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Preface 
Cardiovascular diseases, including conditions as arrhythmia, strokes, and myocardial 

infarction among others, represent the most frequently occurring causes of death worldwide. 

As for most diseases, prevention is better than cure; cardiovascular diseases can be 

circumvented by e.g. a healthy diet, regular exercise, and limited alcohol consumption. When 

occurring, the damage that results from cardiovascular diseases can be significant. A heart 

attack, i. e. myocardial infarction, occurs when the blood flow to the heart muscle is limited or 

blocked, depleting a part of the heart muscle from oxygen. The amount of damage is dependent 

on the area size of depletion, with an increasing damage when a larger muscle area is affected, 

leading to irreversible necrosis of the heart muscle. Current treatments are often palliative and 

include blood-thinning medication and aspirins, with heart transplantation being the only 

definitive treatment, however it involves high risks and donors are scarce.  

Several studies1–5 as well as reviews6–8 showcase the use of stem cells for damaged 

myocardium regeneration as a state-of-the-art therapy, with stem cells differentiating into 

cardiac lineages. Moreover, these studies demonstrate the advantages of such stem cell 

therapies. However, conclusive results are difficult to be determined from these studies, mainly 

due to the heterogeneity of clinical trials, such as differences in delivery method, group sizes, 

cell type, and delivery timing. Furthermore, low cellular cardiac retention (<10%) was observed 

directly after injection9, and has been frequently reported.10–13 New therapies with high potential 

to treat myocardial infarction are based on growth factors14 and RNA interference (RNAi) drugs15, 

though with high washout rates due to the cardiac environment.16 Drug delivery vehicles are 

being developed that are proposed to deliver the drugs or cells to the site of interest, i.e. the 

infarcted region, and increase the retention and therapeutic efficacy. In this chapter, we discuss 

the possibilities of using a supramolecular biomaterial as drug delivery vehicle to improve the 

therapeutic efficacy and thereof stimulate the cardiac regeneration.  

1. Drug delivery  
Drug delivery refers to a method or process in which a pharmaceutical compound is 

administered to obtain a therapeutic in vivo effect.17 To prevent adverse cardiac remodeling 

after myocardial infarction, pharmacological treatments, such as anti-inflammatory agents, 

RNAi therapeutics, or certain enzyme inhibitors, can be used.18 However, high concentrations 

of drugs are needed to reach an effective therapeutic effect, which, in turn, results in unwanted 

side effects , e.g. toxicity to other organs.19 Drug delivery systems can be used to carry and 

transport therapeutic drugs, in which the drug solubility can be increased, as well as the drug 

efficacy, and reduce possible side-effects.20  

In the field of nanomedicine, several drug delivery vehicles have been developed for 

cardiovascular diseases, such as carbon nanostructures, polymeric nanocarriers, and 

lipid-based nanocarriers.21 These nanocarriers can be injected systemically or locally, and 

protect the incorporated drugs from degradation in the biological environment.22 Nevertheless, 

systemic injection can lead to a high off-target toxicity, and removal of these particles from the 

body represents a limitation.23 Furthermore, many challenges need to be overcome for 
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nanomedicine to reach the clinic, e.g. biocompatibility and safety, large scale manufacturing, 

low drug-encapsulation efficiency, and cost-effectiveness in comparison to current therapies.  

On the other hand, macroscale drug delivery systems, e.g. cardiac patches24 or injectable 

hydrogels25, display larger sizes (with dimensions over 1 mm26) in comparison to micro- and 

nanocarriers and are often delivered by local administration or injection. This facilitates effective 

treatment at lower therapeutic dosage, which further prevents toxic side-effects.27 Furthermore, 

such systems provide an increase in sustained therapeutic release over time, whilst protecting 

therapeutics from degradation in the biological environment.26 The therapeutic drug release 

from these systems can be controlled by different mechanisms, i.e. diffusion, drug-carrier 

affinity or carrier degradation.26 Cardiac patches can be introduced to the infarcted area, 

containing cells to enhance the cellular retention and survival at the target side, as well as other 

factors such as growth factors or RNAi therapeutics.24 Hydrogels can be transplanted or injected 

in a minimal invasive manner for in situ gelation at the targeting site, containing cells or 

therapeutics to limit the adverse cardiac remodeling. In this thesis, we explore the use of 

macroscale injectable hydrogels as drug delivery systems for cardiac regenerative applications, 

with supramolecular biomaterials displaying reversible associations that enable this injectability 

in a minimally invasive manner. 

2. Supramolecular biomaterials  
Supramolecular chemistry is defined as chemistry beyond the molecule,28,29 in which the 

spatial organization of a system is dependent primarily on the non-covalent crosslinks. These 

types of dynamic crosslinks are often found in nature, e.g. the cellular interaction with the 

extracellular matrix, the double helix folding of DNA, or protein-protein interaction, combined 

by electrostatic forces, hydrogen bonding and hydrophobic interactions. In this regard, a wide 

array of biomaterials that simulate such natural interactive processes have been developed.30 

Supramolecular biomaterials are crosslinked by these non-covalent interactions (i.e. hydrogen 

bonding, electrostatic interactions, Van der Waals forces, and pi-pi interactions), offering 

control over material properties by its reversible, tunable, dynamic and modular nature, 

capturing the complexity of the native biological environment.31 Examples of such 

supramolecular motifs are cyclodextrins32, alginate and polycations33, bis-urea34, 

peptide-amphiphiles35, and ureido-pyrimidinone (UPy)36. The applications of these biomaterials 

vary from drug delivery purposes, tissue engineering, to regenerative medicine.37  

Different morphologies of these supramolecular materials can be developed, depending on 

the application and design, e.g. particles in solution, elastomeric materials, and hydrogels. An 

example of such supramolecular motifs in solution are coacervates, that can function as cellular 

mimics38, which are crowded vesicles based on electrostatic interactions.39 By electrostatic 

interactions between amylose polymer chains, modified with positive quaternary amines or 

negative carboxymethyl groups, phase-separation and consequent formation of liquid 

coacervate droplets follows (Figure 1.1A).40 The bis-urea moiety specifically binds by hydrogen 

bonding interactions, which can be used in the development of elastomeric supramolecular 

materials, allowing easy modification by urea-functionalized additives (Figure 1.1B).41 In a 

modular fashion, this allows adaptation and introduction of, for example, antifouling 
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additives42, or bioactive ligands43 to improve the biocompatibility of supramolecular 

membranes. Assembly behavior based on host-guest crosslinking, e.g. 

cyclodextrin-adamantane conjugates, can be used to develop shear thinning injectable 

hydrogels44, by functionalization of hyaluronic acid polymers with cyclodextrin and adamantane 

moieties assembling upon mixing (Figure 1.1C).45 This guest-host assembly can be broken by 

shear-force, allowing injection followed by in situ gelation. Furthermore, hydrophobic 

interactions often play a significant role in the assembly of supramolecular biomaterials in 

aqueous conditions, as observed in the self-assembly behavior of peptide amphiphiles (PA).46 

Besides a long alkyl tail bearing the hydrophobic character and steering self-assembly, β-sheet 

formation as well as ionic interactions lead to the assembly of this peptide amphiphile, resulting 

in a cylindrical micelle (Figure 1.1D). This can give rise to self-assembling hydrogels.  

Figure 1.1 Types of supramolecular interactions, showing the assembly of amylose functionalized with a 

quaternary amine or carboxymethyl group which assemble by electrostatic interaction, image based on ref 39 

(A). Bisurea moieties self-complement and stack based on hydrogen bonding (B), host-guest assembly by 

cyclodextrin and adamantane coupling, functionalized on a hyaluronic acid polymer forming a gel network, 

which can be disrupted upon shear forces (C). Peptide amphiphiles assemble based on hydrophobic 

interaction, as well as β-sheet formation and ionic interactions (D).  

3. Ureido-pyrimidinone based biomaterials  
Similar to the bisurea-based interaction described previously, the UPy moiety forms 

hydrogen bonds based on self-complementary interactions (Figure 1.2).36 The UPy-molecule 

dimerizes by four-fold hydrogen bonding36,47, with additional urea moieties coupled, protected 

by alkyl spacers, to the UPy molecules that induce lateral stacking into a fiber formation. The 

assembly of this system is stabilized by hydrogen bonding, hydrophobic interactions, and pi-pi 

stacking, bundling into a triplicate fiber formation (Figure 1.2A).48 UPy-based polymers can be 

used for the development of supramolecular elastomers43,48,49, hydrogels50–52, or assemblies in 

solution53,54, displaying dynamic nature due to the reversibility of the UPy-interactions. 

Hydrogels based on this UPy molecule display pH-responsive behavior, with an increase in pH 
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leading to deprotonation of the enol tautomer, disrupting the four-fold hydrogen bonds (Figure 

1.2C).55 These UPy-based supramolecular polymers are primarily composed of a poly(ethylene 

glycol) (PEG) backbone for their hydrophilic character, end-functionalized with UPy-moieties. 

The UPy-PEG hydrogels show pH- and temperature responsive behavior, facilitating injection in 

the liquid state at a pH > 8.5, and displays fast in situ gelation when in contact with 

physiological pH.55 This enables minimally invasive local injection at the target site. 

 

 

Figure 1.2 An overview of the UPy-molecule, with a schematic overview of the UPy-assembly (A), the 
bifunctional UPy-PEG molecule (B), and the dimerizing assembling behaviour of the UPy molecule, with the 
keto-tautomer and the enol-tautomer forming dimers, whereas an increase in pH leads to the formation of 
the enolate form which leads to a disruption of the four-fold hydrogen bonds (C).   

Previous research in our group showed the modularity and applicability of this hydrogel as 

drug delivery system. A tunable release of RNAi drugs was obtained by 

cholesterol-functionalization to the RNAi drug, adapting the affinity with the bifunctional 

UPy-PEG hydrogel (Figure 1.3A).56 Furthermore, adaptation of the bifunctional UPy-PEG 

hydrogel by the introduction of a monofunctional UPy-moiety functionalized with an amine 

group carrying a positive charge (Figure 1.3A’), increased the affinity with negatively charged 

RNAi drugs, sustaining the drug release. Another study showed the modification of the 

anticancer drug mitomycin C in a similar modification strategy with cholesterol, increasing the 

affinity with the bifunctional UPy-PEG hydrogel by hydrophobic interaction (Figure 1.3B).57 This 

showed a steady release of the cholesterol-modified mitomycin C from the hydrogel (Figure 

1.3B’), as well as cytotoxic effect up to 18 days of release. To enable in vivo visualization, a 

monofunctional UPy-moiety functionalized with a DOTA molecule chelated with Gadolinium(III) 

(Figure 1.3C) was introduced to the bifunctional UPy-PEG hydrogel in a modular fashion, 

enabling visualization of the hydrogel using magnetic resonance imaging (MRI).58 After 

catheter-aided intramyocardial injection, the injection sites could be visualized by MRI (Figure 

1.3C’).  
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Figure 1.3 The applicability of the bifunctional UPy-PEG hydrogel, the cholesterol-modified RNAi drugs 

displaying an increased drug affinity with the hydrogel network (A), and implementation of a positively 

charged monofunctional UPy-amine leads to an increase in affinity with the RNAi molecule due to electrostatic 

interactions with the negatively-charged RNAi and positively charged hydrogel network (A’). Cholesterol-

modification of the anticancer drug mitomycin (B) displays an increased affinity with the hydrogel network 

and a sustained release from the hydrogel (B’). MRI visualization of the hydrogel was enabled by 

implementation of a monofunctional UPy-DOTA molecule chelated with the MRI-traceable gadolinium (C) to 

the bifunctional UPy-PEG hydrogel, visualized in vivo post-injection in a pig heart (C’).  

When combining the monofunctional UPy-OEG composed of a 517 Da oligo(ethylene glycol) 

(OEG) chain with the bifunctional UPy-PEG moiety, the ratio between these compounds can have 

a significant effect in the rigidity of the resulted hydrogels as shown by Kieltyka et al.59 

Interestingly, when small quantities of bifunctional UPy-PEG were added to the monofunctional 

UPy-OEG (mol ratio of 1 to 11, respectively), strong and rigid hydrogels were obtained, whereas 

small ratio of monofuntional UPy-OEG to bifunctional UPy-PEG (mol ratio of 1 to 5, respectively) 

resulted in highly dynamic hydrogel networks. Furthermore, the ethylene glycol chain length in 

the monofunctional compound showed to have a significant effect on the assembling behavior, 

with strong rigid networks forming when short ethylene glycol chain length were implemented, 

whereas this effect disappeared when the ethylene glycol chain length was increased from 517 

Da to ~5000 Da. The combination of the bi- and monofunctional UPy molecules was further 

exploited by examining the dynamic exchange of this monofunctional UPy-compound 

containing end-functionalized with a glycinamide (UPy-Gly).50 A high monofunctional UPy-Gly 

to bifunctional UPy-PEG ratio (molar ratio of 84 to 1, respectively), showed to hinder the 

exchange dynamics significantly in comparison to lower ratios (i.e. 9 to 1, respectively). Upon 

addition of bioactive motifs (a monofunctional UPy compound functionalized to a cyclic RGD 
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ligand) an enhanced ligand tethering in the hydrogel (84 to 1 molar ratio) stimulated cellular 

adhesion and cell spreading behavior.  

The combination of pH-responsiveness, modularity, and dynamicity render this hydrogel an 

ideal drug delivery vehicle. Through tuning in a modular fashion, the functionality, bioactivity, 

and the release of drug moieties can be adapted.  

Aim and outline 
The aim of the research described in this thesis is to develop a multi-functional 

supramolecular, hydrogel-based, drug delivery system that is able to control drug release, 

achieve retention and allow visualization in the heart after injection (Figure 1.4). Through 

chemical modifications, and introduction of affinity-based molecules and monofunctional 

UPy-OEG moieties containing different end-functionalization, the dynamic and bioactive 

properties of the hydrogel are tuned and the interaction mechanisms between introduced 

molecules and the hydrogel network are exploited.  

In chapter 2, we demonstrate the retention of injected biomaterials in the infarcted area for 

myocardial infarction treatment, and mainly focus on inherent factors influencing such 

retention, such as cardiac pulsation, time of injection, and mechanical properties of the injected 

biomaterials. A deeper understanding of the relationship between the material effectiveness 

and these specific factors is pursued, and a possible focus change is proposed to explore the 

direct role of the biomaterial and its efficacy in the field of regenerative cardiac therapies, 

instead of only focusing on cardiac response.  

The design and investigation of different UPy-based hydrogels are described in chapter 3, 

in which we show the highly dynamic and tunable properties of these UPy-based systems (Figure 

1.4i). A bioactive hydrogel based on a recombinant collagen type 1-based peptide (RCPhC1) 

functionalized with UPy-moieties is designed, which is combined with a bifunctional UPy-PEG 

hydrogelator. Furthermore, hydrogels based on monofunctional UPy-moieties are introduced; 

these hydrogels are functionalized with a single amino acid, in which small quantities of 

bifunctional UPy-PEG leads to gelation at low weight percentages.  

The assembling behavior and dynamicity of several guest molecules are exploited in chapter 

4, with a monofunctional UPy guest molecules (complementary to the bifunctional host UPy-PEG 

network based on four-fold hydrogen bonding), a cholesterol guest molecule (highly 

hydrophobic), and a dodecyl guest molecule (hydrophobic) tethered to the hydrogel network 

with different affinities (Figure 1.4ii). The behavior of these affinity-tuned molecules is further 

explored by examination of the diffusive and rheological properties in the hydrogel, as well as 

morphology and cellular uptake in solution.  

In chapter 5, a facile strategy is introduced to encapsulate the highly dynamic and pH-

responsive bifunctional UPy-PEG into a giant unilamellar vescicle (Figure 1.4iii). An intracellular 

crowded environment is simulated, the pH-responsive and dynamic behavior and enzymatic 

inter-lumellar activity is studied. This robust system shows high potential in the fields of 

synthetic cellular mimics and drug delivery.  
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Figure 1.4 An overview of the approaches discussed in this thesis, in which the bifunctional UPy-PEG system 

is shown as the base hydrogel, chemical modifications on the UPy-hydrogel system are discussed, as well as 

the implementation of the bifunctional UPy-PEG in a liposome system. Furthermore, applicational research is 

presented, in which the hydrogel is tracked in vivo after cardiac injection, and the efficacy in combination 

with an RNAi molecule is examined.  

A method to radioactively label the bifunctional UPy-PEG hydrogel in a modular fashion is 

presented in chapter 6 (Figure 1.4iv). Our goal was to increase our understanding on the 

retention and fate of the hydrogel after intramyocardial injection. Furthermore, bioactive and 

adhesive properties of the UPy-PEG hydrogel were increased by introduction of the 

UPy-functionalized RCPhC1. Both hydrogels were radioactively labeled and the retention and 

redistribution were visualized in vivo in a porcine model after cardiac injection in a healthy 

heart.  

The therapeutic efficacy of the hydrogels in combination with RNAi drugs is described in 

chapter 7 (Figure 1.4v). To do so, we examined the behavior of bifunctional UPy-PEG in 

combination with an antimiR drug as well as a bifunctional UPy-PEG in combination with a 

positively-charged UPy-amine in a rodent. Furthermore, the preparation towards a large animal 

model (porcine) is described, in which the efficacy of an antimiR encapsulated in the bifunctional 

UPy-PEG hydrogel in combination with the UPy-functionalized RCPhC1 is examined.  

In chapter 8, future perspectives considering the supramolecular UPy-based hydrogels are 

described. The importance of structural assessment of these hydrogels, with methods such as 

transmission electron microscopy, is discussed.  
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2 

Factors influencing retention of injected biomaterials 

to treat myocardial infarction 

 

 

 

Abstract 
Biomaterials that are commonly used for the regenerative treatment of myocardial infarction 

(MI), often have the capacity to release drugs in a sustained manner, providing strength and 

stability to the infarcted area, or mimic the extracellular matrix. Retention and redistribution of 

the injected biomaterials is a factor often overlooked, but plays a significant role in the 

effectiveness of the treatment. Wash-out of therapeutics from the cardiac area can lead to 

unwanted side-effects and can therefore add insult to injury. Here, we seek a deeper 

understanding on the mechanisms that play an important role in the retention of injected 

therapeutics, being: materials, drugs or a combination thereof. In this chapter, we discuss 

several factors influencing the therapeutic quantity retained at the target site; being the timing 

of injection after MI, cardiac pulsation, as well as injectate properties such as volume, 

mechanical properties, and tissue affinity. We highlight the importance of understanding and 

taking into account these different parameters. More insight in these parameters can lead to an 

increase in therapeutic effectiveness, in addition to examination of indirect off-target effects. 
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1. Introduction 
Myocardial infarction (MI) is one of the highest leading causes of death worldwide induced 

mainly by atherosclerosis, which leads to a reduction or obstruction of blood flow in the 

coronary circulation.1 A significant infarction leads to adverse remodeling of the heart, in which 

fibrosis formation decreases contractile function leading to heart failure.2  

Current treatments are mostly palliative, focusing on improvement of life quality.3 New 

possible drug therapies, e.g. proteins, growth factors, and ribonucleic acid interference (RNAi) 

drugs, are proposed to stimulate cardiac regeneration.4–6 These therapies are often injected in 

or at the border zone of the myocardial infarcted area. However, these injected drugs are rapidly 

washed away from the pulsatile heart without a delivery system. A wide variety of studies focus 

on the injection of drugs encapsulated in biomaterials, which can increase the efficacy of 

encapsulated drugs and improve cardiac function.7–9  

There are several drug delivery systems that focus on cardiac repair.10,11 Nano- and 

microparticles are a class of materials used for targeted therapies aiming to repair the cardiac 

muscle, in which therapeutics can be encapsulated.12,13 Other microparticles aim to mimic 

cellular-like systems, the so-called cell-mimicking microparticles. Poly(-lactic glycolic acid) 

(PLGA)-based microparticles, carrying similar secreted proteins as cardiac stem cells, were 

injected to examine their potential to preserve viable myocardium.8 Microparticles are also being 

used in the field of theranostics, providing localization in vivo after injection, as well as 

delivering therapeutics to the site of injection.14 Other type of microparticles, such as hydrogel 

microparticles, are used in biomedical applications to deliver cells, drugs, or initiate aggregation 

at the site of injection to form a microporous scaffold.15 A high number of studies focus on 

injectable hydrogels on which the focus will lie mainly in this chapter, which offer the possibility 

to deliver cells16–18, drugs19–22, and mechanical support to the target site23–25.  

To maximize the targeted effect of the drugs encapsulated in hydrogel, the retention at the 

target site is of high importance. The efficacy of biomaterials (in combination with drugs) is 

often determined by examining indirect parameters such as the scar thickness, ejection fraction 

(EF), end-diastolic dimension (EDD), and fractional shortening (FS).16,26,27 In contrast, only a 

limited amount of studies focus on the retention of the biomaterial in the heart.28 It is important 

to establish a relation between the drug delivery system and cardiac regeneration, which can 

give more insight in the amount-depending effectiveness of the delivery system. Additionally, 

examining and possibly increasing the retention of the therapeutic biomaterial at the target site 

could reduce possible off-target effects (Figure 2.1). 
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Figure 2.1 Different therapeutic delivery methods are shown in which wash-out of the injected drugs lead to 

unwanted off-target effects. Drug-containing cargo delivery can increase the effectiveness of the drugs by 

retention at the target site. 

In this review, we specify key parameters which can affect the retention of the delivery 

system in the cardiac infarcted area, focusing mainly on injectable hydrogels. First, heart 

inherent characteristics will be described with the focus on injection timing post-MI and cardiac 

pulsation, followed by characteristics of the hydrogel system such as mechanical properties and 

tissue affinity (Figure 2.2). Finally, we speculate on the impact of these key parameters on 

hydrogel retention and focus on the off-target effects that can be induced in case of limited 

retention. The aim of this chapter is to obtain a deeper understanding on main factors 

influencing the retention of injectable hydrogels for cardiac repair, which will aid towards 

improved cardiac regenerative therapies.  

2. Cardiac features influencing therapeutic retention 
There is a high demand for heart regenerative therapies, due to the incapacity of the heart 

to regenerate itself post-MI after severe deterioration.29 One of the major challenges of cardiac 

disease is improving the efficacy of injected therapeutic agents, with a majority being washed 

away from the target site due to the continuous movement of the heart.30 Often, a swift 

wash-out from the myocardium can be observed via the venous drainage, i.e. after 

intramyocardial cellular injection.31 Repeated administrations are often necessary to obtain and 

sustain effective drug levels, which can cause severe side effects depending on the type of 

drug.32 This applies mainly to biomolecules with a short half-life, such as RNAi drugs, proteins, 

and peptides.33 Improving retention and drug efficacy at the target site will limit the amount of 

injections necessary for a therapeutic effect. Combinations of hydrogel and therapeutics, as well 

as the hydrogel alone, which can be injected at the target site, have shown to improve the 

functional cardiac output when injected post-MI. In this section key parameters known to 

influence the therapeutic retention by inherent cardiac traits will be discussed, being time of 

injection and cardiac contraction.  

 



| Chapter 2 

16 

 

Figure 2.2 The different factors influencing retention of delivery systems; A. inherent cardiac properties such 

as the timing of injection and cardiac contraction, B. material properties such as the hydrogel stiffness, 

degradation, viscosity, injection volume and affinity with the tissue.  

2.1 Timing of injection therapy 

Severe MI leads to a cascade of cellular processes and remodeling events, that result in scar 

tissue formation to compensate for the loss of cardiomyocytes. The difference between healthy 

myocardial tissue and myocardial tissue post-infarction is significant, with an extensively higher 

collagen depletion post-MI.34 Three main phases post-MI occur; the inflammatory phase, the 

proliferative phase, and the maturation phase (Figure 2.3).35 Due to the fast remodeling and 

progressive pathophysiological process after a cardiac infarct occurs, the timing of therapeutic 

injection is most likely to have a significant effect on the cardiac outcome36. After an infarct 

occurs, the therapy can be injected early post-MI (during the inflammatory phase), late post-MI 

(during proliferative phase), or very late post-MI (during or after the healing phase). A greater 

expression of chemo-attractants and adhesion molecules is hypothesized to be present during 

the inflammatory phase, which can promote cellular retention.37,38 However, other studies 

indicate the harsh conditions of the microenvironment to hamper the cellular viability.39 When 

reperfusion in the ischemic myocardium occurred during the first 3 hours after MI, the infarct 

size was limited significantly and a high number of myocytes were salvaged.40 An early response 

directly after MI can therefore lead to a limited remodeling process, but in practice this is 

challenging to accomplish. Collagenase and gelatinase activity is upregulated during the 

inflammatory phase, leading to disruption of the collagen network.41 This can result in an 

increase of hydrogel degradation during this phase, lowering therapeutic effectiveness. The 

myocardial interstitium directly post-MI is still preserved, which slowly changes during the 

inflammatory phase.42 This forces the hydrogel between fibrillar bundles of the interstices when 

injected directly post-MI, possibly giving the hydrogel a less bulky character, providing less 

mechanical support.  
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Some studies indicate the increased effectiveness in therapy when injected during the 

proliferating phase, during which the inflammation is resolved and fibroblasts proliferation 

initiates the formation of collagen-rich scar tissue. Injection during this phase can limit the 

extracellular matrix (ECM) remodeling and stimulate infarct repair.43,44 Furthermore, a reduced 

inflammatory response during this phase can result in lower hydrogel degradation. 

Subsequently, a higher retention of the injected hydrogel due to limited degradation can be 

obtained, with a large bulk amount of hydrogel providing myocardial support at the site of 

injection.  

During the healing phase, the scar tissue undergoes a maturation process where the ECM 

becomes cross-linked and reparative cells are deactivated or go into apoptosis. Myofibroblasts 

remain, producing collagen and ensuring the ECM remodeling.43 This process is highly 

dependent on the size of the infarcted area, with large infarcts inducing this adverse remodeling 

process.45 The scar tissue can influence the injectability of the therapeutic carrier, with the 

stiffness of the collagen changing steadily over time as shown by Fomovsky et al.46 Myocardial 

wall thinning can be observed after the healing period47, due to the increase of ventricular wall 

stress over time that can dilate the cavity.48 This extensive wall thinning, which is species 

independent49, can lead to a difficulty of injection at the target site, with thin and dense tissue 

being problematic for injection beyond the healing phase.41 Furthermore, the delivery of growth 

factors or other therapeutics can be less effective during the healing phase, when scar 

maturation is already in a developed stage, limiting regeneration with therapeutics.39 

Several studies showed the importance of injection timing considering cellular injectates in 

the infarcted area.50–55 For hydrogel injection, this timing is also highly important, as shown by 

Landa et al. who injected a calcium-crosslinked alginate solution in an infarcted rat heart 7 days 

and 60 days post-myocardial infarction, corresponding to the proliferation and beyond the 

healing phase, respectively.56 The cardiac function was examined 60 days after hydrogel 

injection, with the 7 days post-MI injection showing an increased scar thickness and a reduced 

left ventricular systolic and diastolic dilation, as well as cardiomyocyte migration to the infarcted 

area. The 60 days post-MI injection showed beneficial effects as well, but to a lower extent, 

with an increased scar thickness and improved systolic and diastolic function observed 60 days 

post-injection. Kadner et al. examined this timing effect after inducing MI in rat heart models, 

with injection of a poly(ethylene glycol) (PEG)-based hydrogel crosslinked with an enzymatically 

degradable peptide sequence that was injected immediately and seven days post-MI.57 

Immediate injection post-MI led to no observable improvements, while the delayed delivery led 

to significant increases in scar thickness, fractional shortening, and reduction in end-systolic 

diameter against saline controls, examined two and four weeks post-injection.  

The timing effect of a thermo-responsive hydrogel  was examined by Yoshizumi et al., 

injecting the biodegradable hydrogel poly(NIPAAm-co-HEMA-co-MAPLA) (NIPAAm: 

N-isopropylacrylamide methacrylate, HEMA: (hydroxyethyl)methacrylate, MAPLA: 

methacrylate-polylactic acid)) in a infarcted rat heart.58 Three different injection time-points 

were examined, being immediately after MI, three days after MI (3D), and two weeks after MI 

(2W). Ten weeks post-MI, the 3D and 2W groups showed a beneficial effect over the non-

treatment MI control group. The left ventricle wall was thicker, and the 3D group showed the 
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most beneficial effect. Furthermore, the infarction size of the 3D group was smaller in 

comparison to the control and the 2W group. The hydrogel injection immediately post-MI did 

not show improved therapeutic effects. 

 

 
Figure 2.3 Overview of the three stages of cardiac healing post-MI in humans. Directly after MI, oxygen 

depletion leads to cardiomyocyte death by apoptosis and necrosis. Necrotic cells produce chemokines and 

cytokines that attract neutrophils and monocytes from the blood. The ECM is degraded, enhancing 

neutrophils to migrate deep in the tissue (inflammatory phase). Granulation tissue is formed and fibroblasts 

differentiate into myofibroblasts or endothelial cells, producing ECM consisting mainly of collagen III and 

blood vessels (proliferative phase). In the final phase, the cell amount is decreased with the exception of 

myofibroblasts that continue ECM remodeling. Illustrative short axis slices of the heart are shown, 

representing healthy tissue, tissue shortly after the infract, and tissue after the healing phase.  

The timing effect of an injectable hydrogel based on collagen (from rat tail) was examined 

in an infarcted mouse heart, being injected at 3 hours, 7 days, and 14 days post-MI.59 The 3 

day post-MI injection showed the most beneficial results 4 weeks after therapeutic injection, 

with the highest left ventricular ejection fraction (LVEF) in comparison to the 7 days, 14 days, 

and control experiments. This indicated an optimal effect when injecting during the 

inflammatory phase, whereas a beneficial effect was observed when injected during the 

proliferation phase (7 day), but to a lower extent. In a follow-up study from the same group, 

hydrogels based on collagen type III were injected in an infarcted mouse heart at single and 

multiple time points.60 The single treatment (3 hours post-MI) showed the highest improvement 

in LVEF over time compared to the saline controls, which was examined up to 6 weeks. A slight 

improvement was shown in cardiac function when injecting at three time-points (3 hours, 7 

days, and 14 days post-MI), whereas the multiple time point injections at 7 days and 14 days 

showed a reduction in cardiac function (LVEF) compared to the saline control. 
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What should be noted is that all of these studies are performed on rodent models, which 

show differences in cardiac remodeling time of the infarcted area in comparison to humans, 

with the healing phase of a rat infarction being complete after 3 weeks61, whereas in humans 

duration of the healing phase can last around 5 to 6 weeks or more45. The inflammatory phase 

of a rat lasts typically around ~0-5 days post-MI, whereas the proliferation phase occurs after 

~5-14 days post-MI.41 Optimal injection times for rodent models are therefore not directly 

translatable for human application. An interesting aspect which these studies suggest, is the 

difference in optimal therapeutic timing between non-bioactive hydrogels (PEG-based and 

poly(NIPAAm)-based) and bioactive hydrogels (collagen-based). The non-bioactive hydrogels 

show a trend towards an optimal effect when injected during the proliferation phase, whereas 

the bioactive hydrogels show a trend towards an optimal effect when injected during the 

inflammation phase. While the non-bioactive hydrogels are injected to provide mechanical 

support and therefore stress release to the infarcted tissue, as hypothesized by several studies, 

injection during the inflammatory phase can possibly lead to a high extent of MMPs and ECM-

degrading activity, degrading the non-bioactive hydrogels.60 During the proliferation phase, 

these MMPs and ECM-degrading molecules are present in a lower content, slowing down the 

degradation and not limiting the local gelation. Degradation products of bioactive hydrogels 

can, in contrast, stimulate signaling cascades leading to cellular adhesion, migration and 

survival.62 However, more studies are necessary to truly confirm this effect, as well as the 

translation towards large animal studies.  

While all of these outcomes indicate beneficial cardiac outcomes, to our knowledge the 

long-term effects of these studies are unknown, with monitoring times not exceeding 3 months.  

2.2 Cardiac contraction  

In healthy humans the heart pumps approximately 60-100 times per minute with a constant 

pressure on the ventricles and atria, the force not changing at higher pumping frequencies.63 A 

high number of contractile cells are lost post-MI, subsequently leading to lower contractile 

forces.64 Injectates are likely to be ‘washed away’ from this area without any retention, with the 

pumping function of the heart pushing the injectate out of the target area, e.g. via venous 

drainage, or squeezed out of the myocardium.31 The effect of cardiac contraction on injected 

therapeutics will briefly be described in this section. 

The influence of an arrested heart in comparison with a contracting heart is a subject only 

few studies focus on. A study that does examine this was performed by Terrovitis et al., in which 

cardiac-derived stem cells were labeled with fluorodeoxyglucose-18 for quantification purpose, 

and injected in a beating and non-beating MI rat model.65 Retention of the stem cells in an 

arrested heart showed to be significantly higher in comparison to the contracting heart, being 

75% and 17%, respectively. This indicates that a prominent reason of the cells being washed out 

of the myocardium of a rat is due to the cardiac contractile function. We hypothesize that 

hydrogels will respond in a similar manner to the contractile function, but displaying a lower 

wash-out from the injectate site due to an increased viscosity and lower flow. To our knowledge, 

no study has thus far has examined the retention of injectable hydrogels in a beating as well as 

an arrested heart. An increased cellular retention has been observed when encapsulated in an 
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injectable hydrogel.66–68 Furthermore, many studies have observed an enhanced therapeutic 

effect when combining the cells with a carrier material.69,70 Hydrogels itself are also observed 

to show a functional therapeutic outcome when injected, having mechanical support and 

therefore elevating wall stress, or mimicking the natural myocardial structure.71 When hydrogels 

exhibit rapid gelation, an increase in retention can be obtained, with the gel exhibiting lower 

flow properties and therefore less wash-out. The contraction can influence the shape of the 

injected hydrogel, changing its morphology. Self-healing hydrogels are interesting candidates 

for cardiac delivery, being a hydrogel that has the ability to reversibly repair the damages to 

itself and recover its functions.72 For examining the properties of hydrogels, fatigue resistant 

experiments are often performed on hydrogels, examining the rheological properties of the 

hydrogel and the ability of the hydrogel to respond to stimuli.73 In the subsection ‘Mechanical 

biomaterial properties’, the mechanical properties of these biomaterials will be discussed more 

extensively.  

3. Biomaterial features influencing therapeutic retention  
A high number of natural or synthetic hydrogels, sometimes in combination with therapeutic 

agents, have been used for cardiac therapies (Figure 2.4). Natural, more bioactive hydrogels 

(such as decellularized ECM) often induce physiological and chemical signaling mechanisms24, 

or improve cell survival and cell motility into the surrounding tissue. Bioinert hydrogels (such 

as alginate-based hydrogels) are hypothesized to reduce the mean wall stress by the bulking 

of wall thickness upon hydrogel injection according to Laplace’s law, or, as presumed by more 

recent studies, diminish the stress of cardiomyocytes surrounding the hydrogel on a more 

cellular level.24,74,75 Other parameters, such as injection volume, mechanical properties, and 

injectate retention are of influence on the therapeutic efficacy. These factors will be discussed 

here.  

Figure 2.4 Structural properties of supramolecular hydrogels used for cardiac therapy, with a natural hydrogel 

such as decellularized ECM is prepared by cutting left ventricular porcine tissue into small pieces (1), 

decellularization (2), lyophilization (3) and the decellularized ECM powder partially digested into an injectable 

liquid by pepsin (4). Hyaluronic acid can form physical crosslinks by functionalization of cyclodextrin (CD-

HA) and adamantane (Ad-HA), which can crosslink by guest-host assembly. Alginate is known to physically 

cross-link and gelate in the presence of calcium ions. The ureido-pyrimidinone moiety is known to crosslink 
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based on four-fold hydrogen bonding, which can be disrupted by increasing the pH above 8.5. The natural 

hydrogels show bio-based high complexity and synthetic hydrogels showing a well-defined structure. 

Reproduced with permission.76 Copyright 2016, Elsevier. 

3.1 Injection volume  

A high number of the cardiomyocytes are lost during an MI, and therefore a number of 

studies attempted to increase the amount of cells at the infarcted area by injecting viable cells. 

Different amounts of cells and volumes are often injected, varying with each study and model.77–

84 In human trials, bone marrow-derived stem cells were injected post-infarction, with the total 

injection volume varying from 10-26 mL.53,85–87 This indicates no ‘golden standard’ for the 

injection volumes, considering these studies.  

For injectable hydrogels, to our knowledge, few studies have focused on the volume 

optimalization in the infarcted myocardium. However, finite element model based studies were 

performed, in which the optimal volume of the injectate for cardiac therapy was determined. 

Here, we describe the few studies that did volume optimization experiments, as performed by 

Wise et al., who developed a finite model of a rat heart and showed the therapeutic benefit 

between the injection volume of a stiff PEG-based hydrogel and the infarct size.88 With an 

infarcted area of 10% of the ventricle wall, 50% volume injection showed to have the largest 

benefits in comparison to the 25% and 75% volume injection. It was concluded that the injected 

volume relative to the infarcted area is of influence, and the effectiveness of the injected gel 

depends on this ratio. Injecting an excessive hydrogel volume could even further decrease the 

cardiac function. Therefore, the amount of volume injected is of high importance and more 

caution should be taken on the extensiveness of the infarcted area and the injected hydrogel 

volume.  

The effect of alginate hydrogel injection in an MI swine model was examined during a 60-day 

follow-up.89 Three different injection volumes were used, 1, 2 and 4 mL of hydrogel in total. 

The hydrogel was injected by intracoronary injection, 3 to 4 days post-MI. Favorable effects on 

the LV remodeling were observed when 2 and 4 mL of hydrogel were injected in the infarcted 

site, in comparison to 1 mL hydrogel injection. Mild favorable effects were observed for the 

animals treated with 1 mL hydrogel, preventing little left ventricle diastolic and systolic dilation 

compared with the control MI model. Hydrogel injections of 2 and 4 mL showed an increase in 

left ventricle mass, and reversed left ventricle diastolic and systolic dilation.  
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A study by Wang et al. showed the different functional outcomes with finite element models, 

in which 150 µL and 300 µL of hydrogels with varying stiffness were injected.90 150 µL hydrogel 

injection with a stiffness of 25 kPa reduced the myofibril stress by 18.9% at the epicardium, 

while 300 µL injection reduced the stress by 31%. Furthermore, 150 µL hydrogel injection with 

a stiffness of 100 kPa led to myofiber stress reduction of 39.2% at the epicardium, whilst 300 

µL injection of the same hydrogel showed a stress reduction of 56.8%. The end diastolic volume 

decreased more extensively when 300 µL was used compared to the 150 µL injection volume. 

A finite element model of an ovine left ventricle was exploited by Wall et al., who examined the 

short-term effects of material injection, comparing a single injection, and multiple injections 

with changing volumes.91 Here, decreasing fiber stresses were also observed with increasing 

volume fraction (examined from 0.5-1.5 mL), in which stiffer materials furthermore improved 

this reduction. Additionally, the EF and stroke-volume / end-diastolic volume were improved. 

However, no significant changes were observed in the multiple injection group, in comparison 

to the infarct control.  

Another finite element model examined different factors which are of influence on hydrogel 

efficacy, being injection volume, hydrogel stiffness, and timing of injection.92 The hydrogel 

injection overall showed to reduce the myocardial strain under physiological loading. Three 

volumes were modelled, being 15, 50, and 170 µL (1.5-17% of the total region volume), of 

which the local strain was decreased when the hydrogel volume was increased. Furthermore, 

increasing hydrogel stiffness showed further reduction in myocardial strain, with optimal moduli 

between 1-25 kPa. Recent studies have hypothesized that bioinert hydrogels can reduce the 

stress on the myocytes by stimulating fibrotic encapsulation around the surface of the hydrogel, 

constraining the myocytes to the surface. This can prevent left ventricular dilation, and therefore 

decreases the stress of the surrounding myocytes.24,92 Several recent studies have been 

summarized in a table, with the volume, model, time of administration, delivery method, end-

point time after treatment, and functional outcome presented (Table 1). As shown by these 

studies, the volume of the hydrogel injected at the target site varies highly, with volumes used 

in porcine models varying from 0.9 mL to ~4 mL. The volumes used in rodent studies seemed 

to vary from 20 µL to 120 µL, all showing therapeutic beneficial results.  

We suggest that future studies need to focus on finding the optimal hydrogel injection 

volume. A handful of studies presented here show promising work in optimization of hydrogel 

volumes for cardiac therapy, mainly by using finite element models. Accurate determination of 

the optimal hydrogel volume follows increased therapeutic. Whether there is a relation between 

volume amount and cardiac retention is still an open question. 

3.2 Mechanical properties of hydrogels  

Injectable hydrogels are of great interest for cardiac applications, due to the minimally 

invasive manner in which they can be delivered to the target area.107 Stimuli-responsive 

hydrogels are often used in the cardiac therapy field, with their ability to adapt and gelate in 

situ based on responses to physical changes such as temperature108,109, and pH109,110. 

Furthermore, non-inert hydrogels such as fibrin and ECM-derived hydrogels show beneficial 

results for the treatment of myocardial infarction111–113. Often, these hydrogels show a low 
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stiffness (<100 Pa), and their function is mostly dependent on the inherent bioactive 

compounds inducing a combination of physiological and chemical signaling mechanisms. 

Therefore, the focus in this subsection lies mostly on inert tunable injectable hydrogels, and 

their mechanical properties when regarding the therapeutic efficacy.  

Hydrogel stiffness 

The hydrogel stiffness indicates the rigidity of the hydrogel, and to which extent the 

hydrogel is able to resist deformation under force. The stiffness of a hydrogel can often be 

tuned by varying the concentration or cross-linking density. When injected in the myocardium 

after an infarct, the deformation under the cardiac force is therefore an important parameter to 

examine. These mechanical properties of the hydrogels, with the focus on moduli, were 

examined by Ifkovits et al., who injected hyaluronic acid-based hydrogels with differing moduli 

(~8 and 43 kPa), adapted by a change in the number of reactive methacrylate groups.114 The 

hydrogels were injected in an infarcted ovine model 30 minutes post-MI (20 injections of 0.3 

mL), and 8 weeks post-MI the functional output was examined. Their findings showed less 

infarct expansion and reduced LV dilation in the higher modulus group, in comparison to the 

lower modulus group. An increase in myocardial stabilization was hypothesized, with the high 

modulus gel reducing the wall stresses in an increased extend in comparison to the low modulus 

gel. However, only a trend towards functional cardiac improvements was shown in the stiffer 

hydrogel group, with no significant changes.  

These mechanical properties of hyaluronic acid-based hydrogels were further examined by 

Rodell et al., using a tandem crosslinking approach with the injection of hyaluronic acid 

hydrogel (<1 kPa), followed by a second injection which stiffened the hydrogel network in situ 

due to dual-crosslinking (~41 kPa).115 Infarcted ovine models were used, in which the hydrogels 

were injected 30 minutes post-MI (16 injections of 0.3 mL). The functional output was examined 

8 weeks post-MI. The dual-crosslinked hydrogel showed to have an optimal effect compared to 

the MI control, with a significant stress reduction, maintaining wall thickness, and improved EF. 

Some improvements were observed with the lower modulus hydrogel, but less significant as for 

the dual-crosslinked hydrogel. 

The mechanical properties were further explored by finite element models, in which changes 

of stiffness were varied as well as volumes to examine the therapeutic effect on the cardiac 

function.90,91 Both these models show that an increase in material stiffness led to a decrease in 

myofiber stresses around the injectate site, while the lower stiffness hydrogel showed no 

significant stress reduction. The stiffness effect showed to recede around 50 kPa.90 These 

results indicate the impact of the hydrogel stiffness, having a significant effect on the 

therapeutic outcome. This was suggested to be mainly due to the fibril stresses around the 

infarct area being levitated, as well as an improved wall thickness of the infarcted area.  

 

Degradation 

The degradation of a material after implantation or injection is an important parameter, 

which theoretically should match the attenuation or reverse remodeling process. The 
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degradation products should be non-toxic and able to be metabolized and cleared from the 

body.116 Hydrogel degradation is an important factor when considered for cardiac therapy, as 

shown by Dobner et al. who examined the efficacy of a non-degradable hydrogel based on PEG 

post-MI.27 The hydrogel was injected with a volume of 100 µL directly after MI, with 2 to 3 

injections. The heart size was increased in the saline control due to the MI, but was lower in the 

PEG hydrogel group after 2 and 4 weeks. However, this effect was lost after 13 weeks, with the 

ESD and EDD being equivalent for the saline as well as the hydrogel injection. An explanation 

given for these observations is the delayed buildup of cardiomyocyte stresses, with the PEG 

hydrogel acting as a buffer initially, but insufficient in reducing the stresses in the myocardium 

over a longer time span. An ongoing macrophage-based foreign body response was 

hypothesized to stall this improvement over time. Implementation of peptides which can be 

degraded by cell driven enzymatic cleavage were introduced to the PEG-based hydrogel in a 

follow-up study to examine the degradable variant of this hydrogel.57 This article was briefly 

mentioned in the ‘time of injection’ section, in which two time-points were compared, being 

directly post-MI and one week post-MI after infarction in a rat model. Swift degradation of the 

hydrogel was observed directly post-MI, with no hydrogel being present four weeks 

post-injection. The one-week post-MI injection showed little difference in remnants after one 

and four weeks post-injection, indicating lower degradation rates. The one week post-MI 

injection showed increases in scar thickness, fractional shortening, and decreases in end-

systolic dimensions, but later time-points were not taken into account (as their previous study 

examined the functional effect of the non-degradable PEG hydrogel 13 weeks post-MI). Whilst 

these results show beneficial effects of the slowly degradable hydrogel injected one-week post-

MI, this study does not elucidate further on the retention and functional outcome of the hydrogel 

therapy over longer time spans. 

Hydrogel degradability and the effect on the functional cardiac output in infarcted ovine 

models was examined by adaption of hyaluronic acid hydrogels, which were tuned to degrade 

by enzymatic and hydrolytic degradation.25 Low (~7 kPa) and high (~35-40 kPa) hydrogel moduli 

were examined, with both degrading and non-degrading variants being analyzed. All hydrogel 

groups showed improved cardiac output in comparison to the infarcted control, but no 

significant differences between the hydrogel groups were observed. For the high hydrogel 

modulus, the non-degradable variant showed to reduce the LV volume more effectively at 8 

weeks post-MI, indicating the importance of wall stabilization over a longer time period.  

Natural hydrogels, such as ECM-derived hydrogels, can be modified with an MMP inhibitor 

such as doxycycline, as shown by Wassenaar et al.117 The in vivo degradation was examined in 

rats on healthy myocardial tissue, in which the retention was examined by a fluorescent label 

attached to the hydrogels two weeks post-injection. This showed a significant increase in 

fluorescence of the doxycycline modified hydrogels, indicating a lower degradation rate. A 

prolonged degradation was also observed in similar ECM-based hydrogels which were tuned 

with genipin, a crosslinking agent extracted from gardenia fruit,118 reducing the degradation 

rate in vitro over time.119 However, this was not tested on an in vivo infarction model.  

While all of these studies show that the degradation of the injectable hydrogels can be tuned, 

so far it is unclear what the optimal degradation rate of the hydrogel should be to reach the 
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optimal functional cardiac output. While non-degradable hydrogels can lead to an adverse in 

vivo effect over longer time spans, more research needs to be performed to tune the 

degradation rate with the attenuation or reverse cardiac remodeling process.  

 

Viscosity 

One of the key mechanical features when regarding injectable hydrogels is the viscosity, of 

which the injectability is highly dependent. Determination of the viscosity as a function of shear 

rate can give insight in the injectability of the hydrogel. For shear-thinning hydrogels the 

viscosity decreases with increasing shear stress. In some cases, the crosslinks of the hydrogels 

are broken upon increasing shear, whereas they are reformed once the shear stress has been 

lifted.120,121 Furthermore, to inject a hydrogel in a non-invasive manner through a catheter, the 

Hagen-Poiseuille equation needs to be regarded, which can determine the injectability of a 

hydrogel (equation 1): ∆𝑝𝑝 = 8𝜇𝜇𝜇𝜇𝜇𝜇𝜋𝜋𝑅𝑅4    (1) 

Where Δp is the pressure drop through a cylindrical pipe (syringe needle), µ is the dynamic 

viscosity, L is the length of the pipe, Q is volumetric flow rate, and R is pipe radius. This equation 

shows the force necessary for injection, dependent on the volumetric flow rate, dynamic 

viscosity, needle length, needle bore diameter, and syringe plunger area. Higher needle length 

and dynamic viscosities lead to higher forces necessary for injection, which can limit the 

injectability of a hydrogel.  

Furthermore, the viscosity and gelation time is of importance regarding the in vivo retention 

after injection. Low viscous solutions, with slow sol-gel transition times, can be easily washed 

away from the site of injection, which is why swift sol-gel transitions are optimal for proper 

retention.  

For cellular or therapeutic delivery, the mechanical properties of the hydrogel influences the 

uniform suspension of cells or therapeutics when encapsulated. A problem often occurring 

when cells or therapeutics are mixed in gels is sedimentation, leading to a concentration 

gradient of cells or therapeutics. Often, uniform mixes are obtained by vigorous mixing before 

injection. The sedimentation is dependent on the molecular mass of the therapeutic compound, 

as well as the frictional coefficient.122 The viscosity of the hydrogel precursor plays a significant 

role in this sedimentation process, with an increase of viscosity decreasing the displacement of 

the cells.123,124 Na et al. improved the cell suspension of a gelatin-methacrylate based bioink by 

increasing the viscosity of the solution upon addition of biocompatible silk fibroin particles.125 

They observed the lowest sedimentation values upon addition of 1 w/v% silk fibroin particles, 

with a viscosity of ~60 Pa.s. While these viscosities were applicable for 3D-bioprinting, these 

high viscous solutions can be troublesome to inject, depending on the type of syringe, gauge 

needle and applied force.73 Still, for minimally invasive injection methods, as well as cell and 

therapeutic delivery, the viscosity is an important parameter to take into account. 
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3.3 Biomaterial affinity with the surrounding tissue 

The choice of material plays a significant role in how the surrounding tissue responds to 

this foreign material. Natural biomaterials often show biocompatibility, bioactivity, assist in 

cellular activities such as cell-cell communication, and potential tissue regenerative 

properties.126 Synthetic biomaterials are easily adaptable to obtain high mechanical strength, 

degradability, and gelation rates. An improved retention can be obtained by introduction of 

adhesive components to increase the tissue-adhesion between the hydrogel and surrounding 

tissue at the injectate site.  

Increasing the hydrogel adhesion can be realized by introduction of catechol-functionalities, 

which are known to adhere under wet conditions inspired by the mussel foot proteins.105,127–129 

This was shown by Wu et al., who co-administered a hyaluronic acid hydrogel intramyocardial, 

whilst a gelatin-dopamine and dopamine-modified polypyrrole was coated on the myocardium 

surface.105 The combined therapy showed beneficial effects on the functional output of the 

heart, displaying the highest wall thickness and lowest infarct size. Furthermore, the combined 

therapy showed to have the beneficial effects on the cardiac output, with an increased EF and 

fractional shortening in comparison to the MI control.  

The arginine-glycine-aspartic acid (RGD) peptide is a natural ligand peptide, which can 

interact with integrin receptors to provide cell-cell and cell-ECM interactions.130 Introduction of 

the RGD peptide to biomaterials can increase the cell density, cell adhesion and cell migration. 

Sondermeijer et al. modified an alginate scaffold with cyclo(-RGDfK)-peptide to enhance cellular 

recruitment in vivo.131 Moreover, scaffolds were seeded with human mesenchymal precursor 

cells (1x106 and 3x106 cells) and patched to the epicardial surface of an infarcted myocardium. 

Scaffolds with 1x106 cells showed optimal vascularization, while 3x106 cells showed a decrease 

in vascularization, possibly due to ‘crowding’ of the cells. Scaffolds modified with only 

cyclo(-RGDfK) were furthermore placed in the abdominal area (abdominal rectus muscles) as a 

control, which showed robust cellularization and vascularization, in comparison to the patches 

containing no cyclo(-RGDfK). This shows that materials could be further modified with for 

example RGD-sequences to further increase cellular retention, cellular recruitment and 

proliferation.  

To increase the cellular adhesion of cardiac stem cells (CSCs), platelet nanovesicles were 

used to decorate CSCs that increased adhesion properties of the cells.132 Intracoronary injection 

of these CSCs with platelet nanovesicles in an infarcted porcine heart showed an increase in 

cellular retention after 24 hours, in comparison to no platelet nanovesicle decoration. 

These studies show that modification of hydrogels with small molecules or peptides can 

lead to significant increases of adhesion to the surrounding tissue and cellular recruitment. This 

can furthermore increase the therapeutic effectiveness. 

 

4. Off-target effects 
Possible off-target effects of injected materials is a parameter often overlooked. Multiple 

types of hydrogel systems contain drug cargos, which can be released from the hydrogel in a 
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sustained manner to target the surrounding area. Possible redistribution and complementary 

side-effects of the injectate material, the cargo, or both is often neglected.  

Few studies have focused on the redistribution of cells when injected in the myocardial 

infarcted area. Bone marrow cells labeled with 99mTc showed a retention of approximately 17% 

at the infarct site of rats 24h after injection.50 Most cells injected were found in the liver (>20%), 

and less abundantly in the spleen (~8%), and kidneys (~6%). Furthermore, intravenously injected 

endothelial progenitor cells radioactively labeled 111 with indium oxine showed a retention of 

approximately 1% in a rat heart 96h after injection. Most redistributed cells were found in the 

spleen and liver (~70%). 

A combination of human mesenchymal stem cells and fibrin hydrogel was injected 

intramyocardially in an infarction model and examined 90 minutes post-injection.133 The 

cellular retention was approximately 40% when combined with fibrin hydrogel, with 

approximately 40% of the cells redistributed to the lungs, whereas cells in saline showed 

approximately 20% of cardiac retention. The cells in saline showed a redistribution of 40% to 

the liver, whereas the cells in combination with the fibrin glue showed a redistribution of 20% 

to the liver. Cellular redistribution for the saline injections was shown in the kidneys (~9%) and 

spleen (<5%), whereas almost no redistribution was shown in these organs when the cells were 

encapsulated in the hydrogels. In our group, we showed a ureido-pyrimidinone-based hydrogel 

that was labeled with a radioactive tracer (111Indium), traceable in vivo.134 Here, a small pilot 

showed the redistribution 4 hours after injection in a healthy porcine heart, with 8% of the 

hydrogel being retained at the inject spot, whereas a high content redistributed to the lungs 

(29% n=1, 9.5% n=2) and bladder and urine (16% n=1, 22% n=2). When the hydrogel was 

modified with a recombinant collagen type-1 based material, cardiac retention was around 16% 

4 hours post-injection, displaying redistribution of the hydrogel mainly to the lungs (13% n=1, 

19% n=2), as well as the bladder and urine (10% n=1, 13% n=2). It should be noted that the 

injection in a healthy porcine heart could differ from retention in an infarction model. 

These studies show possible redistribution of the injectate, and possible corresponding off-

target effects. A screening of material redistribution can give a broader comprehension of 

possible side-effects.  

 

4.1 Retention and Redistribution Evaluation 

As mentioned previously, only a limited amount of studies focus on visualizing the retention 

and redistribution of hydrogels in vivo. Several imaging methods are challenging, with 

fluorescence imaging having a low penetration depth, Single-photon emission computed 

tomography (SPECT-CT) imaging often needing a tracer in combination with radiation dosage 

being received, and magnetic resonance imaging (MRI) being less quantifiable (Figure 2.5).135 

Furthermore, labeling with fluorophores or contrast agents can influence the hydrogel 

properties.136  

Hydrogels are often labeled with fluorophores, whereafter the hydrogel content can be 

visualized ex vivo.16,57,137–139 While this gives an indication on the injectate remnants and 



| Chapter 2 

32 

 

degradation, it is unclear how much of the total injectate volume is retained at the injection site, 

and how much of the injectate is redistributed to other organs.  

Bakker et al. showed a pH-responsive hydrogel, being a viscous liquid at a pH of 9, 

facilitating injection at basic conditions, whilst gelating under physiological conditions at 

neutral pH.140 A DOTA-gadolinium(III) label was added to hydrogel to allow MRI analysis of the 

gel, which was injected in a healthy porcine heart in vivo with a volume of 0.2 mL. The injected 

hydrogel was visualized ex vivo and post-injection volume analysis showed matching 

pre-injection volume, indicating retention of the hydrogel in vivo.  

Figure 2.5 Different imaging methods of injectable hydrogels used for cardiac applications, with the pros and 

cons of the imaging techniques, MRI, energetic high-frequency electromagnetic radiation (X-ray), 

fluorescence imaging and SPECT-CT. Reproduced with permission.140 Copyright 2018, Wiley. Reproduced 

with permission.143 Copyright 2008 American Chemical Society. Reproduced with permission. Reproduced 

with permission.144 Copyright 2015 Royal Society of Chemistry. Reproduced with permission.141 Copyright 

2020 Wiley.  

With SPECT-CT a hyaluronic acid-based hydrogel was imaged upon addition of a contrast 

agent (iohexol) after being injected in an infarcted porcine model.141 Nine injections of 0.1 mL 

hydrogel were performed, and directly after injection the location was verified in vivo. The 

in-vivo degradation rate and hydrogel amount retained at the injection site were unknown, 

making it challenging to link the hydrogel content in vivo to the therapeutic effect. 

Redistribution of an alginate type hydrogel was examined by radio-metal indium-111labeling, 

which enabled non-invasive in-vivo nuclear imaging of the hydrogel.142 An intra-myocardial 

injection was performed in mice and imaged over a week, with a volume of 50 µL containing 2% 

(w/v) alginate hydrogel, imaged over 7 days after injection. At two hours post-injection, the 

majority of injected alginate was not retained in the heart and was cleared from the body. 

Redistribution was observed mainly in the kidney and bladder. After seven days, a fraction of 

approximately 4 to 8% of the material was still observed in the heart, which clarifies the 

importance of biomaterial tracking in vivo. 
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The detection of biomaterials post-injection is feasible, but determination of the retention 

and redistribution of these biomaterials is challenging, with only a handful of studies examining 

these biomaterial retention and remnants in vivo. These characteristics, however, are of 

significant importance when linking the therapeutic effect of the biomaterials to the retention 

post-injection. 

 

 
Figure 2.6 The different parameters to consider after in vivo injection of cardiac therapy, with A. the imaging 

and analysis, providing insight in retention and redistribution of the therapy, and insight in possible 

side-effects, B. the optimal volume, dependent on the type of therapy and material, C. the drug dosage, 

dependent on the retention and release from the drug carrier, and D. the invasiveness of the therapy.   

5. Conclusion 
Scientific development for locally administered cardiac regenerative therapies has shown 

great progress, with medicine in combination with biomaterials, as well as biomaterials alone 

showing therapeutic benefits by attenuation ventricular remodeling or stimulating cardiac 

regeneration. A deeper understanding of the effectiveness of these biomaterials in the cardiac 

environment could be obtained by considering parameters that influence their retention, such 
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as injection timing, cardiac contraction, and material characteristics at the target site (Figure 

2.6).  

Thus, while current injectable biomaterials are already demonstrating significant 

improvements in functional cardiac output, visualization of the biomaterials in vivo illuminates 

the retention at the target site, from which the optimal biomaterial-dependent injection volume 

could be determined. Furthermore, the aspect of redistribution should be considered, which can 

predict possible side-effects. The drug dosage could be adapted to complement the retention 

of the biomaterial.   

We propose a focus change to explore the direct role of the biomaterial in cardiac therapies, 

instead of investigating indirect parameters considering the cardiac response. Only by creating 

a deeper understanding of the exact dosing and functioning of the biomaterials in vivo, further 

innovation in biomaterial design can enhance therapeutic efficacy of the injectate in locally 

administered medicine after myocardial infarction.  
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3 

Design and investigation of ureido-pyrimidinone 

based supramolecular polymer hydrogels  

 

 

 

Abstract 

Supramolecular motifs facilitate the modular incorporation of functionality with 

corresponding motifs. Herein, we present two supramolecular hydrogels based on the 

ureido-pyrimidinone (UPy) motif. Firstly, a recombinant peptide based on human collagen type 

1 (RCPhC1) is introduced, conjugated with UPy moieties at different degrees of functionalization 

to increase control over the gelation, bioactivity, and mechanical properties. Circular dichroism 

displayed random coil formation of each UPy-RCPhC1 moiety in solution. Furthermore, 

hydrogels were formed by addition of the bifunctional UPy-moiety containing a poly(ethylene 

glycol) backbone (BF UPy-PEG), described in chapter 1. Rheology displayed softer hydrogels and 

slower hydrogel formation upon increasing the degree of UPy-RCPhC1. Secondly, a library of 

monofunctional UPy molecules is introduced, functionalized with single amino acids (UPy-AA). 

The effect of these simple modifications was explored by visualization of the assembling 

behavior in solution and the cellular compatibility was examined when the UPy-AA were 

prepared in a gel-like state in combination with the BF UPy-PEG. While all UPy-AA formed fibers 

in solution, fiber lengths were different. Furthermore, distinct differences were observed in 

cellular morphology and cell count, indicating the effect of this simple chemical modification 

on the cellular differentiation and spreading. In conclusion, two different hydrogel systems were 

presented composed of UPy units, that provide deeper insights in the adaptability of 

supramolecular UPy-based hydrogels and its applications.  
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1. Introduction 
Development of novel biomaterials by molecular self-assembly are promising solutions for 

medical treatment strategies. By obtaining inspiration from supramolecular assembling 

mechanisms in nature, new self-assembly processes can be exploited and a deeper 

understanding can be obtained regarding the structure, assembly, and dynamic behavior.1 In 

the field of supramolecular chemistry, the focus lies on the specific, directional, tunable, 

reversible, non-covalent motifs, with highly dynamic properties. Components are held together 

by intermolecular forces, where complex and functional chemical systems are developed.2 Using 

the interesting features of supramolecular chemistry and applying them to hydrogels can 

simulate the development of dynamic and adaptable hydrogel systems reminiscent to those 

observed in nature, e.g. the dynamic interaction of cells with the extracellular matrix (ECM).3  

Supramolecular hydrogels that show these interesting dynamic and adaptable features can 

be exemplified by the thermo-responsive helical polyisocyanide polymer grafted with oligo-

ethylene glycol) side chains.4 This hydrogel resembles the unique stress-stiffening behavior of 

the ECM, forming a stable helical backbone, which is further stabilized with β-sheet-like peptide 

hydrogen bonds along the backbone. Another example is the benzene-1,3,5-tricarboxamide 

(BTA), which self-assembles into fibrils by threefold hydrogen bonding and π- π stacking.5 This 

BTA moiety displays hydrogel formation upon mixing of two BTA moieties decorated with a 

tetra(ethylene glycol), and a poly(ethylene glycol) telechelically decorated with BTA motifs on 

both ends.6 Changing the ratios between these two moieties led to adaptation and tunability of 

the mechanical properties of these hydrogels. 

The strongly dimerizing UPy moiety (Kdim >106 M-1 in CHCl3) has been extensively studied 

over the last two decades, first published by Sijbesma et al.7 Strong dimerization occurs by 

dynamic four-fold hydrogen bonding, of which thermal and environmental stimulations control 

the association, dissociation and strength of the bond, enabling mechanical tunability of the 

system. Functionalization of these UPy units with urea groups protected by alkyl-spacers 

stimulating one-dimensional lateral stacking forming micrometer long fibers solutions through 

π-π stacking, hydrophobic interaction and hydrogen bonding.8 Telechelic functionalization of 

a 10 kDa poly(ethyelene glycol) (PEG) polymer with UPy units results in the bifunctional UPy 

polymer (BF UPy-PEG, Figure 3.1).9 This UPy units display pH-responsiveness, with 

deprotonation of the enol-tautomer at elevated pH leading to a disruption of the four-fold 

hydrogen bonding. This renders interesting hydrogel properties at high concentration, which 

upon increasing the pH above 8.5 renders a sol state, whereas neutralization of the solution 

results in gel formation (Figure 3.1C).10 This facilitates the injection of the hydrogel-precursor 

in the sol state at basic pH (>8.5), which upon coming in contact with the physiological neutral 

pH (7.4) the hydrogelator switches to the gel state, making this hydrogel a highly valuable 

candidate for injectable therapeutics. Furthermore, the hydrogel showed self-healing behavior, 

highlighting its highly dynamic nature.  

In this chapter, we display the versatility of different UPy-based hydrogel systems, in which 

we introduce two different modifications and adaptations of these. First, we present the 

modification of a recombinant peptide based on collagen type 1, which was modified with UPy 
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conjugation to its backbone. Several properties are assessed, i.e. assembly properties in 

solution and gelation. Furthermore, a library of different monofunctional UPy units is screened, 

to which single amino acids are conjugated. The assembly properties in solution as well as the 

mechanical and cellular adhesive properties in gel state are explored, elucidating the effect of 

simple modifications on the architectures of supramolecular assemblies. 

 

 
Figure 3.1 An overview of the BF UPy-PEG polymer and its characteristics with the chemical structure (A), the 

self-complementary dimerization of the ureido-pyrimidinone moiety by four-fold hydrogen bonding, with a 

schematic hydrogel structure (B), and the pH-responsive gelation, showing the gelation at pH<8.5, whereas 

at a pH>8.5 a viscous liquid is obtained (C). Cryogenic transmission electron micrographs display the fiber 

formation of the bifunctional UPy-PEG moiety (10 mg/mL, 890 µM) in neutralized PBS, at magnification 6.5kx, 

scale bar 1 µm (D) and 24kx, scale bar 200 nm in which the white arrows indicate the fibril structures (D’). 

2. UPy-modified collagen based peptides  

Collagen is the most abundant protein in mammals, with collagen type 1 representing 90% 

of the total collagen content in the human body that is present in bone, skin, tendons, 

ligaments, and cornea.11 The collagen molecule itself forms a triple helix fibril consisting of 

three polypeptide chains twined around one another, bound together by hydrogen bonds 

between adjacent peptides (hydrogen bonds between carbonyl and amine groups).12 The unique 

characteristics of collagen and its high abundancy in the human body makes it an interesting 

candidate for biomaterial development. Biomaterial collagen scaffolds can contain cells in their 

inner structure, replacing native collagen-based extracellular matrix.13 

Recombinant collagen peptide based on human collagen type 1 (RCPhC1), also known as 

CellnestTM (FujiFilm Manufacturing Europe BV), contains multiple repeats of human collagen type 



| Chapter 3 

 

44 

 

1 fragments and is enriched with arginine-glycine-aspartic acid (RGD) sequences, increasing 

the cellular adhesive ability.14 It functions as an integrin-binding site, with the RGD forming a 

recognition site for the cells which stimulate cellular attachment.15,16 Mimicking the ECM 

structure using RCPhC1 would offer similar structural properties as in vivo, of which the 

degradability can be tuned by the implementation of additional chemical or physical 

crosslinking.17 The collagen type 1 recombinant peptide has been used in previous studies 

concerning cellular adhesion and differentiation of several cell types18,19, as for wound healing 

applications20. 

By conjugating UPy-moieties to the RCPhC1 backbone, we aim to achieve control over the 

hydrogel formation and mechanical properties. The nucleophilic amines of the lysines present 

in the RCPhC1 backbone were functionalized with a 1,1’-carbonyldiimidazole (CDI)-activated 

UPy-synthon. A library was created with different degrees of UPy-functionality to the RCPhC1 

backbone, i.e. UPy-RCPhC1-2, UPy-RCPhC1-5, UPy-RCPhC1-8, UPy-RCPhC1-12, and UPy-

RCPhC1-16 (Figure 3.2). Firstly, the structural properties in solution were examined, mainly 

focusing on the influence of the grafting density on the RPChC1 backbone. Furthermore, a 

hybrid network was examined where a grafted UPy-RCPhC1 was introduced to the BF UPy-PEG 

system, and the gelation and mechanical properties were further elucidated. 

 
Figure 3.2 An overview of the cellnest recombinant peptide based on human collagen type 1 (RCPhC1), 

composed of four repeating units present in human type 1 collagen containing the RGD moiety, and the 

different UPy-grafted RCPhC1 units and the chemical structure. 

2.1 Structural elucidation of RCPhC1 derivatives  

The structure of RCPhC1 and its UPy-functionalized derivatives were examined in miliQ by 

circular dichroism (CD), in which the peptide has the spectroscopic signature of a random coil.21 

The random coil formation is also displayed in collagen, where prolines present in the backbone 

play a significant role in the conformation of this random coil behavior.22 A change in 

temperature can lead to conformational changes regarding the secondary structure of 

collagen.23 For these reasons, two temperatures were measured, being 5 and 20 °C to examine 

the secondary structure of this RCPhC1(-functionalized) peptide (Figure 3.3). The pristine 
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RCPhC1 displayed random coil behavior, with a peak minimum observed at 195 nm and a 

maximum peak at 220 nm at 20 °C. Upon cooling, collagen often show an increased stability 

towards a triple helical structure24–27, which is also shown here with an increase in signal at 5 °C 

for the peak at 220. A hypothesis to explain this behavior is that the intermolecular forces are 

increased upon the slower movement of the molecules (decrease of kinetic energy). Therefore, 

the intermolecular forces present remain largely in the random coil formation, as shown 

previously.28 When UPy-moieties were functionalized to the RCPhC1 backbone, small shifts were 

observed in the minimum of the spectra, with UPy-RCPhC1-2 at 198 nm, UPy-RCPhC1-5 at 200 

nm, UPy-RCPhC1-8 at 199 nm, UPy-RCPhC1-12 at 199 nm, and UPy-RCPhC1-16 min 202 

(Figure 3.3B-F). The maximum peak at 220 nm did not shift after UPy-moiety functionalization 

in the spectra. The shift at the minimum peak could indicate a small structural change upon 

functionalization of the free lysines present in the RPChC1 backbone. All UPy-functionalized 

RCPhC1 showed an increase in CD signal upon cooling, with significant increases larger in 

comparison to the pristine RCPhC1 observed for UPy-RCPhC1-2, i.e. -8.24 (20 °C) and 1.27 (5 

°C) at 220 nm, UPy-RCPhC1-5 displayed -9.10 (20 °C) and 8.65 (5 °C) at 220 nm, and UPy-

RCPhC1-8 displayed -7.13 (20 °C) and 5.14 (5 °C) at 220 nm. This can indicate an additional 

intermolecular crosslinking effect of the UPy-moieties present on the RCPhC1 backbone, further 

increasing the stability and aiding towards a triple helical structure by UPy-UPy dimerization. 

For the remaining functionalized RCPhC1, the ellipticity change was less significant, with UPy-

RCPhC1-12 showing a CD signal of -7.27 (20 °C) and -0.79 (5 °C ) at 220 nm, and UPy-RCPhC1-

16 showed a CD signal of -13.66 (20 °C) and -7.98 (5 °C) at 220 nm. 

Figure 3.3 Circular dichroism spectra showing the mean residue ellipticity (MRE) of pristine RCPhC1 (A), and 

the UPy-functionalized RCPhC1 being UPy-RCPhC1-2 (B), UPy-RCPhC1-5 (C), UPy-RCPhC1-8 (D), 

UPy-RCPhC1-12 (E), and UPy-RCPhC1-16 (F) at a concentration of 0.5 mg/mL in miliQ, at 5 °C and 20 °C. 
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To further elucidate the structural conformation the UPy-RCPhC1 derivatives, the zeta-

potential was measured and dynamic light scattering (DLS) was used to examine the aggregation 

behavior in solution. A decrease of the zeta-potential was observed with increasing UPy-

functionality (Table 3.1). This is expected, as a higher UPy-functionality leads to a lower lysine 

(positive charge) content on the RCPhC1 backbone. The additional effect of the UPy-moieties 

functionalized on the RCPhC1 backbone is further explored here by measuring the 

hydrodynamic radius in 1x PBS solution at two different pH, being ~neutral (5-7) and basic (10-

13). The UPy-moiety is known to be pH-dependent, with deprotonation of the enolate anion 

occurring at a high pH, leading to a disruption of the four-fold hydrogen bonding. Lowering the 

pH leads to protonation, enabling dimerization.29 At an elevated pH, the effects of the UPy-UPy 

interactions is hypothesized to be less observed therefore. The pristine RCPhC1 shows a small 

change in size from 20 °C basic pH (18±9 nm) to 5 °C (15±7 nm, Figure 3.4A). Subpopulations 

are shown at 20 °C, basic pH for UPy-RCPhC1-2 (peak 1: 12±2 nm, peak 2: 168±37 nm), UPy-

RCPhC1-5 (peak 1: 14±4 nm, peak 2: 190±75 nm), and UPy-RCPhC1-8 (peak 1: 15±6 nm, 

peak 2: 260±117 nm). An increase in UPy-functionality leads to a decrease of polarity, by 

introduction of non-polar side-groups. This can lead to the higher extend of subpopulations. 

No significant change in size was observed when the sample was cooled down to 5 °C (Figure 

3.4B-D). Upon decreasing the pH, the subpopulations became more distinctive and broader, 

indicating that formation of UPy-UPy interactions play a role in the particle aggregation 

behavior. Pristine RCPhC1 showed an additional subpopulation upon lowering of the pH 

(623±282 nm), which broadened upon cooling down to 5 °C (Figure 3.4A’). For UPy-RCPhC1-

12 and UPy-RCPhC1-16, one population was observed (Figure 3.4E, F), 28±15 nm and 14±6 

nm, respectively which showed no changes upon cooling. Lowering the pH resulted in larger 

aggregate formation of 120±60 nm for UPy-RCPhC1-12 and 379±160 nm for UPy-RCPhC1-

16. These results indicate the complex molecular aggregation behavior of these structures, 

where the RCPhC1-RCPhC1 interactions as well as the UPy-UPy interactions play a significant 

role and are both dependent on temperature as well as pH changes.  
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Figure 3.4 Dynamic light scattering measurements of the (UPy-)RCPhC1 derivatives, showing the normalized 

intensity distribution at neutral pH (5-7) and at elevated pH (10-13), at a temperature of 20 and 5 °C, in 1x 

PBS at a concentration of 2 mg/mL. 

 

Table 3.1 Overview of the zeta-potential of the RCPhC1 and UPy-RCPhC1 derivatives. 

Derivative Zeta-potential (mV) Derivative Zeta-potential (mV) 

RCPhC1 -6.1±0.2  UPy-RCPhC1-8 -15.5±0.7  

UPy-RCPhC1-2 -6.9±0.1  UPy-RCPhC1-12 -29.0±1.6 

UPy-RCPhC1-5 -9.4±0.8  UPy-RCPhC1-16 -34.6±2.0 

 

2.2 Hydrogel formation 

The influence of the UPy-RCPhC1 derivative when combined with the BF UPy-PEG-based 

hydrogel system was examined, where the effect of UPy-RCPhC1 on the aggregation and 

mechanical properties is examined. UPy-RCPhC1-5 is examined further, due to its high 

solubility and interesting secondary structure. Cryogenic transmission electron microscopy 

(cryo-TEM( is performed to analyze the aggregation behavior in solution (Figure 3.5). The 

particle size of the UPy-RCPhC1-5 in solution is 8.2±2.0 nm, whereas upon introduction of BF 

UPy-PEG (UPy-RCPhC1-5 : BF UPy-PEG, mol ratio 1:9) a similar size of 8.0±2.7 is observed. This 

indicates that the addition of BF UPy-PEG does not lead to significant structural changes.  
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Figure 3.5 Cryogenic transmission electron micrographs of UPy-RCPhC1-5 (A) and UPy-RCPhC1-5 combined 

with BF UPy-PEG (B, mol ratio 1:9) both dissolved in PBS at a concentration of 0.5 mg/mL (magnification 24kx, 

scale 200 nm). 

The BF UPy-PEG based hydrogel is known to be an inert, pH-responsive, self-healing 

hydrogel, with a storage modulus around 10 kPa.10 Addition of a UPy-RCPhC1 derivative could 

potentially increase the bioactivity of this hydrogel, creating a hybrid bioactive hydrogel. The 

UPy-groups functionalized to the RCPhC1 backbone were hypothesized to interact with the UPy-

moieties of the BF UPy-PEG network. The mechanical properties of several ratios, namely 9:1, 

3:1 and 1:1, between BF UPy-PEG and UPy-RCPhC1-5 were examined using rheology. The 

gelation speed was examined by dissolving the two compounds at differing ratio in basic PBS, 

resulting in a sol-state at a pH of 9, whereafter a small quantity of acid is added. Two minutes 

after acid addition, the mechanical properties were measured over a time span of 20 minutes 

(Figure 3.6). BF UPy-PEG showed direct gelation after acid addition (G’>G’’) and a storage 

modulus of 11 kPa after 20 min. Addition of a small quantity of UPy-RCPhC1-5 (mol ratio 9:1, 

BF UPy-PEG:UPy-RCPhC1) resulted in a significant decrease in stiffness (~2250 Pa storage 

modulus after 20 min), but showed direct gelation as well after acid addition. Further increase 

of UPy-RCPhC1-5 (mol ratio 3:1, BF UPy-PEG:UPy-RCPhC1) showed to further soften the 

network (670 Pa storage modulus after 20 min), with the network showing direct gelation. The 

1:1 molar ratio resulted in the softest hydrogel (120 Pa storage modulus after 20 min), during 

which the network gelated after ~4 min. These results show a significant effect due to UPy-

RCPhC1-5 addition, which decreases the stiffness of the hydrogel significantly. The higher 

molar ratios (9:1, 3:1) showed swift gelation, whereas the molar ratio 1:1 showed a delayed 

gelation. Still, all molar ratios showed gelation upon neutralization of the sol-state. The quantity 

of UPy-moieties is 2 per 11 kDa for BF UPy-PEG, whereas the UPy-RCPhC1-5 contains 5 per 

53.5 kDa, decreasing the number of UPy-UPy interactions and therefore crosslink interactions 

when the UPy-RCPhC1-5 content is increased (Table 3.2), which can lower the stiffness of the 

hydrogels. 
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Figure 3.6 Gelation properties of different combinations BF UPy-PEG and UPy-RCPhC1 at mol ratio of 1:0 

(blue), 9:1 (green), 3:1 (red), and 1:1 (yellow) at 37 °C, 1 rad/s, 1% strain.  

The mechanical properties of the 1:0 and 9:1 molar ratio of BF UPy-PEG to UPy-RCPhC1-5 

were further examined using rheology, where both hydrogels show frequency-dependent 

viscoelastic behavior (Figure 3.7A). For both hydrogels, there is an increase of storage moduli 

when the frequency is increased, whereas the loss modulus slightly decreases for the 1:0 

hydrogel, but an increase of loss modulus is shown for the 9:1 ratio hydrogel. For both 

hydrogels, the storage moduli is decreased at lower frequencies (i.e. higher measuring time), 

being 4720 Pa for 1:0 ratio, and 518 Pa for 9:1 ratio. At higher frequencies (i.e. lower measuring 

time), the storage modulus is increased to 25400 Pa for 1:0 ratio, and 7760 Pa for 9:1 ratio. 

This indicates the dynamicity of the network at lower frequencies, and the occurrence of 

structural rearrangement. At higher frequencies both gels act more as solid-like materials.  

Table 3.2 Properties of different combination BF UPy-PEG:UPy-RCPhC1, indicating the storage moduli, 

viscosity, and molarity of the UPy-groups.  

Mol ratio  

UPy-PEG : UPy-RCPhC1 

Storage moduli  

at neutral pH (Pa) 

Approximate 

viscosity at pH 9 

(Pa.s) 

Theoretical 

concentration UPy-

moieties (mM) 

1:0 11000  0.439  0.53 

9:1 2250 0.349 0.38 

3:1 690 0.238 0.26 

1:1 120 0.236 0.17 

 

The strain sweep shows a linear course for the storage modulus from 1 – 20% for the 1:0 

ratio (Figure 3.7B), whereas the 9:1 ratio shows a small decrease of storage modulus over the 

increasing strain (~3700 Pa at 1% strain, ~2500 Pa at 50% strain). The hydrogel disruption for 

the 9:1 hydrogel occurs at a strain of ~85%, whereas the 1:0 ratio hydrogel disrupts at a strain 

of ~40%. Both hydrogels show a recovery after the strain-sweep (Figure 3.7C), with the 1:0 ratio 

gel reaching a storage modulus of 18000 Pa, whereas the 9:1 recovers to a storage modulus of 

980 Pa. The addition of UPy-RCPhC1-5 lowers the storage moduli as well as loss modulus in 

comparison to the pristine BF UPy-PEG hydrogel (ratio 1:0). However, the gelation properties, 

viscoelastic behavior and recovery properties remain intact. 
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Figure 3.7 Mechanical properties of two hydrogels, being the hydrogel based on solely BF UPy-PEG (blue, mol 

ratio of 1:0) and the BF UPy-PEG combined with UPy-RCPhC1 (green, mol ratio 9 : 1), with the frequency 

sweep (A) measured at 1% strain, the strain sweep (B) measured at 1 rad/s, and a recovery curve at 1% strain 

and 1 rad/s over time (C) measured at 37 °C.  

Using scanning electron microscopy (SEM), the lyophilized hydrogel networks were 

examined (Figure 3.8) For both hydrogels, a porous network was observed where the 1 : 0 ratio 

showed to have pore sizes of around 7.7±3.7, whereas the 9:1 ratio showed pore size of 

9.2±5.6. A larger variation in pore size was observed for the 9:1 ratio, with occasionally small 

‘spikes’ appearing in the lumen. Whether this indicates a drying effect, or presence of 

insolubilized hydrogel remnants is unknown. These results indicate small structural differences 

between the two lyophilized hydrogels.  

Figure 3.8 Scanning electron micrographs of the morphology of BF UPy-PEG and UPy-RCPhC1 hydrogels after 

neutralization and lyophilization, with BF UPy-PEG (A, scale 200 µm) and a zoom-in micrograph (A’, 20 µm), 

and UPy-PEG and UPy-RCPhC1 at a ratio of 9 : 1 (B, scale 100 µm) with a zoom-in micrograph (B’, 10 µm).  

3. UPy-amino acid library 

Peptide-based hydrogels show the interesting features of amino acid components with their 

functional side chains, hierarchical structure, responsiveness, cooperativity and multi-valency.30 

It is known that changing a single amino acid in a peptide-chain can lead to a dysfunctional 

peptide, changing its folding properties.31 Development of a semi-synthetic supramolecular 

protein structure can give more insight in this peptide/protein formation and the influence of 

single amino acid functionalization on its function. Implementing the unique individual 

properties of amino acids into supramolecular hydrogels could induce additional functionality 

and folding properties. As an example, histidine and alanine encourage the formation of AR-

helical structures, whereas cysteine, glycine and proline the formation of extended structure 

and bends.32 
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Cui et al. synthesized a series of peptide amphiphiles, which by changing the sequence of 

the amino acid order, a variety of 1D morphologies was obtained, such as nanobelts, single and 

bundled nanofibers, twisted ribbons, helical ribbons, and nanotubes.33 Foo et al. demonstrated 

a two component system, which went from a sol to a gel state by simple mixing.34 In this system, 

the gelation occurs between specific molecular-recognition interactions, when mixing WW 

domains, i.e. small proteins which mediates specific interactions with protein ligands containing 

two tryptophans (thus the name WW), and proline-rich peptide repeating units. This enabled 

encapsulation of cells without affecting the cell viability and illustrates the high assembling 

ability of protein and peptide modified domains.  

Furthermore, positively and negatively charged hydrogels often show high cellular 

attachment in comparison to neutral hydrogels.35,36 The ζ-potential is of high importance when 

the cellular spreading on a hydrogel is examined, where the optimal ζ-potential values are often 

dependent on the cell type.37 Phadke et al. showed that an optimal balance of hydrophobic and 

hydrophilic interactions at the hydrogel interface containing flexible-pendant side chains could 

lead to rapid self-healing, which hydrogels only based on proteins often do not exhibit, despite 

their amide and carboxylic functional groups.38  

Here, a library of monofunctional UPy units is introduced, which were functionalized with a 

variety of single amino acids (UPy-AA, Figure 3.9). Previous research has shown that the 

exchange dynamics of monofunctional UPy units and BF UPy-PEG in solution were highly 

dependent on the ratio between these two units39, whereas at higher concentrations gelation 

and its mechanical and dynamic properties can be tuned by adapting the ratio between 

monofunctional UPy units and BF UPy-PEG.29 An increase in brittleness was observed when the 

fraction of monofunctional UPy moieties in the hydrogels was increased, whereas an increase 

of the BF UPy-PEG led to an increase in dynamicity and self-healing ability. This adaptive 

dynamicity was further explored by addition of cell-adhesive functionalities, with the exchange 

dynamics leading to a significantly altered cell-adhesiveness.40 The implementation of 

additional functionality to monofunctional UPy units can induce interesting structural changes 

in solution using different UPy-AA combination, and possibly increase bioactivity of the UPy-

AA based hydrogel. The effect of such small structural changes was elucidated by 

characterization of the molecular assembly and gelation properties. Furthermore, the 

relationship between the UPy-AA hydrogels and cellular interaction is exploited, in collaboration 

with Annika Vrehen. The UPy-AA were subdivided into five different groups, being the UPy-AA 

with charged positive side chains: UPy-arginine (UPy-Arg), UPy-histidine (UPy-His), and UPy-

lysine (UPy-Lys), charged negative side chain: UPy-aspartic acid (UPy-Asp), polar uncharged 

side chains, UPy-serine (UPy-Ser) and UPy-asparagine (UPy-Asn), special cases: UPy-glycine 

(UPy-Gly), UPy-cysteine (UPy-Cys), and UPy-proline (UPy-Pro), and hydrophobic side chains: 

UPy-alanine (UPy-Ala), UPy-valine (UPy-Val), UPy-tyrosine (UPy-Tyr), UPy-isoleucine (UPy-Ile), 

UPy-leucine (UPy-Leu), and UPy-methionine (UPy-Met). Two UPy-AA were left out of the study 

due to poor solubility, being a UPy unit containing a phenylalanine, and tryptophan side chain. 
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Figure 3.9 Overview of the monofunctional UPy-moieties, with different amino acid functionalities, i.e. 

positively charged UPy-AA (green), negatively charged UPy-AA (red), polar UPy-AA (blue), special cases 

(white), and hydrophobic UPy-AA (orange). 

3.1 Properties in solution  

To explore the effect of the amino acid functionality on the self-assembly of the UPy units, 

the UPy-AA compounds were dissolved in alkaline PBS (pH ~12) at elevated temperature for 

optimal solubility. At high pH, the crosslinks are disrupted by deprotonation of the UPy 

molecule.10 The samples were neutralized with 1 M HCl and the assembling behavior of the UPy-

AA was characterized using cryo-TEM (Figure 3.10), from which the fiber diameter was 

determined. Furthermore, the zeta-potential was measured (Figure 3.11), determining the net 

surface charge of the UPy-AA in solution. UPy-Arg (diameter size 5.7±1.8 nm) and UPy-Lys 

(diameter size 6.7±1.5 nm) show to form long flexible nanofibers that tend to cluster and 

entangle randomly, both displaying a positive charge, e.g. 37.6±4.1 mV and 39.2±2.4 mV, 

respectively. Noteworthy is that these are the only UPy-AA that display clustering tendency, as 

well as being the only UPy-AA containing a positive charged side chain at neutral pH. Part of 

the lysine side chain could be shielded by the negatively charged phosphates presents in PBS, 

neutralizing the charge. A hydrophobic nonpolar side chain originates due to this salt shielding, 

favorable for hydrophobic clusters.41 Arginine shows similar fibril networks as lysine, both 

containing a positive charge. Here, cluster formations can also be formed due to the arginine 

moieties being partly charge shielded. UPy-His (0.20±1.1 mV, diameter size 5.3±1.2 nm) shows 
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long fibril assembly that appear to be bundling with some occasional shorter fibers. UPy-Asp 

has a short, polar, negatively-charged side group, and is the sole UPy-AA having a negative 

charge of this group, displaying highly structured fiber bundling assembly along with thick long 

fibers (-49.6±4.9 mV, diameter size 5.4±0.8 nm). The polar UPy-Ser (diameter size 6.2±1.6 

nm) and UPy-Asn (diameter size 6.2±1.1 nm) show long, flexible fiber assembly. Both UPy-Ser 

and UPy-Asn display negative zeta potentials (-23.6±2.6 mV and -43.6±3.4 mV, respectively), 

with UPy-Asn having a significantly lower zeta potential. However, the structural appearance 

differs between UPy-Asn and UPy-Asp, with UPy-Asp forming a higher bundling formation, 

whereas UPy-Asn shows more thick fibril morphologies. UPy-Gly (diameter size 7.1±1.5 nm) 

and UPy-Pro (diameter size 6.5±1.4 nm) both show a negative zeta potential (-29.6±2.5 mV 

and -8.5±1.1 mV, respectively). UPy-Pro differs slightly from UPy-Gly, with the latter one 

showing long fiber formation, whereas UPy-Pro assembles into long undisrupted fibers along 

with shorter fibers, ranging from approximately 50 to 400 nm or higher in size, which can 

indicate some fiber disruption due to the proline side chain. Furthermore, UPy-Cys (-25.1±2.9 

mV, diameter size 6.3±1.1 nm) having a negative zeta potential as well, displays short fiber 

formation, with the cysteine containing side chain shortening the fiber length (varying from 10 

to 300 nm). UPy-Ala (fiber diameter 5.2±1.3 nm) and UPy-Val (fiber diameter 7.3±1.8 nm) 

showed elongated fiber formation, whereas UPy-Tyr (fiber diameter 5.5±1.2 nm) and UPy-Ile 

(fiber diameter 6.4±1.5 nm) showed short fiber formation. UPy-Tyr and UPy-Ile both appeared 

to cluster in short bundles, whereas interestingly, UPy-Leu (fiber diameter 6.2±1.1 nm), the 

isomer of UPy-Ile, showed to form longer fibers. UPy-Met (fiber diameter 5.8±1.4 nm) showed 

long fiber formation and bundling assembly. The UPy-AA with a hydrophobic amino acid 

functionality all showed to have slightly negatively charged zeta potentials, with being -16±1.8 

mV (UPy-Ala), -8.4±0.4 mV (UPy-Val), -15.6±1.1 mV (UPy-Tyr), -7.1±0.5 mV (UPy-Ile), -

12.1±1.1 mV (UPy-Leu), and -15.1±1.1 mV (UPy-Met). These results show structural changes 

as well as charge density in solution are obtained by changing the end group functionalization 

of the UPy units with single amino acids, changing fiber bundling assembly, fiber length and 

fiber diameter. The gel state of the UPy-AA will further explore, examining the influence of the 

amino acids on the mechanical properties as well as cellular response. 
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Figure 3.10 Cryogenic transmission electron microscopy images of the diluted UPy-AA (80 µM, ~0.1 mg/mL) 

in neutralized PBS, at a magnification of 24k, scale bar represents 200 nm. 
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Figure 3.11 Zeta-potential measurements of UPy-amino acids in solution at a concentration of 0.4 mM at a 

0.1x PBS concentration. 

3.2 Hydrogel formation and rheological properties of the UPy-AA  

Low contents of BF UPy-PEG led to formation of solid-like hydrogels, with the BF UPy-PEG 

acting as a crosslinker between the monofunctional fibers of the UPy-AA.40 The effect of the 

UPy-AA at increased concentration (~18.7 mM) crosslinked with BF UPy-PEG (0.23 mM, mol ratio 

of 80 to 1) was examined by rheology and cellular compatibility. The mechanical properties of 

these gels were measured, determining the storage modulus (Figure 3.12A) and yield stress 

(Figure 3.12B). Cells are known to be responsive towards material stiffness, with loss of 

cytoskeletal tension on soft substrates leading to a rounded morphology, whereas stiff 

substrates can withstand higher traction forces from the cells, which increase the tensile state 

of the cytoskeleton leading to a spread-out morphology.42 This makes the stiffness of hydrogels 

an important factor to examine. Furthermore, the yield stress of the hydrogels is determined, 

which correlates with the critical strain and shows when the hydrogel network start to behave 

more fluid-like (disruption of the network). 

The following UPy-AA were left out for the hydrogel studies due to poor solubility at high 

concentrations, resulting in highly turbid or semi-gelated solutions, i.e. UPy-Cys, UPy-Ile, and 

UPy-Leu. The storage moduli varied for the UPy-AA hydrogels from 1045±49.5 Pa to 

3195±982.9 Pa, with UPy-Val showing the lowest and UPy-Ser showing the highest storage 

moduli. Positively charged UPy-AA hydrogels showed a somewhat higher storage modulus, with 

UPy-Arg hydrogel, UPy-His hydrogel, UPy-Lys hydrogels having storage moduli of 2315±92 Pa, 

1575±346 Pa, and 3025±856 Pa, respectively. Furthermore, they showed to have similar yield 

stresses of 12.6±4.0, 9.4±0.2 and 10.8±0.07 Pa, respectively. The UPy-Asn hydrogel showed 

a similar stiffness to UPy-Ser, with a moduli of 2820±297 Pa. Equal yield stresses were observed 

for these hydrogels, with a yield stress of 7.6±2.3 Pa (UPy-Ser) and 6.9±0.45 Pa (UPy-Asn). A 

storage moduli of 1630 Pa was observed for the UPy-Asp, with a yield stress of 7.2±1.3 Pa. 

UPy-Gly hydrogel and UPy-Pro hydrogel showed storage moduli of 2450±792 Pa and 1905±615 

Pa, with yield stresses of 8.9±3.4 Pa and 10.2±0.4 Pa, respectively.  
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A subtle difference in storage moduli is observed between the different groups, with the 

hydrophobic UPy-AA (UPy-Ala, UPy-Val, UPy-Tyr, and UPy-Met) displaying a trend towards a 

lower storage modulus, whereas the positively charged (UPy-Arg, UPy-Lys) and polar (UPy-Ser, 

UPy-Asn) show a trend towards a higher storage modulus. This effect could be due to the 

enhanced solubility and mobility of the positively-charged and polar amino acids groups, which 

stimulates the supramolecular crosslink formation. However, the UPy-Asp hydrogel showed to 

have a lower stiffness in comparison to its charged and polar counterparts. During hydrogel 

preparation, the UPy-Asp molecule at high concentration (~18.7 mM in basic PBS) showed to be 

slightly turbid, indicating partial solubility. However, a hydrogel was formed upon addition of 

the BF UPy-PEG. This can indicate that the negative side-group of the UPy-Asp molecule has an 

aggregative effect. The cryo-TEM images of UPy-Asp shows large fiber bundle formations, 

which can sterically hinder the BF UPy-PEG molecules in some extent to form supramolecular 

interactions, lowering the supramolecular crosslinks between the UPy-Asp and BF UPy-PEG. 

The UPy-Ala, UPy-Val, UPy-Tyr, and UPy-Met hydrogels showed relatively low storage 

moduli, being 1455±275 Pa, 1045±50 Pa, 1745±276 Pa, and 1202±662 Pa, with yield stresses 

of 13.2±0.5 Pa, 9.8±3.2 Pa, 2.7±0.5 Pa, and 6.2±1.1 Pa, respectively. The non-polar amino 

acid group functionalized to the UPy-AA moiety can lead to some hydrophobic interactions 

between the UPy-AA side-chains. This clustering can limit the mobility of the UPy-moieties, 

therefore lowering the crosslink density to some extent. What can be concluded from these 

results is that the UPy-AA hydrogel stiffnesses appear to be in similar ranges regarding the 

storage moduli, with small differences in mechanical properties being observed. 

 
Figure 3.12 The storage modulus (A) and the yield stress (B) of the UPy-AA is shown at a frequency of 1 rad/s, 

1% strain, at a concentration of 18.7 mM UPy-AA combined with 0.23 mM BF UPy-PEG in 1x PBS. Data is 

represented as mean ± SD, n=2.  

3.3 Human dermal fibroblasts 2D culture on UPy-AA hydrogels 

To examine the cellular compatibility and adhesive properties of the hydrogels, normal 

human dermal fibroblasts (NHDFs) were cultured in 2D on the hydrogels for three days. A 

monofunctional UPy-moiety functionalized with an adhesive ligand, UPy-cRGD (1 mM), was 

added to the hydrogels to enhance cell spreading. The UPy-Arg and UPy-Lys hydrogels show 

high cell viability, and a clear spread morphology (Figure 3.13), indicating cellular compatibility 
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of these positively charged hydrogels. This was confirmed by nuclei count (Figure 3.14), 

showing 266±35 and 142±19 cells /mm2 for UPy-Arg and UPy-Lys, respectively. The UPy-His 

hydrogels show a similar spread morphology, as high cell viability (307±22 cells/mm2). Though 

the histidine contains a neutral charge at neutral pH (confirmed by the zeta-potential 

measurements), the histidine side-chain shows to have a positive effect regarding the cellular 

spreading. Similar trends were observed in other studies, in which positive coatings43 and 

positively-charged hydrogels44,45 often show high cellular adhesion This is mediated by the 

interaction between polyanionic cell surface and polycationic surface or hydrogel. UPy-Asp 

shows high cellular adhesion with high spread-out cellular morphology, but low nuclei count in 

comparison to the positively charged hydrogels (98±25 cells/mm2). Negatively charged surfaces 

can bind to polar functionalities on the cell membrane and can mediate protein binding, with 

proteins containing polyelectrolytic charges.46 Bet et al. stated an improved cellular adhesion 

due to the polarity of the negative charge influencing the wettability to a level suitable for cell 

adhesion.47 This can therefore increase the cellular adhesion between negative charged 

hydrogels and cell membrane, leading to a spread out cellular morphology. Furthermore, the 

DAPI stain, which contains two amidine side groups with a positive charge, stained the fibril 

structure of the UPy-Asp hydrogel network (Figure 3.13, Figure 3.15). Interestingly, the cells 

appear to align with the fibril network (Figure 3.15), which further strengthens the hypothesis 

of proteins being absorbed on the UPy-Asp hydrogel. By protein absorption assays, this 

hypothesis can be affirmed. 

High variability was observed for the UPy-Ser hydrogel, showing differing cellular 

morphologies as well as large variation in the nuclei count (184±162). This was also observed 

for the metabolic activity (results not shown here) and hydrogel stiffness, which showed a high 

variability in storage moduli (3195±983 Pa). This can indicate some variation in gelation due to 

the serine side-chain. The UPy-Asn and UPy-Pro hydrogels show more outstretched cellular 

morphologies, with a high quantity of cells (267±5 and 256±51 cells/mm2). UPy-Gly shows 

similar cell quantity (262±25 cells/mm2), but the cells appear to show a more clustered 

morphology. Interestingly, the non-polar UPy-AA hydrogels (UPy-Val, UPy-Tyr, UPy-Leu, and 

UPy-Met) show highly similar cellular behavior, with small and slightly outstretched single cells 

or small clusters of cells. Overall, a lower cell count was observed for the non-polar UPy-AA. 

The exception of this group is the UPy-Ala hydrogel, showing a high cell count (203±7 

cells/mm2) as well as a stretched out morphology. With a single methyl group as side-chain, 

the hydrophobic character of the UPy-Ala is lower in comparison to the other hydrophobic 

UPy-AA. UPy-Met displays a similar cell count as UPy-Lys (150±47 cells/mm2), but shows a less 

spread out morphology. UPy-Val, UPy-Tyr, and UPy-Leu display a cell count of 80±2, 85±4, 

and 106±20 cells/mm2. The somewhat lower stiffness could influence the decrease in spread  
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Figure 3.13 Fluorescence micrographs of fixated NHDFs cultured in 2D for three days on the UPy-AA 

hydrogels containing 1 mM UPy-cRGD. The actin cytoskeleton is presented in green, and the nuclei is 

presented in white, with each condition visualized in n=2. Scale bars represent 100 µm. 

 

out morphology and nuclei count. Furthermore, the increase in hydrophobic side-chains could 

lead to a more collapsed state of the side chains, which can entrap the ligand moieties present 

in the hydrogel, making them less available for cellular attachment. For future experiments, 

combinations of these UPy-AA can be prepared, which can create synthetic-like supramolecular 
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proteins. This can result in cellular-adhesive ligands in a supramolecular manner, without the 

necessity of adding additional ligands to the hydrogel.  

 

 

Figure 3.14 Average number of nuclei per mm2 of fixated NHDFs quantification, cultured on the UPy-AA 

hydrogels, data derived from two replicates, mean ± standard error of the mean presented. 

 

 
Figure 3.15 Fluorescence micrographs of fixated NHDFs cultured on UPy-Asp hydrogels containing 1 mM 

UPy-cRGD cultured for three days. The actin cytoskeleton is presented in green and the nuclei is presented 

in white for better fiber visualization, scale bars represent 50 µm. 

4. Conclusion  

In this chapter, the versatility of the UPy-based system was exploited, introducing two 

different modification strategies which manipulated the structural organization of the 

self-assembly and gelation properties. By adaptation of a collagen-mimicking peptide 

conjugated with UPy-moieties, the properties in solution demonstrated an adaptation of 

assembling behavior based on the degree of UPy conjugation of the peptide. In addition, 

hydrogels were prepared by combining the conjugated peptide moiety with the BF UPy-PEG, 

resulting in hydrogels with varying gelation properties measured by rheology, dependent on the 

ratio between conjugated peptide moiety and BF UPy-PEG. Moreover, a UPy-amino acid library 

was introduced, in which monofunctional UPy units were functionalized with single amino acids. 

These small modifications in chemical structure displayed large differences in aggregation 
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behavior and gelation properties, with 2D cellular adhesion studies furthermore demonstrating 

differences in cell-count and morphology. This research provides insight in the assembly 

behavior and varying hydrogel fabrications methods of the UPy-based systems. The flexibility 

of the hydrogel design allows for a tunable composition by implementation of different 

supramolecular motifs. This provides an excellent platform for the development of multi-

component hydrogels with highly tunable properties, applicable in the field of tissue 

engineering (as synthetic extracellular matrices) or drug delivery. 

 

Experimental section 

Materials and instrumentation 

All reagents, chemical, materials and solvents were obtained from commercial sources and were 

used as received, unless stated otherwise. The UPy-AA library and the UPy-PEG polymer with 

Mn,PEG=10 kg/mol were synthesized by SyMO-Chem BV, Eindhoven, the Netherlands. FujiFilm 

Manufacturing Europe B.V. kindly provided us the Cellnest, a recombinant peptide based on 

human collagen type I (RCPhC1), which was used without further purification. MiliQ water was 

purified on an EMD Milipore Mili-Q integral Water Purification System. 1x Phosphate buffered 

saline (PBS) was prepared using PBS tablets (Sigma Aldrich), which was filtered before use (MF-

milipore Membrane filter, 0.45 µm pore size). 

Rheological measurements were performed on an Anton Paar Physica MCR501 rheometer, 

equipped with a P-PTD 200 evaporation blocker to prevent sample drying. Dynamic light 

scattering as well as zeta potential were measured on a Malvern instrument Zetasizer, model 

Nano ZSP. Zetasizer software was used to analyze and process the zeta potential data. Scanning 

electron microscopy was performed using an FEI Quanta 600 and Xt Microscope Control 

software. Circular Dichroism (CD) measurements were performed on a JASCO J-815 

Spectrometer equipped with a JASCO MPTC-490S temperature control system. Reverse-phase 

high-performance liquid chromatography–mass spectrometry (RP-HPLC–MS) was performed on 

a Thermo scientific LCQ fleet spectrometer. Waters Xevo G2 Quadrupole Time of Flight (QToF) 

Liquid Chromatography–Mass Spectrometry equipped with an Agilent Polaris C18A reverse 

phase column was used to examine the purity of the RCPhC1 and UPy-RCPhC1 derivatives. 1H-

NMR spectra were recorded on a 400 MHz NMR (Varian Mercury Vx or Varian 400 MR) operating 

at 400 MHz. Cellular visualization was performed on a White Light Laser Confocal Microscope 

Leica TCS SP8 X, at 20x, 40x and 63x magnification. 

RCPhC1 functionalization by Peter-Paul Fransen and Sergio Spaans  

The UPy‐RCPhC1 library was kindly provided by Peter-Paul Fransen and Sergio Spaans, which 

was synthesized in a similar manner as described previously by Spaans et al.48 In short, UPy‐
hexyl‐urea‐dodecyl‐amine was dissolved in DMSO and N,N‐diisopropylethylamine was added, 
whereafter CDI was added. The CDI functionalization was confirmed by RP‐HPLC‐MS, after which 
the solution was added to RCPhC1 dissolved in DMSO and left stirring overnight at argon 

environment. The reaction mixture was precipitated the following day in diethyl ether and 

centrifuged at 3500 rpm for 5 minutes, whereafter the pellet was dissolved in demi water: 

ethanol (1:1, v/v). This was dialysed using a membrane (cut-off 3.5 kDa) in 800 mL demi 

water:ethanol (1:1, v/v) solution for 48 h, which was refreshed 1x. In the final step, the mixture 



                                   UPy-based supramolecular polymer hydrogels | 

61 

 

was dialysed against pure demi water for 24h, after which the solution was freeze dried, 

obtaining a white material. The degree of substitution was determined by 1H-NMR and the purity 

was determined with a QToF liquid chromatography – mass spectrometry. 

Circular dichroism 

Circular dichroism (CD) samples were prepared by dissolving 0.5 mg/mL of the compounds in 

miliQ water and stirring for 30 minutes. The higher functionalized UPy-RCPhC1-12 and UPy-

RCPhC1-16 were stirred at 50 °C for 30 minutes. For sample measurement, a scan speed of 

100 nm/min was used, with a data pitch of 0.25 nm, a response time of 0.5 s, and a bandwidth 

of 2 nm. A suprasil® quartz cuvette was used with a pathlength of 1 mm, and a chamber volume 

of 350 µL (Hellma Analytics). The spectra were measured from 300 to 170 nm, and the 

temperature was increased to 60 °C and decreased to 5 °C with steps of 1 °C/min. By ‘Adjacent-

Averaging’, the spectra were processed with a 5 points of window. The molar residual ellipticity 

was determined using the following equation49: 

[𝜃𝜃] =  
𝜃𝜃 ∗ 𝑚𝑚𝐶𝐶 ∗ 𝑙𝑙 ∗  𝑛𝑛𝑧𝑧 

Where θ is the ellipticity in millidegrees, m is the molecular weight in g/mol, c is the 

concentration in mg/mL, l is the path length in cm, and nz is the number of amino acids in the 

peptide.  

Dynamic light scattering 

Samples for DLS measurements were prepared by dissolving 2 mg/mL of the 

RCPhC1(-functionalized) compounds in PBS annealing for 1 h at 70 °C, whereafter the samples 

were left to equilibrate to room temperature (RT) for 15 min. The samples were filtered before 

measurement with a Whatman PDVF filter, 0.45 μm. The samples were measured at two 

temperatures, initially at 20 °C and it was decreased to 5 °C, equilibrating for 500 seconds 

before measuring.  

Zeta-potential measurements 

For the RCPhC1(-functionalized) samples, the samples were dissolved in (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid) (1 mM, pH=7.6) at a concentration of 0.1 mg/mL and filtered 

with a 0.45 µm collagen filter. For the UPy-amino acid, the samples were annealed in basic PBS 

(80 mM NaOH) at a concentration of 4 mM for 30 minutes at 70 °C. After dissolving, the samples 

were neutralized to pH 7.0–7.1 with 1 M HCl. After neutralization, samples were 5x diluted with 

MiliQ, resulting in a PBS concentration of 0.1 x, 0.4 mM sample concentration. A DTS1070 

cuvette was used for measuring the zeta potential, where the measurement duration was 

automated and automatic attenuation and voltage was selected. The samples were measured in 

triplo, at RT, with a 30 s equilibration time.  

Preparation UPy-RCPhC1 and BF UPy-PEG hydrogelator  

A total amount of 10 mg of the UPy-RCPhC1-5 and BF UPy-PEG was weighted at a molar ratio 

of 0:1 (10 mg, 0.89 µmol BF UPy-PEG), 1:9 (3.5 mg, 65 nmol UPy-RCPhC-5; 6.5 mg, 580 nmol 

UPy-PEG), 1:3 (6.1 mg, 115 nmol UPy-RCPhC1-5; 3.9 mg, 345 nmol UPy-PEG), or 1:1 (8.3 mg, 

154 nmol UPy-RCPhC1-5; 1.7 mg, 155 nmol UPy-PEG). Basic PBS was added for a final 

concentration of 10 wt% (90 uL, pH 11.7, adapted with 1 M NaOH) and the compounds were 
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annealed at 70 °C for 1 hour. The samples were left to equilibrate to RT and further adapted to 

a pH of 9 with 1 M NaOH or 1 M HCl solutions. 

Rheology of RCPhC1 

Rheological measurements were performed on an Anton Paar Physica MCR501 rheometer, using 

a P-PTD 200 evaporation blocker to prevent drying of the sample. A cone plate geometry (25 

mm, 1°) was used for measuring at a measuring distance of 49 µm. The hydrogel in sol-state 

was pipetted on the bottom plate and HCl (1 M) was added to the hydrogel to initiate gelation 

and trimmed accordingly, whereafter the gelation time-sweep was started immediately after 

acid addition. For the angular frequency, strain, and recovery sweeps the hydrogels were cured 

for ~30 minutes. The storage and loss moduli were recorded as a function of angular frequency 

(0.1 – 100 rad/s) at 1% strain, as a function of strain (1-1000%) at 1 rad/s, and recovery at 1% 

strain, and 1 rad/s. The viscosity at a pH of 9 was determined using the cone plate geometry 

(25 mm, 1°) at a measuring distance of 49 µm. The different solutions of UPy-RCPhC1 and BF 

UPy-PEG combinations were pipetted on the plate and the samples were trimmed after lowering 

the cone plate geometry. The samples were measured at RT, and the viscosity was measured at 

different strain points, being 100, 150, 200, 300, 500, and 700 s-1, with 100 measuring points 

per strain. The viscosity of the samples was determined by calculation of the average at each of 

these points.  

SEM by Boris Arts 

Hydrogels were prepared as mentioned previously, whereafter the hydrogels were freeze-dried. 

Samples were mounted on a metal stub by using double sided carbon tape. Visualization of the 

samples was performed on Quanta 600F scanning electron microscope (FEI, Eindhoven, The 

Netherlands) under low vacuum with an accelerating voltage of 10 kV and a working distance 

of 10 mm and a spot size of 3.5 nm. 

Cryo-TEM 

For the UPy-RCPhC1-5 and combination of UPy-PEG and UPy-RCPhC1-5, samples were 

dissolved at 0.5 mg/mL at 70 °C for 1 hour. For these samples, Quantifoil grids were used (R 

2/2, copper grid, mesh size 200, Quantifoil). For the UPy-AA, samples were prepared by 

dissolving 80 μM UPy-AA in basic PBS (80 mM NaOH) at 70 °C, after which the samples were 

neutralized by 1 M HCl. Lacey carbon film grids (Electron Microscopy Sciences, 200 mesh) were 

used for imaging. Prior to sample addition, grids were surface plasma treated (at 5 mA for 40s) 

using a Cressington 208 carbon coater. Using an automated vitrification robot (FEI VitrobotTM 

Mark III), 3 µL sample was applied to the grids and excess sample was removed by blotting 

using filter paper for 3 s at –3 mm. The thin film formed was vitrified by plunging the grid into 

liquid ethane just above its freezing point. On a FEI-Titan TEM equipped with a field emission 

gun operating at 300 kV the samples were examined. Post-GIF (Gatan imaging filter) 2x2 Gatan 

CCD camera was used for recording of the images. Micrographs were taken at low dose 

conditions, using a defocus setting of -10 μm at 25k magnification, or defocus setting of -40 

μm at 6.5k magnification. The fiber thickness is determined in digital micrograph, where three 

images are taken at a magnification of 24kx, determining the fiber thickness of 5 fibers per 

image. 
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UPy-AA hydrogel preparation 

UPy-AA hydrogels were prepared by dissolving the UPy-AA at 37.4 mM and the bifunctional 

UPy-PEG separately at 0.46 mM in basic PBS (80 mM NaOH) at 70 °C for 1 h. For the cellular 

adhesion analysis experiments, UPy-cRGD (1 mM) was included and dissolved together with the 

UPy-AA. Samples were neutralized by addition of HCl (1 M), and left to equilibrate for 15 min, 

whereafter the dissolved UPy-AA (50 µL of the neutralized solution) and bifunctional UPy-PEG 

(50 µL of the neutralized solution) were mixed in a cylindrical Teflon mold (diameter 8 mm, 2 

mm height) for rheology or 40 µL UPy-AA and 40 µL of UPy-PEG in a 96-well plate (GREINER) 

for cellular experiments. The samples were left to gelate over night at 37 °C before rheological 

experiments or cells seeding. Before cellular experiments were performed, the gels were 

sterilized by 20 minutes of UV exposure, whereafter the hydrogels were washed three times 

with culture medium.  

Rheology of UPy-AA 

UPy-AA hydrogels were prepared as stated above. Rheological measurements were performed 

on an Anton Paar Physica MCR501 rheometer. Hydrogels were measured at 37 °C using a 8 mm 

plate-plate with a distance of 1 mm. Low viscosity silicon oil (47 V 100m RHODORSIL®) was used 

to surround the hydrogels to prevent water evaporation. A time sweep was performed, with the 

storage and loss moduli were recorded for 10 minutes at 1% strain, 1 rad/s, whereafter the 

angular frequency (100 to 0.1 rad/s, 22 measurement points) at 1% strain and strain sweep (1 

to 1000%, 22 measurement points) at 1 rad/s were recorded. The yield stress was determined 

by measuring the strain-sweep of each UPy-AA hydrogel, from which the cross-over point 

between the linear regime and a power fit plot for the final 10 points of the curve (strain 145-

1000%) was determined, obtaining the yield stress.  

Cell culture by Annika Vrehen 

Normal human dermal fibroblasts (NHDF; Lonza) were cultured in Dulbecco’s Modified Eagle 

Medium with high glucose and pyruvate (Thermo Fisher Scientific), supplemented with 10% (v/v) 

fetal bovin serum, 1% (v/v) penicillin and streptomycin and 1% (v/v) glutaMAX under standard 

culturing conditions at 37°C and 5% CO2. Harvesting was performed using trypsin/EDTA and cell 

were used for experiments up to passage 15.  

The UPy-AA hydrogels were prepared as stated before. Cells were harvested from the culture 

flask and seeded at a density of 3500 cells/well (96-well plate) suspended in 200 µL medium.  

After three days, the culture medium was removed and the cells were gently washed with 

phosphate buffered saline (PBS) and fixated with 3.7% (v/v) formaldehyde solution (Merck) + 

0.5% (v/v) Triton X-100 v/v (Merck) in PBS for 15 min at RT. The samples were subsequently 

washed with PBS and stained for the actin cytoskeleton with phalloidin-Atto 488 (Sigma-Aldrich, 

dilution 1:300) in PBS for 45 min at RT. Subsequently, the samples were washed and stained for 

the nucleus with 4’-6 diamidino-2-phenylindole (DAPI; 0.1 µg/mL; Sigma Aldrich). After an 

incubation of DAPI for 10 minutes, samples were washed again with PBS. For visualization, the 

hydrogels were taken out of the 96-well plate and put on glass microscope slides. Three 

representative images were acquired per hydrogel to estimate cell distribution over the whole 

sample. Nuclei were counted with the help of ImageJ 1.53c (national Institutes of Health, USA). 

Images were acquired with use of a Leica SP8 confocal microscope and LAS x software (Leica). 

Each gel was measured in duplicate. 
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4 

Tuning the affinity of amphiphilic guest molecules in 

a supramolecular transient network  

 

Abstract 

Dynamicity and adaptability play a central role in biological systems such as the cellular 

microenvironment. In this chapter, the affinity and dynamics of different guest molecules in a 

transient supramolecular hydrogel (the host network), a bifunctional ureido-pyrimidinone (UPy) 

poly(ethylene glycol), is demonstrated. A monofunctional complementary UPy guest is 

introduced to the system, designed to interact with the host network based on 

UPy-dimerization. Furthermore, two other guest molecules are introduced to the host network, 

being cholesterol, dodecyl (c12), designed to interact with the host network based on 

hydrophobic interactions. Cryogenic transmission electron micrographs showed differences in 

morphology in solution at nanoscale, with fiber formation displayed by the UPy guest molecule, 

whereas aggregates were observed for the cholesterol and c12 guests. Cellular uptake studies 

of cy5-functionalized guests in solution showed no cellular uptake of the UPy guest, whereas 

the cholesterol guest showed membrane binding and intracellular uptake, and the c12 guest 

intracellular uptake. Incorporation of the guests molecules to the host network at a molar ratio 

of 1:100 confirmed no significant changes in rheological properties. By fluorescence recovery 

after photobleaching, the diffusive properties of the cy5-functionalized guests throughout the 

host network were elucidated, in which the c12 guest displayed a relatively fast mobility, the 

UPy guest displayed a decrease in mobility, and the cholesterol guest remained relatively stable 

in the host network with little mobility. Release curves of cy5-functionalized guests display 

differences in release, but need further optimization. This chapter demonstrates the tunable 

dynamic differences of affinity-based interaction between guest molecules and the 

host-network. The tunability of the host-guest dynamics in transient hydrogels opens the door 

to various tissue engineering and drug delivery purposes. 

 

This content of this chapter is based on: 

 

M. J. G. Schotman, P. P. K. H. Fransen, J. Song, P. Y. W. Dankers, Tuning the affinity of amphiphilic 

guest molecules in a supramolecular transient network, submitted to RSC Advances  
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1. Introduction 
Biomaterials have increased in complexity and functionality over the last few decades, with 

many biomaterials being adaptable in degradability1, bioactivity2 and drug release3. Molecules 

such as polypeptides and polynucleotides have a diversity of structures and dynamics, 

displaying many unique properties.4 Based on reversible noncovalent interactions, e.g. 

hydrogen bonding, π-π stacking, electrostatic interactions, or hydrophobic interactions, 
natural systems can execute certain functions by altering their shape in place and time. The 

field of supramolecular chemistry, based on reversible noncovalent interactions between 

molecules, takes inspiration from these natural processes attempting to mimic its highly 

dynamic character. An example of such a supramolecular system is the 1,3,5-tricarboxamide 

(BTA) molecules, that can be crosslinking by hydrogen bonding and hydrophobic effects.5 Its 

function as a dynamic biomaterial in solution and in gel-states has been explored.6 

Furthermore, host-guest based supramolecular interactions display reversible and dynamic 

properties7, such as cyclodextrins8, and curcurbiturils9. A supramolecular hydrogel based on 

this cyclodextrin moiety was shown by Ooi et al., who developed an alginate-based hydrogel 

functionalized with cyclodextrins (guests), to which different poly(ethylene glycol) (PEG) units 

functionalized with adamantane groups were added of different valencies.10 An increase in 

valency led to a change in dynamics, with an increase in binding affinity, and increase in storage 

modulus.  

In our group we focus on the development of hydrogels based on specific stimuli-responsive 

supramolecular interactions, i.e. ureido-pyrimidinone (UPy) based hydrogels. These UPy 

moieties dimerize based on four-fold hydrogen bonding. Conjugation of a urea unit can 

stabilize lateral stacking by formation of hydrogen bonding. Furthermore, introduction of a 

hydrophilic poly(ethylene glycol) (PEG) linker results in a bifunctional UPy-PEG hydrogelator (BF 

UPy-PEG).11 At elevated concentrations in solution, a hydrogel network can be formed by fiber 

entanglement and physical crosslinks. The BF UPy-PEG hydrogel displays highly dynamic 

properties, with swift self-healing recovery, mainly due to the high dimerization constant (Kdim 

1x107 M-1 in chloroform saturated with water12). Previous work from our group displayed the 

exchange dynamics in solution to be controlled by mixing different guests, being mono- and 

bifunctional UPy units to host fibers.13 The dynamics of a ureido-pyrimidinone (UPy)-based 

system in gel state was explored by Bastings et al. by encapsulating different monomeric and 

dimeric UPy-guest molecules in a UPy host hydrogel, displaying a robust interaction between 

the monomeric and dimeric UPy-guest molecules in the UPy-host network.14 Work by Bakker et 

al. described the conjugation strategy of a cholesterol moiety to a chemotherapeutic agent, 

which enhanced the affinity between the modified drug (guest) and the UPy-based hydrogel 

(host), resulting in a sustained guest release over time.15 In another study, the dynamics of a 

cholesterol-conjugated siRNA moiety (guest) within the UPy-based hydrogel (host) were 

explored, displaying a relatively slow diffusion in comparison to the siRNA containing no 

cholesterol-conjugation.16 This further elucidates the enhanced affinity between the guest 

(cholesterol modified siRNA) and the host (UPy-based hydrogel). 
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In this study, we further explore the dynamics between different guests, and a 

supramolecular BF UPy-PEG host hydrogel. We examined three different guest molecules, 

hypothesized to have distinctive affinities with the UPy-based host hydrogel (Figure 4.1A). The 

monofunctional UPy unit functionalized to an oligo(ethylene glycol) (OEG) was presented as an 

guest molecule (UPy-COOH, Figure 4.1B), interacting with the BF UPy-PEG hydrogel by 

complementary four-fold hydrogel bonding. A dodecyl molecule and cholesterol molecule were 

functionalized to an OEG (c12-COOH, and chol-COOH, respectively, Figure 4.1C, D), resulting 

in two amphiphilic compounds. These two guest molecules are hypothesized to interact with 

the host BF UPy-PEG based on hydrophobic interactions between the guests and the 

hydrophobic pockets present in the hydrogel network, created by the lateral stacking of the 

alkyl spacers induced by the urea moieties (hydrogen bonding) and hydrophobic interaction of 

the alkyl spacers in the BF UPy-PEG backbone. The unmodified guest molecules were examined 

(with a carboxylic acid end-group; a stable versatile chemical handle for functionalization) on 

assembly behavior in solution, and effect on rheological properties upon addition to the 

hydrogel. The guest assembly in solution was elucidated with cryogenic transmission electron 

microscopy (cryo-TEM), and functionalization of a fluorophore (cy5) enabled visualization of 

cellular uptake, diffusivity throughout the hydrogel network using fluorescence recovery after 

photobleaching (FRAP), and determination of the release from the hydrogel. 

Figure 4.1 Schematic overview of the molecules used in this study. The chemical structure of the hydrogelator 

BF UPy-PEG (A), the monofunctional UPy guest (B), the cholesterol guest (C), and the dodecyl guest (D), 

modified with cy5 or unmodified (-OH). 

2. System description 

To examine the cellular uptake and FRAP of the guest when encapsulated in the host 

hydrogel, a cy5 fluorophore was coupled to the guest-molecules. Briefly, the cy5-labelling of 
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the three different guests was carried out by reacting the carboxylic acid of the guests to the 

primary amine present on the cy5 molecule. HATU was used as a coupling reagent in 

combination with a base to activate the carboxylic acid, subsequently followed by cy5 addition 

for the carboxamide formation. After purification of the cy5-functionalized guests, the 

compounds were dissolved in DMSO, and mixed in the desired ratio to the medium (cellular 

uptake studies) or hydrogelator (FRAP experiments) at basic conditions (pH 9) for proper 

dissolution. The DMSO content of the final solution was kept below 5%.  

 

3. Guest molecules in solution 

To elucidate the assembling behavior in solution, cryo-TEM measurements were performed. 

Here, the unfunctionalized guest molecules with the carboxylic acid side-group were measured 

at a concentration of 50 µM. The UPy-COOH displayed single fibers morphology as well as 

patches of fibers (Figure 4.2A), indicating the clear fibrous self-assembling pattern of UPy-

modified molecules. For chol-COOH, small aggregates and micellular formation can be 

observed (Figure 4.2B). Occasionally, chol-COOH showed to form small fibrils, which are 

hypothesized to be wormlike micelles. However, larger dispersed aggregates were formed as 

well, too high in size to be observed in cryo-TEM. Dynamic light scattering showed high 

polydispersity of the sample in the microscale range (results not shown), further confirming that 

cryo-TEM does not represent the full structural overview of the particle in solution. For C12-

COOH, small spherical aggregates, likely to be micellular formation, were observed (Figure 

4.2C). However, complementary structural elucidation techniques, such as small angle light 

scattering, are required to corroborate these results.  

Figure 4.2 transmission electron micrographs of the UPy-COOH (A), chol-COOH (B), and C12-COOH (C) at a 

concentration of 50 µM in PBS/DMSO (95/5 %v/v), at a magnification of 24,000x (scale bar represents 200 

nm).  

The cellular uptake of the cy5-functionalized guests was examined on an immortalized 

proximal tubule epithelial cell line from normal adult human kidney (HK-2). Each guest was 

added to cell medium at a concentration of 10 µM and incubated for 2 hours with the cells, 

whereafter the cells were washed, stained and imaged by confocal microscopy (Figure 4.3). 

Differences in cellular uptake of the guest molecules was observed, with the UPy-cy5 compound 
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Figure 4.3 Confocal micrographs of HK-2 live cells showing the cy5-labelled guest uptake studies. with the 

nuclei (blue), plasma membrane (green), cy5 compounds (red), and the merged image shown. The guests 

were added to medium at a concentration of 10 µM for a time span of 2 hours, whereafter the cells were 

washed and visualized by live-cell imaging (the scale bar represents 30 µm) 

showing a minimum to no cellular uptake. From previous work, presence of cationic charges  

increased the cellular uptake, whereas neutral charge showed no binding or permeation.17 The 

monofunctional UPy-cy5 guest, having no cationic charge present, display cellular inertness. 

The chol-cy5 is observed to bind to, as well as permeate the membrane, indicating a significant 

effect of the chol-cy5 guest on the cellular interaction. The chol-cy5 is clearly visible on the 

membrane, with cholesterol playing a role in the regulation of membrane fluidity, permeability, 

and hydrophobicity.18 Furthermore, cholesterol plays an important role as signal transducer and 

solubilizer of other lipids within the cell.19 This makes cholesterol-modification interesting in 

the field of drug delivery, in which cholesterol moieties are often used to enhance the cellular 
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uptake.15,20,21 C12-cy5 shows intracellular uptake, with clusters c12-cy5 appearing to be 

present in the cytosol of the cell. Functionalization with alkyl spacers has showed to enhance 

the cellular transfection, due to its interaction with the cellular membrane.22–24 The cellular 

uptake is hypothesized to take place by transmembrane lipid translocation (flip-flop), with 

diffusion and interaction with the cellular membrane playing a significant role.25 However, solely 

cy5 also shows cellular uptake, with large intracellular clusters being visible intracellular, as 

shown in previous studies26. This indicates that the cy5 can have an effect on the cellular uptake 

of the cy5-bound guests. Still, clear differences are observed within the cy5-labelled guest 

molecules, with UPy-cy5 showing no uptake, and c12-cy5 and chol-cy5 displaying cellular 

uptake, with the latter one also displaying membrane binding. In previous work, we showed that 

using cholesterol or UPy-moieties, the retention of the guest molecules in the gel can be 

steered, whereafter these moieties can be taken up by the cells (cholesterol), or not taken up 

by the cell (UPy) after release.15,27 We further explore the properties of the guest molecules by 

implementation in a UPy-based hydrogel. 

4. Guest molecules in the hydrogel 

4.1 Mechanical properties upon guest encapsulation 

Hydrogels of the BF UPy-PEG were formed by dissolving the host polymer at basic conditions 

(pH 11.7 at a final concentration of 10 wt%), which resulted in a viscous liquid. The guest 

molecules were added from a DMSO stock solution while in the viscous liquid state, and by 

neutralization a hydrogel was obtained. The mechanical properties of the host hydrogel were 

examined upon guest encapsulation by rheology (Figure 4.4). The final concentration of the 

guest molecules in the hydrogel was 100 µM, and a control was measured containing an equal 

amount of DMSO (5 %v/v) added to the host hydrogel. Frequency and strain sweeps were 

measured, that displayed an increase in storage moduli with an increase in frequency for all 

hydrogels. This indicates an increase in elastic properties at higher frequencies, whereas at 

lower frequencies the viscous properties of the hydrogel were increasing. Upon anchor addition, 

similar frequency responses were observed, with addition of chol-COOH, c12-COOH, and 

UPy-COOH displaying a storage modulus of 2540 Pa, 3310 Pa, and 2370 Pa at 0.1 rad/s, 

respectively. At 10 rad/s, the modulus increases to 11900 Pa, 11700 Pa, and 10600 Pa, 

respectively. A slow decrease was observed for the loss modulus when the frequency was 

increased, indicating a less predominant viscous behavior at higher frequencies.  

The strain-sweep displayed similar storage and loss moduli for all hydrogels, with the 

storage moduli showing small variations between each condition in the linear regime (~9500 Pa 

for the control, ~8400 Pa for UPy-COOH, ~9000 Pa for chol-COOH, and ~9400 for c12-COOH). 

The determined yield stresses based on the strain sweeps are in similar regimes, with 15.5 Pa, 

14.4 Pa, 23.7 Pa, and 9.0 Pa for the control, chol-COOH, c12-COOH, and UPy-COOH, 

respectively. These results confirm the viscoelastic properties of the hydrogels, with the guest 

molecule addition not showing significant changes in mechanical properties of the host 

hydrogel. 
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Figure 4.4 Mechanical hydrogel properties of the BF UPy-PEG hydrogel upon anchor addition, with the 

frequency sweep at 1% strain (A), and the strain sweep at 1 rad/s (B) measured at 37 °C.  

The calculated partition coefficient (clogP) values display an indication on the lipophilicity 

of the compounds. The clogP values for the guests were 2.2 for UPy-COOH, 6.0 for chol-COOH, 

and 3.6 for c12-COOH. The hydrophilicity of the UPy-COOH guest to be the highest, whereas 

the chol-COOH guest showed to exhibit a more hydrophobic character. While the chol-COOH 

guest was well-dissolved in the hydrogel host at a concentration of 100 µM (5% DMSO), similar 

amounts of chol-COOH in PBS show precipitation and therefore poor solubility. We hypothesize 

that this is due to the increased affinity with the BF UPy-PEG network, with the hydrophobic 

pockets present in the host network increasing the solubility of the chol-COOH (Figure 4.6). 

4.2 Dynamic properties of guest molecules in host hydrogel  

The molecular dynamics of the guest in the host network was examined by FRAP (Figure 

4.5). Here, the cy5-labelled guest molecules were bleached by high-intensity illumination at a 

selected region of 20 µm in diameter. This resulted in a clear dark circular spot, of which the 

diffusion of the cy5-labelled guest molecules towards the bleached spot was measured over 

time (Figure 4.5C). Confocal microscopy displayed homogeneous fluorescence of the c12-cy5 

guest, as well as the UPy-cy5 guest. The chol-cy5 guest showed an overall homogeneous 

distribution in the hydrogel, where intermittently small micron-sized aggregates were observed 

(up to ~3 µm).  

The FRAP data indicated a clear difference in diffusive behavior of each guest throughout 

the hydrogel, of which the swiftest recovery was observed for the c12-cy5 guest, reaching a 

plateau value after approximately 70 minutes with a mobile fraction of 0.91±0.07. The half time 

recovery was determined by fitting the data with a single exponential growth model, obtaining 

a half-time recovery of 4.45±3 min. This indicated that, while the c12-cy5 guest was 

hypothesized to remain in the hydrophobic pockets of the UPy-PEG hydrogel network, there 

was a mobility of this guest within the host network, confirmed by measured intensity profiles 

(Figure 4.5F), that display a restored recovery after 1.5 hours. The cy5 guest was measured as 

a control, which displayed too swift recovery for measuring (sub-second time scale recovery). 

The diffusive mobility of UPy-cy5 was observed to be slower, with a plateau reached after 

approximately 4h, displaying a mobile fraction of 0.56±0.11. After 6 hours, the bleached spot 

was observed to not be fully recovered (Figure 4.5C). A 100% recovery is not obtained here, 

which is consistent with previously experiments.14 The half-time recovery was determined to be 
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53±20 min. The lowest mobility was observed for chol-cy5, displaying a mobile fraction of 

0.26±0.15. This was confirmed by the intensity profile, showing a limited fluorescence recovery 

even after 6 hours. A single exponential fit could not be performed on this data, due to the low 

initial recovery leading to an improper fit. From this data, we can conclude that all guest 

molecules show an affinity with the host hydrogel network, all leading to a slow diffusion (in 

comparison to the cy5 control). The fastest diffusion in the host network was displayed by the 

c12-cy5 guest molecule, whereas the chol-cy5 displayed the lowest mobility throughout the 

network, where a limited recovery was observed even after 12 hours (Figure 4.5C). The UPy-

Cy5 guest molecule displayed a lower diffusion in the host network compared to the c12-cy5, 

indicating a higher affinity with the host network in comparison to the c12-cy5. These results 

support our hypothesis, that different dynamics are obtained when guest molecules are 

introduced to a host network, with different affinity based-interactions (hydrogen-bonding and 

hydrophobic host-guest assembly). 

While an interaction between the chol-cy5 guest and the hydrophobic spacers of the host 

network is hypothesized, the possibility of aggregate formation within the host network remains 

likely for the high immobile state of the chol-cy5 guest (Figure 4.6B). High polydisperse 

aggregate formation was observed in PBS by dynamic light scattering (results not shown), and 

small micron-sized aggregates were observed in the confocal micrographs of the chol-cy5 

guest within the host hydrogel network (Figure 4.5C), this can significantly limit the mobility of 

the guest molecules. An increased association constant for aggregate formation is 

hypothesized, where dissociated chol-cy5 guests display a slow exchange within the host 

hydrogel network. As the solubility of the cholesterol guest in the host hydrogel is improved in 

comparison to PBS, small cholesterol aggregates could possibly interact with the hydrophobic 

domains present in the host network (Figure 4.6E, F).  

A faster exchange was observed between the UPy guest and the host network, with intra and 

inter-fiber diffusion, as reported in a previous study.14 The UPy guest shows to form elongated 

fibers in PBS (Figure 4.2A), as well as micelles.28 Therefore, the possibility of aggregate or fiber 

formation of solely the UPy guest molecules, thereby limiting the diffusion remains a possibility 

(Figure 4.6C). Therefore, whether diffusion of a single UPy guest molecule, or diffusion of the 

entire fiber containing the fixed guest molecules slows down fluorescent recovery remains 

unclear.  
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Figure 4.5 Exchange dynamics of the guests in the host hydrogel. The normalized fluorescence intensity of 

the different cy5 functionalized guests after photobleaching (A), and the fraction of fluorescence intensity 

that recovers when fluorescence intensity reaches a plateau (B, mobile fraction), Data is represented as ±SD, 

n=3. The confocal micrographs of the different cy5-labeled guest molecules directly post-bleaching, with 

the UPy-cy5 visualized 6h post-bleaching, the chol-cy5 visualized 12h post-bleaching, and c12-cy5 

visualized 1.5h post-bleaching (C, scale bar represents 20 µm). The measured intensity profile for the 

bleached spots after 0 hour, 1.5 hour, and 6 hours post-bleaching of D. UPy-cy5, E. chol-cy5, and F. c12-

cy5. 

 

The fastest exchange of the three introduced guest molecules was displayed by the c12 

guest, which is hypothesized to display fast exchange dynamics with the host network. Due to 

a short hydrophobic spacer (c12), the guest molecule is hypothesized to have to lowest binding 

affinity with the host network, remain in the host network only shortly and displaying a fast 

exchange (Figure 4.6D). Presence of small aggregates based of c12 guests, as displayed in the 

cryo-TEM images (Figure 4.2C), is possible, which can limit the guest mobility. 

Further exploration using fluorescence resonance energy transfer and structural elucidation 

by super-resolution microscopy can give further insight in the dynamics and aggregation 

behavior of host-guest interactions. Overall, these results show the complexity of the possible 

interaction mechanisms and dynamic behavior of guest molecules within the host network.  
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Figure 4.6 Hypothesized interaction mechanism between the host network and guest molecules, displaying 

the slow equilibrium of intercalating cholesterol guests with the host network, whereas the association 

constant towards the aggregate formation within the network is high. (A). A faster exchange is hypothesized 

for the UPy guest molecule and the host network, with the tendency for aggregate (fiber) formation is 

hypothesized to be equal to the exchange of guest molecules within the host network (C). The fastest 

exchange is hypothesized to be between the c12 guest and host network, which displays higher mobility and 

exchange dynamics within the host network (D). The solubility of the cholesterol guests in PBS is poor, 

resulting in large polydisperse chol-COOH aggregates, whereas the solubility in the BF UPy-PEG hydrogel is 

increased (E) due to the chol-COOH moiety being retained in the hydrophobic regions of the hydrogel 

network. A possible interaction of small chol guest aggregates within the hydrophobic domains of the host 

network is hypothesized. (F). 

4.3 Release properties of guest molecules  

An immediate burst release is often observed for hydrophilic drugs, occurring when the 

mesh size of the hydrogel is larger than the encapsulated drug, displaying diffusion dominated 

release.29 Furthermore, the release can be adapted by drug-polymer interaction, with 

conjugation of linkages (covalent or non-covalent), facilitating drug and polymer interaction.30 

There are four main types of non-covalent affinity-based drug release, i.e. hydrophobic 

interactions, van der Waals forces, hydrogen bonding, and ionic interactions.31 Here, we 

examine the release properties of the cy5-labelled guest molecules from the host hydrogel. 

Previous research observed a correlation between the diffusive behavior of fluorescently-labeled 
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drug moieties in hydrogels determined by FRAP and its release profile.32 Therefore, we 

hypothesize the fastest release of the introduced guests molecules to be displayed by c12-cy5. 

The UPy-cy5 and chol-cy5 guests are hypothesized to display a slower, and the slowest release, 

respectively. 

By addition of cy5-labeled guests to the host hydrogels, the in vitro release in PBS was 

examined over a time-span of 30 days. After 30 days of release, the gel was dissolved and the 

remnants of cy5-labelled guest molecules in the gel were examined. A clear difference in release 

was observed considering the three cy5-labeled guests and the cy5 control (Figure 4.7A). The 

cy5 displays a burst release diffusion profile, while the other guests display a slower release. 

The c12-cy5 displays a more retained, slower release in comparison to the chol-cy5 and UPy-

cy5, as was expected. Interestingly, none of the guests displays a 100% release over time, with 

the cy5 accumulating to 61±5.0% release and the c12-cy5 45±6.2%. The total accumulative 

release of the chol-cy5 and UPy-cy5 displays even lower values of 3.5±1.7% and 8.1±1.0%. We 

hypothesized quenching of the fluorophores could be leading to this extensively lower signal, 

as the possibility of the cy5(-labeled guests) to possibly absorb to lab equipment (i.e. pipette 

tips, wells plate, Eppendorf’s). To limit possible adherence to lab equipment and improve 

dissolution of the cy5-functionalized guests, detergent (0.05 %v/v Tween20) was added in the 

PBS supernatant solutions, and low-binding lab equipment (with the exception of the wells plate 

and well inserts) was used. The release of chol-cy5 was examined using this method, displaying 

a cumulative release of 2.2±0.5% after 14 days (Figure 4.7B). The gel was dissolved after 14 

days, and the remnants were examined, in which 33.3±1.5% of the anchor was retained. The 

ability of the cy5(-guests) molecules to absorb to lab equipment, and the improper dissolution 

of the cy5(-guests) molecules is hypothesized to therefore play a significant role in the anchor 

loss. Nevertheless, these results show significant differences in release properties. A high 

quantity of chol-cy5 guest was still ‘lost’, which is hypothesized to be due to quenching of the 

fluorophore. This can be due to collisional quenching, occurring when in contact with other 

molecules in solution, static quenching, with the complex between a fluorophore and quencher 

returning to the ground state after light absorption, without emission of a photon, and possibly 

a combination of these two quenching processes.33 Previous work by Bakker et al. showed the 

release of a monofunctional UPy-moiety functionalized to a DOTA moiety from the BF UPy-PEG 

hydrogel to be 23% over a time-span of 2 weeks. We hypothesize that the optimal release curve 

of UPy-cy5 will display similar values, showing an increased retained release in comparison to 

c12-cy5, but increased release in comparison to the chol-cy5. Further evaluation of this is 

necessary, with exploration of the release by targeted quantitative liquid chromatography-mass 

spectrometry (LC-MS) to measure the cy5-labeled guests. Additionally, such method allows for 

quantitative evaluation of anchor-functionalized drug release, thereby moving towards 

application based systems. 
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Figure 4.7 Cy5-labeled release studies from BF UPy-PEG hydrogel at a concentration of 100 µM over a time-

span of 30 days (A), and the release of the chol-cy5 at a concentration of 100 µM using low-binding 

equipment and addition of detergent. Data is represented as mean ± SD, n=3.  

5. Conclusion 

This study demonstrates tunability of dynamics and release within and from a hydrogel using 

hydrogen-bonding, and hydrophobic affinity-based interactions. Three different guests 

molecules were explored, which displayed differences in morphology, cellular uptake, 

dynamicity, and release from the host hydrogel. Hereby insight into tunability of host-guest 

dynamics and drug release for hydrogel-based systems is provided, with a focus on affinity-

based host-guest assembly. Future research into the dynamic adaptivity of implemented 

bioactive properties can adapt the bioactivity of supramolecular hydrogels, whereas release 

kinetics of these functionalization modes can enhance drug efficacy. This establishes the basis 

of a generic ‘plug-and-play’ system to tune the bioactive properties of hydrogels, and release 

rate of a wide variety of drug molecules, based on the requirements for the disease in scope. 

Experimental section 

Materials and instrumentation  

All reagents and chemical were obtained from commercial sources and used without purification 

unless stated otherwise. Phosphate buffered saline (PBS) tablets, 4-methylmorpholine (MMP), 

N,N-diisopropylethylamine (DIPEA) and 1-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) were purchased from Sigma-

Aldrich. Sulfo-Cyanine5 amine was purchased at Lumiprobe. H2N-PEG24-CO-OtBu was 

purchased from Iris Biotech. The BF UPy-PEG polymer with Mn,PEG=10 kg/mol was synthesized 

by SyMO-Chem BV, Eindhoven. NuncTM Lab-TekTM Chambered Coverglass (8-well) were 

purchased at ThermoFisher Scientific. A Grace Reveleris X2 Flash Chromatography Sytem using 

Reveleris Silica Flash Cartridges was used for automated column chromatography. Reverse-

phase high-performance liquid chromatography–mass spectrometry (RP-HPLC–MS) was 

performed on a Thermo scientific LCQ fleet spectrometer. Rheological measurements were 

performed on an Anton Paar Physica MCR501 rheometer. 1H-NMR and 19F-NMR spectra were 

recorded on a 400 MHz NMR (Varian Mercury Vx or Varian 400 MR) operating at 400 MHz. FRAP 

measurements were performed on a Leica TCS SP5 inverted confocal laser scanning microscope. 

The clog P values were determined by Chemdraw. A Tecan Spark 10 M plate reader was used 

for analysis of the cy5 fluorescence.  
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Synthetic procedures 

Synthesis of c12-COOH: OEG12-tBu (146.6, 0.232 mmol) was dissolved in 2 mL chloroform, 

which was added dropwise to a solution containing N,N-carbonyldiimidazole (207 mg, 1.27 

mmol) in 2 mL chloroform under stirring. This was left stirring overnight at room temperature. 

After extraction with aqueous citric acid (2 mL), the organic phase was obtained. Analysis with 

RP-LC-MS revealed complete conversion. Dodecylamine (204.2 mg, 1.01 mmol) dissolved in 

CHCl3 was added dropwise to the reaction mixture under stirring conditions. The reaction 

mixture was stirred overnight at 60 °C overnight at reflux. Extraction by aqueous citric acid 

addition (2 mL) led to a milky solution. Subsequent extraction with brine was performed (3 x 4 

mL), resulting in a clear organic layer. The product was further purified by column 

chromatography using silica, eluting with chloroform containing 5% ethylene glycol 

dimethacrylate, and a gradient of methanol from 0 to 10%, and a run time of 15 minutes. RP-

LC-MS confirmed a pure product. Solvent were removed using a rotary evaporator, after which 

dichloromethane (DCM) was added to the product (5 mL), to which trifluoroacetic acid (TFA, 5 

mL, 1:1 v/v%) was added. This was stirred for 2 hours at room temperature, whereafter DCM 

was removed by rotary evaporation. TFA was removed from the solution by coevaporation with 

toluene (3 x 8 mL toluene, 1 x 50 mL toluene) performed by rotary evaporation. This was 

confirmed with 19F-NMR, yielding a pure product (141.2 mg, 0.17 mol, 73%).  

 

Scheme 4.1 synthesis of C12-COOH. i) CDI, CHCl3, RT, overnight. ii) C12H27N, CHCl3, reflux at 60 °C, 

overnight, iii) TFA, DCM, room temperature, 2 h, 73%.  

Synthesis of c12-cy5: C12-COOH (1.7 mg, 0.0021 mmol) was dissolved in DMF (1 mL), and 

HATU (1.57 mg, 0.004 mmol) was dissolved in DMF (1 mL) whereafter the HATU was added 

dropwise to the c12-COOH solution. MMP (1.8 µL, 0.017 mmol) was added to the solution, 

which was stirred for approximately 10 minutes. Sulfo-Cy5-NH2 (1.9 mg, 0.0027 mmol) was 

added to the solution dissolved in DMF (3 mL). This was stirred under argon conditions for 4 

hours. LC-MS was used to confirm the formation of the reaction product. The crude product 

was purified by automated reversed-phase C18 silica (4 g), at a flow rate of 18 mL/min. The 

eluents used were H2O:ACN (95:5 till 100% of ACN in 15 minutes). Freeze-drying of the collected 

fractions yielded pure c12-cy5 (1.8 mg, 55% yield). ESI-MS: m/z Calc. for C78H128N5O22S2: 

1550.85; obs. [M+2H]2+ 775.33, [M+H]+ 1552.00. 

Synthesis of chol-cy5: Chol-PEG24-COOH was synthesized as previously reported15 and kindly 

provided by Peter-Paul Fransen. Chol-PEG24-COOH (5 mg, 0.0032 mmol) was dissolved in DMF 

(1 mL) and HATU (2.5 mg, 0.0065 mmol) was added to the mixture. DIPEA (3.5 µL, 0.0201 

mmol) was added to the mixture and stirred at room temperature for 15 minutes. Sulfo-Cy5-

NH2 (3.1 mg, 0.0042 mmol) was added dropwise to the mixture and left stirring under argon 

condition at room temperature overnight. The following day, the reaction mixture was washed 

with brine two times, after which further purification by automated reversed-phase C18 silica 

(4 g) gel column chromatography was performed (flow rate 15 mL/min, eluent: H2O:THF 95:5 
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until 100% of THF in with reverse chromatography was performed in 15 minutes). Due to further 

impurities, dialysis was performed using a MWCO of 500-1000 Da for 3 days against demi 

water. After dialysis, the sample was lyophilized, resulting in a pure blue powder (2.5 mg, 34% 

yield). HRMS (MALDI-TOF): m/z calculated for C117H196N5O34S2: 2280.32; found 2280.41[M+H]+. 

Synthesis of UPy-cy5: The UPy-OEG12-COOH precursor was synthesized as previously reported34 

and kindly provided by Peter-Paul Fransen. UPy-OEG12-COOH (2.36 mg, 0.00208 µmol) was 

dissolved in DMF (1 mL) and HATU was added to the mixture (1.58 mg, 0.00416 mmol). N,N-

Diisopropylethylamine (2.15 mg, 16.6 µmol) was added and the solution was stirred at room 

temperature for 15 min. Sulfo-Cy5-NH2 (2 mg, 27.0 µmol) dissolved in DMF (3 mL) was added 

to the solution and stirred for 1h at an argon environment. H2O (containing 0.1 v/v% formic 

acid, 20 mL) was added to the solution and centrifugated (4 min, 3000 rpm) followed by 

decantation. Ultrapure water was added (20 mL) and the product was lyophilized. The 

compound was purified with preparative RP-HPLC using a gradient of 40% ACN in H2O (both 

containing 0.1 %v/v formic acid). Lyophilization yielded pure 3 (1.75 mg, 9.4 µmol, 45%) blue 

solid. ESI-MS: m/z Calc. for C91H149N11O25S2 1861.37; Obs. [M+3H]3+ 621.33, [M+2H]2+ 931.17, 

[M+H]+ 1861.75. 

 

Cryo-TEM measurements 

For cryo-TEM measurements quantifoil carbon covered grids were used (Electron Microscopy 

Sciences, 200 mesh, 50 µ hole size). Prior to sample addition, grids were surface plasma treated 

(at 5 mA for 40s) using a Cressington 208 carbon coater. Using an automated vitrification robot 

(FEI VitrobotTM Mark III), 3 µL sample was applied to the grids and excess sample was removed 

by blotting using filter paper for 3 s at –3 mm. The thin film formed was vitrified by plunging 

the grid into liquid ethane just above its freezing point. On an FEI-Titan TEM equipped with a 

field emission gun operating at 300 kV the samples were examined. Post-GIF (Gatan imaging 

filter) 2x2 Gatan CCD camera was used for recording of the images. Micrographs were taken at 

low dose conditions, using a defocus setting of -5 μm at 25k magnification.  

Cellular experiments  

Human kidney 2 cells (HK-2), immortalized by transduction with human papilloma virus 16 

E6/E7 gene, were cultured at 37 °C in 95% air/5% CO2 atmosphere with DMEM (ref. 22320-022) 

supplemented with 10% FBS and 1% penicillin/streptomycin (P/S). The cells were passed twice a 

week. For the aggregate uptake studies, HK-2 cells were seeded in an 8-well Thermo Fisher 

Scientific™ Nunc™ Lab-Tek™ Chamber with #1 borosilicate glass bottom at a density of 2.5 × 

104 cells/cm2 cells per well (n = 4). The guests (UPy-cy5, chol-cy5, c12-cy5) were prepared by 

adding the necessary amounts from stock solution (5 mg/mL in DMSO) to medium at a 

concentration of 10 µM. This was left at room temperature while being stirred overnight. The 

cells were washed three times with PBS after overnight attachment and 0.4 mL of the guests 

molecules in full culture medium suspension was added to each well. This was incubated for 2 

hours, after which the cells were washed with PBS. Subsequentially, cellular nuclei were stained 

with Hoechst 33342 (Thermofisher Scientific) and cellular membrane was stained with 

CellMaskTM Green plasma membrane stain (Thermofisher Scientific). After staining, the cells 

were washed three times with PBS, after which InvitrogenTM Live Cell Imaging Solution was added 
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to each well for live imaging. The live imaging was performed under a Leica TCS SP5 inverted 

confocal laser scanning microscope at 37 °C.  

Hydrogel preparation 

Hydrogels were prepared with a final concentration of 10 wt% polymer content, where the 

polymer was firstly dissolved in a basic PBS solution (pH 11.7, adapted with 1M NaOH) at a 

temperature of 70 °C, being stirred for 1 hour. Subsequently, the guests molecules were added 

from stock solution with a final concentration of 40 µM for FRAP measurements. For rheological 

measurements, guests molecules were added from a stock solutions, with a final concentration 

of 100 µM in the hydrogel. The solutions was mixed for 15 minutes at room temperature, 

whereafter the sol-state solutions were pipetted in an 8-well Thermo Fisher Scientific™ Nunc™ 

Lab-Tek™ Chamber for FRAP measurements. For rheological measurements, the hydrogelators 

(100 µL) were pipetted in a cylindrical Teflon mold (diameter 8 mm, 2 mm height). By pH-

induced gelation, the hydrogels were prepared in the wells upon addition of 1 M HCl (1.4 µmol 

per 100 µL gel solution). This was equilibrated for 1-2 hours before measuring.  

Rheology measurements 

Hydrogels were measured at 37 °C using a 8 mm plate-plate with a distance of 1 mm on an 

Anton Paar Physica MCR501 rheometer. Low viscosity silicon oil (47 V 100m RHODORSIL®) was 

used to surround the hydrogels to prevent water evaporation. A time sweep was performed, 

with the storage and loss moduli were recorded for 10 minutes at 1% strain, 1 rad/s, whereafter 

the angular frequency (100 to 0.1 rad/s, 22 measurement points) at 1% strain and strain sweep 

(1 to 1000%, 22 measurement points) at 1 rad/s were recorded. Each condition is measured in 

duplicate to confirm reproducibility, whereafter one representative measurement is plotted. The 

yield stress was determined by measuring the strain-sweep of each UPy-AA hydrogel, from 

which the cross-over point between the linear regime and a power fit plot for the final 10 points 

of the curve (strain 145-1000%) was determined. 

Fluorescence recovery after photobleaching 

A 20x objective (HCX PL APO CS 20.0 x 0.70 DRY UV) was used for imaging and the hydrogels 

were prepared in an 8-well Thermo Fisher Scientific™ Nunc™ Lab-Tek™ Chamber by 

pH-induced gelation. Surrounding empty wells were filled with MiliQ to prevent drying of the 

gels. The sample was placed inside an environmental chamber at 37 °C. The exchange dynamics 

were examined by illumination of the white laser at 646 nm excitation and 660-700 nm 

emission with a hybrid detector. The bleached circular area of the hydrogel was kept constant 

at 20 µm, and illumination at a laser power of 60% was performed for 10 frames (1.3 sec 

frame-1). Post-bleaching images were taken over a time-span of 2-12 hours, depending on the 

added anchor. The data was normalized by dividing the average gray values of the bleached 

area by the average gray values of the total area. Using the FRAPbot software35, the mobile 

fraction was determined by single exponential fitting. FRAP measurements were performed in 

triplicate. Using the imageJ software, the normalized intensity profile of the circular diameter 

was determined for each anchor condition directly post-bleaching, 1.5 hours post-bleaching, 

and 6 hours post-bleaching.  

Release experiments of the cy5-labeled guests from the hydrogel 

The hydrogels were prepared as described in the previous method, with addition of the 

cy5(-labeled guests) from the DMSO stock after dissolving the polymer at basic conditions. 
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Cy5(-labeled guests) were added to the dissolved polymers at a concentration of 100 µM, 

whereafter the solutions were stirred for 30 minutes for homogeneous mixing. 100 µL of the 

hydrogelator at basic condition (pH 9) was pipetted in Thinserts TC inserts (24 well, 8.0 µm 

pore size, translucent, Greiner Bio-one®), and placed in a 24 well plate containing 600 µL of 

PBS (pH 7.2). At set time points the PBS supernatant was refreshed (1, 3, 8, 24, 31 hours, 3, 4, 

7, 8, 9, 10, 11, 14, 16, 18, 21, 25, and 30 days) and the supernatants were examined for 

cy5-fluorophore remnants on a Tecan Spark 10 M plate reader at ex/em of 625/680 with a 

bandwidth of 20 nm. For proper gel solubility, base (1 M NaOH) was added to switch the gel to 

the sol-state and enable quantification of the cy5 remnants in the hydrogel. Calibration samples 

were included of the cy5 fluorophores (cy5, c12-cy5, chol-cy5, UPy-cy5) at the concentrations 

of 10, 5, 1, 0.5, and 0.1 µM to determine a standard curve. For the new method in which the 

chol-cy5 was released from the gel, low binding Eppendorfs and pipette tips (BIOplastics ®) 

were used when handling the cy5-labelled compound. Furthermore, after obtaining the 

supernatants and the gel remnant in sol-state, Tween20 was added (with a final concentration 

of 0.05 %v/v) and extensively vortexed, before plate reader analysis. 
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5 

Hydrogel-loaded giant unilamellar vesicles as 

versatile viscoadaptable platforms 

 

Abstract 

Giant unilamellar vesicles (GUVs) have emerged as synthetic cellular platforms, with their 

confined space, size and unilamellar membrane structure mimicking the natural cells. However, 

a shortfall of this system is the lack of the highly crowded macromolecular intracellular 

structure, having influence on many biomacromolecular interactions and enzymatic processes. 

Here, we introduce a synthetic life-like system, of which the crowded macromolecular 

intracellular environment is mimicked by hydrogel encapsulation in the GUVs. The hydrogel 

displays pH-responsive behavior, which, upon basification, exhibits viscous liquid-like 

behavior. This facilitates easy loading of the hydrogelator at basic conditions in the GUVs by the 

inverted emulsion method. Neutralization by addition of acid to the outer phase resulted in an 

increase in viscosity of the encapsulated hydrogelator (gel-state), resulting in the 

hydrogel-loaded GUVs (HL-GUVs). This viscoadaptable behavior of the encapsulated 

hydrogelator was confirmed using fluorescence recovery after photobleaching, displaying low 

dynamicity in the acidic state (pH<5), and high dynamicity at basic state (pH>9). Incorporation 

of pH-regulating enzymes showed to respond to sensing molecular cues by encapsulation of 

urease in the HL-GUVs. Furthermore, the enzymatic activity could be modulated by 

encapsulation of esterase in the HL-GUVs, displaying a significant difference in activity: at 

neutral pH, product formation was slowed down due to the increased viscosity, as compared to 

activity at basic conditions (pH 9). Addition of α-hemolysin (pore forming protein) allows the 

efflux of small molecules from the interior of the GUVs, which was monitored using the small 

molecule calcein. Empty GUVs displayed a swift release within 25 minutes, whereas HL-GUVs 

showed a sustained release over a time-span of 145 minutes. Altogether, by introduction of the 

hydrogelator in the GUVs a complex, yet viscoadaptable synthetic cellular platform was 

established, serving great potential in the field of synthetic biology.  

 

The content described in this chapter is based on:  

 

M. J. G. Schotman‡, A. Llopis Lorente‡, J. C. M. van Hest, L. K. E. A. Abdelmohsen, P. Y. W. 

Dankers, Hydrogel-loaded giant unilamellar vesicles as versatile viscoadaptable platforms, In 

preparation, ‡Contributed equally  
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1. Introduction 

In the past decennia, the field of protocells have increased in interest, in which cell mimicry 

holds manifold potential applications ranging from deepening our understanding of biological 

mechanisms governing living systems to the design of new materials for applications in 

biomedicine, sensing, and biotechnology, among others.1 At a structural level, several 

bottom-up strategies have been developed for the creation of artificial cell-mimics, such as the 

assembly of polymeric vesicles (polymersomes),2 lipid vesicles (liposomes),3 coacervate 

droplets,4 and protein conjugates (proteinosomes).5 The spatial organization of cells have been 

harnessed in such synthetic replicas by embedding membrane and lumen proteins, and by 

encapsulating internal nano-organelles.6 

Among different artificial cell platforms, giant unilamellar vesicles (GUVs) are of special 

interest, as they are reminiscent to natural cells by having a phospholipid bilayer membrane 

and cell-like size; yet GUVs have a diluted aqueous lumen. It is well known that cells adapt their 

viscosity, metabolic status, and growth according to the mobility and the number 

(concentration) of signaling molecules (e.g., hormones) available.7,8 In order to address this 

issue, Mann´s group presented a new artificial cell model based on GUVs containing an inner 

coacervate (condensed) phased.10 Furthermore, a recent study showed that yeast cells modulate 

intracellular viscosity in response to temperature and energy availability.9 In previous research, 

a strategy was presented to spatially organize protein fragments inside GUVs through 

pH-reversible interactions with the membrane, inducing a biochemical response.11 Indeed, 

research into the design of artificial cells able to dynamically respond to external stimulus 

resulting in adaptive behavior is still very limited – in part, progress is hampered by the lack of 

versatile strategies for integrating structural responsive elements and self-regulation pathways 

in one artificial compartment. 

Supramolecular hydrogels are an interesting class of drug-delivery systems, that display 

physiochemical properties, can undergo reversible gel-sol transition due to the noncovalent 

crosslinking, and show great promise as therapeutic delivery systems. The development of a 

macrosized hydrogel-containing core-shell capsules was shown as a therapeutic drug carrier,12 

with the core containing the bifunctional ureido pyrimidinone (UPy) moiety in combination with 

calcium chloride, which was coated by drop-wise addition in an alginate solution. Furthermore, 

adaptable hydrogels have showed great promise as cell carrier platforms, mimicking the 

dynamic and biomimetic viscoelastic properties of the extracellular matrix.13 The applicability 

of UPy-based hydrogels as synthetic ECM was shown recently14, in which the dynamic behaviour 

of the hydrogels could be tuned by implementation of slow and fast exchanging molecules self-

assembling into fibers, having a significant effect on the cell-adhesive functionalities. By 

lowering the size of these hydrogels to microscale, they can function as intracellular matrix as 

well as drug-encapsulated system, displaying facile injectability, enabling local drug-delivery 

in a non-invasive manner.15 Furthermore, smaller hydrogels increase the surface-to-volume 

ratio, promoting substrate and product transfer, as well as increase drug release.16 

In this chapter, we explore both of these systems in a hybrid hydrogel-loaded GUV 

(HL-GUV). This enables the preparation of the hybrid system closely mimicking the intracellular 
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environment of synthetic cells, as well as functioning as a drug-release platform. The inner 

compartment consists of a UPy-based hydrogel, which can crosslink by fourfold hydrogen 

bonding UPy-UPy interactions, coupled via alkyl-urea spacers to 10 kDa poly(ethylene glycol) 

(BF UPy-PEG). A viscous liquid (sol-state) is obtained at basic conditions, whilst at neutral 

conditions swiftly changes to the gel-state.17 The vesicles were made of a mix of amphiphiles, 

showing consistent production and low fusogenicity (Figure 5.1).18 In different sets of 

experiments, we examine the reversible viscoadaptability of this system in response to pH, the 

incorporation of a pH-regulating enzyme, and the regulation of a model enzymatic reaction 

according to the gel state. Furthermore, a proof-of-concept release study is shown. This opens 

new possibilities for the design of adaptive cell-like microreactors as well as the use for drug 

delivery platforms.  

 
Figure 5.1 Schematic representation of the preparation and the chemical components present in the HL-GUVs, 

with the preparation method of the HL-GUVs by the inverted emulsion method (A), containing the BF UPy-PEG 

and UPy-cy5 at basic pH (B). The membrane consists of several lipids, being DSPE-PEG-biotin, POPC, DOPC, 

DOPE-RhB, and Cholesterol (chol) (C). 

2. HL-GUV preparation and dynamic pH-responsive viscoadaptation 

The HL-GUVs were prepared using the inverted emulsion method without the need of 

sophisticated equipment, with stable vesicles and high encapsulation efficiency being 

obtained.19 Water-in-oil emulsion was used to prepare the HL-GUVs in which hydrogel 

(sol-state, high pH) was added to the water phase and subsequently the phospholipids in the 

oil phase. By centrifugation of the droplets, the vesicles were formed by passing through a 

water/oil interface covered by phospholipids (Figure 5.1A). Efficient encapsulation was showed 

by confocal microscopy, with similar vesicle size distributions for (empty) GUVs in basic 

conditions. Furthermore, the HL-GUVs remained stable upon acidification, showing similar sizes 

(Figure 5.2). By bright field, the formation of spherical vesicles was observed. Confocal 

microscopy enabled visualization of the lipid layer of the HL-GUVs (by incorporation of a 
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rhodamine B dye in the lipid membrane), whereas the hydrogel encapsulation was confirmed by 

visualization of the hydrogel present in the inner lumen, visualization was enabled by addition 

of a small percentage of cy5-labelled fluorophore encapsulated in the hydrogel (UPy-Cy5). 

Furthermore, 3D micrographs displayed a uniform lipid layer, furthermore confirming 

encapsulation of the hydrogelator. This shows an easy and efficient assembly of both 

supramolecular compounds, with the hydrogel encapsulation not interfering with the vesicle 

formation.  

 
Figure 5.2 Overview of the hydrogel-loaded unilamellar vesicles (HL-GUVs) as well as the giant unilamellar 

vesicles (GUVs) in 1x PBS, showing the fluorescence micrographs of HL-GUVs and GUVs at pH 7, and >pH 9. 

The hydrogel contains UPy-Cy5 for visualization (blue), whereas the lipid membrane is stained with 

rhodamine B (red) (A). The bright field micrographs (B), and size distribution histograms (n=100) (C) of the 

HL-GUVs and GUVs are shown, and 3D micrograph of the HL-GUVs (D). Scale bar represents 30 µm. 

Confocal and bright field microscopy showed the formation of spherical droplets, displaying 

sizes of 16.3±5.3 µm and 14.8±3.8 µm for the HL-GUVs at pH 9 and 7, respectively, and 

16.5±4.6 µm and 18.7±6.9 µm in size for the GUVs at pH 9 and pH 7, respectively (Figure 

5.2C). These results show the efficient encapsulation of the hydrogel in the GUVs, indicating 
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similar sizes and morphologies. In addition, no significant changes in morphologies and sizes 

were observed between neutral and basic state of the HL-GUVs and the GUVs. 

The fluidity of the hydrogel in the sol-state and gel-state was examined after preparation, 

using fluorescence recovery after photobleaching (FRAP). The encapsulated monofunctional 

UPy-cy5 dye was bleached by increasing the laser intensity to 100% in a circular region of 3 µm 

in diameter within the HL-GUVs, whereafter the recovery was examined. Directly after 

preparation at basic conditions FRAP measurements were performed (start, basic), subsequently 

followed by addition of acid (to the outer medium), followed by another FRAP measurement 

(cycle 1, acidic). After FRAP measurements, base was added whereafter FRAP was measured 

(cycle 1, basic). Addition of acid was repeated once more (cycle 2), with a final measurement at 

acidic conditions (Figure 5.3). 

 

 
Figure 5.3 Analysis of the viscoadaptation of the encapsulated hydrogelator upon acidification and 

basification by FRAP, with a schematic overview of the set-up of the experiment (A) and an image of the read-

out of this experiment (B), the pre-bleach and post-bleach micrograph images at basic conditions (start), and 

at acidic conditions (cycle 1) at three different time points, with the pre-bleached image, 1s post-bleaching, 

and several minutes post-bleaching time-points. The cy5 intensity of each imaged was increased for better 

visualization, the scale bar represents 5 µm (C). The raw FRAP curves of all three cycles at basic and acidic 

conditions (D), and the corresponding half time recovery (E) and mobile fraction (F) 600 seconds post-

bleaching. Data is represented as ±SD, n=3. 
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Photobleaching a small section of the sol-state hydrogel at a pH of approximately 10 after 

preparation gave rise to a fast recovery, with the bleached area recovered to 100% in a time-span 

of a few seconds. The half-time recovery (t1/2) and mobile fraction was determined by fitting 

the data with a single exponential growth model. Upon acidification of the external environment 

(cycle 1), a relatively slow recovery was obtained at a pH of approximately 5, showing a mobile 

fraction of 0.72 ± 0.1 after 600 seconds and a t1/2of 145±8 seconds. Subsequent addition of 

base (cycle 1) to the external environment led to a decrease in t1/2, being 33±3 seconds and a 

mobile fraction of 0.95±0.02. Subsequent acidification (cycle 2) showed a t1/2 of 129±5 

seconds, with a mobile fraction of 0.65±0.01, whereas basification showed again a decrease in 

t1/2 (14±2 seconds) and an increase in mobile fraction (0.99±0.02). The final FRAP 

measurements after acid addition, displayed the t1/2 to be increased again to 100±39 seconds, 

with a mobile fraction of 0.73±0.03. This indicates the mobility of the fluorescent probe being 

significantly limited at acidic/neutral condition, whereas the mobility after base addition was 

increased. What should be noted is that measuring times did not exceed 600 seconds. Longer 

measuring times can influence the t1/2 and mobile fraction to some extent, however due to time 

limitation and photobleaching of the cy5 dye over long time-spans, the measuring times were 

kept constant at 600 seconds for the acidic conditions, allowing impartial comparison. These 

results indicate the adaptation of the viscosity in the inner lumen, by changing the external pH 

in the outer medium. Interestingly, this system shows reversibility after several cycles, 

maintaining its viscoadaptive properties.  

3. Enzymatic regulation of viscosity  

Previous work showed spatial and structural organization of life-like entities upon enzyme 

incorporation.11 Cells are known to respond to external stimuli i.e. changes in pH can show 

differences in enzyme activity.20 As proof of principle, urease was encapsulated in the HL-GUVs, 

which was hypothesized to increase the pH of the inner lumen by the production of ammonia 

due to urea hydrolysis. By co-encapsulation of pyranine, a water-soluble membrane 

impermeable pH-responsive fluorophore21, the pH in the inner lumen was determined. The ratio 

of pyranine at two excitation wavelength is determined, with the excitation at approximately 

460 nm being pH-dependent and based on the 8-hydroxyl group present in the pyranine 

fluorophore that exhibit a pKa of approximately 7.3, indicating the level of unprotonated ionized 

pyranine (Figure 5.4A). Excitation at 415 nm indicates the total pyranine amount in the system, 

which is independent of pH-changes. The 460/415 nm ratio therefore measures the pyranine 

ionization level.22 Here, we observed that 488/405 nm ratio was sufficient to determine the 

inner lumen pH. The preparation of the HL-GUVs was perfomed whilst the hydrogelator was in 

the sol-state, i.e. at basic conditions. FRAP experiments were performed to observe the change 

of sol-state to gel-state of the encapsulated hydrogel. A high pyranine 488/405 ratio (3.0 ± 

0.2, start) after preparation indicated basic lumen conditions (Figure 5.4B, C), whereafter 

subsequent addition of acid (HCl, 0.1M, cycle 1) shows to decrease the ratio ratio to 0.004. 

Addition of urea shows increase of the ratio (ratio 2.9 ± 0.5, cycle 1). Subsequent acid addition 

led to a lower ratio (0.01±0.01, cycle 2), whereafter urea addition led to an increase in ratio (2.1 
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± 0.1, cycle 2). This confirms the urease activity present in the inner lumen of the HL-GUVs, 

which is shown to increase the pH upon addition of urea. To confirm the sol/gel state of the 

hydrogelator in the lumen, and the ability of the system to self-regulate its viscosity. FRAP 

measurements were performed after each addition of acid and urea, displaying a t1/2 of 0.82±0.9 

seconds with a mobile fraction of 1.03±0.03 after preparation (start), whereas acidification 

(cycle 1, acidic) increased the t1/2 to 148.4±24.3 seconds, with a mobile fraction of 0.7±0.07. 

Urea addition (cycle 1, basic) led to a decrease in t1/2 and an increase in mobile fraction, showing 

a t1/2 of 39.4±31 seconds and a mobile fraction of 0.94±0.07. Acid addition (cycle 2, acidic) 

increased the t1/2 to 78.7±28.9 seconds, whereas the mobile fraction decreased to 0.77±0.02 

after 600 seconds measuring time. External addition of urea (cycle 2, basic) led once more to a 

decrease in t1/2 (2.16±1.2 seconds), and an increase in mobile fraction (1.03±0.2). These results 

show the transition of the gel to sol state can be obtained by external addition of urea, 

displaying a self-regulating viscoadaptive system. Whilst these results are promising, the 

pyranine 488/405 ratio appears to decrease slightly as the cycle number increases. It is difficult 

to state whether this is hydrogel-dependent, dye-dependent, or enzyme dependent. No 

significant decreases were observed for the fluorescence intensity of pyranine at the 405 nm 

excitation, indicating no effect of photobleaching. We hypothesize that the hydrogelator 

appears to stabilize slightly over time, with the fiber disruption being less significant over 

multiple cycles. This can increase the entrapment of the urease in the network, which could lead 

to a small decrease in basification, and therefore a decrease in pyranine intensity at excitation 

488 nm. A decrease in enzymatic activity due to the accumulation of reaction products can 

furthermore lead to the pyranine intensity decrease. Lastly, it could be a random factor, where 

small differences in the urease encapsulation and urea absorption lead to small differences in 

fluorescence intensity outcome. Taken together, these results show the viscoadaptable 

properties of the HL-GUVs upon encapsulation of urease, where external stimuli can result in a 

large change of viscosity of the encapsulated hydrogelator.  

 

4. HL-GUVs as adaptive microreactors 

To highlight the cellular mimicking nature of these HL-GUVs, the semipermeable membrane 

and internal molecular crowding was exploited. Calcein AM is a dye used as a marker to study 

cellular viability.23–25 The nonfluorescent calcein AM was used to examine the uptake through 

the semi-permeable membrane, with conversion to the green-fluorescent calcein after 

acetoxymethyl ester hydrolysis by (HL-)GUVs encapsulated esterase’s. Esterase activity is shown 

to be pH dependent, with the optimal esterase activity showed to be between pH 6-9.26 

Furthermore, the viscosity of the intracellular environment is known to be of importance when 

considering the metabolic intracellular activity.27 Regarding previous experiments, the 

encapsulated hydrogelator of the HL-GUVs was shown to increase in viscosity with a pH above 

8.5 (sol-state), whilst a pH of 7 or lower appeared to decrease the viscosity (gel-state). 

Therefore, esterase activity was examined at two pH conditions, being 7 and 9. This will give 

further insight in the esterase activity, whilst tuning the viscosity of the crowded inner-lumen 

environment. Esterase from porcine liver was loaded in the HL-GUVs, whereafter calcein AM was 
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able to diffuse across the (HL-)GUVs membrane when added to the external environment (Figure 

5.5A).  

 

 
Figure 5.4 Enzymatic regulation of the gel state. Encapsulation of urease and pyranine was performed to 

adapt and follow pH-fluctuations, with a schematic overview of the encapsulates and cycles performed on 

the HL-GUVs, with the main read-outs being the pyranine intensity as well as FRAP (A). The confocal 

micrographs of the HL-GUVs at the start and after acid and urea addition (for two cycles) with the membrane 

visualized in red (rhodamine B) and the inner lumen in green (pyranine), scale bar represents 10 µm (B). The 

488/405 ratio of pyranine during the cycles (after acid and urea addition) (C), as well as the half time recovery 

(D) and the mobile fraction (E) measured with FRAP. Data is represented as mean ±SD, n=3. 

For each condition, a steady increase in calcein fluorescence over time was observed (Figure 

5.5B). For the GUVs, the increase in calcein intensity showed small differences at a pH of 7 and 

9, with a relative activity of 0.43±0.1 min-1 at pH 7, and 0.33±0.06 min-1 at pH 9 (Figure 5.5E). 

For the HL-GUVs, a difference in calcein intensity increase was observed, with the neutral pH 

showing a relatively lower activity in comparison to the high pH condition (0.14±0.17 and 

0.41±0.2 min-1, respectively). These results indicate that the esterase activity is altered when 

encapsulated in the HL-GUVs, predominantly at neutral pH which is ascribed to the hydrogelator 

encapsulated having a higher viscosity as showed earlier. This showed to lower the average 

activity of the esterase, but furthermore increase the deviation in activity. The increase in 

deviation was also observed for the HL-GUVs at a pH of 9, which suggests an effect of the co-

encapsulation of hydrogelator and esterase in the HL-GUVs. However, the average esterase 
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activity of the HL-GUVs at pH 9 displayed a similar activity as for the GUVs at pH 7. This shows 

the adaptivity of the system, with the gel-state regulating the esterase activity. The large 

deviation observed for the enzyme activity in the HL-GUVs could indicate particle variation, 

which could be affected by some heterogeneity in hydrogelator or enzyme encapsulation. 

Nonetheless, the results demonstrate that HL-GUVs are able to adapt the esterase activity, 

illustrating the effect of the viscoadaptation on the enzymatic activity. 

Figure 5.5 Esterase encapsulation in HL-GUVs and GUVs and external addition of calcein AM, with a schematic 

overview of the experiment and the read-out method measuring calcein intensity (A). Confocal micrographs 

show the fluorescence intensity of calcein after 30 min and 1h for the HL-GUVs, as well as GUVs at pH 7 and 

9, in which the calcein intensity brightness of each imaged being increased with the same ratio for better 

visualization (B). The intensity increase of HL-GUVs plotted over time (C), as well as the GUVs (D). The relative 

esterase activity is plotted at two different pHs for the HL-GUVs and GUVs (E). Data is represented as mean 

±SD, n>8. 

5. HL-GUVs as drug release systems 

Liposome particles are of interest as drug and gene delivery systems, decreasing the toxic 

effects of encapsulated drugs, and protecting the drugs from the external environment.28 A 

challenge with this system is the controlled release of drugs or genes from the liposome, with 

a high drug clearance when the membrane of the liposome is disrupted. A sustained release 

profile from the liposomes can be obtained by the encapsulation of hydrogels in combination 

with the drugs.29–31 In the HL-GUVs, drugs can be easily encapsulated at an increased pH, with 

the hydrogelator being in the sol-state, whereafter neutralization of the particles leads to a 

drug-encapsulated gel-state of the HL-GUVs as described before. This shows facile hydrogel 

and drug encapsulation, without the need of covalent cross-linking mechanisms such as UV-

treatment32,33, that can possibly modify the drug encapsulate. 
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Figure 5.6 Calcein release after α-hemolysin (αHL) addition at pH 7, with a schematic experimental overview 

(A), fluorescence micrographs of calcein (green) and the HL-GUV membrane colored with rhodamine (red) 

over a time span of 145 minutes after αHL addition to the HL-GUVs (B) as well as to the GUVs (C). The controls 

are shown when no αHL was added (D).  

We show a proof-of-concept experiment in which calcein is used as a drug model compound 

and encapsulated in the HL-GUVs as well as the GUVs. After neutralization, α-hemolysin was 

added, which is a cytotoxic protein that forms pores by generating small cation-permeable 

channels in the membrane of cells (Figure 5.6).34 We hypothesize that an increase in sustained 

release can be obtained by encapsulation of the BF UPy-PEG hydrogel, slowing down the calcein 

release from the HL-GUVs. The HL-GUVs and GUVs were visualized after addition of 

α-hemolysin, as well as a control visualizing the particles without α-hemolysin addition. After 

α-hemolysin addition the calcein is shown to be released from the HL-GUVs after approximately 

85 minutes, and slowly increasing in release over 145 minutes. Addition of α-hemolysin to the 

GUVs leads to a faster calcein release, which occurs swiftly after 25 minutes. However, some of 

the particles still contain calcein after 145 minutes, in the GUVs as well as in the HL-GUVs. The 

presence of double layered membranes could lead to less extensive penetration of the α-

hemolysin to the inner membrane. Furthermore, the calcein intensity is observed to be higher 

when encapsulated in the GUVs in comparison to the HL-GUVs. This can indicate a lower 
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encapsulation efficacy when the two encapsulates (BF UPy-PEG and calcein) are combined. 

Overall, these results show that there is a difference in release kinetics of the model drug calcein 

from the HL-GUVs in comparison to GUVs. Quantitative analysis is necessary to examine if this 

difference is significant, but promising results are shown. Adaptations to the encapsulated 

hydrogelator can be performed to introduce charges to increase the drug-hydrogel affinity, e.g. 

a positively charged hydrogel can increase the affinity between RNAi therapeutics (negatively-

charged) to provide an increase in sustained release. Furthermore, anchor-functionalized drugs 

(as shown in Chapter 4), can be introduced to furthermore sustain the drug release from the 

HL-GUVs.  

6. Conclusion  

In this chapter, two fully synthetic supramolecular systems were assembled into a hybrid 

micron-sized platform. Encapsulation of a dynamic, pH-sensitive hydrogelator in GUVs showed 

to display pH-responsive viscoadaptability. Facile encapsulation of urease as a model 

pH-regulating enzyme allowed for adaptation of the viscosity upon addition of an external 

molecular stimulus (i.e, urea). In addition, HL-GUVs were exploited as adaptive microreactors, 

using the esterase/calcein-AM model reaction, in which the internal viscosity regulates the rate 

of product formation. This shows vast potential of this system in the field of synthetic cells, 

with the crowded cellular environment being mimicked as well as the viscoadaptive cellular 

properties being displayed. Furthermore, a proof-of-concept showing calcein release from the 

HL-GUVs highlights the potential use of the HL-GUVs as a sustained drug release system. This 

expands the scope of using synthetic cells for studying intracellular biochemical processes in 

viscoadaptable crowded environments. In addition, the use of this platform as a sustained 

micron-sized therapeutic delivery system could be further explored.  

 

Experimental section 

Materials and reagents 

The lipids used in this study were obtained from Avanti Polar Lipids, with the exception of 

cholesterol, which was obtained from Sigma-Aldrich. Esterase from porcine liver was also 

obtained by Sigma-Aldrich. Paraffin oil (0.86 g/cm3 at 20 °C) was obtained from JT Baker. The 

hydrogelator BF UPy-PEG with Mn PEG = 10 kg mol-1 was synthesized by SyMO-Chem BV, 

Eindhoven, the Netherlands.35 The monofunctional UPy-Cy5 was synthesized as described 

previously.36 Ultrapure water (miliQ) was purified on an EMD Milipore miliQ integral Water 

Purification system. 1x and 5x Phosphate buffered saline (PBS) was prepared using PBS tablets 

(Sigma Aldrich), which was filtered before use (MF-milipore Membrane filter, 0.45 µm pore size). 

MQuant® pH-indicator paper was obtained from Merck.  

Lipids used for this study: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3- 

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (DOPE-LRB), 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)- 2000] (DSPE-PEG).  
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Instrumental and characterization 

Bulk fluorescence measurements were obtained using the Spark 10 M multimode plate reader. 

Visualization, FRAP measurements, urea/urease controlled viscosity measurements, and 

esterase activity measurements were performed on a Leica TCS SP8 inverted confocal 

microscope (Leica microsystems) equipped with a 63x objective (water or glycerin immersion 

objective). 8-well or 18-well glass-bottom chamber slides (ibidi GmbH) were used for vesicle 

visualization, which were treated with 1 mg/mL BSA in miliQ for >30 min, followed by washing 

with miliQ. 

Hydrogel precursor preparation 

The hydrogel precursor was prepared by dissolving UPy-PEG (20 mM, 20 wt%) in basic miliQ (pH 

~11 adjusted with 1M NaOH) at 70 °C for 1h. After dissolving, the pH was adjusted to 10 – 10.5 

with 1M HCl or 1M NaOH. For visualization purposes, monofunctional UPy-Cy5 was added from 

a stock (5 mg/mL in DMSO) to the dissolved hydrogelator at a concentration of 100 µM. 

Hydrogelator solutions were prepared fresh and used no longer than 5 hours before 

encapsulation in the HL-GUVs. 

Assembly of hydrogel-loaded giant unilamellar vesicles 

HL-GUVs were prepared using the inverted emulsion method. All lipids were prepared in stock 

solutions in chloroform, from which they were added to the paraffin oil. The molar ratios of the 

lipids added were as followed: DOPC/Chol/DOPE-LRB/POPC/DSPE-PEG 35/30/0.6/35/1, with a 

total concentration of 2 µM. This was heated to 80 °C for approximately 30 minutes to evaporate 

the chloroform, which was vortexed after approximately 10 minutes and 20 minutes. Inner 

phase solutions for the HL-GUVs were prepared containing 200 mM sucrose, 10 µM of hydrogel 

precursor solution. When required, 0.1 mM pyranine, esterase (3.5 mg/mL, 21 µM ), and/or 

urease (3.5 mg/mL, ~6.4 µM) were added. For the esterase encapsulation experiments, 5X PBS 

(pH 10.5, adapted with 1 M NaOH) was added to the inner phase, with a final PBS concentration 

of 1x. 20 µL of the inner phase was added to the paraffin oil suspension and vortexed for 25 

seconds while turning the tube to prevent sedimentation. The entire suspension was taken and 

layered on top of an outer phase solution in a tube, containing 200 mM glucose in basic miliQ 

water (pH ~10), and for the esterase experiments 5X PBS (pH 10.5, adapted with 1 M NaOH), 

resulting in a final PBS concentration of 1X PBS. Subsequently, this was centrifuged at 3,300 g 

for 20 minutes at room temperature. The HL-GUVs were obtained by puncturing the tube and 

obtaining the aqueous layer. The HL-GUVs were purified by carefully washing with outer phase 

and centrifuging for 2 minutes at 1,500 g, removing the supernatant. This was performed two 

times. Preparation of GUVs containing no hydrogel were performed in a similar manner, with 

the hydrogel precursor being replaced by basic MiliQ water (pH ~10.5). 

Fluorescence recovery after photobleaching 

Recovery experiments of the UPy-Cy5 were performed by sample illumination using a white 

laser at 646/660-700 nm ex/em. A circular area of 3 µm was photo-bleached at 100% laser 
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power for 10 frames (1 frame/s). Post-bleaching was performed for 10 min (1 frame/s) at laser 

power 0.5%. Images were processed using the Leica Las X software. The fluorescence intensity 

was normalized by the prebleach steady state fluorescence intensity, correcting for background 

fluorescence. t1/2 and mobile fraction were determined by using the FrapBot software using a 

single exponential fitting.37 Two series of samples were prepared, being HL-GUVs loaded with 

hydrogelator, urease, and pyranine dye, FRAP was performed at basic condition after 

preparation, after which the external pH of the outer phase was adapted to ~4-5 upon acid 

addition (0.1M HCl). Subsequently, the external pH was adapted (using 0.1 M NaOH) to 

approximately ~10, whereafter FRAP was performed. This was repeated for two more cycles.  

Urea triggered viscosity reaction 

Urease (3.5 mg/mL) and pyranine (1 uL, final concentration 0.1 mM) were co-encapsulated in 

the HL-GUVs and GUVs. By confocal measurements, the GHLVs and GUVs were visualized. The 

external pH of the outer phase was adapted to approximately 5 (0.1 M HCl), examined using 

pH-indicator paper, after which urea (final concentration 25 mM) was added to the outer phase. 

5 minutes post-urea addition, the GHLVs were visualized by confocal measurements. One cycle 

of acid addition and urea addition was performed, where, after each addition, the particles were 

visualized and the pyranine intensity was examined, at ex/em 488/510, as well as ex/em 

405/440. The ratio between the intensity at ex/em 488/510 and ex/em 405/440 was 

determined, illuminating the inner pH of the HL-GUVs. FRAP measurements were performed as 

described previously, with each condition was measured in triplicate with the exception of the 

first acidic condition, which was measured in duplicate. 

Esterase triggered calcein AM conversion 

Esterase (3.5 mg/mL) was co-encapsulated in the HL-GUVs and GUVs, and prepared as 

described previously. Subsequently, the prepared HL-GUVs and GUVs were placed in the wells 

at the corresponding pH (7 or 9) in 1x PBS, adapted with 1 M NaOH. Calcein AM (400 nM) was 

added to the outer phase, whereafter the HL-GUVs and GUVs were imaged by fluorescence 

imaging recorded using confocal microscopy. 20 minutes post-calcein AM addition, a time-

lapse of the particles was taken, during which every 5 minutes an image was taken at several 

spots containing HL-GUVs and GUVs. The calcein intensity was examined over a time-span of 

1 hour (ex: 488, em: 520), with micrographs being taken every 5 minutes.  

α-hemolysin triggered calcein release  

Calcein (1 uL, 0.1 nmol from a 100 µM DMSO stock) was co-encapsulated in the HL-GUVs and 

GUVs. After purification, 10 µL of the liposome stock is added to a 16-well chamber slide 

(Thermo ScientificTM NuncTM Lab-TekTM) to a 140 µL outer phase at 1X PBS, pH 7. The HL-GUVs 

as well as GUVs were visualized using confocal microscopy. α-hemolysin was added to the wells 

(5 µg, 0.15 nmol per well), whereafter micrographs were taken 5 minutes post-addition. 

Hereafter, the particles were visualized every 20 minutes post-α-hemolysin addition. No 

α-hemolysin was added for control experiments. 
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6 

In vivo retention quantification of supramolecular 

hydrogels engineered for cardiac delivery 

 

 

 

Abstract 

Recent advances in the field of cardiac regeneration show great potential in the use of 

injectable hydrogels to reduce immediate flush-out of injected factors, thereby increasing the 

effectiveness of the encapsulated drugs. To establish a relation between cardiac function and 

retention of the drug-encapsulating hydrogel, a quantitative in vivo  imaging method is 

required. Here, we develop our supramolecular ureido-pyrimidinone modified poly(ethylene 

glycol) (UPy-PEG) material into a bioactive hydrogel for radioactive imaging in a large animal 

model. As radioactive label we synthesized a monofunctional UPy-DOTA complexed with the 

radioactive isotope indium-111 (UPy-DOTA-111In) being mixed with the hydrogel.  Additionally, 

bioactive and adhesive properties of the UPy-PEG hydrogel were increased by supramolecular 

introduction of a UPy-functionalized recombinant collagen type 1-based material (UPy-PEG-

RCPhC1). This method enabled in vivo tracking of the non-bioactive and bioactive 

supramolecular hydrogels and quantification of hydrogel retention in a porcine heart. In a small 

pilot, cardiac retention values of 8% for UPy-PEG and 16% for UPy-PEG-RCPhC1 hydrogel were 

observed 4 hours post injection. This work highlights the importance of retention quantification 

of hydrogels in vivo, where elucidation of hydrogel quantity at the target site is proposed to 

strongly influence efficacy of the intended therapy. 
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1. Introduction 

Ischemic heart disease is responsible for over 9 million deaths per year worldwide as a result 

of blood flow deficiency in the infarcted area and through resulting adverse ventricular 

remodeling and contractile dysfunction.1 This adverse remodeling is caused by the inability of 

the heart to replace cardiomyocytes lost by ischemic damage to the myocardium. Therapeutic 

methods to stimulate cardiac repair remain ineffective as potential reparative drugs injected 

into the heart immediately flush-out through the venous microvasculature of the heart and the 

injection needle tract.2 A carrier system to protect and localize regenerative factors at the 

injection site, and enable sustained, slow therapeutic release might provide a solution to this 

delivery issue. Biomaterials are increasingly studied in the field of cardiac regeneration, where 

patches or injectable hydrogels are applied to aid retention and provide sustained release of 

drug molecules at the target site.3,4 

Visualization of these biomaterials after injection or implantation is of high importance to 

assess the retention and degradation at the target site. Quantification of retention would enable 

correlation of drug efficacy to presence and availability at the target site, as well as monitoring 

the fate and distribution of the material in vivo. Based on this, volumes of injection or 

implantation could be tuned for an optimal drug release effect. Moreover, unwanted side effects 

at potential off-target sites could be brought to light and prevented by obtaining an enhanced 

understanding of the distribution. 

For retaining drugs at the site of injection, hydrogels are considered good candidates as 

biocompatible, easily injectable carrier systems for cardiac repair and regeneration.5 Previously, 

it was shown that the release of miR-302 from a hyaluronic-based hydrogel promoted 

cardiomyocyte proliferation and regeneration after myocardial infarction (MI) in a porcine heart.6 

Furthermore, injection of a hydrogel based on decellularized extracellular matrix (ECM) in a rat 

MI model reduced cardiomyocyte apoptosis and neovascularization.7 Moreover, efficacy was 

established in a porcine infarction model8 and currently, this decellularized ECM-based gel is 

in its first human-trial to examine the safety and feasibility post MI.9 Delivery of these hydrogels 

is primarily performed via a minimally invasive catheter based injection technique, where 

gelation occurs at the target site triggered by temperature increase.10 While studying the 

beneficial effect of hydrogel-mediated delivery of therapeutic factors, primarily indirect 

parameters and the functional effect of the drugs (e.g. scar thickness, ejection fraction, and 

end-diastolic volume) were examined.11–13 Only a few studies examined the degree of hydrogel 

retention after injection and the potential off-target distribution of the gel, mainly in small 

animal models.14–16 A collagen matrix delivery in a mouse model with MI was assessed on its 

retention and distribution by PET imaging, where the hydrogel was labelled with hexadecyl-4-

[(18)F]fluorobenzoate ((18)F-HFB).17 A more recent study showed in vivo nuclear imaging of an 

alginate hydrogel in which the nuclear imaging radio-metal indium-111 (111In) was 

incorporated.16 Intra-myocardial injection in mice was performed, where a low retention was 

observed after one week (2-4%). To our knowledge, no study has provided quantitative numbers 

on the amount of cardiac retention and distribution of a supramolecular hydrogel in a large 

animal model. 
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Figure 6.1 Hydrogel formulation and overview of this study. A, B. The chemical structure and schematic 

overview of hydrogelators UPy-PEG (A) and UPy-PEG-RCPhC1 (B). C. The monofunctional UPy-additives used 

during this study with the (non-)radioactive label UPy-111/113In (1), the fluorescently-labelled UPy-Cy5 (2), 

and the non-fluorescent label mimic UPy-COOH (3). D. The epicardial hydrogel injection in a porcine model, 

and the concept of the two different hydrogels used in this study, UPy-PEG and UPy-PEG-RCPhC1.  

Here, we show a first approach in performing a quantitative retention study by 

implementation of a radioactive tracer in our injectable pH- and temperature-responsive 

supramolecular poly(ethylene glycol) (PEG) hydrogel functionalized at each end with ureido-
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pyrimidinone (UPy) units (Figure 6.1A).18 This UPy-PEG hydrogelator is an injectable viscous 

liquid at a pH > 8.5 and rapidly forms a hydrogel once exposed to physiological pH.19 To 

increase tissue adhesiveness, a UPy-functionalized recombinant peptide based on human 

collagen type 1 is introduced to the hydrogel (RCPhC1, Figure 6.1B), enriched with repeating 

amino acid sequences based on the integrin-binding peptide RGD (introduced in Chapter 3). 

Supramolecular labelling of the hydrogel is performed using monofunctional UPy-labels, either 

for radioactive or for fluorescent visualization. The hydrogel is radioactively labelled using a 

1,4,7,10-tetraazacyclododecanetetraacetic acid (DOTA) chelated with radioactive isotope 111In, 

covalently bound to a monofunctional UPy-moiety, allowing for in vivo radioactive detection. In 

addition, a fluorescent UPy-Cy5 label was synthesized and used for ex vivo histological 

fluorescence analysis (Figure 6.1C). Comparative visualisation and quantification of hydrogel 

retention and distribution was performed for epicardial injections of UPy-PEG and UPy-PEG-

RCPhC1 hydrogels in a porcine model (Figure 6.1D).  

 

2.  Molecules 

The UPy-DOTA was chelated with the radioactive 111In label (Figure 6.2A). A separation and 

detection of radioactive compound by high-performance liquid chromatography (radio-HPLC) 

(Figure 6.2B) as well as by instant-thin layer chromatography (iTLC) (Figure 6.2C, D) showed an  

optimal chelation after approximately 1 hour (with a varying range of 93-98%). The chelation 

remained stable at basic pH (Figure 6.2B) for approximately 24 hours. As a reference, a non-

radioactive isotope indium-113 (113In) was chelated to the UPy-DOTA moiety (UPy-DOTA-113In) 

for in vitro measurements. A monofunctional UPy-moiety functionalized with the fluorescent 

probe cyanine-5-amine (UPy-Cy5), allowed histological staining after injection, where an 

unfunctionalized monofunctional UPy-moiety (UPy-COOH) was used as a non-fluorescent 

reference. To introduce bioactivity and potential adhesion to the cardiac tissue UPy-RCPhC1 

was added synthesized by modification of pristine RCPhC1 with UPy-units. 1H-NMR 

spectroscopy showed an average number of six UPy-moieties grafted on the RCPhC1 backbone 

(Figure 6.3).  

 



                                      Cardiac retention quantification of hydrogels | 

105 

 

Figure 6.2 Chelation of the 111In with the UPy-DOTA label, with the labelling method (A), and radio-HPLC after 

chelation of UPy-DOTA-111In at basic pH (>9) (B), with loose 111In at a retention time of 1.8–2.2 minutes and 

labelled UPy-DOTA-111In at 9.2–9.7 minutes, showing a chelation efficiency of 97%. iTLC of the chelation 

efficiency of the UPy-DOTA where (C) shows the unchelated loose 111In depicted in red, and (D) the chelated 

UPy-DOTA-111In depicted in green, showing a chelation efficiency of approximately 99%. 

 

3. Mechanical properties of the hydrogels 

The hydrogels were prepared in a simple mix-and-match manner, where the hydrogel 

precursors were dissolved at high pH PBS (either UPy-PEG, or UPy-PEG in combination with UPy-

RCPhC1). Additives were introduced after the hydrogel precursors were fully dissolved. The 

molar ratio of the UPy-PEG hydrogel for UPy-PEG:UPy-DOTA:UPy-Cy5 or UPy-COOH was set at 

10:0.35:0.01. The additive ratio for UPy-PEG-RCPhC1 was identical, containing a 9:1 ratio of 

UPy-PEG and UPy-RCPhC1. The pH of the hydrogel precursor was adjusted to 9 or 8.8±0.1 for 

UPy-PEG and UPy-PEG-RCPhC1, respectively. The UPy-PEG-RCPhC1 hydrogelator shows similar 

viscosities at pH 8.8 to the UPy-PEG hydrogelator at pH 9 (Figure 6.4E), which was desired to 

keep the flow properties similar.  

The myocardium shows viscoelastic characteristics, which is due to a combination of cardiac 

cells and ECM proteins. During heart failure, collagen accumulation can affect the viscoelasticity 

of the myocardium significantly.20 A hydrogel showing viscoelastic properties and 

accommodating the pulsating behavior of the heart is desired. To examine the mechanical 

properties of the hydrogels used in this study, UPy-DOTA was chelated in acetate buffer with 
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non-radioactive isotope 113In, where an optimal chelation efficiency was confirmed by RP LC-

MS (>95%). A previous study reported that the release of a UPy-DOTA label complexed with 

Gadolinium(III) from the UPy-PEG hydrogel is in line with the rate of erosion of the hydrogel 

itself.21 Rheology was used to examine the influence of the additives (UPy-DOTA-113In and UPy-

COOH, Figure 6.1C.3) on the mechanical properties of the hydrogels. 

 
Figure 6.3 Analysis of pristine recombinant collagen peptide derivative, modified with UPy-moieties. (A) 1H 

NMR graph of RCPhC1 showing  the protons of the alanine residues (δ-shift = 0.7 – 1.0), used as a reference, 

and the absent peaks of the alkylidene proton of the UPy-moiety (δ-shift = 5.8 – 5.9) for RCPhC1 and (B) 

UPy-RCPhC1 functionalized with an average of six UPy-moieties. (C) Schematic representation of the protons 

used to determine UPy-functionalization, with the alkylidene proton of the UPy-moiety and the methyl group 

on the alanine.   

After pH neutralization, the UPy-PEG as well as the UPy-PEG-RCPhC1 hydrogels show 

frequency-depended viscoelastic behaviour, i.e. an increase of G’ while frequency was 

increased, while G’’ remains stable or decreases (Figure 6.4A). This behavior is reflected in the 

tan δ (G’’/G’) (Figure 6.4B), that showed a decrease for both hydrogels by a factor of 7, 5.3, 3.8, 

and 1.2 over the tested frequency range for the UPy-PEG, UPy-PEG with additives, UPy-PEG-

RCPhC1, and UPy-PEG-RCPhC1 with additives, respectively. This indicates that the solid 

properties are getting more distinctive as the frequency is increased, whereas at lower 

frequencies more liquid-like properties are observed. This suggests that at lower frequencies 

(longer measuring time) there is more time for structural rearrangement, i. e. characteristic 
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interactions in the material can relax and the material starts to flow. At high frequencies (shorter 

measuring time) there is less time for rearrangement, i. e. all interactions remain present in the 

structure and have no time to relax, therefore displaying a less dynamic and more solid 

structure. For the UPy-PEG hydrogel, the additives resulted in a weaker gel, at lower frequencies 

(with a G’ of 9.1 kPa vs. 4.4 kPa at 0.1 rad/s, respectively), as well as higher frequencies (with 

a G’ of 27 kPa vs. 17 kPa at 100 rad/s, respectively, Figure 6.4A, blue). In a previous study, 

addition of monofunctional UPy-molecules to the bifunctional UPy-PEG molecule showed to 

decrease the dynamics of the network, influencing the stiffness of this mixture.22 Addition of 

UPy-DOTA and UPy-COOH showed to decrease the stiffness, where the latter is added from a 

stock solution in DMSO, which caused a decrease in stiffness of the hydrogel. However, addition 

of the monofunctional UPy-molecules show to increase the stiffness of the hydrogel as shown 

in previous studies, in comparison to solely DMSO addition to the hydrogel. Both UPy-PEG 

hydrogels showed similar frequency dependent behavior, with increased stiffness at higher 

frequencies, and the same viscoelastic properties.  

 
Figure 6.4 The mechanical properties of the hydrogels, showing the frequency sweep (A) and the 

corresponding  tan δ (B) at 1% strain with frequencies between 0.1 and 100 rad/s (A), the stress-relaxation 

at 1% strain, measured over a time span of 500 seconds (C), and the strain-sweep at 1 rad/s with strains 

varying from 1 to 1000% (D), showing viscoelastic properties of the UPy-PEG, and the UPy-RCPhC1 hydrogel, 

measured at 37 °C. The viscosity of UPy-PEG-RCPhC1 and UPy-PEG at a pH of 8.75 (red) and 9.0 (blue), 

respectively, showing similar viscosities at the different pH (E). 
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A significant decrease in moduli is observed for the UPy-PEG-RCPhC1 hydrogel, where the 

UPy-PEG hydrogel showed to be a stiffer gel (2-3 times stiffer in comparison to the UPy-PEG 

hydrogel). This could be explained by the lower number of UPy-moieties in this hydrogel, 

lowering the supramolecular cross-linking ability and therefore the stiffness of the hydrogel. 

Comparison of UPy-PEG-RCPhC1 with and without additives showed small differences in moduli 

(Figure 6.4A, red). The hydrogel with additives displayed lower storage modulus (with a G’ of 

1.9 kPa vs. 1.3 kPa at 0.1 rad/s) and loss modulus (with a G’’ of 1.4 kPa vs. 0.7 kPa at 0.1 rad/s), 

indicating that the additives have an influence on the mechanical properties of the hydrogels. 

However, similar to the UPy-PEG hydrogel, the frequency dependent viscoelastic behaviour of 

both hydrogels is comparable. The stress-relaxation measurements show similar relaxation 

curves for the UPy-PEG hydrogel with and without additives, where 50% relaxation was achieved 

at 6.2 vs. 8 seconds, respectively (Figure 6.4C, blue). For the UPy-PEG-RCPhC1 hydrogels with 

and without additives, only small differences can be observed, with a time of 6.8 vs. 6.2 seconds 

at a 50% relaxation, respectively (Figure 6.4C, red). This indicates a minimum to no difference 

that is observed considering relaxation times. The UPy-PEG hydrogel without additives shows a  

linear course for storage as well as loss moduli until a minimum of 25% deformation, whereas 

the UPy-PEG hydrogel with additives shows a slight decrease in G’ and G’’ after a strain of 

approximately 5%, whilst still retaining its hydrogel properties. The hydrogels with and without 

additives are disrupted at 45 and 65% strain, respectively (Figure 6.4D, blue). A similar trend as 

the UPy-PEG with additives is observed for the UPy-PEG-RCPhC1 hydrogels with and without 

additives, where a small decrease in G’ and G’’  is observed after a strain of 6%. Here, disruption 

of the hydrogels with and without additives occur at approximately 25 and 40% strain, 

respectively (Figure 6.4D, red). UPy-PEG-RCPhC1 hydrogels with and without additives showed 

small variability regarding the strain and frequency sweep, where differences in stiffness were 

observed. This marks the variability of the UPy-functionalized RCPhC1, introduced to the 

system.  

Overall, minor differences in mechanical properties of hydrogel variants were observed 

between absolute moduli and stiffness of the hydrogels, which should not affect usability in 

envisioned applications.  

 

4. In vivo Injection in Pig Heart and Scintigraphy 

For the porcine experiments, one day prior to in vivo injection the additives (UPy-DOTA-

111In and UPy-Cy5) were added to the dissolved hydrogel precursors. Per injection of 200 µL the 

obtained activity was 5–10 MBq.  Detailed hydrogel formation can be found in the experimental 

section. Hydrogels (UPy-PEG or UPy-PEG-RCPhC1) were injected epicardially (6 x 200 µL) after 

thoracotomy into the left ventricular wall of beating porcine hearts (n=2). Scintigraphic total 

body scans were performed 1, 2, 3 and 4 hours after injections and biodistribution of the 

hydrogel was quantified as percentage of radioactive signal in each organ from total whole body 

radioactive signal to exclude remaining radioactive signal in the dead volume of the syringes. 
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Areas with high radioactive signal are identified by bright red coloration and areas with low 

radioactivity are identified by blue coloration.  

 
Figure 6.5 Scintigraphy imaging shows biodistribution of supramolecular hydrogels after epicardial injection. 

A. Experimental protocol. B, C. Whole-body scintigraphy scans 1 to 4 hours after injection of UPy-PEG (B) or 

UPy-PEG-RCPhC1 (C) hydrogel. Areas with high radioactive signal are identified by bright red colouration and 

areas with low radioactivity are identified by blue colouration D, E. Quantification of distribution in indicated 
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remote organs after epicardial injection of UPy-PEG (D) or UPy-PEG-RCPhC1 (E) hydrogel. F. Quantification of 

cardiac retention. Data are individual animals (n=2 per hydrogel). Differences were evaluated using paired 

students-t-test. * represents P<0.05. 4 

The total body scans showed that the injections of the UPy-PEG led to a cardiac retention of 

6.2% and 8.7% after 4 hours (Figures 6.5B, F). The remaining gel distributed to the lungs (29% 

and 9.5%), bladder and urine (15.8% and 21.6%), liver (2.0 and 3.4%), kidneys (0.8% and 2.2%), 

and spleen (0.56 and 1.28%) (Figure 6.5D). The residual activity was distributed evenly across 

the body without the presence of an increased and localized radioactive signal (“hotspots”).  

Injection of UPy-PEG-RCPhC1 showed a cardiac retention of 16.9% and 14.3% after 4 hours 

(Figure 6.5C, F). The remaining activity was distributed to the lungs (13.0% and 19.2%), bladder 

and urine (9.9% and 12.9%), liver (3.5% and 3.6%), kidneys (1.3% and 1.2%), and spleen (1.2% 

and 0.66%) (Figure 6.5C, E). Also, for the UPy-PEG-RCPhC1 the residual activity did not lead to 

hotspots. When comparing the cardiac retention of the two hydrogels at the 4 time points after 

injection, UPy-PEG-RCPhC1 injection showed increased retention (P<0.05, n=4). The 111In signal 

in the lungs stabilized between 2 and 3 hours after injection of the UPy-PEG hydrogel in both 

pigs while the 111In signal in the bladder and urine increased till 4 hours after injection indicating 

secretion (Figure 6.5D). The UPy-PEG-RCPhC1-hydrogel showed no increased in off-target 

distribution after 1 hour post-injection except for the 111In signal in the bladder and urine 

(Figure 6.5E). When comparing the off-target biodistribution at the 4 timepoints after injection, 

no significant difference was found between the two hydrogels for lung biodistribution (P>0.05, 𝛼𝛼 = 0.19, n=2) or bladder/urine biodistribution (P>0.05, 𝛼𝛼=0.09, n=2). 

During scintigraphic whole body scans, the measurement of radioactive signal from organs 

can be influenced by degree of tissue penetration and scattering, and by signals from 

overlapping organs. Therefore, 4 hours after injection, organs were isolated and scanned 

individually. Scanning of the explanted, isolated organs (heart, lungs, bladder/urine, liver, 

kidneys, spleen) indicated the retained radioactive signal in the heart was 14.8% and 18.9% for 

UPy-PEG and 22.1% and 31.7% for UPy-PEG-RCPhC1 as a percentage of the total combined 

signal in the isolated organs (Figure 6.7A,B). Furthermore, scintigraphy showed localised UPy-

PEG-RCPhC1 at the individual injection sites with five to six radioactive hotspots (Figure 6.6A), 

corresponding to the individual injection sites. The UPy-PEG injected pig hearts showed three 

to four more diffuse and merged injection sites. One UPy-PEG injected heart showed increased 

radioactive signal at the base of the heart remote from the injection area (Figure 6.6).  

It is important to note only a small sample size of merely two animals per group was used 

to analyze in vivo hydrogel biodistribution. Therefore, no significant conclusions can be drawn 

on the difference between the two hydrogels in the in vivo experiments. However, the current 

study does give insights into the potential use of 111In labeling of injectable hydrogels for in 

vivo hydrogel retention quantification and comparison of retention and off-target distribution 

of multiple hydrogels. When comparing the cardiac retention of UPy-PEG and UPy-PEG-RCPhC1 

in the four pigs we see a trend towards increased retention in the pigs injected with UPy-PEG-

RCPhC1. This increase is likely to be caused by an increase in the adhesion of the gel to the 

extracellular matrix at the site of injection due to the integrin-based recombinant peptide 
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RCPhC1. Earlier studies using biomaterials to augment factor delivery, focused on the retention 

of delivered cells or compounds[12],[18] or effects on functional parameters, rather than retention 

of the biomaterial.[19],[20] Even though these studies gave insight into the potential benefits of 

hydrogel mediated delivery, so far no knowledge has been generated on the biodistribution of 

hydrogels in a large animal model after injection or quantitative approaches to determine the 

degree of retained hydrogel at the site of injection.  

 

 
Figure 6.6 Cardiac slices, with (A) brightfield photograph of cardiac slices to identify exact sites of radioactive 

signal. (B) Scintigraphic scan of cardiac slices shown in A. A  1 Mbq point source was used to localize the 

exact part of tissue containing the 111In signal.  

To verify presence of the gel at the sites with high radioactive signal in the heart, histological 

analysis was performed. The heart was sliced into five slices from apex to base and individual 

slices were scanned to identify sites of high 111In signal using a 1 Mbq point source (Figure 6.6). 

These revealed intense Cy5 signal in sections of tissue with high radioactivity signal, showing 

deposits of seemingly condensed gel in larger interstitial spaces and strings of gel in the smaller 

interstitial spaces between individual cardiomyocytes (Figure 6.7C). This was further confirmed 

by immunofluorescent staining for cardiac alpha actinin (Figure 6.7D). During the washing steps 

of the staining procedure, the gel in the larger interstitial space dissolved, while the gel 

surrounding the cardiomyocytes was retained. At the areas remote from the radioactive high 

intensity regions, no Cy5 signal was found (Figure 6.7D). This pattern of distribution of the gel 

within the myocardium is hypothesized to be due to the flexibility of the gel to distribute and 

adhere to the myocardium and the extracellular matrix.  

 



| Chapter 6 

 

112 

 

Figure 6.7 Scanning of isolated organs shows organ distribution of supramolecular hydrogels. A, B. 

Scintigraphic scans of individually isolated organs 4 hours after epicardial injection of supramolecular 

hydrogels (A) and quantification of radioactive signal as a percentage of total signal in the isolated main 

organs (B). Areas with high radioactive signal are identified by bright red colouration and areas with low 
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radioactivity are identified by blue colouration C. Histology representative images of hydrogels by 

supramolecular bound fluorescent signal UPy-Cy5 in the radioactive high intensity regions of the heart. D. 

Immunofluorescent staining of myocardium in radioactive hotspots and remote of radioactive hotspot. 

ACTN1, cardiac alpha actinin. Data is based on individual animals (n=2 per hydrogel). Differences were 

evaluated using a paired students t-test 

As a highly vascularized organ, it is likely this accumulation of 111In signal reflects dissolved 

UPy-polymers that enter the lungs via the coronary veins or the central circulation. Previously, 

we have shown that the UPy-polymers do not affect biocompatibility or induce toxicity.[16] 

Further investigation into the effect of pulmonary biodistribution of intracardiac injected 

hydrogels is needed. The  distribution of the hydrogels to the lungs did not increase within 4 

hours after injection, considering the UPy-PEG-RCPhC1 hydrogel. The remaining off-target 

distribution of the hydrogels to the bladder indicated clearance of the hydrogel through the 

secretory tract which limits the risk of extracardiac accumulation.  

As the main cause of limited cardiac retention has been suggested to be the immediate 

clearing via the dense venous microvasculature and the needle track25, we tracked the hydrogel 

biodistribution up to 4 hours after injection. The limited changes within the presence of 111In 

signal in all organs within these 4 hours is in line with previous studies on the importance to 

improve acute cardiac retention rather than chronic engraftment.27,28 Even though the UPy-

based hydrogel gelates in physiological pH of the myocardium and shows increased retention 

compared to previously reported values, the presence of strong cardiac contractions and the 

needle track remains a challenge to maintain maximal cardiac retention of hydrogels. The 

achieved cardiac retention of ~30% of UPy-PEG-RCPhC1 hydrogel is likely to increase 

effectiveness of regenerative therapies compared to non-hydrogel mediated delivery.  

With the method described, we were able to quantitatively compare the retention of two 

supramolecular hydrogels and show these hydrogels appear to be safe on short term follow-up 

of 4 hours.  

5. Conclusion  

Quantitative imaging and distribution tracking after intramyocardial injection in a large 

animal model was achieved via modification of a pH-switchable supramolecular hydrogel. In a 

simple mix-and-match manner, two types of hydrogels were radioactively labelled in a modular 

approach, with limited influence on the gelation properties. This ensured radioactive imaging 

of the hydrogels in a porcine heart in vivo to quantify and compare the retention of these 

supramolecular hydrogels. Introduction of RCPhC1 to the hydrogel implied to increase hydrogel 

retention in the heart with defined deposits of hydrogel at the injection sites still visible after 4 

hours. Furthermore, the distribution of the hydrogels to other organs was reduced by addition 

of integrin-based recombinant peptide RCPhC1. 

Finally, our method allows for dose quantification, increasing understanding of dose 

optimization and therefore drug effectiveness, which is of great importance in the translation 

towards cardiac regenerative therapy. Additionally, this method enables direct visualization of 

potential off-target localization which can be used for efficient risk-analysis of new therapies.  



| Chapter 6 

 

114 

 

Acknowledgements 

The following people are gratefully thanked for their contributions and for their technical 

assistance with the animal experiments: Marlijn Janssen, Joyce Visser, Martijn van 

Nieuwburg, Evelyn Velema, Ingrid Boots, Monique Jacobs, Anke Wassink, and Jeannette 

Wolfswinkel.  

 

Experimental section 

Materials 

All starting materials and reagents were obtained from commercial sources and used as 

received, unless stated otherwise. Solvents from Sigma Aldrich were of p.a. quality. Deuterated 

chloroform and deuterium oxide were purchased at Cambridge Isotope Laboratories. Sulfo-

Cyanine5 amine was purchased at Lumiprobe. FujiFilm Manufacturing Europe B.V. kindly 

provided us the Cellnest, a recombinant peptide based on human collagen type I (RCPhC1), 

which was used without further purification.  

Instrumentation 

1H-NMR spectra were recorded on a 400 MHz NMR operating at 400 MHz for functionalization 

analysis. Reversed-phase high-performance liquid chromatography-mass spectrometry (RP-

HPLC-MS) was performed on a Thermo scientific LCQ fleet spectrometer. The purity of UPy-

RCPhC1hC1 was determined with Waters Xevo G2 Quadrupole Time-of-Flight liquid 

chromatography–mass spectrometry equipped with an Agilent Polaris C18A reverse-phase 

column (ID 2.0 mm, length 100 mm). Derivatives were dissolved in H2O (1 mg/mL) and flowed 

(0.3 mL/min) over the column using a 15–75% water/acetonitrile gradient with 0.1% formic acid 

prior to analysis in the positive mode in the mass spectrometer. Purification of UPy-Cy5 was 

performed on a prep-RP-HPLC (using gradients of acetonitrile in water, with addition of 0.1 

vol% trifluoroacetic acid), where collected fractions were freeze-dried and analyzed by RP-

HPLC-MS. Chelation efficiency was analyzed with two methods: instant thin layer 

chromatography with a glass microfiber chromatography paper impregnated with a silica gel 

stationary phase (Agilent Technologies) and sodium chloride 0.9% as a mobile phase, and high 

performance liquid chromatography (Thermo Scientific Dionex UltiMate 3000), both with NaI(Tl) 

detector for gamma rays (Canberra). A relatively geometry independent dose calibrator (VDC-

404, Veenstra Instruments, the Netherlands) was used to quantify the activity pre-injection.  

Synthetic procedures 

Synthesis of UPy-DOTA: The precursors UPy-C6-U-C12-C-OEG12-NH2 and N-

hydroxysuccinimide activated DOTA (DOTA-NHS-xTFA) were synthesized as described 

elsewhere.[29] UPy-C6-U-C12-C-OEG12-NH2 (280 mg, 0.26 mmol) was dissolved in 

dimethylformamide (DMF, 5 mL) and DOTA-NHS-xTFA (383 mg, 0.53 mmol) and DiPEA (0.62 

mL, 3.57 mmol) were added. The reaction mixture was stirred overnight and subsequently the 

solvent was removed under vacuum and twice co-evaporated with toluene. Eluting over reversed 

phase C18 column with a gradient ACN/water of 5/95 to 80/20 afforded the intermediate UPy-

DOTA (360 mg, 94%) as a white powder after freeze-drying. 
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1H NMR (400 MHz, CDCl3/CD3OD) δ 5.86 (s, 1H), 4.19 (t, J = 4.7 Hz, 2H), 3.65 (s, 44H), 3.53 
(dt, J = 13.3, 6.0 Hz, 7H), 3.43–3.18 (m, 14H), 3.11 (q, J = 7.0 Hz, 13H), 2.25 (s, 3H), 1.58 (p, J 

= 6.8 Hz, 2H), 1.48 (p, J = 7.2 Hz, 6H), 1.37 (q, J = 5.9, 3.7 Hz, 4H), 1.34–1.17 (m, 16H) ppm. 

13C NMR (101 MHz, D2O-NaOD) δ 179.94, 179.72, 175.39, 173.12, 168.35, 162.77, 159.58, 

157.85, 157.34, 156.42, 104.28, 71.99, 69.80, 69.52, 69.32, 68.98, 68.83, 63.74, 58.71, 

58.37, 57.16, 50.45, 40.62, 39.78, 39.25, 38.69, 30.21, 30.06, 29.66, 29.48, 29.39, 29.17, 

26.89, 26.72, 26.42, 22.64 ppm.  

LC-MS (ESI) Rt = 5.75 min, m/z calc for C66H122N12O23, 1451.8 Da; found 484.83 [M+3H]3+, 

726.6 [M+2H]2+, 737.5 [M+Na+H]2+, 1452.4 [M+H]+, 1473.9 [M+Na]+.   

Synthesis of UPy-cy5: The synthesis of the UPy-COOH has been described previously29, 

UPy-COOH (2.36 mg, 2.08 µmol) was dissolved in DMF (2 mL).  1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 

hexafluorophosphate (HATU, 1.58 mg, 0.00416 mmol) is dissolved in DMF (1 mL) and added 

dropwise to the UPy-PEG12-COOH solution. N,N-Diisopropylethylamine (2.15 mg, 16.6 µmol) 

was added and the solution was stirred at room temperature for 15 min. Sulfo-Cy5-NH2 (2 mg, 

27.0 µmol) dissolved in DMF (3 mL) was added to the solution and stirred for 1 hour at argon 

environment. H2O (containing 0.1 v/v% formic acid, 20 mL) was added to the solution and 

centrifugated (4 min, 3000 rpm) followed by decantation. Ultrapure water was added (20 mL) 

and the product was lyophilized. The compound was purified with preparative RP-HPLC using a 

gradient of 40% ACN in H2O (both containing 0.1 v/v% formic acid). Lyophilization yielded pure 

UPy-Cy5 (1.75 mg, 9.4 µmol, 45%) as a blue solid. This was dissolved in DMSO at 1 mg/mL and 

used from this stock solution. 

ESI-MS: m/z Calc. for C91H149N11O25S2 1861.37; Obs. [M+3H]3+ 621.33, [M+2H]2+ 931.17, 

[M+H]+ 1861.75.  

Synthesis of Hydrogelators UPy-PEG and UPy-RCPhC1:  The hydrogelator UPy-PEG with мn,PEG 

= 10 kg/mol, was synthesized by SyMO-Chem BV, Eindhoven, The Netherlands.[19] Briefly, the 

PEG was added to 1,1’-carbonyldiimidazole (CDI) in dichloromethane, after which excess of CDI 

was removed by precipitation in diethyl ether. This was coupled to 1,10-diaminodecane, 

followed by precipitation in diethyl ether. Solid UPy-isocyanate was added to a solution of 

diamine terminated-PEG in a mixture of 1:1 dichloromethane and chloroform. The UPy-RCPhC1 

was synthesized in a similar manner as described previously by Spaans et al.30 In short, UPy-

hexyl-urea-dodecyl-amine was dissolved in DMSO and N,N-diisopropylethylamine was added, 

whereafter CDI was added. The CDI functionalization was confirmed by RP-HPLC-MS, after 

which the solution was added to RCPhC1 dissolved in DMSO and left stirring overnight at argon 

environment. 

Preparation of radioactively labelled hydrogel precursor 

Two days prior to in vivo injection 20 wt% hydrogel precursors were prepared by dissolving UPy-

PEG (36 µmol, 400 mg), or UPy-RCPhC1 (2.53 µmol, 140 mg) and UPy-PEG (23.2 µmol, 260 mg) 

in 1.6 mL basic PBS (pH 11.7, adjusted with 1 M NaOH) at 70 °C until fully dissolved after 

approximately 1h. After dissolving, the pH was adjusted to 9 and stored in the fridge until the 

following day. The following day, UPy-DOTA compound (1.7 µmol, 2.5 mg) was dissolved at 2 

mg/mL in acetate buffer (pH 4 – 5) at 50 °C for 30 min. The radioactive isotope indium-111-

chloride (107 MBq, Curium, Petten, the Netherlands) was added to the UPy-DOTA dissolved in 
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acetate buffer. This was kept at 70 °C for 1h, after which the chelation efficiency was examined. 

The chelation efficiency varied from 97 – 99%, determined by radio-HPLC and iTLC. After 

chelation, the pH was adjusted to 9 using a 5 M, 1 M NaOH solution. This was then added to 

the hydrogel precursor solutions, where fluorescently labelled UPy-Cy5 (25 nmol, 47 µg) from 

a DMSO stock solution (1 mg/mL) was added .The weight percentage was adjusted to 10wt% 

using basic PBS (pH 9). This was stored overnight in the fridge in the dark until injection the 

following morning. After loading of the six syringes (approximately 200 µL each), the exact 

activity per syringe was quantified using the dose calibrator. 

Preparation of non-radioactively labelled hydrogel 

One day prior to measuring, the hydrogel precursor solutions were prepared by dissolving UPy-

PEG (40 mg, 3.6 µmol), or (14 mg, 0.25 µmol) and UPy-PEG (26 mg, 2.3 µmol) at 20 wt% in basic 

PBS (pH 11.7) at 70 °C until fully dissolved after approximately 1h. UPy-DOTA compound (0.25 

mg, 0.17 µmol) was dissolved in acetate buffer (2 mg/mL, pH 4 – 5) at 50 °C for 30 min, after 

which indium-113-chloride (37.3 µg, 0.17 µmol) was added to the acetate buffer and kept at 70 

°C for 1h. The chelation was confirmed by reversed-column LC-MS. After chelation, the pH was 

adjusted to 9 using 5M NaOH and 1м NaOH solutions. This was added to the hydrogel precursor 
solution, where UPy-COOH (4.7 µg, 2.5 nmol), the non-fluorescent reference of UPy-Cy5, was 

added from a DMSO stock solution (1 mg/mL). The hydrogel precursor solution was adjusted 

to pH 9, at a final weight percentage of 11wt%. As control, UPy-PEG (40 mg, 3.6 µmol), or (14 

mg, 0.25 µmol) and UPy-PEG (26 mg, 2.3 µmol) were dissolved in basic PBS (pH 11.7) at 70 °C 

until fully dissolved. The pH was adjusted to 9, and the final weight percentage was 11wt%. This 

was stored in the fridge until used the following morning. For the rheological measurements, 

hydrogel disks were made in cylindrical Teflon molds (diameter of 8 mm, height of 2 mm). 

Precursor gels (100 µL, pH 9) were pipetted in the molds, and of acidic PBS (10 µL, 13 mM HCl) 

was added, resulting in a final weight percentage of 10wt%. This was left to equilibrate for 

approximately 1.5h before measuring. 

Rheological measurements 

Rheological characterization of the hydrogels was performed on a discovery hybrid rheometer 

(DHR-3, TA Instruments), using a flat stainless-steel geometry with a diameter of 8 mm, with 

gap heights varying from 500 - 1000 µm. Low viscosity silicon oil (47 V 100, RHODORSIL®) was 

used around the hydrogel to limit evaporation during measurements at 37 °C. Frequency sweep 

measurements were performed at ω = 0.1 rad/s to 100 rad/s, at a strain of γ = 1%. Stress-

relaxation was performed at a strain of γ = 1%, over a time span of 500s, where the first 1s of 
measurement time was disregarded. This data was normalized using the highest stress 

generated from this point onwards. Strain-sweep measurements were performed at strains 

between γ = 1 and γ = 1000%, with a frequency of ω =1 rad/s. Time sweeps of 60 s were 

performed in between measurements (data not shown), with a strain of γ = 1% and a frequency 
of ω = 1 rad/s. 

Animals and surgical procedure 

Four Topigs Norsvin pigs (age ∼ six months, weight 60-65 kg) received care in accordance with 

the guide for the care and use of laboratory pigs prepared by the Institute of Laboratory Animals. 

Experiments were approved by the Animal Experimentation Committee of the Medicine Faculty 

of the Utrecht University, the Netherlands. Sedation was mediated by intramuscular infusion of 
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ketamine (10 mg/kg), midazolam (0.4 mg/kg), atropine (0.05 mg/kg), and intravenous injection 

of thiopental (4 mg/kg) via the cannulated ear vein. General anaesthesia was maintained by 

continuous infusion of cist-atracurium (0.1 mg/kg.hr), midazolam (0.4 mg./kg.hr), and 

sufentanil (2.5 µg./kg.hr) via the cannulated ear vein. A thoracotomy was performed to gain 

access to the epicardium and the apex was loosely fixed with a Starfish Cardiac Positioner 

(Medtronic, Minneapolis, MN, USA). Six hydrogel injections, with a total volume of 1.2 mL, were 

performed through a 25-gauge needle. The thorax was closed prior to the first scintigraphic 

scan. 

Short-term in vivo tracking and quantification 

To detect the 111In label serial anterior and posterior total body scans were performed with a 

full field of view gamma scintillation camera with a medium energy general purpose (MEGP) 

collimator (Philips Skylight Gamma Camera System Dual SPECT with Philips JETStream Workplace 

R3.0). Photopeak windows of 20% were set at 174-274 keV. With a scan speed of 10 cm/min 

total body scans were made with a matrix of 512x1024. For static scans of the isolated organs 

a scan time of 300 seconds per scan were used and a matrix of 256x256. The images were 

quantified by identifying the heart, lungs, liver, spleen, kidneys and bladder in the anterior and 

posterior cumulative 174 and 274 keV images as 2D regions of interest (ROI) and determining 

the total number of counts and pixels per ROI. The square root of the total number of counts 

from the ROI obtained from the anterior total body scan and the ROI obtained from the posterior 

total body scan determined the geometric mean of the counts as described by Stratton et al.31 

The geometric mean of the total body ROI was identified as the 100% value to determine the % 

uptake of the 111In signal in each organ.   

Histological analysis 

For immunostaining, hearts were snap frozen and cut into 10 µm sections. Fixation of the tissue 

was mediated by incubation in 100% Acetone for 10 minutes at 4 ºC for 10 minutes before 

permeabilization for 10 min in 1% Triton X-100 in PBS. Heart tissue was then blocked for 1 hour 

in 10% normal whole goat serum (Vector laboratories S-1000-20) in PBS. Sections were stained 

overnight at 4 ºC with sarcomeric 𝛂𝛂-actinin (Sigma Aldrich A7811) after which 1 hour incubation 

with secondary antibody conjugated with Alexa Fluor 488 in combination with nuclear marker 

Hoechst (Life Technologies 33342) was performed. Sections were then mounted in 

Fluoromount-GTM (ThermoFischer Scientific 00-4958-02) before imaging with SP8x Leica 

confocal microscope. 

Statistical analysis 

The in vivo data are expressed as individual animals as the sample size was n=2 per group. 

Statistical analysis was performed per group in which the individual datapoints per scan were 

compared and evaluated with a paired students t-test to compare the biodistribution values at 

the different timepoints past injection per hydrogel. Data analysis was performed using 

GraphPad Prism version 8.0.0 for Mac OS X, GraphPad Software, San Diego, California USA, 

www.graphpad.com. P<0.05 was considered statistically significant. 
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7 

Supramolecular hydrogels as RNAi cardiac delivery 

systems 

 

 

Abstract 

MircoRNAs (miRNAs) are often dysregulated in human diseases, as is known for myocardial 

infarction (MI). The miRNA-15 family is, among others, highly upregulated during MI. Inhibition 

by complementary base pairing (antimiR complementation) can lead to reduction of infarct size, 

inhibiting cardiac remodeling, and enhancing cardiac function. Local delivery, to obtain high 

efficiency and limited side-effects, can be achieved using delivery systems, such as injectable 

hydrogels containing these RNAi therapeutics. The injectable ureido-pyrimidinone (UPy) based 

hydrogels were used as cardiac delivery vehicle of antimiRs. The bifunctional UPy-

poly(ethyelene glycol) (BF UPy-PEG) and a cationic charged UPy-PEG were tested as antimiR 

delivery vehicles in a mouse model. The BF UPy-PEG containing the antimiR showed an enhanced 

cardiac derepression after an induced MI. Therefore, we proceeded towards a large animal 

model (porcine), displaying a high degree of similarities to the human myocardium, to examine 

the therapeutic effectiveness of the hydrogel in combination with the antimiR. The bifunctional 

UPy-PEG was combined with a human collagen type-1 based peptide, conjugated with UPy units, 

which was explored as an antimiR delivery system. This study unveils the efficacy of a UPy-

based hydrogel as an RNAi delivery vehicle, revealing the clinical relevance of the hydrogel 

system in the field of cardiac therapy. 

 

The content described in this chapter is partly based on: 

 

J. E. C. Eding, M. Vigil-Garcia, M. Vink, C. Demkes, D. Versteeg, L. Kooijman, M. H. Bakker, M. 

J. G. Schotman, P. Y. W. Dankers, E. van Rooij, Hydrogel-based delivery of antimiR-195 

improves cardiac efficacy after ischemic injury, in preparation  

 

A. Cervera i Barea, M. J. G. Schotman, K. Neef, E. van Rooij, P. Y. W. Dankers, J. P. G. Sluijter, A 

hydrogel-based RNAi delivery system to improve cardiac efficacy after myocardial infarction, in 

preparation  
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1. Introduction 

RNA interference (RNAi) is a natural occurring process with small RNA molecules inducing 

inhibition of target gene expression or protein translation by complementary binding.1 Small 

non-coding RNAs (20–30 nt), microRNAs (miRNAs) or small interfering RNAs (siRNAs), assemble 

into RNA-induced silencing complexes (RISCs), that can bind to target transcripts and repress 

the target or trigger their degradation.2 About two decades ago this was shown for the first time 

in mammalian cells by Elbashir et al., using an exogenous siRNA that could specifically suppress 

genes in different mammalian cells.3  

miRNAs can regulate multiple target genes by specific sequence hybridization of messenger 

RNAs (mRNAs), which do not require perfect complementarity.4 A single miRNA can therefore 

regulate multiple mRNAs. Dysregulation of these miRNAs can be found in numerous diseases, 

making them interesting candidates for therapeutic use or targets of therapeutics.5  

Van Rooij et al. found that dysregulation of certain miRNA expression contributes to heart 

disease.6 During cardiac hypertrophy, certain miRNAs families were upregulated, leading to 

cardiac failure.789 Manipulation of miR-208 expression could potentially enhance cardiac 

function, which has a significant influence on the cardiac stress response and regulation of 

several miRNAs in the diseased heart.10  

However, these small non-coding RNAs are unstable in serum due to the high degradation 

rate by serum nucleases, resulting in a short half-live in vivo.11 Chemical modification of the 

small RNAs can lead to a significant increase in stability, e.g. by introducing locked nucleic acid 

(LNA) modification, a phosphorothioate backbone linkage at the 3’ end for exonuclease 

resistance, or increasing the endonuclease resistance by 2’ modification.11 Furthermore, an 

RNA-modified complex containing the 4’-thioribose modification showed a stability of 600 

times greater than natural RNA.12  

A miRNA family is a group of miRNAs derived from a common ancestor, often showing 

similar physiological functions.13 One miRNA family that is upregulated in the ischemic region 

during ischemic damage is the miR-15 family (containing the same seed sequence), i.e. miR-

15a, miR-15b,  miR-16-1, miR-16-2, miR-195, and miR-497.1415 Inhibition of these miRNA 

can be performed by chemically modified antisense oligonucleotides, complementary to the 

miRNA (antimiRs). This can inhibit the miRNA by complementary binding.16 Using an 

LNA/DNA-mixmer complementary base-pairing antimiR (antimiR-195, Figure 7.1), miR-16 and 

miR-195 can be inhibited in ischemic hearts, reducing infarct size, inhibiting cardiac 

remodeling, and enhancing cardiac function.14 

Cholesterol-conjugation to a small RNA molecule can increase the cellular internalization, 

due to its biological role supporting the cellular membrane structure and fluidity.17 To increase 

the local delivery of RNAi therapeutics, lipid vesicles18, as well as hydrogels19 are often used. 

Bakker et al. showed that the ureido-pyrimidinone (UPy)-based hydrogel is applicable as an 

RNAi delivery system, with a cholesterol-modified RNAi moiety showing a sustained release, as 

well as increasing the positive-charge density of the hydrogel.20  Furthermore, Wang et al. 

showed a miRNA-release system based on a hyaluronic acid hydrogel, modified with 

β-cyclodextrin and adamantane which initiates gelation based on host-guest interactions.21 
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MiR-302, known to promote cardiomyocyte proliferation after myocardial infarction, was 

modified with a cholesterol group, to improve cellular uptake as well as sustain the release. 

Injection in an infarcted mouse hart led to an increase in cardiomyocyte proliferation, in 

comparison to injection of the miR-302 without the hydrogel carrier.  

 

Figure 7.1 An overview of the miR-15 family, sharing a similar seed-sequence, and the antimiR-195. Image 

obtained from 22. 

 

In this chapter, the compatibility of UPy-based hydrogels as RNAi delivery systems are 

explored (Figure 7.2). Efficacy of these systems was examined in an in vivo rodent model using 

two strategies, i.e. RNAi combined with either the pristine or cationic UPy-based hydrogel. The 

pristine hydrogel is composed of a poly(ethylene glycol) (PEG) chain, end-functionalized with 

two pH-responsive UPy units (BF UPy-PEG). By self-complementary four-fold hydrogen bonding, 

these UPy units dimerize in water. Alkyl-spacers between the UPy and PEG shields the UPy units 

from water, and additional urea moieties induce later stacking of this polymer into fibers. At gel 

concentration, the fibers crosslink and assemble, forming a dynamic network due to the 

reversibility of the interaction crosslinks. In a modular fashion, molecules containing UPy units 

can be introduced to the network, which can intercalate with the UPy-fibers of the BF UPy-PEG 

network.20 Easy injection is facilitated by the pH-responsiveness of this system, with the four-

fold hydrogen bonds being disrupted at basic conditions. This enables injection as basic 

conditions (pH >8.5), whereas gelation is initiated when the system in neutralized (in 

physiological conditions). The cationic UPy-based hydrogel is composed of the BF UPy-PEG in 

combination with a cationic UPy-additive (UPy-amine), which facilitates interaction of the 

encapsulated antimiR within the hydrogel network by electrostatic interactions. This leads to a 

sustained release of the animiR from the hydrogel. The safety of both hydrogels was tested by 

examining certain stress markers after in vivo cardiac injections in a mouse model. Furthermore, 

the efficacy of the BF UPy-PEG as antimiR-195 containing delivery system was explored by 

quantification of the target miR-16 and miR-195, as well as complementary gene targets. 

Moving towards a more representative clinical model, we describe the use of a bioactive variant 

of the UPy-based hydrogel, which is used as an RNAi delivery vehicle in a large animal model 

(porcine). The antimiR-195 therapy was encapsulated in a hydrogel based on the BF UPy-PEG, 

in combination with a collagen type-1 based hydrogel (RCPhC1) conjugated with UPy-moieties 

(described in chapter 3 and Chapter 6). The set-up of the porcine study is described, and several 
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hydrogel properties are determined, i.e. rheological properties, release of the antimiR-195 from 

the hydrogel, and the effect of sterilization.  

 
Figure 7.2 The in vivo injectates of the UPy-based hydrogels, with the BF UPy-PEG base hydrogel and the 

different hydrogel compositions, being cationic adapted UPy-based hydrogel, and the UPy-RCPhC1 hydrogel 

in combination with the BF UPy-PEG, with and without RNAi therapeutics. The type of animal model these 

were tested on is furthermore showed. 

2. In vivo safety and efficacy in rodents 

2.1 Study design 

Two types of hydrogels were used in this study, being the pristine BF UPy-PEG hydrogel and 

a cationic charged UPy-based hydrogel (UPy-Cat), composed of the BF UPy-PEG and a 

UPy-amine. An increase in affinity between the antimiR-195 was proposed for the latter 

hydrogel, due to the electrostatic interactions between the anionic charged antimiR-195 and 

the cationic charged hydrogel.20 Both hydrogels were first injected in healthy mice hearts (2 x 

10 µL) to examine the safety (Figure 7.3A), containing no RNAi therapeutics. By 

echocardiography and tissue collection, fractional shortening and thickness of the anterior or 

posterior left ventricular wall (LVAW or LVPW) were determined 3 days and 7 days post-injection. 

The efficacy of antimiR-195 encapsulated in BF UPy-PEG was examined after the mice were 

subjected to 60 minutes of left anterior descending artery ligation, whereafter during 

reperfusion 2 intramyocardial injections (10 µL each) of PBS or BF UPy-PEG (pristine or antimiR-

195 leaded) were given. By reverse transcription polymerase chain reaction (RT-PCR), target 

miRNAs and target genes were quantified.  
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2.2 Safety study  

The safety of both hydrogels were tested by subjecting the mice to intramyocardial 

injections of the hydrogels, containing no RNAi therapeutics. No significant effects were shown 

upon injection of BF UPy-PEG, considering the echocardiographic results and the cardiac 

stress-and fibrosis markers. The UPy-Cat hydrogel caused an increase in thickness of left 

ventricular anterior wall and left ventricular posterior wall, as well as an increase in cardiac 

stress- and fibrosis markers (Figure 7.3B). A brief inflammatory response was observed after BF 

UPy-PEG injection, determined by RNA-sequencing (results not shown). This indicated a small 

transverse effect of the BF UPy-PEG, which can be caused by the difficulty of injecting in a fast-

beating heart of the mouse, with the viscous fluid being troublesome to inject in such a small 

moving space. Due to the high increase of cardiac stress- and fibrosis markers observed after 

injection of the UPy-Cat, it was decided to continue the therapeutic efficacy studies with the BF 

UPy-PEG hydrogel.  

2.3 Therapeutic efficacy study  

The efficacy of the combined therapeutic delivery system (antimiR-195 and BF UPy-PEG 

hydrogel) was tested on mice after MI induction. PBS or BF UPy-PEG was injected directly after 

MI, either pristine or loaded with antimiR-195, with a total volume of 20 µL (2 times 10 µL, 

Figure 7.3C). AntimiR-195 injection (in PBS or BF UPy-PEG) showed a strong reduction of miR-

16 and miR-195 levels (Figure 7.3D). The target cyclin D1 (Ccnd1) and vascular endothelial 

growth factor A (Vegfa) both showed upregulation for the antimiR in combination with  PBS and 

BF UPy-PEG in combination with the antimiR group (Figure 7.3E). Proliferating cell nuclear 

antigen (PCNA) and Ki67 both show upregulation with the antimiR dissolved in PBS as well as in 

combination with the BF UPy-PEG, indicating cardiomyocyte proliferation (Figure 7.3F). This 

shows that the hydrogel-based delivery after MI enhances the effect of target inhibition and 

increases cardiomyocyte proliferation. However, the effect is not extensive, which could be due 

to the low in vivo retention of the BF UPy-PEG hydrogel, with no hydrogel remnants being 

observed in the cardiac area after 24 hours (Figure 7.3G). The dense myocardial tissue and high 

heart rate of the mice can play a significant role here. Furthermore, small animal models have 

higher basal metabolic rates and different physiology in comparison to humans.23 Therefore, 

we proceeded towards a large animal model (porcine), displaying a high degree of similarities 

to the human cardiovascular physiology24, to examine the therapeutic effectiveness of this 

carrier system. 

 

3. Translation to large animal model 

Findings in small animal models often do not translate into human clinical applications.25 

Zwetsloot et al. showed that treatment with cardiac stem cells led to a significant difference in 

the therapeutic effect post-MI between large and small animal models. Significant improvement 

of ejection fraction in both groups was observed, but there was a large reduction in the 

magnitude of the effect in large animals compared to small animal models.26 This confirms the 

necessity of testing the efficacy on larger animals, with similar heart sizes, cardiac function, as 
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well as coronary circulation when compared to humans.27 The efficacy of antimiR-195 in 

combination with a hydrogel was therefore tested on porcine models. For the porcine animal 

studies, the BF UPy-PEG in combination with the UPy-RCPhC1 (UPy-PEG-RCPhC1) was used, 

which showed a retention of approximately 16% observed after 4h, whereas BF UPy-PEG showed 

a retention of 8% (Chapter 6). The introduction of UPy-RCPhC1 to the system is hypothesized 

to increase the bioactive properties of the hydrogel, therefore possibly increasing the retention 

after injection in the cardiac area due to tissue-adhering motifs. Thus, to examine the efficacy 

of an injectable hydrogel system in combination with the antimiR-195, the UPy-PEG-RCPhC1 

was used.  

 
Figure 7.3 Intramyocardial injection of BF UPy-PEG and UPy-Cat with the schematic overview (A), the stress 

markers Nppa, Myh7, and fibrosis marker Colla2 determined by RT-PCR (B). A schematic overview of 

intramyocardial injection of PBS or BF UPy-PEG without or in combination with antimiR-195 (C), miR-16 and 

miR-195 quantification by RT-PCR (D), Ccnd1 and vegfa (E) and Pcna and Ki67 (F) quantification by RT-PCR, 
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and UPy-PEG determination in cardiac tissue after intramyocardial injection in a healthy mice heart over 14 

days determined by anti-PEG ELISA quantification (G). Adapted from 22. 

3.1 Study set-up 

To assess the effect of the hydrogel in combination with antimiR, the therapy was injected 

in an acute MI model. In a pilot, pigs received either hydrogel, PBS in combination with antimiR, 

or hydrogel in combination with antimiR (n=3 for each condition). The selected therapy was 

injected after induction of a reperfusion injury (I/R injury), during which an artery branch of the 

left anterior descending was occluded for 75 minutes followed by 30 minutes of reperfusion 

(Figure 7.4). A total of 5 injection, 200 µL per injection, were delivered around the boarderzone 

of the infarcted area. Cardiac function was analyzed by echocardiography, determining factors 

such as the ejection fraction, fractional shortening, left ventricular end diastolic volume, left 

ventricular end systolic volume, among others. Furthermore, a heart monitor was placed (Reveal 

LINQTM), which continuously monitored the cardiac function. 28 days post-injection, the animals 

were terminated and further analysis was performed, e.g. histology of the infarcted area and 

RT-PCR quantification of selected target genes. The animal procedures and functional cardiac 

analysis were performed by blinded investigators.  

 

 
Figure 7.4 Time line and injectates used in the porcine study, where three different injectates were examined, 

being the hydrogel, PBS in combination with antimiR, and the hydrogel in combination with the antimiR. The 

I/R injury was induced at time 0 for 75 minutes, whereafter reperfusion took place for 30 minutes. After the 

reperfusion, the therapy was injected in the border zone of the infarcted area. 28 days post-injection, the 

porcine was terminated and the effectiveness of the therapy was examined by a variety of methods. 

3.2 Rheological properties of UPy-PEG-RCPhC1 combined with antimiR-195  

To examine the mechanical properties of the hydrogels upon addition of antimiR, rheology 

was performed. A frequency sweep and amplitude sweep were performed, which showed no 

significant differences in strength upon addition of antimiR. The frequency sweep showed 

gelation at a broad range of frequencies, with a G’ (storage modulus) of approximately 3 kPa at 

low frequencies, which increased upon increasing frequencies, up to ~20 kDa at 100 rad/s 

(Figure 7.5A). An amplitude sweep showed a linear course of G’ and G’’ (loss modulus) until 

approximately 100% strain, whereafter the crossover point indicates the disruption of both 

hydrogels (Figure 7.5B). Altogether, the mechanical properties did not vary upon addition of 

antimiR to the UPy-PEG-RCPhC1 hydrogel, indicating that addition of antimiR showed to have 

no significant effect on the gelation properties of the hydrogel. 
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Figure 7.5 Mechanical properties of UPy-PEG-RCPhC1 hydrogels with and without the addition of anitmiR-

195 (3.5 mg/mL), with the frequency sweep (A), the strain sweep (B) and the antimiR-195 release from the 

hydrogel at two different concentrations, being 3.5 and 24.5 mg/mL (C).  

 

3.3 Release profile of antimiR-195 from the UPy-PEG-RCPhC1 

Whilst RNAi therapeutics have been widely used for myocardial regeneration, the 

concentrations used varies widely with a range from approximately 1–30 mg per animal.28–30 

Extrapolation of the results obtained by van Rooij and co-workers can give insight in the optimal 

concentration regarding porcine studies. The most effective antimiR-195 dosage in the BF 

UPy-PEG hydrogel (with limited side-effects) was 70 µg, injected in a rodent. Conversion of 

dosages based on body surface have been shown to increase clinical trial safety by resulting in 

a conventional starting dose.31 The factors that influence the scaling between animals are lower 

metabolic rates for larger animals, as well as slower physiological processes. This suggests that 

large animals require smaller drug dose based on weight.32 

To further explore the properties of the hydrogel in which antimiR-195 is encapsulated, the 

release profile of the antimiR-195 from the hydrogel is examined in vitro. Two different 

concentrations of antimiR-195 are encapsulated that fall within the concentration range found 

in literature, being 3.5 mg/mL and 24.5 mg/mL, to clarify possible concentration dependency.  

The hydrogel precursor (pH ~8.7) containing the antimiR was added in inserts with a 

semi-permeable membrane, which were put in a well containing PBS (pH 7.4) to be left to 

equilibrate to a neutral pH. The accumulative release was determined by refreshing the PBS 

solution at several predetermined time points. A molecular beacon was used for precise 

concentration determination of the antimiR. Here, a stem is designed with 5 complementary 

base pairs, functionalized with a fluorescent probe (6-FAM) and a quencher. The loop sequence 

is designed complementary to the antimiR-195 sequence, which will lead a disruption of the 

stem sequence and an enhanced fluorescent signal. The release was examined over a time span 

of 14 days, whereafter the hydrogel was dissolved and examined on antimiR remnants. A burst 

release of antimiR is observed for both concentrations, where a 50% release is obtained after 

approximately 5 and 15 hours for the 24.5 and 3.5 mg/mL, respectively (Figure 7.5C). There 

are many potential explanations for this burst release. The transition from the sol-state to the 

gel-state (pH 8.7 to neutral pH) is not instant, allowing the antimiR to move more freely in the 
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viscous liquid. This increases the antimiR release when still in the sol-state. The swelling of the 

hydrogel can increase the pore-size, and therefore enhance mobility and release of the antimiR. 

Furthermore, the antimiR is highly water-soluble and is hypothesized to have a low affinity with 

the hydrogel network, as it is not anchored to the network by complementary binding. During 

the first days, a slightly slower release is observed at the lower concentration. These results 

indicate that, independent of concentration, a burst release will occur, and only small 

differences can be observed regarding the release of the two tested antimiR concentrations from 

the hydrogel.  

Based on these findings as well as previous results obtained from the rodent studies, a 

similar concentration to the rodent study was selected (3.5 mg/mL, 1 mL total), being 

furthermore within the observed range found in literature.  

3.4 Polymer sterilization 

The hydrogel precursors (BF UPy-PEG as well as UPy-RCPhC1) were sterilized by ethylene 

oxide (EO), carried out by STERIS (Venlo, the Netherlands). 1H-NMR spectra did not show 

significant differences between the BF UPy-PEG polymer before and after sterilization, with no 

additional peaks being observed after sterilization (Figure 7.8). Furthermore, the chromatogram 

did not show significant differences, indicating a molecular weight (Mn) of 2155 before, and 

2031 after sterilization, showing no sign of degradation (Figure 7.6A). For the UPy-RCPhC1 

polymer, the 1H-NMR spectra showed no additional peaks after the sterilization process (Figure 

7.9). The Qtof spectra showed similar chromatograms for the UPy-RCPhC1 polymer before and 

after sterilization (Figure 7.6B). Lastly, hydrogel precursors were prepared by mixing both 

polymers in basic PBS, with a final pH of approximately 8.7. The viscosity of the sterilized and 

non-sterilized hydrogels were examined, with viscosities of 0.58 Pa.s and 0.52 Pa.s on average 

for the non-sterile and the sterile hydrogel, respectively (Figure 7.6C). This shows no significant 

difference between both groups. These results indicate that the EO sterilization process has no 

adverse effect on the polymers and they remain stable.  

 
Figure 7.6 Characterization of BF UPy-PEG and UPy-RCPhC1 after sterilization, with an overlay of the 

chromatograms of BF UPy-PEG before (red) and after EO (green) (A), an overlay of the chromatogram of UPy-

RCPhC1 before (red) and after EO (green) (B), and overlay of the viscosities at a pH of ~8.7 of the hydrogel 

precursors before (red) and after EO (green) (C), data is represented as ±SD, n=2. 
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3.5 Viscosity change after preparation 

The viscosity of the UPy-PEG-RCPhC1 hydrogel is of great importance for the injectability 

and handling of the hydrogel, with higher viscosity leading to a more troublesome syringe 

loading and injection (due to a higher resistance of the hydrogel). Therefore, the viscosity as 

well as the pH (known to be of influence on the viscosity), is examined after preparation of the 

hydrogel over a time span of several days. The viscosity of the hydrogel increases significantly 

over time (Figure 7.7), with a viscosity of approximately 0.65 Pa.s at shear rate of 50 s-1 at day 

one, whereas after three days the viscosity is approximately 0.79 Pa.s at a shear rate of 50 s-1. 

At five and eight days after preparation, the viscosity is further increased to 0.92 Pa.s and 1.35 

Pa.s at a shear rate of 50 s-1, respectively. The pH remains relatively stable over time. The 

frequency sweep and relaxation time show that the hydrogel network displays dynamic 

properties. This can indicate structural rearrangement over time, with a higher crosslink density 

being obtained due to continuous rearrangement. These results show the importance of the 

duration between preparation and injection, with the viscosity of the hydrogel increasing 

steadily over time. Therefore, for further experiments the time between preparation and 

injection is kept constant.  

 
Figure 7.7 Viscosity measurements of UPy-PEG-RCPhC1 in the sol-state prepared at a pH of ~8.7, with the 

time-points of examination being 1, 3, 5, and 8 days after preparation.  

4. General discussion 

This study demonstrates the design and applicability of supramolecular hydrogels as RNAi 

drug carriers in the field of cardiac regeneration. The safety and efficacy of two types of 

UPy-based hydrogels were examined in a rodent model, being the BF UPy-PEG and the UPy-Cat 

hydrogel. Rodents are easy in handling, and have low maintenance costs in comparison to larger 

animals. The in vivo response to injectate therapeutics can therefore be screened in rodent 

models as a first step towards clinical applications.24 The UPy-Cat hydrogel displayed a 

sustained release of the RNAi therapy due to electrostatic interactions between the cationic 

charges present in the hydrogel, and anionic charges of the RNAi drug.20 This hydrogel 

displayed adverse cardiac response in a healthy mouse heart, revealing the side-effect of 

introducing a positively-charged system in an in vivo model. The BF UPy-PEG hydrogel in 

combination with the antimiR-195 displayed a small enhancing effect on target inhibition and 
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increase of cardiomyocyte proliferation. This model enabled an initial screening of the safety 

and efficacy of the hydrogel, taking a step towards clinical translation. While numerous of 

studies describe the efficacy of a drug encapsulated in a hydrogel tested on a rodent model33–

35, the effects it will have on a large animal or human heart is difficult to predict. 

Large animal models display a high degree of similarities in comparison to the human 

myocardium, as shown in porcine models. A porcine coronary model is often used for studying 

cardiovascular diseases, with similar coronary artery system to human coronary arteries, as well 

as similar diagnostic and interventional equipment being utilized.36 Therefore, there is a 

necessity in examining the hydrogel in larger animal models.  

Further efficacy of the UPy-based hydrogel and RNAi therapy was performed on porcine 

models. Here, the BF UPy-PEG in combination with the UPy-RCPhC1 (UPy-PEG-RCPhC1) was 

used as a therapeutic RNAi carrier. This hydrogel showed an approximate cardiac retention of 

16% after injection in a healthy porcine heart (Chapter 6). The introduction of UPy-RCPhC1 to 

the system was hypothesized to increase the retention after injection, due to tissue-adhering 

motifs present in the peptide backbone. The retention of the UPy-PEG-RCPhC1 hydrogel in 

combination with the RNAi therapeutics, after injection in an infarcted cardiac porcine model, 

is hypothesized to be similar as displayed in a healthy porcine heart. 

The timing of therapeutic injection after MI is clinically relevant, which was examined by 

several studies.37–39 Here, the therapeutic injections take place directly after MI induction. This 

increases the animal welfare, with the number of necessary anesthesia being lower in 

comparison to delayed therapy. However, this excludes the examination of deferred therapy, in 

which days or weeks post-infarction, therapy is administered. Injection during the inflammatory 

phase (~0-7 days post-infarction) is hypothesized to increase the hydrogel degradation, due to 

the collagenase and gelatinase activity being highly upregulated.40 Furthermore, at the early 

stages of the inflammatory phase, the myocardial interstitial is still well preserved, which 

modifies further over time.41 The myocardium is therefore still quite dense, which upon injection 

is hypothesized to give the hydrogel a more spread-out character between these fibrillar 

bundles of interstices.38 Injection during the proliferating phase (~7-28 days) can limit the ECM 

remodeling and stimulate the infarct repair, before extensive scar thinning and non-reversible 

dilation occurs.42,43 Furthermore, after an acute infarct the border zone of the infarct is less 

facile to locate, with only slight differences in color between healthy and infarcted tissue. During 

the studies, experienced technicians could frequently locate the infarcted area by eye. The 

extent of the infarct was intermittently difficult to observe, with the therapeutic injections being 

placed in the border zone, which is the optimum location for therapeutic injection for contact 

with viable myocardium.44  

Many reports in literature further describe the high cellular redistribution accumulating in 

the lungs after cardiac injection, due to the high microvasculature and capillary system45,46 (as 

also shown in Chapter 6). Possible side-effects that can result from myocardium injectate 

therapy should be taken into account, with the therapy content redistributing to the 

microvasculature of the lungs causing off-target effects.  

Other studies report varying concentrations of RNAi therapeutics, with concentrations 

ranging from 1 to 30 mg per animal.28–30 An additional study to optimize the concentration 
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applicable for a porcine model could give further insight in the effectiveness considering RNAi 

therapeutics. However, due to restrictions in time and the extensiveness of the study, a 

concentration was used, which was translated from the mice study. This concentration falls in 

the range found in literature.  

While the current study was performed by injecting the hydrogels transepicardial at 5 

different locations, after a thoracotomy, for future studies a less invasive manner of injection is 

aspired, i. e. by catheter in a transendocardial manner. By actively tracked real-time magnetic 

resonance (MR) guidance, the catheter location from tracking coils present in the tip of the 

catheter can be visualized in vivo, and a high resolution 3D anatomical ‘roadmap’ scan can place 

the catheter tip in this roadmap.47 This enables accurate transendocardial injections to be placed 

in the myocardium, which was shown to be feasible with the BF UPy-PEG based hydrogel. A 

supramolecular label was added to the hydrogel with a gadolinium-moiety to enable MR 

visualization in vivo after injection.48 This shows the applicability of minimal invasive delivery 

of the UPy-based hydrogel.   

5. Conclusion  

In this work, we showed the applicability of UPy-based supramolecular hydrogels as RNAi 

delivery systems for cardiac therapy. In mice, a small increase in functional output with an 

enhanced effect of target inhibition and increase of cardiomyocyte proliferation was observed 

for the BF UPy-PEG combined with RNAi, upon injection in an infarct. Translation towards large 

animal studies are important to further elucidate the efficacy of the UPy-based hydrogels as 

RNAi delivery system. Here, a more bioactive variant of the supramolecular hydrogel, being UPy-

RCPhC1 in combination with the BF UPy-PEG, was tested as an RNAi therapeutic delivery vehicle 

in a porcine heart, which is hypothesized to increase the functional cardiac output in comparison 

to only the RNAi therapeutics. This supramolecular delivery system is envisioned to display 

advantages over current cardiac therapeutics, i.e. displaying increased functional cardiac 

output, with only one surgical procedure necessary, and a less invasive potential use by delivery 

through a catheter. 

 

Experimental section 

Materials 

All reagents, chemical, materials and solvents were obtained from commercial sources and were 

used as received. FujiFilm Manufacturing Europe B.V. kindly provided us the Cellnest, a 

recombinant peptide based on human collagen type I (RCPhC1), which was used without further 

purification. The antimiR-195 was kindly provided by prof. dr. Eva van Rooij. Molecular beacon 

was ordered (IDT, USA) with the following structure: 56-FAM/CAT GCA GCA GCA CAG AAA TAT 

GCA TG/3IABkFQ. The molecular beacon (MB) was aliquoted and stored at -30 °C  in 10 mM 

Tris-HCl, 1 mM EDTA (MB) buffer prepared with nuclease free water (Sigma Aldrich), pH 8 at a 

concentration of 100 µM. The molecular beacon solution was thawed before used. For dilution 
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of the supernatant release solution to determine the antimiR quantity, a magnesium (Mg) buffer 

was prepared, containing 10 mM Tris-HCl 11.5 mM MgCl2, prepared with nuclease free water.  

Instrumentation 

MiliQ water was purified on an EMD Milipore Mili-Q integral Water Purification System. 

Reverse-phase high-performance liquid chromatography-mass spectrometry (RP-HPLC-MS) 

was performed on a Thermo scientific LCQ fleet spectrometer. 1H-NMR spectra were recorded 

on a Varian Mercury Vx 400 MHz or Varian 400MR 400 MHz spectrometers. Gel permeation 

chromatography (GPC) was performed on a Shimadzu Prominence-I GPC system, equipped with 

a differential refractive index detector, equipped with a PL gel 5 µm mixed D column (Polymer 

Laboratories) and THF as an eluent at a flow rate of 1 mL/min to examine the purity of the BF 

UPy-PEG moiety before and after sterilization. Waters Xevo G2 Quadrupole Time of Flight (QToF) 

Liquid Chromatography – Mass Spectrometry equipped with an Agilent Polaris C18A reverse 

phase column was used to examine the purity of the UPy-RCPhC1 derivative before and after 

sterilization. Rheological measurements were performed on an Anton Paar Physica MCR501 

rheometer, equipped with a P-PTD 200 evaporation blocker to prevent sample drying to 

examine the gelation as well as the viscosity of the gel state UPy-PEG-RCPhC1 solution before 

and after sterilization. Fluorescence measurements of the molecular beacon was performed on 

a Spark M10 multimode plate reader. 

Hydrogel preparation 

The BF UPy-PEG with мn,PEG = 10 kg/mol, was synthesized by SyMO-Chem BV, Eindhoven, The 

Netherlands. Brief synthetic procedures of BF UPy-PEG and UPy-RCPhc1 can be found in Chapter 

6. A total amount of 30 mg of the UPy-RCPhC1-5 and UPy-PEG were weighted at a molar ratio 

of 1 : 9 (10.5 mg, 195 nmol UPy-RCPhC-5; 19.5 mg, 1740 nmol UPy-PEG).  Basic PBS was added 

at 11 wt% (243 µL, pH 12, adapted with 1 M NaOH) and the compounds are dissolved at 70 °C 

for 1 hour. For rheological measurements, hydrogel disks were made in cylindrical Teflon molds 

(diameter of 8 mm, height of 2 mm). Precursor gels (100 µL) were pipetted in the molds, and 

acidic PBS (10, µL 13 mM HCl) was added, resulting in a final weight percentage of 10wt%. This 

was left to equilibrate for approximately 1.5h before measuring. A plate-plate geometry was 

used (8 mm diameter), using a gap distance of 1mm.  

Rheological measurements 

A plate-plate geometry (PP08, 8 mm diameter) was used for to measure the UPy-PEG-RCPhC1 

hydrogels with a gap size of 1 mm. The storage and loss moduli were recorded as a function of 

angular frequency (0.1 – 100 rad/s), of which 0.1 – 10 rad/s was plotted in a graph at 1% strain, 

as a function of strain (1-1000%) at 1 rad/s, and recovery at 1% strain, and 1 rad/s. 

Measurements were performed in duplicate, of which one measurement was plotted. The 

viscosity was determined using the cone plate geometry (25 mm, 1°) at a measuring distance 

of 49 µm. The UPy-PEG-RCPhC1 in sol state was pipetted on the plate and the sample was 

trimmed after lowering the cone plate geometry. The samples were measured at room 

temperature, and the viscosity was measured at different strain points, with an increasing 

logarithmic strain slope of 0.1 to 100 s-1. The viscosity was measured 1, 3, 5, and 8 days after 
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preparation. After preparation and in between measurements, the hydrogelator was stored in 

the fridge at a temperature of 7 °C. Measurements were performed in duplicate.  

 

AntimiR release measurements  

The desired quantities of antimiR was pipetted into the viscous liquid precursor UPy-PEG-

RCPhC1 solution (pH ~8.7), that was adjusted to a final wt% of 10. This was stirred for an 

additional 15 minutes after antimiR addition. The hydrogel precursors were then pipetted with 

a volume of 100 µL in Millicell plate inserts (for 24-well plate, 8 µm pore size), and put in a 24-

well plate with neutral PBS (600 µL). Empty wells were filled with miliQ to prevent the gels from 

drying out and the plate was sealed off with parafilm and put in an oven at 37 °C. At set time 

points, the PBS was refreshed analyzed for antimiR content. The antimiR concentration was 

determined by taking the supernatant PBS solution and diluting it 10 and 25x (with Mg buffer) 

for the 3.5 and 24.5 mg/mL, respectively. The molecular beacon was added to the supernatant 

dilution (1 µM concentrations in MB buffer) at a 1:1 v/v ratio. The concentrations were 

determined by predetermined calibration curves, and each condition was performed in 

triplicate.  

Sterilization 

Sterilization of the polymers was performed by STERIS (Venlo, the Netherlands). The polymers 

were placed in 12 mL glass vials in predetermined weight, so that weighing after sterilization 

was not necessary. The vials were placed in sterilisation pouches, with the cap on loosely, so 

that the gas can infiltrate the polymer. After sterilisation, intactness of the polymers is examined 

by 1H-NMR spectroscopy, GPC, quadrupole time-of-flight LC/MS (Qtof), and rheology for 

viscosity examination.  
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Figure 7.8 1H-NMR characterization of UPy-PEG before (red) and after (green) sterilization. 
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Figure 7.9 1H-NMR characterization of UPy-RCPhC1 before (red) and after (green) sterilization. 
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1. Introduction 
Hydrogels have shown to be a powerful tool in the cardiac regenerative field, due to their 

easy tunable chemical, physical and mechanical properties; all of which can provide structural 

support, increase the cellular retention, drug efficacy, or stimulate cellular infiltration in the 

effected cardiac environment.1–4 The field of cardiac therapy demands biomaterials that offer 

biocompatibility, easy injectability to minimize invasiveness, and withstand the harsh and 

complex response of the cardiac environment. Supramolecular hydrogels show to be ideal 

candidates, displaying easy modification ability and often high dynamicity and reversible cross-

link ability.5 These highly adaptable hydrogels display exceptionally versatility, offering to key-

tools to develop regenerative solution in the field of cardiac regeneration. In this epilogue, the 

approaches examined in this thesis are summarized, and are put into context in the field of 

cardiac regeneration. Future directions and further adaptation strategies are given, considering 

the supramolecular ureido-pyrimidinone (UPy) based hydrogels. A cardiac patch is introduced, 

which can be applied onto the heart using an adhesive UPy-based hydrogel. Furthermore, 

motivated by Chapter 5, the development of a nanosized delivery system is discussed, in which 

a UPy-based hydrogel can be encapsulated to provide an increased sustained release. Lastly, 

the importance of structural elucidation by cryogenic transmission electron microscopy is 

highlighted. 

Main achievements  

In this thesis, the modification and applications of supramolecular hydrogels based on 

ureido-pyrimidinone (UPy) materials have been described. Research on UPy-based hydrogels 

showed their applicability as drug delivery candidates6–8, extracellular matrix mimicking 

structure9,10, and for in vivo visualization11. Development of novel hydrogels by molecular self-

assembly, which properties can be adapted and fine-tuned, show promising solutions for 

cardiac regenerative therapies. Implementation of bioactive moieties in hydrogels can facilitate 

cellular encapsulation and protection from the external environment for optimal cardiac delivery 

of viable cells12, whereas mechanical properties of hydrogels (e.g. stiffness and viscosity) are of 

great importance for the effectiveness of the injected therapy.13–16 Careful considerations 

regarding the material design need to be made, to obtain an optimal therapeutic effect. Different 

design strategies of UPy-based hydrogels are introduced (Chapter 3, Figure 8.1i), in which a 

collagen based peptide conjugated with UPy moieties displayed highly tunable hydrogel 

properties when combined with a bifunctional UPy unit. Furthermore, a UPy-based library was 

introduced, where monofunctional UPy units were conjugated with single amino acids, which 

displayed large differences in aggregation behavior and gelation properties, to which cellular 

adhesion studies elucidated differences in cell-count and morphology. This chapter provided 

insight in the assembling behavior of the hydrogels, and displayed the flexibility of the hydrogel 

design. In the context of previous research, these findings displayed the large influence of small 

synthetic modifications leading to extensive differences in assembly and structural behavior.  

In nature, dynamicity and adaptability play a key role in biological systems. Previous 

research displayed the dynamicity of material-ligand dynamics in the UPy-based 

hydrogels.9,17,18 Here, the dynamicity based on differing types of interaction is further explored, 
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with the analysis of three host molecules (Chapter 4, Figure 8.1ii), designed to interact with the 

host network based on the bifunctional UPy units. A complementary UPy guest molecule, and 

two guests based on hydrophobic interactions, i.e. cholesterol and dodecyl, were introduced to 

the host network. These guest molecules in solution displayed significant differences in cellular 

absorption and membrane interaction, whereas dynamics of the guest molecules within the host 

network displayed differences furthermore, indicating a varying binding affinity of each guest 

to the host network. The interaction mechanisms between the guests and host network still 

requires elucidation. This paves the way for the development of a generic ‘mix and match’ 

approach, adapting the bioactive properties, and release rate for a variety of drug molecules, 

dependent on the necessity for the envisioned disease.  

The versatility of the UPy based hydrogel is demonstrated by encapsulation of the hydrogel 

in giant unilamellar vesicles, mimicking the crowded marcomolecular intracellular structure 

(Chapter 5, Figure 8.1iii). This resulted in a synthetic cellular platform, of which the 

encapsulated hydrogel displayed viscoadaptive behavior by pH-adaptation. While the 

intracellular crowded environment was mimicked in a fully synthetic cellular approach in 

previous studies19,20, here the proposed system displays a complex but easy tunable 

viscoadaptable platform allowing investigation of different intracellular biochemical processes, 

serving great potential in the field of synthetic biology.  

While a high number of injectable hydrogels are used in cardiac regenerative therapy21–24, to 

our knowledge, the fate of the hydrogel after cardiac injection is a factor which is overlooked. 

A supramolecular labeling method was developed (Chapter 6, Figure 8.1iv), where a 

monofunctional UPy unit, complexed with a radioactive tracer was combined with the 

bifunctional UPy-based hydrogel. Furthermore, the bioactive and adhesive properties of the 

hydrogel were increased by implementation of a collagen based peptide conjugated with UPy 

moieties (UPy-RCPhC1). This enabled in vivo visualization of the hydrogel retained at the site of 

injection, and redistribution of the hydrogel. In a healthy porcine heart, a retention of 8% was 

observed for the bifunctional UPy-based hydrogel over a time span of 4 hours, whereas addition 

of the UPy-RCPhC1 displayed a retention of 16% over time. This highlights the importance of 

retention elucidation at the target side, which can greatly influence the efficacy of the injected 

therapy. The applicability of the UPy based hydrogels as an RNA interference delivery system is 

exploited (Chapter 7, Figure 8.1v), in which injection of the UPy-based hydrogel in combination 

with RNAi in an infarcted rodent heart displayed promising. Further efficacy examination in a 

infarcted porcine study, injecting the RNAi therapeutics encapsulated in a bifunctional UPy-

based hydrogel in combination with the UPy-RCPhC1, will elucidate the relevance of the UPy-

based hydrogel system as a drug delivery platform in the field of cardiac regeneration.  

Myocardial infarction is one of the main causes of death worldwide25, which is why the 

demand for cardiac regenerative therapies is so high. When designing materials for cardiac 

regeneration, a high number of studies focus on regarding only the indirect cardiac parameters 

when injecting therapeutics in the myocardial infarct site.26–28 While these parameters are of 

great importance to examine the cardiac output, an enhanced therapeutic efficacy can be 

obtained when a deeper understanding is created on the necessary quantity and material 

properties for an enhanced therapeutic effect. Inherent cardiac factors such as cardiac pulsation 
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and myocardial infarct regeneration greatly affect the retention of materials, but inherent 

material properties, such as hydrogel stiffness, regeneration, viscosity, injection volume, and 

affinity with the tissue play a significant role in the therapeutic efficacy as well (Chapter 2). While 

hydrogel stiffness13–15,29, and optimal volume determination15,29–32 are factors studied in 

previous research, further elucidation on quantitative retention after cardiac injection is 

necessary to determine the absolute volume necessary for cardiac functional outcome. 

Furthermore, this can give insight in finding the optimal dosage for drug-carrier systems. As 

showed in Chapter 6, high redistribution of the injected hydrogel in the myocardium can occur, 

which enhanced the change of possible unwanted side-effects. This study furthermore 

demonstrates the necessity of understanding the factors which influence the material retention.  

Altogether, our results indicate that UPy-PEG hydrogel is highly tunable and versatile, 

allowing for visualization in vivo, and providing a valuable delivery platform in the field of 

cardiac regeneration.  

 

Figure 8.1 Overview of the approaches presented in this thesis, with the BF UPy-PEG as a base material, with 

several chemical modifications and adaptations of the UPy-based system presented, as well as applicational 

focuses, being hydrogel tracking and RNAi encapsulated in hydrogel delivery.  

2. Further adaptation strategies 
2.1 Adhesive hydrogel loaded patch 

In chapter 6, the retention of the pristine UPy-PEG as well as the RCPhC1 modified UPy-PEG 

was shown in a pilot, which was approximately 10 and 20%, respectively. Even though these 

results were promising, a high amount of hydrogel flush-out from the site of injection was 

observed which can cause off-target effects. In chapter 2, the factors that could influence this 

hydrogel/drug retention are discussed in great detail, with several factors including the cardiac 

pulsation, tissue density, and hydrogel properties could be of influence on these retentive 

properties. Adaptation to the material is the most straight-forward method for enhancing the 

retention of the hydrogels. Catechol-modification could possibly lead to an enhancement of 

adhesion, with the catechol unit functioning as an additional crosslinking moiety and increasing 
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the cohesion and adhesion of the polymer.33 These catechol groups show to have great promise 

in the field of bio-inspired adhesives or coatings, with high adhesion properties in wet 

conditions.34 The interaction that catechol-groups establish are non-covalent as well as 

covalent, with a high tendency to form hydrogen bonds, π-π interactions, as well as covalent 

attachment most likely based on Michael-type addition, however, a clear understanding on the 

reaction mechanism is still lacking.35 Oxidation of catechol’s promote crosslinking reactions 

that stimulates the cohesive properties36, with the chemical oxidant sodium periodate mediating 

the oxidation process.37 This makes the catechol moiety an interesting molecule for the 

fabrication of adhesive hydrogels, as stated in several studies.38–45 The multiblock PEG-based 

copolymer, with the UPy-moieties being contained in the backbone (chain-extended UPy-PEG), 

revealed to obtain strong hydrogels with high strength recovery at large deformation.46 By end-

functionalization of these polymers with catechol-groups, adhesive and cohesive properties 

were introduced to the polymer (Figure 8.2A).  

Cardiac patches have shown great potential for cardiac regenerative therapy47, but often 

these patches are sutured to the myocardium, inducing additional damage to the infarcted 

area.48,49 A biocompatible adhesive hydrogel layer could be introduced to a patch, avoiding this 

additional cardiac damage. The CE UPy-PEG-Catechol polymer was dissolved in slightly basic 

PBS (~pH 8) and subsequent addition of sodium periodate led to the formation of a strong 

hydrogel. The adhesion of this hydrogel was examined by addition of this precursor hydrogel 

solution to an electrospun supramolecular patch, composed of chain extended UPy-

poly(hexamethylene carbonate) (CE UPy-PC, Figure 8.2B) providing mechanical strength. A small 

amount of sodium periodate was added to the patch, whereafter addition of the CE UPy-PEG-

Catechol was added. The hydrogel containing patch was added to an ex vivo pre-wetted mouse 

heart after subsequent addition of sodium periodate to the gel-layer for adhesion examination 

(Figure 8.2C). After 15 minutes, the hybrid patch showed to adhere to the prewetted mouse 

heart. These preliminary results show the applicability of this hydrogel system to adhere to wet 

tissue, functioning as an adhesion barrier. Furthermore, therapeutics can be introduced to this 

hydrogel, therefore serving as a multicomponent system.  

However, oxidation of the catechol-groups can lead to additional reactions taking place 

between amines, amino acids, and proteins.50 Pre-addition of amine-containing, amino-acids 

or protein-based therapeutics pre-gelation could therefore lead to covalently cross-linked 

therapeutics in the hydrogel network, significantly limiting the release of the therapeutics from 

the hydrogel. Therapeutic introduction to the hydrogel can take place post-gelation, but this 

previously showed a rather low encapsulation efficiency. Furthermore, the chemical crosslinking 

mechanism using chemical oxidant sodium periodate occurs relatively fast (sub-minute range), 

limiting the time of injectability as well as the inherent dynamic nature of the pristine chain 

extended UPy-PEG polymer.  
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Figure 8.2 A schematic of the adhesive patch for cardiac therapy, containing an adhesive layer and structural 

supportive layer (A), with the chemical structure of the chain-extended UPy-PEG end-functionalized with 

catechol-moieties (CE UPy-PEG-catechol) and chain-extended UPy poly(hexamethylene carbonate) (CE UPy-

PC) (B). The step-by-step patch + hydrogel adhesion is shown, with the pre-pasting patch + gel and the 

mouse heart (1), the patch + hydrogel after 15 minutes of curing to the heart (2), the removal of the patch + 

hydrogel construct from the heart after curing (3), and the patch + hydrogel and heart after the removal of 

the patch (4) (C).  

 

Previous work by Putti et al. showed the fabrication of a coaxial electrospun UPy-based 

mesh, with the core consisting of the CE UPy-PC, whilst the shell consists of the hydrophilic CE 

UPy-poly(ethylene glycol) (CE UPy-PEG).51 Drug release experiments were performed, in which 

the drugs were encapsulated in the CE UPy-PEG shell layer during the electrospinning process. 

A sustained release was observed from encapsulated hydrophobic drugs, whilst highly water 

soluble drug underwent a burst release. This showed the possible use of this system as a drug-

delivery vehicle, for which the CE UPy-PEG-Catechol can function as an adhesive barrier between 

the mesh and myocardium. Cardiac therapeutics encapsulation in the CE UPy-PEG-Catechol 

hydrogel can further enhance the therapeutic efficacy of this hybrid mesh.  
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2.2 Hydrogel-loaded nanoparticles  

The BF UPy-PEG hydrogel was able to be encapsulated in a facile manner in giant unilamellar 

vesicles, as shown in Chapter 5. This further highlighted the applicability of this system as an 

synthetic cell-like vehicle and drug delivery system. Overall, lipid-based particles are 

considered promising candidates as cardiac therapeutic delivery systems, as they show similar 

morphologies compared to cell membranes and can deliver therapeutics such as peptides, 

protein, and nucleic acids.52–55. Polymersomes show an enhanced stability compared to 

liposomes, with a thicker membrane and the chemical versatility of polymers which allows for a 

wide range of modification to the polymersomes, tuning the grafting, permeabilty, and 

stability.56  

Polymersomes have been previously demonstrated as synthetic organelles, which function 

as autonomous nanoreactors when encapsulated in synthetic cells57, as well as be sub-

compartmentalized in protocells, from which digestive enzymes were able to be restrained in 

the lipid bilayer of the polymersome58. The applicability of these particles reaches the field of 

drug delivery, from which the disassembly of the polymersomes can be controlled by tuning the 

pH.59 Hydrogel encapsulation in these polymersomes can further lead to a highly tunable 

release, increasing the retention and sustained release of drugs present this system.  

To provide preliminary results, a preparation method to obtain hybrid hydrogel 

encapsulated polymersomes was conducted. Using the well-established direct hydration 

methodology, the poly(ethylene glycol)-b-poly(caprolactone-gradient-trimethylene carbonate) 

(PEG-PCLgPTMC) polymersomes were assembled. The BF UPy-PEG hydrogelator at basic 

conditions was added during polymersome self-assembly (Figure 8.3A). After neutralization, 

the particles were analyzed by dynamic light scattering (DLS, Figure 8.3B) and cryogenic 

transmission electron microscopy (cryo-TEM). Whilst DLS showed an average size of 190 nm, 

with a polydispersity index of 0.22, cryo-TEM micrographs showed individual particles and high 

particle clustering, with similar preparation methods at different preparation times showing a 

large variability in cryo-TEM micrographs (Figure 8.3C). The reproducibility of this system is 

therefore limited. The individual particles showed no clear sign of hydrogel encapsulation, but 

a synergistic interaction effect between the PEG-PCLgPTMC and BF UPy-PEG was hypothesized. 

These results illustrate the crosslinking complexity of two supramolecular polymers, in which 

further elucidation of the structure and interaction mechanism could lead to an optimized 

protocol for these hybrid particles. Furthermore, some aggregates observed by cryo-TEM show 

a similar morphology to organelle structures. A possible combination of these synthetic 

organelle with the synthetic cell-like system presented in chapter 5 can give rise to further 

developments regarding synthetic cell-like systems. However, optimization and reproducibility 

of these polymersome and hydrogel hybrid system is crucial. 
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Figure 8.3 Hybrid particles of BF UPy-PEG and PEG-PCLgPTMC, with a schematic overview of the preparation 

method by the direct hydration method, and chemical structures from which the hybrid polymersome particles 

were prepared (A), hydrodynamic size distribution by intensity of the particles after preparation, measured 

by dynamic light scattering (B), and cryogenic transmission electron micrographs of the hybrid BF UPy-PEG 

and PEG-PCLgPTMC, each micrograph presenting different preparation days, scale bar represents 500 nm 

(C).   

3. Cryogenic transmission electron microscopy as structural 

elucidation method  
“One studies a complex system by dissecting it out physically, chemically, or (…) 

enzymatically, and then tries to obtain a detailed picture of its parts by X-ray analysis and 

chemical studies, and an overall picture of the intact assembly by electron microscopy” (Sir 

Aaron Klug, nobel prize laureate 1982). Klug received his Nobel prize for his development of 

the crystallographic electron microscopy and structural elucidation of nucleic acid-protein 

complexes. Even though his work focused on the structural elucidation in the field of molecular 

biology, this quote is, in my opinion, applicable to the field of supramolecular chemistry as well, 

with transmission electron microscopy (TEM) playing an important role for clarifying structural 

compositions. By using cryogenic TEM (Cryo-TEM), the structure of materials can be determined 

in liquids with a (sub)nanometer resolution and subsecond time resolution.60 By plunge freezing 

a thin layer of liquid on a support grid, the chemical assembly and formation process in solution 

of a reaction can be observed.61 Furthermore, this can be observed in an unstained frozen-

hydrated state, which avoids staining and dehydration artifacts. Besides techniques such as 

nuclear magnetic resonance, gel permeation chromatography, and dynamic light scattering to 

obtain a clearer understanding on chemical composition and size, or circular dichroism to 

elucidate the secondary structure of molecular assemblies, cryo-TEM can give a clear picture 

on the structural arrangement of molecular assemblies at near atomic resolution. This technique 
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can further elaborate systems with different morphologies, sizes and complex internal 

structures.62 

The importance of cryo-TEM is emphasized by Cui et al, who show peptide amphiphiles with 

identical composition but different sequences of four amino acids displaying differing 1D 

nano-structural formations.63 An alkyl spacer functionalized with two glutamic acids and two 

valines (in different orders) showed to form nanobelts, rigid cylindrical nanofibers, twisted 

nanoribbons and flexible entangled nanofibers, which was extensively explored by a 

combination of (cryo-)TEM and x-ray scattering and diffraction. Furthermore, structural 

elucidation of assembling behavior can be obtained by computer-aided 3D models of polymer 

structure, as showed by Lafleur et al.64 They explored the assembling behavior of water-soluble 

(co)polymers based on benzene-1,3,5-tricarboxamides, forming double helical repeats ranging 

from 15 to 30 nm. The pitch of these double helical structures could be tuned by mixing various 

ratios of copolymer compositions. Furthermore, liquid-phase electron microscopy, which is still 

in an early stage, can be used to directly image material formation and transformation at 

nanoscale resolution.65 However, the low amount of experimental data and therefore scarce 

methodologies present, as well as high radiation damage occurring while imaging soft matters 

limits the use of this technique.66 However, this technique can give further insight in the 

structural rearrangement in soft matter at a nanometer resolution.  

An example of this soft matter that can be clearly visualized by cryo-TEM is collagen, the 

most abundant protein present in humans. The protein is built up by three amino acids chains, 

consisting of glycine, proline and hydroxyproline, wound together in a triple helix. These 

tropocollagen molecules form the quaternary structural fibrils, with staggered overlapping 

arrangement.67 This quaternary structure can be clearly visualized by cryo-TEM, with alternating 

light and dark stripes indicating the overlapping and gap zones (Figure 8.4A). By using cryo-

TEM, the fibrillar structure can be observed in a frozen-hydrated state, closely mimicking its 

natural assembling behavior.  

Previous work showed fibril formation of UPy-moeities, with monofunctional UPy-PEG 

displaying long fibril formation, whilst bifunctional UPy-PEG showed relatively short fibrils.18,68 

This was further explored by mixing different molar ratios of BF UPy-PEG to monofunctional (M) 

UPy-PEG (end-functionalized with a glycine), to observe the assembly effect upon mixing.9 Long 

fibril formation was observed when small addition of BF UPy-PEG was added to M UPy-PEG (1 : 

84 molar ratio), whilst higher BF UPy-PEG content (1 : 22 ratio) showed to result in shorter fiber 

formation, similar to only BF UPy-PEG (Figure 8.4B). The high PEG content in the BF UPy-PEG 

results in high water-shielding, which lowers the contrast of the fibers observed. We 

hypothesize an increase in exchange dynamics of the BF UPy-PEG due to the higher PEG content 

in comparison to the M UPy-PEG, resulting in a disruption of the fiber formation due to the 

destabilization of the packing. The M UPy-PEG, having a lower PEG content and therefore lower 

exchange dynamics, thereof showed increased bundling formation.  
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Figure 8.4 An overview of different cryogenic transmission electron micrographs, with a schematic 

representation of the quaternary structure of collagen, consisting of tropocollagen (image adapted from ref 

69), with cryo-TEM micrographs at of decellularized extracellular matrix of porcine kidneys (A), the chemical 

structures of BF UPy-PEG and M UPy-PEG and micrographs of both compounds as well as mixed at differing 

ratios (B), and the chemical structure of UPy-SAAP-148 and cryo-TEM micrograph of the compound, scale 

bar represents 200 nm.  
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The synthetic peptide with improved antimicrobial and antibiofilm activities (SAAP), 

specifically SAAP-148 showing prevention of biofilm formation70, was functionalized to a UPy 

unit for modular to be implemented into a UPy-based biomaterial (UPy-SAAP-148). Structural 

elucidation by cryo-TEM showed interesting sheet-like formation of this peptide-functionalized 

UPy-moiety, as well as ribbon-like formation (Figure 8.4C), whilst the SAAP-148 alone showed 

random aggregation in solution (results not shown). Interestingly, the sheet observed showed 

to have clear boundaries present on the sides of the sheet and in the middle, suggesting some 

overlap of structures. This implies additional interactions present in this molecule, possible of 

the UPy units and peptide. These results indicate the structural clarification of several organic 

compounds in solution that can be obtained using cryo-TEM at sub nanometer resolution 

without the necessity of chemical modifications.  

4. Conclusion 
The research described in this thesis shows functionalization strategies and applicational 

purposes of supramolecular UPy-based hydrogels for cardiac regenerative therapies. In a 

fundamental approach, assembling behavior, mechanical properties, and bioactivity were 

adapted by introducing modular functionality to the UPy-based system. Moreover, the hydrogel 

system was used to mimic the viscoadaptable intracellular crowded in a full synthetic cell. In an 

applicational approach, cardiac retention and redistribution of the UPy-based hydrogels were 

visualized in vivo, and employing this hydrogel as an RNAi therapeutic delivery for targeting 

myocardial infarction was further explored. This UPy-based system is envisioned to enable in 

vivo retention and redistributive visualization, provide a sustained therapeutic release, and 

thereof increasing the drug efficacy, serving a prominent role in the field of cardiac regenerative 

therapies. 
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Summary 

Heart diseases are one of the main causes of mortality worldwide. The most common heart 

related disease is myocardial infarction, which occurs when the blood flow to the heart muscle 

is blocked, causing oxygen depletion. This results a high number of cardiomyocyte perishing, 

leading to a cascade of cellular processes and eventually the formation of scar tissue. This can 

severely alter the function of the myocardium and lead to potential heart failure. In attempts to 

restore the cardiac function, several therapies have been developed, including cell-, drug- and 

biomaterial-based therapy. Clinical studies have shown modest to low cardiac improvements 

upon injection of cells in the myocardium, with a high cell death and low retention being the 

main cause of the low therapeutic efficacy. Injectable hydrogels show to be promising 

candidates to improve cardiac regeneration, that can reduce the drug toxicity and off-target 

effects, offer stability, and increase the drug retention and effectiveness at target site with 

minimal invasive administration. A highly adaptable supramolecular design allow tuneable 

properties of the hydrogel, such as adaptation of bioactivity, dynamicity, mechanical strength, 

and implementation of additional functionalization.  

In recent years, the therapeutic benefit of hydrogels and patches which can contain either 

cells, drugs or provide mechanical stability has shown promising results. While the efficacy and 

retention of cellular therapeutics have been explored extensively in the field of cardiac 

regeneration, a limited amount of studies show the effect that the amount of retained material 

has on its efficacy to stimulate cardiac regeneration. Several parameters are of influence when 

the retention of these materials is considered, such as time of injection, cardiac contraction and 

properties of the material. These parameters were explored in chapter 2, and we envision that 

a better understanding of these parameters can lead to an increase in retention and therefore 

increase in effectiveness for cardiac therapies. 

The hydrogelator molecule used in this thesis consists of a supramolecular 

ureido-pyrimidinone (UPy) moieties, which dimerizes through strong and specific four-fold 

hydrogen bonds. Hydrogels based on this supramolecular moiety show pH- and temperature 

responsive behaviour facilitating injection in the liquid state at a pH > 8.5, inducing gelation in 

contact with physiological pH. Due to the non-covalent and modular nature of this system 

functionalities can be introduced in a simple ‘mix-and-match’ method. Chapter 3 explores this 

design strategy based on UPy-interactions, in which a recombinant-based hydrogel was 

developed, functionalized with UPy-moieties to enable control over the structure, assembly 

behaviour, and gelation. Furthermore, a UPy-based library was introduced, in which 

monofunctional UPy-units were conjugated to single amino acids. Difference in aggregation, 

gelation, and cellular adhesiveness were observed when these UPy-amino acids were developed 

into a hydrogel, displaying the adaptivity of this system. A trend was shown towards higher 

mechanical strength, an increase of cellular adhesiveness, and spread out cellular morphology 

when considering the UPy-amino acids with a more polar amino acid functionalization. 

Dynamicity and adaptability play a key role in biological systems found in nature. To explore 

the dynamic properties of guest molecules presented in the UPy-based hydrogel, different guest 

molecules were synthesized in chapter 4. Three different guest molecules with adaptive affinity 
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towards the hydrogel host network were introduced, being a complementary UPy guest 

molecule, and two guests based on hydrophobic interactions, i.e. cholesterol and a 

dodecyl-moiety. Increase in hydrophilicity was obtained by functionalization of an 

oligo(ethylene glycol) functionalization to the guest-molecules. The highest mobility in the 

UPy-based hydrogel was displayed by the dodecyl-moiety, whereas the cholesterol-moiety 

displayed the lowest mobility. Furthermore, large differences in cellular uptake of these guest 

molecules were shown. This tunability of the host-guest dynamics in transient hydrogels opens 

the door to various tissue engineering and drug delivery purposes. 

The broad applicability of the UPy-based hydrogel was demonstrated in chapter 5, in which 

the hydrogel was encapsulated in giant unilamellar vesicles (GUVs), serving as a 

macromolecularly crowded synthetic cell. The hydrogel-loaded GUVs (HL-GUVs) were prepared 

by the droplet transfer method, a facile one-step procedure, in which the supramolecular 

pH-responsive hydrogel was encapsulated in the phospholipid microvesicles when in its 

sol-state at basic conditions. The HL-GUVs displayed increased viscosity at low pH (gel-state) 

and low viscosity at high pH (sol-state). The HL-GUVs can reversibly switch between low and 

high viscosity state upon external pH changes. Incorporation of a model enzyme, urease, in the 

HL-GUVs initiated autonomous switching of its internal state upon addition of urea in the 

external environment. Furthermore, rate of product formation in the HL-GUVs was shown to be 

adapted by the viscosity state of the inner lumen. This demonstrated a new artificial cell 

platform with dynamic stimuli-responsive adaptivity, serving great potential in the field of 

synthetic biology.  

A new method for labelling and tracking a supramolecular hydrogels in vivo is introduced 

in chapter 6 to obtain a clearer picture on the fate of a material after cardiac injection. A 

radioactive label was implemented in the hydrogel in a modular fashion, enabling quantitative 

in vivo tracking of the hydrogel. Furthermore, the bioactive and adhesive properties of the 

hydrogel were increased by introducing the recombinant-based peptide containing 

UPy-functionality to the hydrogel. The retention after cardiac injection in a porcine heart was 

examined over a time span of four hours in a small pilot study, in which a retention of 8% was 

observed for the UPy-based hydrogel, whereas addition of the recombinant-based peptide 

displayed a retention of 16% over a time span of four hours. This demonstrates the importance 

of quantitative retention elucidation, which can greatly affect the efficacy of the injected 

therapeutics. 

The results shown in this thesis have given new insights in different supramolecular 

functionalization strategies, the versatility of this system, and biological applicability of the 

UPy-based hydrogel. It is shown that this hydrogel is highly tuneable and versatile, allowing for 

visualization in vivo, and providing a valuable delivery platform in the field of cardiac 

regeneration.  



   

155 

 

Curriculum Vitae 

Maaike Schotman was born on December 2nd, 1991 in Vriezenveen. 

She completed her secondary education in 2011 at ROC van Twente in 

Almelo. Subsequently, she started her bachelor Biomedical Engineering 

at the University of Twente in Enschede. During her bachelor’s program 

she expended her knowledge in the biomedical engineering field with a 

semester abroad at the National Chiao Tung University in Hsinchu, 

Taiwan. In the faculty of Biomedical Signals and Systems at the University 

of Twente, she acquired her research experience. This research focused 

on improving the gait of Parkinson patients by making use of smart glasses providing rhythmic 

sensory stimulation. After successfully obtaining her bachelor’s degree in 2015, Maaike 

continued with the master Biomedical Engineering at the University of Twente. She performed 

an internship on the development of poly(β-amino ester)-based transfection agents for skin 

deficiencies and  wound healing at the Charles Institute of Dermatology, under supervision of 

prof. dr. Wenxin Wang. She received her master’s degree in 2017 with her thesis on the 

development of controlled nanogels as drug delivery vehicles under the supervision of dr. ir. 

Jos M. J. Paulusse. Thereafter, she started her PhD research in the laboratory of Chemical Biology 

and Institute of Complex Molecular Systems at the Eindhoven University of Technology under 

supervision of prof. dr. dr. Patricia Y. W. Dankers. The most important results of this research 

are presented in this thesis. 

  



156 

 

 

 



   

157 

 

List of publications 

 

M. J. G. Schotman, P. Y. W. Dankers, Factors influencing retention of injected biomaterials to 

treat myocardial infarction, in revision at Advanced Materials interfaces 

 

M. J. G. Schotman, P.P.K.H. Fransen, J. Song, P. Y. W. Dankers, Tuning the affinity of amphiphilic 

guest molecules in a supramolecular transient network, submitted to RSC Advances  

 

M. J. G. Schotman‡, A. Llopis Lorente‡, J. C. M. van Hest, L. K. E. A. Abdelmohsen, P. Y. W. 

Dankers, Hydrogel-loaded giant unilamellar vesicles as versatile viscoadaptable platforms. In 

preparation. ‡Contributed equally  

 

J. E. C. Eding, M. Vigil-Garcia, M. Vink, C. Demkes, D. Versteeg, L. Kooijman, M. H. Bakker, M. J. 

G. Schotman, P. Y. W. Dankers, E. van Rooij, Hydrogel-based delivery of antimiR-195 improves 

cardiac efficacy after ischemic injury, in preparation  

 

M. Diba, S. Spaans, S. I. S. Hendrikse, M. M. C. Bastings, M. J. G. Schotman, J. F. van Sprang, D. 

J. Wu, F. J. M. Hoeben, H. M. Janssen, P. Y. W. Dankers, Engineering the Dynamics of Cell 

Adhesion Cues in Supramolecular Hydrogels for Facile Control over Cell Encapsulation and 

Behavior., Adv. Mater. 2021, 33(37), 2008111 

 

A. Nicosia, F. Vento, G. Marletta,G. M. L. Messina, C. Satriano, V. Villari, N. Micali, M. T. De 

Martino, M. J. G. Schotman, P G. Mineo. Porphyrin-Based Supramolecular Flags in the Thermal 

Gradients' Wind: What Breaks the Symmetry, How and Why. Nanomaterials (Basel). 2021, 

11(7):1673 

 

J. Liu, M. J. G. Schotman, M.M.R.M. Hendrix, X. Lou, P. P. Marín San Román, I. K. Voets, R. P. 

Sijbesma, Effects of structural variation on the self-assembly of bis-urea based 

bolaamphiphiles., J Polym Sci., 2021, 59(12), 1162–1170 

 

M. J. G. Schotman‡, M. M. C. Peters‡, G. C. Krijger, I. van Adrichem, J. L. M. Bemelmans, M. J. 

Pouderoijen, M. G. T. A. Rutten, K. Neef, S. A. J. Chamuleau, P. Y. W. Dankers, In Vivo Retention 

Quantification of Supramolecular Hydrogels Engineered for Cardiac Delivery. Adv. Healthcare 

Mater., 2021, 10(10), 2001987. ‡Contributed equally  

 

S. Spaans, P. P. K. H. Fransen, M. J. G. Schotman, R. van der Wulp, R. P. M. Lafleur, S. G. J. M. 

Kluijtmans, and P. Y. W. Dankers Supramolecular Modification of a Sequence-Controlled 

Collagen-Mimicking Polymer, Biomacromolecules, 2019, 20(6), 2360-2371 

 

M. Putti, O. M. J. A. Stassen, M. J. G. Schotman, C. M. Sahlgren, and P. Y. W. Dankers, Influence 

of the assembly state on the functionality of a supramolecular jagged1-mimicking peptide 

additive, ACS Omega, 2019, 4(5), 8178-8187 

 

 

 

https://doi.org/10.1021/acsomega.9b00869
https://doi.org/10.1021/acsomega.9b00869
https://doi.org/10.1021/acsomega.9b00869


158 

 

 

 

 

 

 

 

 



   

159 

 

Dankwoord 

De afgelopen vier jaren zijn voorbij gevlogen; zo komt er toch een eind aan mijn mooie 

promotietijd. Ik ben erg dankbaar voor de hulp en bijdragen van vele mensen. Zonder jullie was 

me dit niet gelukt.  

Allereerst wil ik mijn eerste promotor, Patricia, bedanken. Vanaf de eerste dagen tijdens 

mijn promotie wist ik dat ik de juiste keuze had gemaakt om naar Eindhoven te komen om een 

promotie te starten in de biomaterialen. Het warme welkom wat ik kreeg van jou en van de 

groep was erg fijn. Je enthousiasme over mijn project, biomaterialen in het algemeen, en de 

chemie was aanstekelijk. Met je oneindige ideeën, onophoudelijke optimisme, en fijne 

begeleiding kijk ik terug op een prettige samenwerking (je hebt me soms in het diepe gegooid, 

wat ik ook af en toe nodig had). Ik vond het super om mee te gaan naar de MRS meeting in 

Phoenix, om daar mijn werk te presenteren en meer te proeven van de verdere biomateriaal 

wereld. Bedankt voor het vertrouwen dat je me de afgelopen jaren hebt gegeven en ik hoop dat 

Dankersgroep nog veel wetenschappelijke hoogstandjes tegemoet gaat. 

Loai, ik wil je bedanken voor je begeleiding aan het einde van mijn PhD, en voor de fijne 

samenwerking en discussies wat betreft het liposome en hydrogel project. Mooi om de wondere 

werelden van synthetische cellen en hydrogelen te combineren. Ik vond het leuk om nog een 

kijkje te kunnen nemen in de Bio-organic chemistry groep, en ik wens je nog veel succes en 

geluk voor de toekomst. I would also like to include Toni here, thank you for the great 

collaboration, the advice, experiments, discussions, and just nice talks. I enjoyed working with 

you and wish you all the best for the future.  

Prof. dr. Steven Chamuleau, bedankt voor het deelnemen in mijn commissie en voor het 

kritisch doorlezen van mijn proefschrift. De samenwerkingsprojecten die we hebben mogen 

uitvoeren voor MIGRATE en REMAIN waren altijd super leuke projecten waar ik met veel plezier 

op terug kijk, en waar nog een mooie publicatie uit is voortgekomen.  

Prof. dr. Jason Burdick, I had the pleasure of meeting you in Utrecht a couple of years ago. I 

want to thank you for critically reviewing my thesis, and It is an honour to have you in my 

defense committee. I wish you all the best at your new research lab at CU Boulder.  

Verder wil ik prof. dr. Carlijn Bouten, prof. dr. Rint Sijbesma en dr. Anke Smits bedanken 

voor het kritisch doorlezen van mijn proefschrift en de deelname aan mijn promotiecommissie. 

Rint, bedankt voor de fijne samenwerking wat betreft het project van Jie waar ik cryo-TEM 

plaatjes voor mocht maken, waar nog een mooie publicatie uit voorgekomen is. Anke, ik vond 

het leuk om mee te denken en mee te experimenteren met het samenwerkingsproject om te 

zoeken naar een adhesieve gel. Er zijn mooie stappen gezet, en ik hoop dat het vervolg project 

mooie resultaten zou opleveren. Ook wil ik Esther Dronkers bedanken voor de fijne 

samenwerking en de altijd gezellige meetings.  

Graag wil ik nog een aantal mensen van het UMCU en Hubrecht Instituut bedanken voor de 

prettige samenwerkingen, discussies en meetingen van de afgelopen jaren. Het was leuk om als 

de ‘UPy-gel’ expert langs te komen, en ik wil bedanken: Marijn, Klaus, Aina, Steven Wenker, 

Frebus, Joep, prof. dr. Eva van Rooij en prof. dr. Joost Sluijter.  



| Dankwoord 

160 

 

Voor de fijne samenwerking met FujiFilm wil ik graag Bas Kluijtmans en Suzan van Dongen 

bedanken. Mensen van het ICMS, met name Monique, Cindy, en Wendy, wil ik graag bedanken 

voor de goede sfeer, het managen van ICMS, en het op orde houden van Ceres. Jolanda, bedankt 

voor het helpen bij en regelen van vele administratieve zaken. Soms kostte het wat moeite (het 

proefkonijn), maar gelukkig zijn we er uit gekomen. Voor alle animaties ben ik de ICMS 

animation studio erg dankbaar, met name Koen. Ook wil ik Greet bedanken voor de gezellige 

praatjes en dat Ceres er altijd zo spik en span uit ziet. SyMO-Chem, met name Henk Janssen, 

wil ik graag bedanken voor het synthetiseren van vele polymeren, maar ook voor het leveren 

van advies. De mensen van SupraPolix, met name Tonny Bosman, bedankt voor de discussies 

en het advies. De gehele vakgroep van SMO wil ik graag bedanken voor de fijne werksfeer en 

alle faciliteiten. Naast alle groepsleiders, wil ik bij deze ook graag het secretariaat, het analytisch 

team, Hans en Henk meenemen. Ook wil ik Christien bedanken voor het schoonhouden van 

Helix. Hans Damen wil ik bedanken voor alle bestellingen, Henk Eding voor het op orde houden 

van de keuken en veel meer. Joost wil ik bedanken voor zijn adviezen wat betreft de LC-MS 

metingen, en Ralf en Lou voor de het meten van alle Maldi-TOF samples, evenals de hulp met 

het meten van mijn GPC samples. Peggy, bedankt voor alle pijn en moeite die je stopt in het op 

orde houden van het biolab. Ik wens je nog vele mooie weekenden in Zeeland toe. Furthermore, 

I would like to thank all the members from the Biolab for all the help and the nice atmosphere 

in the lab. Iris en Sylvia bedankt voor alle Qtof metingen. Sebastiaan, bedankt voor al je hulp bij 

de triple-quad. Bas Rosier en Bas Bögels, bedankt voor jullie advies over RNAs. Furthermore, I 

would like to thank all the old and current members of the BMT meeting group for the input, 

advice, help and fruitful discussions.  

In Enschede heb ik voor het eerst mogen proeven van de wetenschapswereld. Jos, Pia en 

Rachel, jullie gaven me het vertrouwen om de stap te maken voor het uitvoeren van een 

promotieonderzoek. Bedankt hiervoor. 

In het begin van mijn PhD was ik veel te vinden in lab 2, STO4, waar ik advies kreeg maar 

ook leuke gesprekken had met veel mensen. Ik wil met name Bas de Waal bedanken voor al zijn 

adviezen wat betreft synthese. Verder wil ik Marcin en Elisabeth bedanken voor het op orde 

houden van het lab, maar ook de gezeligheid en goede sfeer.  

Mijn paranimfen, Moniek en Muhabbat, wil ik bij deze ook bedanken. Moniek, al vanaf het 

begin van onze PhD konden we goed kletsen over van alles (wetenschappelijk en minder 

wetenschappelijk). Bedankt voor de wandelingen, drankjes en opbeurende praatjes als ik er 

even doorheen zat. Nog even volhouden en dan ben jij ook aan de beurt. Muhabbat, we hebben 

vrijwel dezelfde weg afgelegd, begonnen in Enschede en promoveren in Eindhoven wat onze 

band bijzonder maakt. Ik bewonder je enthousiasme, je kennis, en je goede smaak in series 

uiteraard. Ik ben blij dat jij mijn paranimf bent.   

Ik heb de eer gehad om veel TEM te meten tijdens mijn PhD, van mij en andere mensen, 

waardoor ik veel leuke mensen van deze afdeling heb mogen ontmoeten. Ten eerste Anne 

Spoelstra, bedankt voor je de introductie op de Sphera, maar ook de leuke en gezellige 

gesprekken van de afgelopen jaren. Het was super dat je altijd klaarstond voor een nieuwe 

uitdaging, zelfs het embedden van organoids. Paul Bomans, bedankt voor de introductie in de 

cryo-TEM wereld. De rust en geduld waarmee je de trainingen en ook alle problemen aanpakte 



   

161 

 

achter de TEM heb ik als zeer prettig ervaren. Ook wil ik Rick Joostens bedanken, wie ik veruit 

het meest heb gebeld tijdens mijn PhD als ik weer tegen een probleem stuitte achter de TITAN. 

Bedankt voor al je hulp, maar ook voor alle gezellige gesprekken. Furthermore, I would like to 

thank Hanglong for the nice TEM talks, but also for the help. Mark, jij ook bedankt voor de hulp 

wanneer Rick afwezig was en veel succes bij ThermoFisher.  

I had the pleasure to be part of a group that was full of extremely helpful, skilled and smart 

people. I would like to thank the entire Dankers group for the great scientific meetings, great 

feedback and guidance I received throughout the years. Besides the scientific side, the group 

was also great fun! Thanks for all the nice group outings, drinks, borrels, chats, coffee breaks, 

walks etc. Thanks to Jasper, Paul, Riccardo, Simone, Laura, Jingyi, Vincent, Oleksandr, Ying, 

Geert, Marcel, and Jolanda. Maritza, het was leuk dat ik je half mocht begeleiden tijdens je 

master opdracht, en nog veel succes met je PhD in de groep. Peter-Paul, de synthese goeroe, 

bedankt voor alle hulp met mijn synthese-, gel-, en alle andere vragen (want het waren er veel). 

Bedankt dat je altijd de tijd nam om me te helpen! Boris, bedankt voor al je hulp, ook met 

betrekking tot het electrospinnen, maar ook de goeie gesprekken. Heel veel succes met het 

afronden van je PhD. Joyce, mijn buurvrouw, ook al mochten we niet in hetzelfde kantoor zitten, 

toch vond ik het gezellig om altijd even bij binnenkomst te kletsen. Martin, het was een feest 

om met jou RPK-D te volgen. Bedankt dat je altijd antwoord gaf op mijn (soms een beetje 

domme) rheologie vragen. Annika, het was een eer om samen met je het UPy-Amino acid project 

uit te voeren en hopelijk komt er nog een leuke publicatie uit. Dan Jing, het was leuk om samen 

met je de DPD onveilig te maken. Bedankt voor alle gezellig etentjes en hopelijk zullen er meer 

volgen. Johnick, bedankt voor alle goede gesprekken met een colaatje on-the-side. Succes met 

de afronding van je PhD.  

I would furthermore like to thank the ‘old guard’ of the Dankers group for the tips and 

guidance, but also for the fun drinks, game nights and parties. Thanks to Bastiaan, Ronald, 

Matilde, Sergio, Jiankang, and Mani.  

Furthermore, I would like to thank my (old-)office mates for all the scientific and not-so 

scientific talks: Jinxing, Madita, Federica, Jari, and Yingtong. Jinxing, thanks for the Chinese 

lessons, the many snacks and chocolates, and all the times you reminded me to take my keys 

with me when I left. Daarnaast wil ik iedereen van STO3/4 bedanken voor alle gezelligheid 

tijdens TGIFs, borrels en andere uitjes.  

Naast hard werken was de lunch een belangrijk deel van mijn dagbesteding hier. Ik wil graag 

Suzanne, Wiggert, Rens, Simone, Iris, Femke, Daan, Marleen, en Roy bedanken voor de gezellige 

lunches. De snackproeverijen, bitterbal avonden, en borreltjes waren altijd gezellig. Pascal en 

Imke, dank voor jullie nuchterheid en droge humor. Pascal, jammer dat het polymersome en 

hydrogel project uiteindelijk niet helemaal gelukt is, maar het was leuk om met je samen te 

werken.  

Esther, Gerjan, Belinda en David, jullie ook super bedankt voor alle leuke en gezellige 

weekendjes weg, etentjes, dagjes uit, en nog veel meer. Ondanks dat we nu allemaal een beetje 

verspreid wonen, vind ik het super dat we elkaar nog zo vaak zien en spreken. Ik hoop dat er 

nog vele leuke, gezellige en soms spontane olifanten dagjes/weekenden mogen komen.  



| Dankwoord 

162 

 

Rinske, ook al zien we elkaar wat minder sinds ik in Eindhoven woon, ik geniet des te meer 

wanneer we weer een borrel of dagje samen hebben. Karen, ik vind het leuk dat we elkaar nog 

vaak spreken. Ik hoop dat er nog veel gezellige lunches mogen komen en super bedankt voor 

het helpen met het ontwerpen van zo’n mooie thesis cover! 

Bij deze wil ik ook graag mijn schoonfamilie bedanken voor alle gezellige etentjes, 

weekendjes weg, wandel en fietssessies. Het was even wennen om in zo’n sportieve (kabouter) 

familie terecht te komen, maar gelukkig merkte ik al snel dat ik het niveau prima aan kon (vooral 

van jullie, Tim en Kathelijn). Op dat er nog veel etentjes en wandel/fietstochten mogen komen!  

Niek, Nardie, Ard, Ankie, en Jochem bedankt voor de vele kopjes koffie, de goeie gesprekken 

en alle gezelligheid van de afgelopen jaren. De weekendjes weg, of gewoon lekker in 

Hellendoorn, waren altijd heerlijk ontspannend. Ik hoop dat er nog veel mogen volgen en ik kan 

niet wachten om mijn kleine nichtje te ontmoeten. Verder wil ik Kufo en Nutsy bedanken, welke 

altijd in zijn voor een knuffel of speelsessie in de tuin. 

Pap en mam, super bedankt voor alle steun de afgelopen jaren, en dat jullie altijd voor me 

klaar staan. Pap, ik vind de fietstochten die we samen maken altijd fijn. Je nuchtere instelling 

(‘wat is het ergste wat er kan gebeuren?’) heeft me er op veel momenten doorheen gesleept. 

Mam, we hebben dezelfde goede humor en je bent altijd in voor een kort belletje als ik ergens 

mee zit en weet me vrijwel altijd gerust te stellen. Zonder jullie zou ik dit niet hebben kunnen 

doen, bedankt daarvoor! 

Lenne, jij bent wel het leukste wat ik tijdens mijn PhD ben tegenkomen. Zonder jou was 

deze hele rit niet zo vlekkeloos gelopen. Je bood ontspanning als ik er aan toe was, gaf me 

advies als ik het nodig had (ook al wou ik het soms niet horen), en stond altijd klaar voor een 

knuffel. Je bent de liefste en ik kijk uit naar wat we samen nog allemaal mogen meemaken! 

 

Bedankt iedereen en het ga jullie goed! 

 

           Maaike



   

 

 


