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Introduction to Drug Delivery

Abstract
Effective, safe, and spatiotemporally controlled delivery of pharmaceutical drugs
to their target tissue and cells remains the holy grail in drug delivery. Several biological and
technological barriers still exist that limit site-specific bioavailability of administered drugs.
To date, a considerable number of approaches have been proposed towards targeted
nanoscale systems for systemic administration, and locally applicable macroscopic
controlled drug release systems. Yet with all the scientific progress made, designing
systems that fulfill all of the requirements has proven incredibly complex. A continuing
development towards safe and effective novel drug delivery systems is necessary to reach
the next levels of clinical relevance.

| Chapter 1

Pharmaceutical drugs
Pharmaceutical drugs have made the world a better place. Together they have
prevented, cured and eradicated an immeasurable amount of disease, suffering and death.
For the conservation of health, we have injected and ingested a variety of natural and
synthetic substances—allowing us at times to control and outsmart nature (Figure 1.1).
Mankind’s total accumulated knowledge throughout history concludes in a present-day
astonishing understanding of human physiology, drug mechanisms of action, and the
particulars of various modes of administration. It is an inevitable conclusion that one day we
will completely master our own biology, transcending the limitations imposed by nature. In
order to achieve this goal, absolute control over drug location and concentration in the
body is a prerequisite. Hence, the field of drug delivery has emerged.

Figure 1.1 | Edward Jenner, vaccinating his young child against smallpox, held by Mrs. Jenner. Colored
engraving by C. Manigaud after E. Hamman (Wellcome Library, London. CC BY 4.0).
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Drug delivery strategies
Drug delivery refers to the method, formulation or technology by which an active
compound is administered and transported in the body to achieve its therapeutic effect.1 In
the last decades science has made monumental breakthroughs towards unraveling and
manipulating physiological barriers, targeting principles, disease dynamics, molecular
pathways, and drug pharmacology.2 Currently, considerable research is directed towards
nanoparticle systems for systemic application, in which the objective is to encapsulate,
protect, and guide therapeutics towards the disease site.3 Second are the macroscopic
controlled drug delivery depots that instead are locally applied, e.g. by implantation,
injection, or topical administration.4 Yet with all the progress on targeting and controlled
drug delivery systems, the list of clinically approved high impact formulations is short—
reflecting partially the complexity of designing systems that fulfill all of the requirements.5
Smarter, better, safer, and higher efficacy drug delivery systems are needed in order to
reach the next level of clinical relevance.6

Nanoscale drug carriers
Upon systemic administration, all drugs face several major biological barriers on
their challenging journey to the desired location, severely limiting site-specific
bioavailability. Nanoscale drug delivery systems temporarily encapsulate and protect their
cargo, and are supposed to direct the drug to the intended disease site. Since their
introduction, a large and diverse library of nanoscale delivery systems has emerged.7
Properties such as size, charge, geometry and surface functionalization play a crucial role in
pharmacokinetics, pharmacodynamics and overall efficacy of drug delivery (Figure 1.2).8,9
Clinically, the first generation of conventional liposomal particles proved successful for
encapsulating drugs such as doxorubicin, which resulted in the development of the first
Food and Drug Administration-approved liposome ‘Doxil’.10 Doxil exhibited an improved
biocompatibility, prolonged drug circulation, and increased accumulation in tumors through
the enhanced permeability and retention (EPR) effect. As our understanding of biological
barriers grows, the design strategies for nanoparticles are getting more sophisticated. In
the newest, state-of-the-art preclinical nanoscale materials the focus is directed towards
‘smart’ hybrid delivery systems that offer bioresponsive targeting mechanisms, effective
drug transport through the biological barriers at the surfaces of cells, and prevent drug
clearance and drug resistance.1
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Figure 1.2 | Design strategies for nanoscale carrier systems. Adapted from Chou et al. with permission from
The Royal Society of Chemistry.9

Barriers and design strategies
Upon intravenous administration, opsonin proteins adsorb and form a corona
around nanoparticles. Macrophages of the reticuloendothelial system then recognize, bind,
and remove these intruders.11 The protein corona also masks incorporated targeting ligands,
rendering active targeting strategies ineffective and resulting in nonspecific uptake (Figure
1.3). Strategies to improve circulating lifetimes mainly revolve around functionalization of
nanocarriers with poly(ethylene glycol) (PEG), or ‘PEGylation’.12 PEGylation reduces
association with serum proteins, thereby generating so called ‘stealth’ nanoparticles that
evade the immune system.13 More state-of-the-art technologies attempt camouflaging of
nanoparticles with natural components such as platelets or CD47-derived self-peptides,
signaling ‘don’t eat me’ to macrophages.14,15 Uptake by macrophages can also be
beneficially utilized, which was for example demonstrated with the successful delivery of
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statins to target atherosclerotic plaque macrophages using natural derived high-density
lipoproteins.16
Ineffective blood vessel fluid dynamics are an additional barrier obstructing
efficient nanoparticle uptake, especially prominent for spherical particles. Spherical
particles migrate, without disturbance, in a cell-free layer at a considerate distance to the
vessel wall.17 Deprived of adequate wall contact the impact of active targeting strategies
and passive targeting mechanisms (i.e. the EPR effect) is limited. Then, following
extravasation, nanocarriers face difficulties with cellular internalization and require
methods for escaping the highly degradative environments of endosomes/lysosomes. A
quite clear consensus exists that positively charged carriers experience enhanced cellular
internalization due to charge attraction with the negative cell membrane.18 Highly cationic
materials such as poly(ethylene imine) (PEI) furthermore facilitate endosomal escape by
destabilizing the membrane (i.e. ‘flip-flop’ mechanism), and through absorption of cytosolic
protons (i.e. ‘proton sponge effect’).19 Incorporation of cell penetrating peptides (CPP)
represents an additional viable strategy to promote both cellular internalization and
endosomal escape.20
1. Reticuloendothelial system

2. Nonspecific distribution

3. Hemorheological limitations

Drug-containing
nanoparticle
Macrophage

4. Intratumoral pressure

5. Membrane internalization/
endosomal escape

6. Multidrug resistance

Cancer cell
MDR pump

Figure 1.3 | Biological barriers to nanoscale drug delivery. Opsonization and uptake by macrophages of the
reticuloendothelial system result in nonspecific uptake (1, 2). Hemorheological limitations can hamper the
efficacy of active and passive targeting strategies (3). Extra barriers to nanoparticle accumulation in
cancerous tissue are the extensive fibrosis, elevated high interstitial fluid pressure (IFP), and dense
extracellular matrix; which prevent infiltration and limits tissue penetration depth (4).21 After extravasation,
nanoparticles require active strategies for membrane internalization and endosomal escape (5). Multidrug
resistance is a multifactorial mechanism that further dampens therapeutic effect (6). Adapted from Blanco et
al. with permission from Macmillan Publishers Ltd.8
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Hydrogels as macroscopic drug depots
Complementary to systemic delivery are locally applicable approaches.
Administration of a therapeutic in combination with a delivery system directly at the target
site circumvents many of the barriers that impede the efficacy of systemic delivery.
Hydrogels are 3D water-rich hydrophilic polymer networks formed by chemical or physical
crosslinks that are experiencing widespread application in the biomedical field due to their
excellent biocompatibility, resemblance to soft human tissue, and physical versatility.22
Certain hydrogels are applicable as injectable controlled drug release depots, thereby
preventing adverse side effects associated with non-regional application while minimizing
invasive procedures. Some examples of areas where injectable hydrogels have been applied
are bone regeneration,23 treatment post-myocardial infarction,24 and chemotherapeutics
delivery.25
A particularly useful method of classifying hydrogels is by nature of crosslink
formation.26 Chemically crosslinked hydrogels have its individual polymer chains
interconnected via covalent bonds, prepared by e.g. thiol-Michael type addition,27 radical
polymerization,28 azide-alkyne cycloaddition,29 or enzyme-mediated crosslinking.30 Chemical
crosslinking offers a high level of control over mechanical properties and has been the
strategy-of-choice when strong and stable hydrogels are required. However, the potential
health risk from catalysts, photoinitiators, or incomplete conversion of reactive groups
often limits applicability in a biological setting.31 Furthermore, the covalent nature of the
crosslinks required implementation of strategies that facilitate degradation in vivo.
Physically crosslinked hydrogels on the other hand, rely on non-covalent transient
interactions for the formation of networks (Figure 1.4). Supramolecular interactions,
electrostatic association, polymer chain entanglements, and hydrophobic interactions are
some examples of driving forces.32 Physical hydrogels generally exhibit weaker mechanical
properties, but offer alternative advantageous characteristics that arise from their noncovalent nature. A popular thermoresponsive polymer is Poly(N-isopropyl acrylamide)
(PNIPAm), which reversibly collapses into hydrophobic domains above its lower critical
solution temperature of 32 °C; ideal for switching sol – gel in a biological setting.33 Nature
also offers several materials that can serve as physical hydrogelators. Chitosan and alginate
are two polysaccharide polymers that can be chelated with for example calcium or copper
ions.34,35 One of the advantageous features of physical hydrogels is that they often display
self-healing. And, a recent example with polyampholyte hydrogels nicely demonstrates that
self-healing hydrogels can still exhibit proper toughness.36
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Figure 1.4 | Physical crosslinking methods for hydrogels. Physical crosslinking of hydrogels through
thermogelling, self-assembly, chelation or electrostatic interactions. Adapted from Zhang et al. with
permission from AAAS.22

Supramolecular self-assembly of hydrogels through specifically engineered
supramolecular interactions (e.g. hydrogen bonding motifs or host-guest systems), unites
qualities of polymeric systems with the orthogonality and reversibility of supramolecular
chemistry.37 Some elegant examples of supramolecular hydrogels are those derived from
peptide amphiphiles or cyclodextrin host-guest complexes.38,39 In chapter two of this thesis,
hydrogels based on the directional self-assembly of the supramolecular ureido-pyrimidinone
(UPy) and benzene-1,3,5-tricarboxamide (BTA) motifs will be discussed in more detail.

Injectability
An exciting prospect for hydrogel mediated drug and cell delivery is utilization of
minimally invasive technologies, for which injectability is the crucial requirement. Besides
greatly decreasing a patients burden, injectable flowing hydrogels can form and adjust to
any desired shape to fill irregular defects at the injection site.40 Injectability principally
originates from either in situ gelling mechanisms or shear-thinning (thixotropic) behavior,
i.e. viscous flow under shear stress.41,42 Particularly sophisticated are those materials that
exist undisturbed in a solution state, only triggered to gelate as a response to
environmental cues in the body, so called ‘bioresponsive’ hydrogels. Biological cues include
7
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enzymes and pH,43 and to some extent temperature. Temperature based sol – gel switching
though is hardly suitable for minimally invasive catheter-based delivery of biomaterials,
where the catheter resides at 37 °C inside the body and premature sol – gel transition can
clog the injection system. Most in situ chemical gels generally require mixing of two
components after which a chemical reaction covalently crosslinks the material. Devices like
actively cooled or double-barreled catheters can potentially enable minimally invasive
applicability of said hydrogel systems, but they are not available as of yet. In fact, any timedependent gelation mechanism is not suitable for catheter-based delivery, excluding most
of the in situ gelling strategies that currently exist.

Controlling drug release
As many of the systemic delivery issues are avoided when injecting macroscopic
carriers at the target site, one remaining key feature for hydrogel delivery to stand out is
control over the rate of drug release. Generally, three mechanisms of release can be
distinguished, i.e. (un)controlled release by free diffusion, affinity-based release, and
degradation controlled release (Figure 1.5).44 In reality, release is often a combination of
these three components and additionally influenced by the physical and chemical biological
environment.45
Diffusion controlled

Affinity controlled

Degradation controlled
Bioactive agent
Crosslink
Reversible interaction
Permanent bond

Figure 1.5 | Three mechanisms of drug release from a hydrogel. Release of drugs can be controlled by free
diffusion, based on a reversible interaction that results in a (multivalent) affinity, or by degradation through
covalent incorporation. Adapted from Kearney et al. with permission from Macmillan Publishers Ltd.44

Release by diffusion takes place at a rate directly proportional to the drug
concentration available at the time, which is labeled a first-order process. Physical
phenomena such as pore size, drug size, crosslink density, swelling ratio, tortuosity and
permeable barrier coatings influence the diffusion process.46 Affinity-based release systems
rely on the tendency of a therapeutic agent to associate with the hydrogel network. It can
be the result from various non-covalent interactions, e.g. hydrophobic forces, hydrogen
8
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bonding, electrostatic interactions, or any combinations thereof.47 Interesting from a
chemical engineering standpoint is tuning of the valency, strength of affinity, and/or the
number of affinity sites, which are all concomitant factors to the release rate. In case of an
extremely high affinity, control over release is conveyed to the very lifetime of the hydrogel,
resulting only in release of the drug by degradation or erosion of the hydrogel carrier.
Degradation controlled release can occur from the surface or simultaneously throughout
the bulk, and can alternatively be achieved through covalent interactions. Pure degradation
controlled release takes place at a constant rate independent of available concentration and
is called a zero-order process, giving the most potential for obtaining stable drug levels
within the desired range.46

Aim and outline
The aim of the research described in this thesis is to perform drug delivery with
supramolecular systems based on the UPy and BTA motifs. Functional, multicomponent
materials for both nanoscale drug delivery and macroscopic controlled drug delivery
applications are generated. Central research questions that are investigated are; i) is it
possible to create and characterize stand-alone materials for nanoscale delivery using the
UPy and BTA motif; ii) can function be introduced to these materials and are they capable of
carrying and delivering RNA therapeutics to cells in vitro; iii) is it possible to translate these
fundamentals of drug loading to the macroscopic regime utilizing UPy-based hydrogels; iv)
in what ways should RNA therapeutics and/or the UPy hydrogel carriers be modified to
obtain control over drug release; v) can these principles be elaborated on, to obtain
controlled release over other types of drugs, e.g. chemotherapeutics; vi) how to efficiently
functionalize the UPy hydrogels for in vivo tracking and localization; and vii) what is required
for translation of the UPy hydrogels towards drug-loaded minimally invasive applicable
carrier systems in the clinic.
Chapter 2 provides a comprehensive literature study on the latest advances in
biomaterials based on the UPy and BTA motifs. Fiber particles from BTA and derivative
discotics have been under extensive investigation for e.g. intracellular delivery and as
contrast agent for magnetic resonance imaging (MRI). On the other hand, the UPy motif
has thus far mainly been utilized for the formation of hydrogels, aimed at drug delivery in
the kidney and the heart. It is discussed that both supramolecular motifs are well
characterized, synthetically accessible and versatile, and conveniently functionalizable for
biomedical applications.

9
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In chapter 3, the BTA motif is employed to create supramolecular fiber particles for
intracellular delivery of siRNA. Exploiting the modular approach, the multicomponent
assembly of various monomers into a functional fiber particle is presented, with tunable
size, charge and internalization properties. Functional siRNA delivery is demonstrated in
vitro with a successful gene silencing study. Furthermore, the possibility for dual drug
delivery is examined with intracellular delivery of a small hydrophobic model compound.
Chapter 4 describes the use of the UPy motif for siRNA complexation and
intracellular delivery. siRNA complexation is demonstrated to be very effective with cationic
UPy fibers. Furthermore, the robustness of the facile supramolecular polymerization
process is tested with two different strategies for siRNA-fiber complex formation.
Preliminary in vitro silencing efficacies are low, but the molecular concept behind siRNA
complexation is proposed to be applicable for other UPy-derived biomaterials.
In chapter 5, the cationic UPy additive is employed in combination with a UPybased hydrogel, for electrostatic affinity based retention of single stranded therapeutic
antimiR. It is investigated how the number of affinity sites in the hydrogel affects the
mechanism and rate of antimiR release. For these studies fluorescence recovery after
photobleaching studies are performed, a technique that provides information on the
freedom of movement of individual fluorophores. For double stranded siRNA and miRNA,
an alternative approach is introduced. Release can be regulated by cholesterol modification
on the RNA therapeutic. This modification yields an affinity for the hydrophobic
compartments of the UPy-based hydrogel, which in turn results in a release rate
considerable slower than the diffusion-controlled release rate that characterizes noncholesterol-modified RNA therapeutics.
Utilizing the cholesterol modification concept, in chapter 6 the synthesis and
characterization of a mitomycin C derivative is described. Cholesterol-modified mitomycin C
exhibits an improved chemical stability and potency compared to parent mitomycin C. Most
importantly, it provides a sustained release from UPy-based hydrogels for the otherwise
hydrophilic non-retainable chemotherapeutic agent. In vitro is investigated how this
sustained release can be utilized to obtain long-term drug activity, and a combinatorial
chemotherapeutic delivery treatment is proposed to achieve optimal effective drug
concentrations over time. It is argued that the UPy-PEG hydrogel system in combination
with these chemotherapeutic agents is a potentially interesting drug delivery system for
intraperitoneal carcinomatosis.
In chapter 7, a study is performed towards obtaining information about the in vivo
location, shape, and erosion rate of injected in situ gelling UPy-PEG hydrogels. For this
purpose, a UPy monomer is modified with a gadolinium(III)-DOTA (Gd(III)-DOTA) complex
10
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for contrast enhanced MRI. It is investigated whether the covalent synthesis on the Gd(III)DOTA complex alters its ability for water relaxation, and if the UPy functionalization results
in the stable supramolecular incorporation of the contrast agent in a UPy-PEG hydrogel.
Advanced studies are performed by in vivo targeted catheter injection of the labeled
hydrogel in the myocardium of a pig. The crucial information that is obtained is proposed to
aide in the continuing development, fine-tuning, and modulation of hydrogel properties for
in vivo applications
Finally, in the epilogue, several implications of the obtained results are discussed.
With a bird's-eye view is looked at the pitfalls, promises, and future recommendations
towards successful drug delivery materials based on the UPy and BTA motifs.
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Ureido-pyrimidinone and Benzene-1,3,5tricarboxamide Derived Biomaterials

Abstract
Supramolecular materials based on hydrogen bonding motifs ureido-pyrimidinone
(UPy) and benzene-1,3,5-tricarboxamide (BTA) have been developed for several unique
biomedical applications. In this overview, the latest advances in research on fiber particles
and hydrogel materials for biomedical solutions based on these two supramolecular units
are presented. Most of the research on UPy biomaterials has focused on hydrogel
applications for renal regenerative medicine and cardiac drug delivery. On the other hand,
the disc-like BTA motif and its extended discotic versions have mainly been employed as
versatile supramolecular fiber particles in solution, for e.g. cellular drug delivery and medical
imaging. A wide variety of molecules, bioactive guests, screening techniques and potential
applications has been explored to date. This overview will show the broad chemical
properties and applicability of hydrogen bonded supramolecular motifs in the biomaterials
field.

Part of the work described in this chapter has been accepted for publication
Supramolecular biomaterials based on ureido-pyrimidinone and benzene-1,3,5-tricarboxamide
moieties, in Self-Assembling Biomaterials: Molecular Design, Characterization and Application
in Biology and Medicine. Maarten H. Bakker, Patricia Y.W. Dankers, 2018.
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Supramolecular biomaterials
Biomaterials created with supramolecular chemistry present a relatively new
materials toolbox at the interface of biology and chemistry that opens the door for novel
drug delivery solutions.1 Supramolecular chemistry is described as ‘chemistry beyond the
molecule’, and is aimed at the design of functional organized higher order structures
through self-assembly of building blocks via intermolecular interactions.2 Supramolecular
chemistry invokes for example non-covalent π-π interactions, hydrophobic effects,
electrostatic forces, hydrogen bonding, or metal coordination. In recent years the progress
in supramolecular chemistry stimulated interest in 1D supramolecular polymers, which are
formed by directional association of monomeric subunits and are, unlike classical covalent
polymers, not chemically or mechanically stable.3 However, their non-covalent nature
confers them other unique properties such as dynamics, modularity and adaptivity.4,5 From
supramolecular polymers onwards we observe the development of tertiary functional
entities exhibiting the same unique properties as the individual constituents. From this
exciting new field a next generation of biomaterials is forthcoming with a level of tunability,
function, bioactivity, biocompatibility, resorbability and responsiveness that are unseen in
traditional biomaterials.6–9 Owing to these excellent set of features, supramolecular
materials are proposed as revolutionizing candidates to overcome several of the barriers
that still exist today for nanoscale and macroscale drug delivery systems.

UPy and BTA motifs
Two extensively studied supramolecular hydrogen bonding motifs are the ureidopyrimidinone (UPy) and benzene-1,3,5-tricarboxamide (BTA) units. UPy moieties were
developed approximately two decades ago and reported to strongly dimerize (Ka = 106 – 107
M-1 in CHCl3) by means of a unidirectional self-complementary array of four hydrogen bonds
(DDAA) (Figure 2.1A).10 Supramolecular materials created with UPy motifs exhibit properties
reminiscent of conventional macromolecules, with the added benefit of reversibility owing
to the dynamic UPy interactions.11 Flanking of the UPy groups with alkyl spacers containing
urethane or urea functionalities enables the self-assembly of one-dimensional aggregates
through lateral non-covalent stacking of UPy dimers.12 Introduction of alkyl spacers also
permits self-assembly in aqueous solution, since hydrogen bond formation between UPy
groups is now shielded from water by a hydrophobic pocket formed by the alkyl spacers.
Capitalizing on this, a little over a decade ago the first step towards biomedical applications
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was taken with the introduction of bioactive polymer scaffolds based on UPy-modified
oligocaprolactones.13
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Figure 2.1 | Supramolecular UPy and BTA motifs. A. Ureido-pyrimidinone (UPy) units dimerize via fourfold
hydrogen bonding and are able to stack in the lateral direction into fiber structures. B. Benzene-1,3,5tricarboxamides (BTA) assemble into helical fiber structures that are stabilized by threefold intermolecular
hydrogen bonding of the amide groups. ICMS Animation Studio, TU/e.

A second supramolecular unit that has been investigated in detail is the discshaped BTA motif (Figure 2.1B). In apolar solvents BTAs cooperatively self-assemble into
columnar helical aggregates stabilized by threefold hydrogen bonding, π-π stacking, or a
combination of both.14 In order to achieve self-assembly in water instead of in apolar
solvents the BTA unit was redesigned. A hydrophobic pocket was created by introduction of
hydrophobic alkyl spacers, and the periphery of the BTA was decorated with solubilizing
units such as oligo(ethylene glycols).15 The BTA motif was additionally functionalized with
extended cores, i.e. with bipyridine and pentafluorophenylalanine, which renders them
fluorescent and increases stability, respectively.16 Much effort has been devoted in
understanding the molecular self-assembly mechanisms and to control properties of
supramolecular BTA polymers.17,18 In particular, the dynamic behavior of BTA polymers was
studied, i.e. the ability to continuously polymerize and depolymerize. New interesting
properties were shown that derive from its dynamic behavior such as adaptivity.19,20 Overall,
the BTA and its derivatives present a well characterized and synthetically accessible
molecular design to produce functional biomaterials.
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UPy and BTA biomaterials
At the beginning of the century, the field of tissue engineering reached a critical
mass leading to the development of a third generation of biomaterials. Consequently,
increasingly complex components were required that exhibit both resorbable and bioactive
properties.21 During this period the supramolecular toolbox was also coming of age, with
the availability of better methods for production and processing—culminating in rapid
improvements in overall material properties and a surge in popularity.3
Three main categories of UPy and BTA biomaterials can be identified; i)
supramolecular fiber particles diluted in solution that show promise as imaging or drug
delivery agents, ii) soft hydrogel materials as candidates for injectable treatments and
potential ECM mimics, and iii) free-standing scaffold materials that act like solids with tough
or elastic mechanical properties (Figure 2.2). Because of the dynamic nature of
supramolecular materials the overall properties, e.g. robustness, material integrity, and
incorporation of bioactivity can be modulated.
Over the years, a large number of potential applications has been explored; from
use as MRI contrast agents,22 treatment of inflammation and fibrosis after renal ischemia,23
to catheter injectable therapy post-myocardial infarction.24 In this thesis, functional fiber
particles in solution and macroscopic hydrogels for drug delivery applications are
investigated based on the UPy and BTA motifs. To that end, an overview is given here on
the relevant work that has been performed with these two categories of supramolecular
materials in the biomedical field.
Fibers in Solution

Hydrogels

Solid Materials

Concentration
Figure 2.2 | Three categories of UPy and BTA derived supramolecular biomaterials. ICMS Animation Studio,
TU/e.
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Fiber particles based on BTA moieties
When BTA-functionalized molecules are diluted in water, a state is reached in
which self-assembly between supramolecular groups occurs, but does not result in fibrous
networks with actual material properties. Up to date, BTA polymers diluted in aqueous
solution have received considerable attention. Several detailed studies were performed to
elucidate the structure, dynamic exchange pathways, and dynamicity derived properties
such as adaptivity.15,20,19 The scaffold molecule for polymerization in aqueous solution BTAOH (1a) was found to; i) form micrometer long narrow fibrillar fibers, ii) exhibit dynamics to
a degree that complete inter-fiber mixing takes place in a matter of hours, and iii)
accommodate clustering of functional monomers triggered by a multivalent recruiter.
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Scheme 2.1 | Chemical structures of the BTA-based molecules described in this chapter.

A multicomponent BTA fiber was designed by Albertazzi et al. to be stimuliresponsive to biological triggers, analogues to many cellular structures that are controlled
by signaling molecules and enzymatic activity (Figure 2.3A).25 A co-assembly was prepared
from scaffold 1a, together with amine-functionalized cationic monomers that can bind
single strand DNA (ssDNA) via electrostatic interactions. These DNA binding monomers
were also functionalized with fluorescent dyes for fluorescence resonance energy transfer
(FRET) experiments; yielding monomers BTA-2NH2/Cy3 (1b) and BTA-2NH2/Cy5 (1c). Upon
addition of ssDNA, an increase in FRET indicated that the amine-functionalized monomers
had re-organized from a randomized distribution over the fiber to clusters. Interestingly,
below a certain threshold ssDNA length no clustering was observed, explained by the
multivalency of the interaction. This characteristic was exploited to obtain a sharp stimulusresponse: addition of an enzyme that cut the above-threshold-length ssDNA to small parts
completely reversed the clustering (Figure 2.3B). In this work multivalent binders and
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enzymes allowed for the reversible clustering of functional monomers, paving the way for
more complex reaction mechanisms on supramolecular BTA polymers.
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RNAse

Input 2: Enzyme
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Pre injection

10 min. post

Fluor-Disc-Gd (6)

D

Gd-DTPA
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Figure 2.3 | A selection of biomedical applications with fiber particles based on (discotic) BTA moieties. A.
Schematic representation of reversible clustering of ssDNA on multicomponent BTA fibers. Adapted from
Albertazzi et al.25 B. Sharp responses in FRET ratio are visible upon addition of recruiter ssDNA, enzyme, and
re-addition of ssDNA. Adapted from Albertazzi et al.25 C. Visualization with STORM reveals micron-length
individual fibers of 1d. Adapted from Baker et al.26 D. Bipyridine extended discotic BTA polymers containing
mannose ligands are able to cluster diluted E. coli bacteria. Adapted from Müller and Brunsveld.27 E.
Supramolecular fiber particles from 6 outperform clinical low-molecular weight contrast agents for magnetic
resonance angiography. Adapted from Besenius et al.22

Much work on supramolecular networks and systems revolves around the
incorporation of guest molecules with the goal of adding function to a scaffold material.
Unfortunately, many methods that are used for tracking guest molecules are either indirect
proof of incorporation or are performed with specifically designed reporter monomers. In a
recent study by Baker et al. this issue was partially circumvented by employing an exclusive
monomer BTA-RGD/Cy5 (1d), that bears the bioactive functional group along with a reporter
group.26 FRET and stochastic optical reconstruction microscopy (STORM) experiments were
performed to demonstrate that; i) the BTA-peptide-dye is reliably incorporated in the
polymer, ii) the BTA-peptide-dye neither clusters nor affects fiber morphology, and iii)
exchange dynamics of the BTA-peptide-dye are similar to BTA-dye monomers (Figure 2.3C).
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The demonstrated robustness and effectiveness of bioactivation assures the possibility for
continuing development towards ever more complex BTA biomaterials.

2

Fiber particles based on extended ‘Discotic’ BTA moieties
Extensive work has been performed on the extended core ‘discotic’ BTA, to form
fiber particles in aqueous solution for biomedical applications. In the group of Brunsveld,
the potential of synthetic supramolecular systems for the dynamic multivalent binding of
biological interactions was recognized early. As proof of concept Müller and Brunsveld
introduced mannose ligands in the discotic polymers for the multivalent interaction with
lectins on the bacterial surface of E. coli to induce clustering.27 Supramolecular polymers
were prepared from mixtures of the inert bipyridine extended discotic BiPy-Disc-OMe (5a)
and a discotic functionalized with three mannose ligands BiPy-Disc-3Man (5c). Using a
combination of fluorescence and bright-field microscopy, it was found that only the
polymers containing discotic 5c were able to cluster diluted E. coli bacteria (Figure 2.3D). The
degree of clustering was dependent on the ratio of 5c to 5a, and surprisingly, efficacy of
clustering was better with a relatively small amount (1 %) of 5c. It was argued that the
polyvalent binding in this assay is so efficient that ‘overcrowding’ of the polymers with
ligands results in sub-optimal binding. The relation between binding efficacy and ligand
density was further investigated by Petkau-Milroy and Brunsveld with the introduction of an
intrinsically non-multivalent mannose discotic BiPy-Disc-1Man (5b), bearing only one
mannose ligand.28 An enzyme-linked lectin inhibition assay was used to analyze binding of
5b and 5c, and values were compared to non-discotic-functionalized α-D-methyl mannose.
Both mannose discotics exhibited an approximately three times stronger inhibition,
attributed to clustering of mannose discotics through supramolecular self-assembly.
Interestingly, 5c displayed no enhancement in binding when corrected for number of
mannose ligands per monomer. It means the monovalent monomers are just as effectively
presented within the supramolecular polymers.
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Scheme 2.2 | Chemical structures of the discotic BTA-based molecules described in this chapter.

Most of the introduced functionalities discussed so far, e.g. small peptides,
charged groups, dyes and sugars, are relatively small functional groups that could be
incorporated without interrupting supramolecular polymerization. For larger biological cues
such as proteins, where the molecular weight of the functional group greatly exceeds the
molecular weight of the self-assembling unit, these principles might not hold. In the group
of Brunsveld proteins were incorporated, albeit indirectly via a second layer of non-covalent
interactions, into a supramolecular discotic polymer.29,30 In order to assemble biotin-binding
proteins on the fibers they introduced discotics BiPy-Disc-1Biotin (5d) and BiPy-Disc-3Biotin
(5e), decorated with one and three biotin handle(s) as functional end-group(s), respectively.
Owing to the inherent fluorescent properties of the supramolecular fibers, FRET
experiments could be performed with fluorescently labeled streptavidin as acceptor. It was
demonstrated that the protein is capable of selectively binding the discotic fibers when the
biotin monomers are incorporated. Comparable results were obtained in a parallel study
where the binding between discotic and protein was made covalent by site-specific
attachment of SNAP-tag labeled proteins to a benzylguanine-discotic BiPy-Disc-1Guanine
(5f).31 For both strategies it was demonstrated that different types of proteins could be
brought together on the same scaffold, paving the way towards the ambitious goal of
initiating and controlling intracellular protein-protein interactions.
Further steps towards this goal were taken in a more recent study by PetkauMilroy et al.32 Discotic polymers were prepared comprising even more unique types of
functional monomers. Cationic charge bearing discotics BiPy-Disc-3NH2 (5g) and BiPy-Disc-
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9NH2 (5h) were introduced, and it was demonstrated that a homopolymer of discotics with
a minimum of three amines displayed the necessary charge density to promote cellular
internalization. In order to internalize multicomponent polymers that comprise also partially
non-permeable biotin-discotic 5e and a fluorescein functionalized discotic BiPy-Disc-1FITC
(5i), the polymers were co-assembled with the highly cationic 5h. Excitingly, it was revealed
that after internalization of the polymers all three unique discotics were detected and
colocalized inside the cells. Simple mixing of discotics conveniently afforded
multicomponent functional polymers, and it is easy to envision the possibilities for even
more complex functional systems.
Also in the field of medical imaging the discotic fiber particles have started to gain
momentum. In a preliminary study by Besenius et al., charged hydrophilic metal chelates
were decorated on fluorinated L-phenylalanine discotics.33 Supramolecular growth could be
controlled by balancing the repulsive coulombic forces from these charged groups against
the attracting forces of the self-assembling unit. At the same time, introduction of the
paramagnetic Gd(III) complex to the discotic polymers opened the door for contrast
enhanced magnetic resonance imaging (CE-MRI). This led to the development and
validation of self-assembled paramagnetic fiber particles based on a Gd(III)-modified
discotic Fluor-Disc-Gd (6).22 The supramolecular fiber particles from 6 were envisaged to be
suitable candidates for magnetic resonance angiography, owing to the relative high stability
of the fluorinated aromatic cores and a particle size in the nanometer range. In vitro
characterization established that the generated fiber particles exhibit a relaxivity of 12 mM·s-1 (at relevant clinical field strength of 1.4 T / 60 MHz), similar to previously reported

1

micelles, liposomes and dendrimers. Contrast enhanced angiography on the mouse brain
was performed in a clinical 9.4 T MRI scanner and the head and neck vasculature were
extremely well visualized, outperforming clinical low-molecular-weight contrast agents
(Figure 2.3E). Furthermore, clearance and biodistribution studies revealed the fate of the
fiber particles to be similar to that of covalent structures in this size and structure range.
Overall, discotic paramagnetic fiber particles perform equal to covalent nanoparticle
structures, but bring the added benefits of supramolecular materials to the table, i.e. the
modular preparation and erosion by disassembly.
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Fiber particles based on UPy moieties
Hendrikse et al. investigated the structural and kinetic exchange properties of UPy
polymers in solution based on UPy-modified oligo(ethylene glycol) (OEG) monomer UPy-UOEG11-OMe (11a) and the telechelic diUPy-U-PEG20k (7b) monomer.34 It was argued that an
accurate understanding and ability to tune these molecular properties is crucial for the
further development of biomaterials. Fundamental differences in structure and dynamics
were identified with a combination of cryogenic transmission electron microscopy (cryoTEM), STORM, and FRET experiments. On cryo-TEM images, the monofunctional 11a formed
micrometer long fibers, whereas the telechelic 7b formed shorter fibrillar structures in the
sub-micrometer range. By utilizing UPy-modified Cy3 and Cy5 dyes incorporated in separate
fibers, the exchange dynamics were investigated with FRET and STORM. For telechelic 7b an
immediate intermixing of fibers was observed, while for 11a only a minimal occurrence of
exchange between fibers was observed after twenty hours. This indicates that besides the
structure, also a clear difference exists in the inter-fiber dynamics. Finally, it was shown that
by mixing of monomers fibers with intermediate lengths could be prepared, highlighting the
possibility for fine-tuning of properties utilizing the modular approach.

Hydrogels based on BTA moieties
Supramolecular hydrogels are typically adaptive to one or more external stimuli,
have excellent permeability for transport of nutrients, and exhibit an inherent
biodegradability that make them unique candidates for several applications in the
biomedical field.8,35,36 Research on hydrogel development based on the BTA motif is still in
its infancy; however, initial studies on the formation of hydrogels that could lead to
biomaterial applications have emerged. After modification of BTAs in order to self-assemble
in aqueous environment hydrogel materials were prepared from a library of telechelic and
small BTA derivatives by Leenders et al.37 Structure – property relationship was investigated
by varying the number and length of hydrophobic side chains. A hydrogel from a low
molecular weight hydrogelator (LMWH) BTA-OEG4 (2) was found to possess storage and
loss moduli G’ and G’’ that are almost frequency-independent, with a plateau storage
modulus G0 ~80 Pa and furthermore a crossover yield strain of 25 %. Telechelic BTAs diBTAPEG20k (4a & 4b) on the other hand, display flow on longer timescales (G’’ > G’ at low angular
frequency), G0’s of 15 and 1.7 kPa, and yield strains of 55 and 160 %, respectively. It shows
that the telechelic BTAs form considerably stronger gels than the LMWH BTA. It was
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proposed that bioactivity could be introduced by incorporation of functional small BTAs into
the scaffolds, towards rationally designed biomaterials.
In a study performed by Bernet et al., the authors investigated a pH-sensitive,
photoluminescent BTA derivative BTA-p-carboxylphenyl (3) with three p-carboxylphenyl
side-groups.38 The LMWH exhibits a critical gelation concentration (CGC) of only 0.2 %, is
fully pH-reversible, and thermostable up to 100 °C. In an aqueous NaOH environment, the
monomers are completely soluble due to sodium salt formation. But, upon acidification the
carboxylates are protonated, thereby reducing the solubility and initiating self-assembly
that leads to the formation of a macroscopic hydrogel. Howe et al. performed additional
research on this type of BTA hydrogelator with a series of five BTA LMWHs with various
peripheral aromatic carboxylic acid substituents.39 Overall properties varied widely
depending on; i) the number of aromatic groups, ii) position of carboxylic acid substitution,
and iii) presence of additional alcohol groups. CGCs remained constant around 0.2 %, but the
apparent pKa varied between 5.2 and 6.5. Frequency sweeps revealed that all hydrogels
show typical viscoelastic behavior with G’ approximately an order of magnitude higher than
G’’ over the whole tested frequency range. However, the absolute value for G’ varied
proportionally between 0.5 and 13.5 kPa, indicating a wide spectrum of hydrogel strengths
can be obtained via this molecular design. Studies are currently being performed on these
BTA hydrogels to investigate their potential for drug delivery and for supporting cell
growth.

Hydrogels based on UPy moieties
The first hydrogels based on UPy materials were derivatives of telechelic UPymodified PEG monomers initially used as hydrophilic anti-fouling components in solid
materials. Hydrogelators were developed by introduction of an alkyl spacer between UPymoiety and the PEG part, connected by an urea (U) functionality.40 At the gelation
concentration, the fiber assemblies interact and form crosslinks between the structures,
resulting in a dynamic but robust network. A series of transient supramolecular networks
was developed by varying the length of the hydrophobic aliphatic spacer between six and
twelve carbons, and the molecular weight of the PEG linker in between 6k – 35k.40 The
hydrogelators displayed a switching behavior from a viscous liquid to a hydrogel at
temperatures below 50 °C. It was argued that these new temperature switchable materials
with tunable exchange dynamics could serve as minimally invasive injectable drug carriers. A
hydrogel prepared from telechelic 7b was loaded with the anti-inflammatory and antifibrotic bone morphogenetic protein 7 (BMP7), and implanted under the rat kidney capsule.
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Seven days after implantation the supramolecular hydrogel could not be detected by eye in
the explanted kidney, indicating it had eroded. Myofibroblast activity was then studied in
the explanted kidney with morphometry and α-smooth muscle actin (αSMA) stainings. For
the control saline injection and bare UPy hydrogel implantation, increase in myofibroblast
activity was equal; indicating that the pristine UPy material induced no additional damage.
Excitingly however, the increase in myofibroblast activity was completely reversed with the
hydrogels containing a small amount of BMP7, demonstrating the promising concept of
protein delivery.
UPy

7a/b diUPy-U-PEG 10k/20k
NH
N

O

O

N
H

H
N

N
H

O

H
N
5

2

O

N
H

O
O

O

n

O

H
N

N
H

2

5
O

N
H

11a/b UPy-U-OEG 11/17-OMe

HN

O

H
N

N
H

NH
N

O

O

N

O

N
H

H
N

N
H

O

H
N

2

N
H

5

O

O

n

O

O

12 UPy-Acryl
8 CE-UPy-U-PEG 3k+6k

O

R=

9 CE-UPy-U-PEG 6k-PCL 1k

6k

O

R=

NH

1k

O

O

O

O

H
N

O
n

2

N
H

O

N
H

O

NH

O

O

N

O

N
H

H
N

N
H

2

N
H

R

O

NH

10 CE-UPy-U-PEG 10k

H
N

O

NH

2
O

O

N

N
H

O
N
H

O

H
N

5
O

N
H

N

N
H

O

O
N
H

N
H

O

O
n

O

O
m
O

OH

O
O

O

HO
O

HO

O

H
N

2

O

13 UPy-DEX

O

O

N
H

O

2

O

H
N
O

O

H
N

N
H

O

H
N

N
H

N

O

O

N
H

HO

H
N
5

X

O
n

Scheme 2.3 | Chemical structures of the UPy-based molecules described in this chapter.

State-of-the-art strategies to prevent progression of a myocardial infarction (MI)
into chronic heart failure revolve around minimally invasive application of a biomaterial
combined with growth factors as a controlled release platform. For that purpose a drug
carrier hydrogel was developed using UPy-PEG hydrogelator diUPy-U-PEG10k (7a), for
catheter-based injection in the infarcted myocardium.24,41 A key feature that makes this
hydrogelator a promising candidate is its pH responsiveness, which enables a sol – gel
transition from slightly basic to neutral pH. At pH > 9.0 a 10 wt% solution of the hydrogelator
behaves as a viscous liquid with a viscosity below 1.0 Pa·s that can be injected via a catheter.
When the liquid comes in contact with neutral tissue it gelates to form a hydrogel with a
storage modulus G’ up to 24 kPa and a crossover yield strain of approximately 100 %. This
behavior is proposed to originate from deprotonation of the OH group present in the enoltautomer of the UPy moiety, which is the dominant species present ≥ pH 8.5; impeding
hydrogen bond formation and dimerization. In vitro it was shown that the formulation is
biocompatible both at basic and neutral pH, and that hepatocyte growth factor (HGF) and
insulin-like growth factor-1 (IGF-1) can be encapsulated and released gradually over a period
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of four days. In vivo the feasibility for intramyocardial GF delivery was investigated in a
porcine model of MI. Nicely, the hydrogel containing growth factors showed a reduction of
collagen content in the infarct scar compared to the pristine hydrogel (Figure 2.4A). In the
elaborate follow-up study by Koudstaal et al. an in-depth analysis of cardiac function was
carried out, two months post-MI and one month after intramyocardial delivery of UPy
hydrogel.42 An improvement was found for all measured levels of outcome when the GFs
were delivered in combination with the UPy hydrogel as carrier, highlighting the potential of
UPy hydrogel for drug delivery treatment post-MI. In another study Kieltyka et al. showed
that several of the hydrogel characteristics, e.g. self-healing behavior, dynamics and
mechanical properties, can be modulated by addition of a monofunctional UPy monomer
UPy-U-OEG17-OMe (11b).43 Multicomponent self-assembly with different ratios of these
constituents opens the doors to a wealth of subtly distinct materials that can be used for
several biological applications.
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Figure 2.4 | A selection of biomedical applications using hydrogels based on UPy moieties. A. Infarct borderzone targeted injection of UPy hydrogel 7a loaded with growth factors reduces scar collagen content.
Adapted from Bastings et al.24 B. Optical (1) and fluorescent (2-4) images of UPy-alginate core–shell capsules
with varying shell thickness. The scale bars in figure 2-4 are 100, 200 and 500 µm, respectively. Adapted from
Guo et al.44 C. Extreme stretchable hydrogels prepared from 12 at three different concentrations. Adapted
from Jeon et al.45 D. Complex tissue engineering is achieved by two-component hydrogel self-integration

with different cell-types using a 13 hydrogel. Scale bar in 1-3 represents 5 mm, scale bar in 4 represents 100
µm. Adapted from Hou et al.46
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In the group of Popa the 7b hydrogelator was applied in a disease model of renal
ischemia/reperfusion injury (IRI).47 Untreated, IRI may lead to irreversible chronic kidney
disease and ultimately kidney failure. The study aimed to target short-term effects of renal
inflammation and tissue remodeling. Hydrogels with and without BMP7 incorporated were
implanted in IRI kidneys. At days three and seven, a 5 and 7 % reduction in number of
myofibroblasts was detected for the BMP7 loaded hydrogel compared to the pristine
hydrogel, respectively. The study demonstrated that the supramolecular UPy hydrogel, due
to ease of formulation and injectability, is also a promising candidate for short-term
intrarenal drug delivery.
Supramolecular UPy-based hydrogels were additionally introduced as subcentimeter-sized capsules, which exhibit superior properties over bulk hydrogels for certain
drug delivery applications.44 Hydrogel capsules were prepared from hydrogelators 7a and
7b. Rapid supramolecular dissociation of the capsules was prevented by encapsulation in a
stable shell of the natural polymer alginate. The one-step preparation process omitted the
use of organic solvents and resulted in well-defined core-shell capsules with a ± 3 mm
diameter and a tunable shell thickness (Figure 2.4B). The outer shell provides a confined
spice for the supramolecular inner hydrogel, and therefore prevents swelling, erosion, and
release of dextran guests. Parallel to the telechelic UPy-PEG hydrogelators, chain-extended
CE-UPy-U-PEG3k+6k (8) and CE-UPy-U-PEG6k-PCL1.2k (9) monomers were investigated as
potential building blocks for hydrogels.48 It was shown that 8 and 9 form strong hydrogels
that remain stable over time, while the telechelic 7b formed a soft hydrogel that erodes fast
upon addition of water. After injection under the capsule of rat kidneys, all three gels
displayed a negligible inflammatory response and interstitial myofibroblast formation three
and fifteen days after implantation, compared to saline injected control kidneys.
Furthermore, αSMA staining, type III collagen deposition and subcapsule formation were
analyzed and showed an overall mild body reaction that was concentrated to the site of
implantation.
A new electrospun hydrogel scaffold from CE-UPy-U-PEG10k (10) was hypothesized
to be well-suited for tissue engineering applications if a cell adhesive character could be
introduced.49 The polymer was therefore mixed with the bioactive natural hydrogel
component gelatin to produce a hybrid scaffold that functioned as a robust freestanding
scaffold and formed mechanically stable but elastic hydrogels. By varying the fiber
diameter, the hydrogels could be tuned to either function as a support for the formation of
renal monolayers, or act as a niche for the culture of cardiac progenitor cells.
Jeon et al. prepared an interesting hydrogel from a novel crosslinker UPy-Acryl (12),
with an acrylic head connected to a UPy group.45 Sodium dodecyl sulfate (SDS) micelles
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were used to provide a hydrophobic environment for UPy dimerization, and subsequently
hydrogels were prepared via micellar polymerization of 12 and free acrylamide. The resulting
hydrogels displayed unique mechanical properties for supramolecular hydrogels, with an
extreme stretchability of up to 100 times their initial length and the ability to completely
self-heal within 30 seconds (Figure 2.4C). Currently the material is not yet under
investigation for biomedical applications, but it shows potential for use as artificial soft
tissue, wound dressing material or cell cultivation scaffold.
UPy-based hydrogels were investigated as injectable carrier for cell delivery by Hou
46

et al. UPy moieties were grafted as crosslinks on the biopolymer dextran UPy-DEX (13) and
investigated for regeneration of cartilage and bone tissue in vivo. In this case, the
injectability of the material is a result of shear-thinning and immediate recovery.
Chondrocytes for cartilage formation and bone marrow stem cells (BMSCs) for bone
regeneration were encapsulated in separate hydrogels. Viable tissue was formed after
subcutaneous implantation of these hydrogels in mice. In addition, by simply combining the
hydrogels via self-integration, a two-component hydrogel was prepared for the challenging
task of osteochondral tissue engineering. Eight week after implantation bone and cartilage
tissue were identified within their spatial defined regions, but also intimately integrated at
the border zone (Figure 2.4D). This outcome proves the exciting concept of multi-tissue
engineering using the 13 hydrogel. Moreover, regeneration of tissue complexes has been a
longstanding challenge and this approach may very well be utilized in the future for
alternative tissue complexes.

Perspective
Supramolecular biomaterials based on UPy and BTA motifs were shown to be
applicable as true biomedical materials. Depending on their specific chemical structure and
method of preparation, they can be formulated to be applicable as fiber particles for
imaging and (intra)cellular targeting, or as hydrogel systems for e.g. local drug delivery.
An important recurring theme throughout much of the work discussed is the biofunctionalization of the mostly inert base supramolecular materials by supramolecular and
modular incorporation of supramolecular monomers, also called additives or guests,
modified with biological cues. Although in general the supramolecular polymerization
process changes upon addition of such additives, it has been shown that most of the
introduced unique monomers are able to co-assemble with the scaffold material. This
occurs either completely homogenously or partly heterogeneously, without complete
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phase separation. However, the chemical nature of the supramolecular monomer to be
incorporated influences the ultimate assembly and thereby the ultimate function. This
behavior depends on the valency (i.e. one, two, three or more hydrogen bonding units
being present in the supramolecular additive), the hydrophobicity/hydrophilicity, and/or
chemical nature of the bioactive cues (i.e. drug, peptide, etc.). Furthermore, the robustness
of additive incorporation depends on the on-off rate of the additive in the supramolecular
base system, providing for example a system with low affinity that easily releases drugs, or
a material with strongly incorporated peptides for cell adhesion and specific cell signaling.
Over the years, a large library of molecules, bioactive guests, screening techniques, and
knowledge into supramolecular UPy and BTA materials has materialized. At this time, much
research energy is still being directed into the further development of the discussed
materials towards clinical application, but also in pursuing new research directions towards
more biomedical applications.
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3
Benzene-1,3,5-tricarboxamide Fiber Particles
for Intracellular Delivery

Abstract
Application of supramolecular polymers in the field of intracellular drug delivery
has thus far received limited attention. Here, the potential of supramolecular benzene-1,3,5tricarboxamide (BTA) polymers for intracellular delivery is explored. Exploiting the unique
modular approach of supramolecular chemistry, neutral and cationic BTAs are co-assembled
to control the overall properties of the polymer by simple monomer mixing. Moreover, this
platform offers a versatile approach towards functionalization. The core can be efficiently
loaded with a hydrophobic guest molecule while the exterior can be electrostatically
complexed with siRNA. It is demonstrated that both compounds can be delivered in vitro in
cells, and that they can be combined to enable a dual delivery strategy. These results show
the advantages of employing a modular system and pave the way for application of
supramolecular polymers in intracellular delivery.

Part of the work described in this chapter has been published
Multicomponent Supramolecular Polymers as a Modular Platform for Intracellular Delivery.
Maarten H. Bakker, Cameron C. Lee, E.W. Meijer, Patricia Y.W. Dankers, Lorenzo Albertazzi.
ACS Nano 2016, 1845–1852. doi: 10.1021/acsnano.5b05383.
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Introduction
Selective delivery of therapeutic compounds to diseased target sites is an
important challenge in pharmaceutical chemistry. Many of the available drugs are hindered
in their therapeutic potential by critical issues such as rapid clearance by the kidneys and the
reticuloendothelial system, undesirable pharmacokinetic properties, lack of selectivity and
poor cellular internalization.1–5 Nanotechnology has the potential to alter the landscape of
medicine by providing targeted solutions for the delivery of both small molecule drugs and
biopharmaceuticals such as proteins and nucleic acids.6–9 To achieve this, a wide collection
of drug carriers has been proposed with many in clinical trials and several formulations
already approved for clinical use.10 However, the potential of this approach is not yet being
harvested and the search for alternative materials endowed with ideal delivery properties is
a very active field of research.11
Supramolecular polymers12,13 are a novel family of nanosized structures with high
potential for application in energy, materials chemistry and medicine.14 Several examples of
applications of supramolecular materials in regenerative medicine have been presented,15
for example using peptide amphiphiles,16,17 host-guest systems18 or the ureido-pyrimidinone
materials.19 Supramolecular polymer systems have also demonstrated to be promising for
application in the field of drug delivery.20–25
In this study, we aimed to investigate the applicability of a supramolecular
platform in intracellular delivery using the benzene-1,3,5-tricarboxamide derivative (BTA).
BTA is a versatile supramolecular building block able to self-assemble in water into onedimensional (1D) fibers.26 Multicomponent supramolecular fiber particles have been
prepared from this unit by co-assembly of various functionalized monomers, showcasing
the versatility and possibilities of the modularly prepared BTA-based polymers.27 BTA
polymers in water display two characteristic compartments—firstly, the hydrophobic core
compartment, which has the ability to encapsulate small hydrophobic molecules.28
Secondly, the functionalizable hydrophilic exterior, which, when decorated with positive
charges, was demonstrated to act as a dynamic multivalent binder of ssDNA via
electrostatic interactions.29
In this work, we study the potential of the supramolecular BTA platform for
intracellular delivery and exploit both compartments of the fiber particles to design a dual
drug delivery system (Figure 3.1A). Nile red (NR) is used as hydrophobic guest for
encapsulation in the interior. NR is a solvatochromic dye that fluoresces in hydrophobic
environments and is widely used as a model compound in drug delivery research.30–34 For
electrostatic binding on the exterior we selected short interfering RNA (siRNA). siRNA is a
36
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class of short double-stranded RNA molecule and of great therapeutic interest because it
has proven to selectively regulate gene expression via the RNA interference pathway.35
However, siRNAs are susceptible to degradation and are poorly membrane permeable;
carrier vehicles that protect the fragile molecules and help them breach cellular membranes
to reach the cytosol are important biological and medical tools.36 Exploiting the modular
approach of the BTA platform we are able to prepare functional polymer fibers and control
the overall properties by simple monomer mixing. We show the ability to load NR and siRNA
on a modularly prepared cationic multicomponent BTA fiber and the delivery of this cargo
into living cells. Furthermore, we demonstrate that siRNA delivered with the aid of cationic
BTA fibers significantly reduces the expression of a targeted gene. These results prove the
viability of supramolecular BTA systems as an intracellular delivery platform and
demonstrate the convenience of employing a modular system for this purpose.
A

Exterior: siRNA
complexation

=

siRNA
BTA

Nile Red

=

N

O

O

Interior: hydrophobic
guest encapsulation

N

B

BTA

R1
O

BTA
O
H
N

R1

O
O

O
O

R1,2 = -OH

Fluorescent Dye

O

O

O

O

Fiber

BTA+

R1 = -OH
R2 = -NH2

NH

O

O

HN

BTA3+
O

Self-Assembly

R1,2 = -NH2

O

O

R2

BTA-Cy5

R1 = -OH

Amine

R2 = -Cy5

Figure 3.1 | BTA fibers for intracellular delivery. A. siRNA can be condensed on the functionalizable
hydrophilic exterior via electrostatic interactions, whereas small hydrophobic compounds such as nile red can
be encapsulated in the lipophilic core. B. Multicomponent polymers prepared via co-assembly of nonfunctional, positively charged and fluorescently labeled BTA monomers.
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Results and discussion
Supramolecular multicomponent polymer assembly
Our self-assembling unit consists of a BTA unit, which directs self-assembly in
water into triple hydrogen bonded helices. A small library of BTA monomers was prepared,
varying in functionalization of the oligo(ethylene glycol) (OEG) tails, which were used to
formulate multicomponent BTA fibers (Figure 3.1B). These monomers are; 1) an inert BTA
(BTA) monomer with alcohol groups serving as scaffold for functionalized monomers to
polymerize with, 2) a cationic BTA (BTA+) functionalized with one amine, 3) a three-fold
cationic BTA (BTA3+) functionalized with three amines, and 4) a Cy5-labeled monomer (BTACy5) as a reporter for fluorescence imaging. The synthesis and molecule characterization of
the monomers is reported elsewhere.28,29,37
Preparation of multicomponent supramolecular polymers was achieved via a
simple mix and equilibration procedure. All synthesized monomers were separately
dissolved in DMSO. These solutions of molecularly dissolved monomers were mixed in the
desired ratio: the relative amount of the monomers in the mixture determines the
stoichiometry of the functionalities in the final assembly. To trigger self-assembly the DMSO
mixture was injected in water, typically to reach a final concentration of 100 μM and DMSO
content below 1 %. Supramolecular polymers were equilibrated at room temperature for 24
h before use. This versatile approach allows the easy and fast preparation of a library of
polymers varying in physicochemical properties, functionality and multivalency, and to
identify the ideal monomer composition for the desired application.
Here we used this modular approach to prepare a new set of BTA fibers, designed
for cellular uptake and intracellular delivery. Multicomponent polymers were prepared
starting with the inert monomer as a scaffold and co-assembling various ratios (0, 25, 35,
and 50 %) of BTA3+ monomers to promote cellular internalization. Additionally, 1 % of the
BTA-Cy5 monomer was co-assembled in all polymers. After equilibration, dynamic light
scattering and zeta potential measurements were performed (
Table 3-1). The polymers displayed hydrodynamic diameters (Dz) between 100 – 200
nm and were highly cationic when BTA3+ monomers were incorporated. The values show the
clear cationic nature of BTA3+-containing fibers, and almost no effect of exact monomer
composition on the hydrodynamic diameter. The presence of single zeta potential
populations with relatively normal distributions indicates that the monomers have indeed
co-assembled into a multicomponent polymer.
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Table 3-1 | Size and zeta potential of BTA-OH polymers with BTA3+ monomers co-assembled.

Sample

Dz (nm)

PDI

ζ-potential (mV)

sd (mV)

0 % BTA3+

119.3

0.326

-2.1

5.1

25 % BTA3+

108.3

0.270

35.6

11.2

35 % BTA3+

111.5

0.238

50.5

11.2

50 % BTA3+

171.1

0.519

39.1

17.3

3

Cell interactions
Cellular internalization was investigated with the incubation of cationic BTA fibers
on Human Kidney (HK-2) cells. Due to the co-assembly of the fluorescent BTA-Cy5 the
location of the BTA fibers can be followed with confocal microscopy (Figure 3.2A). After
incubation and subsequent washing, no membrane binding or internalization was observed
for a neutral polymer. In contrast, cationic BTA polymers initiated rapid membrane binding,
with the 50 % BTA3+ polymer showing the most pronounced effect. Mixing of different
monomers allowed control over the properties of the polymers, which consecutively results
in control over the bioactivity. Owing to the modularity of our approach, these interactions
can simply be tuned. Here, in accordance with literature, charge appears to be a decisive
factor and is responsible for binding via electrostatic interactions with negatively charged
proteoglycans at the cell surface.38 The absence of aspecific cell binding for the nonfunctionalized polymer allows for selected interactions other than via non-specific chargemediated binding, e.g. using cell-binding peptides or aptamers. Moreover, the lack of BTA
uptake in the case of the neutral polymer rules out the endocytosis of labeled monomers as
a pathway for cellular internalization.
It is well known that polycationic drug carriers cause cell damage and cell death
through processes like mitochondrial permeabilization and late phase lysosomal
perforation.39 We investigated whether internalization of BTA fibers influences cell viability,
and if this should be attributed to the BTA core or to the positive charges. Cell viability was
judged with an MTT assay on HK-2 cells incubated with BTA polymers. We compared
polymers varying the fraction of BTA3+ monomers co-assembled (0, 10, 25, 35 and 50 %) for a
range of concentrations (Figure 3.2B). As expected, neutral BTA polymers had no influence
on cell viability for all concentrations studied. Moreover, no effect was observed for a 10 %
39
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and 25 % BTA3+ polymer over the whole range of tested concentrations. This evidence
suggests that the BTA moiety by itself exhibits no adverse effects. On the other hand, highly
cationic materials induced a significant reduction in cell viability that correlates with charge
density and concentration, similar to the known cytotoxic effects of covalent cationic
materials.40
Notably, the difference in cytotoxicity between fibers is not merely related to total
charge, but is strongly modulated by charge density along the fiber. A 25 % BTA3+ fiber at 20
µM introduces an identical number of amines as a 50 % BTA3+ fiber at 10 µM, but has less
effect on cells. A fiber of just the BTA+ monomer was also evaluated; this polymer has its
charges more evenly spread but displays an identical net charge density as the 35 % BTA3+
polymer. No significant difference in toxicity was observed between these fibers. In
essence, the net charge and charge density influences both cell binding and toxicity and an
ideal balance between these properties is essential. In this framework, the modularity of the
supramolecular approach allows an easy composition screening for further fine-tuning.
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Figure 3.2 | Interactions of BTA fibers with HK-2 cells. A. Membrane binding and internalization of 10 µM BTA
fibers with increasing percentages of BTA3+ co-assembled, after 30 min incubation on HK-2 cells. Nuclei are
stained with Hoechst. BTA polymers are shown in white, originating from the co-assembled BTA-Cy5
monomer. Scale bar represents 25 µm. B. Metabolic activity of HK-2 cells after 24 h incubation with BTA
polymers co-assembled with increasing percentages of the BTA3+ monomer, and for a homopolymer
consisting entirely of the BTA+ monomer. Values are normalized to untreated cells and represent mean + sd, n
= 5.

In order to investigate the trafficking of the polymers upon internalization, timelapse imaging was performed on HK-2 cells incubated with 50 % BTA3+ fibers co-assembled
with 1 % BTA-Cy5 (Figure 3.3). Subsequently to the initial rapid membrane binding, two main
40
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stages in the intracellular trafficking were identified. Firstly, after approximately two hours,
most of the polymers were transferred from the membrane to the perinuclear region,
which resembled the distinct shape of the endoplasmic reticulum (ER). In the second phase,
after approximately twelve hours of incubation, the BTAs were mainly concentrated in
vesicular structures, which did not appear to change any further over time.
Identification of the exact compartments involved in these stages of
internalization was performed with organelle colocalization studies. Three markers were
imaged at all time points and the ones exhibiting strong colocalization are shown (Figure
3.3). First, the initial membrane binding was confirmed using a plasma membrane staining.
To verify the location of the polymers afterwards, we used an ER-Tracker, and indeed
observed a high degree of colocalization after 2 h. In the final stage, we determined the
nature of the vesicles to be lysosomes by the strong colocalization with LysoTracker.

Nuclei

BTA

Organelle

Merge

30 min

Membrane

2h

ER

12 h

Lysosome

Figure 3.3 | Intracellular trafficking of BTA fibers. Time-lapse imaging of HK-2 cells incubated with 10 µM 50 %
BTA3+ polymers, labeled with 1 % BTA-Cy5. Colocalization studies show rapid initial membrane binding, a high
degree of colocalization with the ER After 2 h incubation, and strong colocalization with lysosomes after 12 h.
Nuclei are stained with Hoechst. Scale bars represent 10 µm.
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It is common for macromolecules that enter cells via endocytosis to eventually end
up in lysosomes, similar as observed here for the BTA fibers. However, transportation in
between generally occurs via early endosomes that transfer to late endosomes and finally
mature into lysosomes.41 Lately, more attention is dedicated towards endocytic
internalization and intracellular trafficking pathways, as there are strong indications that an
inability to escape the endolysosomal system is a key limiting factor for cellular uptake and
drug delivery carriers.42–44 While this stream of intracellular trafficking to the lysosomes is
not exclusive, a degree of colocalization with the ER that is shown here is uncommon. More
research into the trafficking and localization of BTAs is necessary to clarify the exact
pathway. In addition, it is currently unclear if the BTA polymers remain in a polymerized
state, or are disassembled after cellular binding and internalization

Cargo loading and intracellular delivery
For successful therapeutic delivery, the BTA fibers should permit loading with a
cargo without compromising its internalization properties. Since siRNA is of polyanionic
nature, condensation of siRNA can be achieved via electrostatic complexation with primary
amines present in cationic carriers and is described by the N/P ratio (ratio of moles of amine
in carrier to moles of phosphates in siRNA). A gel retardation assay and an ethidium
bromide (EtBr) displacement assay were performed to investigate the ability of cationic BTA
fibers to condense siRNA. Upon electrostatic complexation of siRNA with the charged BTA
polymer, EtBr was displaced from the intercalation cavities between RNA base pairs and the
associated loss of fluorescence emission correlated with the N/P ratio (Figure 3.4A). Similar
observations were made with a gel retardation assay, where complete retardation of siRNA
was reached with N/P ratio ≥ 6. Altogether, these results indicate that an N/P ratio of at
least 6 is sufficient to condensate siRNA into stable complexes. In addition, the ability of
BTA polymers to encapsulate small organic molecules in the hydrophobic core of the fiber
was probed using nile red (NR). Titration of NR to a 25 µM 50 % BTA3+ polymer in aqueous
solution gives a maximum encapsulation of 4 µM NR (Figure 3.4B). This value translates to a
NR loading of almost 4 wt%, which is amongst the higher values reported in literature.32–34
Having demonstrated the capability to load either siRNA or NR as cargo, we then
tested the ability to deliver these molecules into living cells. Addition of naked fluorescently
labeled (Alexa-488) siRNA to HK-2 cells shows negligible internalization due to the
unfavorable interactions with the negatively charged cell membranes. In contrast, when
siRNA is added in an electrostatic complex with cationic BTA polymers, siRNA is delivered to
the interior of the cells (Figure 3.4C). Similarly, addition of free NR to HK-2 cells results in
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poor internalization. However, when incubated after encapsulation in BTA polymers, a
sharp increase of intracellular NR is observed (Figure 3.4D). Importantly, because both
compounds are loaded in different compartments of the BTA polymer, they can also be
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loaded and delivered simultaneously (Figure 3.4E).
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Figure 3.4 | Loading and intracellular delivery of siRNA (35 nM) and NR (0.5 µM) with 50 % BTA3+ fibers. A. An
EtBr displacement assay shows maximum siRNA condensation from N/P ratio ≥ 6. B. NR can be loaded up to 4
wt%. C. siRNA is internalized by HK-2 cells with BTA fibers as a transfection agent after 4 h incubation, as
opposed to directly added free fluorescent siRNA (control). Scale bars represent 100 µm. D. NR formulated in
the core of a BTA fiber results in higher uptake by HK-2 cells after 90 min incubation, compared to addition of
free NR (control). Scale bars represent 100 µm. E. Simultaneous intracellular delivery of NR and siRNA to HK-2
cells. Scale bar represents 50 µm. F. BTA imaged with siRNA after 2.5 h incubation on HK-2 cells. Scale bar
represents 20 µm. G. BTA imaged with NR after 10 min incubation on HK-2 cells. Scale bar represents 20 µm.

In order to understand the mechanism of delivery 2-color confocal imaging was
performed, tracking simultaneously the carrier and the payloads. BTA and siRNA can still be
seen partially colocalized, on both the membrane and inside the cells (Figure 3.4F).
Interestingly, NR dissociated from the polymers and crossed the membrane almost instantly
after membrane binding (Figure 3.4G).
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Additional DLS and zeta measurements were performed to study whether siRNA
complexation or NR encapsulation influences the overall structure or properties of the BTA
fiber. The 50 % BTA3+ fiber was analyzed in complex with siRNA (N/P ratio 10), in complex
with NR, and in complex with both NR and siRNA. All complexes exhibited values for
hydrodynamic diameter and zeta potential in a similar range as the original fiber (Table 3-2).
Table 3-2 | Size and zeta potential of cationic BTA polymers loaded with NR and/or siRNA.

Sample

Dz (nm)

PDI

ζ-potential (mV)

sd (mV)

50 % BTA3+ + NR

185.1

0.320

46.1

7.4

50 % BTA3+ + siRNA

129.7

0.252

36.6

12.8

50 % BTA3+ + siRNA + NR

141.0

0.244

29.1

4.6

Gene knockdown
The loading and intracellular delivery of the BTA carrier and its cargo was
demonstrated using a model hydrophobic compound and a fluorescent siRNA. In order to
validate the relevance of this approach the fluorescent siRNA was replaced with a
functional siRNA, and silencing efficacy was investigated. RNA silencing experiments were
performed with siRNA targeting the ELAV1 encoding mRNA using a selection of cationic BTA
polymers as transfection agent. Naked added siRNA served as a negative control and
showed no decrease in mRNA expression. On the other hand, all transfections performed
using cationic BTA polymers resulted in a significant reduction in ELAV1 mRNA levels after
48 h (Figure 3.5). In particular, the 50 % BTA3+ and the 100 % BTA+ transfections showed a
pronounced decrease of mRNA expression. The 100 % BTA+ polymer displayed a higher
silencing efficacy compared to the 35 % BTA3+ polymer. It is hypothesized that this can be
attributed to a more effective complex formation due to the better spreading of charges on
the BTA+ polymer.
The maximum of 41 % silencing efficacy with cationic BTAs is lower than the 68 %
silencing that was obtained using lipofectamine-2000. Lipofectamine-2000 is a golden
standard for in vitro siRNA transfection and was included here as positive control. Generally,
silencing efficacies with Lipofectamine-2000 are expected to be higher, implying that this
cell-line or the targeted gene is a challenging target. Nonetheless, the decreased mRNA
levels for all BTA fiber transfections demonstrates that the intracellular delivered siRNA has
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been processed and RNA interference was successfully induced. Further optimization of this
system is needed to fine-tune the balance between charge and charge density with toxicity
and transfection efficacy. Work by Zhou and colleagues serves as an example of ways to
manipulate this balance.45 Zhou reduced the charge density of their polymers—and thereby
toxicity—and managed to maintain function by increasing molecular weight and
hydrophobicity. Here, possible improvements can conveniently be implemented owing to
the modularity of the system, which allows easy introduction of e.g. targeting moieties,
more effective siRNA binders, endosomal escape agents or other functionalities.

1.2

ELAV1 mRNA

1.0

0.8

0.6

0.4

0.2

0.0
siRNA
only

25 %

35 %

50 %

BTA+

Lipofectamine
2000

BTA3+
Figure 3.5 | Gene silencing study with several transfection agents. ELAV1 mRNA expression of HK-2 cells 48 h
after siRNA transfection with various cationic BTA polymers. Values per sample are normalized to GAPDH
mRNA expression and correlated to untreated cells. Transfections were performed with 35 pmol siRNA
complexed at N/P ratio 10. Values represent mean + sd.
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Conclusion
In summary, we have introduced the supramolecular BTA platform as a convenient
and viable strategy for intracellular delivery. Multicomponent supramolecular fiber particles
were prepared by a simple mixing approach, which displayed specific binding and fast
cellular uptake when cationic monomers were co-assembled. Electrostatic condensation of
siRNA and encapsulation of a small hydrophobic molecule in two different compartments of
the BTA fiber was demonstrated, which allows for a dual delivery strategy. Both siRNA and
the hydrophobic molecule were successfully delivered to living cells. The BTA polymers
were shown to be not inherently cytotoxic unless a high amount of cationic charges with a
high density was present. Optimization of the BTA fibers would be beneficial to fine-tune
charge and charge density with respect to cytotoxicity versus bioactivity. Owing to the
modularity of the supramolecular BTA system, adjustments can conveniently be
implemented. Finally, silencing experiments showed that intracellular delivered siRNA
significantly reduced gene expression. Although silencing efficacy was not yet up to
commercial standards, it confirms the potential of the supramolecular BTA platform for
intracellular delivery.

Experimental section
General:

All solvents were purchased from commercial sources and used as

received, unless stated otherwise. BTA monomers were synthesized via previously reported
synthesis routes (Leenders et al. Chemcomm, 2013. Albertazzi et al. PNAS, 2013. Albertazzi et
al. Science, 2014).28,29,37 Alexa-488 labeled Allstars negative siRNA was purchased from
Qiagen. ER-Tracker Green, LysoTracker Red DND-99 and CellMask Deep Red Plasma
Membrane Stain were purchased from LifeTechnologies. High Pure RNA Isolation Kit was
purchased from Roche Life Science. iScript cDNA synthesis kit and IQ SYBR Green Supermix
were purchased from Bio-Rad. Thiazolyl Blue Tetrazolium Bromide (MTT) was purchased
from Sigma-Aldrich. ELAV1 siRNA was provided by Novartis, the sequence is as followsantisense: UuAAUuAUCuAUUCCGuACuu, sense: GuAcGGAAuAGAuAAuuAAuu, where upper
case denotes an RNA nucleotide and lower case denotes a 2’-OMe modified nucleotide.
ELAV1

qPCR

primers

were

purchased

from

Eurofins

Genomics

(fw:

5’-

TAAGGTGTCGTATGCTCGCC-3’, rev: 5’-CGTCCTTCTGGGTCATGGTC-3’).
Water was purified on an EMD Millipore Milli-Q Integral Water Purification System.
Fluorescence data were recorded on a Varian Cary Eclipse fluorescence spectrometer using
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Quartz cuvettes. Fluorescent cell images were acquired with a Leica TCS SP5 AOBS
equipped with a 40x water immersion objective and a temperature-controlled incubation
chamber maintained at 37 °C. DLS data was acquired on a Zetasizer µV. Zeta potential data
was acquired on a Zetasizer Nano ZS. Reverse transcription was carried out with a BioRAD
MJ Mini Thermal Cycler. qPCR was performed on a Bio-Rad CFX96 Real-Time PCR Detection
System. Absorbance of MTT was read out on a Tecan Safire2 plate reader. Agarose gels were
imaged using a GE ImageQuant 350 using EtBr filter.

Formulation of BTA fibers:

Synthesized BTA monomers were dissolved in

DMSO at a concentration of 10 mM. For preparation of the fibers, the desired amounts of
monomer solution were pre-mixed in a vial to obtain a mixture of monomers that are still in
a molecularly dissolved state. To trigger self-assembly the DMSO mixture was injected in
water with 5 mM HEPES buffer, typically to reach a final concentration of 100 μM and DMSO
content below 1 %. Samples were equilibrated at room temperature for 24 h before
experiments. For complex formation with siRNA the appropriate amount of siRNA from a 20
µM stock solution in Milli-Q was injected into a pre-assembled BTA polymer solution and
then equilibrated for 3 h by means of shaking at room temperature. For DLS and Zeta
measurements approximately 1 mL of sample was injected in a Sarstedt UV Transparent
Disposable Cuvette (DLS) or Malvern Disposable Capillary Cell (Zeta). For size
measurements; using Zetasizer software an average result was created from three
consecutive measurements (minimal 10 runs per measurement) and these average values
are given. For zeta potentials; 10 measurements (minimal 10 runs per measurement) were
performed from which the lowest and highest value was discarded. Average and standard
deviation of the remaining 8 measurements are given.

Cell culturing & imaging:

HK-2 cells were cultured at 37 °C in 95% air/5% CO2

atmosphere in Dulbecco’s Modified Eagle Medium (DMEM) 41965-039 supplemented with
10 % Fetal Bovine Serum (FBS) and 1 % penicillin streptomycin (P/S). For fluorescence imaging
cells were trypsinized and seeded in 8 wells Thermo Scientific Lab-Tek Chambered #1.0
Coverglass (10,000 cells/well) 24 h in advance. Upon imaging, the media was removed and
replaced by 10 µM BTA samples dissolved in DMEM supplemented with 2 % FBS. After the
reported incubation times, the media was removed and cells were washed twice with PBS
and incubated with fresh media supplemented with 10 % FBS and 1 % P/S. In colocalization
studies, the organelle markers were used following manufacturers’ protocol. Images were
analyzed using ImageJ.
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Probing complex formation:

For the ethidium bromide displacement assay fixed

-1

concentrations of (2 µg·mL siRNA and 3 mg·mL-1 EtBr were mixed in Milli-Q water. Samples
were prepared containing the amounts of 50 % BTA3+ fiber to obtain the desired N/P ratios
(0, 0.5, 1, 2, 5, 10, 15). EtBr was excited at 510 nm and emission intensity recorded at 595 nm.

Nile Red Titration:

Measurements were performed with a 25 µM 50 % BTA3+ fiber.

NR titration was performed with concentrations between 0 and 8 µM. Each time upon
increasing the NR concentration, the sample was equilibrated for 10 minutes. NR was
excited at 550 nm and the emission intensity recorded at 590 nm.

MTT assay:

HK-2 cells were seeded in 96 wells plates (5000 cells/well) and cultured

overnight under normal conditions. The next day the media was removed and BTA polymers
dissolved in DMEM medium (166 µL) with 2 % FBS were added and incubated at 37 °C. Each
condition was performed in fivefold. After approximately 24 hour incubation, freshly
prepared MTT solution (18 µL of 5 mg·mL-1 in PBS, filtered through 0.2 µm filter) was added
to the wells and incubated for 2 hours. The medium was then removed and acidic
isopropanol (150 µL of isopropanol with 0.04 M HCl) was added to the wells and incubated
for 1 h. After gently mixing, the isopropanol solution (100 µL) was transferred to a Costar
EIA/RIA 96 wells plate. The absorbance was measured at 570 nm with absorbance at 650 nm
as reference. Values were normalized to untreated cells and reported as mean and standard
deviation.

Silencing Study:

HK-2 cells were seeded in a 24 wells plate (30,000 cells/well) and

cultured in DMEM media supplemented with 10 % FBS and 1 % P/S overnight. BTA-siRNA
complexes with ELAV1 siRNA (35 pmol) at N/P ratio 10 were prepared in medium
supplemented with 2 % FBS to a final volume of 1 mL. After 24 h cells were washed with PBS
once and subsequently treated with the BTA-siRNA samples. After 4 h incubation, medium
was discarded and replaced by fresh DMEM supplemented with 10 % FBS and 1 % P/S.
Lipofectamine-2000 transfection was performed according to manufacturers’ protocol.
Approximately 48 hours after transfection, RNA of the cells was extracted and immediately
afterwards transcribed to cDNA. Quantitative polymerase chain reaction was performed
with cDNA (5 ng) and ELAV1 specific primers to quantify ELAV1 mRNA. Normalization of
each sample was performed to the expression of the housekeeping gene GAPDH. Reported
mRNA values of BTA and Lipofectamine-2000 transfections are mean and standard
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deviation from a total of 11 – 12 samples per condition, based on three independent
experiments, normalized to ELAV1 expression of untreated cells. Reported value of cells
treated with naked siRNA represents mean and standard deviation of 4 samples, normalized
to ELAV1 expression of untreated cells.
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4
Ureido-pyrimidinone Fiber Particles for
Intracellular Delivery

Abstract
Ureido-pyrimidinone (UPy) based fibers in solution provide a new and easy-to-use
platform for intracellular delivery. The preparation of functional multicomponent
supramolecular polymers is demonstrated by simple mixing of unique monomers with
various functionalities. Introduction of cationic monomers confers them suitable for cellular
uptake and siRNA delivery. Although the silencing efficacy in this preliminary study is not
optimal, the robust complexation with the supramolecular polymers via cationic modified
UPy monomers presents a valuable concept for complexation of RNA based therapeutics.

Part of the work described in this chapter has been published
Modular Supramolecular Ureidopyrimidinone Polymer Carriers for Intracellular Delivery.
Maarten H. Bakker, Roxanne E. Kieltyka, Lorenzo Albertazzi, Patricia Y.W. Dankers. RSC
Advances 2016, 110600–110603. doi: 10.1039/C6RA22490C.
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Introduction
Formulation and intracellular delivery of pharmacologically active substances to
target tissues, cells and specific cellular compartments remain extremely challenging tasks
in the drug delivery research field.1 To date, delivery vehicles based on covalent polymeric
nanoparticles and supramolecular liposomal vesicles have received considerable
attention.2,3 State-of-the-art approaches for drug delivery combine best of both worlds in
the latest generation of hybrid lipid-polymer nanoparticles.4,5 Likewise, supramolecular
polymers and complexes based on directional non-covalent interactions merge
characteristics of both classes and are currently being explored for several biomedical
applications.6–9 Examples of supramolecular polymers include materials based on
porphyrins,10 carbohydrate conjugated aromatics,11 and peptide amphiphiles.12 While they
serve as a potentially attractive platform, few examples exist on the use of 1D
supramolecular polymers for intracellular delivery.13,14 In chapter three of this thesis,
benzene-1,3,5-tricarboxamide (BTA) based fibers were successfully introduced for
intracellular delivery of siRNA.
Here, it is proposed that ureido-pyrimidinone (UPy) fibers can be applied in a
similar manner. We report the preparation of multicomponent functional supramolecular
UPy-based fiber particles for cellular uptake and siRNA delivery. Several uniquely
functionalized monomers are prepared that contain the UPy unit, a hydrophobic spacer to
shield hydrogen bonding in the core of the stack, and a water-soluble oligo(ethylene glycol)
(OEG) (Figure 4.1). Previously, structurally comparable monomers were demonstrated to
assemble into micrometer long fibers in aqueous solution.15 Introduction of function is
realized here through design of monomers with a cationic group, a neutral group, and a
fluorescent Cy5-label. Multicomponent supramolecular polymerization can be initiated by
injection of the molecularly dissolved monomers at the desired ratios in aqueous solution.
Incorporation of a small amount of the Cy5-labeled reporter monomer enables fluorescent
characterization of the fiber particles and tracking with fluorescence microscopy.
Furthermore, it is proposed that siRNA can be added during the initiation of polymerization
(1-step), or when the monomers have already polymerized and equilibrated (2-step). We
evaluate these two unique methods for siRNA complexation and finally investigate
intracellular uptake and gene knockdown efficiency of the cationic supramolecular polymersiRNA complexes in HK-2 cells (Figure 4.1).
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Figure 4.1 | UPy fibers for intracellular delivery. Chemical structures of functionalized UPy monomers; 1)
cationic monomer, 2) neutral monomer and, 3) fluorescent Cy5-labeled reporter monomer. Cationic
supramolecular polymer-siRNA complexes are taken up by cells in vitro. Servier Medical Art by Servier is
licensed under a Creative Commons Attribution 3.0 Unported License.

Results and discussion
Supramolecular multicomponent polymer assembly
Supramolecular polymer formation was probed using the hydrophobic dye nile red
(NR), which is strongly fluorescent upon encapsulation in a hydrophobic compartment.16
Self-assembled UPy polymers were evaluated with varying amounts of amine monomers,
from 0 % (neutral), 20 % cationic, 50 % cationic, 80 % cationic, to 100 % cationic monomer
(cationic). For all prepared polymers an increase of NR fluorescent intensity was observed,
which indicates aggregate and hydrophobic pocket formation in all samples (Figure 4.2A).
The inverse correlation between the cationic monomer percentage and NR fluorescent
intensity reveals a decreased presence or accessibility of hydrophobic compartments upon
increased amine content.
Next, all prepared supramolecular polymers were co-assembled with 1 % of the
reporter monomer to enable fluorescent imaging and characterization. In order to verify
the incorporation of the reporter monomer in the fibers, fluorescence resonance energy
transfer (FRET) was measured between encapsulated NR and the Cy5 of the reporter
monomer (Figure 4.2B). After NR excitation, strong Cy5 emission showed that the
fluorophores are in close proximity. This serves as a strong indication of the incorporation
of the fluorescent monomer in the fiber, and demonstrates the potential to incorporate
different functionalities into supramolecular polymers. Multi-angle dynamic light scattering
(DLS) showed a decrease in size when cationic monomers were incorporated (Figure 4.2C).
Cumulant analysis on a full range of measured angles yielded hydrodynamic radii of 181 nm
and 40 nm for a neutral polymer and fully cationic polymer, respectively. Interestingly, this
decrease in size correlates with the data from the NR experiments. One reason for this
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decrease in size is hypothesized to be the increase in electrostatic repulsive interactions
within a single polymer. This concept has previously been employed to control growth and
size of supramolecular polymers.17
Zeta potential measurements showed positive values of 35.3 mV and 40.7 mV for a
50 % and a fully cationic polymer, respectively, while 2.57 mV was measured for the neutral
polymer (Figure 4.2D). Notably, for the 50 % polymer, the presence of one major zeta
potential population with a similar distribution as the homopolymer samples indicates that
most of the monomers have co-assembled into a single heterogeneous polymer. Generally,
a high flexibility in functionalization is expected—owing to the robust self-assembling UPy
unit and nearly identical monomeric structure. Nonetheless, small alterations such as charge
incorporation can influence the properties of the final composition, thus spontaneous coassembly of any unique monomer is not always self-evident.
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Figure 4.2 | Characterization of different UPy fiber compositions. A. Nile red (NR) encapsulation. B.
Fluorescence resonance energy transfer (FRET) increase between NR and Cy5 of reporter monomer. C.
Correlograms (symbols) and stretched exponential decay fits (lines) of DLS measurements (angle 102°).
Hydrodynamic radius in legend (nm). D. Zeta potentials. Average in legend (mV).
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Cell interactions
It was expected that cationic supramolecular UPy fiber particles are able to bind
and cross cell membranes, even if the fibers consist partially of neutral monomers. Cellular
internalization and cell viability studies were performed with human kidney (HK-2) cells and
confocal microscopy. The 50 % and fully cationic polymers were visibly located on the
cellular membrane after 5 min of incubation (Figure 4.3A). No significant difference in
binding was observed between these distinctly charged fibers. When neutral fibers were
administered, no cell binding or permeation was observed. It means that positive charges
on the supramolecular polymer are necessary to bind to the membrane and internalize.
After 4 h of incubation, UPy fiber internalization and cell viability was visualized. Both
samples that initially bound to the membrane were internalized by the cells and primarily
located in the perinuclear region. A LIVE/DEAD staining showed that internalization of
supramolecular UPy fibers did not negatively affect cell viability. Furthermore, an MTT assay
with concentrations up to 10 µM demonstrated that the fiber particles did not influence
metabolic activity of HK-2 cells after 24 h incubation (Figure 4.3B).
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Figure 4.3 | Interactions of UPy fibers with HK-2 cells. A. Confocal microscopy images of live HK-2 cells
incubated with 10 µM UPy polymers containing 1 % reporter monomer after 5 min, and after 4 h combined
with a LIVE/DEAD staining. Scale bar represents 100 µm. B. MTT assay on HK-2 cells after 24 h incubation.
Values represent mean ± sd, n = 6.

siRNA complexation and delivery
One of the advantages of supramolecular polymers is their facile preparation. The
robustness of this facile approach was challenged during siRNA complex formation.
Commonly, preparation of these complexes is a 2-step process that first covers synthesis of
the carrier, and then subsequently siRNA complexation. Here, a 1-step formulation was also
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tested by injection of all monomers and siRNA in aqueous solution simultaneously. Thus, the
capacity of the supramolecular polymerization to occur in the presence of siRNA was
evaluated. The 50 % and fully cationic polymers at various N/P ratios (ratio of moles of amine
in carrier to moles of phosphate in siRNA) were used for siRNA complexation. Agarose gel
retardation assays showed that siRNA was completely condensed from N/P ratios 10 and
higher, independent of exact supramolecular fiber composition or formulation technique
(Figure 4.4A). This result demonstrates that pre-formation of the polymers is not required to
form stable complexes with siRNA. Nonetheless, DLS showed that complexes prepared via
2-step formulation were different in size. These complexes exhibited higher hydrodynamic
radii (361 and 160 nm for the 50 % and fully cationic polymers, respectively), compared to the
1-step prepared complexes (43 and 45 nm) (Figure 4.4B). This observation shows that the
process of supramolecular polymerization can be influenced by the presence of opposite
charged molecules, possibly explained by a templating effect of the siRNA, similar to what
has been reported for other systems.18
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Figure 4.4 | siRNA complexation and delivery in HK-2 cells. A. Agarose gel retardation assay with UPy-siRNA
complexes at several N/P ratios, prepared via two formulation methods. B. Correlograms (symbols) and
stretched exponential decay fits (lines) of DLS measurements (angle 102°) on UPy-siRNA complexes.
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delivered with 50 % cationic UPy fiber as negative control. Values represent mean ± sd, n = 4.
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Next, HK-2 cells were treated with UPy-siRNA complexes prepared via both
methods, and internalization of the fluorescently labelled siRNA after 2 h incubation was
studied. Both the 50 % and fully cationic fibers demonstrated the ability to transfect siRNA
into cells (Figure 4.4C). No clear difference was observed in amount of internalized siRNA or
in intracellular location. Naturally, this may indicate that complex structure is not a critical
parameter for the delivery, or is nullified when cells come into play. Lastly, a functional
siRNA that targets transforming growth factor beta receptor 1 (TGFBR1) mRNA was
transfected to determine the silencing efficacy for a 50 % and full cationic polymer at N/P
ratio 10 prepared via convenient 1-step formulation (Figure 4.4D). Transfection of siRNA with
both polymers resulted in a 34 % reduction of mRNA—proving firstly the delivered siRNA is
still functional, and secondly the feasibility of this supramolecular approach.

Conclusion
In conclusion, we showed the use of the UPy motif to formulate supramolecular
fibers with various functionalities diluted in aqueous solution. siRNA complexation and
cellular internalization properties of UPy fibers particles were overall very similar to the
properties of BTA fibers. The achieved silencing efficacy in this preliminary study is also
comparable to that achieved with the BTA fibers, and currently not up to clinical standards.
Nonetheless, the robust and convenient complexation of siRNA via cationic modified UPy
fibers is a concept that is interesting and exploitable for other UPy-based biomaterials.

Experimental section
General:

All solvents were purchased from commercial sources and used as

received, unless stated otherwise. Di-isopropylethylamine (DIPEA) and Thiazolyl Blue
Tetrazolium Bromide (MTT) were purchased from Sigma-Aldrich. LIVE/DEAD Viability assay
was purchased from Thermo Fisher. High Pure RNA Isolation Kit was purchased from Roche
Life Science. iScript cDNA synthesis kit and IQ SYBR Green Supermix were purchased from
Bio-Rad. Alexa-488 labeled Allstars negative siRNA was purchased from Qiagen. TGFBR1
siRNA was purchased from ThermoFisher. Water was purified on an EMD Millipore MilliQ
Integral Water Purification System. 1H NMR data was obtained using a Varian 7600-AS NMR
spectrometer with chemical shifts reported in ppm (δ) relative to trimethylsilane as an
internal reference. Peak multiplicity is abbreviated as q: quartet; t: triplet; d: doublet; m:
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multiplet; s: singlet. LC-MS data was obtained using a C18, Jupiter SuC4300A, 150x2.00 mm
column. Fluorescence data were recorded on a Varian Cary Eclipse fluorescence
spectrometer using Quartz cuvettes. Fluorescent cell images were acquired with a Leica TCS
SP5 AOBS equipped with a 40 x water immersion objective and a temperature-controlled
incubation chamber maintained at 37 °C. Multi angle dynamic light scattering experiments
were conducted on an ALV/CGS-3 MD-4 compact goniometer system equipped with a ALV7004 real time correlator (solid state laser: λ = 532 nm; 40 mW). Zeta potential data was
acquired on a Zetasizer Nano ZS. Absorbance of MTT was read out on a Tecan Safire2 plate
reader. Agarose gels were imaged using a GE ImageQuant 350 using the Sybrsafe filter.
qPCR was performed on a Bio-Rad CFX96 Real-Time PCR Detection System.

Synthetic procedures:

The precursor UPy-OEG7-NH-BOC was synthesized as described

elsewhere and performed by Roxanne Kieltyka.19
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Boc-deprotection was commenced by addition of TFA

(15 mL) to the precursor UPy-OEG7-NH-BOC (140 mg, 141 µmol) and stirring for 1 h while
cooled down to 0 °C with an ice bath. The reaction mixture was then dried with a nitrogen
flow for 0.5 h. The dried mixture was dissolved in dH2O (10 mL) and lyophilized for 72 h,
affording compound 1 (88 mg, 70 % yield).
1

H NMR (400 MHz, CDCl3) δ: 13.13 (s, 1H), 11.80 (s, 1H), 10.04 (s, 1H), 7.96 (s, 3H), 5.83 (s, 1H),

4.20 (t, 2H), 3.83 (t, 2H), 3.5-3-.75 (m, 26H), 3.05-3-3 (m, 10H), 2.23 (s, 3H), 1.1-1.65 (m, 28H)
ppm.
LC-MS: m/z calculated for C42H80N8O12: 888.6 Da; found 889.7 [M+H]+, 445.5 [M+2H]2+.

ii; synthesis of compound 2:

Precursor UPy-OEG7-NH-BOC (45 mg, 45 µmol) was

deprotected with TFA, similar as just described. After drying with a nitrogen flow the
yellowish gel-like material was dissolved in CHCl3 (10 mL), after which an excess of DIPEA
(approx. 3 mL) was added. Acetic anhydride (14 µL, 135 µmol, 3 x) was added and the
reaction was stirred at RT overnight. After overnight reaction, the mixture was dried and
dissolved in a mixture of dH2O (3 mL) and DMSO (0.5 mL) and dialysis was performed with a
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cellulose ester dialysis membrane with a MWCO of 500-1000 Da. Dialysis was started in dH2O
(1.5 L) while stirring gently. Over the course of 72 h the dH2O was refreshed three times. The
product was then lyophilized for 48 h and dried under vacuum at 50 °C for 24 h, affording
compound 2 (32 mg, 76 % yield.
1

H NMR (400 MHz, CDCl3) δ: 13.16 (s, 1H), 11.83 (s, 1H), 10.07 (s, 1H), 6.43 (s, 1H), 5.84 (s, 1H),

4.97 (s, 1H), 4.73 (s, 1H), 4.51 (s, 1H), 4.19 (s, 2H), 3.6-3.75 (m, 26H), 3.55 (t, 2H), 3.43 (q, 2H),
3.10-3.30 (m, 8H), 2.24 (s, 3H), 1.99 (s, 3H), 1.20-1.70 (m, 28H) ppm.
LC-MS: m/z calculated for C44H82N8O13: 930.6 Da; found 466.5 [M+2H]2+, 931.7 [M+H]+, 953.6
+

2+

[M+Na] , 477.42 [M+H+Na] .
iii; synthesis of compound 3:

Precursor UPy-OEG7-NH-BOC (7.4 mg, 7.5 µmol) was

deprotected with TFA, similar as just described. The resulting gel-like material was dissolved
in CHCl3 (5 mL), after which an excess of DIPEA (approx. 2 mL) was added. To this mixture
Cy5 Dye NHS ester (5.47 mg, 8.9 µmol, 1.2 x) (Lumiprobe, mw: 616.19 Da) was added. The
reaction was protected from light using aluminum foil and stirred overnight. After overnight
reaction, the mixture was dried and dissolved in DMSO (3 mL). Dialysis was performed using
a regenerated cellulose membrane with a MWCO of 1 kDa. Dialysis was started in dH2O (1.5
L) with 20% DMSO, after 18 h the buffer was replaced with pure dH2O and after 42 h it was
refreshed once more. The product was then lyophilized for 48 h, affording compound 3 (5.8
mg, 56 % yield).
1

H NMR (400 MHz, CDCl3) δ: 13.17 (s), 11.84 (s), 10.07 (s), 7.8-8.0 (m), 7.32-7.5 (m), 7.0-7.2 (d),

6.2-6.4 (m), 5.7-5.9 (d), 5.14 (s), 4.20 (t), 4.04 (t), 3.53-3.73 (m), 3.49 (s), 3.45 (t), 3.1-3.3 (m),
2.15-2.35 (m), 2.08 (s), 1.1-1.9 (m), 0.95 (d), 0.86 (d) ppm.
LC-MS: m/z calculated for C74H117N10O13+: 1353.8 Da; found 677.7 [M+H]2+, 452.2 [M+2H]3+,
459.5 [M+H+Na]3+, 688.5 [M+Na]2+, 1353.9 [M]+.

Formulation of UPy fibers:

Monomers were dissolved in MeOH at 2.5 mM

(1), 1.25 mM (2) and 0.44 mM (3). For preparation of the various fibers, the required
amounts of monomer solutions were injected in MilliQ water and equilibrated by means of
shaking for a minimum of 2 h. For complex formation with siRNA the siRNA was injected in
the mixture together with the UPy monomers (in case of 1-step preparation), or after the
minimum of 2 h equilibration (in case of 2-step preparation).

NR encapsulation:

UPy polymers were prepared at 50 µM concentrations. NR was

added from a 5 mM MeOH stock solution to a final concentration of 5 µM and samples were
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equilibrated by means of shaking for 5 min. NR was excited at 550 nm and the emission
intensity was recorded from 565 nm to 800 nm. 5 scans were performed and averaged

FRET measurements:

UPy polymers were prepared at 50 µM concentrations. In

addition, UPy-Cy5 reporter (3) was added to a final concentration of 0.5 µM (1 %) prior to
equilibration. Samples were excited at 520 nm and emission intensity was recorded from
540 nm to 800 nm. Samples were measured without and in the presence of nile red.
Dynamic Light Scattering:

MilliQ water was filtered through a 0.2 µm filter before

use. UPy polymers were prepared at 50 µM concentrations. Experiments covered a range of
angles between 36° and 148°. Each angle was measured in triplet, for 10 sec, at 20 °C, using
four detectors. Raw autocorrelation data of angle 102° was plotted to visualize the trend in
decreasing correlation times. Cumulant analysis was employed to obtain hydrodynamic
radii.

Zeta potential measurements:

UPy polymers were prepared at 50 µM concentrations

and 5 mM HEPES buffer. Sample (approximately 1 mL) was then injected in a Malvern
Disposable capillary cell (DTS1061). Three consecutive measurements with 70 runs of 10 s
were averaged.

Cell culturing & imaging:

HK-2 Cells were cultured at 37 °C in 95% air/5% CO2

atmosphere in Dulbecco’s Modified Eagle Medium (DMEM) 41965-039 supplemented with
10 % Fetal Bovine Serum (FBS) and 1 % penicillin streptomycin (P/S). Cell imaging was
performed on a Leica TCS SP5X confocal microscope. For UPy internalization and siRNA
delivery studies cells were seeded in a Lab-Tek Chambered #1.0 Borosilicate Coverglass
System 24 h prior to imaging, to obtain a confluency of approximately 70 %. Right before
imaging, the medium on the cells was discarded and cells were washed once with PBS.
Upon imaging, 10 µM UPy polymers in non-supplemented DMEM were added. Calcein AM
and Ethidium homodimer-1 were diluted in medium to 1 µM before use for the LIVE/DEAD
stainings. Images were analyzed with ImageJ.

MTT assay:

HK-2 cells were seeded in 96 wells plates (5000 cells/well) and cultured

overnight under normal conditions. The next day medium was removed and UPy polymers
in DMEM medium (125 µL) containing 2 % FBS were added to the cells. Final concentrations
of 0, 0.1, 1 and 10 µM were tested, each in sixfold. After 24 h incubation fresh MTT solution
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(25 µL of 5 mg·mL-1 in PBS, filtered through 0.2 µm filter) was added to the wells (final
volume 138.75 µL). Samples were incubated at 37 °C for approximately 2 h and the medium
was then removed. Acidic isopropanol (150 µL of isopropanol with 0.04 M HCl) was added
to the wells and incubated for 1 h. After gently mixing, the isopropanol solution (100 µL)
was transferred to a Costar EIA/RIA 96 transparent flat bottom wells plate. The absorbance
was measured at 570 nm with absorbance at 650 nm as reference. Values were normalized
to untreated cells and reported as mean and standard deviation.

4
Gel retardation assay:

All UPy samples were mixed and equilibrated with Alexa-488

siRNA (100 ng, 6.4 pmol) (Qiagen #1027284) at N/P ratios 0, 1, 2, 4, 10, and 20 (total volume
30 µL, containing 5 µL 6x loading dye). For the neutral polymer amounts were used similar
to if it was a full cationic polymer, since N/P ratios are non-existent for a polymer without
amines. Samples were run on a 1.5 % agarose gel at 70 V for 30 min.
Silencing study:

HK-2 cells were seeded in a 24 wells plate (30,000 cells/well) and

cultured in DMEM media supplemented with 10 % FBS and 1 % P/S overnight. UPy-siRNA
samples with TGFBR1 siRNA (600 ng, 45 pmol) were prepared via 1-step formulation at N/P
ratio 10 in DMEM medium with 2 % FBS. As scrambled negative control the fluorescent
labeled non-targeting siRNA was used with a 50 % polymer at N/P ratio 10. After 24 h cells
were washed with PBS and treated with the siRNA complexes. After 4 hours incubation,
medium was discarded and replaced by fresh DMEM supplemented with 10 % FBS and 1 %
P/S. Approximately 48 h after transfection RNA of the cells was extracted and immediately
transcribed to cDNA. Quantitative polymerase chain reaction was performed with cDNA (5
ng) and TGBR1 specific primers to quantify TGFBR1 mRNA. Normalization of each sample
was performed to the expression of the housekeeping gene GAPDH. Reported mRNA
values are mean and standard deviation from 4 samples per condition, normalized to
TGFBR1 expression of untreated cells.
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5
Ureido-pyrimidinone Hydrogels for Controlled
Release of RNAi Therapeutics

Abstract
Local, sustained release and presentation of RNAi therapeutics can be achieved
with hydrogel delivery systems. Here, we show the development of a supramolecular
hydrogel towards a local RNAi delivery system. By careful material design, two simple but
effective strategies are introduced to obtain controlled release of two classes of RNAi
therapeutics, i.e. microRNA/siRNA and antimiR. The release of microRNA/siRNA is regulated
by cholesterol-modification for interaction with the hydrophobic compartments of the
supramolecular

hydrogel.

Non-modified

antimiR

release

can

be

controlled

via

supramolecular introduction of positively charged additive molecules into the hydrogel. In
this way, either the cholesterol-modification on the drug or the charge introduction into the
hydrogel provides handles for controlled RNAi therapy.

| Chapter 5

Introduction
The endogenous RNA interference (RNAi) pathway is currently being exploited as
a therapeutic platform to design treatments for e.g. cardiovascular diseases and several
cancer types.1,2 Rationally designed RNAi triggers such as small-interfering RNA (siRNA)
and/or microRNA (miRNA) mimics that downregulate gene expression post-transcription
can be intracellularly introduced.3 Alternatively, antisense oligonucleotides (antimiR) can be
utilized in a similar fashion to upregulate gene expression.4 Major problems for the true in
vivo application of RNAi drug therapies include low cell permeability, rapid renal clearance
and biological vulnerability and stability of RNAi compounds.5 This has led to advances in
conjugation strategies to enhance cellular uptake, nanoparticle packaging for delivery, and
introduction of stabilizing chemical modifications, respectively.6
Conjugation of cholesterol to microRNA has been shown to be a successful
approach to achieve transfection without additional agents.7,8 Notably, chemically modified
antimiR are the only class of RNAi that has shown activity in vivo without conjugation to
targeting vectors or use of delivery/transfection agents; although the mechanism of cellular
uptake of these antimiR is poorly understood.2,9 A complementary strategy, such as local
administration, can overcome the limitations of systemic delivery by increasing the fraction
of drug that reaches the target tissue. This will improve the therapeutic effect and
simultaneously reduce the required dose and off-target effects.10 For local delivery,
retention at the administration site can be improved by encapsulation of RNAi compounds
in controlled drug delivery systems such as hydrogels. These systems should fulfill certain
requirements with respect to biocompatibility, injectability, and control over drug
release.11,12 Ultimately, a steady state delivery of drugs over time yields the ideal response.13
The potential of sustained delivery of RNAi was first recognized by Krebs et al.
They reported on alginate and collagen hydrogels for long term siRNA release.14 Since,
multiple hydrogelator systems have been explored for the encapsulation and sustained
release of therapeutic RNAi compounds.15–23 A wide range of mechanisms to control
retention and release of RNAi was utilized, from dissolution and enzymatic degradation
based release,15,16 delivery based on electrostatic affinity17 and nanoparticle packaging,18 to
photo-triggered siRNA release.19 Some excellent examples include the work by Alsberg and
colleagues, who employed multiple hydrogel systems in vitro to control siRNA release and
obtain spatial control over gene expression of encapsulated cells by utilizing a hydrogel
with a siRNA gradient.17,20 Segovia et al. reported long and efficient in vivo transfection
efficiency in a breast cancer model with siRNA-encapsulated nanoparticles in a hydrogel
scaffold based on poly(amidoamine) (PAMAM) cross-linked with dextran aldehyde.18 Song
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et al. described a thermosensitive nano-polyplex hydrogel that facilitated long-term siRNA
delivery, and reported inhibition of tumor growth in an in vivo xenograft model with an
siRNA that modulates VEGF expression.15,23 Nonetheless, optimal control over drug loading,
release, and bioactivity have proven difficult to achieve without the use of additional
transfection agents. Furthermore, to our knowledge, local controlled delivery of antimiR
from a hydrogel has not been reported to date. These limitations encourage a continuing
search for novel delivery materials.
Here, we show the development of an injectable RNAi delivery system using our
recently developed ureido-pyrimidinone (UPy) based pH-responsive supramolecular
hydrogelator system.24,25 This hydrogelator consists of a poly(ethylene glycol) chain endfunctionalized with two UPy-moieties (UPy-PEG) (Figure 5.1A). These UPy-units are able to
dimerize in water through four hydrogen bonds shielded by a hydrophobic pocket formed
by the alkyl spacers between the UPy and PEG chain. Lateral stacking of these UPy-dimers is
facilitated by the additional urea functionalities, resulting in the formation of long fibrous
assemblies. At the gelation concentration c* these fibrous assemblies interact and form
crosslinks, resulting in a dynamic but robust hydrogel. Fundamental to its dynamic behavior
is the reversible nature of these interactions, which allows for a modular material design via
functionalization of potential intercalating molecules with a UPy-moiety.26 It is envisioned
that the unique properties that supramolecular materials offer can play an important role in
the design of smart materials for the drug delivery field.27
Two strategies are introduced to obtain controlled release for both classes of RNAi
therapeutics, i.e. cholesterol modifed microRNA/siRNA and antimiR (Figure 5.1B). These two
types of RNAi therapeutics intrinsically have the ability for cellular uptake without the need
for additional transfection agents. In the first strategy, cholesterol-conjugated siRNA and
miRNA were investigated for their affinity to the UPy-PEG hydrogel network. Exploiting the
affinity of the cholesterol-conjugate to the hydrophobic component of a hydrogel is
unexplored territory, but it has potential to serve as a handle for controlling the release.21
The second strategy extends on the work described in chapter four and revolves around the
supramolecular incorporation of a cationic UPy-additive in the hydrogel network to facilitate
retention and controlled release of antimiR via electrostatic interactions. Several relevant
hydrogel properties for in vivo application are determined, as well as release profiles of
RNAi therapeutics as a function of concentration UPy-PEG hydrogelator and cationic UPyadditive. Furthermore, fluorescence recovery after photobleaching (FRAP) is employed as a
tool to gain insight into the mechanisms behind the retention of RNAi compounds.
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Figure 5.1 | UPy-PEG hydrogel for controlled RNAi therapeutics delivery. A. Structure of the UPy-PEG
hydrogelator (Mn PEG ≈ 10 kDa; n ≈ 127). Lateral stacking of UPy-dimers in a hydrophobic pocket leads to the
formation of fibers (i), which ultimately form a fibrous network in water (ii). B. Two strategies for obtaining
retention and controlling release of RNAi therapeutics; 1) siRNA/miRNA with covalent conjugated cholesterol
for hydrophobic interaction with the hydrogel, and 2) supramolecular cationic UPy-additive incorporation for
binding of single stranded antimiR via electrostatic interactions. ICMS Animation Studio, TU/e.

Results and Discussion
Hydrogel characterization
Several relevant characteristics of UPy-PEG hydrogels exposed to water were
determined based on concentration of hydrogelator. In the in vitro setup the hydrogels
stayed structurally intact for several weeks while a gradual but slow eroding occurred
(Figure 5.2A). After thirty days 64, 44 and 30 % of the system had eroded for a 5, 7.5 and 10
wt% hydrogel, respectively. This means that the time of complete erosion can be controlled
via the concentration of the hydrogelator. For the UPy-PEG hydrogel swelling occurred for
up to two weeks, with maximum ratios of 1.2, 1.3 and 1.6 for the 5, 7.5 and 10 wt% hydrogels,
respectively (Figure 5.2B). It is proposed that some swelling can be advantageous since it
allows the hydrogel adjust shape and fill up a cavity after injection.
Next, the hydrogels were characterized with rheology after a gelation time of 2 –
2.5 h. Here, frequency sweeps at fixed strains of 1 % showed typical gel-like elastic behavior
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with G’ well above G’’ (Figure 5.2C). However, Tan Delta (G’’/G’’) decreased by a factor 4.7,
5.9 and 5.9 over the tested frequency range for the 5, 7.5 and 10 wt% hydrogels,
respectively. This indicates that the hydrogels become considerably more elastic at higher
frequencies, almost independent of the concentration. Subsequent strain sweep
measurements were performed at 1 rad·s-1 (Figure 5.2D). A linear course for G’ and G’’ was
found up until at least 30 % deformation, and crossover points where the hydrogels are
completely disrupted at approximately 150, 60 and 70 % strains for 5, 7.5 and 10 wt%,
respectively. A low susceptibility to deformation means these hydrogels can be applied at
places in the body under strain without losing structural integrity. A previously performed
in-depth mesoscale characterization study reported similar rheological properties for the
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Figure 5.2 | UPy-PEG hydrogel properties in vitro at 37 °C as function of concentration. A & B. Erosion and
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triangle; 5 wt%. The 10 wt% hydrogel represents mean + sd, n = 3.
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Controlled release of cholesterol conjugated RNAi therapeutics
Incorporation, affinity and release were examined for several RNAi molecules with
and without cholesterol conjugated. It was hypothesized that the highly hydrophobic
cholesterol interacts with the water shielded hydrophobic compartments of the UPy-PEG
polymers, preventing quick release. First, release of a normal fluorescent labeled siRNA
(fluor-siRNA) was measured, which resulted in 100 % release in two days via a typical
diffusion profile. In contrast, the release of a fluorescent siRNA modified with cholesterol
(fluor-siRNA-chol) was considerably prolonged (Figure 5.3A). In the first day a burst release
of approximately 20 % occurred, after which release was characterized by a steady linear
rate until completion after 45 days. A fivefold higher concentration of fluor-siRNA-chol did
not result in a significant change of the release profile (Figure 5.3B). Furthermore, a nonfluorescent miRNA modified with cholesterol (miR-chol) was loaded at concentrations of 5 –
10 mg·mL-1 and exhibited an overall similar duration to complete release of approximately
50 days (Figure 5.3B). By varying the concentration of the hydrogelator the release of
cholesterol conjugated therapeutics could be tuned; the 10 wt% system released 50 % of
fluor-siRNA-chol in 15 days, which was shortened to approximately 10 and 5 days for the 7.5
and 5 wt% hydrogel systems, respectively (Figure 5.3C). These results imply the presence of a
strong affinity of cholesterol conjugated RNAi molecules for the hydrogel network, which is
proposed to originate from the cholesterol group interacting with the hydrophobic interior
of UPy fibers.
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Figure 5.3 | Release of double-stranded RNAi molecules from UPy-PEG hydrogels. A. Release of 0.2 nmol
fluor-siRNA and fluor-siRNA-chol from a 10 wt% UPy-PEG hydrogel. B. Release of 1 nmol fluor-siRNA-chol and
35/65 nmol of miR-chol. C. Release of 0.2 nmol fluor-siRNA-chol from different concentrations UPy-PEG
hydrogel.

In order to study the mechanism inducing the delay in release, FRAP experiments
were performed with a 10 µm diameter circle bleached region. Extent and kinetics of
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fluorescence recovery provides information about diffusion of fluorophores in the hydrogel.
In case diffusion is restricted, it indicates the presence of an affinity. Pluronic F-127 and
alginate hydrogels were included in the FRAP experiments to study the hypothesis that
hydrophobic domains are the cause of delayed release of cholesterol compounds. Pluronic
F-127 hydrogel is a thermosensitive PEG-PPG-PEG block copolymer that forms a micellar
network containing hydrophobic pockets, whereas calcium crosslinked alginate forms a
hydrogel without hydrophobic compartments.29,30 For fluor-siRNA without cholesterol no
bleaching could be induced in the UPy-PEG hydrogel, indicating quick and unobstructed
diffusion through the network (Figure 5.4A). Also in the alginate hydrogel no bleaching was
induced with fluor-siRNA (Figure 5.4B). In the pluronic F-127 hydrogel, some bleaching
occurred—but fluorescence recovered quickly in approximately 15 s (Figure 5.4C). This
recovery curve was fitted with a mono-exponential equation giving a t1/2 of 3.6 s, most likely
originating from a minor restriction in diffusion due to physical interactions.
Fluor-siRNA-chol was bleached in all three systems, but only displayed extremely
long recovery times of 0.5 and 4 h in the UPy-PEG and pluronic F-127 hydrogels, respectively.
For fluor-siRNA-chol in alginate, a short t1/2 of 6.3 s was found. For UPy-PEG and pluronic F127 bi-exponential equations had to be utilized for fitting. This means that at least two
processes influence the movement of fluorophores, suggesting that the cholesterol RNA
compounds indeed have an affinity with the hydrogels that contain hydrophobic
compartments. Instead of diffusion controlled release, the process dominating release
kinetics appears to this interaction between hydrogel network and cholesterol.
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Figure 5.4 | FRAP with two siRNAs in three different hydrogels with mono- or bi-exponential fits. A. UPy-PEG
hydrogel (t1/2

=

57.0 and 564.9 s). B. Alginate hydrogel (t1/2 = 6.3 s). C. Pluronic F-127 hydrogel (t1/2 = 3.6 s

(mono), (t1/2 = 108.5 and 6807.6 s (bi)).

Whether mono- or bi-exponential equations fit the FRAP curves adequately was
judged by the residuals plot, which should show symmetrical distribution and no clear
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pattern. Hence, a pattern in mono-exponential fitting justifies fitting a bi-exponential, which
in turn means that the movement of fluorophores is not merely influenced by diffusion.
From the residual plots of the performed fittings it was concluded that only the cholesterol
conjugated compound in combination with hydrophobic domain carrying hydrogels are
influenced by two processes on the molecular scale (Figure 5.5).
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Controlled release of antimiR
Single-stranded antimiRs can cross cell membranes without cholesterol
conjugation. To facilitate controlled release of these molecules from a UPy-PEG hydrogel a
different strategy was introduced, based on two assumptions. First, cationic UPy-additives
have the ability to condensate siRNA as was demonstrated in chapter four. Secondly, UPyPEG hydrogel can be functionalized with said monofunctional UPy-additives. Hence, a
monofunctional UPy-guest (UPy-OEG11-NH2) was synthesized to functionalize the hydrogel
with cationic charges and retain antimiR via electrostatic interactions. Owing to the
modularity of the supramolecular system, the hydrogelator and UPy-guest molecule can
simply be premixed to form a homogeneous solution, after which the antimiR is added right
before use.
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Delay of antimiR release induced by electrostatic affinity was investigated with the
preparation of multiple hydrogels with increasing quantities of the cationic UPy-guest.
Hydrogels were then loaded with antimiR-15, resulting in N/P ratios of 1, 2, and 3 (N/P ratio
represents the number of amines in a drug delivery vehicle to the number of phosphates in
the RNA backbone). Without any UPy-guest (N/P ratio 0), antimiR-15 was released via an
expected diffusion profile in approximately two days (Figure 5.6A). As expected, with the
cationic UPy-guest incorporated in the hydrogel the release was significantly slowed down.
Total release time strongly correlated to the N/P ratio. Release plateaued after
approximately 60, 30 and 20 % for N/P ratios 1, 2 and 3, respectively. The remaining antimiR15 could be retrieved quantitatively upon dissolving the hydrogel. With this strategy, a
system is established that can release antimiR in a sustained matter, with a burst release in
the first day that can be tuned via the N/P ratio.
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hydrogels at N/P ratios 0, 1, 2 and 3. Hydrogel N/P ratio 3 was dissolved after two weeks to quantitatively
retrieve antimiR-15. B. FRAP with fluor-antimiR in UPy-PEG hydrogel at three N/P ratios (t1/2 = 84.9 s (mono),
t1/2 = 13.1 and 132.7 s (bi)).

In addition, FRAP experiments were performed with a fluorescent labeled antimiR
(fluor-antimiR) (Figure 5.6B). First, recovery in the pristine UPy-PEG hydrogel was measured
without cationic UPy-guest (N/P ratio 0); as expected no detectable bleaching occurred. For
the system with N/P ratio 3 a significant bleaching effect was found, indicating that the
fluor-antimiR has acquired an affinity for the hydrogel network—and is hindered in its
movement. Noteworthy, the degree of bleaching and delay in recovery with a t1/2 of 84.9 s
was less prominent as that observed for the cholesterol conjugated RNAi therapeutics.
Furthermore, a mono-exponential equation fitted adequately to the recovery curve of
hydrogel with N/P ratio 3. In a situation with an overabundance of amines in the hydrogel at
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N/P ratio 10, bleaching was more intense and kinetics of recovery was slower. Moreover, in
this case a bi-exponential fit had to be applied resulting in t1/2 of 13.1 s and 132.7 s. These
results imply that the affinity is not high enough to distinguish diffusion and binding as two
separate events, unless a very high N/P ratio is present.

Conclusion
Sustained release of RNAi therapeutics was achieved via successful modification of
the pH-responsive UPy-PEG hydrogel system. By careful material design, two simple but
effective strategies were introduced to obtain a controlled release of both classes of RNAi
triggers. First, transfection-ready cholesterol-conjugated siRNA and miRNA were released in
a desirable sustained matter because of the hydrophobic interactions between cholesterol
and the hydrogel network. Second, the controlled release of single-stranded antimiR via
electrostatic affinity was accomplished via supramolecular functionalization of the hydrogel
with cationic charges. On the molecular level the difference in binding methods between
the first and the second strategy can be explained with FRAP. Cholesterol binding is a
monovalent interaction with the hydrophobic core of the fiber. On the other hand,
electrostatic interactions occur on the periphery of the fiber and are a multivalent binding
process, meaning the antimiR can move in between the fibers while constantly experiencing
multiple short interactions. By varying the concentrations of UPy-PEG hydrogelator and
cationic UPy-guest, the release profiles for both systems could be tuned. Unlike most
conventional drug types, every possible siRNA/miRNA or antimiR exhibits a similar
structure, size and charge. This means that if a tunable, biocompatible, working delivery
platform is in place, the door is open to deliver any and multiple RNAi therapeutics,
targeting as many dysregulated pathways as one can devise.

Experimental Section
General:

All solvents were purchased from commercial sources and used as

received, unless stated otherwise. LIVE/DEAD Viability assay was purchased from Thermo
Fisher. Alexa-488 labeled AllStars negative siRNA was purchased from Qiagen. Cholesterolconjugated 6-FAM labeled Accell green non-targeting siRNA was purchased from
Dharmacon. FAM labeled negative control antimiR was purchased from ThermoFischer.
miR-19b mimic+cholesterol (modifications: RNA/2’Ome/2’F/Chol), antimiR-15 (modifications:
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LNA/DNA/phosphorothioate), and antimiR-1 (modifications: LNA/DNA/phosphorothioate)
were provided by miRagen Therapeutics Inc. Erosion, swelling and release studies were
performed using Millicell hanging plate inserts PIEP12R48. 1H NMR data was obtained using
a Varian 7600-AS NMR spectrometer with chemical shifts reported in ppm (δ) relative to
trimethylsilane as an internal reference. Peak multiplicity is abbreviated as t: triplet; m:
multiplet; s: singlet. LC-MS data was obtained using a C18, Jupiter SuC4300A, 150x2.00 mm
column. Fluorescence data were recorded on a Varian Cary Eclipse fluorescence
spectrometer using Quartz cuvettes. UV absorption to quantify miRNA and antimiR release
was performed on a Nanodrop ND 1000 Spectrophotometer. UV absorption spectra for UPy
erosion

measurements

were

obtained

on

a

Varian

Cary

50

Scan

UV-Visible

Spectrophotometer. FRAP was performed on a Leica TCS SP5 AOBS with software build-in
FRAP interface. Rheological assessment of the solutions and hydrogels was performed on
an Anton Paar Physica MCR501 Rheometer.

Synthesis of cationic UPy-guest:

The monofunctional BOC-protected UPy-guest

was synthesized as described in chapter four.31,32 The compound was stored in the freezer
and small portions were deprotected with HCl (4 M) in dioxane before use.
1

H NMR (400 MHz, CDCl3) δ: 13.10 (s, 1H), 11.84 (s, 1H), 10.08 (s, 1H), 5.84 (s, 1H), 5.04 (s, 1H),

4.87 (s, 1H), 4.68 (s, 1H), 4.45 (s, 1H), 4.20 (t, 2H), 3.6-3.7 (m, 42H), 3.53 (t, 2H), 3.1-3.35 (m,
10H), 2.23 (s, 3H), 1.15-1.7 (m, 37H) ppm.
LC-MS: m/z calculated for C55H104N8O18: 1164.7 Da; found 533.5 [M+2H-Boc]2+, 594.3
[M+H+Na]2+.

Hydrogel preparation, erosion and swelling:

UPy liquid hydrogel precursors were

prepared by dissolving the UPy-PEG hydrogelator powder in PBS at elevated pH by stirring
at 80 °C for 1 hour resulting in a viscous solution with a pH of approximately 9.0 (e.g. 10 mg
in 90 μL PBS pH 11.7 for a 10 wt% hydrogel). Precursors with cationic UPy-guest incorporated
were first dissolved in a water/ACN (50/50) mixture and freeze-dried. The pH’s of the
resulting UPy-guest containing liquid precursors with 1 mg·mL-1 antimiR were adjusted to
~9.5, ~10, and ~10.5 for N/P ratios 1, 2, and 3, respectively. Molar ratios of UPy-PEG
hydrogelator to UPy-guest for hydrogels N/P ratios 1, 2 and 3 translate to 76:24, 61:39 and
50:50, respectively. For erosion and swelling measurements hydrogel solution (100 µL) was
transferred to a Millicell insert and HCl (1 M) added to initiate gelation. After curing for 1 h
the inserts were put in a 24 wells plate with PBS (800 µL) and put at 37 °C in a humid
chamber to prevent drying out. At set time points the PBS was refreshed and the removed
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PBS analyzed for UPy-PEG content by UV absorption at 265 nm and converted via
predetermined calibration curves. To determine the swelling ratio the initial weights of
inserts + hydrogels were measured, and at set time points the hydrogels were dapped dry
with tissue paper and their swollen weights measured.

Rheology:

Rheological measurements were performed at 37 °C unless stated

otherwise, with utilization of a P-PTD 200 evaporation blocker to prevent the sample from
drying. For hydrogel experiments: 25 mm plate-plate with distances ranging from 0.45 mm
to 0.6 mm. Viscous liquid precursor was pipetted on the bottom plate and HCl (1 M) was
pipetted on multiple places on top to initiate gelation. After typical curing times of 2 – 2.5
hours storage and loss moduli were recorded as function of angular frequency (100 to 0.1
rad·s-1, 22 measurement points) at 1 % strain and as function of strain (0.1 to 1000 %, 22
measurement points) at 1 rad·s-1.

Release studies:

The desired quantities of fluor-siRNA, fluor-siRNA-chol, miR-chol

or antimiR-15 were pipetted into the viscous UPy liquid solution from water stock solutions
and stirred for 30 min. Hydrogels were prepared in Millicell plate inserts and put in a 24
wells plate with PBS, which was periodically refreshed, similar as described for erosion and
swelling experiments. For fluor-siRNA, Alexa-488 was excited at 491 nm and emission
recorded at 516 nm. For fluor-siRNA-chol 6-FAM was excited at 491 nm and emission
recorded at 521 nm. UV absorption was recorded at 259 nm for miR-chol and at 261 nm for
antimiR. Fluorescent emission and UV absorption was translated to quantity via predetermined calibration curves. All release experiments were performed in triplicate, except
antimiR-15 release, which was performed in duplicate.

FRAP with siRNA:

All hydrogels (200 µL) were prepared with a fluor-siRNA or fluor-

siRNA-chol concentration of 1 µM and cast in 8 wells Lab-Tek® Chambered Coverglass. For
the alginate hydrogel, a sodium alginate solution in MilliQ water (2 %) was prepared. After
transferring hydrogel to the chambered coverglass, CaCl2 solution (20 µL, 1 M) was added to
initiate gelation. A 16 % pluronic F-127 hydrogel was prepared by dissolving in PBS (800 mg in
4.2 mL) at 4 °C. At this temperature siRNA was mixed in then transferred to the chambered
coverglass wells, after which gelation was initiated by bringing the system to room
temperature. Confocal microscopy with objective HCX PL APO CS 40.0x1.10 WATER UV and
the build in FRAP interface were operated to bleach a 10 µm diameter circle with 100 % laser
power during which background was set to zero to prevent bleaching outside the selected
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ROI. The recovery of fluorescence was recorded and normalized to a reference 70 µm
diameter ROI to account for loss of fluorescence during bleaching and post bleaching
acquisition. The recovery read out for fluor-siRNA-chol in pluronic F-127 hydrogel was
corrected for drifting by manually moving the ROI along with the bleached region during
analysis. Origin 9.0.0 was used to plot the data and fit exponential equations. Only when a
clear pattern was observed in the residual plot a bi-exponential equation was selected.

FRAP with antimiR:

All hydrogels were prepared with 1 µM of fluor-antimiR. The UPy-

PEG hydrogel without cationic UPy-guest incorporated served as the N/P 0 control. For the
N/P ratio 3 and N/P ratio 10 systems, a hydrogel with a 1:1 molar ratio of hydrogelator to
cationic UPy-guest was employed. antimiR-1 was added to obtain the desired N/P ratios.
Adding the non-fluorescent antimiR-1 as filler is necessary in this case because too much
fluorophores would be present if only fluor-antimiR was added in these amounts. With
Objective HCX PL APO CS 20.0x0.70 DRY UV a circle with 10 µm diameter was bleached and
was compared to a circle with 40 µm diameter reference ROI for analysis. Origin 9.0.0 was
used to plot the data and fit exponential equations. Only when a clear pattern was observed
in the residual plot a bi-exponential equation was selected.
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6
Ureido-pyrimidinone Hydrogels for Controlled
Release of Chemotherapeutic Agents

Abstract
Treatment of cancer in the peritoneal cavity may be improved with macroscopic
drug delivery systems that offer control over intraperitoneal concentration of
chemotherapeutic agents. Currently, suitable drug carriers to facilitate a sustained release
of small hydrophilic drugs such as mitomycin C are lacking. For this purpose, a pHresponsive hydrogel based on supramolecular ureido-pyrimidinone (UPy) chemistry is
utilized here. In order to provide a sustained release profile a lipophilicity-increasing
cholesterol conjugation strategy is proposed that enhances affinity between the modified
drug (MPC) and the hydrophobic compartments in the UPy gel. Additional advantages of
cholesterol conjugation include improved chemical stability and potency compared to
mitomycin C. In vitro the tunability of the system to obtain optimal effective concentrations
over time is demonstrated with a combinatorial treatment of mitomycin C and MPC in one
UPy hydrogel delivery system.

Part of the work described in this chapter has been submitted for publication
Cholesterol-modification of mitomycin C for improved chemical stability, enhanced activity,
and prolonged release from a supramolecular hydrogel system. Maarten H. Bakker, Maxime
Grillaud, Dan Jing Wu, Peter-Paul Fransen, Ignace H. de Hingh, Patricia Y.W. Dankers.
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Introduction
Colorectal cancer (CRC) is one of the most frequent causes of cancer-related death
in Western countries. About 10 % of CRC-patients are diagnosed with metastases to the
peritoneal cavity during the course of their disease.1 This condition is commonly referred to
as ‘peritoneal carcinomatosis’ (PC), and used to be invariably fatal as conventional
treatments such as systemic chemotherapy and palliative surgery appear to be ineffective.2
A promising strategy in the treatment of PC is the application of locoregional intraperitoneal
(IP) chemotherapy, as this exposes the peritoneal surface and microscopic tumor nodules
without established vasculature to very high drug concentrations, with limited systemic
toxicity and adverse side effects.3,4 In recent years, controlled drug delivery systems (DDSs)
have emerged focusing on facilitating safe, effective, and sustained IP chemotherapy.5
Bioresponsive injectable in situ gelling hydrogels in particular, i.e. materials that undergo sol
– gel transition in response to a change in e.g. pH or temperature, display desirable features
for this purpose. These hydrogels offer; i) therapeutics to be easily mixed in beforehand, ii)
applicability via minimally invasive surgical procedures, and iii) a proposedly uniform
distribution of the hydrogel drug depot after injection.6,7 Currently, much research is being
directed towards injectable hydrogels, focusing on a variety of chemotherapeutic agents
and types of IP cancer.8–12
Allen and coworkers utilized an injectable chitosan-phospholipid blend (PoLi-gel)
for sustained delivery of docetaxel (DTX) following IP administration with favorable drug
distribution and antitumor effect in mice.13,14 Exciting studies have also been performed in
the groups of Ding and Kwon, with a thermosensitive hydrogel (ReGel) comprising a PLGAPEG-PLGA triblock copolymer for sustained chemotherapeutics release.15,16 ReGel solubilizes
hydrophobic compounds and provides sustained release through entrapment in the
hydrophobic compartments of the hydrogel. A formulation of ReGel referred to as TrioGel
loaded with the three hydrophobic compounds paclitaxel, tanespimycin and rapamycin
resulted in sustained release of the cargo in mice, and induced significant anticancer effect
without systemic toxicity.16
An important consideration for this approach is that it requires suitable
hydrophobic drugs, since the mechanism for hydrophilic drug release is mainly via diffusion
kinetics and cannot be controlled.17 A relevant example of such a hydrophilic drug is
mitomycin C (MMC), which is increasingly used for IP chemotherapy in patients with
peritoneal metastases of colorectal origin.18 In order to increase the efficacy of the IP MMC,
the IP chemo is heated to 41 – 42 °C for 90 minutes during surgery, hence the name
Hyperthermic Intraperitoneal Chemotherapy (HIPEC) that is commonly used to characterize
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this treatment.19 MMC is a 335 Da antitumor antibiotic which possesses a tumor penetration
depth of 2 mm and a favorable peritoneal to plasma concentration ratio.19 However, the
drug also possesses a logP of -0.4 and is highly water-soluble, so it has no intrinsic affinity
for hydrophobic compartments of drug depot hydrogels. Furthermore, MMC is prone to
degradation, which is accelerated at body temperature and/or slightly acidic conditions.20
Pharmacokinetic properties and cellular anti-proliferative mechanisms of these degradation
products are unknown, complicating the long-term applicability of MMC.
Our delivery depot of choice for IP chemotherapy is a supramolecular pHresponsive injectable ureido-pyrimidinone (UPy) based hydrogel, which is equipped with
hydrophobic compartments where drugs can be entrapped. This hydrogelator comprises a
telechelic 10k poly(ethylene glycol) (PEG) chain end-functionalized with two UPy-moieties
(UPy-PEG), connected via two alkyl spacers containing urea functionalities. Due to the
reversible interactions of the UPy dimers, a sol – gel transition occurs as a response to either
temperature or pH. This switchable behavior is exploited to obtain an in situ gelling drug
depot that is injectable at pH 9.0 and forms a hydrogel when in contact with tissue at
physiological pH.21 In the previous chapter the sustained release of commercially available
cholesterol-RNA conjugates from a UPy-PEG hydrogel was demonstrated. Here, it is
proposed that conjugation of cholesterol to intrinsically hydrophilic MMC via a linker can
provide a sustained release from the hydrogel. Cholesterol conjugation increases the
affinity for the hydrophobic compartments of the UPy-PEG fiber network, ultimately serving
as an anchor to keep the drug retained within the hydrogel. In literature it has been
reported that conjugation of hydrophobic moieties to chemotherapeutic agents can
provide an improved entrapment efficiency in lipid nanoparticle vesicles or even
supramolecular filaments.22–26 However, to our knowledge neither MMC nor other
chemotherapeutics have been modified with the goal of acquiring sustained release from
macroscopic hydrogel depots.
It was expected that the advantage of our proposed solution is multifaceted.
Firstly and mainly, it should provide a controlled release of otherwise hydrophilic
chemotherapeutics from the UPy-PEG hydrogel; this class of chemotherapeutics has been
underutilized in sustained DDSs until now. Secondly, the modification of MMC into a higher
molecular weight drug increases lipophilicity and reduces water solubility.24,27 It was
reported that these properties result in a longer drug residence time within the
peritoneum.28 Thirdly, modification on the aziridine ring is proposed to increase stability.
Important to note, it has been reported that non-reversible substitution on this amine
position diminishes biological activity, thus activity of the new agent mitomycin-PEG24cholesterol (MPC) should be evaluated.25
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First, the design, synthesis, characterization, chemical stability and tumor cell
inhibitory effect of MPC are described. Then the release profiles for both MMC and MPC
from UPy-PEG hydrogel are determined, to validate if a desirable sustained release can be
achieved. Finally, an in vitro study was performed to evaluate release of the drugs with
efficacy over time, where also an optimal combinatorial treatment of MMC and MPC is
proposed.

Results and Discussion
Design and synthesis of MPC
Cholesterol was coupled to mitomycin C via a monodisperse poly(ethylene glycol)
(mPEG) amine linker (1). The synthetic route towards mitomycin-PEG24-cholesterol (MPC)
started with the coupling between cholesteryl chloroformate and 1 in CHCl3 via amide bond
formation (Figure 6.1). Purification of the crude product by silica column chromatography
afforded a white solid 2 (133 mg, 89 % yield). Hydrolysis of the tert-butyl ester in basic
conditions afforded 3 (81 mg, 95 % yield). This intermediate was activated with HATU and
coupled to MMC in DMF. Purification of the crude product by reversed-phase C18 silica
column chromatography afforded MPC (4) as a dark red-purple solid (38.5 mg, 53 % yield).
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Figure 6.1 | Synthetic route towards mitomycin-PEG24-cholesterol (MPC). MPC (4) prepared from mitomycin
C (MMC), cholesteryl chloroformate and an mPEG amine linker (1). i; DIPEA, CHCl3, room temperature,
overnight, yield 89 %. ii; NaOH, MeOH/H2O, 50 °C, overnight, yield 95 %. iii; HATU/DIPEA, DMF, 50 °C, overnight,
yield 53 %.

2D NMR spectroscopy was performed to confirm the chemoselectivity of the
secondary amine of MMC for the synthesis of MPC. A 1H-1H correlation between this
secondary amine and its two neighboring protons was observed on the 2D COSY NMR
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spectrum of MMC (Figure 6.2). The 1H NMR spectrum of the product MPC revealed a
downfield chemical shift of these two protons next to the newly formed amide bond. In
addition, the 1H-1H correlation from the secondary amine with its two neighboring protons
was no longer observed on the 2D COSY NMR spectrum of MPC, endorsing the
chemoselectivity of the reaction on the secondary amine (Figure 6.2). Furthermore, the
chemical shifts of the primary amines were not shifted between MMC and MPC 1H NMR
spectra, further asserting no reaction took place on the two present primary amines.
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Figure 6.2 | 2D COSY NMR characterization of MPC and MMC. Highlighted is the loss of 1H-1H correlation
between the secondary amine and its two neighboring protons.

Chemical stability of MPC
Chemical stability was evaluated with UV absorption spectroscopy. In PBS at pH
6.5 the degradation of MMC was easily identified; two new maxima at 315 nm and 250 nm
appeared, the minimum at 290 nm shifted to 280 nm, and the distinctive peak at 363 nm
disappeared (Figure 6.3A). In contrast, MPC barely showed any changes in UV absorption for
up to two weeks (Figure 6.3B). Based on the decrease of the characteristic 360 nm peak, 61
% of MMC versus 16 % of MPC has degraded after 13 days (Figure 6.3C). Acids catalyze
degradation of MMC via protonation and cleavage of the methoxy group, which in turn
triggers opening of the aziridine ring after carbon-carbon double bond formation. The
tertiary amide in MPC bestows it a reduced rate of degradation.
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Figure 6.3 | Chemical stability of MMC and MPC. UV/VIS absorption spectra of MMC (A) and MPC (B) stored
in PBS pH 6.5 at 37 °C, displaying the progression of acid catalyzed degradation over time. C. Intensity
decrease of peak at 363 nm over time.

Cytotoxic activity of MPC
Cytotoxic effect of MPC was evaluated and compared to the activity of MMC using
the colorimetric MTT assay on cultured CC531 colon carcinoma cells (Figure 6.4A). A
concentration of 30 µM MPC results in almost complete cell-death after 24 h incubation,
whereas the effect of MMC at that concentration is only 60 %. At the highest concentration
of 300 µM, 97 % cell death was observed for MPC. At this concentration though some
precipitation occurred, indicating maximum solubility was exceeded. In order to quantify
the increase in effect, dose response curves were fitted. From these curves an EC50 of 19.6 ±
3.2 µM and 3.8 ± 1.2 µM were determined for MMC and MPC, respectively. It demonstrates
that MPC has an enhanced effect on the tumor cells compared to MMC. Thus while both
drugs display approximately 100 % efficacy, MPC performs much better with a 5.2 times
increase in potency.
An identical procedure was performed on 3T3 fibroblasts (Figure 6.4B) and HK-2
epithelial cells (Figure 6.4C). The EC50-MMC to EC50-MPC ratios were calculated to be 4.2 and 1.1
for 3T3 cells and HK-2 cells, respectively. Thus, the potency of MPC towards these two cell
lines was also amplified, but to a smaller extent than potency amplification occurred
towards the carcinoma cell line. A possible explanation for this finding is an enhanced
cellular uptake of the cholesterol-conjugated compound by cancer cells. Rapidly dividing
and growing cancer cells overexpress low-density lipoprotein (LDL) receptors and consume
higher amounts of cholesterol, a concept that has been exploited for drug delivery to
cancer cells.29,30 Considering internalization and activity, it is currently unknown when
and/or if MPC is degraded intracellularly to form parent MMC.
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Figure 6.4 | Cytotoxicity of MPC and MMC on three cell lines after 24 h incubation, with dose response
curves and associated EC50. A. MTT assays on CC531 cells, repeated three times with each experiment
representing mean ± sd, n = 6. B & C. MTT assay on 3T3 and HK-2 cells, repeated two times with each
experiment representing mean ± sd, n = 6.

Release of agents from UPy-PEG hydrogel
Release rates for both MMC and MPC from a UPy-PEG hydrogel were determined
with an in vitro drug release study, which can disclose whether molecules can freely diffuse
or have an affinity for the hydrogel network. It demonstrated clearly that unmodified MMC
has no affinity, since it is released in 24 h via a typical diffusion profile (Figure 6.5A). The
release curve of MPC from the UPy-PEG hydrogel demonstrates completely different
behavior, with a burst release of only 7 % in the first day (Figure 6.5B). After that, a steady
controlled release of MPC was observed of just over 1 % per day. After two weeks the
fraction of drug still residing in the hydrogel was retrieved quantitatively, indicating that the
drug endures encapsulation in the hydrogel without degradation (Figure 6.5B).
Since MPC is an amphiphile, it is probable that the drug forms some type of micelle
or liposome in aqueous solution. Hypothetically, if large micelles were present, physical
interactions with the hydrogel network could significantly slow down the release by
diffusion. In that latter case however, release rate over time would have been affected by
changes in the hydrogel’s physical properties from swelling and degradation. The
percentage based release of MPC is at an equal rate according to the erosion of the
hydrogel itself.31 Judging by this extremely slow but steady release rate, it is projected that a
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strong affinity is present from the hydrophobic interactions between cholesterol and the
core of the UPy fibers.
The formulation with MPC can provide and improve long-term drug presence
compared to a single or multiple conventional dose(s) without carrier. In addition, a UPyPEG hydrogel formulation with MMC can be utilized when short-term release is desired.
MMC and MPC can potentially be loaded in one hydrogel formulation to tune total active
drug release by combining the burst from MMC with a subsequent controlled release from
MPC, for proposedly optimal coverage over time.
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Figure 6.5 | MMC and MPC release studies from UPy-PEG hydrogel. A. Diffusion controlled release of MMC at
two different concentrations loaded in the hydrogel. B. Sustained release of MPC at just over 1 % per day after
a burst release of 7 %. After two weeks, the remaining MPC was retrieved quantitatively by dissolving the
hydrogel in basic PBS.

Effect from sustained release
Next, a sustained release experiment from UPy-PEG hydrogel was initiated in
combination with activity measurements. Hydrogels containing MMC or MPC were situated
in a way that released drug could immediately be taken up by cells (Figure 6.6). Based on the
release rates of MPC the drug-loaded hydrogels were transferred to fresh cells every three
days, with an extra time point after the first day to distinguish the effect of initial burst
release.
MMC loaded hydrogels induced almost complete cell death at day 1, 3 and 6.
Thereafter, besides a small effect on day 12, the MMC hydrogels no longer influenced cell
viability for the remaining experimental period (Figure 6.6). For MPC loaded hydrogels the
result of the much smaller initial burst release was clearly noticeable, with only 25 % cell
death at the first time point. Notwithstanding, the consecutive data points demonstrate the
effect of a slow and controlled release over time. After an additional two days incubation,
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the MPC loaded hydrogels induced 63 % cytotoxicity, whereafter every three-day interval
resulted in complete cell death up to the measured 18 days (Figure 6.6).
Both drug loaded hydrogels function on a different time scale, in agreement with
the results obtained from the release study. A small discrepancy exists between the
duration of activity and the initial measured duration of release for MMC. During the release
study, a maximum drug gradient is maintained by refreshing the releasate at each time
point—whereas during the activity measurement over time an equilibrium is temporarily
created, diminishing further release until the hydrogel is transferred to fresh medium.
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120
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Active Drug Release

MMC

MPC

MMC + MPC

100
80

6
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40
20
0
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Figure 6.6 | Drug release from UPy-PEG hydrogels and cytotoxicity on CC531 cells. Hydrogels were loaded
with 1.8 mM MMC, MPC, or 0.9 mM of both. At each time point the hydrogels were transferred to freshly
seeded cells and MTT assays were performed on the cells that had been exposed to the hydrogels, data
represents mean ± sd, n = 3.

MMC loaded hydrogels induced a fast response but for a relatively short period,
whereas MPC loaded hydrogels offer a slow start and a prolonged activity. In an attempt to
expand the therapeutic window further a new set of hydrogels was loaded with both MMC
and MPC in a 1 : 1 molar ratio. Excitingly, by combining the burst release from MMC and
controlled release of MPC, cell death of at least 75 % was induced at all time points (Figure
6.6). This means that by simply combining both chemotherapeutics, a third effective
timeframe of drug release and activity can be achieved within the proposed strategy.

Conclusion
In situ gelling hydrogels for IP chemotherapy are crucial to improve drug retention
and efficacy. Our results consistently point to the applicability of UPy-PEG hydrogel for
controlled delivery of chemotherapeutics. A prolonged erosion dictated release was
obtained with a synthetically modified version of MMC, equipped with a cholesterol moiety
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connected by a PEG linker. Cholesterol-modification of such hydrophilic small molecule
drugs is an innovative method to radically enhance the retention in hydrogels that contain
hydrophobic compartments. In addition, the newly designed molecule ‘MPC’ proved mostly
insensitive to acid catalyzed degradation and exhibits a five times increased potency
towards a colon carcinoma cell line. Short-term drug activity was also shown to be possible
by incorporation of the parent chemotherapeutic MMC for release by diffusion.
In order to maximize and optimize the therapeutic effect we envision a strategy
that employs a combinatorial treatment of MMC and MPC in one UPy-PEG hydrogel delivery
system. A requirement for future development will be to perform in vivo studies with these
UPy-PEG drug delivery systems. For this, careful evaluation of existing or potential new
models is imperative, as mouse xenograft models have generally failed to represent efficacy
in humans.32 Acknowledging the limitations of in vitro release and activity, the data provides
valuable information on the mechanism behind drug incorporation and release, whereas the
UPy-PEG hydrogel system has previously proven its in vivo potential for drug release in large
animal studies. Since standardized IP chemotherapy has not been established up to date,
this tunable drug delivery system can be a valuable asset towards improving the treatment
of patients suffering from peritoneal cancer.

Experimental Section
General:

All solvents were purchased from commercial sources and used as

received, unless stated otherwise. Mitomycin C was purchased from Tocris Bioscience. H2NPEG24-CO-OtBu linker was purchased from Iris Biotech (CAS number: 872340-65-3).
Cholesterol chloroformate (CAS number: 7144-08-3), 1-[Bis(dimethylamino)methylene]-1H1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU), di-isopropylethylamine
(DIPEA) and Thiazolyl Blue Tetrazolium Bromide (MTT) were purchased from Sigma-Aldrich.
CC531 colon carcinoma cells were purchased from CLS Cell Line Services. Water was purified
on an EMD Millipore MilliQ Integral Water Purification System. Automated column
chromatography was conducted on a Grace Reveleris X2 Flash Chromatography System
using Reveleris Silica Flash Cartridges. 1H NMR spectra were acquired on a Varian Mercury
400 MHz NMR spectrometer (solutions were prepared in CDCl3 or in DMSO-d6 from
Cambridge Isotope Laboratories) with chemical shifts reported in ppm (δ) relative to
trimethylsilane as an internal reference. Peak multiplicity is abbreviated as t: triplet; dd:
doublet

of

doublets;

m:

multiplet;

bs:

broad

singlet.

Matrix

assisted

laser

absorption/ionization-time of flight mass spectra (MALDI-TOF) were obtained on a
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PerSeptive Biosystems Voyager DE-PRO spectrometer using 2-[(2E)-3-(4-tert-butylphenyl)-2methylprop-2enylidene]malonitrile (DCTB) as matrix. UV absorption measurements were
performed on a Varian Cary 50 Scan UV-Visible Spectrophotometer and Nanodrop ND 1000
Spectrophotometer. Absorbance of MTT was read out on a Tecan Safire2 plate reader and
Tecan Spark 10M plate reader. Millicell hanging cell culture inserts (PIEP12R48/MCEP24H48)
were used for release experiments.

Synthetic procedures:

The synthetic procedures and characterization of the

compounds was performed by Maxime Grillaud.
i; synthesis of chol-PEG24-CO-OtBu (2):

H2N-PEG24-CO-OtBu (1) (111 mg, 0.092 mmol, 1

x) and DIPEA (32 µL, 0.185 mmol, 2 x) were dissolved in a dried flask in CHCl3 (6 mL). The
reaction mixture was cooled down to 0 °C with an ice bath. Cholesteryl chloroformate (62.2
mg, 0.138 mmol, 1.5 x) was dissolved in CHCl3 (4 mL) and the solution was added dropwise
to the reaction mixture. The reaction was stirred for 24 h at room temperature under argon
atmosphere. CHCl3 was removed under reduced pressure and the reaction products were
dissolved in AcOEt (30 mL). The organic phase was washed with a saturated solution of
NH4Cl (2 x 30 mL) and with brine (1 x 30 mL), it was then dried over Na2SO4 and filtered. The
organic solvent was removed under reduced pressure. The crude product was purified by
automated silica (4 g) gel column chromatography (flow rate: 30 mL·min-1, eluent: DCM 100
% for 20 column volumes to DCM/EtOH 9:1 for 20 column volumes), affording 2 as a white
solid (133 mg, 89 % yield).
1

H NMR (400 MHz, CDCl3) δ: 5.37 (br s, 1H, chol: =CH-), 5.20 (br s, 1H, NH), 4.49 (m, 1H, chol: -

NH-C(=O)O-CH-), 3.85-3.44 (m, 96H, PEG: 48x -CH2O-), 3.36 (m, 2H, PEG: -OCH2CH2-NH-), 2.50
(t, J = 6.4 Hz, 2H, PEG: -CH2-CO-OtBu), 2.43-0.61 (m, 52H, chol: 6x CH, 11x CH2, 5x CH3, COOtBu: 3x CH3) ppm.
HRMS (MALDI-TOF): m/z calculated for C83H155NO28: 1614.07 Da; found 1637.05 [M+Na]+.
ii; synthesis of chol-PEG24-COOH (3):

Compound 2 (88 mg, 0.054 mmol, 1 x) was

dissolved in MeOH (5 mL) in a flask. NaOH (54.5 mg, 1.362 mmol, 25 x) was dissolved in H2O
(5 mL) and the solution was added dropwise to the reaction flask. The reaction was stirred
for 22 h at 50 °C. MeOH was removed under reduced pressure, H2O (30 mL) was added to
dilute the reaction mixture and some droplets of HCl 3 M were added until the pH reached 1.
After extractions with DCM (4 x 40 mL), the organic phases were combined, dried over
Na2SO4 and filtered. The solvent was removed under reduced pressure giving 3 as a white
solid (81 mg, 95 % yield).

93

6

| Chapter 6
1

H NMR (400 MHz, CDCl3) δ: 5.37 (br s, 1H, chol: =CH-), 5.18 (br s, 1H, NH), 4.49 (m, 1H, chol: -

NH-C(=O)O-CH-), 3.87-3.43 (m, 96H, PEG: 48x -CH2O-), 3.36 (m, 2H, PEG: -OCH2CH2-NH-), 2.61
(t, J = 6.4 Hz, 2H, PEG: -CH2-COOH), 2.43-0.62 (m, 43H, chol: 6x CH, 11x CH2, 5x CH3) ppm.
HRMS (MALDI-TOF): m/z calculated for C79H147NO28: 1558.01 Da; found 1580.99 [M+Na]+.
iii; synthesis of mitomycin-PEG24-cholesterol (MPC) (4):

Compound 3 (60 mg, 0.038

mmol, 1 x) and HATU (29.3 mg, 0.077 mmol, 2 x) were dissolved in DMF (2 mL) in a flask. The
reaction mixture was stirred for 30 min at room temperature. MMC (12.9 mg, 0.038 mmol, 1
x) and DIPEA (40 µL, 0.231 mmol, 6 x) in a dried flask were dissolved in DMF (1 mL), and the
solution was added dropwise to the reaction mixture. The reaction was stirred for 24 h at 50
°C under argon atmosphere. DMF was removed under reduced pressure and the reaction
product was purified by automated reversed-phase C18 silica (4 g) gel column
chromatography (flow rate: 18 mL·min-1, eluent: H2O/THF 95:05 until 100 % of THF in 30 min).
Freeze-drying of the collected fractions afforded 4 as a dark red-purple solid (38.5 mg, 53 %
yield).
1

H NMR (400 MHz, DMSO-d6) δ: 7.06 (br s, 2H, NH2), 7.01 (t, J = 5.8 Hz, 1H, NH), 6.49 (br s, 2H,

NH2), 5.33 (br s, 1H, chol: =CH-), 4.74 (dd, J = 10.8, 4.4 Hz, 1H, MMC: -CH-CH2OC(=O)NH2), 4.30
(m, 2H, chol: -NH-C(=O)O-CH- + MMC: -CH-CH2OC(=O)NH2), 3.78 (t, J = 11.0 Hz, 1H, MMC: -CHCH2OC(=O)NH2), 3.71-3.33 (m, 98H, PEG: 48x -CH2O- + MMC: -CH2-CH(CH)-N-), 3.15-3.05 (m, 5H,
PEG: -OCH2CH2-NH- + MMC: -OCH3), 2.59-0.59 (m, 50H, MMC: -CH2-CH(CH)-N- + MMC: -CH2CH(CH)-N- + PEG: -CH2-C(=O)N- + chol: 6x CH, 11x CH2, 5x CH3 + MMC: =C-CH3) ppm.
HRMS (MALDI-TOF): m/z calculated for C94H163N5O32: 1874.13 Da; found 1897.13 [M+Na]+.

Stability measurements UV absorption:

MMC (2.99 µmol) and MPC (0.53 µmol) were
-1

taken from stock solutions (MMC; 2 mg·mL in MeOH, MPC; 4 mg·mL-1 in CHCl3) and dried
under reduced pressure. Both compounds were dissolved in PBS (5 mL) with some light
heating and sonication. Samples were then stored at 37 °C, pH 6.5. UV spectra were
recorded on day 0, 3, 6, 9 and 13 from 200 – 800 nm. UV absorbance for MMC and MPC
were measured with 1 mm and 10 mm path length cuvettes, respectively.

Drug loading and release measurements:

Liquid UPy-PEG hydrogel precursors

were prepared by dissolving the UPy-PEG hydrogelator powder in PBS at elevated pH and
stirring at 70 °C for 1 h using a magnetic stirrer (e.g. 10 mg in 90 μL PBS pH 11.7 for a 10 wt%
hydrogel). MMC and MPC were added from stock solutions (30 mM in DMSO) to 3 mM or
0.3 mM. The hydrogel solution (100 µL) was transferred to a Millicell insert, which was
placed in a 24 wells plate filled with PBS pH 7.4 (600 µL). At set time points, the PBS was
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refreshed and the removed PBS was analyzed for MMC or MPC content via UV absorbance
at 363 nm. Release experiments were performed with n = 3. MPC hydrogels were removed
from the inserts after approximately two weeks and then dissolved in basic PBS (1 mL) by
vortexing and heating at 40 °C to determine the fraction of MPC remaining in the hydrogel.

Cell culture and activity measurements:

Cells were cultured at 37° C in 95%

air/5% CO2 atmosphere. Human Kidney epithelial (HK-2) and 3T3 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM 41965-039) supplemented with 10 % Fetal
Bovine Serum (FBS) and 1 % penicillin streptomycin (P/S). Colon Adenocarcinoma CC531 cells
were cultured in RPMI medium (Gibco 22400089) supplemented with 10 % FBS and 1 % P/S.
For activity measurements of MMC and MPC 15,000 cells were seeded in a 96 wells plate.
Seeding medium was discarded and replaced by fully complemented medium (170 µL)
containing MMC or MPC. Each condition was performed with n = 8. The highest
concentration of MPC used in the MTT assays did not completely dissolve. After
approximately 24 h incubation in the cell incubator, a freshly prepared MTT solution (25 µL
of 5 mg·mL-1 in PBS, filtered through 0.2 µm filter) was added to the wells and incubated for
2 h. The medium was then discarded and replaced with 0.04 M HCl in isopropanol (125 µL),
and incubated for 1 h. Isopropanol solution (100 µL) was transferred to a Costar EIA/RIA 96
transparent flat bottom wells plate. The absorbance was measured at 570 nm with
absorbance at 650 nm as reference. Values were normalized to untreated cells. Of the eight
measured values, the lowest and highest values were discarded. The complete assay was
performed three times for CC531 cells and two times for HK2 and 3T3 cells. All data sets
were used together to fit a global sigmoidal dose response curve with a shared slope and
center, giving one EC50. A concatenate fit was plotted through the MTT results for
visualization purposes.

Release measurements with activity:

Hydrogels were prepared containing either no

drug (blanco), MMC (1.8 mM), MPC (1.8 mM), or MMC (0.9 mM) with MPC (0.9 mM) in
Millicell inserts, that were placed directly above 70,000 CC531 cells seeded in a 24 wells plate
in medium (600 µL). At each time point, the gels were transferred to freshly seeded cells
and MTT assays were performed on the cells that were exposed to the gels. MTT assays and
analysis was performed as just described with fresh MTT solution (100 µL) and 0.04 M HCl in
isopropanol (400 µL).
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In Vivo Magnetic Resonance Imaging of
Ureido-pyrimidinone Hydrogels

Abstract
Information about the in vivo location, shape, and degradation or erosion rate of
injected in situ gelating hydrogels can be obtained with magnetic resonance imaging (MRI).
Here, an injectable supramolecular ureido-pyrimidinone based hydrogel (UPy-PEG) is
functionalized with a modified gadolinium(III)-DOTA complex (UPy-Gd), for contrast
enhanced MRI. The contrast agent is designed to supramolecularly interact with the
hydrogel network for high quality and accurate imaging of the hydrogel. In vivo the Gdlabeled UPy-PEG hydrogel can be successfully visualized after targeted intramyocardial
catheter injection in a pig heart.

Part of the work described in this chapter has been submitted for publication
MRI Visualization of Injectable Ureidopyrimidinone Hydrogelators by Supramolecular Contrast
Agent Labeling. Maarten H. Bakker, Cheyenne C.S. Tseng, Henk M. Keizer, Peter R. Seevinck,
Henk M. Janssen, Frebus J. Van Slochteren, Steven A.J. Chamuleau, Patricia Y. W. Dankers.
In revision.
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Introduction
Injectable hydrogels have been applied as delivery vehicles for various drugs in the
field of regenerative medicine.1 These hydrogels are applicable via minimal invasive
procedures, integrate perfectly with surrounding tissue at the injection site, and are able to
enclose and deliver drugs or other bioactive compounds.2,3 Supramolecular hydrogels are
suitable injectable drug depots owing to their inherent non-covalent nature that gives the
capacity to transform in situ from solution to hydrogel in response to biological stimuli.4,5
Furthermore, supramolecular hydrogels do not necessarily have to degrade, as they can
erode slowly by disassembly to monomeric species that can be cleared from the body.6 A
promising supramolecular candidate to serve as controlled drug delivery carrier is the
ureido-pyrimidinone functionalized poly(ethylene glycol) (PEG) based hydrogelator UPyPEG.7,8 At pH 9.0 the supramolecular UPy-PEG precursor material is a viscous liquid that can
be injected, after which it gelates when exposed to tissue at neutral pH. UPy-based
hydrogels are under extensive investigation for application as drug delivery vehicles in the
heart after myocardial infarction.9,10
Due to the growing attention in the life sciences for biomaterials, and
supramolecular hydrogels in particular, an emerging need has developed for methods that
allow monitoring various in vivo characteristics of hydrogels.9,11–13 Information about e.g.
precise anatomical location, 3D morphology, and degradation (or erosion) rate is crucial for
analysis and fine-tuning of the in vivo hydrogel properties. Several imaging modalities such
as US elastography, PET imaging, CT imaging and X-ray imaging have been explored for this
purpose in small-animal studies.14–17 However, use of these techniques is restricted by long
scan times, exposure to harmful radiation or radioisotopes, or poor spatial resolution.18,19
Magnetic resonance imaging (MRI) on the other hand is a powerful, non-invasive
and harmless diagnostic tool which has great potential for monitoring implants in vivo.20,21
In order to truly benefit from MRI, contrast enhancing paramagnetic species such as
gadolinium(III) (Gd(III)) complexes are required, which yield MRI images with superb
resolution and contrast.22 MRI is also increasingly applied for guided interventional
procedures, including minimal invasive therapies.23 Hypothetically, contrast enhanced MRI
could thus be employed for both the guided injection and for post-injection imaging of the
hydrogel at the injection site, giving direct feedback on the success of the procedure.24
Several examples, of either physically mixed hydrogel and contrast agent, or
hydrogels chemically functionalized with a contrast agent, have been reported that could
be distinguished from adjacent tissue in vivo.9,25–28 Physically mixing the agent with the
hydrogelator is the most straightforward approach, but leakage of the agent from the
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hydrogel compromises the ability for accurate visualization of the hydrogel. A preferable
method is therefore to use chemical labeling. Indeed, an excellent comparison carried out in
a chitosan hydrogel system by Liu et al. demonstrated the superiority of chemical label
incorporation over physical mixing.29
By using supramolecular interactions between the MRI contrast agent and the
hydrogelator biomaterial, one can ideally combine the ease of simply mixing both
components in any desirable ratio (a favorable feature of physical mixing) with guaranteed
colocalization of hydrogel and label (a favorable feature of chemical incorporation).
However, successful incorporation of supramolecular contrast agents is considered
particularly challenging, and too fast leakage of the MRI label can still occur. To the best of
our knowledge, the only successful examples of supramolecular contrast agent
incorporation in hydrogels were those based on peptide nanofibers.30–32 A shear thinning
and recovery functioning Gd(III)-labeled peptide hydrogel was injected in the abdominal
cavity of a mouse and successfully monitored with MRI.31
Here, we apply the modular supramolecular UPy-functionalization principle
through design of a UPy-modified Gd(III)-DOTA complex (UPy-Gd), for MR imaging of UPyPEG hydrogel (Figure 7.1). First the design, synthesis and relaxivity of UPy-Gd are described.
Retention of UPy-Gd in the UPy-PEG hydrogel was then studied with MRI, to verify its
supramolecular incorporation. MRI studies were subsequently performed to study the
visibility of the injected labeled hydrogel in an explanted pig heart. For comparison, UPyPEG hydrogels physically mixed with the commercially available contrast agent Gadoteridol
were tested in parallel. Finally, an in vivo experiment was performed to study the location of
the hydrogel in the pig heart after a catheter and MRI guided intramyocardial injection.

Mixing Components

Catheter Injection

Supramolecular Labeled
Hydrogel

UPy-PEG Hydrogelator

UPy-Gd Label
Gd

pH 9.0

pH 7.4

Figure 7.1 | Labeled UPy-PEG hydrogel for intramyocardial catheter injection. UPy-PEG hydrogelator and
UPy-Gd are conveniently mixed into one supramolecular hydrogel system. At pH ≥ 9.0 the material is a
viscous liquid that allows injection through a catheter. Servier Medical Art by Servier is licensed under a
Creative Commons Attribution 3.0 Unported License.
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Results and discussion
Design and synthesis
A Gd(III)-DOTA complex was conjugated to a UPy moiety via a short and discrete
oligo(ethylene glycol) (OEG) spacer by Henk M. Keizer from SyMO-Chem. The synthesis
commenced by reaction of N-hydroxysuccinimide activated DOTA (DOTA-NHS) with a UPyOEG12-NH2 precursor to form UPy-DOTA. After coupling, UPy-DOTA was complexed with
Gd(OAc)3 in water to produce the UPy functionalized Gd(III)-DOTA derived contrast agent
UPy-Gd in an overall yield of 60 % (Figure 7.2). In our studies, contrast agent UPy-Gd is
proposed to have an affinity via specific non-covalent interactions for the supramolecular
hydrogelator UPy-PEG, as both contain the same UPy-C6-urea-C12- anchoring unit (Figure 7.2).
As a reference, the non-UPy-functionalized commercially available MRI contrast agent
Gadoteridol was used as an MRI label that can be mixed in physically (Figure 7.2).
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Figure 7.2 | Overview of molecules used in this study. Structure of the UPy-PEG hydrogelator (Mn PEG = 10
kDa; n ≈ 127). UPy-Gd, synthesized through conjugation of UPy-OEG12-NH2 and DOTA-NHS ester. Gadoteridol, a
commercially available Gd(III)-DOTA contrast agent that was used for physical mixing of contrast agent.

Relaxivity measurements
Water proton longitudinal and transverse relaxivities r1 and r2 reflect to what
extent a contrast agent shortens the longitudinal and transverse relaxation times T1 and T2
of surrounding water molecules. First, it was tested whether the covalent coupling of a UPy
group to the Gd(III)-DOTA complex influences its ability for water relaxation. UPy-Gd was
dissolved in phosphate buffered saline (PBS) pH 7.4 and its relaxivity was measured at 1.4 T
(60 MHz) with nuclear magnetic resonance (NMR) spectroscopy. A linear relation was
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found, both T1 and T2 were shortened with increasing UPy-Gd concentration resulting in an
r1 = 7.40 mM-1·s-1, and r2 = 9.02 mM-1·s-1 (Figure 7.3A). Changes in pH did not have much impact,
as R-values measured at 1 mM were almost identical under basic or acidic conditions (Figure
7.3A).
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Figure 7.3 | Relaxivity measurements at 20 °C with relaxivities r1 and r2 obtained from linear fits. A.
Relaxation rates R1 and R2 for several concentrations of UPy-Gd, measured at 1.4 T (60 MHz) in PBS at pH 7.4.
Inset table gives R1 and R2 in PBS pH 12 and pH 3 at 1 mM UPy-Gd. B. Relaxation rates R1 and R2 for several
concentrations UPy-Gd measured at 1.4 T (60 MHz) in PBS with 2 wt% UPy-PEG hydrogelator as solution (sol)
at pH 9.0 and as hydrogel (gel) at pH 7.4. C. Relaxation rates R1 for UPy-Gd measured at 1.4 T (60 MHz) in PBS
pH 9.0 and pH 7.4 mixed with a range of UPy-PEG hydrogelator concentrations. D. Relaxation rates R1 for
UPy-Gd and Gadoteridol in PBS with 10 wt% UPy-PEG hydrogelator as hydrogel at pH 7.4, measured at 1.5 T
(64 MHz).

UPy-Gd was then mixed with the UPy-PEG hydrogelator to analyze the effect of the
proposed incorporation in a supramolecular polymer network. When measured in
combination with 2 wt% UPy-PEG hydrogelator, no significant changes in relaxivity were
observed. This applied to both r1 and r2 while in solution (sol) at pH 9.0, or in hydrogel form
(gel) at pH 7.4 (Figure 7.3B). Furthermore, no notable changes in relaxivities were observed
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when the concentration of hydrogelator was varied between 0 and 8 wt% (Figure 7.3C).
Finally, UPy-Gd and its non-UPy-functionalized counterpart Gadoteridol were separately
incorporated in a 10 wt% hydrogel and measured in a 1.5 T (64 MHz) clinical MRI system.
Relaxivities were found to be in a similar range as observed with NMR, with r1 = 4.97 mM-1·s-1
for UPy-Gd (Figure 7.3D). Furthermore, the measured r1 = 4.48 mM-1·s-1 for Gadoteridol is well
in line with values reported in literature.33,34
In view of the aggregation behavior of this supramolecular system, it is surprising
that neither pH changes nor incorporation in a high concentration hydrogel matrix
influences the relaxivity of the UPy-Gd. Following classic Solomon-Bloembergen-Morgan
theory, grafting or immobilization of the paramagnetic UPy-Gd would enhance relaxivity as
a result of a decrease in molecular tumbling.35 One explanation for the absence of
significant relaxivity changes could be the high exchange rates that monovalent UPy guests
experience in the UPy-PEG network, as was recently disclosed with fluorescent UPy
guests.36 In addition, the OEG linker may be long and flexible enough to give the Gd(III)DOTA moiety sufficient freedom to move and tumble, despite the supramolecular
anchoring interactions with the UPy-PEG hydrogelator. Another possibility is that water
accessibility is reduced due to e.g. backfolding into the polymer stack, counteracting the
effect of a decreased tumbling rate.

Retention of contrast agents in hydrogel
A retention experiment was performed to verify the supramolecular incorporation
of UPy-Gd into the UPy-PEG hydrogel. After a two week period, both the releasates and the
hydrogels taken at several time points were analyzed in a 1.5 T clinical MRI system to
quantify the amount of contrast agent. Gadoteridol was found in both the hydrogels and
release samples from the first 24 h, and correctly add up to approximately 100 % at each
time point (Figure 7.4). Release of Gadoteridol occurred within a day via an expected typical
diffusion profile. In contrast, release samples from hydrogels with UPy-Gd contained almost
no contrast agent, while the hydrogels itself exhibited strongly enhanced signals for the
whole duration of the experiment (Figure 7.4). The amount of UPy-Gd released from the
hydrogels equates to 23 % after two weeks, which is well in line with the previously reported
rate of erosion of the hydrogel itself.10 While dynamics at the molecular level are expected
to be high, the results here imply that at a macroscopic level the UPy-Gd cannot diffuse and
escape from the UPy-PEG hydrogel. In fact, because of the supramolecular interactions,
UPy-Gd is kept in place with the transient polymer network, and is only liberated by erosion
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of the hydrogel. Therefore, we can propose that the signal arising from the UPy-Gd MRI
label serves as an accurate marker for the actual location of the UPy-PEG hydrogel carrier.
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Figure 7.4 | Pseudo-colored images from T1-weighted MRI scans of hydrogel and release samples. Samples
are from a two week retention experiment with 10 wt% UPy-PEG hydrogels containing 1 mM Gadoteridol or 1
mM UPy-Gd. MRI data are also converted to percentage based release and retention of contrast agent in the
hydrogel after that specific duration of release. The last time point of contrast agent retained in gel
represents mean ± sd, n = 2. All releasates represent mean ± sd, n = 3. The error bars of ‘UPy-Gd released’ are
too small to see.
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Ex vivo hydrogel injections in pig heart and MRI
An explanted pig heart was used to investigate whether the supramolecular
labeling technique enhances the contrast and accuracy of localization in tissue. Four
injections of 10 wt% UPy-PEG hydrogels functionalized with UPy-Gd, and four injections of 10
wt% UPy-PEG physically mixed with Gadoteridol were performed, at 1 mM and 2.5 mM
[Gd(III)]. Two 10 wt% UPy-PEG hydrogels without contrast agent were injected as control.
The heart was embedded in agar 1 h after injections and stored at 4 °C. The following day T1weighted images were made in a 1.5 T MRI system. The resulting images show an enormous
difference between integrated UPy-Gd and Gadoteridol with respect to intensity and
location (Figure 7.5A & Figure 7.5B). UPy-PEG hydrogels with integrated UPy-Gd (1-4) appear
as hyperintense concentrated spots with easily identifiable sharp borders between hydrogel
and adjacent tissue. A 3D rendered image of the complete heart illustrates this very
effectively (Figure 7.5C). Due to the local high content of contrast agent, the T1 is shortened
to such an extent that no difference in intensity between the two concentrations UPy-Gd
can be observed. On the contrary, injection sites of UPy-PEG hydrogel mixed with
Gadoteridol (i-iv) are much more difficult to locate. They appeared as expanded spots over
an area considerably larger than the hydrogels containing UPy-Gd. The 3D image displays all
four of the Gadoteridol injections and accentuates the large, vague locations with diffuse
borders (Figure 7.5D). For these formulations, the higher concentration of 2.5 mM
Gadoteridol improved the overall visibility, compared to the 1 mM concentration
formulations. The control injections of hydrogel without contrast agent could not be
located.
Analysis of the MRI scans supports the results from the retention experiment and
demonstrates the value of supramolecular integration of the contrast agent with the
hydrogel network. While the Gadoteridol injections were mostly still visible, they do not
provide representative information about the location and shape of the hydrogel. Quick
diffusion of Gadoteridol from the hydrogel into the surrounding tissue occurred. In vivo at
37 °C the diffusion rate would be even faster, and likely accelerated as a result of the high
blood perfusion in the cardiac tissue and increased pressure caused by cardiac
contractions.37 Also, in vivo imaging difficulty is amplified due to higher background signal,
motion artifacts, and limitations in scanning time. These factors even further reduce the
feasibility and relevance of Gadoteridol for use in the imaging of hydrogels, especially when
taken into account the far better images obtained with the UPy-Gd contrast agent.
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Figure 7.5 | MRI scans of a pig heart. A-D. Ex vivo injected with 10 wt% UPy-PEG hydrogel in combination with
UPy-Gd or Gadoteridol, and 3D rendered images of the whole heart. Injection spots 1 and 2 are 1 mM UPy-Gd,
spots 3 and 4 are 2.5 mM UPy-Gd. Injection spots i and ii are 1 mM Gadoteridol, spots iii and iv are 2.5 mM
Gadoteridol. A. Two clear hydrogel injections containing UPy-Gd and one with Gadoteridol. B. One hydrogel
injection containing Gadoteridol and one with UPy-Gd. C. 3D rendered image of the left side of the pig heart
with four hydrogel injections containing UPy-Gd. D. 3D rendered image of the right side of the pig heart with
four injection sites containing Gadoteridol. E. Live post-injection scan of an in vivo intramyocardial injection in
a pig heart with 10 wt% UPy-PEG hydrogel containing 2.5 mM UPy-Gd, applied via a catheter inside the MRI
system.

In vivo MRI of intramyocardial catheter injected hydrogel
Finally, an in vivo feasibility study was performed with an intramyocardial injection
of 2.5 mM UPy-Gd in a 10 wt% UPy-PEG hydrogel formulation (this equates to a mass
percentage of 4 % or a molar percentage of 28 % UPy-Gd relative to the used UPy-PEG) via
the percutaneous approach. The injection was performed via a minimally invasive procedure
through the groin using a catheter designed for injection of the viscous UPy-PEG hydrogel
precursor.24 Post-injection, the hydrogel was visualized with phase sensitive inversion
recovery reconstruction (PSIR) sequences (Figure 7.5E). At the intended injection site the
hydrogel could be located, verifying that also in vivo at 37 °C the hydrogel maintained form
without immediate dispersion throughout the tissue. Furthermore, it means that contrast
enhancement with the employed UPy-Gd concentration is sufficient for clear and fast in vivo
imaging.
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Conclusion
The contrast agent UPy-Gd is designed as an MRI label for supramolecular
incorporation into the UPy-PEG hydrogel. At a macroscopic level the UPy-Gd is retained
within the hydrogel network, and provides high contrast and precise information on the 3D
shape and location of the hydrogel. On the other hand, physically mixed Gadoteridol does
not accurately reflect the location and morphology of injected UPy-PEG hydrogel due to
rapid leakage by diffusion. It was demonstrated that the UPy-Gd labeled hydrogel is visible
in vivo after minimally invasive catheter injection in a beating heart. We propose that this
labeling and visualization method for supramolecular hydrogels can be used for sequential
measurements of the same specimen to determine 3D structure, location and degradation
or erosion rate of hydrogels. This crucial information is projected to aide in the continuing
development, fine-tuning and modulation of hydrogel properties for in vivo applications. In
case alternative imaging modalities are preferred, the DOTA-Gd label is envisioned to be
substitutable for other desired reporters. Finally, the procedure of catheter-guided injection
of viscous materials in the beating myocardium inside the MRI system is desired for
accurate targeting of specific locations. It is envisioned that the presented approach, which
allows for an immediate post-injection feedback by MRI for confirmation of correct
injection, will be particularly valuable for the future development of guided injectable
therapies.

Experimental Section
General:

All reagents and chemicals were obtained from commercial sources at the

highest purity available and used without further purification unless stated otherwise.
Water was purified on an EMD Millipore Milli-Q Integral Water Purification System.
Gadoteridol and di-isopropylethylamine (DIPEA) were purchased from Sigma-Aldrich.
Millicell hanging cell culture inserts (PIEP12R48/MCEP24H48) were purchased from EMD
Millipore. A fresh explanted pig heart was obtained from LifeTec Group. Data processing
and analysis was performed in Excel 2010 and Origin 2015. MRI scans were processed with
RadiAnt DOCIM viewer. 3D rendered images of MRI scans were made with Avizo 9.2.0. 1H
NMR and 13C NMR spectra were acquired on a 400 MHz NMR (Varian Mercury Vx or Varian
400MR) operating at 400 MHz for 1H NMR and 100 MHz for 13C NMR. Proton chemical shifts
are reported in ppm downfield from tetramethylsilane (TMS) and carbon chemical shifts in
ppm downfield from TMS using the resonance of the deuterated solvent as internal
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standard. Abbreviations used are s: singlet, d: doublet, t: triplet, q: quartet, p: pentet, m:
multiplet. Mass Spectrometry (LC-ESI-MS) was performed using a Shimadzu LC-10 AD VP
series HPLC coupled to a diode array detector (Finnigan Surveyor PDA Plus detector,
Thermo Electron Corporation) and an Ion-Trap (LCQ Fleet, Thermo Scientific) where ions
were created via electrospray ionization (ESI). LC-analyses on precursor molecules were
performed using a Alltech Alltima HP C18 3 μm column using an injection volume of 1 - 4 μL, a
flow rate of 0.2 mL·min-1 and typically a gradient (5 % to 100 % in 10 min, held at 100 % for a
further 3 min) of CH3CN/H2O (both containing 0.1 % formic acid). Reversed phase column
chromatography was performed on a Biotage Isolera Spektra One Flash Chromatography
system using Biotage KP-C18 HS SNAP cartridge.

Synthetic procedures:

The synthetic procedures and characterization of the

compounds was performed by Henk M. Keizer, SyMO-Chem. The precursors UPy-OEG12NH2 and N-hydroxysuccinimide activated DOTA (DOTA-NHS) were synthesized as described
elsewhere.38–40
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UPy-OEG12-NH2 (280 mg, 0.26 mmol, 1 x) was dissolved

in DMF (5 mL) and DOTA-NHS (383 mg, 0.53 mmol 2 x) and DIPEA (0.62 mL, 3.57 mmol, 13.7
x) were added. The reaction mixture was stirred overnight and DMF was then removed
under reduced pressure. Elution over reversed phase C18 column with a gradient ACN/water
of 5/95 to 80/20 afforded 1 as a white powder after freeze-drying (360 mg, 94 % yield).
1

H 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.
13

C 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.
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LC-MS: Rt = 5.75 min, m/z calcd for C66H122N12O23: 1450.8 Da; found 484.8 [M+3H]3+, 726.6
[M+2H]2+, 737.5 [M+Na+H]2+, 1452.4 [M+H]+, 1473.9 [M+Na]+.
ii; synthesis of UPy-Gd (2):

Compound 1 (360 mg, 0.25 mmol, 1 x) was dissolved in

H2O (10 mL) and the pH was adjusted to 7.1 using 1 M NaOH. Gd(OAc)3 · 4.47H2O (123 mg,
0.30 mmol, 1.2 x) in H2O (4 mL, dissolved by shortly heating) was added, and the pH was
again adjusted to 7.0 using 1 M NaOH. The solution was stirred at room temperature
overnight. The solvent was removed under reduced pressure. Eluting over reversed phase
C18 column with a gradient ACN/water of 5/95 to 80/20 first eluted free Gd and thereafter
eluted the desired product. Pooling of the product fractions afforded the final product 2 as
a white powder after freeze-drying (250 mg, 63 % yield). The absence of free gadolinium in
the product was confirmed with the xylenol orange test.
LC-MS: Rt = 6.07 min, m/z calcd for C66H119GdN12O23: 1605.8 Da; found 536.6 [M+3H]3+, 804.5
[M+2H]2+, 1630.0 [M+Na]+.

Preparation of hydrogels and liquid precursors with contrast agents:

To obtain

UPy-PEG liquid hydrogel precursors with the desired concentration of contrast agent, the
hydrogel precursor solutions were prepared at twice the intended final wt%. UPy-Gd or
Gadoteridol were also dissolved in PBS pH 7.4 at twice the desired concentrations. Contrast
agent and hydrogel solutions were then combined in a 1 to 1 (v/v) ratio and stirred at 50 °C
for 10 min to get completely dissolved homogeneous solutions with the desired wt%
hydrogel and concentration of UPy-Gd or Gadoteridol. For gelation in vitro the solutions
were brought back to neutral pH by addition of 1 M HCl (1.4 µL per 100 µL liquid hydrogel
precursor solution).
1

H relaxivity measurements 1.4 Tesla benchtop NMR:

Measurements

were

performed by Henk M. Keizer, SyMO-Chem. Longitudinal and transverse relaxation times (T1
and T2) of UPy-Gd in various formulations were determined at 1.41 Tesla (60 MHz) at 20 °C
on a Bruker Minispec MQ60 (Bruker, Ettlingen, Germany) in PBS. For the pH 3 and pH 12
measurements, the pH of the PBS was adjusted with HCl and NaOH, respectively. Relaxation
times of samples with varying [Gd(III)] (0.01-5.0 mM) were determined using an inversion
recovery sequence for T1 and a Carr-Purcell-Meiboom-Gill (CPMG) sequence for T2
measurements. The longitudinal and transverse relaxivities r1 and r2 were determined from
linear fits of T1-1 and T2-1 as a function of [Gd(III)].
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H r1 relaxivity measurements 1.5 Tesla clinical MRI system: Longitudinal

relaxation

times (T1) were determined at 1.5 Tesla (64 MHz) at 20 °C on a Philips Ingenia MR system. 10
wt% UPy-PEG hydrogels with UPy-Gd and Gadoteridol at four concentrations (0.1, 0.5, 1.0, 2.5
mM) were prepared in 1.5 mL Eppendorf tubes. The tubes were put in a foam block and the
block was put in the middle of the MRI system. Inversion recovery turbo spin echo
sequences were performed with 20 different inversion times ranging from 25 to 4500 ms.
Other imaging parameters included a repetition time of 6000 ms, echo time of 5 ms, and
voxel size of 1 x 1 x 5 mm. T1 values were obtained by fitting the signal intensities to a monoexponential function (non-linear Levenberg-Marquardt in Matlab). The longitudinal
relaxivity r1 was determined from linear fits of T1-1 as a function of [Gd(III)].

Retention and leakage of contrast agents:

Hydrogel precursor solutions with 1

mM UPy-Gd or 1 mM Gadoteridol were prepared as described above. Hydrogel solution (100
µL) was transferred into a Millicell insert and subsequently gelation initiated by pipetting 1
M HCl on top. The inserts were placed in a 24 wells plate with PBS (500 µL) as release
medium and put in a 37 °C incubator with 95 % humidity. At set time points (1, 5, 24, 48, 96,
168, 240 and 336 h) one of the hydrogels was removed from the setup and stored under
humid conditions at 4 °C to prevent the hydrogel from drying out. For all the other
hydrogels the PBS was removed, stored, and replaced with fresh PBS. After two weeks the
hydrogels and release samples collected in Eppendorf tubes were put in a foam block and
scanned in a Philips Ingenia MR 1.5 Tesla system. Longitudinal relaxivity measurements were
performed using the same imaging parameters and data processing as just described.
Furthermore, tubes with PBS (500 µL) and known concentrations of Gadoteridol (0.01,
0.025, 0.05, 0.1, 0.25 mM) or UPy-Gd (0.01, 0.025, 0.05, 0.1 mM) were scanned in parallel to
determine a standard curve between [Gd(III)] and T1 for the release samples. Also hydrogels
in inserts with known concentrations of UPy-Gd (0.25, 0.5, 1 mM) were scanned in parallel to
determine standard curves between [Gd(III)] and T1 for the hydrogels in inserts. For
Gadoteridol relaxation data obtained in the previous MRI experiment was used to calculate
the concentrations. Data are represented as percentage contrast agent released and
percentage remaining in hydrogel. All release values are reported mean ± sd, n = 3. All
values of percentage remaining in hydrogel are from single hydrogels, except the last data
point at 336 h which represents mean ± sd, n = 2.
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Ex vivo injections in pig heart and MRI:

UPy-PEG hydrogel precursor solutions

pH 9.0 with UPy-Gd or Gadoteridol were prepared as just described, at 1.0 and 2.5 mM
[Gd(III)]. The next morning a frozen pig heart was thawed until at room temperature. For
each condition two injections (200 µL each) were performed with a 1 mL syringe and 23G
needle. The injection depth was approximately 4 - 5 mm. Injections with UPy-Gd were
performed in the anterior and lateral wall of the left ventricle and the Gadoteridol injections
in the inferior-posterior wall and the right ventricle. Two injections of hydrogel solution
without contrast agent were injected as negative control. The heart was embedded in a 4
wt% agarose solution at 55 °C in a plastic container. This setup was cooled to 4 °C overnight
for complete gelation of the agarose. The following day the heart was scanned in a Philips
Ingenia MR 1.5 Tesla system using T1-weighted 3D Turbo Field with echo times (1.93, 3.54,
5.14, 6.74, 8.34 ms) and a repetition time of 10.21 ms. The field of view was 192 x 144 x 960
mm, reconstructed to 1.25 x 1.25 x 5 mm. Two slices of the scans are presented (slice 127
and 146). Furthermore a 3D image was rendered to visualize all injections.

In vivo intramyocardial injection in a pig heart and MRI:

Animal experiments were

conducted in accordance with the Guide for the Care and Use of Laboratory Animals by the
Institute of Laboratory Animal Resources. The experiments were approved by the Animal
Experimentation Committee of the Medicine Faculty of the Utrecht University, the
Netherlands. A 6-month old female Dalland landrace pig (70 kg) was sedated with an
intramuscular injection of midazolam (0.4 mg·kg-1), ketamine (10 mg·kg-1) and atropine (0.5
mg·kg-1). General anesthesia was induced with intravenous infusion of sodium thiopental (5
mg·kg-1) and maintained with continuous intravenous infusion of midazolam (0.5 mg·kg-1·hr1

), sufentanil (2.5 µg·kg-1·hr-1) and pancuronium bromide (0.1 mg·kg-1·hr-1). Hereafter, the pig

was placed in the Philips Ingenia MR 1.5 Tesla system. UPy-PEG liquid hydrogel precursor pH
9.2 with 2.5 mM UPy-Gd was prepared as just described and this solution (200 µL) was
percutaneously injected in the myocardium through the groin using a catheter designed for
injection of the viscous UPy-PEG hydrogel precursor.24
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Epilogue

Abstract
Interfering in biological processes via pharmaceutical drug delivery is a highly
challenging endeavor that will keep scientists occupied for many more years to come.
Supramolecular

fibers

based

on

ureido-pyrimidinone

(UPy)

and

benzene-1,3,5-

tricarboxamide (BTA) motifs provide novel biomaterials that display real promise to
overcome several drug delivery barriers. In this final chapter, several implications of the
obtained results and future recommendations are presented. Finally, thoughts are
dedicated to the requirements for clinical translation of the ureido-pyrimidinone hydrogels
for catheter-injectable treatment post-myocardial infarction.

Part of the work described in this chapter has been submitted for publication
Active Tracked Intramyocardial Catheter Injections for Regenerative Therapy with Real-Time
MR Guidance: Feasibility in the Porcine Heart. Cheyenne C.S. Tseng, Frebus J. van Slochteren,
Maarten H. Bakker, Adriaan O. Kraaijeveld, Patricia Y.W. Dankers, Peter R. Seevinck, Jouke
Smink, Scott Kimmel, Steven A.J. Chamuleau.

| Chapter 8

Drug delivery with supramolecular systems
Effective, specific, spatiotemporally controlled delivery of pharmaceutical drugs to
their target site and cells in the body remains the elusive holy grail in drug delivery. In our
work, it was argued that supramolecular systems might be able to contribute with novel
non-covalent dynamic drug delivery materials, based on the ureido-pyrimidinone (UPy) and
benzene-1,3,5-tricarboxamide (BTA) motifs. Two categories of drug delivery were
introduced, i.e. nanoscale particles for targeted delivery and macroscopic controlled release
depots. Each class presents its own unique challenges and obstacles. Variously
functionalized UPy or BTA monomers with oligo(ethylene glycol) (OEG) tails could be
combined to form fiber particles in aqueous solution for nanoscale delivery.1,2 Furthermore,
higher molecular weight poly(ethylene glycol) (PEG) monomers end-functionalized with
two UPy-moieties could be utilized to create fibrous networks. Above the gelation
concentration these assemblies formed a crosslinked hydrogel, which was demonstrated to
be a promising macroscopic drug delivery depot.3,4

Fiber particle drug delivery
Nanoscale particle systems have revolutionized the way drug delivery is
approached. Exciting initial results were obtained when the BTA and UPy motifs were
employed to prepare fiber particles for in vitro intracellular drug delivery. Utilizing the selfassembling nature, multicomponent systems with several tunable properties were
prepared, as of now with a maximum of three unique monomers. Fiber particle size, charge
and internalization prowess could be modulated by mixing of the monomers in different
stoichiometries. When equipped with cationic charges, efficient binding of negatively
charged siRNA and subsequent delivery of this cargo into human epithelial kidney cells (HK2) was achieved.
One of the advantages of the supramolecular approach is the convenience in
preparation and accessibility to create complex structures, containing ever more unique
building blocks. It is conceivable that in order for targeted drug delivery carriers to become
a real success, a combination is required of e.g. drug binders, PEGylated monomers,
macrophage-misleading peptides, active targeting ligands, cellular uptake enhancers,
endosomal escape agents, and functionalities in order to solve problems of which we do
not know are problems yet (Figure 8.1). A complex system as just described would be much
easier to realize through modular supramolecular chemistry, than it would be with covalent
synthesis.
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Figure 8.1 | Potential options for functionalization of supramolecular fiber particles.

One of the interesting features for the UPy and BTA fiber particles is the directional
1D self-assembling nature of the supramolecular motifs that yields non-spherical shapes.
Rod-like, needle-like, and other non-regularly shaped nanostructures have been reported to
exhibit enhanced internalization and endosomal escape.5–7 In our studies, an unusual
internalization pathway was revealed for the supramolecular particles. After two hours
internalization, fibers were located diffuse throughout the cells. Furthermore, the fact that
functional RNA interference was demonstrated, as of yet without incorporation of active
endosomal escape agents, supports the notion that siRNA evaded lysosomal misfortune
and was delivered at least partially to the cytosol. Concerning this, elaborate studies into
internalization pathways and the intracellular state of the fiber particles should be
conducted.8 In our group, research effort is currently directed towards this cause, and initial
results seem to indicate that UPy fibers maintain integrity after internalization. Clarification
of the internalization and intracellular trafficking pathways is also proposed to shed light on
the mechanisms of cytotoxicity. A delicate balance was shown to exist between net cationic
charge, charge density, siRNA complexation efficacy, and cellular cytotoxicity of the fiber
particles. Fine-tuning of this balance is required to optimize the delivery capacities while
minimizing cytotoxicity.
An additional feature of the fiber particles is the hydrophobic core, which provides
the possibility to encapsulate small molecules. Utilizing the BTA fibers a glimpse into the
possibilities for delivery of different types of drugs within one particle system was given. It
is possible to envision the opportunities for delivery of different classes of synergistic drugs,
or perhaps even combatting multi drug resistance (MDR). MDR is related to
(overexpression of) P-glycoprotein (PGP) molecular membrane ‘pumps’, which actively
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expel drugs from the cytosol.9 Co-delivery with MDR modulators can specifically and
potently inhibit PGP function, and thus improve and prolong drug activity.10
An important consideration remains whether the acclaimed properties of the
supramolecular fiber particles, i.e. reversibility and dynamics, do not simultaneously spell its
demise for true biomedical application. Dynamics and non-covalent supramolecular motifs
allow a convenient functionalization, optimal composition scanning and fine-tuning of
properties, but could at the same time result in failure to maintain form and/or function in
complex media in vivo. For the next stages of research, it would be imperative to investigate
the biological stability by studying fiber particle formation, stability and drug complexation
capacity in e.g. blood—containing lipids, electrolytes, proteins, etc. An approach to enhance
biological stability could be the implementation of components derived from nature itself.
As was discussed in chapter one, certain natural components can introduce a stealth
character and prevent extensive interaction of the synthetic fibers with blood components.

UPy hydrogels for drug delivery
UPy-based pH-responsive injectable hydrogels are in an advanced stage of
development and have yielded promising results both in vitro and in vivo. In this thesis, we
focused on expanding the molecular toolbox for controlling rate of drug release, increasing
the number of compatible drug types, and in vivo visualization of injected UPy-PEG
hydrogels. Many types of therapeutics, e.g. small molecules, proteins, or oligonucleotides,
can simply be mixed in while in the liquid phase, for retention inside the hydrogel after
gelation. However, these drugs are generally small enough to diffuse through the porous
structure of the network, and are thus rapidly released from the hydrogel. Release of
therapeutics by diffusion is still partially modulated by the size. Small molecule mitomycin C
for example, was released in approximately 24 h, while the release for larger fluorescent
siRNAs took 48 hours to complete. Moreover, for a protein like mRuby2 release takes
several days to complete.11
It is envisioned that for some applications, in order to obtain the desired
therapeutic effects, a prolonged drug release would be beneficial. To that end, cholesterol
conjugation was introduced to radically enhance the affinity between a drug and the
hydrogel network, subsequently leading to a sustained release. It was demonstrated that
this strategy could be applied for at least two different types of drugs; RNAi
oligonucleotides (siRNA/miRNA) and the chemotherapeutic mitomycin C (MMC).
Conveniently, cholesterol conjugation is already a method used widely in the field of drug
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delivery to enhance cellular internalization, which proposedly makes it easier for this
strategy to be approved for clinical applications.
Information about the in vivo location, shape, and degradation or erosion rate of
injected in situ gelating hydrogels is crucial for further development of injectable
treatments. We aimed to functionalize the UPy-PEG hydrogel with a DOTA-Gd(III) complex
for accurate and proposedly long-term in vivo magnetic resonance imaging (MRI). Among
paramagnetic ions, Gd(III) is an highly effective T1-weighted contrast agent for clinical
use.12 Similar as for the cholesterol-modified drugs that were incorporated in the UPy-PEG
hydrogel, the goal for the contrast agent is to circumvent diffusion-controlled release and
provide retention instead. In this particular case, we choose to conjugate the DOTA-Gd(III)
complex to a UPy motif. This resulted in the complex to be stably incorporated and released
only through erosion of the hydrogel. Interestingly, the results demonstrate that both
cholesterol and UPY modification result in a virtually identical retention of the coupled
functionality within the hydrogel (Figure 8.2A). However, as opposed to conjugated drugs,
the MRI contrast agent is not supposed to undergo cellular internalization. Therefore, it is
proposed to select between cholesterol and UPy modification, depending on the role the
functionality has to fulfill. Cholesterol can be used if cellular internalization is required after
release, and UPy modification for any other functionality.
The implications of this strategy were investigated in collaboration with Xiang Yu.
MMC was covalently coupled to a UPy moiety (UPy-MMC), and release and cytotoxicity
were then evaluated. As expected, UPy-MMC displayed a release profile nearly identical to
all the other UPy or cholesterol conjugated functionalities (Figure 8.2A). However, the
product was found to be less cytotoxic compared to parent MMC, and especially compared
to cholesterol conjugated MMC (MMC-Chol) (Figure 8.2B). It is apparent that the UPy
modification reduced the drug effect, whereas the cholesterol modification enhanced the
drug effect. The increased potency is considered at least partially attributable to the known
cellular internalization enhancing effects of cholesterol. Currently however, it is uncertain
whether UPy-MMC and/or MMC-Chol are active cytotoxic agents or require degradation to
parent MMC to be activated. It should be noted that UPy-MMC was equipped with a shorter
OEG linker compared to the OEG linker in MMC-Chol, and did not dissolve well at high
concentrations. Nonetheless, even at soluble concentrations the UPy modified MMC was
considerably less active than the cholesterol modified MMC. Depending on its purpose after
release, guest molecules can thus be modified with cholesterol or UPy, for retention within
the supramolecular UPy hydrogels.
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Figure 8.2 | UPy modification of mitomycin C (UPy-MMC) compared to other UPy- and cholesterol-modified
guests. A. Release from 10 wt% UPy-PEG hydrogels. B. Cytotoxicity of MMC and MMC-conjugates on CC531
cells after 24 h incubation.

Discussion
UPy and BTA derived biomaterials showed that supramolecular fibers can be
utilized for drug delivery. If required, both systems offer methods for influencing the
packing and exchange rate of monomers, and thus overall stability of the fibers. UPy fiber
exchange dynamics for example, can be modulated by mixing monofunctional and
bifunctional UPy monomers.13 In one study, the exact design of the aliphatic spacers in the
BTA monomers was demonstrated to have a dramatic effect on the packing of the fiber
structures.14 Utilizing hydrogen/deuterium exchange mass spectrometry enormous
consequences of aliphatic spacer length on the exchange dynamics were revealed.15 Small
molecular design changes can thus be used to control the dynamics of the supramolecular
fibers. In these studies, also the importance of the hydrogen bonding within the fibers was
emphasized. Should it be required, it is proposed that stability could potentially be
enhanced through implementation of additional intermolecular hydrogen bonding motifs in
the monomers.
Similar principles can be applied to incorporated guests and drug molecules in the
hydrogel systems. The pure diffusion and pure erosion controlled release rates that were
demonstrated here are considered two extreme cases. In order to obtain intermediate
release profiles, it is anticipated a possibility to tune the affinity for the UPy-PEG hydrogel by
modification of the conjugated hydrophobic moiety. Using a library of hydrophobic blocks
connected via an OEG linker to a fluorescent dye, one could utilize fluorescence recovery
after photobleaching (FRAP) or the more advanced fluorescence correlation spectroscopy
(FCS) to study affinity and dynamics. In our group, initial studies towards this goal have
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been performed by varying the length of the alkyl spacers of monofunctional UPy guests.
With FRAP it was found that recovery of a UPy-functionalized fluorescent group that
contains the same C6-urea-C12 unit as the UPy-PEG hydrogelator is extremely slow. However,
an altered alkyl spacer length and thus a mismatch in hydrophobic block compared to the
hydrogelator significantly increased dynamics of the fluorescent guest. Alternatively,
functionalization of a guest molecule with two UPy groups resulted in almost completely
immobilization at the molecular level. The careful design of the UPy-guest, hydrogelator,
analogy in hydrophobic block, and valency of the interaction could potentially enable a
range of dynamics and release profiles.
Finally, an interesting research direction that emanates from the obtained results
would be the implementation of the UPy fiber particles into the macroscopic UPy hydrogel
systems. In this way, systemic delivery issues are avoided by the beneficial site-specific
application of the hydrogel. Secondly, the UPy – UPy affinity between fiber particle and
hydrogelator network is proposed to allow a controlled release of the drug loaded fiber
particles. Upon release, the UPy fibers internalization prowess enables or enhances cellular
internalization and endosomal escape of otherwise non-permeable therapeutics.

8

Translation towards clinical applications
In this thesis myocardial infarction (MI) was mentioned as a suitable pathological
target for UPy-biomaterial-mediated drug interventions. Although the treatment of acute
(MI) has significantly improved survival rates, the chronic ischemic heart failure population
is a major public health problem that progresses with an aging population. There are
approximately 6 million heart failure patients in the US with an estimated 25 % increase in
prevalence in 2030.16 Initial loss of myocardial tissue leads to cardiac remodeling and
eventually causes chronic heart failure. A goal for future therapies is regeneration of lost
myocardium via catheter-injectable hydrogel-mediated controlled cell and drug delivery
(Figure 8.3).
Critical design requirements for in situ gelling catheter-injectable approaches lie
mainly in the gelation trigger and gelation kinetics.17 Most materials that are described as
‘injectable’, can be applied via a syringe but are in some way or another not compatible with
cardiac catheter procedures.18 In fact, only two other biomaterials have been injected via a
catheter to the heart in large animal models: alginate, and decellularized extracellular
porcine myocardial matrix.19,20 Our group has expressed—and still expresses—a profound
interest in providing injectable hydrogel therapies for the heart. UPy-PEG hydrogels loaded
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with growth factors have been injected in the pig heart for treatment of damaged and
ischemic myocardium post-MI. The collaboration with the Hubrecht Institute is similarly
focused on therapy for the heart, utilizing innovative research into the role that RNAi
therapeutics can play to combat the negative effects of MI.

Hydrogel
Drug
Nanoparticle
Stem Cell

Figure 8.3 | Drug therapy for the heart utilizing hydrogels. A goal for therapy post-MI goal is regeneration of
lost myocardium via catheter-injectable hydrogel-mediated delivery of cells and/or drugs. Adapted from
O’Neill et al. with permission from Wiley.21

NOGA technology and limitations
In collaboration with colleagues from the UMC Utrecht, injectable UPy-PEG
hydrogels have been applied in vivo using the NOGA 3D-electromechanical and catheter
injection system (NOGA® XP Cardiac Navigation System, Biosense Webster). The NOGA
procedure offers real-time collection of spatial, electrophysiological, and mechanical
information to create a 3D reconstruction of the heart, without the need for extensive
fluoroscopic guidance.22 An electromechanical map (EMM) of the left ventricle (LV) is
constructed using an ultralow magnetic-field energy source and a sensor-tipped
catheter.23,24 From this EMM underlying tissue is characterized to identify viable, hibernating
and infarcted myocardium.
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NOGA technology provides a clinically validated catheter-based delivery approach
for various myocardial regenerative therapies. Nonetheless, several issues were identified
which hamper the precision, treatment efficacy, and overall applicability of guided UPy-PEG
hydrogel injection in the heart. Firstly, electromechanical mapping relies on interpolation of
a small set of measurement points to construct a 3D model and is overall not very
reproducible.25 As a result, identification of the infarct border zone is prone to errors and
inferior to late gadolinium enhanced magnetic resonance imaging (LGE-MRI), that serves as
the gold standard technique to determine infarct size and location.26
Secondly, the approach does not permit visualization of the hydrogel for
immediate post-injection feedback to confirm correct injection. Imaging of the biomaterials
could be particularly valuable for the future development of guided injected therapies.
Thirdly, the MyoStar injection catheter is not suitable for high viscosity materials
such as the liquid UPy-PEG hydrogel precursor, with a viscosity in the range of 0.6 Pa·s.
Assuming laminar flow, Hagen-Poiseuille equation (1) gives the pressure drop through a
long cylindrical pipe:

∆ =

8
 

(1)

where  is the dynamic viscosity,  the length,  the volumetric flow rate, and  the radius.
One can thus derive the pressure required to inject UPy-PEG hydrogel liquid precursor with

a viscosity of 0.6 Pa·s at a flow rate of 3.3E-9 m3·s-1 (0.2 mL·min-1) through a 1.23 m long tube
with a 0.16 mm radius. A final ∆ = 9.77 MPa (or 1417 Psi) is the result, which an average user

is not able to exert on a syringe. A high-pressure syringe pump (Nexus 3000) that produces
a maximum linear force of 65 pounds was therefore employed. At a speed of 0.2 mL·min-1
this value translates to a pressure of 2512, 1007, or 503 Psi in a 5, 2.5 or 1 mL syringe,
respectively. Thus, while the pressure needed is enormous, with a 2.5 or 1 mL syringe this
flow rate can theoretically be acquired. However, both these values far exceed the 200 Psi
maximum pressure limit that is given for standard glass gastight syringes. Stainless steel
high-pressure syringes are available with maximum pressure limits that fall within the safe
range, but they come with different (non Luer-Lock) connections and are not transparent,
giving rise to fresh complications. Overall, the interventional-guidance method, the medical
devices required for injection, as well as the traceability of injectable material are flawed,
and it was proposed to develop a novel procedure centered around magnetic resonance
imaging (MRI).
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MR guidance
MRI offers several advantages over other imaging modalities including high
resolution and excellent soft tissue contrast without damaging ionizing radiation. Use of
interventional MRI has been accomplished in a variety of clinical areas, but real-time MR
guidance for intramyocardial injections has not been widely utilized.27,28 MR-guided
navigation for injection of biomaterials in the myocardium requires specific tools and
technologies, thus together with partners from academia and industry the MIGRATE (MrI
Guided RegenerAtive ThErapy) consortium was initiated.
First, a new MRI-compatible catheter was developed (Imricor Medical Systems,
Burnsville, MN, USA) that; i) has two integrated receiver coils in the tip for active tracking of
position and orientation, ii) is equipped with an electrode in the catheter tip for recording of
ECG signal, and iii) sports a diameter that can accommodate injection of viscous materials
(Figure 8.4). With a length of 1.1 m and a 0.32 mm radius the force required to inject UPy-PEG
liquid hydrogel precursor is reduced drastically to a ∆ = 0.74 MPa (or 108 Psi) (1). This

means standard glass gas-tight syringes can be applied safely, and injection speed could
even be increased if necessary. Admittedly, metal syringe pumps are incompatible with the
MR system, thus injection has to be performed manually. For this purpose, a syringe handle
was designed and 3D printed, making it much easier to exert pressure on the syringe and
control injection speed and volume by hand.
Tip with
Electrode
Adjustable
Needle Tip

Distal
Coil

Proximal
Coil

Widened
Lumen

Figure 8.4 | Imricor catheter. Schematic representation of the tip of the newly developed Imricor MRIcompatible injection catheter with its most important features.

Secondly, a real-time image guidance platform ‘iSuite’ (Philips Research, Hamburg,
Germany), was installed on a 1.5 T MR scanner (Ingenia, Philips Healthcare, Best,
Netherlands). Using this software, the tip of the catheter can be mapped in real time on a
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high-resolution anatomical image (roadmap scan), which is acquired just prior to the
interventional procedure (Figure 8.5A). Based on the 3D roadmap a LV endocardial surface
mesh with infarct border zone can be created and imported into iSuite (Figure 8.5B).
Finally, for traceability and confirmation of the success of the procedure, contrast
agent UPy-Gd was developed. It was demonstrated that UPy-Gd could be conveniently
supramolecularly incorporated for excellent T1-weighted imaging of the hydrogel. This was
confirmed with the successful post-injection localization of UPy-Gd functionalized hydrogel
in the myocardium. With this system in place and operational, the drug loaded UPy-PEG
hydrogel precursor can theoretically be injected in the infarct border zone. Nonetheless,
during our multiple days of testing several injections were attempted that could not directly
be tracked. After surgical removal and stand-alone imaging of the pig heart, clear UPy-PEG
hydrogels were imaged at the exact locations of attempted injections (Figure 8.5C). It means
that during the interventional procedure the scanning of the UPy-Gd functionalized
hydrogels had failed, whereas the injections itself had been successful. Considering the
violent contractions of the heart muscle, it is promising to see clear-bordered hydrogels
without dispersion throughout the tissue—identical to ex vivo-injected hydrogels.
A

B

Catheter tip

8

C

Infarct
border zone

Figure 8.5 | Procedure of MR guidance, catheter visualization and hydrogel localization. A. Position and
orientation of actively tracked catheter tip near the aortic valve, displayed on the roadmap scan that was
acquired prior to the interventional procedure. B. Left ventricle segmentation with imported infarct border
zone (green rim). C. Left a 3D model of the LV in iSuite with the catheter tip and four sites marked where
injections were performed. Right, ex vivo imaging of the heart with UPy-PEG hydrogel clearly visible at the
intended injection locations.

Discussion
Significant steps have been made towards a MR-guided intramyocardial catheter
injection procedure for UPy-PEG hydrogels. In the current state of development, a minor
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limitation in the guidance method is that active tracking and passive visualization cannot be
used simultaneously. One has to rely on a pre-obtained roadmap scan, which for example
caused by patient movement can become inaccurate during the procedure.
Several of the catheters and sensors broke during testing procedures, believed to
be a result of the heart contraction force exerted on the tip of the catheter. A
reinforcement of the shaft is therefore necessary in the next prototype. Furthermore, the
ECG signal obtained from the catheter tip was unstable and experienced heavy interference
from the MR scanner. Conformation of steady contact and subsequent needle puncture in
the myocardial wall thus remains a challenge. On the other hand, the increased diameter of
the inner catheter lumen in combination with the 3D printed handle made manual injection
possible. If deemed necessary the diameter could be enlarged even further, to be able to
accommodate potentially higher viscosity drug loaded UPy-PEG hydrogel precursor
formulations in the future.
Visualization of the hydrogel directly post-injection has been moderately
successful. Some of the planned and successfully injected hydrogels could not be detected
during the procedure itself. If optimization of scanning methods proves inadequate,
another solution could be to improve the contrast of the hydrogel, e.g. by modification of
UPy-Gd. A next generation UPy-Gd could be designed with a shorter OEG linker, to decrease
rotational freedom and proposedly increase relaxivity. Otherwise, the hydrogel matrix can
be made more rigid to reduce the molecular dynamics.29
From a scientific standpoint, it will be interesting to pursue these strategies.
However, it is important to realize that two different end-goals for this project were
mingled. One goal is the supramolecular labeling of the hydrogel to allow accurate in vivo
analysis of injected hydrogel location, shape and erosion rate. For this purpose, it is
considered necessary to have a contrast agent supramolecularly incorporated. Nonetheless,
for the MIGRATE consortium the focus of development is the novel MR guidance
procedure. Immediate confirmation of injection at the targeted site is the main purpose the
hydrogel should fulfill here. It can be argued that the scientifically elegant technique of
supramolecular incorporation of contrast label has no benefit when the goal is simply
immediate verification post-injection. Since the scanning and localization of the UPy-Gd
loaded hydrogel in a life subject has proven challenging up to now, it might be wise to decouple the supramolecular MRI label incorporation from the MIGRATE goal. Alternative
options that could be pursued are e.g. physical mixing of commercial agents with better
relaxation properties or the utilization of a probe based on alternative nuclei, e.g. 19F, which
is not obscured by endogenous water proton signals.30,31
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Summary
Supramolecular Drug Delivery Systems
Drug delivery refers to the method, formulation, or technology by which a
pharmaceutical compound is administered and transported in the body to achieve its
desired therapeutic effect. In the last decades, science has made monumental
breakthroughs towards unraveling and manipulating physiological barriers, targeting
principles, molecular pathways, drug pharmacology, and the ins and outs of various modes
of drug delivery. Development of the latest generation of drug delivery materials revolves
around targeted nanoscale systems and macroscopic controlled drug release depots. Yet
with all the progress, the list of clinically approved high impact formulations is short—
reflecting partially the complexity of fulfilling all of the requirements. Selective, safe, and
spatiotemporally controlled delivery of pharmaceutical drugs to the desired location in the
body is considered the holy grail of drug delivery.
Biomaterials created with supramolecular chemistry present a relatively new
materials toolbox that opens the door for innovative drug delivery solutions.
Supramolecular chemistry is described as ‘chemistry beyond the molecule’, and is aimed at
the design of functional organized higher order structures through self-assembly of building
blocks via non-covalent interactions. Two extensively studied supramolecular hydrogen
bonding motifs are the benzene-1,3,5-tricarboxamide (BTA) and ureido-pyrimidinone (UPy)
units, which have to date been used for several unique biomedical applications.
In the first two research chapters, nanoscale (targeted) drug delivery systems
were designed with the BTA and UPy motifs. Multicomponent, tunable, supramolecular
fiber particles were prepared from variously functionalized monomers via a simple mixing
approach. Nicely, the fibers displayed specific binding and fast cellular uptake when cationic
monomers were co-assembled. Furthermore, the cationic character of the fibers enabled
electrostatic condensation of short interfering RNA (siRNA), and subsequent transfection of
this cargo into living cells. Using the BTA fiber particles, the possibility for a dual delivery
strategy was demonstrated, with the encapsulation and intracellular delivery of a small
hydrophobic model drug compound. Silencing experiments showed that intracellular
delivered siRNA significantly reduced gene expression, but efficacies for both the UPy and
BTA transfections were as of yet not up to clinical standards. Nonetheless, the robust and
convenient complexation of siRNA via supramolecular incorporation of cationic charges
presented an interesting and exploitable concept for other delivery applications.
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Elaborating on that principle, in the next chapter the applicability of UPypoly(ethylene glycol) (UPy-PEG) based injectable pH-responsive hydrogels for controlled
delivery of RNAi therapeutics was investigated. Such a bioresponsive injectable hydrogel
can be pre-loaded with drugs and subsequently locally applied in the body to gelate and
form a slow-releasing drug depot. In order to prevent rapid release of the loaded drugs by
diffusion, an affinity for the hydrogel network is required. With our first approach, the
controlled release of single-stranded antimiR was accomplished via supramolecular
functionalization of the hydrogel with cationic charges for retention through electrostatic
affinity. Second, transfection-ready cholesterol-conjugated double-stranded siRNA and
miRNA were released in a desirable sustained matter. This behavior is explained by the
interactions between cholesterol and the hydrophobic core of the fibers comprising the
hydrogel network. It was shown that for both strategies the release is almost completely
dominated by the erosion of the hydrogel itself, meaning the affinity between drug and
hydrogel is extremely high. By varying the concentrations of UPy-PEG hydrogelator and
cationic UPy-guest, the release profiles for both types of RNA drugs could be tuned to a
small extent.
Another treatment that can potentially benefit from the use of controlled drug
releasing hydrogels is intraperitoneal chemotherapy for peritoneal carcinomatosis. Inspired
by the results obtained with cholesterol-conjugated RNA drugs, we modified the hydrophilic
chemotherapeutic mitomycin C (MMC) with a cholesterol group. Whereas MMC itself was
released from UPy-PEG hydrogel quickly by diffusion, the new compound ‘MPC’ exhibited a
radically enhanced retention within the hydrogel—providing a slow controlled release. In
addition, the newly designed drug proved mostly insensitive to acid catalyzed degradation.
MPC also exhibited a five times increased potency towards a cancer cell line, likely
attributable to the known cellular internalization-enhancing prowess of cholesterol. In order
to optimize the therapeutic effect over time a strategy was introduced that employs a
combinatorial treatment of MMC and MPC in one UPy-PEG hydrogel delivery system. With
these two drugs in one release system, one benefits from an initial burst release from MMC,
followed by a controlled drug activity over time originating from the slow releasing MPC.
For successful and safe in vivo application of injectable hydrogels, information
about e.g. precise anatomical location, 3D morphology and degradation rate is crucial. To
that end, a magnetic resonance imaging (MRI) contrast agent was modified with a UPy
group, for supramolecular incorporation of the contrast agent in the UPy-PEG hydrogel.
Surprisingly, the relaxation properties of the contrast agent were not significantly increased
upon incorporation in the hydrogel matrix. It is hypothesized that the high exchange rates
that monovalent UPy guests experience in the UPy-PEG network give the contrast agent
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sufficient mobility. Nonetheless, at a macroscopic level, release experiments showed that
the contrast agent is retained within the UPy-PEG network. Physically mixed non-UPyfunctionalized contrast agent did not accurately reflect the location and morphology of
injected UPy-PEG hydrogel due to rapid diffusion of the contrast agent. After a challenging
in vivo catheter injection in a pig heart, the hydrogel was visualized at the injection site. MRI
provided high contrast and precise information on the location of the hydrogel, and this
strategy is envisioned to be particularly valuable for the future development of guided
injectable therapies.
Lastly, in our efforts to bring supramolecular drug delivery applications to the clinic
substantial progress was made. Existing injection catheters cannot accommodate injection
of high viscosity hydrogel precursors; thus together with the MIGRATE consortium a
suitable catheter was developed specifically for UPy-PEG materials. Finally, some key
considerations for the next stages of development were discussed in the epilogue. For
example, are the fiber particles able to maintain form and/or function in complex media in
vivo, and—if not—how to improve on this? Is it possible to obtain intermediate release
profiles not purely controlled by degradation of UPy-PEG hydrogels, via conjugation of
alternative hydrophobic blocks? Can introduction of the UPy fiber particles loaded with
drugs inside the slow releasing UPy-PEG hydrogel combine advantages of both delivery
classes? I hope that one day we know the answers and see supramolecular drug delivery
materials based on the UPy and BTA motifs in action.
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