stained for f-actin (red), and the nucleus (blue). Scale bars are 100 µm. Graph bottom right corner depicts 

quantification of the void area between cells on convex structures after 5 of culture, f-actin staining employed 

as cell marker. Rough data points are replotted from Figure 2B for convenience, mean ± standard error of the 

mean depicted, n=3. 

Primary cilia formation was assessed to determine the level of apical polarization of RPTEC 

on all structures. Overall, flat and all curved structures showed an incremental trend in 

primary cilia positive cells between 5 and 10 days culture (Figure 5.3A, D), with the exception 

of convex 50 µm and 70 µm, and concave 50 µm structures. Primary cilia formation was more 

pronounced on concave structures than on convex structures with diameters of ≥ 70 µm at 10 

days of culture (Figure 5.3A, D). Interestingly, alpha-Tubulin expression was decreased on the 

summit of convex structures after 10 days of culture (Figure 5.3A), this behavior was also 

sporadically observed in cells cultured on flat substrates (Figure 5.5). Cilia can still be observed 

in cells which did not strongly stain positive for alpha-Tubulin (Figure 5.1A, 5.5). 
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Figure 5.5 - Occurrence of decreased α-Tubulin expression in RPTEC on flat substrates. Scale bar is 

50 µm, alpha tubulin (green), nucleus (blue). 

Cell density affects convex avoidance 
 

Cell seeding density has been postulated to affect cell response to convex curvatures.14,17 

An increase in overall cell number might therefore explain the observed increased coverage 

of convex structures at 10 days compared to day 5. It has been hypothesized that cell-cell 

contacts impose cells to cover unfavorable convex structures due to a lower level of cellular 

freedom.14 To further explore this notion, cells were seeded at quarter or double densities on 

convex structures compared to previous experiments. We hypothesized that convex 

structures are avoided by RPTECs at lower seeding densities and overgrown with increasing 

cell densities. No single cells were observed on the summit of convex structures with a 

diameter of ≤ 100 µm (Figure 5.6A). At convex diameters of 250≥ µm single cells could be 

observed on the summit (Figure 5.6A). Both single cells and colonies could be observed in all 

concave structures, with cells accumulating in the center of the larger structures (Figure 5.7). 

Increasing the cell density showed an increase in cell coverage on all convex structures, 

thereby decreasing the gap size compared to normal seeding density (Figure 5.6A, B). 

Increased cell density did not alter the cell coverage towards concave structures (Figure S4). 

Inhibition of cell-cell contacts with ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-

tetraacetic acid (EGTA) was performed to further investigate the role of cell-cell contacts on 

curvature response. The hypothesis is that inhibition of cell-cell contacts will lift constraints 

imposed by the cell layer and once again enable convex avoidance. Within the 6 hour time 

window, gap size did not increase on higher curvature samples with a diameter of ≤ 150 µm 

(Figure 5.6A,B). Gap area increased on samples with a low curvature with a diameter of 250 ≥ 

µm (Figure 5.6A, B). EGTA exposure did not alter the cell response towards concave structures 

(Figure 5.7).  
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Figure 5.6 - Influence of cell-cell contacts on convex curvature response. A RPTEC cultured on convex structures 

for 5 days. Cells stained for f-actin (red) and the nucleus (blue), scale bar is 100 µm. Quarter cell seeding density 

(top row), double seeding density (middle row) and normal density seeding density incubated with 2 mM EGTA 

for 6h (bottom row). B Quantification of the void area between cells on convex structures after 5 of culture, f-

actin staining employed as cell marker. Normal cell density data replotted from figure 5.3 for convenience. Mean 

± standard error of the mean depicted, n=3. 
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Figure 5.7 - Influence of cell-cell contacts on concave curvature response. RPTEC cultured on concave structures 

with diameters between 50 and 500 µm for 5 days. Cells stained for f-actin (red) and the nucleus (blue), scale bar 

is 100 µm. Quarter cell seeding density (top row), double seeding density (middle row) and normal density 

seeding density incubated with 2 mM EGTA for 6h (bottom row). Mean ± standard error of the mean depicted, 

n=3. 

Chip inversion changes curvature response 
 

Collective RPTEC migratory behavior on curvatures was investigated to expand our 

understanding on how convex avoidance is regulated by cell sheets. Cells were monitored 

from day 4 until day 5. Live imaging required sample inversion. To decouple the influence of 

live imaging and inversion, a control experiment was performed where the sample was 

inverted within the original well after 4 days of culture and left for 1 day in the new position. 

Unexpected behavior was observed as the gaps on the summits of convex structures readily 

closed during live imaging (Figure 5.8A). Concave structures remained lined with cells over 

time with no gap appearance. An incremental trend in gap closure velocity was observed as 

the convex diameter increased (Figure 5.8B). Gap size was shown to decrease on structures 

with ≤250 µm diameters after inversion (Figure 5.8C). Complete gap closure was not mimicked 

in the control experiments compared to experiments after live imaging.   
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Figure 5.8 - Migration on curvatures. A Stills from live imaging at different time points. RPTECs were cultured for 

4 days on curvature chip, stained CellTracker Green and imaged overnight with the chip inverted from the original 

culture position to enable imaging. Scale bars are 50 µm, curvature diameter of 150 µm selected as 

representative situation. B Gap closure velocity as a function of convex diameter. The gap closure velocity was 

determined from the linear section of the gap closure graphs as a function of time. Mean ± standard error of the 

mean, n=3. In lay graph is an example and depicts representative gap closure curve on 150 µm convex structure 

in which the linear gap closure speed is highlighted. This speed plotted in the larger graph. C Control experiment 

on the effect of imaging on curvature response. Cells cultured for 5 days on curvature chip (control; data 

replotted from Figure 5.3 for convenience). Cells cultured for 4 days after which chips were inverted and cultured 

for 1 day (Inverted control). Gap size was determined by f-actin staining. Mean ± standard error of the mean, 

n=3-4. 

Combing curvature and cell-adhesive ligands 
 

The bis-urea motifs in the PCL-BU (Figure 5.1A) allows for the modular integration of 

bioactives which are also conjugated with the bis-urea motif.31 This enables the modification 

of the curved structures with bioactives during casting. Previous experiments were performed 

on chips double coated with L-DOPA and collagen type IV, a potent coating to improve long-

term epithelial cell adhesion to polymer surfaces.27 It was investigated whether the 

albescence of or different adhesive ligands (i.e. cell adhesive cRGD) altered the curvature 

response of RPTECs. Hydrophilicity increased on the bottom of the chip (i.e. opposite of the 

curved side), however not on the top after cRGD functionalization compared to pristine 

(Figure 5.9A). Both pristine and cRGD modified curvature chips evoked the same cell response 

as the previously described L-DOPA and collagen type IV coated chips (Figure 5.3, 5.9B). 
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Figure 5.9 - Effect of cell adhesive ligands on curvature response. A Water contact angle measurements of 

pristine PCL-BU chips and BU-cRGD modified chips. Contact angle measured on both sides, structures were 

located on the top side. B Top part, RPTECs cultured on pristine PCL-BU or BU-cRGD modified chips for 5 days, 

cells stained for f-actin. Bottom part, quantification of cell confluency on convex structures. Chips were untreated 

(dark grey), double coated with L-DOPA and collagen type IV (white) or functionalized with cRGD (light purple). 

Data from coated chips replotted from figure 5.3 for convenience, Mean ± standard error of the mean, n=2-3. 
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Discussion 
 

In this study we set out to investigate the response of human RPTECs towards a range of 

concave and convex structures. The previously described curvature chip by Werner et al. was 

based on mold technology, this enabled us to alter the base material from common PDMS to 

biomaterials more relevant for biomedical applications.23 Solvent cast curvature chips were 

successfully produced from PCL-BU, which is a biocompatible supramolecular thermoplastic 

elastomer. The reduction observed in the structures’ diameter on the chips compared to the 

mold, most likely originates from shrinkage stress, which is commonly observed when 

polymers are solvent casted.38 Albeit the reduction in size, the overall range in size differences 

was conserved.  

Previous studies have shown that different renal epithelial cell lines align perpendicular to 

the cylinder axis on convex structures and parallel to the cylinder axis on concave structures, 

both below 100 µm.16–19,22,29 The secondary features observed on the curvature chip are most 

likely capable in steering cellular alignment by contact guidance, thereby confounding 

orientation analysis. However, convex avoidance was not altered by these secondary features. 

 RPTECs lined all concave and flat surfaces, yet convex surfaces showed gaps in the 

monolayers at the summits. The relative area avoided by cells increased with increasing 

curvature (i.e. decreasing diameter). The summit was strongly avoided by RPTECs on convex 

structures with a diameter ≤ 100 µm. It indicates that convex avoidance behavior for epithelial 

is beyond the 30 µm diameter previously investigated.14 A RPTEC has an estimated size of 

around 20 µm, thereby indicating that cells sense curved structures many magnitudes large 

than them. In similar work to our study, performed by Yu et al., avoidance of convex structures 

is not reported. However these experiments were performed after full confluency was 

reached.17  

Between day 5 and 10 a slight increase in the number of cells was observed on convex 

structures as the gap size was reduced. This, and the work of Pieuchot et al., who noted that 

larger epithelial colonies showed decreased convex avoidance, led us to hypothesize that 

convex avoidance by epithelial cells could be altered through changes in cell density.14 

Colonies and single cells could be observed on convex structures ≥250 µm at lower cell 

densities. This hints towards diminished forces imposed by the curvature on the nucleus, 

thereby curvotaxis is no longer observed. An increase in cell density reduced the avoidance of 

convex structures by RPTEC, complementary to the increased avoidance observed with 

decreasing cell densities. Epithelial layers might redistribute forces compressing the nucleus 

through their cortical actin cytoskeletons, which are linked by cell-cell contacts, or 

overcrowding might force cells on to the convex structures which are preferentially avoided. 

Therefore, we hypothesized that inhibition of cell-cell contacts would reinstate convex 
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avoidance by the epithelium and increase the gap size. A widely applied cell-cell contact 

inhibitor which acts by chelating calcium ions was employed.16,39 We observed no change in 

the gap size on convex curvatures with ≤ 150 µm over a 6 hour time window. The larger convex 

structures showed an increase in gap area, this could also be attributed to the empty space 

between cells due to a reduction in cell size. The effect of calcium depletion on migration 

might interfere with the curvature avoidance.39,40 Although work by Yip et al., showed 

realignment of epithelial cells on concave structures within 4 hours at a higher concentration 

of EGTA.16 Consequently, no definitive conclusion can be drawn here from the EGTA based 

experiments.  

Polarization was determined by the formation of primary cilia, which are crucial for sensing 

apical flow by RECs.41 Primary cilia formation improved as curvature decreased and was more 

prominent on concave structures. Previous studies on the effect of curvature on renal 

epithelial cell polarization yielded conflicting results. Yu et al. showed better polarization of 

apical Zona Occludens 1 and basal NaK-ATPase α1 on convex structures over concave (both a 

diameter of around 90 µm) and flat. 17 Contradictory, functional data by of Shen et al. 

indicated that polarized expressed transporters and enzymes increased in activity as the 

concave diameter was increased from 1200 µm to 400 µm.28 Thus leads to the unanswered 

question why REC polarization is equal or better on convex over concave structures within a 

physiological diameter range, taking into account that REC naturally reside in a concave 

environment.37 The decrease in alpha tubulin expression observed on convex, and sporadically 

on flat substrates, remains puzzling and might be due to post-modification or truncation of 

binding epitope of the antibody. Taken together, the results of Shen et al. and us indicate that 

biomedical applications employing hollow fiber membranes such as the bio-artificial kidney 

potentially benefit from concave seeding of REC.  

Unexpected behavior was observed during live imaging, when the gaps on convex 

structures readily closed. This behavior could be reproduced with sample inversion and static 

evaluation of the samples without subjecting them to the live imaging procedure, albeit to a 

lesser extent. Gap closure speed reduced with increasing curvature. Competing convex 

avoidance effect might have reduced the gap closure speed. That being said, others have not 

reported strong changes in cell migration speeds on structures within the 50 to 500 µm 

diameter range.13,19,23 Sales et al. found indications that sample inversion reduced contact 

guidance. They speculated that inversion induces a small pulling force on internal structures, 

which allows for more random actin polymerization not dictated by substrate structures.42 

Comparably, in an attempt to explain why cell adhesion, motility and stress fibers are altered 

in a microgravity environment, Vorselen et al. hypothesized that organelles or the nucleus 

exert forces on the cytoskeleton. Alteration in gravity alters the forces sensed by the 

mechanosensitive cytoskeleton.43 This would suggest that gravity might be able to alter 
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curvotaxis, but Pieuchot et al. showed that sample inversion did not affect single cell convex 

avoidance.14 This is more in line with the assumption that buoyant forces counteract 

gravational forces. More investigations are required on the effect of sample inversion on 

curvature response in the future.   

Finally, biofunctionalization of curvatures opens up the possibility to manipulate curvature 

sensing by cells. We showed that pristine materials nor cRGD functionalization altered the 

convex avoidance by RPTEC. Hydrophilicity measurements indicated an accumulation of 

hydrophilic cRGD on the bottom of the chip away from the curvatures. Therefore, it remained 

inconclusive if, and how much cRGD was presented on the curved structures. More insight is 

required on the distribution of bis-urea based additives in solvent cast chips, and how to 

induce preferential additive accumulation on the curved interface. Once these challenges are 

met, expression to bioactive peptides can be initiated. Yu et al. indicated that adhesive ligand 

density does not affect curvature sensing by epithelial cells.17 Cell-cell contact mimicking 

peptides might be more potent in eliciting a different cell response towards curvatures, as we 

observed cell density to be crucial for epithelial convex avoidance. This can be complemented 

with more in depth investigation of the curvature response by evaluating cellular processes 

such as lamin expression, Bin/amphiphysin/Rvs modulation or YAP/TAZ localization.23,25 

Conclusion 
 

In this study the response of human RPTEC towards a range of concave and convex 

structures based on PCL-BU was assessed. Employing PCL-BU enabled the study of curvature 

response to a relevant biomedical material compared to the often utilized PDMS. PCL-BU 

based chips were successfully produced with semi-cylindrical structures ranging from 50 to 

500 µm in diameter, RPTECs are around 20 µm. RPTEC completely lined concave structures, 

and showed improved polarization as the curvature decreased. The summits of convex 

structures were increasingly avoided by cells as the curvature increased. Higher cell numbers 

allowed RPTEC to overcome convex avoidance and nearly complete colonization convex 

structures. The insights obtained in this chapter can applied for in vitro models or biomedical 

applications such as a bio-artificial kidney.  
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Materials and Methods 
 

Chip production and characterization 
 

Chip molds contained semi-cylindrical convex and concave structures with diameters of 50, 

70, 100, 150, 250 and 500 μm and respective principle curvatures of κ = 1/25, 1/35, 1/50, 1/75, 

1/125 and 1/250 μm−1. Rectilinear pillars prevent the structures from touching anything when 

the chip is turned upside down. PDMS molds were produced as described by Werner et al.23 

PCL modified with bis-urea motifs (PCL-BU, Mn= 2.7 kg/mol per segment, SyMO-Chem) was 

dissolved in hexafluoroisopropanol (Fluorochem) for 1 day to produce a 100 mg/mL casting 

solution. Three mL of casting solution was gently poured into the mold and left to evaporate 

for over 2 days at RT. Chips were characterized by scanning electron microscopy (SEM; Quanta 

600, FEI) under high-vacuum with an applied voltage of voltage of 1-2 kV and a spot size of 3.0 

nm. 

Cell culture 

 

Chips were UV-sterilized for 10 minutes and subsequently incubated in PBS for 10 minutes. 

2 mg/mL L-DOPA (Sigma-Aldrich) was dissolved in 10 mM Tris-buffer (pH 8.5, Merck) for 1h 

solution at 37 °C. The solution was sterile filtered and applied on the chip for 4 min at 37 °C. 

Chips were washed with PBS and a secondary coating of 25 μg/mL Collagen type IV in PBS 

(derived from human placenta, Sigma-Aldrich) was incubated on the chips for 30 min at 37 °C. 

Secondary coating solution was aspirated and washed with PBS. Chips were placed in custom 

made PDMS well with a culture area of 3 cm2. RPTEC cells (RPTECs-TERT1; ATCC) were cultured 

in complete medium consisting of DMEM:F-12 Nutrient Mixture (Gibco), L-Glutamine and 15 

mM HEPES. Furthermore, the medium was supplemented with 1 v/v% penicillin-streptomycin 

(Invitrogen), RPTEC growth kit of ATCC (PCS-999-058, PCS-999-059) and 0.1 mg/ mL G418 

(Sigma-Aldrich) under in a humidified atmosphere at 37 °C and 5% CO2. RPTECs were seeded 

either 0.33 × 105 cells/cm2 (quarter density), 1.33 × 105 cells/cm2 (normal density) or 2.66 × 

105 cells/cm2 (double density) and cultured for either 5 days or 10 days, with medium changes 

every 2 to 3 days. When applicable medium was supplemented with 2mM EGTA (Sigma-

Aldrich) and added on normal density cells for 6h after 5 days of culture.  

Immunofluorescence staining 

 

Cells were washed with PBS (Sigma-Aldrich) and fixated with 3.7% v/v formaldehyde 

solution (Merck, USA) in PBS for 10-15 min. Cells were permeabilized with 0.5% v/v Triton X-

100 (Merck) in PBS for 10 min after washing with PBS. Samples were subsequently washed 

with PBS and blocked with 5% w/v BSA (Roche) in PBS for 20 min at RT. primary cilia were 

stained with anti-α-tubulin antibody (1:300, ab18251, Abcam) for 60 min in staining buffer 
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(2% w/v BSA, 0.05% Triton X-100 in PBS) at RT to investigate cell polarization. After washing 

with 0.05% Triton X-100 in PBS samples were incubated with secondary antibody goat-anti-

rabbit IgG Alexa Fluor 488 (1:200, A11008,Molecular Probes) and phalloidin atto647N (1:300, 

Sigma-Aldrich) in staining buffer for 45 min at RT. During the final 10 min DAPI staining (1:500 

dilution, D9542, Sigma-Aldrich) was added. Samples were washed three times with PBS. Z-

stack images were acquired of each structure by confocal microscopy (TCS SP5X, Leica). 

Images of convex structures were processed with a custom Matlab script (vR2015A) kindly 

provided by Bade et al.15 Gapsize was quantified with TScratch (v1, ETH Zurich) in the resulting 

images. Repressive images were produced by ZProjections of the z-stacks employing standard 

deviation projection type in ImageJ (v1.48, NIH), structures were cropped from the 

surrounding area. ImageJ was further used to quantify cell numbers. Primary cilia were 

counted blindly by two experimentalists.  

Live cell imaging 

 

Cells were cultured under standard culture conditions until day four, after which cells were 

stained with CellTracker Green (1:100, Invitrogen) in culture medium for 30 min at 37 °C. Cells 

were washed with PBS and new culture medium was added. A custom glass bottom well was 

produced for live imaging. Chips were flipped and placed in the custom well gently kept in 

place by stainless still clip and imaged over a 15h time period by confocal microscopy at 37 °C 

and 5% CO2. As a control experiment chips were inverted in culture wells at day four, and 

fixated at day five. Gap size was analyzed as stated before. All the experiments were 

performed in triplicate.    

Statistics  

 

Data were subjected to a Kruskal-Wallis test with a Dunns post-test in which selections of 

columns were compared. Tests were performed with the use of Prism 5 (GraphPad Software 

Inc.). Probabilities of p≤0.05 were considered as significantly different.   
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Abstract 
 

Induction of a functional, tight monolayer of renal epithelial cells on a synthetic membrane 

to be applied in a bioartificial kidney device requires for bio-activation of the membrane. The 

current golden standard in bio-activation is the combination of a random polymeric catechol 

(L-DOPA) coating and collagen type IV (Col IV). Here we investigated the possibility of replacing 

this with defined monomeric catechol functionalization on a biomaterial surface using 

supramolecular ureido-pyrimidinone (UPy)-moieties. Monomeric catechols modified with a 

UPy-unit were successfully incorporated and presented in supramolecular UPy-polymer films 

and membranes. Unfortunately, these UPy-catechols were unable to improve epithelial cell 

monolayer formation over time, solely or in combination with Col IV. L-DOPA combined with 

Col IV was able to induce a tight monolayer capable of transport on electrospun 

supramolecular UPy-membranes. This study shows that a random polymeric catechol coating 

cannot be simply mimicked by defined monomeric catechols as supramolecular additives. We 

still have a long way to go in order to synthetically mimic simple natural structures. 
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Introduction 
 

The bio-artificial kidney combines hemodialysis membranes with a functional tight 

monolayer of renal proximal tubule epithelial cells (PTECs) which are capable of filtering 

uremic toxins out of the blood into the pre-urine, while retaining essential molecules and 

salts.1,2 Recent strives have been made in uniting anti-fouling hemodialysis filtration hollow 

fiber membrane with cells by combining two types of coating. First the membrane is coated 

with polymeric L-3,4-dihydroxyphenylalanine (L-DOPA) which is physically absorbed to the 

surface.3,4 Catechols in the resulting layer are able to become reactive o-quinones which are 

able to react to nucleophiles such as lysines or cysteines, found in proteins though, e.g. 

Michael type addition or via Schiff basereactions.5 In addition, it is proposed that changes in 

hydrophobicity also contribute to favorable protein adherence.3,6 The primary coating is 

followed by a collagen type IV (Col IV) coating, the resulting synergistic combination allows for 

the formation of a tight monolayer of renal PTECs which are capable of uremic toxin transport 

over the membrane.7–12 In spite of the success of this coating strategy, still several laborious 

coating steps are required, which are based on random uncontrolled material deposition. A 

defined total synthetic off-the-shelf hollow fiber membrane is preferred.  

Modular supramolecular chemistry allows for the circumvention of laborious biomaterial 

post-processing to introduce complex bio-activity.13,14 Carefully designed supramolecular 

moieties are able to form self-complementary non-covalent interactions, which allow for a 

modular approach in biomaterial design.14–16 Ureido-pyrimidinone (UPy)-moieties have been 

extensively used as a basis for supramolecular biomaterials.13,17 UPy-moieties are able to 

dimerize through hydrogen bonding and assemble through π-π stacking to form modular 

nanometer sized fibers.18,19 Modification of polymers and additives with UPy-moieties allows 

for the integration of both as one biomaterial. Previously, we have shown that incorporation 

of UPy-functionalized cell adhesive peptides in UPy-modified polycaprolactone (PCLdiUPy) 

based electrospun membranes resulted in tight monolayer formation of primary human 

PTEC.16 However, replacement of peptides with smaller reactive moieties like catechols to 

induce cell attachment would be synthetically more accessible and easier to scale up.  

Researchers are moving away from random polymeric L-DOPA coatings towards more 

defined systems with monomeric catechols at the biomaterial surface.20–22 Work by Choi et al. 

demonstrated that monomeric catechols conjugated at the surface of PCL-poly(ethylene 

glycol) (PEG) electrospun fibers increased cell attachment and migration compared to 

physically absorbed polymeric dopamine coating.21 Our group recently functionalized a 

hydrophobic non-cell adhesive UPy-priplast polymer film with a monomeric UPy-catechol 

additive via supramolecular incorporation. Robust incorporation via the UPy-catechol moiety 

into the UPy-priplast film was proven and induced cardiomyocyte attachment and 

differentiation.22  



Chapter 6 

126 
 

 

 

 

Scheme 6.1 - Chemical structures and schematic representation of the experimental conditions. A Chemical 

structures of UPy-polycaprolactone (PCLdiUPy) and UPy-modified catechol (UPy-Catechol) with a schematic 

representation of UPy-assembly. B Employed substrates, films and membranes with characteristic AFM and SEM 

images showing the material surface. C Experimental conditions which were investigated for their potential to 

induce a functional renal epithelial cell monolayer. 

In this study it was investigated if the effect of monomeric catechol functionalization of 

PCLdiUPy by a dopamine was conjugated to a UPy-guest molecule (UPy-Catechol) could be 
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translated from a polymer film model system, with nanofibrous assemblies at the surface 

formed by UPy-UPy stacking in the lateral direction, to electrospun membranes with 

micrometer-scale fibers (Scheme 6.1A, B). Moreover it was investigated whether monomeric 

catechol functionalization can aid the formation of a functional tight monolayer of PTECs, and 

therefore replacing current physically absorbed polymeric dopamine coating (Scheme 6.1C).  

Results and Discussion 
 

Film and membrane characterization  
 

Catechol incorporation and accessibility was assessed through an Arnow’s staining, which 

turns orange in the presence of accessible catechols able to oxidize.23 Both pristine PCLdiUPy 

films and membranes remained clear or white, respectively, yet in both cases the addition of 

UPy-Catechol during material fabrication allowed for an orange color to appear (Figure 6.1A). 

To prevent cell infiltration into the electrospun membrane a design fiber diameter around 1 

µm was selected. The addition of UPy-Catechol resulted in slight decrease in the fiber 

diameter compared to pristine PCLdiUPy of the electrospun membrane with the same 

spinning parameters, respectively 0.79±0.32 µm vs. 0.98±0.32 µm (Figure 6.1A, Table 6.1). The 

fiber diameter correlated with the mean pore size found, 0.74±0.01 µm vs. 1.12±0.02 µm, 

respectively (Table 6.1). The correlation between fiber diameter and mean pore size of 

electrospun membranes is dependent on the polymer employed and the fiber size, for 

electrospun PCL membranes a similar correlation has been reported as here.24–26 

Incorporation of UPy-Catechol resulted in an insignificant decrease in hydrophobicity from 

74±1° to 71±2° in films (Figure 6.1B) in line with previous findings.22 Interestingly, a large 

decrease in hydrophobicity was observed when water was added on the membranes 

functionalized with UPy-Catechol; showing a decrease in water contact angle, from 129±2° to 

13±7° (p=0.0041) (Figure 6.1B). The water droplet was absorbed in UPy-Catechol 

functionalized membranes, as the water contact angle (WCA) measurement progressed. We 

hypothesize that this phenomenon is the result of an accumulation effect of the slight 

decrease caused by UPy-Catechol which is amplified due to the increase surface area in a 

fibrous membrane allowing absorption of the water into the membrane.  

 
Table 6.1 - Properties of PCLdiUPy and PCLdiUPy + UPy-Catechol electrospun membranes. n=3, 
mean±SEM  

 
Fiber diameter 

(μm) 
Max pore size 

(μm) 
Mean pore size 

(μm) 
Smallest pore size 

(μm) 

PCLdiUPy 0.98±0.32 2.24±0.08 1.12±0.02 0.52±0.02 

PCLdiUPy + 
UPy-Catechol 

0.79±0.32 1.38±0.06 0.74±0.01 0.35±0.01 
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Figure 6.1 - Incorporation of UPy-Catechol in PCLdiUPy and cell response to it. A left panels and middle left 

panels show macroscopic images of polymer films and membrane, either pristine or with UPy-Catechol 

incorporation subjected to an Arnow’s staining for catechols (orange). The middle right and right panels show 

scanning electron micrographs of the membranes. B Water contact angle measurements of both pristine 

PCLdiUPy and UPy-Catechol incorporated films and membranes, n=3, mean ± SEM. C Representative microscopic 

images of ciPTEC adhesion on the films and membranes cultured for 8d, f-actin (green) and nucleus (blue).  

 

Conditionally immortalized RPTEC (ciPTECs) have been developed for applications such as 

the bio-artificial kidney with relevant transporter expression for the clearance of uremic 

toxins.11,27–29 It is unknown if this cell line can function on supramolecular materials. ciPTECs 

showed adherence to and spreading on both polymer films as membranes, it appeared that 

the cells have adopted a smaller size on the membranes than on the films (Figure 6.1C). It is 

hypothesized that the fibrous topology poses obstacles for the cells to evenly spread, while 

cells are left unhindered on flat surfaces.30,31 No clear beneficial effect of UPy-Catechol on cell 

adhesion or monolayer formation was observed in both films as electrospun membrane 

(Figure 6.1C). This is in line with previous research were cardiomyocyte progenitor cells 

showed only a slight increased cell attachment on PCLdiUPy functionalized with UPy-

Catechol.22 Moreover, only polymeric L-DOPA functionalization of polyethersulfone 

membranes did not favor tight monolayer formation of ciPTECs over 7 days of culture.7 

Previous studies did report dramatic increase in cell adhesion on previously poor cell adhesive 
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materials surface functionalized with monomeric catechols.21,22 PCLdiUPy has innate cell 

adhesive properties, that might overshadow the effect of monomeric catechols. Taken 

together, these results showed that UPy-Catechol is incorporated into the films and 

membranes, capable of oxidative reaction, but is unable to solely improve cell adhesion. 

 

Coating requirements for ciPTEC monolayer formation  
 

Monolayer formation did not improve after Col IV coating on PCLdiUPy films and 

membranes (Figure 2A, B), which is in line with the observation that Col IV alone is insufficient 

for monolayer formation and maintenance.7,8 Unfortunately, the combination of UPy-

Catechol and Col IV had no effect on monolayer formation for both films as membranes 

compared to only Col IV coating. The lack of effect could be due to inability of the UPy-

Catechol to react to the Col IV under coating conditions. Induced oxidation of the catechol 

with sodium periodate (NaIO4) allows for the formation of reactive o-quinones at the surface 

which are able to react with nucleophiles, present in proteins.5,32 An oxidative environment 

during Col IV coating allows, in theory, for the conjugation of the Col IV to the UPy-Catechol. 

However, no beneficial effect from an oxidative environment was observed when compared 

to sole Col IV coating (Figure 6.2A,B). The deposition of a polymeric L-DOPA coating followed 

by Col IV did allow for a monolayer to remain over a longer period of time (Figure 6.2A, B). 

The monolayer showed to be slightly tighter on a 2D surface than the rougher fibrous surface 

of the membrane, corresponding to the difference in cell spreading found before (Figure 6.1C). 

Overall, these results suggested that a random polymerized L-DOPA coating is superior over 

the monomeric UPy-Catechol in monolayer formation and maintenance.  

The ineffectiveness of UPy-Catechol could be due to low level surface presentation, 

although the presence of accessible catechols was shown by an Arnow’s staining. Additionally, 

the employed concentration of 10 mol% of UPy-Catechol is twice as high as was previously 

shown to be effective in improving cell adhesion of different cells.22 Moreover, the chemistry 

of the base polymer, in this case PCLdiUPy, might also have an effect on the catechol activity. 

Importantly, modularity of the UPy-system allows for redesign of the surface chemistry and 

base polymer materials to improve UPy-Catechol functionality in the future. This might be 

feasible in a high-throughput screening fashion. 

Furthermore, the catechol surface can potentially be enriched with amines or 

guanidiniums, which both have been shown to improve catechol mediated adhesion.33,34 

Another alternative could be an polymeric catechol conjugated to a UPy-moiety, as polymeric 

L-DOPA addition showed positive effects.  
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Figure 6.2 - Double coating required for cell monolayer formation. Immunofluorescent staining of ciPTECs on 

PCLdiUPy (+ UPy-Catechol) A films and B membranes coated with collagen type IV (Col IV), Col IV in the presence 

of oxidative sodium periodate (NaIO4), or first coated with L-DOPA followed by Col IV cultured for 8d. Scale bar 

is 100 μm, f-actin (green) and nucleus (blue). 

Retention of transporter activity 
 

The polymeric L-DOPA Col IV double coating allowed for monolayer formation on PCLdiUPy 

films and electrospun membranes. To assess function of these monolayer transporter activity 

of organic anion transporter 1 (OAT1) was assessed. The basolateral OAT1 transporter is 

crucial for the clearance of uremic toxins such as indoxyl sulfate and kynurenic acid, which are 

associated with end-stage renal disease progression.11,35,36 Fluorescein was used as model 

compound to assesses OAT1 function.29 Fluorescein uptake by OAT1 was shown to be present 

in cells both on films as membranes, inhibition of OAT1 by probenecid resulted in a decrease 

in fluorescein uptake by cells indicating that uptake is mainly transporter mediated (Figure 

6.3). No significant difference in uptake was found between PCLdiUPy and PCLdiUPy 
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functionalized with UPy-Catechol, indicating there is no effect on transporter function by UPy-

Catechol. Cells on membranes exhibited an almost four times increase in fluorescein uptake 

in the control samples and six times with probenecid inhibition compared to films (Figure 6.3). 

This increase can be contributed to (i) fluorescein buffering by the membrane, which is 

released after cell lysis, and to (ii) basolateral transporter accessibility. A membrane allows for 

fluorescein to reach the basolateral transporters, whilst a solid film does not. The slight 

transporter activity observed on films may be the result of imperfect polarization of the 

basolateral transporters. Renal epithelial cells exhibit basolateral transporters at the apical 

side near cell-cell contacts in the absence of flow.37 In summary, ciPTECs retain transporter 

clearance potential when cultured on double coated supramolecular materials.  

 

Figure 6.3 - OAT-1 Transporter activity on double coated membranes and films. Fluorescein uptake by ciPTECs 

in the absence (control) and presence of the OAT-1 inhibitor probenecid on L-DOPA + collagen type IV coated 

PLCdiUPy (blue), PCLdiUPy + UPy-Catechol (orange), n=3, mean ± SEM. 

Conclusion 
 

In this study the potential of monomeric catechol functionalization to induce a functional 

renal epithelial monolayer was compared to random polymeric catechol deposition on 

supramolecular biomaterials. Supramolecular monomeric catechol functionalization of 

PCLdiUPy films and membranes was achieved with UPy-Catechol. UPy-Catechol was shown to 

retain reactive capabilities after processing. Nevertheless, monomeric catechol 

functionalization was unable to improve PTEC monolayer formation over time, solely or in 

combination with Col IV coating. In contrast, random deposition of polymeric catechols 

combined with Col IV indeed induced a tight cell monolayer with OAT1 transporter activity. 

Mimicry of polymeric catechol coatings can therefore not be simply achieved by defined 

catechols as supramolecular additives, indicating further research is required to synthetically 

mimic natural catechol coatings. Overall these results help in future design of UPy-based 

bioactive membranes for the development of a bio-artificial kidney to aid end-stage renal 

disease patients. 
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Materials and Methods 
 

Film and membrane fabrication  
 

Polymer films were produced by evaporation induced phase separation. PCLdiUPy (Mn = 

2.8 kg/mol; SyMO-Chem, The Netherlands) solutions were prepared with a concentration of 

50 mg/mL in hexafluoroisopropanol (HFIP; Fluorochem, UK) with or without 10 mol% UPy-

Catechol. A 45 μL droplet of the polymer solution was cast on a 14 Ø mm glass coverslip (VWR, 

USA), and the solvent was left to evaporate. Coated coverslips were place in vacuo overnight 

to remove potential residual solvent. Membranes were produced through electrospinning of 

polymer solutions. The solutions were prepared by dissolving 340 mg/mL PCLdiUPy with or 

without 10 mol% UPy-Catechol in HFIP, the solutions were left to stir overnight at room 

temperature. Electrospinning was performed on an IME Technologies EC-CLI (IME 

Technologies, The Netherlands), polymer fibers were collected on a cylindrical target (Ø = 31 

mm) wrapped in aluminum foil while rotating at 100 rpm, chamber temperature was set to 

23 °C and relative humidity to 30%. The polymer solution was fed through a nozzle (Ø = 1.0-

0.8 mm) with a rate of 30 μL/min, while a voltage of 18 kV was applied. The nozzle tip was 12 

cm removed from the target. Around 860 μL of polymer solution was effectively spun onto 

the target with a scanning distance of 75 mm. 

 

Membrane characterization 
 

Incorporation and availability of UPy-Catechol in films and membranes was assessed 

through staining the catechol moieties and though determination of the hydrophobicity. To 

visualize catechol groups an adaptation of an Arnow’s assay was performed. In short, 0.5 M 

HCl, 0.02 w/v% nitrite-molybdate in distilled water, and 1 M NaOH were sequentially, and in 

equal parts, added to the biomaterials and left to incubate for 10 min at room temperature 

(RT).22,23 After aspiration of the reagents images were acquired with a digital camera (Canon 

Power Shot G15, Canon, Japan). The experiment was replicated three times. Hydrophobicity 

was assessed through WCA measurements. A 4 μL droplet of MilliQ was placed on a 

biomaterial surface with Contact angle system OCA (Dataphysics Intruments, Germany) the 

WCA was determined after 30 sec. The experiment was performed on two different areas of 

each sample, with three replicates per condition.  

To assess whether the addition of UPy-Catechol had an effect on electrospun fiber 

morphology scanning electron microscopy (SEM; Quanta 600; FEI, The Netherlands) 

micrographs were taken. Membranes were imaged with an applied voltage of 10 kV and a 

spot distance of 4 under low vacuum. Per condition three separately spun membranes were 

imaged, of which two distinct parts of the membrane, and four spots per part. The mean fiber 
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diameter was determined from these micrographs through measurement of upper fibers with 

the help of imageJ (National Institutes of Health, USA). Furthermore pore size was determined 

through gas liquid porometry (Porolux 500; Porometer NV, Belgium) by submerging 

membranes in Porefil (Porometer NV) wetting liquid. Pressure increased from 0 to 2 bar in 

125 steps over 5 min. After obtaining the wet curve, a dry curve was acquired, both were 

analyzed with supplemented software to determine the max pore size, defined as the first 

bubble point, mean pore size and smallest pore size. 

 

Cell culture 
 

ciPTECs expressing OAT1 were obtained from Radboudumc, Nijmegen, The Netherlands 

and developed as described previously.27,29 Briefly, cells were retrieved from urine from a 

healthy volunteer in compliance with the guidelines of the Radboud Institutional Review 

Board and conditionally immortalized via transduction with the temperature-sensitive mutant 

of SV large T antigen (SV40T) and human telomerase reverse transcriptase (hTERT).27 

Transduction of OAT1 in ciPTEC was performed using lentiviral particles containing genes 

encoding for human OAT1.29 Cells were cultured in Dulbecco’s modified Eagle medium DMEM-

HAM’s F12 phenol-red free (Gibco, UK) supplemented with 10% v/v fetal bovine serum 

(Greiner Bio-one, The Netherlands), 5% v/v penicillin/streptomycin, 5 μ/mL insulin and 

transferrin, 5 ng/mL selenium, 10 ng/mL human epidermal growth factor 36 ng/mL 

hydrocortisone, and 40 pg/mL tri-iodothyronine at 33 °C. PCLdiUPy, or PCLdiUPy with 10 mol % 

UPy-Catechol membranes films were left uncoated or coated with either Col IV, Col IV with 10 

mM sodium periodate (NaIO4), or coated with polymeric L-DOPA followed by a Col IV coating, 

as previously described by Schophuizen et al. with minor adaptations.7 In short, samples were 

clamped in a custom made ring and transwell insert to allow for compartmentalization of an 

inner apical compartment and an outer basolateral compartment. The constructs were UV 

sterilized for 10 minutes on each side and afterwards incubated with Hanks' Balanced Salt 

solution (HBSS) for 10 min at RT. Meanwhile 2 mg/mL L-DOPA was dissolved and left to 

polymerize in 10 mM Tris buffer (pH 8.5) for 1h at 37 °C. On applicable samples the 

polymerized L-DOPA solution was incubated for 4 min at 37 °C, and subsequently washed with 

HBSS. To coat materials with Col IV a 25 μg/mL solution of the protein was incubated for 30 

min at 37 °C. Proliferative ciPTECs were seeded with a density of 133,000 cells/cm2 on the films 

and membranes. Cells were allowed to adhere for 24h at 33 °C afterwards the ciPTEC 

quiescent phenotype was induced by culturing the cells at 37 °C, cells were kept at this 

temperature for 7 days.  
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Monolayer morphology 
 

To assess monolayer morphology cells were washed twice with HBSS and fixated with 2% 

w/v paraformaldehyde and 2% w/v sucrose in HBSS for 5 min at RT. Cells were succeedingly 

permeabilized with 0.3 % v/v Triton X-100 (Merck, Germany) in HBSS for 10 min at, and 

afterwards washed with HBSS. The f-actin cytoskeleton and nucleus were respectively stained 

with 7 µM phalloidin-Atto 488 and 0.1 μg/mL 4′-6 diamidino-2-phenylindole (DAPI) for 30 min 

at RT, and finally mounted with mowiol. Films were imaged with Axiovert 200M (Zeiss, 

Germany), and z-stacks of the membranes were acquired with TCS SP5X confocal microscope 

(Leica, Germany) Z-stacks were compressed using maximum intensity projection in imageJ. 

The experiment was replicated three times in duplicate. 

 

OAT 1Transporter function 
 

ciPTEC functionality was assessed through OAT1 transporter function, as described before 

by Nieskens et al.29 with minor adaptations. In short, cells were incubated with Krebs buffer 

for 60 min at 37 °C to equilibrate cells. Two conditions for transporter function were assessed, 

either with or without inhibition of efflux and influx active transport by 100 µM probenecid in 

KH. Cells subjected to inhibition were pre-incubated with probenecid for 30 min at 37 °C. 

Afterwards both the basolateral as apical compartment were aspirated and replaced with 1 

µM fluorescein in KH with or without probenecid for 10 min at 37 °C. Transport was arrested 

by washing the cells twice with ice-cold KH. All liquids were removed and cells were lysated 

with 0.3 % v/v Triton X-100. Two times 100 µL was transferred to a 96 well plate and 

florescence of the lysate was measured with an excitation of 492 nm and emission of 518 nm 

on a Fluoroskan Ascent (Thermo Scientific, The Netherlands). The experiment was replicated 

three times in duplicate. 

 

Statistical analysis 
 

Data regarding WCA and fluorescein uptake were subjected to a Mann-Whitney test to 

compare PCLdiUPy with PCLdiUPy UPy-Catechol mixture. Tests were performed with the use 

of Prism 5 (GraphPad Software Inc., USA). Probabilities of p < 0.05 were considered as 

significantly different. 
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Abstract 
 

A variety of biomedical applications requires tailored membranes, fabrication through a 

mix-and-match approach is simple and desired. Polymers based on supramolecular bis-urea 

(BU) moieties are capable of modular integration through directed non-covalent stacking. 

Here it is proposed that non-cell adhesive properties can be introduced in polycaprolactone-

BU based membranes by the addition of poly(ethylene glycol) (PEG)-BU during immersion 

precipitation membrane fabrication, while unmodified PEG is not retained in the membrane. 

PEG-BU addition resulted in denser membranes with a similar pore size compared to pristine 

membranes, while PEG addition induced defect formation. Infrared spectroscopy and surface 

hydrophobicity measurements indicated that PEG-BU was retained during membrane 

processing. Additionally PEG-BU incorporation successfully led to poor cell adhesive surfaces. 

No evidence was observed to indicate PEG retention. The results obtained indicated that the 

BU-system enabled intimate mixing of BU-modified polymers after processing. Collectively, 

the results provide the first steps towards BU-based immersion precipitated supramolecular 

membranes for biomedical applications. 
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Introduction 
 

Tissue engineering applications require tailor made membranes presenting desired anti-

fouling or bioactive functionalities, this encompasses applications such as an organs-on-a-chip 

(e.g. lung or kidney) and the bio-artificial kidney.1–4 The introduction of anti-fouling properties 

in membranes relies on basic intermixing of two types of polymers, for example hemodialysis 

membranes rely on a polyethersulfone and polyvinylpyrrolidone blend.5 This approach 

requires interaction between polymers to enable intimate mixing. Introduction of interacting 

motifs promotes mixing of otherwise incompatible polymers. One approach is to introduce 

polyurethane motifs in polymers to achieve improved intermixing of two polymers.6,7 More 

delicately designed motifs based on supramolecular chemistry could be employed to improve 

polymer compatibility.   

Supramolecular chemistry can be harnessed for the development of tailor-made 

membranes. It has already been employed in membrane production for several decades, 

either to serve as pore templates8,9, as re-useable functional coating on membranes10,11, or as 

base material for the membranes12,13. Supramolecular chemistry is based on chemical motifs 

which interact in a directed fashion with each other though non-covalent interactions.14,15 The 

conjugation of bioactive peptides or polymers to supramolecular motifs allows for a 

composite material to stably integrate the different properties brought by the individual 

components (e.g. mechanical properties, cell adhesion, or anti-fouling).16–19  

Supramolecular bis-urea (BU) motifs have been successfully employed to achieve intimate 

mixing of components.19–21 The motifs are proposed to assemble through bifurcated hydrogen 

bonding into ribbon-like structures, three to six ribbons are proposed to assemble into 

nanoscale fibers.22–26 Therefore, BU-chemistry enables the modular design of materials 

through intimate mixing of separated components. Several biocompatible polymers have 

been modified with BU, e.g. polycarbonate, polycaprolactone (PCL-BU) and poly(ethylene 

glycol) (PEG-BU), to allow for modular integration of the components through the BU-ribbons 

(Scheme 7.1A, B).27–29 PEG functionalization is a well-established method to reduce cell 

adhesion on biomaterials through a hydration layer. The hydration prevents protein 

absorption, which in turn limits cell adhesion.30–32 Due to the water-soluble nature and 

mechanical properties of PEG, it is unsuited to produce stable membranes, however stable 

intermixing with a second polymer potentially enables the development of poor-cell adhesive 

membranes.29 Stable incorporation of BU-additives into BU-based polymers has previously 

been demonstrated after processing by solvent casting and electrospinning.28,33,34 It remains 

unknown whether different BU-based supramolecular polymers are able to modularly co-

assemble during classical membrane fabrication technologies such as immersion precipitation 

processing. 
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Immersion precipitated membranes are produced by casting a polymer solution on a 

substrate and immersing it in a non-solvent (i.e. water). Solvent exchange takes place, making 

the polymer solution instable, whereafter phase separation occurs resulting in a polymer rich 

and polymer lean phase (Scheme 7.1C).35 This method can be applied as a model approach for 

hollow fiber production, which are essential in applications such as a bio-artificial kidney.  

In this study we investigated if BU motifs could be employed to introduce interactions 

between two polymers to produce intimately mixed immersion precipitated membranes. 

Here, the incorporation of PEG-BU or PEG in PCL-BU based membranes was assessed. 

Moreover it was investigated if this enabled the introduction of non-cell adhesive properties. 

This investigation potentially opens the avenue for off-the-shelf BU-based hollow fiber 

development with different polymer blends and BU-modified bioactives. 

 

Scheme 7.1 - Chemical structures and schematic overview. A Chemical structures of bis-urea (BU) modified 

polycaprolactone (PCL-BU) and poly(ethylene glycol) (PEG-BU). Schematic representation of polymer below, in 

red the modular BU motifs. B Representation of nanoscopic assembly of BU motifs (left) and proposed cell 

properties of PCL-BU membranes and PCL-BU + PEG-BU mixture membranes. C Schematic overview of 

membrane preparation chronologically from left to right. 
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Results and discussion 
 

Formation of PCL-BU based immersion precipitated membranes  
 

Membranes were produced via immersion precipitation (Scheme 7.1C), using either 

pristine PCL-BU or a mixture of 2:1 of PCL-BU to PEG-BU or PEG. Immersion precipitation of 

pristine PCL-BU led to an intact membrane on the macroscale (Figure 7.1). Micrographs 

revealed small pores on both the top as the bottom. Both sides had unique topologies, and 

macrovoid formation was observed (Figure 7.1). The addition of PEG-BU also led to an intact 

membrane on the macroscale (Figure 7.1). A smoother surface was observed on both sides of 

the membrane compared to the PCL-BU membranes by scanning electron microscopy. Next 

to superficial pores, fewer pores can be found on both sides compared to the other two 

conditions (Figure 7.1). The overall thickness did not vary between PCL-BU and PCL-BU with 

PEG-BU membranes, 51.5±6.1 μm vs. 51.5±7.1 μm respectively (Table 7.1). In the control 

experiment, the addition of PEG appeared to lead to macro-sized defects in the membrane 

instead of a uniform macroscale membrane (Figure 7.1). Micrographs showed a distinctly 

different topology compared to pristine membranes. Pores appeared larger on the skin layer 

of PCL-BU PEG membranes than for the pristine membrane (Figure 7.1). In micrographs of 

both PEG and PEG-BU conditions, membranes showed a denser membrane structure. This 

densification is attributed to the PEG increased solution viscosity, which required a 

temperature increase to acquire a lower viscosity that enables casting. An increase in viscosity 

reduces the diffusion exchange rate of the solvent and the non-solvent during the coagulation 

process.36,37 The delayed demixing likely caused suppression of the macrovoid and pore 

formation, thereby counteracting the increased temperature effect, which is known to 

increase the pore size.38,39 The addition of PEG induced macro-sized defects and apparent 

increased the pore size. Which is in line with the expectations as PEG is a known pore former 

and stabilizer during immersion precipitation due to its hydrophilic character.32,40,41  

The maximum pore size decreased between the PCL-BU and PCL-BU with PEG-BU 

membranes (103±46 nm vs. 55±15 nm). The mean pore sizes showed a slight decrease 

between both conditions (26±1.6 nm vs. 20±0.3 nm). Albumin was selected as a model protein 

to assess potential protein accessibility for application purposes. Almost complete 

permeability was found for albumin, with a sieving coefficient >95, for both membranes using 

dead-end filtration (Table 1). The high sieving constants of albumin over PCL-BU and PCL-BU 

PEG-BU blended membranes are in line with the size of albumin, an ellipsoid-shaped molecule 

of roughly 4.0 x 4.2 x 14.1 nm, in comparison with the mean pore sizes.42 Pore size and albumin 

permeability were not characterized for PCL-BU + PEG membranes due to presence of macro-

sized defects. 
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Figure 7.1 - Morphology of immersion precipitated membranes based on bis-urea polymer blends. Top row 

depicts membranes based on pristine PCL-BU, middle row of a PCL-BU + PEG blend, bottom row of a PCL-BU + 

PEG-BU blend. Left column shows macroscopic images with a scale bar of 2 mm. Middle left column depicts 

representative micrographs of the membrane side exposed to the non-solvent (Top) and the middle right column 

depicts the side exposed to the substrate (Bottom) during fabrication. The right column depicts a cross section 

of the membrane. Micrograph scale bar is 50 µm. Inserts in the two middle columns are close-ups of the 

membrane surfaces, scale bar is 10 µm.  

 

Table 7.1 - Membrane properties of different supramolecular polymer blends. Mean ± SEM 
depicted of n=3. 

 
Thickness 

(μm) 
Maximum pore 
diameter (nm) 

Mean pore 
diameter (nm) 

Albumin sieving 
coefficient 

PCL-BU 51.5±6.1 103±46 26±1.6 0.96±0.04 
PCL-BU + PEG-BU 51.5±7.1 55±15 20±0.3 0.95±0.02 

 

Bis-urea functionalization required for PEG incorporation  
 

Pristine membranes showed similar hydrophobicity when comparing WCAs on the top 

(80.1±3.8°) and the bottom (81.8±5.5°; Figure 7.2A). Addition of PEG-BU to PCL-BU 

membranes drastically reduced the hydrophobicity on both sides of the membranes 

compared to pristine membranes; the top (47.7±4.2°) and the bottom (41.1±6.3°; Figure 7.2A). 

Introduction of non-functional PEG in the casting solution led to membranes with similar 

hydrophobicity as pristine membranes, the top (80.0±3.5°) and slightly higher on the bottom 
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(89.4±5.5°; Figure 7.2A). IR transmission spectra revealed hydrogen bonded N-H groups at 

3350 cm-1 and a smaller fraction of free N-H groups groups at 3450 cm-1 of the BU-motifs in 

pure PCL-BU, and all membranes.43 The N-H groups in the IR spectrum of pure PEG-BU were 

most likely obscured by water attracted PEG from the surrounding. Additionally, IR 

transmission spectra showed a changed ratio of C-O vibrations at 1160 cm-1 (ester) and 1094 

cm-1 (ether) when PEG-BU was incorporated into PCL-BU, but not for PEG control (Figure 7.2B). 

The ether C-O vibration can be observed in unprocessed PEG-BU and PEG, while the ester C-

O vibration is predominantly present in PCL-BU (Figure 7.2B, Scheme 7.1A). The transmission 

signature of pristine PCL-BU and PCL-BU + PEG membranes were comparable to unprocessed 

PCL-BU (Figure 7.2B).  

 

Figure 2 - Incorporation of PEG in immersion precipitated membranes. A Water contact angle measurements 

to determine hydrophobicity of the non-solvent side (top; ■) and substrate side (bottom; ●) of membranes 

composed of PCL-BU, PCL-BU + PEG, and PCL-BU + PEG-BU. Mean ± SEM depicted of n=3. B Full ATR-FTIR spectra 

of unprocessed PCL-BU (dark red), PEG-BU (red), PEG (grey) and immersion precipitated processed PCL-BU + PEG 

(dark grey), PCL-BU (dark green, and PCL-BU + PEG-BU (green) membranes on the left. Regions of interest on the 

right. Arrowheads indicating free N-H bond, hydrogen bound N-H bond, ester C-O bond and ether C-O bonds 

from left to right.  

 

PEG-BU incorporation yields poor cell-adhesive membranes 
 

PCL-BU membranes showed cell adhesion and spreading on both the top as the bottom of 

the membrane after 24h of culture (Figure 7.3). After 7 days in culture, both sides were 

overgrown by cells in a random multi-layered fashion. Addition of PEG-BU to PCL-BU 

membranes reduced cell adhesion and spreading (Figure 7.3). The bottom showed clumps of 

round cells indicating that there is a scarce number of attachment points available and cell-

cell contacts are preferred. The top side showed more cell spreading, however not as 

prominent as on the pristine membranes. After 7 days of culture, cells still presented a 

rounded morphology on the bottom, while on the top cells started to spread further. It is 

important to note that the level of reduced fouling behaviour of the PEG-BU PCL-BU mixture  
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Figure 7.3 - Cell adhesion and spreading on membranes. Representative fluorescent images of renal epithelial 
cell adhesion on the non-solvent exposed side (top) and substrate side (bottom) of the membrane at 24h and 7d 
of culture. Top row depicts membranes based on pristine PCL-BU, middle row of a PCL-BU + PEG blend, bottom 
row of a PCL-BU + PEG-BU blend. Nucleus (blue) f-actin (green), scale bar is 100 µm. 

 
was variable over the replications (Figure 7.4), ranging complete anti-fouling on both sides, to 
slightly more cell spreading on both sides. This likely originates from slight variation in the 
casting temperature. The addition of PEG yielded a similar response as to pristine PCL-BU 
membranes on both sides and on both time points (Figure 7.3). 
 

Taken together, the addition of PEG-BU resulted in a sharp increase of surface 

hydrophilicity, a change in the ester:ether C-O vibration ratio as depicted in the IR spectrum, 

and poor-cell adhesive properties of the membrane. None of these properties were observed 

after the addition of unmodified PEG during membrane fabrication. These result indicated 

that PEG-BU was retained in the membrane, while unmodified PEG was no longer present. 

Retention of PEG-BU in the membrane is likely a combination of two factors. Firstly the 

presence of alkyl groups between the BU and the PEG reduced the water solubility of the 

macromolecule. Secondly, hydrogen bonding of the BU-moieties within the polymer blend 

promotes retention. Unmodified PEG is known to be water soluble, allowing it to diffuse out  
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Figure 7.4 - Cell adhesion and spreading on PCL-BU + PEG- BU membranes replicates. Representative 

fluorescent images of renal epithelial cell adhesion on the non-solvent exposed side (top) and substrate side 

(bottom) of the membrane at 24h and 7d of culture. Nucleus (blue) f-actin (green), scale bar is 100 µm.  

of the membrane into the water phase during processing, hence similar properties between 

PCL-BU membranes and PCL-BU with PEG blended membranes.32,40,41 

Hydrophobicity measurements and cell-adhesive results suggested that the bottom is 

enriched with PEG. This behaviour is counter-intuitive, as it was expected that the hydrophilic 

PEG chains would favour water exposure during demixing over the glass substrate. Further 

research in to the phase separation dynamics could yield reproducible bilayered membranes, 

which require less PEG-BU for functionalization. Bilayered membranes have multiple 

applications from antibiotic loaded wound dressing to tissue-tissue interfacing.44,45 In the 

context of the bio-artificial kidney, a bilayered membrane can be envisioned with a cell 

adhesive side for renal epithelial cell culture and an anti-fouling side for blood contact. 

Although pristine PCL-BU initiated cell adhesion there was no formation of a tight monolayer, 

but a chaotic multi-layered cell layer. The BU-system allows for modularity during fabrication, 

addition of BU conjugated extra cellular matrix mimicking peptides (e.g. RGD) would most 

likely overcome undesired cell behaviour, as was shown for a comparable electrospun 

supramolecular PCL based system.17,46 Thereby off-the-shelf bioactive membrane can be 

created.  

  



Chapter 7 

148 
 

Conclusion 
 

This proof-of-concept study indicated that mixing supramolecular BU polymers is a viable 

approach to prepare immersion precipitation membranes. BU-modification of PEG was 

required for co-assembly with PCL-BU to create a poor cell adhesive membrane. Future 

research should focus on designing bioactive hollow fibers based on BU chemistry for 

application such as in a bio-artificial kidney 
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Materials & Methods 
 

Synthesis of bis-urea modified poly(ethylene glycol) 

 
PEG-BU (Mn: 8 kg/mol; PEG8k-BU) was synthesized by SyMO-Chem (The Netherlands). In short, 

The hydrogelator product PEG8k-BU has a molecular structure that is very similar to one 

reported by Pawar et al., however the ester groups connecting the PEG8k and C10-spacer were 

replaced for more stable urethane groups.29 The synthesis of building block PEG8k-BU is 

analogous to that of a series of intermediates for ureido-pyrimidone hydrogelators reported 

in literature, albeit that for these intermediates PEG8K diol was not used as building block.47  

Membrane fabrication 

 
The BU-based membranes used in this study were fabricated by the phase inversion method. 

The membranes were prepared by dissolving either 15 wt% PCL-BU (Mn: 2.7 kg/mol, 

SyMOChem), 10 wt % PCL-BU and 5 wt % PEG-BU, or 10 wt% PCL-BU and 5 wt % PEG6k (Sigma-

Aldrich, The Netherlands) in DMSO (Merck, Germany) containing 5% (v/v) methanol (Sigma-

Aldrich). The polymer solutions were stirred overnight at 60 °C, after which all samples were 

equilibrated to room temperature. Heating to 100 °C reduced the viscosity of the 10 wt % PCL-

BU + 5 wt % PEG-BU solution which was necessary to allow solution casting. The other polymer 

solutions could be solution cast at room temperature. Doctor blade casting a 500 µm thick 

polymer solution on a glass plate followed by immediate immersion into a tap water 

containing coagulation bath of 20 °C prepared the membranes. The solidified membranes 

were removed from the glass plate and rinsed in excess of MilliQ for 3 days to remove 

potential residual DSMO. To prevent pore collapse, the membranes were transferred into a 

10% (v/v) glycerol (Sigma-Aldrich) in MilliQ solution and incubated for 1 day. Finally, the 

membranes were air dried for 2 days at 37 °C.   

Membrane morphology and pore size  

 
Micrographs of membranes were obtained by scanning electron microscopy (SEM; Quanta 

600; FEI) with an applied voltage of 10 kV and spot size of 4 using the low vacuum mode. The 

membrane thickness was measured with ImageJ (NIH, USA) from the micrographs at 2 distinct 

sections. The maximum and mean pore flow size were determined with capillary flow 

porometry (Porolux 500; Porometer NV, Belgium) using porefil® (Porometer NV) as wetting 

liquid and transmembrane pressures up to 25 bars. The supplemented software allowed for 

the recording of the wet and dry curve, and the analysis of the obtained data. The pore size is 

calculated with the Young-Laplace equation and the amount of pores from the inert gas flow. 

The max pore size is defined as the first bubble point, and the mean pore size as the 
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intersection of the halve dry curve and the wet curve. The experiments were replicated 3 times 

with separately fabricated membranes. 

Albumin sieving 

 
Membrane permeability for bovine serum albumin was studied by dead-end filtration. 

Membranes were punched to 13 mm Ø size and were degassed through submersion in miliQ 

and placed in vacuo for 24h. The degassed membranes were placed into a 13 mm Ø PTFE 

syringe filter holder (Sartorius, Germany) and an albumin solution (180 μg/mL; Roche, 

Switzerland) in miliQ was subsequently pushed over the membrane, using a syringe. The 

filtrate was collected and the albumin concentration was subsequently determined with a BCA 

assay kit (Thermo Scientific, USA) according to manufacturer’s protocol. Absorbance was 

measured at 570 nm (Synergy HTX, Bio-Tek, USA). The sieving coefficient was calculated as 

the filtrate concentration divided by the concentration of the starting solution. The analyses 

were replicated 3 times with separately fabricated membranes. 

Assessment of poly(ethylene glycol) incorporation 

 
To assess the level of PEG6k or PEG-BU incorporation into PCL-BU membranes, surface 

hydrophobicity was determined and infrared spectra were acquired. Membranes for 

hydrophobicity determination were not subjected to the glycerol treatment to prevent the 

influence of residual glycerol on the surface hydrophobicity. Water contact angles (WCA) were 

determined by placing a 4 μL droplet of MilliQ on the samples, 30 sec after placement the 

WCA was determined with a Contact Angle System OCA (Dataphysics Intruments, Germany). 

Infrared transmission spectra were recorded accumulating 16 scans in the range of 4000-450 

cm-1 at a resolution of 4 cm-1 on a Fourier transform infrared Spectrum Two spectrometer with 

an universal ATR sampling Accessory and diamond crystal (Perkin Elmer Instruments, The 

Netherlands). As control, spectra of pure PCL-BU, PEG-BU and PEG6k were recorded. The 

experiments were replicated for 3 on separate membranes.    

Cell adhesion 

 

Human kidney 2 cells (HK-2; ATCC, Germany) were cultured in Dulbecco's Modified Eagle 

Medium with high glucose and pyruvate (Life Technologies, The Netherlands), supplemented 

with 10% (v/v) fetal bovine serum (Lonza, The Netherlands) and 1% (v/v) penicillin and 

streptomycin (Life Technologies) under standard culturing conditions at 37 °C and 5% CO2. 

Membranes were punched to a size of 8 mm Ø and were mounted in custom holders to create 

a two compartment system. The constructs were washed with miliQ to remove glycerol from 

the membrane. The constructs were exposed to UV-sterilization for 10 min at each side after 

which cells were seeded at a density of 60*103 cells /cm2 on the membranes. Cells were 

fixated with 3.7% (v/v) formaldehyde solution (Merck) + 0.5% (v/v) Triton X-100 v/v (Merck) 
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in PBS for 15 min at room temperature after 1 day and 7 day of culture. Samples were 

subsequently washed with PBS and stained for f-actin with phalloidin-Atto 488 (Sigma-Aldrich, 

dilution 1:300) in 0.05% Triton X-100 (v/v) in PBS for 45 min at RT, during the last 10 min 4′-6 

diamidino-2-phenylindole (DAPI; 0.1 μg/mL; Sigma-Aldrich) was added to stain the nucleus. 

Samples were finally washed with PBS and mounted with mowiol (Sigma-Aldrich). At least 

three position were imaged per membrane with the use of a Zeiss Axiovert 200M microscope 

(Zeiss, Germany). The experiment was replicated four times. Representative images were 

acquired by compressing z-stacks using maximum intensity projection in ImageJ. The z-stacks 

were acquired on a Leica TCS SP5X (Leica).   
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Tailored biomaterials require a thorough understanding of the material and the cues they 

present over diverse set of scales to steer cell function. This thesis aimed at the development 

of supramolecular biomaterials that can applied in a bio-artificial kidney. This application 

requires tailored membranes that enable long-term functional monolayer formation by renal 

epithelial cells. Fundamental insights for the development of supramolecular biomaterials 

were found by transversing length scales. Starting at the nanolevel by investigating 

fundamental supramolecular biomaterial assembly and moving into processes occurring in 

larger scales such as cellular behavior towards chemical and topographical cues (Figure 8.1). 

 

 

Figure 8.1 – Length scales employed within this thesis. From left to right: investigation on the influence of 

additives and polymers on supramolecular assembly, cell-material interactions, bioactive components, cellular 

response towards curvatures, and membrane fabrication technologies.   

Insights in supramolecular additive presentation 
 

Proper peptide modification is essential for expanding the bioactive properties presented 

by biomaterials. The functional peptide presentation in UPy- and BU-based elastomeric 

systems was investigated (Chapter 2). RGD and cyclic RGD (cRGD) were employed as model 

cell adhesive peptides. The results from this chapter indicated that, despite the similarities in 

UPy- and BU-assembly, peptides were presented in a globular or fibrous surface aggregate 

context, respectively. Moreover, the peptide itself influenced the morphology of surface 

aggregates. In the context of previous research, these findings showed the profound influence 

of the end group in supramolecular additives on the final assembly in elastomeric systems.1,2 

Study of the focal adhesion properties and cell migration revealed that the BU-system 

presented more functional RGD and cRGD compared to the UPy-system. This was underlined 

by surface morphology and hydrophilicity. Additionally notions were confirmed that the 

additive end-groups greatly influenced the surface properties (Chapter 4). The nano-scale self-

assembly of supramolecular materials showed alterations with different polymer 

backbones.3–6 Complementary results showed that the selected polymer within an 

elastomeric supramolecular system influences additive assembly, presentation and 

effectiveness (Chapter 4). It can be postulated that the same supramolecular additive is 

differently presented in the context of different polymer backbones, and vice versa. Hereby, 
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it is reconciled why catechol functionality was shown to be a potent cell adhesive in the BU-

system employed, and not in the UPy-system (Chapter 3, 4 and 6). Why the BU-system has 

more profound additive presentation compared to the UPy systems still requires elucidation. 

Overall these studies indicated that functional additive presentation is more complex within 

supramolecular elastomeric materials than the often used term “mix-and-match approach” 

suggests. Additive translation towards a different elastomeric polymer requires re-

optimization of the material formulation.  

Future unraveling of the supramolecular additive presentation  
 

Self-assembly characteristics bring forth the highly advantageous modular properties in 

supramolecular biomaterials. Control over the assembly can be partially achieved by careful 

design of hydrogen bonding chemical motifs, and spacer type and length within the 

supramolecular building block.6–9 During processing, limited control can be exerted on 

additive assembly by regulating external factors such as humidity, solvent-annealing and 

temperature.10 Whether additives have a preference to distribute over the bulk, the surface 

or the substrate interface remains often unknown. Component properties such as density, 

surface free energy, or substrate affinity determine the distribution over the material in 

solution.11 Self-stratification occurs as the solvent evaporates and components are 

increasingly interconnected into place.11 Goor et al. observed by Time-of-Flight secondary ion 

mass spectrometry that UPy-tetrazine additives are more prevalent on the surface compared 

to the bulk, a trend that became more pronounced as the concentration increased.1 The 

detection was facilitated by a fluorinated carbon in the additive design. BU-additives have 

been indicated to more readily change surface hydrophobicity and morphology compared to 

their UPy-based counterparts (Chapter 2 and 4). Moreover, hydrophobicity differences 

between the air and substrate interface indicated preferential air interface distribution of BU-

cRGD (Chapter 5). Together these results lead to the hypothesis that the currently employed 

UPy- and BU- additives in elastomeric systems preferentially assemble towards the air 

interface during processing. However, every variation in the additive and polymer backbone 

brings forth different properties in terms of surface free energy and substrate affinity, thereby 

influencing the potential preferential distribution during self-stratification. The possibility to 

predict the eventual assembly and distribution would therefore greatly improve 

supramolecular biomaterial design. For example, in chapter 5 it remained unclear if bioactive 

additives were presented on the curvature surface from the mold cast chip. Models are 

currently employed as a powerful tool to predict supramolecular systems such as micelle 

formation, but can also be applied to UPy and BU-based systems transitioning from a soluble 

phase to a solid phase.12 The models are based on interaction parameters and thermodynamic 

properties of the constituents in the system. Hereby, models might be able to predict effective 

additive design and distribution within the employed supramolecular systems. 
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Bioactivation of supramolecular materials 
 

The BU-system presented the highest levels of functional peptides compared to the UPy-

system at the surface (Chapter 2). Therefore, the BU-system was selected to highlight the 

modular strength of supramolecular biomaterials through the creation of a small biomaterial 

library (Chapter 3). Two key open questions were addressed. Firstly, which small (peptide) 

additives can induce long-term monolayer formation of renal epithelial cells (RECs)? Secondly, 

can ECM mimicking peptides recapitulate the function of complex protein coatings? Basement 

membrane proteins laminin and collagen type IV (Col IV), whether or not in combination with 

polymerized L-3,4-di-hydroxy-phenylalanine (L-DOPA), were found to be effective in confluent 

monolayer induction. Albeit cell specific responses were observed for the two employed REC 

cell lines, i.e. human kidney-2 (HK-2) and telomerase reverse transcriptase immortalized renal 

proximal tubule epithelial cells (RPTEC). None of the BU-peptide additives presented the 

capability to induce long-term full coverage monolayer formation for the two REC cell lines. 

However, the monomeric catechol BU-additive (BU-Catechol) showed to be highly effective in 

the long-term induction of confluent functional monolayers for RPTECs, yet no beneficial 

effect for HK-2s. Interestingly, the most effective protein coating, for RPTECs, consisting out 

of polymerized L-3,4-di-hydroxy-phenylalanine (L-DOPA), laminin and Col IV was mimicked by 

the simple monomeric catechol additive in terms of monolayer coverage, and epithelial 

phenotype induction and function. This illustrates that complex adhesive coatings are not 

required per se to induce a desired cell response. Yet it also highlights that different cell lines, 

which represent the same tissue, respond differently to surface modifications. A recent follow 

up study using conditionally immortalized proximal tubule epithelial cells (ciPTEC) showed 

detrimental effects on cell adhesion when cultured on BU-Catechol containing surfaces (Figure 

8.2). The ciPTEC response is in line with previous findings that BU-Catechol functionalization 

has a  

 

 

Figure 8.2 - Selection of ciPTEC responses towards biomaterial library. ciPTECs cultured for 10 days on a 

biomaterial library as designed in chapter 3. A selection of conditions represented; pristine PCL-BU, PCL-BU with 

BU-GFOGER, BU-YIGSR, BU-cRGD, and BU-DGEA, and PCL-BU with BU-GFOGER and BU-Catechol. Each peptide 

additive added at 1 mol%, BU-Catechol added at 5 mol%. Scale bars represent 100 µm. 
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negative influence on cell adhesion when culture medium contains fetal bovine serum (FBS), 

as it is also present during ciPTEC culture (Chapter 4). The discrepancies between cell lines 

indicates the importance of media composition to biomaterial response, and the need for 

precision engineering. Precision engineering requires the cell type essential for the application 

to be subjected to the material library instead of an emissary cell line. When the acquisition 

of the cell type is difficult, a range emissary of cell lines can be applied to find consensus 

material functionalizations. 

Inability of peptides to steer cells in the long-term 
 

It remains puzzling why peptides showed no long-term functional effectiveness on REC cell 

lines in terms of monolayer formation, while short-term effect of cRGD was proven and 

previous research showed the long-term effectiveness of peptides in the UPy-system (Chapter 

2 and 3).13 Several hypotheses can be postulated to explain, solely or in conjunction, the 

cellular long-term insensitivity: (i) cell type, (ii) initiated intracellular cascades do not stimulate 

prolonged desired cellular responses, (iii) peptides are permanently buried under a layer of 

FBS or secreted proteins, or (iv) the current additive design is inadequate in presenting 

adhesive peptides, which are not RGD-based. RGD based sequences have higher integrin 

affinities than other cell adhesive peptide sequences.14–16 Spacers enable improved RGD 

availability at the surface, however as a trade-off cell affinity is decreased (Chapter 2).15,17,18 

A decrease in affinity for already weaker binding cell-adhesive peptides due to spacer design 

might render them less active. UPy-peptides, without a spacer, induced functional monolayer 

formation by primary RECs.13 It must be mentioned that HK-2 were not affected by the UPy-

peptides, and that the individual contribution of each peptides was not investigated.13,19 

However, these results still warrant a closer look at the current additive designs to improve 

peptide effectiveness, and the inclusion of primary human RECs in future studies.  

Expanding the library  
 

Overall it was clearly demonstrated that supramolecular biomaterials can be employed to 

create a biomaterial library from modular components (Chapter 3). The modular nature allows 

for the expansion of the components in the future. This includes novel polymers, small 

molecules, peptides and cell types. Libraries of supramolecular biomaterials will be on par 

with early developed biomaterial libraries when combined with robotic spotting technologies. 

Next to other cell adhesive peptides, cell-cell mimicking peptides are worthwhile investigating. 

The peptide mimics of E-cadherin and N-cadherin, HAVS and HAVDI respectively, have been 

shown to modulate signal transduction, gene expression, differentiation, and 

mechanosensing.20–24 Interesting preliminary results indicated that RPTEC, being E-cadherin 

positive, can adhere to BU-HAVDI (i.e. N-cadherin mimic) functionalized surfaces, yet surface 
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functionalized with BU-HAVS (i.e. E-cadherin mimic) proved to be anti-fouling (Figure 8.3). In 

this way, BU-HAVS and BU-HAVDI functionalized surfaces might be employed for the selection 

of cell lineages. Recent work by Schutgens et al. showed that adult epithelial stem cells from 

the nephron can form nephronoids in vitro, however distal tubule cells were hard to acquire 

in differentiation protocols.25 As proximal and distal tubule cells express different cadherins, 

one population could potentially be enriched on HAVS or HAVDI functionalized surfaces. 

 

Figure 8.3 - Cell response towards E- and N-cadherin mimic functionalized surfaces. Top HAVS (i.e. E-cadherin 

mimic) and HAVDI (i.e. N-cadherin mimic) peptides conjugated to BU-motif (BU-HAVS and BU-HAVDI). Bottom 

RPTEC cell line cultured on PCL-BU surfaces with varying mol% of BU-HAVS or BU-HAVDI, cultured for 24 and 21d, 

respectively. Cells were stained f-actin and the nucleus (BU-HAVS), or Zona Occludens-1 (ZO-1; BU-HAVDI), scale 

bars are 100 µm.  

Achieving spatial control through photo-patterning 
 

The surface of functionalized supramolecular polymer films is often homogenously covered 

with additive or additive clusters (Chapter 2 and 4). This property can be highly desirable for 

biomaterial applications, however complex organs show patterned presentation of 

extracellular matrix (ECM) components within the tissue. For example, the nephron presents 

different ECM proteins in the basement membrane traveling from the proximal tubule 

towards the collection duct.26 Moreover, spatial cues have been shown to modulate cell 
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responses to biomaterials.27 Achieving spatial control is required to emulate and study ECM 

patterns in elastomeric supramolecular biomaterials. Photo-patterning of surfaces would 

allow significant spatial control over functional additives.28,29 Digital mask technology with UV 

reactive patterning technologies have seen the rise of machines able to reach a spatial 

resolution of 4 µm.29 Norbornene-thiol chemistry has proven to be a highly efficient photo-

sensitive click reaction (Figure 8.4A).28,30,31 Therefore, a BU-modified norbornene was 

developed (BU-Nb) to potentially harness its power for spatial control on elastomeric 

supramolecular surfaces (Figure 8.4B and C). In a preliminary study, the potential of BU-Nb 

was investigated through reaction with the cell adhesive peptide sequence CGGRGDS in close 

collaboration with Izy Janssens.  

 
 

 

Figure 8.4 - Proposed achievement of spatial control. A Schematic representation of the current random 

additive distribution and a patterned surface. B Reaction scheme of norbornene-thiol chemistry. C. Chemical 

structures of employed components. Bis-urea (BU) modified polycaprolactone (PCL-BU) and norbornene (BU-

Nb), and CGGRGDS. 
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Exploration of norbornene surface chemistry 
 

BU-Nb was shown to react with CGGRGDS in solution with a conversion of 52%. 

Incorporation of BU-Nb in PCL-BU increased surfaces hydrophobicity, due to the hydrophobic 

nature of norbornene (Figure 8.5A). Matrix assisted laser desorption/ionization-ToF 

confirmed the presence of BU-Nb (MW: 1190.82) and its ability to react to CGGRGDS on the 

surface (MW: 1840.08; Figure 8.5B). Next to hydrogen, sodium and potassium adducts several 

unknown adducts were formed. Variation in the concentration of CGGRGDS and photo 

initiator did not improve surface reaction (data not shown). Introduction of BU-Nb in PCL-BU 

decreased cell adhesion compared to pristine (Figure 8.5C). Surface reaction with CGGRGDS 

slightly increased cell spreading, indicating low conversion on the surface (Figure 8.5C). 

However more importantly, the reaction appeared to be UV light insensitive. 

 

Figure 8.5 - Exploration of norbornene-thiol chemistry on supramolecular surfaces. PCL-BU polymer films 

functionalized with 0, 1, 4, 5 or 10 mol% BU-Nb. A Determination of surface hydrophobicity. B Matrix assisted 

laser desorption/ionization (MALDI) spectra of surfaces reacted with CGGRGDS in the presence of I2959 photo 

initiator and UV light. C Cell spreading on polymer films after reaction with CGGRGDS and I2959 with or without 

UV light.  
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The preliminary data suggested that photosensitive norbornene-thiol chemistry is difficult 

to achieve on supramolecular elastomeric surfaces. This is in sharp contrast with successful 

norbornene related biomaterial research, albeit the majority is performed in a hydrogel 

setting.28,30,31 Norbornene chemistry on solid surfaces is reported on metal surfaces, although 

without the use of light-sensitive catalysts.32,33 Re-evaluation of the click protocol, alternative 

photosensitive chemistry or different base polymers are potentially promising endeavors to 

enable photo patterning on supramolecular surfaces.  

Curvature response  
 

The current design of a bio-artificial kidney requires a cartridge packed with small diameter 

hollow fiber membranes. Currently, technical limitations dictate whether RECs are seeded 

luminal or basolateral on hollow fiber membranes (Table 1.1). This results in different physical 

environments experienced by the cells, either concave (i.e. luminal) or convex (i.e. 

basolateral). Luminal seeding has two major advantages over basolateral seeding: (i) it allows 

for denser packing of hollow fiber membranes within a cartridge and (ii) RECs are in their 

natural concave environment. Indeed, Jansen et al. found that increase in the fiber curvature 

(i.e. decrease in fiber diameter) reduced cell adhesion during basolateral seeding.34 Shen et 

al. demonstrated that an increase in concave curvature improved REC function.35 Little 

systematic research is performed on the effect of different concave and convex curvatures on 

REC behavior.36 In this thesis, the curvature response of epithelial cell sheets was explored, 

and it was studied if surface modification could alter such responses (Chapter 5). The recently 

developed 2.5D curvature chip by Werner et al. allowed for such a systematic study and 

permits the translation to other polymer to serve as a base material.37 Convex avoidance was 

observed for REC sheets, the severity of avoidance correlated to an increase in convex 

curvature. Cell density determined whether REC could overcome convex avoidance, in line 

with recent work by Pieuchot et al.38 RECs lined all concave curvatures, and showed improved 

primary cilia formation (i.e. polarization) compared to convex curvatures. Recent comparable 

work by Yu et al. revealed the opposite trend for cell polarization, convex curvatures improved 

polarization of apical and basolateral markers.36 Improved polarization on convex substrates 

also conflicts with the findings of Shen et al. on monolayer functionality, although the 

employed concave curvatures are significantly lower.35 Future research should focus on 

systematic investigation of REC curvature response for both convex and concave curvatures 

in 3D. 3D investigations can reveal whether convex avoidance by epithelial cells upholds from 

the translation from 2.5D. Moreover, a 3D model allows for investigation of gene 

transcription, protein expression, enzyme activity or transporter function in response to 

concave or convex curvatures. Overall these findings indicated that luminal seeding is 

preferred for the development of the bio-artificial kidney to improve cell adhesion and cell 

polarization, however 3D studies are required to confirm initial 2.5D findings (Chapter 5).   
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Towards supramolecular based hollow fibers membranes 
 

Electrospun hollow fibers 
 

Challenges lay ahead in translating UPy- or BU-based supramolecular biomaterials into 

bioactive membranes which can be employed in hemodialysis. Within this thesis two 

membrane fabrication technologies have been employed to process UPy- and/or BU-based 

biomaterials. Firstly, the potential of electrospun membranes was explored (Chapter 3 and 6). 

Electrospinning allows for the generation of micron sized fibers, which reflects the natural 

fibrous nature of the ECM.39,40 The membranes are highly porous which enables more 

convenient diffusion and perfusion of compounds towards RECs cultured in the hollow fiber. 

However, the fabrication process of electrospun hollow fibers has to overcome several 

hurdles. Firstly, a small collector is required with a diameter ≤400 µm, the size of the collector 

makes it susceptible to wagging even at low rotational speeds. This can result in 

inhomogeneous material deposition. Additionally, the required electric field in combination 

with the small collector induces a “cotton candy”-effect, where fibers connect to the collector, 

but stay suspended in the air until they eventually collapse. The resulting hollow fiber adopts 

a celery like morphology which provides a non-beneficial increase in surface area when 

luminal cell seeding is applied (Figure 8.6). Lastly, removal of the collector from electrospun 

hollow fiber is extremely cumbersome. Large scale production is crucial as thousands of 

hollow fiber membranes are required per hemodialysis cartridge. The aforementioned 

challenges prevent large-scale controlled production of electrospun hollow fibers, and might 

only partially be resolved though optimization of the spinning process.  

 

Figure 8.6 - Electrospun hollow fiber membranes. PCL-BU electrospun on a 400 µm mandrel to create a hollow 

fiber, scale bars are 100 µm. 

Unification of supramolecular biomaterials and classic membranes  
 

Phase precipitation is at the fundament of the current hollow fiber fabrication 

technologies.41 The potential of phase precipitation membrane fabrication was successfully 

explored for BU-based polymers (Chapter 7). The modular nature of BU-motifs allowed for 

the functional incorporation of PEG-BU in PCL-BU membranes, while unmodified PEG leaked 
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out. Although successful, 33 wt% of the additive was required to achieve functionality. A 

reduction of additive content can most likely be achieved through optimization of the casting 

process by changing parameters such as solvent, non-solvent and temperature.10,42 

Additionally, alternation should be made in the design of the bioactive BU-additives to reduce 

non-solvent solubility. The current design is often water soluble and would therefore leak-out 

during phase inversion membrane processing. PCL was employed as a model base polymer 

(Chapter 7), however more conventional hollow fiber membrane polymers such as 

polyethersulfon can be modified with BU-motifs. This allows for easier application of 

supramolecular based biomaterials due to decades of experiences with the base polymer in 

industry. Observations do point out that this will require reevaluation of the additive in the 

context of another polymer (Chapter 4). Finally, synthesis of both the BU-additives and -

polymers is performed on a low scale, this has to be scaled up to meet production demands. 

If these hurdles can be overcome, bioactive hollow fibers based on supramolecular chemistry 

are within reach.  

Concluding remarks 
 

The supramolecular toolbox is a wonderful concept for biomaterial design. More 

knowledge on supramolecular additive design and assembly are desired for improved 

biomaterials, however much can already be achieved within the current UPy- and BU-based 

platforms. The modularity of the materials enables the creation of vast biomaterial libraries 

with potential applications outside the scope of this thesis. Numerous other biological facets 

outside cell adhesive components are ready for exploration, such as antimicrobial functions, 

immune regulation, and drug screenings. Although supramolecular chemistry allows for the 

potential creation of highly complex biomaterials, scientists should strive towards effective 

biomaterials with minimal variables when translating to the application. Each components 

requires intensive safety evaluation towards a medical application, highly complex 

biomaterials will therefore endure a long journey before aiding patients. However, the 

potential complexity provided by supramolecular biomaterials can be fully utilized as a 

research tool in fundamental studies on material development or biological responses. 

Development of robust supramolecular plug-and-play sets provides researchers, unfamiliar 

with supramolecular chemistry, with the modular benefits of supramolecular toolbox. This 

enables convenient employment of the materials to answer new questions in creative ways. 

The drive towards simple, yet highly effective biomaterials infers within the context of a 

bio-artificial kidney that a simple modification, such as a monomeric catechol or a single 

effective peptide, is preferred over elaborate protein coatings or peptide combinations. The 

initial stage translation of supramolecular biomaterials towards hollow fiber membranes looks 

promising, and mainly requires further exploration of effective bioactive incorporation during 
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processing. Once off-the-shelf bioactive hollow fiber membranes are available, the now well 

established route from in vitro and in vivo clearance potential towards clinical trials can be 

followed. In the clinic, a bio-artificial kidney will provide patients with extra time to find a 

suitable donor kidney. Moreover, it will provide extra time for currently futuristic approaches, 

e.g. the cultivation of kidneys from organoids, to mature in viable treatment options.    
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Material and methods 
 

ciPTEC culture on BU-based biomaterial library 
 

Preparation of the BU-based biomaterial library is described in chapter 3. Principles of 

ciPTEC culture are described in chapter 6, with minor adaptations, cells were seeded at a 

density of 48.000 cells / cm2 and proceedingly cultured for 3 days at 33 °C and 7 days at 37 °C.   

Cell-cell contact mimics on biomaterial surfaces 

 

BU-HAVS (Ac-SHAVSSGK(OEG12-BU-C6)G) and BU-HAVDI (Ac-HAVDIGGK(OEG12-BU-C6)) 

were kindly provided by Johnick van Sprang. PCL-BU polymer films with different mol% BU-

peptides were prepared as described in chapter 2. RPTEC cells were seeded on both 

functionalized surfaces, as described in chapter 3. Cells were cultured on BU-HAVS modified 

surfaces 24h, subsequently cells were fixated, stained and imaged as described in chapter 4. 

Cells were cultured on BU-HAVDI functionalized surfaces for 21 days, subsequently cells were 

fixated, stained and imaged as described in chapter 3.  

Exploration of BU-Norbornene chemistry  
 

PCL-BU polymer films were prepared and casted on glass coverslips for hydrophobicity 

measurements and cell culture as described in chapter 2. For MALDI experiments polymer 

films were prepared by casting 3 μL of 40 mg/mL PCL-BU in HFIP solution on a MTP 384 

polished steel target plate. Polymer films contained either 0, 1, 4, 5 or 10 mol% BU-Nb. Water 

contact angle measurements were performed as described in chapter 2. The experiment 

performed in triplicate. 

BU-Nb reactivity in solution was determined. Reaction mixture comprising of 420 µM BU-

Nb, 840 µM CGGRGDS and 21 µM I2959 in 1:1 milliQ:acetonitrile (ACN; Sigma-Aldrich) was 

irradiated in a cuvette at 365 nm with an intensity of 10 mW/cm2 for 20 min (EXFO S1000; 

Omnicure). Reaction mixture was investigated with Liquid Chromatography Mass 

Spectrometry (LC-MS; Shimadzu LC-10 AD VP series) coupled to a diode array detector 

(Finnigan Surveyor PDA Plus detector, Thermo Electron Corporation) and an Ion-Trap (LCQ 

Fleet, Thermo Scientific) that created ions via electrospray ionization (ESI). Conversion was 

determined by calculating the area under the curve of both the reacted as unreacted BU-Nb 

peaks in the LC-MS spectrum.  

The presence of BU-Nb and its reactive potential on the surface of PCL-BU films was 

determined by MALDI-ToF MS (Autoflex Speed MALDI-MS; Bruker). Firstly, a reactive mixture 

comprised of 1.5 mM CGGRGDS and 0.83 µM I2959 in PBS was incubated on the films in the 

presence of 10 mW/cm2 UV irradiation at room temperature for 20 minutes. Subsequently 
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samples were washed with milliQ and a α-cyano-4- hydroxycinnamic acid matrix in 49.5:49.5:1 

milliQ:ACN:Trifluoroacetic acid was applied on the polymer films and allowed to dry in 30 min. 

MALDI-ToF MS measurements were performed in positive linear mode (method: 700-2000 

Da), 3000 shots per spot and a laser power of 60%. 

Finally the cell behavior towards polymer films with BU-Nb and BU-Nb reacted with 

CGGRGDS was determined. A reactive solution coating 21 µM CGGRGDS and 0.8 µM I2959 in 

PBS with 0.05% v/v Triton X-100 was prepared. Polymer films were incubated with 200 µL 

reaction mixture and irritated as described before. Samples were washed with milliQ and 

stored in PBS at 4 °C.HK-2 cells were cultured for 24h, stained and quantified as described in 

chapter 4 with one minor alteration, cell seeding density was changed to 20.000 cells/cm2. 

Experiment performed in triplicate. 

Electrospun hollow fiber production 
 

Hollow fibers membranes were electrospun from a PCL-BU polymer solution as described in 

chapter 3. Minor adaptation were employed to spin hollow fiber membranes, firstly a 400 µm 

Ø collector was employed, which rotated at 25 rpm, the polymer solution was fed under high 

voltage for 1 to 2 min. The collector electrospun construct was frozen in water, subsequently 

the collector was warmed to allow for its removal. The hollow fiber was lyophilized to extract 

it from the ice. Micrographs were taken as described in chapter 3.  
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Living kidney membranes based on supramolecular materials 
 

The basic concept of hemodialysis has remained unchanged ever since its invention in the 

first halve of the 20th century. Although successful in saving the lives of patients, it has failed 

to replace kidney function entirely. Hemodialysis only recapitulates basic glomerular filtration, 

but no fine tuning of the filtrate to produce urine is achieved. One possible solution to improve 

hemodialysis is a bio-artificial kidney (BAK). A BAK expands the current dialysis treatment with 

an extra module where the conventional hollow fiber membranes are lined with renal 

epithelial cells (REC). RECs are natively responsible for filtrate fine tuning trough transporters, 

and receptor based internalization. Currently, hollow fiber membranes are poor cell adhesive, 

and require a costly coating of adhesive L-DOPA with extracellular matrix (ECM) proteins, such 

as collagen type IV (Col IV), to achieve REC monolayer formation in in vitro models. Bioactive 

“off-the-shelf” membranes are therefore preferred.   

In this dissertation the potential of supramolecular biomaterials was explored from the 

nano-scale, e.g. supramolecular assembly, to the micro-scale, e.g. membrane processing and 

cell topology interactions, to achieve bioactive materials for a BAK. Supramolecular materials 

present modular properties, which originate from directed non-covalent interactions between 

supramolecular motifs. Bioactive peptides or other functional additives conjugated with a 

specific supramolecular motif can modularly integrate into supramolecular base materials 

during processing. This permits the formation of a vast library of polymeric materials with 

multiple functions. In this work, two classes of supramolecular biomaterials based on ureido-

pyrimidinone (UPy) and bis-urea (BU) were employed. Both systems assemble in a similar way 

into fibers through directed hydrogen bonds. 

Albeit assembly similarities between the UPy- and BU-system, the mode of effective 

peptide presentation is unknown. In Chapter 2, the presentation of linear and cyclic (c)RGD in 

UPy- or BU- modified PCL (PCLdiUPy and PCL-BU) was investigated. Nano-scale analysis 

revealed the appearance of globular aggregates in the UPy system and fibrous aggregates in 

BU-based materials after peptide functionalization. Moreover, surface hydrophilicity 

increased with accumulating levels of peptide functionalization. Cellular focal adhesions and 

cell migration analyses indicated that the BU-system was superior in functional peptide 

presentation compared to the UPy-system.   

The modular assembly of supramolecular biomaterials was employed to create a small 

screening library for the induction of a functional REC monolayer in Chapter 3. The library 

comprised of several ECM proteins and adhesive L-DOPA coatings, or BU conjugated ECM 

mimicking peptides and small reactive catechol (BU-Catechol) modifications. Two different 

REC cell lines, i.e. HK-2 and RPTEC, were screened on both libraries. The protein library 

revealed improved monolayer formation by HK-2 in the presence of laminin, but no other 
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components. RPTECs formed fully confluent monolayers on L-DOPA combined with Col IV and 

laminin coated surfaces. Screening of the peptide library indicated no hits for HK-2s, however 

for RPTECs, full coverage was achieved through BU-Catechol functionalization. Further 

investigation revealed that monolayers were of equal functional quality in terms of coverage, 

transporter activity, brush border enzyme expression and primary cilia formation between the 

complex protein coating and the simple surface modification. Both functionalizations were 

effectively translated to electrospun membranes, yielding tight living membranes with a 

basolateral transporter activity. Thereby this chapter revealed that complex coatings can be 

replaced by simple chemical groups. 

A comprehensive study is described in Chapter 4 where the presentation of cell adhesive 

catechol and cRGD additives was investigated in the UPy- and BU-platforms, wherein a variety 

of backbone polymers was employed. Nanoscopic surface analysis indicated that 

supramolecular fiber formation and presentation of additive aggregates was depended on the 

employed supramolecular platform, the polymer and the additive. Different cell lines gave, 

although small variations, similar responses to materials with the same composition. The 

effectiveness of cell adhesive additives greatly depended on both the employed 

supramolecular system and polymer. Thus awareness should be present that translating 

functional additives is not trivial from one supramolecular system to another, or from one 

polymer backbone to another.  

Technical limitations dictate luminal or basolateral cell seeding of hollow fiber membranes 

for a BAK. This results in different physical environments experienced by the cells, concave or 

convex respectively. In Chapter 5 the RPTEC response to a range of concave and convex 

structures was studied. All concave structures harbored a confluent cell layer. Conversely, 

RPTEC showed convex aversion which increased as the curvature increased. Cell numbers 

appeared to dictate the gap size on convex structures, with increasing cell numbers decreasing 

convex aversion. Finally, differences in polarization maturation were observed between 

concave and convex substrates, with enhanced primary cilia formation by RPTECs on concave 

structures. Overall this indicates that luminal cell seeding is preferred in the development of 

a BAK. 

In Chapter 6 the potential of catechol modified surfaces was further explored in the context 

of PCLdiUPy based electrospun membranes. Pristine or UPy-Catechol modified membranes 

were produced with four most modifications (i.e, L-DOPA, Col IV, L-DOPA/Col IV or no coating). 

Monomeric catechol functionalization failed to induce confluent monolayers formation by the 

employed REC cell line (i.e. ciPTEC). Monolayer confluency and function was superior on the 

golden standard L-DOPA/Col IV coated surfaces. Thereby this chapter indicated that functional 

monomeric catechol modification is not straightforward recapitulated in another 

supramolecular platform and cell type.  
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Chapter 7 revealed that BU-based materials are compatible with immersion precipitation 

membrane technology, essential for hollow fiber production. Membranes were produced 

either comprising of PCL-BU or a blend of PCL-BU and PEG-BU. PEG-BU was shown to be stably 

incorporated and reduced cell adhesion on the surface. These proof-of-principle results 

showed the successful modular additive functionalization of PCL-BU membranes on which can 

be expanded to create bio-active off-the-self membranes.  

To conclude, the results obtained in this thesis provide crucial insights in a variety of 

subjects. Supramolecular biomaterials are often described as having “mix-and-match” 

properties, however translation between supramolecular platforms, polymers and additives 

is not as trivial as the term suggests. Albeit this challenge, the modular nature of 

supramolecular biomaterials does allow for the construction of effective screening libraries. 

Libraries that provided insights in favorable chemical cues to construct simple bioactive 

membranes. Moreover, modular supramolecular functionalization is compatible with classic 

membrane fabrication technologies. These developments are paving the way forward to bio-

active off-the-self hollow fiber membranes based on supramolecular materials. Screening of 

small topographical chips revealed preferential concave environments for REC, indicating 

luminal seeding is preferred in BAK design. Knowledge obtained within this dissertation is not 

confined to the development of a BAK. It can be translated towards other tissue-engineering 

applications which employ supramolecular thermoplastic elastomer based biomaterials.  
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Levende niermembranen gebaseerd op supramoleculaire materialen 
 

Hemodialyse is vrijwel ongewijzigd gebleven sinds haar uitvinding halverwege de twintigste 

eeuw. Hemodialyse biedt geen complete genezing, zij stelt patiënten vooral in staat de 

wachttijd voor een donororgaan te overbruggen. Hemodialyse bootst enkel de grove 

glomerulaire filtratie na. Er is daarom een verbeterslag te behalen door ook andere functies 

van de nier te introduceren in dialyse therapie. Het concept van een biologische kunstnier 

biedt deze kans. Dit concept behelst een tweede hemodialyse module, echter hier zijn de holle 

vezelmembranen binnenin bedekt met nierepitheelcellen (NEC). NECs zijn verantwoordelijk 

voor het bijstellen van de voorurine naar urine via transporters en receptor gemedieerde 

opname. De huidige generatie holle vezelmembranen dienen gecoat te worden met L-DOPA 

en extracellulaire matrix (ECM) eiwitten zoals collageen type IV (Col IV) om een NEC monolaag 

te kunnen bewerkstelligen binnenin de vezels. Kant-en-klare bioactieve membranen zijn 

daarom geliefd voor de verdere ontwikkeling van een biologische kunstnier. 

In dit proefschrift wordt het vermogen van supramoleculaire biomaterialen verkend om 

materialen te ontwikkelen voor een biologische kunstnier. Hierbij worden zowel de 

nanoschaal, zoals de opbouw van de materialen, als de microschaal, bijvoorbeeld membraan 

fabricatie en cel-topografie interacties, bestudeerd. Supramoleculaire materialen hebben 

modulaire eigenschappen die voortkomen uit gerichte niet-covalente interacties tussen 

supramoleculaire motieven. Bioactieve peptiden of andere functionele groepen kunnen 

geïntegreerd worden in een supramoleculair basis materiaal door ze te voorzien van hetzelfde 

specifieke motief. Deze modulariteit geeft de kans om grote bibliotheken op te bouwen 

bestaande uit polymeren materialen met een verscheidenheid aan samenstellingen. Binnen 

dit werk zijn twee type supramoleculaire biomaterialen gebruikt, gebaseerd op ureido-

pyrimidinon (UPy) ofwel bis-urea (BU) motieven. Deze motieven kennen een vergelijkbare 

aggregatie die bewerkstelligd wordt via waterstofbruggen.  

Het is onbekend hoe peptiden effectief gepresenteerd worden in de vergelijkbare UPy- en 

BU-systemen. In hoofdstuk 2 is de presentatie van lineair en cyclisch (c)RGD onderzocht in 

UPy- of BU-gemodificeerde polycaprolacton (PCLdiUPy and PCL-BU). Nanoschaal analyse 

toonde aan dat peptiden in globulaire aggregaten werden gepresenteerd in het UPy-systeem, 

maar in het BU-systeem werden zij meer fibreus aangeboden. Het hydrofiele karakter van de 

oppervlaktes nam toe na peptide functionalisatie, echter in grotere mate voor BU-gebaseerde 

materialen. Het bestuderen van focale adhesie complexen en celmigratie duidde aan dat het 

BU-systeem superieur was in het effectief presenteren van peptiden in vergelijking met het 

UPy-systeem. 
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De modulaire eigenschappen van supramoleculaire biomaterialen zijn gebruikt om twee 

kleine materiaal-bibliotheken op te bouwen in hoofdstuk 3. De eerste bibliotheek bestond uit 

coatings gebaseerd op ECM eiwitten en L-DOPA. De tweede bibliotheek bestaande uit 

materialen gemodificeerd met ECM nabootsende peptiden en reactieve catecholen 

geconjugeerd aan BU-motieven (BU-Catechol). De reactie van twee verschillende NEC 

cellijnen (t.w. HK-2 en RPTEC) werd bestudeerd op de verschillende materiaal combinaties. 

HK-2s verbeterde monolaag-vorming wanneer gekweekt op laminine bevattende coatings. 

RPTECs vormde confluente monolagen op een complexe coating bestaande uit L-DOPA, Col IV 

en laminine. HK-2 cellen vormden op geen enkele combinatie uit de peptiden/catechol-

gebaseerde bibliotheek een monolaag, RPTECs vormden een volle monolaag op BU-Catechol 

gemodificeerde materialen. Meer gedetailleerd onderzoek wees uit dat de RPTEC monolagen 

gevormd op de complexe coating of de simpele BU-Catechol modificatie gelijk waren in 

termen van: oppervlakte bedekking, transporter activiteit, borstelzoom enzym activiteit en 

primaire cilia formatie. Tenslotte konden functioneel levende membranen gecreëerd worden 

met de complexe coating of simpele modificatie. Zij toonden gelijkenis in termen van 

nauwsluitendheid en basolaterale transporter activiteit. Hiermee toont dit hoofdstuk aan dat 

complexe coatings vervangen kunnen worden voor simpelere oppervlaktemodificaties.  

De omvangrijke studie beschreven in hoofdstuk 4 bestudeerd de presentatie van cel-

adhesieve catechol en cRGD additieven binnen de UPy- en BU-platformen met verschillende 

basis polymeren. Nanoscopische oppervlakte analyse toonde aan dat supramoleculaire 

vezelvorming en additief presentatie afhankelijk is van zowel het supramoleculaire platform, 

basis polymeer als het additief. Verschillende cellijnen gaven vergelijkbare reacties op 

materialen met dezelfde samenstelling. De effectiviteit van de cel-adhesieve additieven hing 

samen met het supramoleculaire platform en het gebruikte basis polymeer. Ergo, toekomstig 

onderzoek dient rekening te houden dat de vertaling van effectieve additieven naar andere 

supramoleculaire systemen of polymeren niet triviaal is.  

Praktische beperkingen bepalen of cellen binnenin of op holle vezelmembranen gezaaid 

kunnen worden voor een biologische kunstnier. Deze verschillende kweekmethodes leiden 

ertoe dat de cellen zich in verschillende fysieke conformaties bevinden, respectievelijk concaaf 

en convex. In hoofdstuk 5 is onderzocht hoe RPTEC reageren op convexe en concave 

structuren met diverse groottes. Alle concave structuren werden volledig bedekt door cellen, 

daar tegenover meden cellen convexe structuren als de kromming ervan toenam. Convexe 

aversie leek overwonnen te worden door het zaaien van grotere cel-aantallen. Gematureerde 

celpolarisatie was sterker aanwezig op concave structuren ten opzichte van convexe 

structuren. Deze bevindingen duidden erop dat het zaaien van cellen binnenin holle 

vezelmembranen de voorkeur krijgt voor een biologische kunstnier.  
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In hoofdstuk 6 is verder onderzoek gedaan naar catechol gemodificeerde oppervlaktes. Dit 

maal in de context van membranen gebaseerd op PCLdiUPy. Membranen, gebaseerd op 

zuivere PCLdiUPy of PCLdiUPy gemodificeerd met UPy-Catechol, werden geëlectrosponnen en 

gecoat met L-DOPA, Col IV, beide, of niets. Monomere catechol modificatie slaagde er niet in 

om de gekozen NEC cellijn (t.w. ciPTEC) confluente monolagen te laten vormen. Dit was wel 

mogelijk met de coating bestaande uit L-DOPA en Col IV. Hiermee laat dit hoofdstuk wederom 

zien dat de vertaling van functionele catechol modificatie naar een ander supramoleculair 

platform en celtype niet triviaal is.  

Hoofdstuk 7 toont aan dat BU-gebaseerde materialen verenigbaar zijn met immersie 

precipitatie technologie, deze technologie is essentieel voor holle vezelmembraan fabricatie. 

Stabiele membranen werden geproduceerd bestaande uit PCL-BU of een mengsel van PCL-BU 

en PEG-BU. PEG-BU werd stabiel geïncorporeerd en verminderde celadhesie op het 

membraanoppervlakte. Hiermee werd het principe-bewijs geleverd dat BU-gebaseerde 

modulaire functionalisatie verenigbaar is klassieke membraan fabricatie. Deze bevindingen 

kan als basis worden gebruikt voor de productie van kant-en-klare bioactieve holle 

vezelmembranen.  

De resultaten beschreven in dit proefschrift leverden belangrijke inzichten in een 

verscheidenheid aan onderwerpen. Veelal worden supramoleculaire biomaterialen 

beschreven met de term “mix-en-match”, echter het is gebleken dat de effectieve vertaalslag 

tussen supramoleculaire platforms, polymeren en additieven niet zo triviaal is als de term doet 

vermoeden. Ondanks deze kanttekening kunnen de modulaire eigenschappen van 

supramoleculaire materialen wel degelijk effectief gebruikt worden voor het creëren van 

matriaalscreeningsbibliotheken. Uit de ontworpen bibliotheken kwam naar voren dat simpele 

actieve groepen complexe coatings kunnen vervangen. Daarnaast bleek modulaire 

functionalisatie verenigbaar met klassieke membraan fabricatie technieken. Deze 

ontwikkelingen dragen bij aan de ontwikkeling van kant-en-klare bioactieve holle 

vezelmembranen gebaseerd op supramoleculaire chemie. Het systematisch bestuderen van 

cel-kromming interacties wijst erop dat dat deze holle vezelmembranen van binnen bedekt 

dienen te worden met epitheel cellen. De vergaarde kennis bijeen gebracht in dit proefschrift 

rijkt verder dan voor de ontwikkeling van een biologische kunstnier, het kan veelal aangewend 

worden in andere biomedische toepassingen gebaseerd op supramoleculaire biomaterialen. 
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Je hebt het gered, na hard zwoegen ben je dit volumineuze proefschrift doorgekomen, ik 

ben trots op je. Dit proefschrift is niet succesvol tot stand gekomen door het werk van één 

persoon, zonder de hulp van vele anderen was deze dikke pil er namelijk nooit geweest. 

Daarom wil ik hier graag heel wat mensen bedanken voor hun hulp, ondersteuning en 

gezelligheid gedurende de afgelopen vier jaar.  

Patricia, iets meer dan vier jaar geleden kwam mijn sollicitatiebrief, via Carlijn, aanwaaien 

op jouw bureau. Had ik even geluk dat jij een zwak hebt voor mensen die in Nijmegen hebben 

gestudeerd. Ik ben je heel erg dankbaar dat je mij in de groep hebt opgenomen en jouw 

begeleiding heeft mij tot een volwaardig wetenschapper gemaakt. Het project dat je me 

toevertrouwde was enorm spannend als beginnend promovendus. Eigenlijk waren er maar 

twee criteria: biomaterialen en de nier. Oh, en een derde criteria “het geld moet op voordat 

de beurs afloopt”, of dat zei ik tegen mezelf om iedere dure aankoop goed te praten. Na een 

hoop op en neer gestuiterd tussen onderzoeksvelden ligt hier dan een proefschrift, iets met 

biomaterialen en de nier, en het geldpotje is netjes leeg. Bedankt voor het vertrouwen dat je 

me hebt gegeven door mij op dit open project te zetten. Over de jaren heen heb je een sterke 

en gezellige groep opgebouwd en jezelf tot professor gekatapulteerd, daar mag je zeker trots 

op zijn. De groepssfeer reflecteert vaak de persoonlijkheid van de baas, en wellicht daarom 

dat de groep graag samen voor een borreltje gaat na alle scherpe discussies. Patricia, bedankt 

voor de fijne tijd in jouw groep en veel succes in de toekomst. 

Carlijn, het was enerverend om tussen jouw groep en die van Patricia te mogen werken, de 

biologie was een welkome afwisseling van de biomaterialen-chemie. Jouw andere blik op de 

onderzoeksprojecten kon ik zeer waarderen en heeft de onderzoekslijnen goed gedaan. Het 

was een eer om jou als tweede promotor te hebben. Hopelijk mag er nog veel moois uit de 

groep komen in de toekomstige jaren. 

Graag dank ik ook de leden van mijn promotiecommissie via deze weg. Allereerst professor 

Peter Hilbers, dank u voor het voorzitten van de commissie. Prof. dr. Jan van Hest, prof. dr. 

Jan de Boer en prof. dr. Roos Masereeuw, graag wil ik jullie allen bedanken voor het kritisch 

lezen en beoordelen van mijn proefschrift en voor de deelname aan de commissie. Prof. dr. 

Roos Masereeuw daarnaast wil ik u ook bedanken voor het openstellen van uw lab en de 

vruchtbare samenwerking die hieruit volgde. Prof. dr. Doris Heinrich, gerne möchte ich Ihnen 

herzlichst danken für das kritische Lesen sowie die Beurteilung meiner Dissertation und 

weiterhin für Ihre Beteiligung an dem Ausschuss. Finally, prof. dr. Morgan Alexander, I would 

like to thank you as well for critically reading and assessing my dissertation, and traveling from 

England to partake in the committee. 

Een promotie doe je niet alleen en gelukkig had ik mijn paranimfen Bastiaan en Sergio. 

Bastiaan, sinds dag 1 van onze promoties waren we aan elkaar veroordeeld. Sommigen 

noemen ons een oud getrouwd stel. Bedankt voor het wegwijs maken aan de TU, het grappen 
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op het lab, en voor de kritische discussies die geleid hebben tot dit mooie proefschrift. AFMs 

heb je tot een ware kunst vorm verheven, en ik ben vereerd dat ze in mijn proefschrift mogen 

blinken. Het enige wat de AFMs kan evenaren zijn je sublieme kookkunsten, man jij kan goed 

koken. Dat ik er nog maar vaak van mag genieten. Sergio “G”, toen ik langs de TU kwam voor 

mijn sollicitatie dacht ik: ‘Dit is een chille dude’. Dit was een compleet verkeerde inschatting, 

je bent namelijk een lomp chille dude. Je bent een fantastische snowboardleraar, maar de een 

pikt het sneller op dan de ander (laat mij nu die ander zijn). Onze gezamenlijke fitness carrière 

mag dan afgelopen zijn, ons streven om Mussled Marines te worden, moeten we nog niet 

meteen opgeven. Het was altijd gezellig om met jou op het lab te staan, en al helemaal om 

samen te werken aan de Spanish Collab Train en om het werk van Thaise wetenschappers te 

reproduceren. Heren, mogen we samen nog een hoop lekkere biertjes brouwen en keihard 

buttons bashen.  

Gitta en Maike, als giechelend duo fleurden jullie het lab altijd op. Het was altijd gezellig 

met jullie op het lab of we nu samen in de wasstraat stonden of achter de microscoop zaten. 

Gitta, heel erg bedankt voor het schrijven van de focal adhesion analyse software, het is 

onmisbaar geweest. Maike, jouw kennis over krommingen en je prachtige chip zijn net zo 

onmisbaar geweest voor mijn proefschrift, jij ook heel erg bedankt.  

Michele, it was an honor to collaborate with you. It was always gezellig and we understood 

each other completely. You were always in for a new biomaterial experiment. It is super that 

we got to publish our collaboration. What I learned from you helped me tremendously later 

on in my PhD. Silvia, thank you for taking over when Michele left.  

Peter-Paul, de guru, op elk vlak twinkel je met je levenslessen. Bedankt voor deze 

wijsheden en de synthese van een aantal prachtige additieven. Sabrina, it was great working 

with you and I´m happy we got to publish a cool article together. And of course thank you for 

the synthesis of vital additives! Muhabbat, super dat je nog op het laatste moment op de 

Spanish Collab Train bent gesprongen, bedankt voor je werk. Simone het was top om met jou 

samen te werken, als het nu ging om de geheimen van UPy-deeltjes te ontdekken of in 

pogingen om Melissa Little te stalken. Veel plezier in Australië, misschien dat we je nog ooit 

eens komen opzoeken. 

Een goede werkomgeving begint bij een goed kantoor. Bastiaan, jou heb ik natuurlijk al 

bedankt. Maxim sadly you traded us in for a comfy spot in Helix way too soon, with us not 

being able to make use of all the “Allo allo”- references. However it was a blast having you in 

the office! Giulia, het was tof om je als kantoorgenoot gehad te hebben en veel succes in je 

nieuwe carrière. Mani, hopelijk weet je ooit je droom om “Gold on the outside, empty on the 

inside” te worden echt te verwezenlijken, maar weet dat je genoeg inhoud hebt om de gouden 

shine te doen vergeten. Dan Jing, je was de ware Pinglau die ons kantoor nodig had; vol 

energie, enthousiasme en wilde ideeën. Bedankt voor de gezelligheid op het kantoor en het 
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beschikbaar stellen van je huis voor horror-nights. Ik ben blij dat mijn angstigheid als een 

bliksemafleider diende voor jouw angst. Mocht je eindelijk de Noya Noir mannenlijn 

uitbrengen, dan kun je mij altijd opbellen voor mijn “film-face” in reclames. JK, I love you, man. 

Johnick, mijn eerste protegé, ik ben blij dat jij mijn eerste student was, het was altijd gezellig 

en je doe-mentaliteit heeft veel opgeleverd voor hoofdstuk 8. Hier even een kort intermezzo: 

Zandrie, jouw kennis over membranen was essentieel bij het begeleiden van Johnick tijdens 

zijn afstuderen, hiervoor heel veel dank. Ik kijk uit naar de gezamenlijke publicatie die uit het 

project komt rollen. Oké, terug naar jou Johnick, als promovendus ben je alleen maar 

gegroeid. Gelukkig heb je electrospinnen afgezworen, bebloede vingers en paarse vlammen 

zijn maar een paar keer leuk. Bedankt voor de synthese van bijna alle BU-peptiden. Veel succes 

met de nier-organoïden, ik ben al jaloers.  

De kracht van studenten dient niet onderschat te worden in het neer zetten van een 

proefschrift. Johnick, Annika, Rogier, Izy en Imke, ik wil jullie allemaal bedanken voor al het 

harde werk dat jullie tijdens het afstuderen in het onderzoek hebben gestopt. Het was mij een 

eer om jullie begeleider te zijn geweest, en van ieder van jullie heb ik ook geleerd. Annika, 

jouw nette werk heeft een prachtige basis gelegd voor het screenen van de materiaal 

bibliotheken. In je komende promotieonderzoek gaat het zeker goedkomen. Rogier, puik werk 

heb je geleverd in de krommingstudie, met prachtige plaatjes die ik niet heb kunnen evenaren. 

Izy, geweldig dat je samen met Bastiaan en mij de licht-chemie hebt willen verkennen. Imke, 

mijn koelkast was soms moeilijk toegankelijk door al je gelen, maar dat was een klein offer 

voor al die prachtige blobjes in potjes. Hoewel je werk niet benoemd is in dit proefschrift vind 

ik het tof onderzoek wat je gedaan hebt.  

Björne, Olga, Mathilde, Maarten, Boris, Paul, Joyce, Martin, Moniek, Maaike, Jingyi, Didem, 

Jolanda, en Geert bedankt voor alle discussies, borrels en gezelligheid de afgelopen vier jaar 

in de groep. Met nog een speciaal bedankje voor Olga, jouw spinning-les heeft de buik van 

menig SMO’er (en die van mij) onder controle weten te houden. 

Het cellab in Gemini was praktisch mijn thuis, Moniek, Marloes en Yuanna, bedankt voor 

het allemaal draaiende te houden. Zonder jullie was onderzoek doen nooit zo soepel geweest. 

Sylvia jouw advies over antilichamen en allerhande biochemische technieken was altijd nuttig, 

daarnaast was je er altijd voor een goed praatje. Wojtek thank you for the advice on how to 

start brewing beer, it helped us brewing great batches. Mark door jou waren de microscopen 

altijd piek fijn in orde, soms was het even wachten op een onderdeel, maar daarna konden er 

weer mooie plaatjes geschoten worden. Jouw hulp bij het schrijven van het ZO-1 analyse script 

en het opzetten van een GUI ervoor heeft een prachtig hoofdstuk opgeleverd, daarvoor heel 

veel dank! Noortje, toch wel de mamma van het lab, bedankt voor al je wijsheden en het was 

altijd een plezier om samen 8MM20 te geven. Hossein jouw enthousiasme was aanstekelijk, 

daardoor kijk ik zelf nog steeds vol enthousiasme terug naar onze gefaalde pogingen om een 
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kidney-on-a-chip te bouwen. Al die andere cellab-bewoners: Arianna, Tamar, Vale, Suzanne, 

Marjan, Cas, Marc, Johanna, Tomasso, Jelle, Dylan, Eline, Laura, Nicole en Nicole, Rob, Oscar, 

Willeke en Inge, bedankt voor alle hulp, discussies en gezelligheid op het lab. Wel jammer dat 

we nooit het mysterie van de labdrol hebben kunnen ontrafelen.  

ICMS Animatie studio, Koen, Ricky, Marlijn en Milan, bedankt voor al het prachtige werk 

dat mijn proefschrift mag sieren, binnen en buiten. 

Wetenschap beoefenen wordt wel eens een ambacht genoemd waarbij leermeesters 

essentieel zijn voor je ontwikkeling. Jurjen, Elly, Willeke, Toin, Jennifer en Bernard, jullie 

begeleiding tijdens mijn bachelor en master stages heeft me succesvol voorbereid om een 

prachtig proefschrift te hebben kunnen neerzetten. Daarvoor dank. 

Rick, Guido, Kirsten, Alba, Do, de heren van Share da Foodz en de heren van Avondje 

Chillen, dank voor de gezellige middagen, avonden, diners, festivals, weekendjes weg en 

rottige uno-opdrachten. Hopelijk volgen er nog velen (behalve uno-opdrachten dan).  

Een woord van dank aan de schoonfamilie. Lilian, Flip, Sabien, Martijn, Jet en Janny, 

bedankt voor de interesse in mijn onderzoek en al het vele lekkers dat altijd bij jullie klaar 

staat. 

Merlijn, Eveline, mam en pap, bedankt voor interesse in mijn onderzoek de afgelopen vier 

jaar. Het doet goed als familie vraagt wat ik eigenlijk allemaal aan het uitspoken ben op de 

universiteit. Mam, drie kinderen opvoeden is zwaar, je hebt dit fantastisch goed gedaan. Mede 

door jouw toedoen kon ik het speciaal onderwijs ontstijgen. Daarom was vanaf het begin af 

aan duidelijk dat ik dit proefschrift aan jou ging opdragen, want zonder jou was dit proefschrift 

er nooit geweest.  

Anniek, je bent de grootste ontdekking van mijn promotie, verstopt tussen 

schoondampende maatbekers en de nog naar agar ruikende erlenmeyers. Ook al is het zwaar 

werk om iedere keer weer een afspraakje met je te hebben, frietjes met je te eten of op 

vakantie met je te gaan, toch ben ik harstikke blij dat ik je daar bij de vaatwasser heb ontmoet. 

Tijdens mijn promotie was jij mijn grootste rolmodel, vol ontzag heb ik gekeken naar de 

soepelheid waarmee jij je promotie afrondde. Dat de grote Anniek den Hamer mijn 

proefschrift wilde proeflezen, was een grote eer. Nu hoeft er niets meer proefgelezen te 

worden en is het tijd voor een volgend afspraakje/frietje/avontuur! 

Allen nogmaals hartelijk dank, het gaat jullie goed! 
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