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Development of supramolecular biomaterials to 
mimic the cardiac niche

Abstract

Biomaterials based on non-covalent reversible interactions, also known as supramo-
lecular interactions, are proposed to be suitable to mimic the natural cardiac extracellular 
matrix. These materials show intrinsic dynamic properties and their material properties can 
be tuned. Additionally, by employing a modular bioactivation approach it is envisioned that 
careful tailoring of the cardiac microenvironment would be possible and thereby creating a 
niche for the growth, survival and differentiation of cardiac specific progenitor cells. Supra-
molecular biomaterials based on quadruple hydrogen bonding, ureido-pyrimidinone (UPy) 
units are used because of their modular properties. UPy-biomaterials can be formulated 
into elastomeric materials or hydrogels and be tailored to create a synthetic ECM. In this 
chapter, the healthy and adversely remodeled cardiac niche is briefly discussed and an over-
view of current UPy-biomaterials is shown. Next, the aim and outline of the thesis is de-
scribed in which the possibilities and boundaries of UPy-based supramolecular biomaterials 
are explored that control the cardiac microenvironment in vitro. 

1
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Chapter 1

Cardiac niche components

Cardiac tissue is a composite material consisting of contractile and supportive cells 
surrounded by ECM and it is intertwined with nervous and vascular networks. An ischemic 
event, such as a myocardial infarction (MI), not only induces cell death but also affects the 
tissue structure and composition. This can eventually lead to loss of cardiac function due 
to changes in the key players of the cardiac microenvironment: i) stem/progenitor cells and 
supporting cells, ii) ECM proteins organized into a fibrous network, iii) the mechanical envi-
ronment of the cells and the matrix, such as the cyclic strain provided by the beating heart, 
and iv) soluble factors, such as oxygen and cytokines (Figure 1.1). In this chapter, the impor-
tance of the extracellular matrix and its properties are highlighted. The effect of supporting 
cells, vascularization, cyclic strain and soluble factors is thoroughly reviewed and discussed 
elsewhere.1–4

Figure 1.1:  The cardiac progenitor cell resident microenvironment. (a) The simplified representation shows some 
of the key players of the healthy CPC niche: i) cellular elements (CPCs and supporting cells: cardiomyocytes, 
endothelial cells, smooth muscle cells, stromal cells, and immune cells) and cell-cell interactions such as 
signaling via Notch; ii) extracellular matrix (ECM); iii) mechanical stimuli, such as the cyclic strain provided by 
the beating heart; and iv) soluble factors, such as cytokines, oxygen gradients, and growth factors. (b) Simplified 
representation of the infarcted heart, where the microenvironment is altered and the niche components modified: 
i) cardiomyocyte death and infiltration of myofibroblasts and immune cells; ii) excessive and disordered formation 
of ECM; iii) increased ECM stiffness and thus altered mechanical behaviour; and iv) increased secretion of growth 
factors and cytokines. 

The myocardium shows very limited self-renewal; nevertheless, the notion of the 
heart as a terminally differentiated organ, incapable of regenerating after injury, has been 
challenged by abundant evidence in the last decade.5,6 There is ongoing debate over wheth-
er cardiac regeneration is to be attributed to dedifferentiation and proliferation of cardio-
myocytes7,8 or to differentiation of cardiac stem or progenitor cells9–11 , which makes it diffi-
cult to identify the ideal therapeutic target. Nevertheless, the existence of resident cardiac 
progenitor cells (CPCs) in the heart and their relevance for cardiac regeneration has been 
demonstrated by several studies.11–14 CPCs have emerged as promising candidates for car-
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1
 diac regeneration, due to their differentiation potential11,15 and the ability to produce and 

remodel ECM proteins.16 However, CPCs do not have the full capacity to regenerate the my-
ocardium due to low endogenous cell numbers and low retention when injected within the 
myocardium. 17,18 An improvement to cell therapy is the use of biomaterials as supporting 
synthetic extracellular matrices for cells, thereby improving the efficacy and consequently 
improving cardiac regeneration and repair. 

Synthetic ECM approaches

The natural ECM is a complex, dynamic and multifunctional material that provides 
a range of physico-chemical signals to cells and support to tissues. Biomaterials can be 
designed to mimic individual or multiple functionalities of the ECM, which are known as 
synthetic ECM approaches.19 With these approaches, interactions between cells and their 
surrounding matrix can be studied in more detail and consequently design criteria can be 
determined for the development of biomaterials. It is proposed that biomaterial approach-
es to mimic the natural ECM can be divided into either bottom-up or top-down approaches 
(Figure 1.2). We define bottom-up ECM engineering as building a synthetic or (partly) nat-
ural ECM from its single components; either synthesized or naturally extracted. The single 
components are proposed to assemble into large functional ECM aggregates and structures. 
This approach allows for full control over the composition of the produced ECM. Top-down 
ECM engineering uses the capacity of cells to produce and deposit ECM components in the 
extracellular environment. In this case ECM components are secreted by the cells, leading 
to a natural microenvironment, to which end cells are removed, resulting in a cell-secreted 
ECM. 

Figure 1.2: Schematic representation of synthetic ECM approaches for treating MI. Top-down ECM engineering 
is based on the ECM component producing capacity of cells and the deposition of these components in their 
extracellular environment. Bottom-up ECM engineering is defined as building a synthetic or (partly) natural ECM 
from single components, which is made synthetically or extracted naturally.
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Synthetic ECM approaches allow for the development of engineered biomaterials that 
mimic key components of the natural ECM. The properties of these engineered biomaterials 
have large impact on the behaviour of cells and cellular processes, such as adhesion, prolif-
eration and differentiation. Therefore, it is crucial to study and understand if and how the 
properties of engineered biomaterials tune the behaviour of cells. The ECM is considered as 
a highly dynamic environment and there is a dynamic reciprocity between the embedded 
cells and the ECM, which changes during development, adult tissue homeostasis and pathol-
ogies.20 For this reason biomaterials based on non-covalent and reversible interactions are 
considered to be better mimics compared to static and covalently crosslinked biomaterials, 
due to their intrinsic dynamic properties and possibility to tune their material properties.

Figure 1.3: Overview of the different supramolecular crosslinking strategies that have been used to create the 
synthetic ECM for cells. A) Chemical structure of bisurea motifs and the schematic representation of the assembly 
via hydrogen bonding. B) Chemical structure of benzene-1,3,5-tricarboxamides (BTA) building blocks and the one-
dimensional assembly via hydrogen bonding and π-π interactions. C) Chemical structure of a peptide amphiphile 
and the assembly into nano-fibers. Adapted from Matson et al.32 D) Chemical structure of an α-cyclodextrin 
molecule which contains hydrophobic pockets in which hydrophobic molecules bind non-covalently to. Adapted 
from Caldera et al.45

Supramolecular biomaterials

In the field of synthetic ECM engineering, supramolecular biomaterials are crosslinked 
via single or multiple non-covalent interactions, which are commonly based on either hy-
drogen bonding,21–23 hydrophobic interactions,24,25 electrostatic interactions26 or metal-co-
ordination.27,28 With these types of interactions, it is proposed that biomaterial properties 
such as bioactive ligand presentation, mechanical properties and/or degradability, can be 
tuned to match the desired application, while maintaining intrinsic dynamic properties.29 
Depending on the molecular design and structure, supramolecular biomaterials can be ei-
ther developed into, elastomeric materials, hydrogels or particles from dilute conditions. 
Different supramolecular crosslinking motifs have been used to develop supramolecular 
biomaterials such as, bisurea motifs,30  benzene-1,3,5-tricarboxamides (BTA),31 peptide am-
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1
phiphiles 32, cucurbit[8]urils33 or cyclodextrins34. Bisurea motifs are versatile crosslinking 
units which can be incorporated either within small molecules to promote molecular-stack-
ing30 or within the backbone of polymers to create injectable segmented hydrogels35 or 
thermoplastic elastomers (Figure 1.3 A).36,37 BTA motifs are disc-shaped macromolecules 
decorated with amphiphilic ethylene glycol and aliphatic side chains that self-assemble into 
helical fibrous structures in water (Figure 1.3 B).38 The helical aggregates are stabilized via a 
combination of hydrogen bonding, π-π stacking and hydrophobic interactions which allows 
for the development of supramolecular hydrogels. Another example is shown by peptide 
amphiphiles, which self-assemble into well-defined supramolecular architectures based on 
β-sheet formation (Figure 1.3 C).32 These supramolecular peptide-based amphiphiles have 
been used for a range of applications, such as hydrogels or drug delivery vehicles.39–41 Other 
crosslinking motifs, which are used to develop supramolecular biomaterials are based on 
host-guest interactions such as cucurbit[8]urils or cyclodextrins and show great potential as 
synthetic extracellular matrix mimics24,25,42 or drug delivery vehicles (Figure 1.3 D).43,44 These 
examples demonstrate the potential to modularly tune the material properties using one or 
multiple supramolecular crosslinks.

Figure 1.4: Chemical structure of the different UPy-based polymers used for the development of supramolecular 
biomaterials in this thesis, ranging from elastomeric materials to hydrogel systems and dilute polymer states. 
Polymers can be modified with UPy-moieties at both ends (bifunctional), only at a single end (monofunctional) 
or within the backbone (chain-extended), which results in supramolecular biomaterials with different properties.

Our approach to develop supramolecular biomaterials is based on directional and 
self-complementary ureido-pyrimidinone (UPy) moieties. In this system, hydrogen bonds 
are formed between UPy-groups and additional urea or urethane moieties in the polymer 
backbone. This assembly is stabilized via combinations of hydrophobic interactions, hy-
drogen bonding and π-π stacking. As a result of the well-defined molecular self-assembly 
of UPy-groups, a range of supramolecular biomaterials can be developed that consist of 
thermoplastic elastomers, hydrogelators or particles (Figure 1.4). Additionally, biomaterials 
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based on UPy-functionalities, allow for the control in bioactive ligand presentation, mechan-
ical properties and/or degradability. It is therefore anticipated that UPy-based biomaterials 
will extend the library of current synthetic extracellular matrix-mimics and will improve cel-
lular-based regeneration now and in the future. 

UPy-based elastomeric materials

Elastomeric UPy-based biomaterials are mainly used as load-bearing and/or cell-sup-
porting scaffolds which have been used as biomaterials for the regeneration of vascular 
grafts and heart valves.3,46–49 Polyesters or polyester polyols such as, PCL50–52 or priplast,53 
respectively, can be either end-functionalized or chain-extended with UPy-functionalities. 
By introducing UPy-functionalities, thermoplastic elastomers are formed, which show in-
creased melt temperatures and mechanical properties due to the formation of UPy-aggre-
gates within the bulk of the material.50,53 Consequently, these thermoplastic elastomers can 
be processed into solvent-cast films or electrospun fibers. Additionally, bioactive function-
alities can be introduced via the modular approach using a similar molecular design based 
on the UPy-moiety.54–56 In this way, elastomeric materials based on both chain-extended and 
bifunctional UPy-modified PCL were used to create anti-microbial biomaterials by mixing in 
UPy-modified anti-microbial peptides57, for the development of non-cell adhesive grafts via 
the introduction of anti-fouling UPy-modified PEG polymers52,56 and as immunomodulatory 
grafts through the bioactivation with a heparin-binding peptide51 or a stromal cell derived 
factor 1α (SDF1α) peptide58. 

Figure 1.5: A) Chemical structures of bifunctional UPy-PCL, UPy-PEG and monofunctional UPy-RGD. B) Scanning 
electron micrographs of electrospun bilayered scaffolds consisting of UPy-PCL, UPy-PEG and UPy-RGD. Scale bar 
represents 200 µm. C) Fluorescence microscopy images of HK-2 cells on top of different bilayered electrospun 
meshes after 14 h. On pristine UPy-PCL meshes cells spread (left), on mixtures of UPy-PCL and UPy-PEG cells do not 
spread and detach (middle) and on UPy-PCL functionalized with UPy-PEG and UPy-RGD cells spread again (right). 
Actin cytoskeleton is shown in white and the scale bar represents 25 µm. Adapted from Mollet et al.59
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1
Furthermore, synthetic extracellular matrices based on the functionalization of 

UPy-modified RGD-ligand were developed for the optimal growth of kidney epithelial cells.59 
In this work, bifunctional and cell-adhesive UPy-PCL was modified with bifunctional UPy-
PEG to create non-cell adhesive electrospun scaffold (Figure 1.5A and B). Subsequently, 
cellular adhesion was restored via the modular functionalization of UPy-RGD (Figure 1.5C).59  
These examples illustrate the modular capabilities, biocompatibility and tunability of UPy-
based elastomers for the development of synthetic extracellular matrices.

UPy-based hydrogel systems

Alternative to elastomeric materials, hydrogels typically show lower load-bearing prop-
erties and high water content similar to natural ECM, which is ideal for the encapsulation 
and growth of cells in vitro or as carriers for cells or drugs.60–62 UPy-based hydrogelators are 
primarily based on the modification of hydrophilic poly(ethylene glycol) (PEG) (Figure 1.4). 
Modification of PEG polymers with UPy-groups in the main chain (chain-extended UPy-PEG) 
results in the formation of strong and elastic hydrogels,63 in which the molecular assembly, 
physical properties and degradability have been studied extensively.63,64 Coupling of UPy-
units on both ends of PEG (bifunctional UPy-PEG) (Figure 1.6 A1) results in the formation 
of a self-assembled dynamic network in aqueous environments and has been previously 
used to deliver proteins in the kidney capsule65 and in the infarcted myocardium.66 Due to 
the presence of aliphatic spacers in the polymer backbone, hydrogen bonds, formed via 
the UPy-groups and urea or urethane functionalities, are shielded from water and results in 
stable crosslinks in aqueous environments. Furthermore, by changing the molecular compo-
sition of UPy-PEG, such as the alkyl or PEG spacer length, different dynamics and molecular 
assemblies are observed, which results in changes at the meso- and macroscopic scale.67 
These changes are attributed to the formation of crosslinks formed via the combined effect 
of hydrogen bonding, π-π interactions and hydrophobic effects. By using external triggers, 
such as high temperatures and high pH, the water-solubility of hydrophobic domains is in-
creased and this causes the network to partially dissolve, forming a viscous liquid (Figure 
1.6 A2).67  

An interesting property of supramolecular UPy-based hydrogels is its thixotropic be-
haviour, in which physical crosslinks enable the reformation of broken bonds after the ap-
plication of an external stimulus such as mechanical force.68 This unique characteristic is 
useful for several biomedical applications, such as recovery of the mechanical integrity after 
injection or allowing the ingrowth and proliferation of embedded cells. Additionally, by in-
troducing non-covalent crosslinks within the hydrogel network, an intrinsically dynamic en-
vironment is created that closely mimics the natural microenvironment for cells. Extremely 
fast recovery of its mechanical properties was observed for hydrogels based on bifunctional 
UPy-PEG after the application of high strain amplitudes (1000%) (Figure 1.6 A3).21,69 The 
self-healing behaviour is attributed to the dynamic properties of UPy-UPy interactions, 
which can reversibly associate and dissociate. Furthermore,  Hou et al. developed a self-in-
tegrating and self-healable hydrogel based on dextran, which was grafted with a UPy-group 
(Figure 1.6 B1).70 Upon functionalization of dextran with UPy-groups (degree of substitution 
= 5.5, DEX-UPy) a hydrogel (10 wt%) was formed which showed self-healing (Figure 1.6 B2) 
and fast recovery after application of high shear stress (100 Pa) (Figure 1.6 B3).
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Figure 1.6: Overview of UPy-based hydrogel systems. A1) Chemical structure of the bifunctional UPy-PEG 
polymer. A2) Image showing the pH-dependent gelation of UPy-PEG hydrogels, which allows for the injection of 
basic UPy-PEG solutions in tissue. A3) Dynamic strain amplitude experiment of a 10 wt% UPy-PEG hydrogel at 37 
oC showing the self-healing behaviour after the application of 1000% strain. Adapted from Bastings et al.21 B1) 
Chemical structure of UPy-modified dextran (DEX-UPy). B2) Image showing the self-healing of DEX-UPy by healing 
two pieces of hydrogel together. C3) Dynamic shear stress experiment showing the shear-thinning behaviour of 
DEX-UPy hydrogels (DS 5.5, 10 wt%) after the application of high shear (100 Pa) and low shear (0.1 Pa) stresses. 
Adapted from Hou et al.70 C1) Chemical structure of UPy-modified acrylamide synthon. C2) Image showing the high 
stretchability of UPy-modified polyacrylamide hydrogels. C3) Representative nominal stress-stretch curves showing 
the mechanical behavior of a non-healed and healed specimen based on UPy-modified polyacrylamide. Adapted 
from Jeon et al.71 D1) Chemical structure of the UPy-modified gelatin polymer. D2) Image showing the self-healing 
of gelatin-UPy-Fe hydrogels by placing different pieces together. D3) 100% recovery of the mechanical properties 
after the application of a high strain amplitude (1000%). Adapted from Zhang et al.72
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1
 Another example is shown by Jeon et al, in which an acrylamide network was formed 

using a UPy-synthon which consisted of a hydrophobic spacer and an acrylic head group in 
the presence of sodium dodecyl sulphate (SDS) (Figure 1.6 C1).71 Through the encapsulation 
of this UPy-synthon in SDS micelles a hydrophobic environment was created in which an in 
situ polymerized network was formed. With this method, a highly stretchable (yield stretch 
= 1.25) (Figure 1.6 C2) and fast self-healing hydrogel was formed (Figure 1.6 C3).Finally, 
Zhang et al. used the hydrogen bonding potential of UPy-groups and ionic coordination of 
Fe3+ and carboxyl groups in gelatin to develop self-healing hydrogels (Figure 1.6 D1). Cut-
ting the hydrogel into pieces and consequently bringing them together, resulted in healed 
hydrogels which were strong enough to withstand mechanical stretching (Figure 1.6 D2). 
Additionally, application of high strain amplitudes (1000%) resulted in complete recovery of 
the storage modulus (Figure 1.6 D3). These examples illustrate the versatility, high degree 
of control and possibility to develop intrinsically dynamic hydrogels using single or a combi-
nation of different supramolecular interactions.

Dilute conditions

UPy-based polymers in dilute conditions can be used to obtain understanding of the 
assembly, structure and exchange dynamics in water or as small particles for the delivery 
of therapeutics.73 For these purposes, monofunctional OEG based polymers modified with 
UPy-units (UPy-OMe) were developed (Figure 1.7 A1). 

Figure 1.7: Overview of UPy-based polymers for dilute conditions. A1) Chemical structures of bifunctional UPy-PEG-
20k and monofunctional UPy-OMe polymers. A2) Schematic representation of changes in exchange dynamics upon 
changing the scaffold design of UPy-based PEG polymers in dilute conditions. A3) Cryogenic transmission electron 
micrographs of scaffolds formed by monofunctional UPy-OMe (left, c = 0.5 mg/mL) and bifunctional UPy-PEG (right, 
c = 10 mg/mL).  Adapted from Hendrikse et al.73  B1) Chemical structure and overview of monofunctional UPy-
polymers with charged groups. B2) TGFBR1 mRNA expression of HK-2 cells treated with different UPy-polymers. 
Adapted from Bakker et al.74 
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These polymers self-assemble into UPy-fibers in aqueous solvents with fiber diameters 
of 5 and 14 nm, while bifunctional UPy-PEG assembles in shorter fibers with a diameter of 
7 nm (Figure 1.7 A3). By changing the either the multivalency or the scaffold design (bi-
functional versus monofunctional) of PEG-based polymers, control over the structure and 
dynamics was achieved.73 As a result, mixing UPy-based functionalities in a monofunctional 
UPy-OMe fiber versus a bifunctional UPy-PEG fiber, a decrease in exchange dynamics is ob-
served (Figure 1.7 A2). This high degree of control in dynamic properties is crucial for the 
development of cellular microenvironments using supramolecular UPy-based biomaterials. 
Furthermore, molecular assemblies of UPy-modified polymers have been used to deliver in-
tracellular drugs.74 In this way, monofunctional UPy-polymers with different charged groups 
(Figure 1.7 B1) were used to deliver small interfering RNA into the cells. In the presence 
of cationic UPy-groups, fast internalization was observed and decrease in expression of a 
TGFBR1 gene was observed (Figure 1.7 B2).74 These examples illustrate the benefit of UPy-
groups to develop self-assembling aggregates which can be used to either study molecular 
dynamics or used as drug delivery carrier.

Aim and outline

The aim of the work described in this thesis is to explore the possibilities and bound-
aries of UPy-based supramolecular biomaterials to control the cardiac microenvironment 
in vitro. Ultimately, it is proposed that these biomaterials can be used to improve cellular 
based therapies in the field of cardiac regeneration. For this reason, different supramolec-
ular UPy-based biomaterials are developed and important synthetic ECM properties such 
as mechanical properties, bioactive ligand presentation, and growth factor binding, are 
mimicked to improve the design of biomaterials for future cardiac regeneration applications 
(Figure 1.8). 

Setting the scene: the requirements

In Chapter 2, literature is reviewed concerning the composition of healthy myocar-
dial tissue and the changes that occur following a myocardial infarction at the cellular and 
tissue level. Furthermore, literature describing the application of natural and synthetically 
based injectable hydrogels is given. These hydrogels are used for the repair of adversely 
remodelled myocardial tissue and are categorized with respect to specific design criteria, 
being mechanical and/or bioactive supporting matrices, bioactive factor-releasing hydro-
gels, cell-delivery vehicles and induction of cell recruitment, which elucidate important bio-
material properties for the treatment of infarcted myocardium. 

Systematic demonstration to achieve these requirements

In Chapter 3, a recombinantly produced and UPy-modified collagen peptide hydrogel 
is developed. This is achieved by grafting UPy-functionalities to the backbone of recombi-
nant peptides (UPy-RCPhC1). By employing this method, increased control over polymer 
structure, assembly, gelation and mechanical properties is achieved. Additionally, by chang-
ing the degree of functionalization, hydrogels with low and high elastic moduli are created 
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1
and CPCs are seeded on top of these hydrogels. In this study, new synthetically engineered 
hydrogels are developed which could be used to create a supporting matrix for cell-based 
cardiac regeneration.

In Chapter 4, mechanically robust electrospun meshes are developed, which are 
crosslinked via supramolecular UPy-interactions. This is achieved through the development 
of a chain-extended UPy-modified PEG polymer (CE-UPy-PEG), which shows enhanced 
strength, ductility and stability compared to its telechelic counterpart. Up to 30 wt% gelatin 
is mixed with CE-UPy-PEG in the electrospinning mixture to create a hybrid scaffold with en-
hanced bioactivity. Additionally, cardiac progenitor cells are cultured inside the electrospun 
meshes and viability and ECM production is checked. 

Figure 1.8: Illustrative overview of the outline of this thesis, which focusses on the mimicking of the cardiac 
progenitor microenvironment using UPy-based supramolecular biomaterials. Each aspect is a topic of a chapter, as 
indicated in brackets. 

Catechol-modified UPy-based elastomeric biomaterials are described in Chapter 5. In 
this chapter, catechol chemistry is used to improve the adhesion of cardiac progenitor cells 
to a non-cell adhesive elastomeric biomaterial, which is based on UPy-modified telechelic 
UPy-Priplast and a catechol-modified UPy-functionality. Solvent-cast films and electrospun 
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meshes are prepared by mixing UPy-catechol functionalities with UPy-Priplast base poly-
mers and cellular adhesion, survival and preservation of ECM production is studied. 

In Chapter 6, bifunctional UPy-PEG hydrogels are functionalized with catechol-mod-
ified UPy-functionalities. It is proposed that catechol-functionalized hydrogels show im-
proved tissue adhesiveness compared to non-functionalized pristine UPy-PEG hydrogels. 
Additionally, a novel method to quantitatively measure the tissue-adhesive properties of 
any hydrogel is described. 

By introducing UPy-modified sulfonated peptide (UPy-SP3) in elastomeric biomaterials 
or hydrogel systems, growth factors can be sequestered, which can improve the biological 
response and consequently cardiac regeneration. The stabilization of transforming growth 
factor β1 (TGF-β1) is described in Chapter 7 as a proof-of-principle. A UPy-SP3 additive is 
developed that enhances the stability of TGF-β1 via non-covalent binding in combination 
with other UPy-PEG based polymers. Additionally, cellular response to TGF-β-1 is studied 
through the production of luciferase. 

In Chapter 8, bioactive ligands based on the short cyclic peptide cRGD are introduced 
into UPy-based hydrogels, in which adhesion and survival of cardiac progenitor cells are 
studied. The goal of this study is to improve cellular adhesion through decreasing the mo-
lecular exchange dynamic of the hydrogel system, which is done by modifying the design 
of the UPy-host and UPy-guest molecules. The UPy-host molecules consist of bifunctional 
UPy-PEG polymers and monofunctional methoxy-terminated functionalities UPy-OMe. The 
UPy-guest molecules consist of a monofunctional UPy-cRGD and a multivalent 8-arm PEG 
modified with UPy and cRGD. By changing the multivalency of the UPy-guest and/or the mo-
lecular design of the UPy-host, it is proposed that the dynamics of the cRGD-functionality 
changes and consequently the cellular adhesion. 

Finally Chapter 9 provides a general discussion on the presented data and design crite-
ria for the development of a synthetic extracellular matrix, including the challenges that still 
remain to aid in the repair and regeneration of adversely remodeled post-myocardial tissue.
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Synthetic extracellular matrix approaches for the 
treatment of myocardial infarction

Abstract

Injectable biomaterials, that mimic one or more functions of the natural extracellular 
matrix (ECM), are used in therapies that aim at improvement of cardiac repair and induc-
tion of regeneration of the heart. In this chapter we discuss recent trends in synthetic ECM 
approaches using injectable biomaterials to repair and regenerate the heart, and relate this 
to the design criteria to truly mimic (parts of) the natural ECM in a synthetic way. To fully 
understand the design criteria we first discuss the healthy and adversely remodeled cardiac 
niche in which the ECM and soluble factors play important roles. Additionally, knowledge 
of the remodeling processes and cardiac performance post-myocardial infarction is needed. 
Finally, various synthetic ECM approaches for the treatment of the infarcted heart are re-
viewed; i.e. (i) hydrogels that support the myocardial matrix via mechanical and/or bioactive 
cues, (ii) hydrogel materials that release bioactive factors, (iii) materials that deliver cells, 
and (iv) hydrogel materials that induce cell recruitment. 

This chapter has been published:

S. Spaans, N. A. M. Bax, C. V. C. Bouten and P. Y. W. Dankers, Synthetic extracellular matrix 
approaches for the treatment of myocardial infarction, Synthetic biology (Royal Society of 
Chemistry), 2018, 2, 155-185
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Introduction

The high occurrence of death due to heart failure demands for the development of 
new therapies for patients that have suffered from a myocardial infarction (MI). MI is an 
event which occurs in the blood vessels from the heart, also known as coronary arteries, 
during this event there is occlusion of these arteries which results in local deprivation of 
blood and oxygen in the heart. Post-MI, a hypoxic environment is developed which causes 
massive death of cardiomyocytes, which are the contractile cells of the heart. Subsequently 
a cascade of cellular processes and remodeling events take place that finally result in scar 
formation to compensate for the loss of cardiomyocytes, which inevitably leads to drastic 
decrease in contractile function in the left ventricle and heart failure75. Current therapies to 
prevent that MI develops into total heart failure include, e.g. drug, stem cell, gene or bio-
material-based therapy. When these therapies do not yield the required effect, the only re-
maining options are heart transplantation or the application of left ventricle assist devices. 
Unfortunately, the number of donors is limited, and left ventricular assist devices are used 
to bridge the gap towards heart transplantation or even as “destination” therapy. Therefore, 
novel therapies are required that restore the loss of cardiomyocytes and support fast repair 
and ultimately regeneration of the heart after MI. 

Alternatively, stem cells have the potential to regenerate cardiac tissue and provide 
for a long term solution. Cardiac stem cell therapy has been previously studied by inject-
ing stem cells at the infarcted region76. Only modest and temporary improvements are ob-
served77. Limited improvement is due to very low stem cell engraftment and retention fol-
lowing stem cell injection78. One way to address the low retention is by combining stem cells 
with biomaterials/synthetic extracellular matrices (ECM) to improve engraftment. Different 
biomaterial approaches have been pursued for the treatment of myocardial infarction, e.g. 
the application of cardiac tissue patches, the development of microtissues, and injectable 
hydrogels48,61,79. Both the cardiac tissue patch and microtissue approaches are based on pro-
duction of cardiac tissue in vitro and the implantation of these tissue engineered constructs 
on or in the damaged heart3. Importantly, the application of injectable hydrogels allow for 
more variation in the regenerative therapy options, because they can function as passive 
support of the structurally weak heart tissue80. Additionally, ECM-mimicking components 
can be incorporated to induce a certain degree of exogenous or endogenous repair of the 
cardiac tissue. In this chapter, we aim to show recent trends in synthetic ECM approaches 
to repair and regenerate the heart after MI. To completely understand these approaches, 
different treatment options of post-MI damage using injectable hydrogels are reviewed, 
with a focus on the various ECM components that are mimicked or incorporated to achieve 
improvement of cardiac function. 

Healthy versus adversely remodeled cardiac microenvironments

The heart rhythmically contracts and with each contraction blood is pumped through 
the body. The heart wall consists of multiple layers. The largest and most important part of 
the heart wall is the myocardium, which represents the cardiac muscle tissue. Facing the 
inner part of the heart, in direct contact with blood is the endocardium. Facing the outside 
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of the heart is the epicardium that functions as a protective layer and a lubricant during 
rhythmic contraction81. The volume of the myocardium is mainly composed of a contractile 
cell type, which is called a cardiomyocyte (CM). The total  volume of a healthy human heart 
is composed of approximately 90% of CM, however CM only account to 30-40% of the total 
cell number in healthy human hearts82. These CM form a three-dimensional (3D) anisotrop-
ic network through specific cell-cell interactions, called intercalated discs, featuring a high 
concentration of gap junctions, desmosomes and tight junctions. The most abundant cell 
types in a normal human heart are the fibroblasts, which represents 60-70% of the total cell 
number82. However, the total volume of fibroblasts is much smaller compared to the total 
volume of CM. Fibroblasts are located throughout the myocardium and are mainly respon-
sible for the maintenance of ECM.82 Next to CM and fibroblasts, the myocardium contains a 
vascular network consisting of endothelial cells, smooth muscle cells and pericytes82. Recent 
evidence shows that throughout the myocardium endogenous cardiac stem cells are found 
that can be activated after a MI83. Cardiomyocyte progenitor cells (CPCs) are one of those 
types of endogenous stem cells which are present in both fetal and adult hearts84. Since 
these CPC are resident in the heart and can also be isolated from atrial appendages or biop-
sies, they are an ideal candidate for stem cell therapy85.

Healthy cardiac extracellular matrix

The ECM is a large dynamic network of cell-secreted components that surrounds all 
cells in tissue and accounts for 6.5% of total heart tissue86. It is a highly organized network 
that allows for specific cell-matrix interactions that are crucial for the optimal function of 
healthy tissue. The ECM also provides mechanical support, regulates cell functions such as 
proliferation, adhesion and migration and helps in cell-cell signaling by creating a pathway 
to guide signals. The ECM is also a reservoir of biochemical compounds87 and there is a 
wide range of interactions between cells and their direct surrounding ECM88. In general, 
the ECM can be divided into three categories, e.g. connective tissue, basement membrane 
and pericellular matrix (Figure 2.1). Connective tissue is an anisotropic network where cells 
are embedded in and  the stiffness of human myocardium is highly dependent on the com-
position of the connective tissue, which ranges from 0.02-0.5 MPa89. More specifically, the 
elastic modulus of healthy myocardium is typically 10-20 kPa during diastole and 200-500 
kPa during systole89,90. Connective tissue primarily consists of collagens type I, III and V, and 
elastin (Figure 2.1, Connective tissue). Collagens are predominantly produced by fibroblasts 
that surround CM91. Also CPCs have been shown to produce these types of collagen,92 which 
have been shown to contribute to CPC differentiation into cardiomyocytes93. Collagen type I 
and III are assembled from procollagen, which consists of three α-chains that assemble into 
a triple helix. Each chain has a specific repeating unit, i.e. glycine-X-Y. Where X is usually pro-
line and Y is a hydroxyproline. Hydroxyproline is known to stabilize the triple helix through 
interchain hydrogen bonding. Procollagen is secreted by the cell and aggregates to form col-
lagen fibrils, and finally collagen fibers in the extracellular space. Collagen type I is the most 
abundant protein in myocardial tissue and is responsible for the conduction of contractility 
between cardiomyocytes throughout the connective tissue of the myocardium94. Collagen 
type V is a less occurring fibrillar protein, however it has been implicated to play a role in 
the initiation of collagen type I fibril assembly95. These fibrillar proteins provide the tissue 
with a passive mechanical strength during rhythmic contraction.  Elastin is a fibrillar protein 



24

Chapter 2

that is also found in connective tissue (Figure 2.1, Connective tissue). Synthesis of elastin 
starts with tropoelastin that is crosslinked and self-assembled in microfibrils to form the 
final elastin fibril. Elastin gives the tissue resilience and thus allows for the tissue to return 
to its original shape after stretching96. Less occurring components found in connective tissue 
are, e.g. tenascin-C, decorin and vitronectin (Figure 2.1, Connective tissue). Tenascin-C is a 
239 kDa glycoprotein that is transiently expressed during cardiac development and patho-
logical conditions. Conversely, it is closely related to cardiomyocyte differentiation during 
development, however enhances inflammatory response following MI97. Decorin is a small 
leucine rich proteoglycan which contains binding sites for most fibrillary collagens and can 
sequester growth factors to its dermatan/chondroitin-sulfate chain98. Vitronectin is a glyco-
protein found in connective tissue and is known to promote cell adhesion and is involved in 
fibronectin reorganization in the ECM99. 

Figure 2.1: Schematic representation of the natural extracellular matrix of cardiac tissue. Each ECM component 
is divided, away from the cell, into the pericellular matrix (green region), basement membrane (blue region) or 
connective tissue (yellow region). Protein masses are based on their isoforms found on www.UniProt.org and does 
not include glycosylated proteins. 

The basement membrane, which is also known as the basal lamina, is a thin and dense 
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ness of the basement membrane typically ranges between 40 and 120 nm and consists of 
proteins and glycoproteins such as, i.e. collagen type IV and VI, laminin-211, nidogen-1, 
fibronectin and perlecan-α1 (Figure 2.1, Basement membrane). The basement membrane 
provides optimal structural and mechanical cross-talk between the cells and the tissue. 
Non-fibrillar collagen type IV is produced by cardiomyocytes and has more interruptions in 
its triple helix structure compared to fibrillar collagens, such as collagen type I and III, allow-
ing for the formation of bended fibers and finally a dense network100. Collagen type IV also 
provides strength to the basement membrane.  The most occurring component in the basal 
lamina is laminin, which is largely responsible for the sheet structure. Laminin is a cross-
shaped protein composed of three different peptide chains, i.e. α, β and γ. The longest arm 
of the cross (~80 nm) consists of the α-peptide chain intercoiled with the β- and γ-peptide 
chains (~35-50 nm)101. Different combinations of isoforms exist, which are tissue dependent. 
For cardiac tissue the most occurring combination of isoforms is α2, β1 and γ1. Further-
more, laminin contains binding sites for different types of integrin, nidogen and collagen. 
Nidogen-1, which is also known as entactin, is a sulfated glycoprotein that is composed of 
two protein domains. It is shown to promote cell adhesion and binds directly to laminin, col-
lagen type IV, fibronectin and fibrinogen. Furthermore it has also been shown that it plays 
a role in hemostasis and wound healing102. Fibronectin is a large 262 kDa glycoprotein that 
consists of two identical protein domains that are connected via a disulfide bond. Each pro-
tein domain contains separate smaller domains that bind to cells, collagen and heparin. The 
cell binding domain contains the well-known RGD peptide sequence that connects to the 
internal cytoskeleton via the transmembrane protein integrin. Another interesting property 
of fibronectin is that it only assembles and polymerizes at the cell surface. This is due to the 
stretching of the fibronectin protein, as a consequence of integrin-fibronectin linkage, which 
exposes binding sites for other fibronectin glycoproteins and forms fibrils at the basement 
membrane96. Also perlecan-α1 is found in the basement membrane and is a proteoglycan 
that is rich in heparan sulfate103,104.  

The pericellular matrix, which is also known as the glycocalyx, is the layer directly sur-
rounding each cell (Figure 2.1, Pericellular matrix). The thickness of the pericellular matrix 
varies between 10 to 1000 nm depending on the cell and tissue type. The cardiac pericellu-
lar matrix consists of glycosaminoglycans (GAG) and proteoglycans (PG), which form a dense 
and hydrated hydrogel in which the cells and other ECM components are embedded105. 
PGs consist of core protein sequences to which the GAGs are covalently attached. GAGs 
are highly charged, causing a high attraction of ions and an increase in osmotic pressure. 
This mechanism increases the water content in the corresponding tissue, thereby creating 
a natural gel, which is very resistant towards compressive forces. GAGs are unbranched, 
linear polysaccharides, in which specific repeating disaccharides units determine the type. 
Well-studied GAGs are hyaluronic acid, heparan sulfate, dermatan sulfate and chondroitin 
sulfate. Hyaluronic acid (HA) is a simple and unsulfated GAG that is composed of repeating 
units of N-acetylglucosamine and glucuronic acid (Figure 2.1, Pericellular Matrix)106. HA is 
generally not crosslinked to a protein core, although it is an important space filler during de-
velopment, it resists compressive forces and is upregulated during wound healing processes 
and post-MI107,108. HS is also composed of N-acetylglucosamine and glucuronic acid, however 
contains sulfated groups to the sugar groups. Furthermore, DS is composed of glucuronic 
acid and iduronic acid and chrondroitin sulfate is composed of N-acetylgalactosamine and 
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glucuronic acid. PGs play an important role in biochemical transport of soluble factors to 
the cells. This is done by either enhancing diffusion through the creation of more pores or 
inhibiting their signaling capacity through immobilization. Syndecan-2,3 and 4 are trans-
membrane PGs that have been detected in myocardial tissue, and play a role in adhesion 
and signal transduction109. Finally, versican is a 370 kDa PG that is found in the pericellular 
matrix of cardiac tissue (Figure 2.1, Pericellular Matrix)110–112. Versican is supramolecularly 
bound to oligosaccharides located in HA chains via its G1 protein domain113. This interaction 
is further stabilized via a hyaluronic acid and proteoglycan binding link protein (HAPLN)114. 
In cardiogenesis, HAPLN3 has been shown to be crucial in the maintenance of HA matrix 
during cardiac tissue development (Figure 2.1, Pericellular Matrix)115. 

Next to structural and nonstructural ECM components, cardiac ECM also consists of 
soluble factors such as, growth factors and enzymes. Growth factors (GF) are secreted by 
cells, and regulate important cellular behaviour such as, proliferation, differentiation and 
ECM production. The effects of the release of these GFs can be pro-angiogenic, anti-inflam-
matory, anti-apoptotic or a chemoattractant for cells116. Interestingly, growth factor activity 
is also modulated by means of binding with heparin found in GAGs and PGs in the ECM117. 
Important growth factors associated with angiogenesis are, vascular endothelial growth 
factor (VEGF) and basic fibroblast growth factor (FGF-2)118. VEGF stimulates proliferation, 
differentiation and survival of endothelial cells. Additionally, it has been shown to increase 
the production of nitrogen oxide, which acts as a vasodilator119. Furthermore, FGF-2 is an 
important factor in the formation and organization of vessels by stimulating smooth muscle 
cell and endothelial cell growth. Anti-apoptotic growth factors that stimulate survival and 
prevent apoptosis of cardiomyocytes are, e.g. insulin-like growth factor (IGF-1) and hepato-
cyte growth factor (HGF)120. Both IGF-1 and HGF also have a high affinity for heparin, which 
indicates that the activity is also modulated by the ECM. Other growth factor which have 
less affinity for heparin are, transforming growth factor β (TGF-β), platelet-derived growth 
factor (PDGF) and angiotensin II117. Angiotensin II is responsible for vascular formation and 
the activation of other growth factors121. Lastly, stromal cell-derived factor 1-α (SDF1-α) is 
a potent chemoattractant factor that has been shown to attract hematopoietic stem cells, 
mesenchymal stem cells and cardiac stem cells to the local tissue122. 

Adverse post-MI remodeling

The heart is an organ with limited self-regeneration capacity96. Following a MI, complex 
cellular and molecular processes follow that is known as adverse post-MI remodeling123. 
This event is mainly characterized by a large decrease in healthy cardiomyocytes, chang-
es in matrix composition and formation of disorganized fibrotic tissue. During the first 6 
hours after an occlusion has taken place in one of the coronary arteries, cardiomyocytes 
start to die through apoptosis or necrosis (Figure 2.2, phase 1). Cardiomyocytes’ death is 
caused by the sudden ischemic and toxic environment, which results in an upregulation of 
the complement cascade, producing various kinds of chemokines and cytokines. This initi-
ates recruitment of platelets, neutrophils and mononuclear cells after 12-48 hours (Figure 
2.2, phase 2). These mononuclear cells differentiate towards macrophages and phagocytize 
dead cardiomyocytes. In phase 2, matrix metalloproteinases (MMP) are highly upregulated 
by myofibroblasts followed by degradation of connective tissue for optimal infiltration of 
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inflammatory cells. This leaves the myocardium structurally weak and results in a decrease 
in mechanical properties. This continues for 2-3 days until granulation tissue starts to form 
and the amount of myofibroblasts and inflammatory cells increases, accompanied by for-
mation of new blood vessels (Figure 2.2, phase 3). Additionally, hyaluronic acid expression 
and production is significantly increased during the first 3 days post-MI, which contributes 
to optimal cellular infiltration (Table 2.1, Pericellular matrix)87. Following phase 3, infiltrated 
myofibroblasts synthesize new ECM proteins which are primarily fibronectin, collagen IV 
and laminin followed by high concentrations of collagen type I and III (Table 2.1, Connective 
tissue and Basement membrane)87,124,125. After 10-18 days post-MI, scar tissue is formed 
(Figure 2.2, phase 4). Collagen type I and III cover 60% of scar tissue and is therefore the 
main cause of the increase in stiffness observed after 3 days post-MI. Also, collagens found 
in scar tissue adapt a more anisotropic structure compared to healthy ECM. This is due 
to the limited time available for proper collagen fiber maturation123. Lastly, myofibroblasts 
remaining in scar tissue and continuously contract and remodel ECM, which stabilizes and 
strengthens the scar and prevents leakage of blood from the ventricles and atria.

Figure 2.2: Overview of the four stages of the cardiac healing process that takes place after MI. (Phase 1) Directly 
after MI the cardiomyocytes start to die through apoptosis or necrosis. (Phase 2) Consequently, necrotic cells start 
to produce chemokines and cytokines that attract neutrophils and monocytes from the blood. During this phase 
the ECM is degraded by up regulated MMPs that help neutrophils to migrate deep into the tissue. (Phase 3) Two 
to three days post-MI granulation tissue is formed. In this phase fibroblast differentiate into myofibroblasts or 
endothelial cells. The myofibroblasts produce the extra ECM which consists of primarily collagen III. The endothelial 
cells form new blood vessels. (Phase 4) During the final phase the amount of cells is decreased except for the 
amount of myofibroblasts, which is increased to maintain ECM remodeling.
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Table 2.1: Overview of main cardiac extracellular matrix components, their changes in expression/production and 
contribution to the mechanical and biochemical properties of post-MI tissue.

ECM 
Component Up- or downregulation

Contribution to 
post-MI tissue 

properties
Ref.

Connective 
tissue

Collagen I Scar tissue is composed of 30% at 
day 7 and 60% at day 21

Increases the stiffness 
of final scar tissue 87

Collagen III
Scar tissue is composed of 30% at 
day 7 and 60% at day 21 (initially 
faster than collagen I)

Increases the stiffness 
of final scar tissue 87,125

Elastin No upregulation Decreases the tissue 
resilience 87,126

Basement 
membrane

Collagen IV
Increased expression in peripheral 
zone at day 3 and maximal 
expression at day 7-11

Contributes to 
cellular migration and 
basement membrane 
stability

125

Fibronectin
Large increase in expression and 
production from day 4 up to day 
35

Provides a scaffold for 
other ECM components 124

Laminin
Increased expression in peripheral 
zone at day 3 and maximal 
expression at day 7-11

Contributes to 
cellular migration and 
basement membrane 
stability

87

Pericellular 
matrix

Hyaluronic acid
Up regulated and maximal 
expression and production at 
day 3

Causes tissue to swell 
up with water for 
optimal cell infiltration

87

Cardiac performance post-MI

In the clinic, macroscopically, cardiac output can be monitored to assess whether a MI 
has taken place. The cardiac output is measured by observing values for the ejection frac-
tion (EF), end-diastolic volume (EDV) or end-systolic volume (ESV). As a result of ventricular 
remodeling, that has previously been illustrated, the ventricle wall thickness is reduced and 
the final cardiac output is drastically reduced. This is usually characterized by, decrease in 
EF and increase in EDV/ESV. Changes in these values are then associated with adverse mo-
lecular and cellular processes that have taken place post-MI. Holmes et al. clearly illustrate 
different ways how ventricular remodeling can negatively influence the function of the ven-
tricle75,127:

1. The ventricular wall can rupture as a result of increased degradation of the 
connective tissue.

2. There is a high dissipation of energy occurring during systole. This is due to the soft 
tissue that is formed early after a MI as a result of connective tissue degradation.  

3. The efficiency of diastolic filling is decreased as a result of the increase in stiffness 



29

Synthetic extracellular matrix approaches for the treatment of myocardial infarction

2

of the infarcted area as a result of scar tissue formation. 

4. The ventricular wall stress is increased as a result of thinning of the wall due to 
adverse remodeling of the ECM. This is accompanied with dilation of the cavity and 
further increases the wall stress of the remaining healthy myocardium, thereby 
finally achieving the same systolic pressure.

5. Coupling of the healthy myocardium to the infarcted myocardium results in 
decrease in deformation. This is the result of the anisotropic mechanical properties 
of the infarcted myocardium.

Ultimately, the composition and organization of healthy cardiac ECM, remains impor-
tant. Also, during pathological conditions the composition of the ECM changes, followed 
by adverse molecular changes in cardiac tissue.  During this remodeling phase the inter-
play between mechanical properties and contractile function remains important. With this 
knowledge therapy outcome using different injectable hydrogel approaches can be better 
understood. In the next paragraphs, recent trends in synthetic biological approaches to re-
pair and regenerate the heart after MI, are reviewed.

Injectable synthetic ECM approaches for the treatment of MI

Hydrogel biomaterials resemble the high water content found in natural ECM, and is 
therefore an adequate candidate for synthetic ECM approaches and post-MI therapy. Hydro-
gels consists of polymers that are crosslinked via physical or chemical interactions. Physical 
crosslinks can be, e.g. entangled chains, hydrogen bonds or hydrophobic interactions. More-
over, chemical crosslinks are primarily covalent bonds between polymer chains128.  Hydro-
gels are injectable when starting with a liquid and upon injection in the tissue it transforms 
into a solid crosslinked hydrogel, also known as sol-to-gel properties. Injectable hydrogels 
can be delivered in the myocardium via three routes, i.e. transendocardially, intracoronary 
and epicardially (Figure 2.3A and B). In this chapter, different injectable hydrogels are re-
viewed as therapeutic synthetic ECM for the treatment of damaged infarcted myocardium 
(Figure 2.3). Injectable hydrogels can be used as matrix support for the damaged myocar-
dium, mimicking the structural, mechanical or bioactive properties of healthy ECM (Fig-
ure 2.3C). Furthermore, hydrogels can be encapsulated with paracrine signaling molecules, 
which are found in healthy ECM and stimulate endogenous repair (Figure 2.3D). Also, we 
consider injectable hydrogels that are encapsulated with stem cells for local delivery in the 
infarcted myocardium and stimulate in situ cardiac regeneration (Figure 2.3E). Finally, in-
jectable hydrogels can be loaded with chemoattractants for the recruitment of endogenous 
stem cells for the stimulation of in situ cardiac regeneration (Figure 2.3F). 
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Figure 2.3: Schematic representation of the use of different injectable hydrogels as therapeutic synthetic ECM. 
(A) Myocardial infarction in the left ventricular myocardium, which is caused by occlusion of the left anterior 
descending coronary artery. (B) Transendocardial injection of a hydrogel to stimulate regeneration of cardiac 
tissue post-MI. The biomaterial/hydrogel is applied with the goal to serve as C) matrix support, D) a depot for the 
presentation and release of bioactive factors, E) cell delivery vehicle and F) scaffold to recruit cells by presenting 
chemokines via a Top-down ECM engineering approach. 

Matrix supporting hydrogels to repair and regenerate the myocardium

Matrix supporting injectable hydrogels are identified according to which ECM com-
ponents they mimic, i.e. the mechanical niche or the bioactive niche. Injectable hydrogels 
mimicking the mechanical niche of the myocardium typically mimic the passive mechani-
cal properties of fibrillar collagens found in natural ECM. Consequently, the bioactive niche 
is mimicked by injection of naturally derived hydrogels. These hydrogels contain bioactive 
sequences that stimulate cellular responses such as, e.g. proliferation, migration and differ-
entiation. First, injectable hydrogels that are used as matrix support for the damaged myo-
cardium, mimicking the structural and mechanical niche of healthy ECM, are discussed. For 
successful injection of hydrogels in the myocardium, hydrogels should have similar mechan-
ical properties compared to the myocardium (0.02-0.5 MPa), biodegradability to be able to 
promote cellular infiltration and biocompatibility to prevent adverse immune responses. In 
the group of Dobner at al., a 20 kDa 8-arm poly(ethylene glycol) (PEG) hydrogel was injected 
with an elastic modulus similar to cardiac tissue in diastole129, which served as a passive ma-
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trix support post-MI (Figure 2.4: A1)130. Additionally, PEG hydrogels were also modified with 
matrix metalloproteinase (MMP)-1, 14 and -9 degradable peptide sequences (Figure 2.4: 
A1)131. These MMP-degradable peptide sequences can be locally cleaved by MMP enzymes, 
which results in a more degradable hydrogel132. Degradation of the injected PEG hydrogel 
and increase in cellular migration was observed after 28 days inside the hydrogel (Figure 
2.4: A2).  In this research it is postulated that left ventricular remodeling post-MI is the result 
of the increase in wall stress. By injection of a synthetic MMP-degradable PEG hydrogel, ad-
verse remodeling is prevented. Accordingly, pathological remodeling was limited in the first 
4 weeks post-MI, although this did not prevent dilation of the heart at a later stage (Figure 
2.4: A3). This shows that by simply injecting a bio-inert matrix support is not sufficient for 
cardiac repair at a later stage133. 

Furthermore, a synthetic hydrogel that was used to prevent adverse ventricular re-
modeling post-MI is based on co-polymers of N-isopropylacrylamide (NIPAAm), acrylic acid 
(AAc) and hydroxyethyl methacrylate-poly(trimethylene carbonate) (HEMAPTMC) (Figure 
2.4: B1)134. The feed ratio is 86/4/10 and this hydrogel formed a hydrogel at pH=7.4 and 
37 oC, proving thermoresponsive gelation. The elastic modulus of p(NIPAAm-co-AAc-co-HE-
MAPTMC) is 20% that of healthy myocardium in diastole. Furthermore, degradation is seen 
in a period of 5 months via hydrolysis of the PTMC residue. Preservation of left ventricular 
wall thickness and end-diastolic area is observed up to 8 weeks, which makes this injectable 
hydrogel a promising therapy tool for preventing adverse ventricular remodeling post-MI 
(Figure 2.4: B2). Next, a biopolymer which is chemically modified to obtain a passive injecta-
ble hydrogel with tunable mechanical properties, is based on methacrylated hyaluronic acid 
(MeHA) (Figure 2.4: C1)135. Interestingly, MeHA hydrogel elastic moduli of 8 and 43 kPa were 
injected in an ovine MI model. Injection of both hydrogels resulted in an increase in left 
ventricular wall thickness. However, injection of the MeHA hydrogel with a modulus of 43 
kPa, resulted in significantly smaller infarct areas and better cardiac function compared to 
the control group and compared to the MeHA hydrogel with a modulus of 8 kPa (Figure 2.4: 
C2). This study clearly demonstrates the importance of matching the mechanical properties 
of the hydrogel with the properties of the myocardial tissue. Another promising injectable 
hydrogel therapy which is in the pre-clinical phase is a supramolecular hydrogel based on 
alginate. Alginate is a natural negatively charged linear polysaccharide that originates from 
seaweed27. It consists of repeating parts of 1,4-linked β- ᴅ-mannuronic acid and α-ʟ-gulu-
ronic acid (Figure 2.4: D1). Hydrogel formation is driven through bivalent crosslinks formed 
with calcium ions. Leor et al. demonstrated the percutaneously injection of these calcium 
crosslinked alginate hydrogels in a MI pig model 4 days post-MI136. After 60 days, the alginate 
hydrogel was completely degraded and the left ventricle wall thickness was preserved com-
pared to the control group (Figure 2.4: D2). 
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Figure 2.4: Synthetic hydrogels used as mechanical matrix support. (A1) Chemical structure of  20 kDa 8-arm 
poly(ethylene glycol), which can be covalently crosslinked with dithiothreitol (DTT) or MMP-degradable  peptide 
sequences. (A2) Histology images showing the cellular infiltration (blue) and enzymatically degradable PEG (purple) 
30 min and 28 days post-MI. Reprinted from [132], Copyright 2015, with permission from Elsevier. (A3) Graph showing 
the change in end-diastolic diameter (EDD) after 2, 4 and 13 weeks post-MI of injected PEG and PBS. Reprinted from 
[130], Copyright 2015, with permission from Elsevier. (C1) Chemical structure of the pH and temperature dependent 
p(NIPAAm-co-AAc-co-HEMAPTMC) hydrogel. (C2) Histology images showing the preservation of ventricular wall 
thickness 8 week post-MI after injection of p(NIPAAm-co-AAc-co-HEMAPTMC) (right) compared to PBS (left). 
Reprinted  from [134], Copyright 2015, with permission from Elsevier. (C1) Chemical structure of methacrylated 
hyaluronic acid hydrogel. (C2) Graph showing the regional differences in wall thickness, 8 weeks post-MI, of 
infarcted myocardium, MeHA High treatment, MeHa Low treatment and healthy conditions135. (D1) Chemical 
structure of alginate and bivalent crosslink formation with calcium ions.  (D2) Images of the morphology of heart 
sections 60 days post-MI are shown, in which alginate was injected or saline, Reprinted from [136], Copyright 2015, 
with permission from Elsevier.

Naturally derived hydrogels consist of bioactive sequences found in natural ECM and 
are important to obtain specific cellular responses. These cellular responses include, re-
cruitment of cells, induction of vascular formation, prevention of cell death and induction 

Passive mechanical 
support

S
O

O
O

O

O

O

O

S
O

O

n

O
S
O

O

n4

n

Covalent crosslink:

S
S

MMP-degradable crosslink: 

Ac-GCRDGPOGIWGQDRCG

Crosslink

Crosslink

Crosslink

S S

OH

OH

A1

B1

C1

D1 D2

B2

C2

A2

A3

MMP-degradable PEG hydrogel

poly(NIPAAm-co-AAc-co-HEMAPTMC)

Methacrylated HA

Alginate

HN
O O

HN
O

HO
O

O

O
O

O

O
H

2

x y z w

O OOO
OHO

HO

O
O

HO

HO
O

O

m
n

O OOO
OHO

HO

O
O

HO

HO
O

O

m
n

Ca2+

Alginate Saline

O OO
HO

OHO
R

O
OH

nOH

R:

O

OH

O

or:

NHO



33

Synthetic extracellular matrix approaches for the treatment of myocardial infarction

2

immune responses that favor regeneration137. However, naturally derived hydrogels usually 
lack the required mechanical properties to support the damaged myocardium post-MI. Hall-
mark research by Huang et al. showed that  injection into the infarcted zone of collagen type 
I, fibrin and matrigel in a rat model 1 week post-MI138,  increased neovascularization (Figure 
2.5: A2). Collagen type I is the most abundant fibrillar and structural ECM component found 
in myocardial tissue (Figure 2.5: A1). Collagen type I can be made injectable by first solubi-
lizing and upon injection at 37 oC it transforms into a hydrogel139. Fibrin is a natural hydrogel 
that is produced by mixing the two components, fibrinogen and thrombin, and by tuning the 
ratio the mechanical properties of the final hydrogel can be carefully tailored140,141. Finally, 
matrigel is a mixture of basement membrane components derived from Engelbreth-Holm-
Swarm tumors in mice142,143. These basement components are primarily laminin, collagen IV 
and nidogen. Matrigel is stored as a liquid and transforms into a hydrogel at 37 oC, similar 
to collagen. Collagen type I, fibrin and matrigel show relatively low elastic moduli (<200 Pa) 
compared to synthetic hydrogels140,144. Nevertheless, Huang et al. showed high infiltration 
and contraction of myofibroblasts after injection of all three hydrogels compared to PBS and 
was highest in collagen type I. Cellular infiltration is beneficial for the turnover of functional 
ECM, however this may also lead to non-functional scar tissue formation. In an earlier study 
by Huang et al, fibrin scaffold showed preservation of left ventricle wall thickness when 
injected 1 week post-MI145. 

One strategy to optimally mimic the composition of cardiac ECM is via the use of de-
cellularized ECM (dECM).  Decellularization, involves removal of all cellular components via 
a chemical, physical or enzymatic method. If the decellularization method is successful, a 
hydrogel is produced that is composed of tissue-specific ECM components (Figure 2.5: B1). 
This naturally based hydrogel shows promise as an injectable biomaterial therapy and is 
therefore in pre-clinical trial, progressing towards a first-in-human trial146–148. To illustrate 
the success, infarcted porcine models were percutaneously injected with porcine derived 
dECM two weeks post-MI. The tissues were analyzed 3 months after injection. Interestingly, 
higher preservation of EF, EDV and ESV was seen in pigs injected with dECM compared to 
the PBS control (Figure 2.5: B2). Also, a significant reduction of infarct size was observed, 
which proves this is a promising platform to be applied as injectable hydrogel therapy. 
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Figure 2.5:  Injectable hydrogels used as bioactive matrix support. (A1) Schematic representation of collagen fiber 
structure and formation. Collagen α-helix consists of repeating units Glycine-X-Y, where X and Y are usually proline 
and hydroxyproline respectively. (A2) CD31 staining showing neovascularization of the control PBS, Collagen Type 
I(Col), Matrigel (Mat) and fibrin (Fib) [138]. (B1) Schematic representation of decellularized cardiac ECM (dECM) (B2) 
Figures showing the change in EF, EDV and ESV after 3 months for injected dECM compared to PBS. Reprinted from 
[148],Copyright 2015, with permission from Elsevier. 

Delivery of soluble signaling molecules for endogenous repair

Injectable hydrogels can be used to locally release bioactive compounds that can in-
fluence endogenous cells to repair damaged cardiac tissue and improve tissue remodeling 
post-MI. Among all different therapeutic compounds used to treat and repair damaged car-
diac tissue post-MI, growth factors (GF) have shown most promise due to their high poten-
cy149. Difficulties that are accompanied by encapsulating therapeutic molecules in a hydrogel 
are, i.e. the limited time in which these molecules are bioactive, the high rates of diffusion 
and the method of presenting bioactive compounds150. Therefore, hydrogel properties must 
be carefully tailored to address each specific application.

An important issue that needs to be addressed is the formation of healthy and stable 
vessels for the optimal perfusion of blood post-MI, which is crucial for the optimal regener-
ation of cardiac tissue. Garbern et al. encapsulated basic fibroblast growth factor (bFGF) in a 
pH- and temperature-responsive injectable hydrogel151. This hydrogel is based on a random 
copolymer, poly(N-isopropylacrylamide-co-propylacrylic acid-co-butyl acrylate) (p[NIPAAm-
co-PAA-co-BA]) (Figure 2.6: A1). The polymer NIPAAm block contributes to the phase change 
following increase in temperature from 25 oC to 37 oC. Additionally, by incorporating carbox-
ylic acids in the polymer, a pH-sensitive hydrogel is created. With these properties, a hydro-
gel is formed upon injection of liquid polymer in the ischemic and acidic infarct (pH 6.8). 
During the increase of the pH towards 7.4, the polymer dissolutes and bFGF is released from 
the hydrogel. Injection of the bFGF-containing hydrogel 20 min after ischemia induction in a 
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rat, resulted in increased microvessel formation and improved fractional shortening after 28 
days (Figure 2.6: A2). Another growth factor that is widely studied is the hepatocyte growth 
factor (HGF). HGF contains pro-angiogenic, anti-fibrotic and cardioprotective effects152. Son-
nenberg et al. encapsulated a HGF fragment (HGF-f) in a hydrogel based on decellularized 
ECM (dECM)153. dECM contains a high concentration of GAG and should therefore interact 
with HGF-f. Prolonged delivery of HGF-f was observed when injected with dECM hydrogel 
compared to HGF-f alone. Consequently, HGF-f encapsulated in the hydrogel significantly 
increased blood vessel formation. Decrease in fibrosis is apparent, however not significant 
compared to hydrogel and HGF-f alone. 

Another interesting natural polymer is based on alginate, which is a natural supramo-
lecular polymer that mimics GAGs found in natural ECM (Figure 2.6: B1). Hoa et al. mixed 
high molecular weight alginate (250 kDa) with low molecular weight alginate (0.5 kDa) 
and incorporated vascular endothelial growth factor-A165 (VEGF-A165) and platelet-derived 
growth factor-BB (PDGF-BB)  (Figure 2.6: B2)154. Hydrogel formation is initiated by addition 
of calcium ions. Alginate hydrogel loaded with proteins was injected 7 days post-MI and rat 
hearts were analyzed 28 days after injection. The sequential delivery of VEGF followed by 
PDGF to the surrounding tissue resulted in increased angiogenesis and vessel maturation. 
Tuning the molecular weight of the polymers that form the hydrogel resulted in different 
degradation kinetics and release profiles. With alginate hydrogels it is possible to tune the 
dose and time frame of growth factor delivery. Ruvinov et al. used a similar approach, only 
using different growth factors and different composition of the alginate hydrogel155. Insu-
lin-like growth factor-1 (IGF-1) and HGF are mixed in a single sodium alginate hydrogel con-
taining two alginate molecular weights, i.e. 100 kDa and 30-50 kDa. Alginate precursors are 
sulfated to get a final weight ratio of 1:9 (sulfated:unmodified alginate). Alginate hydrogels 
loaded with IGF-1 and HGF are injected 6 days post-MI and rat hearts were analyzed 28 
days after injection. The release profile revealed a sequential release of IGF-1 initially and a 
slower and continuous release of HGF (Figure 2.6: B3). This might be interesting for initial 
stimulation of pro-survival pathways with IGF-1, followed by stimulation of pro-angiogenic 
and anti-fibrotic pathways with HGF.

Furthermore, supramolecular hydrogels based on directed and reversible non-cova-
lent interactions show promise as an injectable biomaterial and GF delivery vehicle, due 
to the high control of crosslink formation. A recently developed supramolecular hydrogel 
is based on four-fold hydrogen bonding ureido-pyrimidinone (UPy) units coupled to a PEG 
polymer via alkyl and urea spacers (Figure 2.6: C1)66. These PEG polymers are modified with 
UPy units to form supramolecular fibers in aqueous environments and finally result in a 
transient network that forms a hydrogel65. Additionally, this hydrogel shows pH-sensitivity 
that facilitates sol-to-gel properties and can thus be used as an injectable biomaterial and 
GF delivery vehicle (Figure 2.6: C2). IGF-1 and HGF was encapsulated in the UPy-modified 
PEG hydrogels to enable local catheter injection and repair of the infarcted myocardium. 
UPy-hydrogels loaded with GF were injected in pig hearts 28 days post-MI and pig hearts 
were analyzed 28 days after injection. Interestingly, clusters of viable cardiomyocytes were 
observed in the UPy-PEG containing IGF-1/HGF compared to UPy-PEG alone and IGF-1/HGF 
alone. This was accompanied with significant decrease in collagen content for the UPy-PEG 
containing IGF-1/HGF. Additionally, UPy-PEG showed gradual release of encapsulated GF 
during 7 days and improvement in cell viability and decrease in fibrosis formation.
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Figure 2.6: Injectable hydrogels used for local paracrine signaling. (A1) Chemical structure of pH- and temperature 
sensitive hydrogel based on p(NIPAAm-co-PAA-co-BA). (A2) Graph showing the fractional shortening of the left 
ventricle as function of the time post-injection of PBS, p(NIPAAm-co-PAA-co-BA) alone, bFGF alone and p(NIPAAm-
co-PAA-co-BA) with bFGF. Reprinted from [151], Copyright 2015, with permission from Elsevier. (B1) Chemical 
structure of naturally-based alginate hydrogel. (B2) Graph showing the cumulative and sequential release profile 
of VEGFA165 and PDGF-BB from alginate hydrogels [154], by permission of Oxford University Press journal. (B3) Graph 
showing the cumulative and sequential release profile of IGF-1 (top line) and HGF (bottom line) from alginate 
hydrogels. Reprinted from [155], Copyright 2015, with permission from Elsevier. (C1) Chemical structure of ureido-
pyrimidinone poly(ethylene glycol) (UPyPEG), showing the hydrophilic PEG polymer in black and the UPy-alkyl-urea 
functionalities in blue/red. (C2) Graph showing the cumulative release profile of IGF-1 (bottom line) and HGF (top 
line) from UPyPEG hydrogels [66].

Delivery of cells for improved cardiac regeneration

Injectable hydrogels can be used to locally deliver stem cells, where stem cells secrete 
paracrine signal factors which contribute to cardiac regeneration. Injection of healthy stem 
cells in a hostile and pathological environment limits the survival of the cells and thus the 
therapy outcome. Therefore, a promising option could be injectable hydrogels  that improve 
retention, survival and finally improve cardiac regeneration48,149. To illustrate this, a tem-
perature-sensitive hydrogel was developed based on chitosan, where β-Glycerol phosphate 
(β-GP) was mixed in to increase solubility of chitosan at neutral pH (Figure 2.7: A1)156. In-
creasing the temperature of chitosan with β-GP to 37 oC resulted in hydrogel formation. Lu 
et al. encapsulated mouse embryonic-derived stem cells (mESCs) in β-GP modified chitosan 
hydrogels and injected rats 1 week post-MI. Cellular coverage significantly increases when 
mESCs are encapsulated in chitosan hydrogels (17.48% and 12.93%) compared to PBS con-
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trol (9.91% and 6.41%) 24 hours (p<0.01) and 4 weeks (p<0.01) after injection respectively. 
Consequently, EF improved when chitosan hydrogels were encapsulated with mESCs com-
pared to the control groups (Figure 2.7: A2). Another hydrogel based on a combination of 
chitosan, collagen type I and an angiopoietin-1 derived peptide sequence, QHREDGS, was 
used as a cell carrier (Figure 2.7: B1)157. QHREDGS was covalently attached to amine residues 
on chitosan using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl (EDC) chemistry158. 
QHREDS sequences promote cellular attachment and survival. Upon induction of a MI in a 
rat model, chitosan-collagen hydrogels modified with QHREDGS were injected and hearts 
are analyzed 14 days post-MI159. Improvement in EF, possibly due to a significant increase 
in functional cardiomyocytes was observed compared to the untreated control (Figure 2.7: 
B2). 

Furthermore, Chen et al. injected HA hydrogels encapsulated with bone marrow-de-
rived cells (BMC) in larger pig MI-models (Figure 2.7: C1)160. Consequently, the combination 
of HA with BMC enhanced cardiac function significantly compared to hydrogel and BMC 
alone. Also, differentiation of BMC towards endothelial and smooth muscle cells was ob-
served (Figure 2.7: C2). In another study, supramolecular hydrogels based on mixing two 
synthetic components, α-cyclodextrin/poly(ethylene glycol)-b-polycaprolactone-(dodecan-
edioic acid)-polycaprolactone-poly(ethylene glycol) (α-CD/MPEG-PCL-MPEG) was devel-
oped and was used for cellular transplantation in the infarcted myocardium (Figure 2.7: 
D1)44,161. The MPEG-PCL-MPEG complexes in the cavity of α-CD via hydrophobic interactions 
and finally forms micelle structures162. Wang et al. encapsulated BMCs in α-CD/MPEG-PCL-
MPEG and injected the construct in infarcted myocardium of rabbits 7 days post-MI. Four 
weeks after injection, higher retention of BMCs was seen when injected with supramolecular 
hydrogel compared to cells alone (Figure 2.7: D2). Also, EF and EDD of the left ventricle was 
preserved when injected with hydrogel and BMCs, which resulted in significant decrease in 
infarct size compared to control groups. These results demonstrate the importance of a sup-
porting ECM-mimic to increase cellular retention and survival. Therefore, improvement of 
cellular contribution to cardiac repair can be achieved by sustaining the delivery of bioactive 
compounds and functional ECM components. 
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Figure 2.7: Injectable hydrogels used as cell delivery vehicles. (A1) Schematic representation of the interaction of 
chitosan with β-GP at physiological pH. (A2) Graph showing the EF of the left ventricle when injected with PBS, 
Chitosan  alone, mESCs alone and Chitosan with mESCs. [156] (B1) Chemical structure of QHREDG-modified chitosan/
collagen hydrogel using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl chemistry. (B2) Graph showing the 
EF of the left ventricle when injected with PBS, chitosan-collagen hydrogel alone and chitosan-collagen hydrogel 
with the QHREDGS peptide [159]. (C1) Chemical structure of HA. (C2) Histology images showing endothelial cell 
formation (green, upper two images) and smooth muscle cells (green, lower two images) of infarcted tissue with 
BMCs alone or HA with BMCs. For color images, please see online version. Cardiac troponin T (red), scale bar = 
200 μm. [160] (D1) Chemical structure of the supramolecular building block α-cyclodextrin (α-CD) and poly(ethylene 
glycol)-b-polycaprolactone-(dodecanedioic acid)-polycaprolactone-poly(ethylene glycol) (MPEG-PCL-MPEG). (D2) 
Immunofluorescent images showing increased cellular entrapment (blue or gray) when BMCs were injected with 
α-CD/MPEG-PCL-MPEG hydrogel compared to BMCs alone, scale bar = 45 μm. For color images, please see online 
version. Reprinted from [161], Copyright 2015, with permission from Elsevier.

Recruitment of endogenous cells for improved cardiac regeneration

Injectable hydrogels can also be used to stimulate in situ repair of damaged myocardi-
um is through endogenous recruitment of stem/progenitor cells using chemokines. Previ-
ously, injected hydrogels infiltration of endogenous cells was observed, however infiltration 

Cell delivery A1 A2Chitosan + mESCs

B1 B2

C2

QHREDGS modi�ed chitosan/collagen hydogel + mESCs

C1 Hyaluronic acid + BMCs

D1 D2α-CD/MPEG-PCL-MPEG + BMCs

OO
OHO
nNH3

OH

P

O

O O

O

OH
OH

OO
OHO
nHN

OH

QHREDGS
O

+  Collagen -I

MI + BMCs MI + BMCsMI + HA+BMCs MI + HA+BMCs

Endothelial cells (green)

Cells Cells + gel

Smooth muscle cells (green)

O

HO
OH

OH

O

O

OH

HO

O

O
OH

HO

OO

OH

OH

O

O

OH

OH

O

O

O

HO

OH

OH

OH

OH

HO

HO

O

O

O

O

O

O

O

OO
O

n m 5 m n

BMCs BMCs + gel

O OO
HO

OHO

OH
O OH

nOH
NHO



39

Synthetic extracellular matrix approaches for the treatment of myocardial infarction

2

occurred via a non-selective process and originated from circulating white blood cells. Here, 
injectable hydrogels mimic properties of natural ECM and contain crucial soluble ECM fac-
tors that allow for selective recruitment of stem cells. A widely known chemokine is the 
stromal derived factor-1 alpha (SDF-1α). This chemokine binds selectively to the receptor, 
CXCR4, and is an important regulator in recruiting leukocytes and BMCs from the blood 
stream116. A self-assembling oligopeptide, RAD16, was modified with a protease-resistant 
SDF-1α chemokine to allow for local delivery in the myocardium (Figure 2.8: A1)163. RAD16 
self-assembles via hydrophobic interactions and beta-sheet formation. Seger et al. observed 
increased infiltration of stem cells expressing SDF-1α receptors and increased vasculariza-
tion 4 weeks after injection compared to control groups (Figure 2.8: A2). Additionally, sig-
nificant improvement in the left ventricle function was observed. Later, Purcell et al. used 
recombinant SDF-1α in combination with photo crosslinkable HA (Figure 2.8: B1)107. The 
negatively charged backbone of HA interacts with CD44 and binds to SDF-1α with a binding 
affinity of 36 ± 5μM. CD44 is a cell membrane receptor that is involved in cellular motili-
ty and is expressed by leukocytes, BMC, endothelial cells and myofibroblasts. Injection of 
photo crosslinkable HA hydrogels with the SDF-1α to the infarcted myocardium, resulted 
in a sustained release of SDF-1α and an ~8.5 fold increase in recruitment of BMCs at the 
injected region compared to SDF-1α alone (Figure 2.8: B2). Similarly, Song et al. adopted 
the synergistic combination of HA with SDF-1α and conjugated a Ac-SDKP peptide, which is 
a derivative of thymosin β4 (Figure 2.8: C1)164.  Injection of all three components in a chronic 
MI rat model significantly improved regeneration of the damaged myocardium. This was 
concluded by the increased left ventricle function, increased angiogenesis and decreased 
infarct size 4 weeks post-MI and respective injection (Figure 2.8: C2). 

Another chemokine is CCL5, which is known to inhibit neutrophil infiltration and should 
improve left ventricle function165. Projahn et al. modified star shaped co-polymers of PEG 
and poly(propylene oxide) (sP(EO-stat-PO)) with thiols to create a fast degradable hydrogel 
(FDH) (24 hours) and slow degradable hydrogel (SDH) (4 weeks) (Figure 2.8: D1). FDH was 
encapsulated with Met-CCL5 and SDH was encapsulated with CXCL12 (SDF-1α) and showed 
in vivo degradation times of 24 hours and 4 weeks, respectively. Both hydrogels were pre-
mixed and injected in a mouse MI model. Due to the fast release of Met-CCL5, infiltration of 
neutrophils and inflammation was significantly reduced post-MI. Consequently, including a 
slow release of CXCL12 from a hydrogel significantly increase blood vessel formation com-
pared to control groups (Figure 2.8: D2)165. 
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Figure 2.8: Injectable hydrogels based on recruitment of endogenous stem cells.(A1) Schematic representation 
of incorporation of SDF-1α in RAD16 self-assembling peptides [163]. (A2) Immunofluorescent images showing 
capillaries isolectin (red), nuclei DAPI (blue) and α-smooth muscle actin (green) (no scale bar)[163]. For color 
images, please see online version. (B1) Chemical structure of methacrylated HA where recombinant SDF 1α 
was encapsulated. (B2) Immunofluorescent images showing infiltration of BMCs (green or gray) in HA alone and 
HA with recombinant SDF-1α (scale bar = 500 μm). Reprinted from [107], Copyright 2015, with permission from 
Elsevier. (C1) Schematic overview of acrylated HA hydrogel modified with MMP-sensitive peptides and Ac-SDKP 
via a Michael type addition. (C2)  Masson’s Trichrom staining of left ventricular tissue injected with HA alone, HA 
encapsulated with SDF-1 alone, SDKP alone and both SDF-1 and SDKP. Magnification upper=2X and magnification 
lower=20X. For color images, please see online version. Reprinted from [164], Copyright 2015, with permission 
from Elsevier. (D1) Chemical structure of fast degradable hydrogels (Met-CCL5, 24 hours) and slow degradable 
hydrogels (CXCL12, 4 weeks) using star-shaped sP(EO-stat-PO) (* = mixture of D, L). (D2) Representative CD31 
staining showing neovascularization following injection of PBS, FDH and SDH alone, Met-CCL5-FDH alone, CXCL12-
SDH alone and both Met-CCL5-FDH and CXCL12-SDH (scale bar = 50 μm)[165]. For color images, please see online 
version. 
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Discussion and future perspective

As previously stated, the synthetic ECM should be able to recapitulate native cardiac 
tissue. Native cardiac tissue contain key ECM components that control and influence differ-
ent cellular behaviour. Injectable hydrogels can be designed to mimic myocardial key ECM 
components and thereby stimulating cellular processes and enhance regeneration of car-
diac tissue post-MI. The predominant focus of this chapter is on understanding the design 
criteria for injectable hydrogels that mimic ECM components. These design criteria can be 
via either mimicking the bioactive niche or the mechanical or physical properties of native 
ECM. Initially, injection of a mechanically supporting hydrogel preserved important cardiac 
functions post-MI. Which is primarily due to the decrease in ventricle wall stress and re-
duces damage to surrounding cardiomyocytes127. However, no long-term improvement of 
cardiac function was observed. For this reason, injected biomaterial should allow for cellular 
infiltration in order to observe long term (~3 months) improvement. Next, synthetic ECM 
approaches based on mimicking the bioactive niche were discussed. Paracrine signaling 
is an important cell-cell interaction process that is part of the healing process that occur 
post-MI. For example, during the third healing phase, granulation tissue is formed in which 
high amounts of ECM components, e.g. collagens and GAGs are produced by myofibroblast. 
Particularly, GFs are produced, sequestered in the ECM and stimulate important cellular 
pathways. Negatively charged polysaccharides such as, e.g. alginate or HA, can bind and 
sequester GFs and pose as an interesting platform to mimic and enhance paracrine signaling 
post-MI. Nevertheless, a size-dependent release of encapsulated GFs using UPy-hydrogels 
could also be used to get more control in the release profile. An important aspect of an in-
jectable hydrogel is the biocompatibility and the degree in which the hydrogel can prevent 
high occurrence of cellular death when injected in the hostile infarcted environment. Both 
naturally derived and synthetic hydrogels discussed were able to meet with these require-
ments. However, delivered cells do not contribute to regeneration via proliferation and dif-
ferentiation. Considering that the improvement of cardiac function of previously injected 
hydrogels is primarily the result of a high degree of paracrine signaling. Using HA in combi-
nation with BMCs did result in a certain degree of differentiation however this could be due 
to the GF sequestering nature of HA, which is due the negatively charged backbone of HA. 

Furthermore, injectable hydrogels based on a cell-free synthetic ECM was possible and 
resulted in improved recruitment of circulating stem cells. These hydrogels mimic specific 
cell-cell interactions that enhance the effect of cellular processes on the therapy outcome. 
The functionality that is primarily used is based on SDF-1α. This molecule is able to recruit 
circulating white blood cells and myofibroblasts from the blood and surrounding tissue re-
spectively, which makes it a perfect candidate to improve tissue formation. Interestingly, 
the same synergistic effect of HA with BMC is seen by Purcell et al., using SDF-1α instead of 
cells107. During synthesis of HA, growing chains are pushed out of the cell membrane form-
ing the pericellular matrix (Figure 2.1, Pericellular matrix)108. The chemoattractant property 
of HA can be rationalized by the interaction of GF and SDF-1α to its negatively charged 
versican backbone and by the interaction with CD44 receptors found on infiltrating cells112. 
This clearly illustrates how hydrogels can designed to interact with GF and enhance cellular 
processes that favor regeneration of cardiac tissue.
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In conclusion, the most promising therapy option is the recruitment of endogenous 
stem cells for improved cardiac regeneration. Particularly, in human-studies, recruiting au-
tologous stem cells reduces the need of exogenous stem cell donors. Also, providing a mi-
croenvironment for stems cell that promote proliferation and differentiation is important. 
Additionally, a missing factor in previously discussed synthetic ECM approaches is the pro-
duction and formation of functional ECM. The ECM is responsible for the sequestering of 
cell-cell signaling molecules, presentation of adhesion motifs that promote migration and 
provides a structure for cells to proliferate and differentiate. Therefore, synthetic ECM ap-
proaches should be based on mimicking the mechanical properties and the bioactive niche 
of natural ECM. Attempts to design injectable hydrogels to mimic properties of ECM com-
ponents has shown promise in limiting adverse remodeling of myocardial tissue, although 
not sufficient in complete regeneration. Therefore, injectable hydrogels should support the 
formation of functional ECM. This is proposed to be realized by incorporation of cues that 
stimulate ECM production by endogenous or exogenous stem cells and capture the pro-
duced ECM. We propose that, applying cues that capture cell-secreted ECM in an injectable 
hydrogel could be the missing link to guide functional tissue formation and result in com-
plete regeneration.
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Supramolecular modification of a                        
collagen-mimicking polymer

Abstract

Structurally and functionally well-defined recombinant proteins are an interesting 
class of macromolecules to which different crosslinking chemistries can be applied to tune 
their biological properties. Herein, we take advantage of a 571-residue recombinant pep-
tide based on human collagen type I (RCPhC1), which we functionalize with supramolecu-
lar ureido-pyrimidinone (UPy) moieties to create a bioactive hydrogel material. By grafting 
supramolecular UPy functionalities onto the backbone of RCPhC1 (UPy-RCPhC1), increased 
control over the polymer structure, assembly, gelation and mechanical properties was 
achieved. In addition, by increasing the degree of UPy-functionalization on RCPhC1, cardi-
omyocyte progenitor cells (CPCs) were cultured on “soft” (~26 kPa) versus “stiff” (~68-190 
kPa) UPy-RCPhC1 hydrogels. Interestingly, increased stress fiber formation, focal adhesions, 
and proliferation were observed on stiffer compared to softer substrates, which is due to 
the formation of stronger cell-material interactions. With this study, a new class of natu-
ral ECM-mimicking protein-based supramolecular hydrogels with mechanically controllable 
properties was developed. 

The research described in this chapter has been submitted for publication:

S. Spaans, P. P. K. H. Fransen, M. J. G. Schotman, R. van der Wulp, R. P. M. Lafleur, S. G. J. 
M. Kluijtmans and P. Y. W. Dankers, Supramolecular modification of a collagen-mimicking 
polymer.
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Introduction

The extracellular matrix (ECM) acts as a natural scaffold for cells and is important for 
the regulation and maintenance of cellular fate in terms of tissue development and pathol-
ogy. Many researchers have studied the influence of different ECM properties and the effect 
on cellular behavior for improved cell-based tissue regeneration.166 Hydrogels are a class 
of biomaterials that resemble natural tissues with respect to their visco-elastic behavior. 
As such, hydrogels are commonly used as instructive microenvironments for cells.60,167,168 
Hydrogel-based biomaterials should display i) optimal physical and mechanical properties 
that mimic the in vivo environment, ii) sufficient adhesion sites to allow cells to adhere and 
migrate and iii) allow for cell-induced degradation.46 In general, naturally derived hydrogels 
or materials such as, matrigel,142 fibrin169 or collagen,170 are used. These hydrogels contain 
high degrees of bioactive sites and therefore seem inexorable for the development of nat-
ural matrices. However, these naturally-based hydrogels have low controllability and often 
contain mixtures of different components and/or polymers with different lengths. More-
over, the synthesis of sequence-controlled synthetic polymers remains challenging in the 
field of polymer chemistry.171

It is proposed that recombinantly produced proteins are ideal candidates to develop 
biomaterials with full control of bioactive properties and polymer sequence, length and 
structure.42,172–174 This is achieved using genetically modified organisms such as yeast or bac-
teria.175  Additionally, protein-engineered biomaterials can be further functionalized to tune 
the biological and mechanical properties. Heilshorn et al., developed elastin-like polypep-
tide (ELP) hydrogels, in which the stiffness of the hydrogel network and arginine-glycine-as-
partate (RGD) ligand density could be tuned independently.176 This was done using tris(hy-
droxymethyl) phosphine (THP) to crosslink poly-ethylene glycol (PEG) bis(amine) linker with 
specific amines located on the ELP. By changing the THP concentration, different storage 
moduli were obtained, ranging from 0.01-2.5 kPa. Encapsulated human fibroblasts showed 
more spread morphologies on the softer and compliant gels (~1.3 kPa) compared to stiffer 
gels (~2.5 kPa), as a result of the smaller hydrogel mesh size and increased crosslink densi-
ty.176 Another example of protein-engineered hydrogels is based on recombinant silk-based 
polypeptides.174 Repeating units of glycine, alanine and serine, in the backbone of silk-based 
polypeptides induce the formation of β-sheets and consequently hydrogel networks can 
be formed.177 With the high degree of control in molecular weight, polarity and mechanical 
properties, recombinantly synthesized silk-based polypeptides are suitable to create bio-
compatible protein-engineered hydrogels.178–180 These examples illustrate the benefit of re-
combinantly synthesized hydrogels for regenerative medicine purposes. 

Recombinant peptides based on human collagen type I (RCPhC1), commercially known 
as cellnestTM (FujiFilm Manufacturing Europe BV) are protein-engineered macromolecules 
with controlled lengths and specific amino acid sequences. Moreover, repeating amino 
acid sequences based on the integrin-binding peptide, RGD, have been engineered into the 
backbone of RCPhC1, to enhance cellular adhesion.181 Another advantage of the application 
of this recombinant collagen as polymer is due to its defined length, controlled sequence 
and low immunologic risk.182 RCPhC1 was previously used as scaffold for the delivery of 
adipose-derived cells,181 as synthetic extracellular matrix for the development of bone tis-
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sue,183,184 and as delivery vehicle for bone-morphogenic protein-2.185,186 Depending on the 
application or cell type to be cultured, the RCPhC1 sequence can be designed and adapted 
with different crosslinks, e.g. methacrylates,187 to create protein-engineered hydrogels. 

In this study, we used RCPhC1 as polymer backbone for the introduction of supramo-
lecular 2-ureido-4[1H]-pyrimidinone (UPy) hydrogen bonding units, to achieve control over 
hydrogel formation, mechanical properties and cellular response. Supramolecular UPy-moi-
eties were previously used to modify different synthetic polydisperse polymers such as 
hydrophilic poly(ethylene glycol) or polyesters such as polycaprolactone and hydrophobic 
amorphous priplast polymers, which illustrates the versatility of UPy-based supramolecular 
biomaterials. 53,66,188 Here, the degree of UPy-substitution onto the backbone of RCPhC1 was 
varied and the structure, molecular assembly and gelation are studied and characterized. 
Additionally, the applicability of UPy-modified RCPhC1 hydrogels as cell culture matrix is 
tested using human cardiac progenitor cells (CPC).189 These cells are ideal candidates for 
cardiac regeneration applications due to their self-renewal, ECM production capacity and 
potential to differentiate into cardiomyocytes.92,190,191 Finally, the relationship between mo-
lecular interactions and assembly versus the observed cellular response is discussed. 

Results & discussion

Synthesis and characterization of UPy-RCPhC1 derivatives. 

A 1,1’-carbonyldiimidazole (CDI)-activated UPy-synthon composed of an urea group 
and a 12-carbon alkyl spacer was designed and can be easily reacted to the RCPhC1 protein 
(Scheme 3.1 in Experimental section). The reaction involving CDI is fast and selective and 
thereby circumvents the need of any catalyst.192 The CDI-activated UPy-synthon was synthe-
sized by reacting amine-terminated UPy-groups with CDI in the presence of a base. Final-
ly, the CDI-activated UPy-synthon was reacted with nucleophilic amines on RCPhC1, which 
resulted in the formation of an additional urea group. Proton nuclear magnetic resonance 
(1H-NMR) was used to determine the amount of grafted UPy-functionalities on RCPhC1 (Fig-
ure 3.1A). Due to the presence of a fixed number of 88 alanine residues on RCPhC1, the 
protons of methyl groups from the alanine side groups were used as reference to deter-
mine the amount of grafted UPy-groups on RCPhC1 (Figure 3.1B). Clearly, an increase in 
signal, corresponding to the UPy-moiety, was observed upon increasing the feed ratio of 
CDI-activated UPy (Figure 3.1A).  With this approach, a library with different degrees of UPy 
substitutions, i.e. UPy-RCPhC1-2, UPy-RCPhC1-5, UPy-RCPhC1-8, UPy-RCPhC1-12 and UPy-
RCPhC1-16, was achieved (Figure 3.1D). 

Based on reversed-phase high performance liquid chromatography (RP-HPLC), broad-
ening of the product is observed compared to pristine RCPhC1, which indicates increased 
polydispersity and multiple degrees of functionalization for UPy-RCPhC1 compounds (Figure 
3.1C). Additionally, increase in retention time is observed, which is likely due to the pres-
ence of increased amount of hydrophobic alkyl spaced UPy-functionalities (Figure 3.1C). 
A higher retention time was observed for UPy-RCPhC1-12 compared to UPy-RCPhC1-16, 
which could be due to the collapse of UPy-RCPhC1-16 in H2O and decrease in interaction 
with the column of the chromatogram. Nevertheless, a library containing different degrees 
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of UPy-substitutions was successfully synthesized (Figure 3.1D).

Figure 3.1. Characterization of supramolecular UPy-modified recombinant collagen peptide derivatives. A) 1H-NMR 
graphs showing characteristic peaks of the protons on alanine residues (δ-shift = 0.7-0.9 ppm), which are used 
as reference, and peaks of the alkylidene proton of the UPy-groups (δ-shift = 5.7-5.8 ppm) for RCPhC1 and each 
UPy-RCPhC1 derivative. B) Schematic representation of protons used to determine UPy-conjugation which are the 
alkylidene proton of the UPy-group (UPy-H) and the protons on the methyl group on alanine groups (Ala-CH3). C) 
Chromatogram of UPy-RCPhC1 derivatives in H2O (arrow indicates increase in UPy-grafting). D) Overview of the 

different UPy-grafted recombinant collagen peptide molecules.
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Structure of RCPhC1 and UPy-RCPhC1 derivatives.  

RCPhC1 is a sequence controlled, monodisperse polymer with a molecular weight of 
51 kDa. In PBS solution, it assembles into particles with a size of 6.9 ± 1.0 nm, observed with 
cryogenic transmission electron microscopy (Cryo-TEM) (Figure 3.2A). The UPy-RCPhC1-8 
shows a similar particle size of 6.6 ± 1.0 nm (Figure 3.2B). These results show that the conju-
gation of at least 8 UPy-groups to RCPhC1 does not have a large influence on the structural 
properties of pristine RCPhC1.

Figure 3.2. Cryogenic transmission electron microscopy images of diluted solutions of A) 5 mg/mL RCPhC1 (left) 
and B) 0.5 mg/mL UPy-RCPhC1-8 (right) in PBS (scale bar is equal to 50 nm). Particle sizes are indicated in the lower 
right part of the image and are shown as mean ± SD.

It is known that RCPhC1 does not form organized triple helical structures typically seen 
for natural collagen type I.193 However, due to the presence of proline residues in the amino 
acid sequence of RCPhC1, some secondary structures, categorized as “random coils”, are 
formed similar to gelatin and can be detected with circular dichroism (CD).194–196 Secondary 
structures formed by pristine RCPhC1 show a minimum at ~195 nm and a maximum at ~220 
nm (Figure 3.3A). Upon cooling RCPhC1 to 5 oC, intermolecular interactions, based on hy-
drogen bonding, ionic and hydrophobic interactions, are stabilized and result in an increased 
CD-effect which is in agreement with other collagen-based peptides or proteins found in 
literature (Figure 3.3A).193 Moreover, after conjugating UPy-groups to RCPhC1 a typical “ran-
dom coil” structure and a small shift of the minima was observed (UPy-RCPhC1-2: ~198 
nm; UPy-RCPhC1-5: ~202 nm; UPy-RCPhC1-8: ~200 nm; UPy-RCPhC1-12: ~198 nm; UPy-
RCPhC1-16: ~205 nm) (Figure 3.3B-F). This could indicate a change in the folding and sec-
ondary structure following covalent conjugation of UPy-functionalities to residual amines. 
Interestingly, an increase of the CD-effect was observed for all UPy-RCPhC1 derivatives upon 
cooling to 5 oC (Figure 3.3A-F). This effect illustrates that enhanced CD-effects as a result 
of cooling and stabilization of intermolecular interactions is maintained following UPy-con-
jugation. Moreover, functionalization of RCPhC1 with 2, 5 and 8 UPy groups resulted in an 
increase of the maxima at ~220 nm, which was higher compared to pristine RCPhC1 (at 
220 nm; RCPhC1: [θ] = -0.59; UPy-RCPhC1-2: [θ] = 1.27; UPy-RCPhC1-5: [θ] = 8.65; UPy-

A B

Particle size = 6.9 ± 1.0 nm Particle size = 6.6 ± 1.0 nm 

Pristine RCPhC1 UPy-RCPhC1-8
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RCPhC1-8: [θ] = 5.14) (Figure 3.3A-D). It is proposed that a stabilization-effect occurs as a 
result of UPy-UPy interactions, which enhances the CD-effect and conceivably the second-
ary structure of RCPhC1.

Next, particle size distribution and information related to the aggregation of RCPhC1 
and UPy-RCPhC1 derivatives were studied with dynamic light scattering (DLS) (Figure 3.3A’-
F’ and Table 3.1). Pristine RCPhC1 had a particle size of 14.5 ± 1.1 nm, which is larger than 
the size observed with Cryo-TEM (Figure 3.3A’ and Figure 3.2A), an effect that is commonly 
observed and likely due to the hydration shell of the proteins.197 No difference in particle 
size was observed upon cooling pristine RCPhC1 to 5 oC, which was not expected due to the 
increase in CD-effect which was observed upon cooling as a result of stabilized intermolecu-
lar interactions. However, longer incubation time periods resulted in an increase in particle 
size which indicates aggregation of RCPhC1 particles via weak intermolecular interactions 
(data not shown).

Figure 3.3. Structural analysis of RCPhC1 and UPy-RCPhC1 derivatives. A-F) Circular dichroism graphs of RCPhC1 
and UPy-RCPhC1 derivates measured at 20 oC (solid line) and 5 oC (dotted line) at a concentration of 0.5 mg/mL in 
ultrapure water. A’-F’) Dynamic Light scattering measurements and normalized particle size distribution of RCPhC1 
and UPy-RCPhC1 derivatives at 20 oC (solid line) and 5 oC (dotted line)  at a concentration of 2 mg/mL in PBS.

Functionalization of RCPhC1 with UPy-groups resulted in a small increase in hydrody-
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UPy-RCPhC1-8 (21.6 ± 0.1 nm) and similar particle size for UPy-RCPhC1-12 (16.1 ± 0.1 nm) 
and UPy-RCPhC1-16 (15.2 ± 0.4 nm) (Table 3.1). Similar to pristine RCPhC1, cooling of UPy-
RCPhC1-12 and UPy-RCPhC1-16 to 5 oC did not change the particle size and PDI (Figure 3.3A’, 
E’ and F’). For UPy-RCPhC1-2, 5 and 8 a clear increase in the hydrodynamic particle size and 
PDI is observed upon cooling the samples to 5 oC (Figure 3.3B’, C’ and D’). An increase of 
PDI is the result of an increased dispersity of particle size within the sample, which is the 
result of aggregation and was only seen for intermediate UPy-conjugations (2, 5 and 8). 
These results could be partially explained by the balance between intra- and intermolecular 
interactions and the polarity between the different UPy-RCPhC1 derivatives. By increasing 
the degree of functionalization of UPy-groups a decrease in polarity was observed (Figure 
3.1C) and a decrease of the zeta-potential of each UPy-RCPhC1 derivative (Table 3.1). This 
is expected since polar and positively charged amine functional groups are replaced by hy-
drophobic UPy-functionalities, which could influence the aggregation of UPy-RCPhC1 de-
rivatives via their RCPhC1-RCPhC1 or UPy-UPy interactions. It is speculated that molecular 
packing and self-assembly via RCPhC1-RCPhC1 and/or UPy-UPy interactions is enhanced for 
intermediate degree of functionalization (UPy-RCPhC1-2, 5 and 8) due to presence of suffi-
cient free amines that enhance solubility while allowing for intermolecular interactions with 
carboxyl groups between UPy-RCPhC1 molecules. Accordingly, higher degrees of function-
alization (UPy-RCPhC1-12 and 16) resulted in a decrease in polarity and solubility, which 
results in more dense molecular packing.

Table 3.1. Overview of the mean ± SD of triplicates of the particle size, PDI and zeta-potential of RCPhC1 and UPy-
RCPhC1 derivatives measured with DLS at 20 oC and 5 oC.

Derivative
Size (nm) PDI

Zeta-Potential
20 oC 5 oC 20 oC 5 oC

RCPhC1 14.5 ± 1.1 13.2 ± 0.1 0.23 ± 0.05 0.17 ± 0.01 -6.1 ± 0.2

UPy-RCPhC1-2 21.3 ± 0.3 56.7 ± 5.6 0.43 ± 0.01 0.27 ± 0.02 -6.9 ± 0.1

UPy-RCPhC1-5 21.6 ± 0.1 50.9 ± 2.8 0.20 ± 0.01 0.21 ± 0.01 -9.4 ± 0.8

UPy-RCPhC1-8 21.6 ± 0.1 32.5 ± 1.4 0.10 ± 0.02 0.15 ± 0.01 -15.5 ± 0.7

UPy-RCPhC1-12 16.1 ± 0.1 16.1 ± 0.1 0.14 ± 0.01 0.13 ± 0.01 -29.0 ± 1.6

UPy-RCPhC1-16 15.2 ± 0.4 14.9 ± 0.1 0.12 ± 0.01 0.12 ± 0.01 -34.6 ± 2.0

Since the aggregation behaviour of UPy-RCPhC1 derivatives is dictated via both 
RCPhC1-RCPhC1 and UPy-UPy interactions, it remains difficult to elucidate the true effect 
of different degrees of UPy-functionalization. For this reason, the pH was first increased 
(pH > 12) to dissociate UPy-UPy interactions and consequently decreased to also study the 
aggregation behaviour at different temperatures. At elevated pH, RCPhC1 and UPy-RCPhC1 
derivatives have a similar particle size, however some sub-populations are observed for 
intermediate degrees of functionalization UPy-RCPhC1-2, -5 and -8 (Figure 3.4A-F). Upon 
decreasing the temperature to 5 oC, no change in particle size is observed which indicates 
a decrease in intermolecular interactions as a result of elevated pH (Figure 3.4A-F). Upon 
lowering the pH, different particle size distribution and larger particle sizes were observed 
for RCPhC1 and all UPy-RCPhC1 derivatives (Figure 3.4A’-F’). In addition, decreasing the 
temperature to 5 oC resulted in a wider distribution of particle size (Figure 3.4A’-F’). Moreo-
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ver, for high degrees of UPy-functionalizations, UPy-RCPhC1-12 and UPy-RCPhC1-16, larger 
aggregates formed after adjusting the pH. These results show the complexity of molecular 
aggregation as a result of changes in pH or temperature which is due to the presence of both 
RCPhC1-RCPhC1 and UPy-UPy interactions.

Figure 3.4: Structural analysis of RCPhC1 and UPy-RCPhC1 derivatives at elevated and re-adjusted pH. A-F) Dynamic 
Light scattering measurements and normalized particle size distribution of RCPhC1 and UPy-RCPhC1 derivatives 
at 20 oC (solid line) and 5 oC (dotted line) at an elevated pH (c = 2 mg/mL in PBS with 45 mM NaOH for Pristine 
RCPhC1, UPy-RCPhC1-2, 5 and 8 and 90 mM NaOH for UPy-RCPhC1-12 and 16). A’-F’) Dynamic Light scattering 
measurements and normalized particle size distribution of RCPhC1 and UPy-RCPhC1 derivatives at 20 oC (solid line) 
and 5 oC (dotted line) at re-adjusted pH (c = 2 mg/mL in PBS with 45 mM GDL for Pristine RCPhC1, UPy-RCPhC1-2, 

5 and 8 and 90 mM GDL for UPy-RCPhC1-12 and 16).

Hydrogel formation and mechanical properties. 

The effect of increasing the degree of functionalization with UPy-groups was also stud-
ied in concentrated solutions of UPy-RCPhC1 in PBS (100 mg/mL). The temperature was 
lowered to determine the liquid-gel cross-over of these solutions (Figure 3.5). In general, 
concentrated solutions of pristine RCPhC1 show a cross-over of the G’ and G” and gel for-
mation at ~10 oC. Interestingly, upon functionalization of RCPhC1 with on average 2 UPy-
groups and 5 UPy-groups an increase in cross-over temperature was observed, 14 oC and 
16 oC respectively (Figure 3.5). For UPy-RCPhC1-8, -12 and -16 a hydrogel was observed at 
all temperatures. These results clearly indicate the influence of UPy-functionalities on the 
increase of crosslink formation and faster gelation.

13>pH>10 7>pH>5 13>pH>10 7>pH>5

1 10 100 1000 100001 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000

1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 100001 10 100 1000 10000

1 10 100 1000 100001 10 100 1000 10000

Particle size (nm)Particle size (nm) Particle size (nm)
1 10 100 1000 10000

Particle size (nm)
1 10 100 1000 10000

20 oC
5 oC

Pr
isti

ne
 R

CP
hC

1

U
Py

-R
CP

hC
1-

2

U
Py

-R
CP

hC
1-

5

U
Py

-R
CP

hC
1-

8

U
Py

-R
CP

hC
1-

12

U
Py

-R
CP

hC
1-

16

A A’

E E’

C C’ D D’

F F’

B B’



53

Supramolecular modification of a collagen-mimicking polymer

3

Figure 3.5:  Temperature-dependent bulk gelation of RCPhC1 and UPy-RCPhC1 hydrogels. Rheological measurements 
show the gelation of RCPhC1 and UPy-RCPhC1 molecules as a result of the temperature decrease (G’ = Storage 
modulus (filled spheres), G” = Loss modulus (empty spheres), 10 wt%).

Next, mechanical properties were measured using a nano-indenter, since loads (µN 
range) and scales (10-20 µm) are similar to what cells are able to sense. Interestingly, ro-
bust and stable hydrogels were formed through the modification of RCPhC1 with UPy-func-
tionalities (100 mg/mL, 20 oC) (Figure 3.6A). Hydrogels based on UPy-RCPhC1-5, 8, 12 and 
16 remained intact at room temperature, however an increase in opacity was observed 
as the degree of UPy-functionalization increased (Figure 3.6A). This could be due to the 
presence of more UPy-groups that cause the formation of larger aggregates within the 
hydrogel network, which resulted in decreased transparancy. Interestingly, an increase in 
effective Young’s modulus was observed  upon increasing the degree of functionalization 
(Figure 3.6C). This is likely due to the presence of a larger amount of crosslinks when more 
UPy-groups are coupled to the backbone of RCPhC1. Indeed, the load-displacement curves 
recorded for each hydrogel show a local increase in the stiffness and maximum load (Figure 
3.6B), and thereby confirm that the macroscopic properties we observe originate from our 
grafting strategy at the molecular scale. Here it was chosen to study the response of me-
chanically sensitive cells, i.e. cardiac progenitor cells, on different UPy-RCPhC1 hydrogels as 
culture platform. The stiffness of cardiac tissue typically ranges between 1-2 kPa to 10-20 
kPa from cardiac development up to mature cardiac tissue, respectively.198–200 However, the 
value of the stiffness varies between studies due to the different measurement technique 
used.201–203  For this reason, it is speculated that UPy-RCPhC1-8 hydrogels with lower effec-
tive Young's modulus (Eeff = 26 ± 19 kPa) would resemble more the developmental mechan-
ical niche and UPy-RCPhC1-12 and UPy-RCPhC1-16 hydrogels with higher effective Young's 
modulus (Eeff = 68 ± 51 kPa and 190 ± 118 kPa, respectively) would resemble more the me-
chanical niche of mature cardiac or fibrotic tissue. Unfortunately, UPy-RCPhC1-2 and -5 did 
not form hydrogels at a concentration of 10 wt% at 37 oC.
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Figure 3.6. Mechanical characterization of UPy-RCPhC1 hydrogels measured with the Piuma Nano-indenter in 
serum-free cell culture medium (M199). A) Images of UPy-RCPhC1 hydrogels showing decrease in transparancy as 
the amount of grafted UPy-functionalities increases. B) Representative load-displacement curves of each hydrogel, 
UPy-RCPhC1-5 (dark blue), UPy-RCPhC1-8 (green), UPy-RCPhC1-12 (red) and UPy-RCPhC1-16 (light blue). C) Graph 
showing average values for the calculated effective Young’s modulus (Eeff) for UPy-RCPhC1-5 (dark blue), UPy-
RCPhC1-8 (green), UPy-RCPhC1-12 (red) and UPy-RCPhC1-16 (light blue) (10 wt%, 20 oC).

CPC behaviour on UPy-RCPhC1 hydrogels. 

Previous studies have determined the relation between the mechanical stiffness of 
the environment and the biological response of cells.204–206 Moreover, in the field of car-
diac development and regeneration the effect of the substrate stiffness on the adhesion, 
proliferation and differentiation of cardiac progenitor cells have been thoroughly studied 
previously.200,207 It was shown that matrix stiffness influences genetic expression of cardiac 
progenitor cells (CPCs) via their mechano-transduction pathways.190,208 Here, undifferenti-
ated CPCs were cultured on top of UPy-RCPhC1-8, -12 and -16 hydrogels and both adhe-
sion and proliferation were studied (Figure 3.7). The polymer concentration (10 wt%) and 
thereby the RGD concentration (each RCPhC1 molecule contains a fixed number of 12 RGD) 
were kept constant to study only the effect of substrate stiffness as a result of changing the 
UPy-conjugation. Intriguingly, CPCs showed increased spreading and decreased clustering 
on stiffer UPy-RCPhC1-12 and -16 substrates as compared to UPy-RCPhC1-8, which was cou-
pled with an increase in stress fiber and zyxin formation after 1 day of culture (Figure 3.7A). 
Zyxin is a phosphoprotein which is located at the focal adhesions and thereby indicates 
a strong interaction between cells and their extracellular matrix.209 Increased amounts of 
zyxin spots on UPy-RCPhC1 hydrogels could be due to increased stiffness, whereas on softer 
UPy-RCPhC1-8 surfaces cells favour cell clustering and cell-cell interactions due to the low 
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mechanical rigidity (Figure 3.7A).  Next, CPC proliferation was studied on UPy-RCPhC1-8, 
-12 and -16 after 3 days of culture (Figure 3.7B and C). For UPy-RCPhC1-8, CPCs showed 
low proliferation and cell numbers (Figure 3.7B) and low expression of proliferation marker 
ki-67 was observed (Figure 3.7C). For stiffer substrates based on UPy-RCPhC1-12 and -16, 
an increase in cell number (Figure 3.7B) and ki-67 expression was observed (Figure 3.7C).

Figure 3.7. Cell adhesion and proliferation on UPy-RCPhC1 hydrogels. A) Immunofluorescent images showing 
CPC distribution, f-actin stress fiber formation and zyxin protein localization on (top-to-bottom) UPy-RCPhC1-8, 
UPy-RCPhC1-12 and UPy-RCPhC1-16. For each hydrogels the individual channels, merged and zoomed images are 
show of (left-to-right) the nuclei (blue), f-actin stress fibers (green), zyxin (red), merged image and zoomed images 
(dotted area is seen on the merged image). Scale bar is equal to 75 µm. B) Graph showing the cell numbers after 3 
days of culture on UPy-RCPhC1-8, UPy-RCPhC1-12 and UPy-RCPhC1-16. Dotted line represents seeded cells on day 
0. C) Immunofluorescent images showing ki-67 protein expression located at the nuclei after 3 days of culture on 
UPy-RCPhC1-8, UPy-RCPhC1-12 and UPy-RCPhC1-16. Ki-67 is shown in white, f-actin in green, nuclei in blue and 
scale bars are equal to 100 or 75 µm.

These results indicate that proliferation of CPCs is inhibited on softer substrates. These 
findings are in agreement with previous research however different stiffnesses and cell 
types were studied.199,210 The mechanical stiffness of the substrate may also direct the cellu-
lar fate of CPCs or cardiac stem cells.190 Therefore we further studied the effect of stiffness 
of the different substrates on the behaviour of CPCs. To this end, intracellular Yes-associated 
protein (YAP) was stained and imaged (Figure 3.8). YAP is a downstream effector protein 
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involved in the Hippo pathway that is a key player in sensing substrate stiffness and con-
sequently driving cellular fate.211–213 The mechanism is based on the translocation of YAP 
from the cytoplasm to the nucleus and results in downstream signalling related to prolifer-
ation and differentiation. Accordingly, immunofluorescent images show a minor increase of 
YAP signal located at the nucleus compared to the cytoplasm on UPy-RCPhC1-12 hydrogels 
compared to UPy-RCPhC1-8 and UPy-RCPhC1-16 (Figure 3.8). However, due to high degree 
of clustering it remains inconclusive to relate the mechanical rigidity of the substrate with 
the YAP translocation. Since it was shown that, irrespective of the substrate stiffness, YAP 
mechanosensing is correlated to cell density.214 Taken together, different degrees of CPC ad-
hesion, proliferation and YAP location was observed on the different UPy-RCPhC1 hydrogel 
substrates, which is speculated to be due the difference in crosslinking density and conse-
quently the mechanical rigidity.

Figure 3.8: Intracellular Yes-associated protein (YAP) localization in CPCs after 1 day of culture on UPy-RCPhC1-8 
(top), UPy-RCPhC1-12 (middle) and UPy-RCPhC1-16 (bottom). For each image a zoomed images is shown to 
indicate YAP location in the cell. In the merged images nuclei are shown in blue, f-actin in green and YAP in white. 
Scale bar is equal to 75 µm.

Conclusion

In this work, collagen-mimicking peptides were successfully modified with different 
degrees of supramolecular UPy-groups. It was shown that the assembly and folding of UPy-
RCPC1 was dependent on the degree of functionalization and resulted in an increased sta-
bility of intermolecular interactions based on UPy-UPy interactions. Additionally, increased 
control over hydrogel formation and mechanical properties as compared to pristine RCPhC1 
hydrogels was obtained. The applicability of this hydrogel was shown by a clear difference 
in focal adhesion formation and proliferation of CPCs, as a consequence of changing the 
mechanical rigidity. This work illustrates the versatility of modifying biomaterials with su-
pramolecular UPy-based crosslinks for tissue engineering applications. In future work, UPy-
RCPhC1 derivatives can be mixed with other UPy-based polymers to develop different syn-
thetic extracellular matrices that can be used to enhance cellular-based tissue regeneration 
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therapies. 

Experimental section

Instrumentations. Reversed-phase high performance liquid chromatography–mass spectrom-
etry (RP-HPLC-MS) was performed with a Thermoscientific LCQ fleet spectrometer. 1H-NMR spectra 
were recorded on a 400 MHz NMR (Varian Mercury Vx or Varian 400MR) operating at 400 MHz to 
determine the degree of functionalization. Proton chemical shifts are reported in ppm downfield from 
tetramethylsilane (TMS) using the resonance of the deuterated solvent as internal standard. Samples 
for NMR were prepared in D2O/KOD with pH≈11 at a concentration of 25 mg/mL. Purity of RCPhC1 
and UPy-RCPhC1 derivatives was determined with a Waters Xevo G2 Quadrupole Time of Flight (QToF) 
Liquid Chromatography - Mass Spectrometry equipped with an Agilent Polaris C18A reverse phase 
column (ID 2.0 mm, length 100 mm). Derivatives were dissolved in H2O (0.5 mg/mL) and flowed (0.3 
mL/min) over the column using a 15% to 75% water/acetonitrile gradient with 0.1% formic acid prior 
to analysis in positive mode in the mass spectrometer. Dynamic light scattering (DLS) was measured on 
a Malvern Zetasizer Nano, model ZMV2000, at a measurement angle of 90º. Circular Dichroism (CD) 
measurements and thermal unfolding studies were done on a JASCO J-815 spectrometer equipped 
with a JASCO MPTC-490S temperature control system. Zeta-potential measurements were performed 
on a Malvern instrument Zetasizer (model Nano ZSP). Zetasizer software was used to process and an-
alyze the data. Nano-indentations were performed on a PIUMA Nanoindenter (Optics II) using either 
a probe with a tip radius of 24 or 21.5 µm and a cantilever stiffness of 0.53 or 4.71 N/m, respectively. 
Calibration factors were determined by performing indentations on polystyrene surfaces. Rheology 
was performed on a TA Instruments Discovery Hybrid 3 shear rheometer with a 25 mm Sandblasted 
peltier plate. To prevent water evaporation, an oil trap based on silicon-oil (Rhodorsil) was used to 
seal the hydrogel. Fluorescent images were taken on a Zeiss Axiovert 200M fluorescence microscope 
or on a Leica TCS SP5X confocal laser scanning microscope. Fluorescence for the CyQuant assay was 
measured on a Synergy HTX multimode plate reader (BioTek). 

Materials. Chemicals and reagents were purchased from commercial sources at the highest pu-
rity available and used without further purification. All solvents were purchased from SigmaAldrich 
unless stated otherwise. cellnestTM, a recombinant peptide based on human collagen type I (RCPhC1) 
was a gift from Fujifilm Manufacturing Europe B.V. and was used without further purification. Phos-
phate buffered saline (PBS) tablets were purchased from SigmaAldrich (pH 7.2-7.6). Trypsin-EDTA 
solution was purchased from Sigma (0.5 g/L porcine trypsin and 0.2 g/L EDTA in Hank’s Balanced Salt 
Solution with phenol red). All compound concentrations were determined by weight.

Synthesis of UPy-RCPhC1. To synthesize UPy-RCPhC1 (5), a UPy-synthon containing 1,1’-carbon-
yldiimidazole (4) was first synthesized and then coupled to pristine RCPhC1 (Scheme 3.1).
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Scheme 3.1. Synthetic procedure for grafting UPy-functionalities to the backbone of RCPhC1. Reaction 
conditions: (i) 0.33 eq. di-tert-butyl-dicarbonate, CHCl3, 0 oC 1 h, rt, 24 h; (ii) 0.99 eq. ureido-pryimidinone-hexyl-
isocyanate, 1.7 eq. N,N-diisopropylethylamine, CHCl3 : MeOH (3:1), rt, 4 h; (iii) CHCl3 : TFA (4:1), rt, 3 h; (iv) 1.0 
eq. 1,1’-carbonyldiimidazole, 2 eq. N,N-diisopropylethylamine, dimethylsulfoxide, rt, 1.5 h and; (v) different 
equivalents of RCPhC1 (see Table 3.1), dimethylsulfoxide, 50 oC, Argon, 24 h. X represents the different amount of 
grafted UPy-groups determined with 1H-NMR. 

Synthesis of 12-amino-dodecyl-boc (1). A flask was charged with 1,12-dodecadiamine (15 g, 75.0 
mmol, 3 eq) and dissolved in CHCl3 (300 mL).  The stirring solution was cooled with an ice-bath to 0 oC 
and solution of di-tert-butyl dicarbonate (5.45 g, 25.0 mmol, 1 eq) in CHCl3 (50 mL) was added drop-
wise. After the reaction mixture was stirred for 24 h, the solvents were removed by rotary evaporation 
to yield a transparent oil. The oil was concentrated under vacuum for one hour to form a white solid. 
The solid was dissolved in EtOAc (400 mL) and washed with half-saturated brine (3 x 100 mL). Purifi-
cation by column chromatography (flash silica) with MeOH-Et3N (10%)/CH2Cl2 (10:90) affording 3.46 
g (11.5 mmol, 46%) of 1 as a white solid. 1H NMR (CDCl3) δ (ppm): 4.53 (s, 1H), 3.09 (dd, 2H), 2.68 (t, 
2H), 1.58 (s, 3H), 1.44 (s, 13H), 1.26 (s, 16H). LC-MS (ESI) m/z calc (C17H36N2O2) 300.28; found 301.25 
[M+H]+. 

Synthesis of 12-(ureido-pyrimidinone-hexyl-urea)-1-dodecyl-boc (2). A round bottom flask was 
charged with ureido-pyrimidinone-hexyl-isocyanate (499 mg, 1.70 mmol, 1 eq), mono-protected 
amine 1 (514 mg, 1.71 mmol, 1.01 eq) and dissolved in CHCl3 (30 mL) and MeOH (10 mL). N,N-diiso-
propylethylamine (0.5 mL, 2.91 mmol, 1.7 eq) was added to the stirring solution. After 4 h of stirring, 
the reaction mixture was purified on a short plug of silica eluting with CHCl3/ MeOH (1:1) to remove 
excess of amine 1. The solvents were removed by rotary evaporation and concentrated under vacuum 
to yield 1.01 g (1.69 mmol, 99%) of 2 as a white waxy solid. 1H NMR (CDCL3/MeOD) δ (ppm): 5.86 (s, 
1H), 3.28 (m, 2H), 3.11 (m, 6H), 2.26 (s, 3H), 1.59 (m, 2H), 1.44 (s, 15H), 1.36 (m, 4H), 1.25 (m, 18H). 
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LC-MS (ESI) m/z calcd (C30H55N7O5) 593.43; found 594.42 [M+H]+. 

Synthesis of 12-(ureido-prymidinone-hexyl-urea)-1-dodecyl-amine (3). A round bottom flask was 
charged with compound 2 (355 mg, 0.60 mmol, 1 eq), and dissolved in CH2Cl2 (16 mL). Trifluoroacetic 
acid (TFA) (4 mL) was added to the solution. After stirring the reaction mixture for 3 h, the solvents 
were evaporated by rotary evaporation and flushed with methanol to remove residual TFA to yield a 
light reddish oil. The oil was redissolved in CHCl3/ MeOH (3:1) and precipitated in Et2O. The precipitate 
was concentrated under vacuum to yield 285 mg of 3 (0.47 mmol, 78%) as a TFA salt in the form of an 
off-white solid. 1H NMR (CDCL3/MeOD) δ (ppm): 5.91 (s, 1H), 3.24 (t, 2H), 3.10 (m, 4H), 2.89 (m, 2H), 
2.27 (s, 3H), 1.64 (m, 2H), 1.57 (m, 2H), 1.46 (m, 4H), 1.36-1.26 (m, 20H) (Figure S1). LC-MS (ESI) m/z 
calcd (C25H47N7O3) 493.37; found 494.42 [M+H]+. 

Synthesis of 1,1’-carbonyldiimidazole-activated UPy-synthon (4) and UPy-RCPhC1 (5). Pre-acti-
vation was done by dissolving compound 3 in dimethylsulfoxide (2-5 mL), followed by addition of 
N,N-diisopropylethylamine (2 eq). Once dissolved, 1 eq 1,1’-carbonyldiimidazole  was added to the 
reaction mixture and allowed to react for 1.5 hours. Formation of compound 4 was checked with 
RP-HPLC-MS before continuing with the next step (Figure S2). Recombinant peptide based on human 
collagen I (RCPhC1) (Figure S3) was dissolved in dimethylsulfoxide and stirred under argon at 50 oC. 
Once dissolved, different equivalents of compound 4 was added to the reaction mixture to obtain 
different grafted UPy on the backbone of RCPhC1 (5) and stirred for 24 h at 50 oC. Next, the reaction 
mixture was precipitated in diethyl ether and centrifuged at 3500 rpm for 5 minutes. The obtained 
pellet was dissolved in 10 mL demi water:ethanol (1:1) solution. The reaction mixture was purified 
using a dialysis membrane (cut-off = 3.5 kDa) in 800 mL demi water:ethanol (1:1) solution for 48 h and 
an additional 24 h in pure demi water. The purified solution was freeze dried until a white material 
was obtained. The degree of substitution of compound 5 was determined with 1H-NMR (Table 3.2). 

Table 3.2. Degree of functionalization of the UPy-RCPhC1 derivatives based on 1H-NMR.

UPy-RCPhC1 
derivative

RCPhC1-
NH2:UPy-CDI 
molar ratio

Yield Integral at 
5.7-5.8 ppm

Integral at 
0.8-1.0 ppm

Theoretical molecular 
weight (kg/mol)

UPy-RCPhC1-2 1:0.25 85.6 % 2.0 264 52.2
UPy-RCPhC1-5 1:0.5 90.4 % 5.2 264 53.8
UPy-RCPhC1-8 1:1 99.3 % 8.3 264 55.4

UPy-RCPhC1-12 1:1 81.2 % 12.4 264 57.4
UPy-RCPhC1-16 1:1 77.4 % 16.1 264 59.5

Hydrogel formulation. 10 wt% (100 mg/mL) hydrogels were created by first dissolving the UPy-
RCPhC1 derivative in phosphate buffered saline (PBS) with pH=12.7 (for 2, 5 and 8 UPy-functionalities) 
or pH 12.9 (for 12 and 16 UPy functionalities) and was stirred at 50-70 oC until a homogenous solution 
was formed. To re-adjust the pH and increase UPy-UPy association, ᴅ-glucono-δ-lactone (GDL) powder 
was mixed with the UPy-RCPhC1 solution. An amount of 10 mg/mL (for 2, 5 and 8 UPy-functionalities) 
or 20 mg/mL (for 12 and 16 UPy functionalities) of GDL powder was added for each hydrogel. Due to 
the hydrolysis of GDL to gluconic acid, the pH slowly reduces to pH=5-6 after 24 h and hydrogels are 
formed. 

Dynamic Light Scattering. Samples for DLS measurements were prepared by dissolving 2 mg/mL 
of each compound in PBS and annealing for 1 h at 70 oC. Samples were filtered before measurement 
with a Whatman PVDF filter, 0.45 µm. The temperature was set at 20 oC and decreased to 5 oC with 
steps of 10 oC, equilibrating for 500 s before measuring. 

Zeta-potential measurements. Samples were dissolved in (4-(2-hydroxyethyl)-1-pipera-
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zineethanesulfonic acid) (HEPES, 1 mM, pH = 7.6) at a concentration of 0.1 mg/mL and filtered with a 
0.45 µm collagen filter. A DTS1070 cuvette was used for measuring the zeta-potential. Samples were 
measured in triplo, at room temperature, with a 30 s equilibration time. Measurement duration was 
automated and automatic attenuation and voltage selection was turned on.  

Circular Dichroism spectroscopy. Samples for CD measurements were prepared dissolving 0.5 
mg/mL of the compounds in ultrapure water and stirring for approximately 30 min. The higher func-
tionalized compounds (UPy-RCPhC112, UPy-RCPhC116) were annealed for 30 min at 50 oC. Measure-
ments were performed with a scan speed of 100 nm/min, data pitch of 0.25 nm, response time of 0.5 
s, bandwidth of 2, and a path length of 0.1 cm. The spectra were measured from 170 to 300 nm.  The 
signal was processed with ‘Adjacent-Averaging’, 5 points of window. Experiments were conducted at a 
concentration of 0.5 mg/mL in a 0.1 cm Hellma quartz cell. For each measurement, the temperature 
was increased initially to 60 oC and decreased with steps of 1 oC/min to 5 oC. The molar residual ellip-
ticity (MRE) was determined using the following equation196:

Where θ is the ellipticity in milidegrees, m is the molecular weight in g/mol, c is the concentra-
tion in mg/mL, l is the path length in cm, and nz is the number of amino acids in the peptide. Graphs 
are shown from 180 to 280 nm, due to higher noise ratio observed below 200 nm due to wavelength 
absorption of water. 

Cryogenic transmission electron microscopy. Samples with a concentration of 0.5 or 5 mg/mL 
were prepared. Vitrified films were prepared using a computer controlled vitrification robot (FEI Vitro-
botTM Mark III, FEI Company) at 22 oC, and at a relative humidity of 100%. In the preparation chamber 
of the ‘Vitrobot’, 3 μL sample was applied on a Lacey film (LC200-CU, Electron Microscopy Sciences). 
These films were surface plasma treated just prior to use, with a Cressington 208 carbon coater op-
erating at 5 mA for 40 s. Excess sample was removed by blotting using filter paper for 3 s at -3 mm, 
and the thin film thus formed was plunged (acceleration about 3 g) into liquid ethane just above its 
freezing point. Vitrified films were transferred into the vacuum of a CryoTITAN equipped with a field 
emission gun that was operated at 300 kV, a post-column Gatan energy filter, and a 2048 x 2048 Gatan 
CCD camera. Micrographs were taken at low dose conditions, starting at a magnification of 6500 times 
with a defocus setting of 40 µm, and at a magnification of 24000 times with defocus settings of 10 and 
15 µm. The sizes of the observed micelles were measured manually using Fiji software.

Nano-indentation. The mechanical properties of UPy-RCPhC1 hydrogels were measured by us-
ing a probe that is in contact with the surface of the material and is pushed through. Depending on the 
load (P), spherical tip radius (Ri), displacement (h) and stiffness of the cantilever, the effective Young’s 
modulus (Eeff) can be determined via the following formula considering the Hertzian contact model:215

Where the effective Young’s modulus is derived from a certain percentage of the elastic-plastic 
loading regime, displacement he, of the loading curve. Hydrogels with volumes of 50 µL were formed 
in the cap of a 200 µL Eppendorf tube, which was glued inside of a small petridish. Before measuring 
the mechanical properties, the petridishes were filled with serum-free media (M199, Gibco) to cover 
the hydrogels. Indentations were performed using a cantilever with a stiffness of 0.53 N/m and a tip 
radius of 24 µm or a cantilever with a stiffness of 4.71 N/m and tip radius of 21.5 µm for hydrogels 
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based on UPy-RCPhC1-5/UPy-RCPhC1-8 and UPy-RCPhC1-12/UPy-RCPhC1-16, respectively. Calibra-
tions were performed before measurements and indentation profiles were identical for each hydrogel. 
The Effective Young's modulus (Eeff) was determined using the Hertzian contact model which is fitted 
through 20-60% of the loading curves using DataViewer (Piuma, OPTICS11).

Rheological analysis. Hydrogels were prepared as stated previously. Following addition of GDL 
the gelation was followed at a constant shear rate of 1 rad/s, strain amplitude of 1% and temperature 
of 25 oC for 1 h until complete gelation. Temperature sweeps were performed from 45 oC to 5 oC with 
increments of 4 oC and at each temperature step hydrogels were soaked for 5 min to allow equilibra-
tion of temperature and rearrangement of molecules. 

Cell experiments. L9TB cardiomyocyte progenitor cells (CPC) were immortalized by lentiviral 
transduction of hTert and BMI-1 (L9TB).189 CPCs were cultured in SP++ growth medium containing 
M199 (Gibco), which uses a bicarbonate buffer system, and EGM-2 BullitKit (Lonza) in a 3:1 volume 
ratio, supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin (Lonza) and 1% non-es-
sential amino acids (Gibco) at physiological pH. CPCs were routinely cultured on 0.1% gelatin coated 
PS, passaged at 80-90% confluency and seeded at a concentration of 3.1·104 cells/cm2. Hydrogels were 
washed with SP++ before seeding cells to remove any excess of gluconic acid. 

Immunofluorescence staining. CPCs cultured on UPy-RCPhC1 hydrogels were first washed with 
PBS, fixated in 3.7% formaldehyde (Merck) for 10 minutes, washed twice with PBS and permeabilized 
with 0.5% Triton X-100 (Merck) for 10 minutes. Non-specific binding of antibodies was minimized by 
incubating in 2% horse serum in PBS for 20 minutes. Cells were then incubated with primary antibod-
ies in 10% horse serum in PBS for 2 hours at 4 oC. Subsequently, cells were first washed with PBS and 
incubated with a secondary antibody and phalloidin-FITC for 1 hour in PBS followed by incubation with 
DAPI (0.4 µg/mL) in PBS for 5 minutes. Finally, samples were washed and mounted on cover glass-
es with mowiol (Sigma). Information regarding, primary and secondary antibodies are listed in the 
supporting information (Table 3.3). Samples were imaged with a confocal laser scanning microscope 
(Leica TCS SP5X). 

Table 3.3. List of antibodies used for immunofluorescence staining
Antigen Source Cat. no Isotype Label Species Dilution
Zyxin Sigma HPA004835 IgG - Rabbit 1:400
YAP Cell Signaling 4912 IgG - Rabbit 1:200
Ki-67 Thermo Scientific rb1510-P0 IgG - Rabbit 1:50
Rabbit IgG Molecular Probes A21428 IgG (H+L) Alexa 555 Goat 1:300

Cell proliferation assay. CPCs cultured on UPy-RCPhC1 hydrogels were first washed with PBS and 
the culture plate was frozen at -80 oC. A commercially available CyQuant Assay was used to measure 
fluorescence of a dye that binds to nucleic acids. Based on a standard curve of known cell numbers, 
the fluorescence could be translated into cell numbers for each sample. 

Statistical Analysis. Data are presented as mean ± standard deviation (SD). These data consisted 
of nano-indentations, cell numbers and particle size measured with cryo-TEM. All statistical differenc-
es were determined using a non-parametric Kruskal-Wallis test with Dunn's post-hoc test. Probabili-
ties of p<0.05 were considered as significantly different. All statistical analyses were performed using 
GraphPad Prism 5 Software (GraphPad Software, Inc.).
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Mechanically robust electrospun hydrogel 
scaffolds crosslinked via supramolecular 

interactions
Abstract

One of the major challenges in the processing of hydrogels based on poly(ethylene 
glycol) (PEG) is to create mechanically robust electrospun hydrogel scaffolds without chem-
ical crosslinking postprocessing. In this study, this was achieved through the introduction of 
physical crosslinks in the form of supramolecular hydrogen bonding ureido-pyrimidinone 
(UPy) moieties, resulting in chain-extended UPy-PEG polymers (CE-UPy-PEG) that can be 
electrospun from organic solvent. The resultant fibrous meshes were swollen in contact 
with water and formed mechanically stable, elastic hydrogels, while maintaining fibrous 
morphologies. Mixing up to 30 wt% gelatin with these CE-UPy-PEG polymers introduced bi-
oactivity into these scaffolds, without affecting the mechanical properties. Additionally, the 
electrospinning parameters were manipulated to create meshes with either small or large 
fiber diameters, i.e. 0.63 ± 0.36 and 2.14 ± 0.63 μm, respectively. Finally, cardiac progenitor 
cells were cultured inside meshes with large fiber diameter and pore-size which resulted in 
high viability and possibility to study endogenous extracellular matrix production.  

The research described in this chapter has been published:

B. B. Mollet, S. Spaans, P. Goodarzy Fard, N. A. M. Bax, C. V. C. Bouten and P. Y. W. Dankers, 
Mechanically robust electrospun hydrogel scaffolds crosslinked via supramolecular interac-
tions, Macromolecular Bioscience, 2017, 17, 1700053

4
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Introduction

For regenerative medicine and tissue engineering purposes a diversity of biomaterial 
hydrogels, ranging from natural to synthetic, have been described and studied,47,61,62,79,146,216 
each with their specific advantages and limitations. Hydrogels of natural origin, such as col-
lagen or its denatured form gelatin, hyaluronic acid, and matrigel, a widely applied com-
mercial extracellular matrix (ECM) mimic, all provide biological environments that promote 
cellular survival and interaction with cells.142 However, the variable composition of these 
materials, and their complex and not-well understood interactions with cells, challenge con-
trolled application. In addition, origin-related safety concerns put constraints on their use 
in the medical field.143 On top of that, the possibility to tune the mechanical or topological 
properties of these molecularly predefined hydrogels is limited. Inert synthetic hydrogels, 
on the other hand, allow adjustable composition and hence predictable and tunable proper-
ties. However, synthetic materials lack bioactive cues for engagement of specific interaction 
with cells. To bridge the gap between natural and synthetic hydrogels, researchers have sim-
ply mixed hydrogel components of natural and synthetic origin to achieve hybrid hydrogels 
with synergistic effects.128,217,218 

To enable the formation of structurally defined, freestanding meshes, the hydrogel sys-
tem must allow processing and acquire mechanically robust properties. Electrospinning is 
an attractive processing technique for the formation of fibrous meshes. By controlling fiber 
diameter, the pore size can be tuned. This allows the formation of scaffolds either distinctly 
suitable to function as 2D support, or 3D scaffolds that allow cell infiltration. Electrospinning 
of natural,219,220 synthetic,221–224 and hybrid225 hydrogelators has been performed extensively. 
However, all these biomaterials require chemical crosslinking post-electrospinning to pre-
vent complete dissolution or fast degradation of the nano-to-micro fibrous structures in 
aqueous environments and/or to improve poor mechanical properties. A hydrogel material 
that forms strong physical crosslinks could circumvent the need of chemical crosslinking, 
while retaining the opportunity for processing. 

Here we demonstrate the use of a supramolecular hydrogelator based on poly(ethylene 
glycol) (PEG) with multiple ureidopyrimidinone (UPy)-moieties in the backbone,63 electro-
spun into mechanically strong, microfibrous meshes (Figure 4.1A). While this chain-extend-
ed UPy-PEG (CE-UPy-PEG) has a nearly identical chemical composition compared to its tel-
echelic analogues, it exhibits completely different, exceptional mechanical properties.65–67,69 
In the dry state, this supramolecular polymer forms a tough material with shape memory 
properties, whereas in the hydrated state a strong and highly elastic hydrogel is formed.63 In 
the equilibrium hydrated state, the bulk hydrogel (with 10 kg/mol PEG-block) contains ≈85 
wt% water. This hydrogel material showed nearly perfect strength recovery even at large 
deformation (>300%).63 Hence, the increased chain length, realized through chain-exten-
sion, and the ability to form physical crosslinks substantially enhanced the strength, ductili-
ty, and stability of this material in water. Importantly, no chemical crosslinking is needed to 
achieve these remarkable material properties while at the same time the physical crosslinks, 
formed by hydrogen-bonding between UPy-dimers, are reversible by nature. As such, these 
links can be dissociated and reformed as desired in a controlled fashion, offering attractive 
processing opportunities.
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Based on these properties, CE-UPy-PEG was hypothesized to be well-suited as hydrogel 
scaffold material for tissue engineering applications. To induce a cell adhesive character to 
the bio-inert CE-UPy-PEG, mixing with a bioactive natural hydrogel component was per-
formed. For this purpose gelatin was chosen, due to its compatibility with electrospinning 
processes.226–228 By incorporation of gelatin in the electrospinning process, we demonstrate 
the use of this hydrogel scaffold to support the formation of a cardiac progenitor cell (CPC) 
niche.

Figure 4.1: Formation of electrospun CE-UPy-PEG scaffolds in aqueous environments. A) Chemical structure of 
CE-UPy-PEG and the effect of water on the nanometer-scale polymer structure, scale bars represent ≈15 nm. B) 
Photographs of a stand-alone electrospun mesh and phase contrast micrographs of a thin layer of electrospun 
microfibers on a glass substrate as-spun (state I) dry material, (state II) as a hydrogel after addition of cell culture 
media containing phenol red and (state III) dehydrated gel. Scale bars of the photographs and for the micrographs 
are 5 mm and 50 μm, respectively. C) Scanning electron micrographs show the microfibrous morphology of 
electrospun CE-UPy-PEG meshes as-spun (state I) dry material from a solution in HFIP and (state III) after hydration 
and subsequent drying. Scale bars of the upper micrographs and the lower micrographs are 100 and 5 μm, 
respectively.
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Results & discussion

Electrospun hybrid CE-UPy-PEG meshes

Electrospinning of the CE-UPy-PEG polymer resulted in the formation of randomly ori-
ented fibers with diameters typically of 0.68 ± 0.23 μm in the dry state (Figure 4.1B,C, state 
I). Upon contact with water, the white, opaque meshes hydrated and formed semitrans-
parent hydrogel scaffolds (Figure 4.1B, state II). The meshes could take up over 12 times 
their dry weight in water (≈93 wt%). This was much more compared to the bulk CE-UPy-PEG 
material, which was determined to take up ≈5.7 times its dry weight in water (≈85 wt%) in 
equilibrated hydrated state.63 This difference is attributed to the porous structure of the 
mesh. Upon hydration, the fibers swell, but also the empty spaces between them become 
completely filled with water as a result of capillary force. In contrast to bulk material, which 
swells proportionally equal in all directions, the meshes appeared to swell primarily in the 
height and less in the planar direction of the electrospun mesh (Figure 4.1B, state I and II). 
For individual fibers collected on a glass substrate it could be clearly observed how contact 
with water increased both fiber diameter and length upon hydration. Due to the high ra-
tio between both dimensions, the proportional swelling resulted in buckling of the fibers 
between contact points (Figure 4.1B, state II and III). Hydrated samples of the mesh were 
dried and imaged by ESEM to gain understanding of the effect of hydration on the mesh 
morphology at microscale (Figure 4.1C, state III). Overall, the remaining fibrous structure 
was less well defined compared to the original dry mesh as spun. Nevertheless, contours 
of individual fibers could still be distinguished in the mesh. These results show that the CE-
UPy-PEG polymer can be electrospun into dry solid fibrous meshes that upon exposure to 
aqueous solution swell into fibrous hydrogel structures. Subsequent drying of these hydro-
gel meshes resulted in a dry electrospun mesh, showing that the process of mesh formation, 
swelling and hydrogel formation, is reversible. Furthermore, degradability of CE-UPy-PEG 
should be addressed in future research. Due to the ethylene glycol monomers, urethane 
and urea functionalities, it is proposed that this mesh is prone to oxidative and enzymatic 
degradation in vivo.229 

Introduction of bioactivity to the CE-UPy-PEG meshes was established by the addi-
tion of gelatin in the electrospinning solution. Mixtures with different gelatin concentra-
tions were successfully electrospun using the same electrospinning settings and resulted in 
meshes with average fiber diameters of 0.68 ± 0.23 μm (0 wt% gelatin), 0.63 ± 0.36 μm (20 
wt% gelatin), and 0.65 ± 0.39 μm (30 wt% gelatin) in the dry state. This indicated that the 
addition of gelatin to CE-UPy-PEG did not induce significant changes to the electrospinning 
process. In literature, increase in gelatin content has been described to reduce fiber diame-
ters upon electrospinning by the same conditions for mixtures with various synthetic poly-
mers, e.g., polycaprolactone,230,231 poly(l-lactide-co-ε-caprolactone),232 poly(lactic-coglycolic 
acid),233 and polyglycolic acid.234 However, up to 30 wt% gelatin could be added to CE-UPy-
PEG while maintaining similar mesh-morphology and swelling behaviour.

Mechanical properties of CE-UPy-PEG meshes

Elasticity and durability of a hydrogel scaffold is of high importance in for example car-
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diovascular tissue engineering applications, which involve mechanical loading under cyclic 
loading. The mechanical properties of electrospun scaffolds are highly dependent on the 
processing parameters. Next to polymeric composition, also fiber diameter and orienta-
tion are major factors that determine the elastic modulus of electrospun meshes.230 To gain 
understanding of the mechanical properties of electrospun CE-UPy-PEG, hydrated meshes 
were subjected to biaxial tensile tests. The effect of gelatin was determined by comparison 
of meshes of CE-UPy-PEG with 0, 20, and 30 wt% gelatin (Figure 4.2A). Stress-strain curves 
of meshes which were stretched and relaxed in the x direction showed overlap, which indi-
cates minimal plastic deformation within the applied range of strains (Figure 4.2B). Elastic 
moduli were determined for pure CE-UPy-PEG meshes, and hybridized meshes with 20% 
and 30% gelatin (Table 4.1). Initial measurements did not reveal an influence of the addi-
tion of gelatin on the mechanical properties of the meshes. All hydrogel meshes exhibited 
strain-to-failure of at least 40%. At higher deformations, the material started to tear at the 
points where the mesh was punctured with thin metal pins for attachment to the biaxial 
tensile testing device. When strains were further increased, eventually total rupture always 
occurred along a row of these pins. At these points in the material, locally higher stresses 
occur. Therefore, the currently derived elastic moduli are probably underestimates as these 
were derived from global stress-strain curves. However the strain-to-failure could be consid-
ered representative for applications that require for example suturing of the hydrogel mesh-
es. These results indicate that CE-UPy-PEG-based hydrogel meshes could potentially be ap-
plied in tissue engineering applications that involve mechanical straining up to 30–40%.

Figure 4.2: Electrospun CE-UPy-PEG with gelatin and mechanical testing of electrospun hydrogel meshes. A) 
Scanning electron micrographs of dry electrospun meshes of CE-UPy-PEG with 0, 20, and 30 wt% gelatin. The 
scale bars indicate 50 μm. B) Uniaxial stress–strain graphs showing one stretch-relax cycle of electrospun hydrogel 
meshes of CE-UPy-PEG with 0, 20, and 30 wt% gelatin in wet-state.
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Table 4.1: Elastic moduli of electrospun CE-UPy-PEG hydrogel meshes, with and without gelatin

CE-UPy-PEG/
gelatin ratio

Number of 
samples

Average fiber 
diameter [µm]

Average thickness 
a [µm]

Average E modulus b 

[MPa]

100/0 N=3 0.68 ± 0.2 459 ± 36 0.64 ± 0.06
80/20 N=3 0.63 ± 0.4 374 ± 51 0.60 ± 0.15
70/30 N=2 0.65 ± 0.4 519 ± 141 0.66 ± 0.01

a) Thickness of hydrated samples; b) Elastic moduli were determined as the slope of the linear range of stress-strain curves.

Figure 4.3: Electrospun CE-UPy-PEG meshes and ECM production of CPCs inside electrospun hybrid meshes after 
1 day of culture. Scanning electron micrographs of an A) 1000x and B) 5000x magnification electrospun scaffold 
prepared from a concentrated solution (10%, w/v) of CE-UPy-PEG with 20 wt% gelatin. B) Immunofluorescence 
confocal micrograph show ECM production of CPCs after 1 d in the electrospun meshes. Collagen I, collagen IV, 
and collagen III are represented in red, integrin-β1, and fibronectin are represented in green and CPC nuclei are 
represented in blue. C) CPC viability inside electrospun hybrid hydrogel scaffolds after 1 day of culture, which was 
determined by counting the amount of live (Calcein) and dead (PI) cells (N=4).

50 μm 25 μm 

25 μm 

50 μm 10 μm 
Vi

ab
ili

ty
 (%

)

Day 1
0

20

40

60

80

100

A B

DC

E F

Collagen-I
Nuclei

Collagen-IV
Fibronectin
Nuclei

Collagen-III
Integrin β-1
Nuclei



71

Mechanically robust electrospun hydrogel scaffolds crosslinked via 
supramolecular interactions

4

Cardiomyocyte progenitor cell viability and extracellular matrix production

Hybrid hydrogel meshes with a more open pore structure were hypothesized to pro-
vide a suitable 3D environment CPCs. The function of such a hydrogel is to maintain cell 
viability and support growth and differentiation. It should hence act as a temporarily 3D 
microenvironment which resembles the native niche until the cells have formed their own 
ECM. Electrospinning a concentrated (10%, w/v) solution of 80%/20% (w/w) CE-UPy-PEG/
gelatin resulted in a mesh with average fiber diameters of 2.14 ± 0.63 μm and apparent 
pore sizes bigger than 10 μm (Figure 4.3A and B). Next, CPCs were seeded inside the open 
porous structure of electrospun CE-UPy-PEG/gelatin meshes. To actively aid cell infiltration, 
cells were forced into the mesh by centrifugation. Cell infiltration depth in the hybrid CE-
UPy-PEG/gelatin mesh increased after application of centrifugal force compared to static 
seeding, with depths of 49.2 ± 2.1 µm and 19.9 ± 3.5 μm, respectively.

Seeding CPCs via the application of centrifugal force resulted in high viability (97.5 ± 
0.5%) after 1 day of culture (Figure 4.3F). Additionally, due to the thin electrospun mesh-
es (300 μm in dry state) sufficient oxygen and nutrient is allowed to diffuse to cells which 
are encapsulated in the fiber network. Furthermore, the deposition of cardiac-specific ECM 
proteins by CPCs was determined by immunofluorescent staining for collagen I, III, IV, and 
fibronectin (Figure 4.3). After 1 d of culturing inside the hydrogel mesh, CPCs produced lim-
ited amounts of cytoplasmic collagen I and IV (Figure 4.3C and D). Co-staining of collagen 
III and membrane marker integrin β1 revealed the presence of collagen III in the extracel-
lular space (Figure 4.3E). Furthermore, high amounts of fibronectin were produced after 1 
d (Figure 4.3D). This fibronectin formed a fibrous structure at the attachment points with 
the electrospun mesh. One of the hurdles of hybrid hydrogels composed of a synthetic and 
natural component is that the biological ECM component often degrades more rapid than 
its replacement which is secreted by cells. Therefore, the deposition of ECM proteins by 
CPCs shown here is proposed to provide a promising start for successful long-term outcome. 
In future work, long term ECM deposition and production should be studied in more detail 
to determine the possibility to create cardiac tissue-engineered constructs. With these tis-
sue-engineering constructs, different mechanical or biochemical stimuli can be applied such 
as, e.g. cyclic strain or growth factor presentation, and the effect on the behaviour of CPCs 
can be studied. 

Conclusion

These results show that hybrid hydrogel meshes based on CE-UPy-PEG can function 
as a robust free-standing scaffold and support the formation of a cardiac niche by increas-
ing the fiber diameter. CE-UPy-PEG was successfully processed by electrospinning into rel-
evant fibrous morphologies, which are stable under physiological conditions without the 
need of chemical crosslinking. The combination with gelatin demonstrates the possibility 
to make hybrid scaffolds with natural bioactive proteins, while synthetic UPy-peptide based 
approaches toward more specific and controlled bioactivation might be explored in the fu-
ture.58,59 The elastic behaviour of the hydrogel scaffolds and durability under cyclic loading 
widens the scope of possible tissue engineering applications.



72

Chapter 4

Experimental section

Materials. CE-UPy-PEG with Mn,PEG = 10 kg/mol was synthesized as previously de-
scribed.63 As a consequence of the high polydispersity index (PDI >3) the number of re-
peats, or UPy-functionalities, per macromolecular monomer was estimated to be around 
50 repeats on average based on average molecular weight determined by gas permeation 
chromatography (GPC). Gelatin type A, derived from porcine skin with ≈300 g Bloom gel 
strength, and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were purchased from Sigma-Aldrich.

Electrospun (small fiber diameter) meshes. Viscous solutions (5%, w/v) of different weight ra-
tios of CE-UPy-PEG/gelatin, i.e., 100/0, 90/10, 80/20, 70/30, were prepared by dissolving 200 mg solid 
material in 4 mL HFIP. First, the CE-UPy-PEG fraction was dissolved in HFIP, after which gelatin was 
added and the solutions were stirred at room temperature overnight. The clear viscous solution was 
transferred to a 2.5 mL glass syringes (Hamilton) and fed at 50 μL/min using a syringe pump (KR analyt-
ical) at the outside of the electrospinning cabinet to the flat-tip stainless-steel 23G needle (Intertron-
ics) inside the cabinet, via a ≈35 cm long 1 mm I.D. poly(tetrafluoroethylene) (PTFE) tube. Inside the 
cabinet, each solution was spun with an in-house built electrospun setup by the application of 18.5 
kV between a tip-to-target distance of 12 cm. To enable facile removal of the nonwoven electrospun 
mesh, the collector was covered with a thin sheet of polyethylene film. To provide a flat surface and 
extra support to thin samples of the electrospun mesh, fibers were collected on 12 mm round glass 
coverslips. The fiber deposition was interrupted several times to move the static collector plate over a 
3 × 3 grid to enlarge the area of fiber deposition and to achieve a more homogeneous mesh thickness. 
The electrospun mesh was gently removed from the collector plate together with the polyethylene 
film and placed in vacuo at 40 oC to remove any residual solvent overnight.

Electrospun (large fiber diameter) meshes. A more viscous solution (10%, w/v) of 80/20 CE-
UPy-PEG/gelatin in HFIP was prepared by dissolving 400 mg CE-UPy-PEG and 100 mg gelatin in 5 mL 
HFIP and stirred at 40 oC overnight. The clear viscous solution was transferred to a syringe and con-
nected via a 1 mm I.D. PTFE tube and a 19G needle to the climate controlled electrospinning apparatus 
(IME Technologies) set at 22–23 oC and 25% humidity. The solution was fed at 75 μL/min, spun by 12 
kV with a tip-to-target distance of 12 cm and collected during an hour at an aluminum foil covered 
rotating drum with 28 mm diameter, rotating at 100 rpm. The electrospun mesh was placed in vacuo 
at 40 oC to remove any residual solvent overnight. The thickness of the collected CE-UPyPEG/gelatin 
mesh in dry state, measured with an automatic ruler, was 300 μm.

Environmental scanning electron microscopy (ESEM). ESEM imaging was performed by using 
FEI Quanta 600F and Xt Microscope Control software. Samples were prepared by placing small pieces 
of each mesh on double-sided sticky carbon tape on a metal stub. The uncoated samples were visual-
ized under low vacuum (≈0.5 mbar) with an accelerating voltage of 15–20 kV and a working distance of 
6.9–8.2 mm. Images were recorded up to 10 000 times magnification. In low vacuum, both backscat-
tering electrons and secondary electrons were detected. Electrospun meshes with thick fibers were 
imaged using ESEM at high vacuum, with a voltage of 1 kV, working distance of 10 mm and spot size 
of 3.0 mm. Fiber diameters were determined from multiple high magnification images using ImageJ 
software and expressed as average ± standard deviation.

Biaxial mechanical testing of electrospun meshes.  The mechanical performances of CE-UPy-
PEG electrospun meshes with small fiber diameters, both with and without gelatin, were measured. 
Square samples of ≈8 mm × 8 mm were cut from the meshes. The samples were weighed before and 
after hydration to gain insight into the swelling behaviour and the thickness was determined using a 
digital microscope (Keyence, VHX-500F). The hydrated sample was mounted in a biaxial tensile testing 
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device equipped with 1.5 N load cells (CellScale). Four rakes (BioRake Delicate, 0.7, 30 mm, CellScale) 
each consisting of five metal hooks with a diameter of 250 μm, were attached to the dry sample, lead-
ing to a 3500 μm × 3500 μm square testing area. The sample was emerged in a water bath, which was 
maintained at 37 oC, during the straining protocol. For determination of elastic moduli and confirma-
tion of isotropic behaviour of the meshes with randomly oriented fibers, the meshes were cyclically 
loaded with three repeats of uniaxial stretch in both x and y direction, and three repeats of equibiaxial 
stretch. Stretch was applied at a rate of 2% s−1 and each final stretch was applied for 2 seconds. Be-
tween cycles, the sample was not loaded for 5 s to allow the fibers to relax and return to their initial 
configuration. The applied stretch was increased after each set of cycles starting at 10% up to 50% with 
increments of 10%. During the whole protocol, images were taken with a camera at a frequency of 1 
Hz, while numerical data, i.e., global stretch, or displacement in micrometer and force in millinewton, 
was generated at a frequency of 30 Hz. The images were used as reference for visual control of sample 
integrity. Data were converted with Matlab (Mathworks) to calculate stresses and matched with the 
applied strains. In these calculations, the surface was determined by multiplying the thickness of the 
hydrated sample with 3500 μm, thereby assuming a uniform solid material. As the signal to noise ratio 
for the measured forces was low, the average stress was determined per second from the redundant 
data acquisition frequency. In determining the moduli via Hook’s law, linear-elastic behaviour of the 
materials was assumed. Per sample the elastic modulus was determined for both x and y direction via 
a linear fit through the corresponding part of the uniaxial stress–strain curve derived from a 20% or 
30% stretch cyclus, upon which the average was used in determining the modulus per material.

Cardiomyocyte progenitor cell culture. Cardiomyocyte progenitor cells (CPCs), immortalized via 
a lentiviral transduction,189 were routinely cultured in polystyrene culture flasks precoated with 0.1% 
(w/v) gelatin (Sigma) in PBS. CPCs were cultured in SP++ growth medium (GM) consisting of M199 
(Gibco)/EGM2 medium (3:1) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin 
(Lonza DE17-602E) and 1% non-essential amino acids (Gibco). CPCs were passaged when they were 
80–90% confluent. Electrospun meshes with large fiber diameter were cut in circular samples with a 
diameter of 12 mm and sterilized via UV-irradiation (GE, NPP 130 LPF 30W G13) for 1 h on each side 
at a distance of 10–20 cm, inside a lamellar airflow cabinet. Meshes were then fixed in dry state in mi-
nusheet tissue carriers with an outer diameter of 13 mm (Minucells and Minutissue vertriebs gmbh). 
CPCs were seeded into the scaffold (2.5 × 105 or 1 × 106 cells per mesh) by centrifugal force according 
to a previously described method.235 Cultures were analyzed at day 1 with Live/Dead staining or sacri-
ficed after 1 d for immunofluorescent staining of cardiac specific ECM components.

Immunofluorescent staining. Electrospun meshes were washed twice with PBS, fixated with 
3.7% formaldehyde in PBS for 20 min on the shaking table at room temperature, followed by wash-
ing twice with PBS. CPCs were then permeabilized with 0.5 v/v% Triton X-100 in PBS for 10 minutes 
at room temperature and subsequently blocked with 10% HS in PBS for 20 minutes. First antibody 
staining was performed in NET-gel (50 mM pH 7.4 Tris; 150 mM NaCl; 5 mM EDTA; 0.25 wt/v% gelatin 
from porcine skin in MilliQ) + 1% HS at 4 oC overnight. Hereafter, the hydrogels were washed six times 
with NET-gel for 5 minutes and incubated with the second antibody for 1 hour in NET-gel. Electrospun 
meshes were then washed twice with NET-gel for 5 minutes, incubated with DAPI in PBS for 10 min-
utes, washed five times with PBS for 5 minutes and finally mounted on cover glasses with Mowiol 
(Sigma, 81381). All primary and secondary antibodies and matching dilutions are listed in (Table 4.2).
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Table 4.2: Antibodies used for immunofluorescent staining.

Antigen Source Cat No Isotype Label Species Dilution 
Ki-67 - RB1510P0 IgG Rabbit 1/50 
Collagen I SA C2456 IgG1 Mouse 1/50 
Collagen III Abcam Ab7778 IgG Rabbit 1/100 
Collagen IV Abcam Ab86042 IgG1 Mouse 1/100 
Fibronectin SA F3648 IgG Rabbit 1/200 
Integrin-β1 SC Sc53711 IgG1 Mouse 1/50 
Mouse IgG1 IG A21121 IgG1 AlexaFluor 488 Goat 1/200 
Rabbit IgG IG A21428 IgG(H+L) AlexaFluor 555 Goat 1/200 
Mouse IgG1 MP A21127 IgG1 AlexaFluor 555 Goat 1/200 
Rabbit IgG MP A11008 IgG(H+L) AlexaFluor 488 Goat 1/200 

Viability of CPCs. Live/Dead staining was performed using Calcein-AM (Fluka 17783) and 
propidium iodide (PI; Invitrogen P3566). Gels were washed twice with PBS, followed by incubation in 
warmed-up serum free GM/DM with 10 μM Calcein-AM and PI for 60 min at 37 oC. Hydrogels were 
then washed twice with PBS and incubated in warmed-up serum-free GM/DM for 30min at 37 oC. 
Lastly, hydrogels were washed twice with PBS and incubated in GM/DM at 37 oC until imaging. The live 
(green) and dead (red) cells were counted using Mathematica. Viability was expressed as total cells 
subtracted by PI-positive cells and divided by the total number of cells per image.

Quantification of infiltration depth. First a z-stack was created through the complete electro-
spun meshes and the calcein-positive cells were visualized. Next, infiltration depth was approximated 
by fitting a gaussian distribution through the amount of intensity in the z-direction using Matlab.
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Supramolecular surface functionalization via 
catechols for the improvement of cell-material 

interactions
Abstract

Optimization of cell-material interactions is crucial for the success of synthetic bioma-
terials in guiding tissue regeneration. To do so, catechol chemistry is often used to introduce 
adhesiveness into biomaterials. Here, a supramolecular approach based on ureido-pyrimid-
inone (UPy) modified polymers is combined with catechol chemistry in order to achieve im-
proved cellular adhesion onto supramolecular biomaterials being either, solvent-cast films 
or electrospun fibrous meshes. UPy-modified hydrophobic polymers with non-cell adhesive 
properties are developed that can be bioactivated via a modular approach using UPy-modi-
fied catechols. It is shown that successful formulation of the UPy-catechol additive with the 
UPy-polymer results in surfaces that induce cardiomyocyte progenitor cell adhesion, cell 
spreading, and preservation of cardiac specific extracellular matrix production. Hence, by 
functionalizing supramolecular surfaces with catechol functionalities, an adhesive supramo-
lecular biomaterial is developed that allows for the possibility to contribute to biomateri-
al-based regeneration.

The research described in this chapter has been published:

S. Spaans, P. P. K. H. Fransen, B. D. Ippel, D. F. A. de Bont, H. M. Keizer, N. A. M. Bax, C. V. C. 
Bouten and P. Y. W. Dankers, Supramolecular surface functionalization via catechols for the 
improvement of cell-material interactions, Biomaterials Science, 2017, 5, 1541
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Introduction

Materials and systems inspired by nature have shown great promise for the devel-
opment of cell adhesive surfaces and adhesive glues for biomedical applications.236–239 In 
the tissue engineering field researchers have been inspired by the adhesive properties of 
marine mussels. Mussels show superior adhesion on wet surfaces through their byssal 
threads.240–242 Within these threads, proteins containing the amino acid 3,4-dihydroxyphe-
nylalanine (DOPA), are secreted in a spatially and temporally controlled manner which then 
form adhesive plaques in minutes.243 The strong adhesive properties of these threads orig-
inate from catechol residues of DOPA, which have efficient and versatile crosslinking abili-
ties. In reducing conditions, catechol residues can undergo various interactions, such as hy-
drogen bonding, electrostatic interactions or metal-catechol coordination.244 Once exposed 
to oxygen, catechol residues are oxidized to reactive o-quinones. The o-quinones can then 
i) self-polymerize, ii) react with thiols or amines via Michael type addition or iii) react with 
amines via Schiff  base reactions. 

Many of these crosslinking abilities have contributed to the development of synthetic 
materials with the ultimate goal to promote adhesion of cells or biomolecules for tissue en-
gineering applications.245,246 Catechol functionalities can be introduced by immersing mate-
rial substrates in an alkaline solution of 3,4-dihydroxyphenethylamine (dopamine). Thereby 
a thin polydopamine film is formed that exhibits reactivity towards nucleophiles, such as 
thiols and amines.239,247,248 Polydopamine modified materials can also be used to immobilize 
extracellular matrix (ECM) proteins, such as collagen type I249 or serum proteins.248 To create 
polydopamine coatings on biomaterials, a large amount of dopamine is needed. To prevent 
the use of excessive dopamine, catechols can be directly coupled to synthetic polymers 
using dopamine or 3,4-dihydroxyhydrocinnamic acid, resulting in the formation of amide 
bonds. Brubaker et al. coupled catechols to a 4-arm poly(ethylene glycol) (PEG) and incor-
porated an elastase-specific peptide sequence to create an enzymatically degradable and 
adhesive hydrogel.250 Furthermore, Lee et al. conjugated catechol residues to the backbone 
of alginate, to develop biocompatible 3D hydrogel for cell transplantation.251 By exposing 
the catechol modified alginate to a mixture of sodium hydroxide and sodium periodate, a 
divalent cation-free alginate hydrogel was created that showed a high degree of viability 
and low immunogenicity. Kim et al. simultaneously electrospun catechol-modified 8-arm 
PEG with thiolated poly(lactic-co-glycolic acid) and either formed a crosslinked nanofibrous 
network after exposure to sodium periodate solution, or formed non crosslinked meshes 
without exposure to sodium periodate.252 Electrospun catechol crosslinked meshes showed 
improved anti-fouling properties compared to non-crosslinked meshes, due to the slow-
er degradation rate of tethered PEG chains. Exemplary, Choi et al. covalently immobilized 
3,4-dihydroxyhydrocinnamic acid to amines on the surface of polycaprolactone-PEG elec-
trospun nanofibers.253 After exposure to basic pH, a low concentration of catechols (106 
pmol/mm2) was able to induce increased fibroblast adhesion at the surface of nanofibers. 
In general, these findings show an enhanced cellular adhesion attributed to the conjugation 
of catechol-molecules to polymers. Yet, since these methods require multiple reaction steps 
for functionalization of material surfaces, new approaches that limit the use of excessive 
conjugation reactions are highly desirable.
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Therefore, a supramolecular and modular approach is introduced based on supra-
molecular hydrogen bonding ureido-pyrimidinone (UPy) polymers and UPy-modified mus-
sel-inspired catechol additives (abbreviated as UPy-DOPA), in order to develop cell-adhesive 
biomaterials (Scheme 5.1). For this purpose, an UPy-based hydrophobic polymer was de-
veloped, based on priplast, an amorphous polyester polyol. This UPy-priplast polymer was 
proposed to display non-cell adhesive properties. Additionally, another, by our group devel-
oped and intensively studied, less hydrophobic, UPy-modified polyester UPy-polycaprolac-
tone (UPy-PCL) was bioactivated with UPy-DOPA additives. We have been shown in the past 
that this UPy-PCL material is intrinsically cell adhesive (in the presence of serum proteins), 
and can therefore be applied as control material.52,56,59,254 Moreover, the possibility to change 
the processing of UPy-Priplast with and without UPy-DOPA is checked by employing an elec-
trospinning technique.

As biological application and read-out we aimed at the improvement of cardiomyocyte 
progenitor cells (CPC)-material interactions in terms of adhesion, viability and preservation 
of endogenous ECM formation. CPC were chosen as cell source, because cardiac stem/pro-
genitor cells have the potential to regenerate cardiac tissue and provide a long term solution 
for cardiac tissue damage when used as a cell-therapy.255,256 

Scheme 5.1: Chemical structures of UPy-compounds. Priplast end-functionalized with UPy-unit (UPy-Priplast), 
polycaprolactone end-functionalized with UPy-unit (UPy-PCL), UPy-modified catechol functionalities (UPy-DOPA) 
and methoxy terminated UPy-functionality (UPy-OMe).

Results & discussion

Supramolecular building blocks

Hydrophobic Priplast polymers were modified with UPy groups, which resulted in a 
polydisperse polymer (UPy-Priplast) (Mn = 5.0 kg/mol, Mw = 11.6 kg/mol and Mw/Mn = 2.3) 
(Scheme 5.1). UPy-PCL polymers were used as cell-adhesive polymer control and were in-
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troduced elsewhere.254 Next, UPy-modified catechol functionalities (UPy-DOPA) were intro-
duced to increase aspecific protein binding and consequently improved cellular adhesion. 
Finally, a monofunctional methoxy-terminated UPy-molecule is introduced as negative con-
trol which does not contain catechols (UPy-OMe).

Characterization of UPy-Priplast

The thermal behaviour of Priplast polymers was studied, showing a glass transition 
temperature Tg of −56.3 oC, a crystallization temperature Tc of −33 oC (ΔHc is 1.6 J/g), and a 
melting temperature Tm of −21.2 oC (ΔHm is 1.4 J/g). On functionalization with UPy-moieties, 
the thermal behaviour of UPy-Priplast clearly changes, with a glass transition temperature 
Tg of −51.9 oC, a crystallization temperature Tc of 37.1 oC (ΔHc is 4 J/g), and a melting temper-
ature Tm of 77.3 oC (ΔHm is 5.6 J/g). This Tm is attributed to the formation of UPy-assemblies. 
Based on these results it can be concluded that UPy-Priplast is a semi-crystalline polymer at 
cell culture temperatures (37 oC). Additionally, the UPy-assemblies are present during cell 
culture, since the Tm is 77.3 oC. 

The mechanical properties of UPy-Priplast elastomer films were studied. Films with 
thicknesses of 0.14 ± 0.02 mm had Young's moduli of 10.6 ± 1.7 MPa, a stress-at-break of 
0.84 ± 0.11 MPa and a strain-at-break of 11.1 ± 1.3%. These values are slightly lower com-
pared to the mechanical properties of previously reported UPy-PCL based films.50 However, 
this is expected since PCL itself crystallizes and the UPy-aggregate formation in UPy-PCL is 
guided by the presence of urea functionalities instead of urethanes as present in UPy-Pri-
plast.

Formulation of catechol modified supramolecular films

Polymer solutions were prepared in organic solvent and simple mixing of different 
UPy-polymers with UPy-DOPA resulted in consistent polymer mixtures. Dropcast films were 
then formulated by casting the polymer solution on glass surfaces and, following evapora-
tion of the solvents, resulted in supramolecular films. The supramolecular structure of the 
dropcast films with and without UPy-DOPA additives was investigated with atomic force 
microscopy (AFM) (Figure 5.1A). Short and regular fibers are observed on UPy-Priplast films 
at the nanometer scale compared to longer fibers on UPy-PCL films (Figure 5.1A). This orig-
inates from stacking of hydrogen bonded UPy-dimers in the lateral direction which is aided 
by additional hydrogen bonding between the urethane (in UPy-Priplast) or urea (in UPy-
PCL) functionalities (Scheme 5.1).54,257 The difference in fiber morphology is attributed to 
the presence of the urethane functionality in the UPy-Priplast material that is able to form 
one hydrogen bond, in contrast to the urea functionality in the UPy-PCL material which is 
able to form two hydrogen bonds (Scheme 5.1).258 Upon mixing of 10 mol% UPy-DOPA with 
UPy-Priplast or UPy-PCL, a similar fibrous morphology can be observed as for the pristine 
polymer films (Figure 5.1A). This indicates successful incorporation of UPy-DOPA within the 
UPy-stacks of UPy-Priplast and UPy-PCL. Additionally, the AFM height images show similar 
surface morphology on the bioactivated UPy-polymers compared to the pristine UPy-poly-
mer films, which also indicates successful incorporation of UPy-DOPA (Figure 5.1A).
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Water contact angle measurements showed no difference in hydrophilicity when 10 
mol% UPy-DOPA was mixed with either pristine polymers of UPy-Priplast (89.6 ± 0.8o vs. 
90.0 ± 0.6o, with and without UPy-DOPA, respectively) or UPy-PCL (69.9 ±1.0o vs. 68.5 ± 0.8o, 
with and without UPy-DOPA, respectively) (Figure 5.1B). This is in contrast with previous 
reports, where a significant decrease in WCA was observed after modification of hydro-
phobic surfaces with catechol molecules via polydopamine.248 This could be due to higher 
amount of catechols in polydopamine-modified material surfaces. Dropcast films consisting 
of pristine UPy-DOPA showed relatively hydrophilic water contact angles of 50.3 ± 2.3o. This 
might indicate that the hydrophilic PEG linker and catechol groups of UPy-DOPA is initially 
not at the surface, and in the presence of cells and culture conditions it slowly re-assembles 
to the surface. To determine the presence of catechol functionalities in the dropcast films 
an Arnow’s test was performed (Figure 5.1C). Arnow’s test is a colorimetric assay which is 
based on the nitrosation of hydroxyl-containing benzenes which results in a color change. A 
clear red/brown color change was observed for dropcast films containing UPy-DOPA, which 
indicates the presence of oxidated catechol moieties. However, this apparently does not re-
sult in changes in hydrophilicity of the surface. In conclusion, these results show successful 
incorporation of UPy-DOPA additives in UPy-Priplast and UPy-PCL materials.

Figure 5.1: Material characterization of dropcast films. (A) Atomic force microscopy phase (top) and height (bottom) 
images of dropcast films consisting of UPy-Priplast without (left) and with 10 mol% UPy-DOPA (right), UPy-PCL 
without (left) and with 10 mol% UPy-DOPA (right). Scale bar is equal to 100 nm. (B) Water contact angles in degrees 
after 30 seconds on dropcast films (n = 6). (C) Arnow’s test to check for the presence of catechol functionalities in 
dropcast films. Scale bar is equal to 1 mm.
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CPC adhesion and viability

Incorporation and bioactivity of UPy-DOPA within pristine UPy-based polymers was 
tested at a cellular level by investigating CPC adhesion after 24 hours of culturing (Figure 
5.2A). On UPy-Priplast CPCs did not adhere after 24 hours (Figure 5.2A). Upon increase in 
concentration of UPy-DOPA, an increase in CPC adhesion was observed for 5 mol% and 10 
mol%. This matches with the total amount of cells/mm2, which significantly increases to 
170.9 ± 13.4 for 5 mol% and 147.9 ± 29.9 for 10 mol% UPy-DOPA (Figure 5.2B). The increase 
in adhesion and cell number is either due to, (i) an increase in the number of bound serum 
proteins or (ii) an increase in the adsorption strength of serum proteins on UPy-Priplast. In 
literature, improved adhesion on catechol-functionalized surfaces is interpreted by the abil-
ity to immobilize thiol/amine containing biomolecules via Michael-type addition or Schiff-
base reactions to o-quinones.253 In this study, no sodium periodate or basic solutions were 
used, which are required to oxidize catechols to reactive o-quinones.241 Another explana-
tion could be that serum proteins are stabilized by the hydroxyl groups of the catechol via 
hydrogen bonding. Furthermore, on hydrophobic surfaces, proteins tend to denature and 
therefore they might lose some of their adhesive properties.259 

Figure 5.2: CPC adhesion after culturing for 1 day on dropcast films. (A) Immunofluorescence micrographs showing 
adhesion of CPC with increasing mol% UPy-DOPA in base polymer UPy-Priplast and UPy-PCL in the top and bottom 
row, respectively. Integrin-β1 (green) and nucleus (blue). Scale bar is equal to 200 μm. (B, C) Quantification of the 
amount of cells per mm2 with increasing mol% UPy-DOPA in base polymer UPy-Priplast and UPy-PCL in the left and 
right graph, respectively. (D) Quantification of CPC adhesion (cells/mm2) after culturing for 24h on UPy-Priplast, 
UPy-Priplast + 10 mol% UPy-DOPA, UPy-Priplast with 10 mol% UPy-OMe, UPy-PCL, UPy-PCL + 10 mol% UPy-DOPA 
and UPy-PCL with 10 mol% UPy-OMe. Graph showing the viability of CPC after 1 day on UPy-Priplast and UPy-PCL 
and after the addition of UPy-DOPA (n = 3).
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As a control group, both UPy-Priplast and UPy-PCL were functionalized with UPy-OMe, 
an analogue guest molecule lacking catechol functionality, to confirm the effect of catechols 
at the surface (Scheme 5.1). On UPy-Priplast functionalized with UPy-OMe, no improve-
ment in the adhesion of CPCs was observed, proving the effect of catechol functionalities 
that improve cellular adhesion on UPy-Priplast films (Figure 5.2D). On pristine UPy-PCL CPCs 
showed adhesion and spreading (Figure 5.2A). This is in agreement with previous studies 
where 3T3 fibroblasts showed adhesion and spreading when cultured on pristine UPy-PCL.50 
CPCs showed a slight increase in spreading upon increase in molar concentration of UPy-DO-
PA to 10 mol%. Additionally, the amount of cells/mm2 slightly increased upon increase of 
UPy-DOPA concentration, however not significantly (Figure 5.2C). Similarly, UPy-PCL func-
tionalized with UPy-OMe showed no improvement of cell adhesion (Figure 5.2D). 

Next, viability of CPCs was assessed on UPy-based films after 24 hours of culturing 
(Figure 5.3). On UPy-Priplast CPCs showed low viability (16.5 ± 3.1%), which is primarily due 
to the loss of cellular adhesion after 24 hours of culturing. Upon incorporation of UPy-DOPA 
CPC adhesion significantly increased (90.4 ± 4.1%). On UPy-PCL CPCs showed high viability 
and upon incorporation of UPyDOPA, viability remained unchanged (97.7 ± 1.7% and 98.6 ± 
0.6%, respectively) (Figure 5.3). However, the absolute number of adhered cells did increase 
upon incorporation of 10 mol% UPy-DOPA. Improvement of CPC adhesion was achieved by 
modular incorporation of low amounts of UPy-DOPA (1.67 mg/ml) in UPy-based polymers, 
excluding the use of oxidating agents or basic pH.

Figure 5.3: Viability of CPCs on supramolecular dropcast films. A) Live dead images and B) quantification of CPCs 
after 1 day of culturing on UPy-Priplast, UPy-Priplast + 10 mol% UPy-DOPA, UPy-PCL and UPy-PCL + 10 mol% UPy-
DOPA.

Cardiac ECM gene expression

Recently, CPCs have proven to be a potential cell source for cardiac tissue engineering 
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approaches due to their ability to proliferate, differentiate into cardiomyocytes and their ca-
pacity to produce cardiac ECM components.92,189,191 To investigate the ECM formation capa-
bilities of CPCs on different supramolecular surfaces, cardiac specific ECM gene expression 
was studied. For simplification, the cardiac ECM was divided into three categories, (1) the 
pericellular matrix, (2) basement membrane and (3) connective tissue layer (Figure 5.4A). 
The pericellular matrix consists of hyaluronan and proteoglycan link protein 3 (HAPLN3) and 
versican (VCAN). The basement membrane consists of collagen type IV (COL4A1), proteo-
glycan α-1 (HSPG2), laminin γ-1 (LAMC1) and nidogen (NID1). Finally, the connective tissue 
layer consists of fibrillin-1 (FBN1), collagen type III (COL3A1), decorin (DCN), collagen type 
I (COL1A1) and fibronectin (FN1). CPCs cultured for 7 days on the different supramolecular 
surfaces were compared to CPCs cultured on fibronectin-coated glass to check the effect 
of the supramolecular surfaces on gene expression levels (Figure 5.4B–D). Due to high cell 
death on pristine UPy-Priplast surfaces after 1 day, no cells remained and gene expression 
was not possible to be measured for this condition after 7 days (Figure 5.3). On UPy-Priplast 
functionalized with UPy-DOPA, low gene expression for the ECM components HAPLN3, CO-
L4A1, DCN and COL1A1 was seen compared to CPCs cultured on fibronectin-coated cover 
glass (Figure 5.4D). This might be due to the lower amount of CPCs and consequently less 
cell-cell contacts on UPy-Priplast based films compared to UPy-PCL based films after 7 days 
of culture (data not shown).

Figure 5.4: Expression of ECM genes by CPCs. (A) Overview of cardiac-specific ECM components and are arranged 
in pericellular matrix in red (Versican and HAPLN3), basement membrane in purple (nidogen-1, laminin γ1, 
perlecan α1 and collagen IV) and connective tissue in red (fibronectin, collagen I, decorin and collagen III). (B–
D) Gene expression by CPC after culturing for 7 days on UPy-PCL, UPy-PCL with 10 mol% UPy-DOPA and UPy-
Priplast with 10 mol% UPy-DOPA compared to CPCs cultured on fibronectin-coated glass. Relative gene expression 
of corresponding ECM component on (B) UPy-Priplast + UPy-DOPA, (C) UPy-PCL and (D) UPy-PCL + UPy-DOPA 
compared to expression of CPCs cultured on fibronectin-coated glass which is normalized to 1, represented by 
straight (mean) and dotted (SD) line. Bars represent means + SD (n = 3).

Nevertheless, cardiac markers which are identical for CPC were expressed and main-
tained on all surfaces (Figure 5.5). On pristine UPy-PCL, genes expressed for ECM compo-
nents found in the pericellular matrix, basement membrane and connective tissue layer, 
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showed similar levels of expression compared to CPCs cultured on fibronectin-coated glass 
(Figure 5.4B). Similarly, on UPy-DOPA functionalized UPy-PCL films, gene expression of 
all cardiac categories remained similar compared to CPCs cultured on fibronectin-coated 
glass (Figure 5.4C). These results show the feasibility to maintain CPC-based cardiac ECM 
formation through the preservation of ECM gene expression and CPC phenotype on cat-
echol-functionalized supramolecular surfaces.

Figure 5.5: Gene expression of cardiac markers by CPCs after 7 days on UPy-Priplast + UPy-DOPA, UPy-PCL and 
UPy-PCL + UPy-DOPA compared to expression of CPCs cultured on fibronectin-coated glass which is normalized to 
1, represented by straight (mean) and dotted (SD) line. Bars represent means + SD (n = 3).

Cardiac ECM production

Cardiac specific protein production and localization on supramolecular surfaces and 
the effect of catechol incorporation was studied (Figure 5.6). Similarly, due to high cell death 
on pristine UPy-Priplast surfaces after 1 day of culture, ECM production was not detected 
after 7 days (Figure 5.3). The basement membrane component laminin γ1 was located in 
the cytosol (Figure 5.6A, F and K). Similarly, collagen IV was observed on all surfaces (Figure 
5.6B, G and L). The presence of extracellular fibronectin was observed on all surfaces, how-
ever no difference were observed when catechol functionalities were incorporated (Figure 
5.6C, H and M). Further analysis should be performed to assess fibronectin immobilization 
on catechol-functionalized supramolecular surfaces, since fibronectin production is a cru-
cial ECM component which has been shown to improve matrix assembly and cardiac pro-
genitor cell proliferation and alignment.260,261 Furthermore, extracellular collagen type I was 
observed on all surfaces (Figure 5.6D, I and N). Additionally, the presence of extracellular 
collagen was observed on all surfaces, which was confirmed with CNA35-mCherry staining 
(Figure 5.7).94 Lastly, collagen type III was mostly observed within the cytosol of CPCs (Fig-
ure 5.6E, J and O). With these results, it can be concluded that ECM production by CPCs is 
preserved on catechol-functionalized supramolecular surfaces. 
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Figure 5.6: Immunofluorescence micrographs showing ECM production by CPC after culturing for 7 days on 
dropcast films. ECM production is visualized on (A–E) UPy-Priplast + 10 mol% UPy-DOPA, (F–J) UPy-PCL and (K–O) 
UPy-PCL + 10 mol% UPy-DOPA. ECM component are (A, F, K) laminin γ1 (violet), (B, G, L) collagen IV (violet), (C, 
H, M) fibronectin (red), (D, I, N) collagen I (red) and (E, J, O) collagen III (red). ECM components are presented in 
magenta or red and nucleus in blue. Scale bar = 50 μm.
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Figure 5.7: Fluorescence micrographs showing extracellular collagen production by CPC after culturing for 7 days 
on dropcast films. From top to bottom; UPy-Priplast + UPy-DOPA, UPy-PCL and UPy-PCL + UPy-DOPA and from left 
to right; Calcein, CNA35-mCherry and merged image of both Calcein (green) and CNA35-mCherry (red). Scale bar 
= 50 μm. 

UPy-Priplast based electrospun meshes

The application of a 2D elastomeric film in any in vivo application is challenging due 
to the minimal similarity in structure compared to 3D native ECM. For this reason, it was 
proposed to create more 3D native-like fibrous architectures using an electrospinning tech-
nique, which increases surface-to-volume ratio and porosity. Particularly in the field of car-
diac tissue engineering, the development of fibrous 3D meshes can act as ideal scaffolds for 
the growth, survival and function of embedded cells.49,188,262 In collaboration with Denise de 
Bont, pristine UPy-Priplast and UPy-Priplast functionalized with 10 mol% UPy-DOPA were 
electrospun from organic solvent, which resulted in fibrous meshes with fiber diameters 
of 9.7 ± 2.1 µm and 7.5 ± 2.9 µm and mesh thicknesses of 120 ± 9 µm and 99 ± 8 µm, re-
spectively (Figure 5.8). Additionally, due to the micrometer-fiber diameter, an open pore 
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structure was created which should promote the infiltration of cells within the 3D network.

Figure 5.8:  Scanning electron microscopy images of electrospun pristine UPy-Priplast polymer (left) and UPy-
Priplast functionalized with 10 mol% UPy-DOPA (right). Scale bar = 200 µm. 

Next, CPCs were seeded on electrospun meshes consisting of pristine UPy-Priplast and 
UPy-Priplast functionalized with 10 mol% UPy-DOPA and cultured for 1 and 7 days (Figure 
5.9). Limited amount of CPCs were observed in pristine UPy-Priplast electrospun meshes 
and a round morphology was observed after 1 and 7 days of culture (Figure 5.9, A1-4 and 
C1-4), which is comparable to cellular morphologies observed for CPCs seeded on 2D sol-
vent-cast films (Figure 5.2 and 5.3). Interestingly, upon incorporation of 10 mol% UPy-DOPA, 
increase in amount of cells was observed in the electrospun meshes after 1 and 7 days of 
culture (Figure 5.9, B1-4 and D1-4). Moreover, CPCs showed an elongated and spread mor-
phology on the bioactivated meshes. Next, the formation of focal adhesions were checked 
through the expression of zyxin, which is an important intracellular protein involved in the 
formation of stable focal adhesion and in the regulation of cellular differentiation.209 For 
pristine UPy-Priplast meshes, no zyxin spots were observed at the cell-scaffold interface 
after 1 or 7 days of culture, which indicates limited to no adhesion (Figure 5.9, A1-4 and 
C1-4). However a considerable amount of zyxin spots were observed for CPCs seeded in 
UPy-Priplast functionalized with 10 mol% UPy-DOPA (Figure 5.9, B1-4, indicated with white 
arrows). Additionally, upon culturing for longer time periods, an increase in amount of zyxin 
spots was observed, however cell numbers remained similar (Figure 5.9, D1-4, indicated 
with white arrows). These results indicate the formation of stable focal adhesion after the 
bioactivation of non-adhesive UPy-Priplast polymers.  More quantification is needed to de-
termine significant differences in cell numbers and zyxin spots upon functionalization of 
UPy-Priplast with 10 mol% UPy-DOPA. Nevertheless, these qualitative results clearly show 
the possibility to improve cell-matrix interactions by simply mixing a catechol-modified 
UPy-additive with a supramolecular UPy-based polymer and the possibility to process it into 
electrospun fibrous meshes. 

UPy-Priplast UPy-Priplast + UPy-DOPA
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Figure 5.9: Immunofluorescence micrographs showing CPC adhesion within the electrospun UPy-Priplast-based 
meshes. Limited cell numbers and no zyxin spots are observed in pristine UPy-Priplast electrospun meshes after 1 
day (A1-4). Similarly, after 7 days no improvement in cell number and zyxin spots were observed for CPCs seeded in 
pristine UPy-Priplast meshes (C1-4). Upon functionalization of UPy-Priplast with 10 mol% UPy-DOPA, and increase 
in cell number (not quantified) and zyxin spots was observed after 1 day of culture (B1-4). Similarly, after 7 days 
of culture CPCs expressed multiple zyxin spots. Blue = nucleus, green = f-actin and red = zyxin. Scale bar = 50 µm.

Conclusion

Successful formulation and development of adhesive supramolecular surfaces using 
UPy-DOPA was achieved. This was realized by modularly incorporating UPy-DOPA with non-
cell adhesive UPy-Priplast and cell-adhesive UPy-PCL, thereby, creating improved cellular 
adhesive supramolecular biomaterials. Additionally, these supramolecular biomaterials 
showed the capability to support the preservation of endogenous ECM gene and protein 
expression by CPCs, which is of high relevance for cardiac tissue engineering approaches. 
Moreover, UPy-Priplast based electrospun meshes were successfully created and improve-
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ment of cell-matrix interactions was also achieved following incorporation of UPy-DOPA 
functionalities. 

Experimental section

Intrumentation. 1H-NMR and 13C-NMR spectra were recorded on a 400 MHz NMR (Varian Mer-
cury Vx or Varian 400MR) operating at 400 MHz for 1H-NMR and 100 MHz for 13C-NMR. Proton chem-
ical 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 standard. Abbre-
viations used are s: singlet, d: doublet, t: triplet, q: quartet, m: multiplet. IR spectra were acquired 
on a Perkin-Elmer spectrum Two equipped with a UATR Two sample stage. Matrix assisted laser de-
sorption/ionisation mass spectra were obtained on a Bruker autoflex speed spectrometer using α-cy-
ano-4-hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]
malononitrile (DCTB) as matrices. DSC spectra were obtained on a TA-instruments DSC Q2000 with 
heating and cooling rates of 10 °C/min at the first heating run. Gel permeation chromatography (GPC) 
was carried out on a Shimadzu Prominence-i LC-2030C 3D system equipped with refractive index and 
UV/vis detectors (Shimadzu RID-10A and Shimadzu SPD-M10A photodiode array detector respective-
ly) using Polymer Laboratories PL Gel 5 μm MIXED-C and MIXED-D columns. Liquid chromatography 
mass spectrometry (LC-MS) data was obtained with a Thermoscientific LCQ fleet spectrometer. Flu-
orescent images were taken on the Zeiss Axiovert 200M fluorescent microscope, the Zeiss LSM510 
META NLO confocal laser scanning microscope or Leica TCS SP5X confocal laser scanning microscope. 

Materials. Bifunctional UPy-modified polycaprolactone (compound 1, Mn = 2.7 kg/mol) was pro-
vided by SyMO-Chem BV. Unless stated otherwise, all reagents and chemicals were obtained from 
commercial sources at the highest purity available and used without further purification. All solvents 
and chemicals were purchased from Sigma-Aldrich or Biosolve. Priplast 3196 was obtained from 
Croda (Gouda, the Netherlands). 2(6-Isocyanatohexylaminocarbony-amino)-6-methyl-4[1H]pyrimid-
inone (UPy-C6-NCO) was synthesized as described.263 Phosphate buffered saline (PBS) tablets were 
purchased from Sigma-Aldrich (pH 7.20-7.60). Gelatin from porcine skin Type A was purchased from 
Sigma (gel strength = 300 g Bloom). Trypsin-EDTA solution was purchased from Sigma (0.5 g/L porcine 
trypsin and 0.2 g/L EDTA in Hank’s Balanced Salt Solution with phenol red). Fibronectin from bovine 
plasma was purchased from Biomedical Tecnhologies Inc.

Table 5.1: List of antibodies used for immunofluorescent staining
Antigen Source Cat. no Isotype Label Species Dilution
Integrin-β1 SC sc-53711 IgG1 - Mouse 1:50
Collagen I USBiological C7510-17K IgG - Goat 1:50
Collagen IV Abcam ab86042 IgG1 - Mouse 1:100
Collagen III Abcam ab7778 IgG - Rabbit 1:100
Fibronectin Sigma F-3648 IgG - Rabbit 1:200
Laminin γ1 Abcam ab17792 IgG1 - Rat 1:50
Zyxin Sigma HPA004835 IgG - Rabbit 1:400
Rabbit IgG Invitrogen A31572 IgG (H+L) Alexa 555 Donkey 1:300
Rabbit IgG Molecular Probes A21428 IgG (H+L) Alexa 555 Goat 1:200
Mouse IgG1 Molecular Probes A21121 IgG1 (H) Alexa 488 Goat 1:300
Mouse IgG1 Molecular Probes A21127 IgG1 (H) Alexa 555 Goat 1:200
Goat IgG Invitrogen A21432 IgG (H+L) Alexa 555 Donkey 1:50
Rat IgG Molecular Probes A21434 IgG (H+L) Alexa 555 Goat 1:200
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Table 5.2: List of primer sequences using for qPCR
Gene of interest Sequence Annealing temperature

GATA-4 fw TCCAGCAACTCCAGCAAC 60
rev AGACATCGCACTGACTGAG 60

Nkx2.5 fw CCCCTGGATTTTGCATTCAC 60
rev CGTGCGCAAGAACAAACG 60

Connexin43
fw TTTCTTCAAGGGCGTTAAGGATC 60
rev AGGAGGAGACATAGGCGAGAG 60

Versican
fw GGCACCTGTTATCCTACTGAAA 60
rev ACACAAGTGGCTCCATTACG 60

Link protein (HAPLN3)
fw TGGTTCACCCGCATCCTAAC 60
rev GTAAACACCGTACAAGCGGC 60

Nidogen
fw CCGAGAATGTGTTCTCGCTC 60
rev TGACGCCTTCTGCTACAACA 60

Laminin γ1 (LAMC1)
fw CGCACATAGGTGATGTCAAAA 60
rev ACCGACTACAACAACCAGGC 60

Perlecan α1 (HSPG2) fw GGTGTATCGCAACTTCCCAC 60
rev CCAGCTCTCTTTTGGCAACT 60

Collagen IV fw ACTCTTTTGTGATGCACACCA 60
rev AAGCTGTAAGCGTTTGCGTA 60

Fibronectin fw AAGACCAGCAGAGGCATAAGG 60
rev CACTCATCTCCAACGGCATAATG 60

Collagen I fw AATCACCTGCGTACAGAACGG 60
rev TCGTCACAGATCACGTCATCG 60

Decorin fw TGCAGGTCTAGCAGAGTTGTGT 60
rev AATGCCATCTTCGAGTGGTC 60

Collagen III fw ATCTTGGTCAGTCCTATGC 60
rev TGGAATTTCTGGGTTGGG 60

Synthesis of UPy-Priplast. 

Scheme 5.2: Synthesis of the UPy-Priplast (1), n~4, Mn = 4990 g/mol.

Priplast 3196 (25 g, 9.24 mmol) was dissolved in 150 mL chloroform, UPy-C6-NCO (5.69 g, 19.42 
mmol) and dibutyltin dilaurate (0.29 g, 0.46 mmol) were added. The reaction mixture was stirred at 
reflux under argon for 5 h, then overnight at 70 oC. The reaction mixture was diluted with 1 L chloro-
form and filtered over a glass filter (pore size = 1), then over a glass filter (pore size = 1) with hyflo, and 
again over a glass filter (pore size = 3) with hyflo until a clear solution was obtained. The solvent was 
evaporated and product was further dried in vacuo at 35 oC affording 22 g (72 %) of UPy-Priplast (1). 
1H-NMR (399 MHz, CDCl3) δ 13.14 (s, 1H), 11.86 (s, 2H), 10.15 (s, 2H), 7.05 – 6.59 (m, 2H), 5.85 (s, 2H), 
4.89 (s, 2H), 4.31 – 3.84 (m, 22H), 3.20 (d, J = 39.2 Hz, 8H), 2.53 (s, 4H), 2.31 – 2.17 (m, 24H), 1.93 – 0.73 
(m, 387H). 13C-NMR (100 MHz, CDCl3) δ 173.90, 173.11, 156.72, 156.54, 154.68, 148.23, 106.66, 64.57, 
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64.12, 40.69, 39.63, 37.40, 37.12, 34.67, 34.35, 33.67, 33.22, 32.76, 32.36, 31.91, 30.15, 30.02, 29.77, 
29.70, 29.64, 29.50, 29.34, 29.29, 29.18, 28.96, 28.55, 27.10, 26.70, 26.29, 26.12, 25.61, 25.54, 25.00, 
23.15, 22.68, 19.71, 18.92, 14.11. Maldi-TOF m/z calcd (C200H364N10O24) 3293; found 3674  [M-UPy-C6, 
n=5,]+, 3001 [M-UPy-C6, n=4]+, 2364 [M-UPy-C6, n=3]+, 1720 [M-UPy-C6, n=2]+,1071 [M-UPy-C6,n=1]+ 
FT-IR (ATR): υ (cm-1) =2923, 2853, 1736, 1701, 1664, 1587, 1524, 1461, 1376, 1249, 1169, 845, 755, 
725, 602, 564, 523. DSC (10 °C/min, first heating run): Tg = -51.9 oC; Tc = 37.1 oC, ΔH = 3.99 J/g; Tm = 77.3 
oC, ΔH = 5.61 J/g. Mn (GPC, RI, THF): (1) 4.99 kDa; D: 2.33; Priplast 3196 4.95 kDa; D: 2.30.

Synthesis of UPy-DOPA.

Scheme 5.3: Synthetic route of monofunctionalized UPy-DOPA (2). 

The synthesis of the UPy-COOH synthon has been described previously.264 UPy-COOH (170 mg; 
0.15 mmol) was dissolved in 5 mL DMF under argon. Pyridine (70 μL, 0.77 mmol) and HATU (70 mg, 
0.17 mmol) were added to the reaction mixture and stirred for 30 min. After pre-activation, 3,4-di-
hydroxyphenethylamine hydrochloride (31 mg, 0.17 mmol) was added and the reaction was stirred 
overnight under argon. The reaction mixture was precipitated in a 1% (v/v) solution of formic acid in 
water. The precipitate was collected and freeze-dried yielding 166 mg (87%) of the product as a yel-
lowish white solid. 1H-NMR (400 MHz, CDCl3) δ 13.18 (s, NH), 11.75 (s, NH), 9.79 (s, NH), 8.63 (s, 1H), 
), 8.27 (s, 1H), 6.75 (m, 1H), 6.69 (m, 1H), 6.55 (dd, 1H), 5.86 (s, 1H), 5.01 (s, NH), 4.18 (t, 2H), 3.63 
(m, 48H), 3.23 (t, 2H), 3.20 (m, 6H), 2.64 (t, 2H), 2.44(t, 2H), 2.23 (s, 3H), 1.28 (m, 6H), 1.25 (m, 28H). 
13C-NMR (100 MHz, CDCl3) δ 172.31, 172.22, 144.90, 143.59, 131.43, 120.89, 116.40, 115.99, 106.88, 
71.08, 71.03, 71.00, 70.97, 70.94, 70.92, 70.90, 70.88, 70.80, 70.77, 70.61, 70.52, 70.12, 67.69, 67.16, 
64.24, 41.36, 40.94, 40.86, 40.82, 39.91, 37.29, 35.45, 35.14, 30.72, 30.67, 30.35, 30.23, 30.14, 29.97, 
29.93, 29.78, 29.67, 27.36, 27.16, 26.62. LCMS: calc. MW = 1273.6 g/mol, found m/z: 1273.7 [M+H]+, 
637.1 [M+2H]2+.

Silanization of glass coverslips. Glass coverslips (diameter = 13 mm, water contact angle = 64.9 
± 3.4o) were made hydrophobic (water contact angle = 97.4 ± 2.1o) by first washing them with aceton, 
isopropanol, milliQ water, etching them with Piranha solution (3:1 of sulphuric acid and hydrogen per-
oxide), followed by reacting it with dimethyldichlorosilane (in heptane) and washing them with pure 
heptane. Subsequently, the dropcast films were dried with N2 air.
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Preparation of UPy-Priplast films for tensile testing. Solutions of UPy-Priplast in CHCl3 
(15 mg/mL) were stirred overnight, casted into Teflon molds (SyMo-Chem B.V., 4.5 × 10.5 × 
0.5) and placed under a glass bowl to ensure slow evaporation of CHCl3. Dog bone shaped 
molds (18 × 5 mm) were used to cut out dog bone shaped polymer films. Stress–strain 
measurements were performed on a Zwick Z010 Tensile tester (Zwick Roell). Samples were 
placed in clamps with a crosshead of 18 mm and a pre-load of 0.1 N was applied with a 
speed of 0.3 mm/s.265 Samples were loaded until break with a loading speed of 1 mm/min. 
Strain-at-break, stress-at-break and Young’s modulus was calculated from the loading curve 
using Matlab (Mathworks).

Preparation and analysis of dropcast films. Polymer solutions were prepared by mixing UPy-
PCL (31.8 mg ml−1 in HFIP) or UPy-Priplast (38.8 mg/ml in CHCl3) with UPy-DOPA (1.67 mg/ml in CHCl3 
: MeOH (95 : 5)), resulting in mixtures with 10 mol% UPy-DOPA. UPy-PCL and UPy-Priplast based films 
were prepared by dropcasting 40 μL and 80 μL polymer solutions on untreated glass coverslips and 
silanized glass coverslips, respectively. Pure UPy-DOPA solutions (25 mg/ml in CHCl3 : MeOH (95 : 5 vol-
ume ratio)) were dropcast on silanized glass coverslips. Dropcast films were dried in vacuum at room 
temperature overnight. Fibronectin-coated cover glasses were prepared by incubating them in 30 μg/
mL fibronectin in PBS for 1–2 hours at room temperature. Atomic force microscopy (AFM) phase and 
height images of dropcast films were recorded at room temperature using a Digital Instruments Mul-
timode Nanoscope IV operating in the tapping regime mode using silicon cantilever tips (PPP-NCHR, 
204–497 kHz, 10–130 N/m). Images were processed using Gwyddion software (version 2.43). Water 
contact angles were measured on an OCA30 (DataPhysics) at room temperature. Water droplets (4 μL) 
were applied on the dropcast films and the angle of the water–air–polymer interface was measured 
after 30 seconds. Arnow’s test was performed to detect catechol residues within the dropcast films.266 
In this assay, the following components are sequentially added to produce a red/brown color in the 
presence of phenolic hydroxyl groups: 0.5 mL HCl (0.5 M), 0.5 mL nitritemolybdate (0.02 v/v%), 0.5 
mL NaOH (1 M), and 0.5 mL distilled water. Images were taken with a digital camera (Canon G16) and 
contrast was manually adapted to highlight the differences between UPy-Priplast films without and 
with UPy-DOPA or UPy-PCL films without and with UPy-DOPA.

Preparation of electrospun meshes. Solutions of UPy-Priplast in CHCl3 (290 mg/mL) were stirred 
overnight and electrospun into pristine UPy-Priplast meshes. Solutions of UPy-Priplast with 10 mol% 
UPy-DOPA started by first dissolving UPy-DOPA (25 mg/ml in CHCl3 : MeOH (95 : 5 volume ratio)) 
followed by mixing it with UPy-Priplast solutions (529 mg/mL) to create a final 290 mg/mL mixture 
of UPy-Priplast functionalized with 10 mol% UPy-DOPA. Electrospinning was performed at 23 oC, 30% 
humidity, 60 µL/min flow speed, a collector speed of 100 rpm, a collector diameter of 28 mm, 24 kV 
voltage difference, a working distance of 25 cm, a scan speed of 15 mm/s and 30 minutes spinning 
time (IME Technologies). Electrospun meshes were dried overnight in vacuum at room temperature. 
Meshes consisting of UPy-Priplast and UPy-Priplast with 10 mol% UPy-DOPA had a thickness of 120 ± 
9 µm and 99 ± 8 µm, respectively, measured with a digital microscope (Keyence, VHX-500F). Images 
were taken with a scanning electron microscope (SEM) (Quanta 600F SEM) and made under low vac-
uum at 10 cm working distance with 10 kV voltage and a spot size of 4. Fiber diameters were deter-
mined using image processing software (ImageJ 1.50i).

Cell culture and seeding. L9TB cardiomyocyte progenitor cells (CPC) were immortalized by len-
tiviral transduction of hTert and BMI-1 (L9TB).189 CPCs were cultured in SP++ growth medium contain-
ing M199 (Gibco) which is bicarbonate buffered, and EGM-2 BullitKit (Lonza) in a 3 : 1 volume ratio, 
supplemented with 10% fetal bovine serum (Bovogen), 1% penicillin/streptomycin (Lonza) and 1% 
non-essential amino acids (Gibco) at physiological pH. CPCs were cultured on 0.1% gelatin coated 
PS, passaged at 80–90% confluency and seeded at a concentration of 2.6 × 104 cells/cm2 on dropcast 
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films. CPCs were cultured for 1 or 7 days on dropcast films and medium was changed every 2-3 days. 
For electrospun meshes, circular shaped meshes (diameter = 11 mm) were first sterilized with UV-light 
for 30 min, afterwards the meshes were fixed into plastic molds (inner diameter = 9 mm and outer 
diameter = 13 mm) to prevent floating of the meshes. CPCs were seeded at a concentration of 1.6 x 
105 cells/cm2, cultured for 1 of 7 days and medium was changed every 2-3 days. 

(Immuno) fluorescent stainings. CPCs cultured on dropcast films were first washed with PBS, 
fixated in 3.7% formaldehyde (Merck) for 10 minutes, washed with PBS and permeabilized with 0.5% 
Triton X-100 (Merck) for 10 minutes. Non-specific binding of antibodies was minimized by incubating 
twice in 1% horse serum (Gibco) for 10 minutes. Cells were then incubated with primary antibodies 
(Table 5.1) in 10% horse serum and a Net-gel buffer (50 mM Tris pH = 7.4, 150 mM NaCl, 5 mM EDTA, 
0.05% NP-40, 0.25% gelatin in milliQ) overnight at 4 oC. Subsequently, cells were first washed with 
Net-gel and incubated with the secondary antibody (Table 5.1) for 1 hour in Net-gel followed by in-
cubation with DAPI (0.1 μg/mL) in PBS for 5 minutes. Filamentous actin (F-actin) was stained using a 
FITC-labelled phalloidin dye (1:300 in PBS) and incubated for 45 min. Finally, samples were washed 
and mounted on cover glasses with mowiol (Sigma). 

Viability assay and collagen staining. Viability assay was performed using Calcein-AM (Fluka) 
and propidium iodide (PI, Invitrogen). CPCs cultured on dropcast films were incubated with serum-free 
medium with 10 μM Calcein-AM and PI for 30 minutes and imaged using a fluorescent microscope 
(Zeiss Axiovert 200 M). Cells were quantified using Mathematica software (Wolfram). Collagen was 
stained using a CNA35 probe linked to a mCherry-dye (CNA35-mCherry).267 Cells were incubated with 
1 μM CNA35-mCherry in standard culture medium for 30 minutes and imaged using a confocal laser 
scanning microscope (Leica TCS SP5X).

Gene expression analysis. CPCs were cultured for 7 days on UPy-Priplast + 10 mol% UPy-DOPA, 
UPy-PCL and UPy-PCL + 10 mol% UPy-DOPA and compared to CPCs cultured on fibronectin-coated 
coverglass. Total RNA was isolated using the Qiagen RNAeasy isolationkit (Qiagen). cDNA was synthe-
sized for 250 ng RNA per sample using the MMLV (Bio-Rad). Primers for quantitative PCR (qPCR) were 
designed using qPrimerDepot and BLAST. cDNA samples were subjected to qPCR using iQTM SYBR@ 
Green Supermix (Bio-Rad) and the Bio-Rad IQ™5 detection system (Version 1.6). Primer sequences 
and annealing temperatures can be found in the Table 5.2.

Statistical analysis. Data are presented as mean ± standard deviation (SD). These data consisted 
of water contact angles, cellular adhesion, viability and relative gene expression. All statistical differ-
ences were determined using a non-parametric Kruskal–Wallis test with Dunn’s post hoc test. Prob-
abilities of p < 0.05 were considered as significantly different. All statistical analyses were performed 
using GraphPad Prism 5 Software (GraphPad Software, Inc.).

Acknowledgements

Marie-José Goumans is gratefully acknowledged for the L9TB CPC. We also thank Mar-
leen Kamperman for the useful discussions. We acknowledge the support from the Neth-
erlands Cardiovascular Research Initiative (CVON 2012-01). The Dutch Heart Foundation, 
Dutch Federation of University Medical Centers, the Netherlands Organization for Health 
Research and Development and the Royal Netherlands Academy of Sciences. Additionally, 
this work was financially supported by the European Research Council (FP7/2007-2013) ERC 
Grant Agreement 308045, the Ministry of Education, Culture and Science (Gravity program 
024.001.03), and ZonMW as part of the LSH 2Treat program (project number 436001003).



95

Supramolecular surface functionalization via catechols for the improvement of 
cell-material interactions

5



96



97

Rheological techniques to measure tissue-
adhesive properties of catechol-modified 

supramolecular hydrogels
Abstract

Current poly(ethylene glycol) (PEG)-based hydrogels, which are bifunctionalized and 
crosslinked via quadruple hydrogen bonding ureido-pyrimidinone (UPy) units (bUPy), show 
limited cell and tissue adhesion. It is proposed that this low adhesiveness is caused by the 
presence of the long PEG chains. In this work, a modular approach to develop bUPy hy-
drogels containing mussel-inspired catechol-amine moieties was employed. In addition, 
rheological testing regimens to measure mechanical behaviour and tissue adhesiveness of 
different hydrogels were described. Catechol-functionalities are covalently bound to UPy-
units and consequently mixed in a modular fashion with telechelic bUPy polymers forming 
a supramolecular transient network in water. Using this method, the mechanical properties 
and tissue adhesiveness following bioactivation of catechol-modified UPy-functionalities 
(UPy-DOPA) were evaluated. No differences in mechanical behaviour were observed, indi-
cating that the incorporation of UPy-DOPA did not influence mechanical properties of the 
bUPy hydrogels. Yet, tissue adhesiveness also remained unaffected following bioactivation 
with UPy-DOPA. Nevertheless, the applied rheological testing regimen proved useful to de-
termine tissue adhesive properties of different hydrogelators. 
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Introduction

Many researchers have used mussel-inspired chemistries to develop hydrogels that 
have an intrinsic property to adhere to tissue.244 Marine mussels secrete so-called foot 
proteins, which contain the catecholic amino acids 3,4-dihydroxyphenyl-˪-alanine (DOPA), 
which they use to adhere to rough surfaces in aqueous environments.242 These catechols are 
versatile reactive groups, in such a way that they can form covalent bonds in the presence of 
nucleophiles in basic conditions (pH > 7.5) or form hydrogen bonds and chelate with metals 
in neutral or acidic conditions.241 This inspired researchers to create catechol-containing pol-
ymers and develop hydrogels with intrinsic adhesive properties in aqueous environments.243 
As a result, various polymers such as, poly(ethylene glycol) (PEG),250 chitosan,268,269 and algi-
nate,251 have been modified with catechol functionalities.

Shin et al. developed a hyaluronic acid (HA) polymer modified with catecholamines 
at different degrees of substitutions.270 This catechol-modified HA polymers formed a sta-
ble covalently crosslinked network in the presence of an oxidative agent, sodium periodate 
(NaIO4). Additionally, HA-catechol gels showed increased cellular viability and improved 
tissue integration following implantation compared to methacrylate modified HA hydro-
gels. Thus, showing the improved efficacy of delivered cells in different applications due to 
the presence of versatile catechol functionalities. Furthermore, Brubaker et al. developed 
a 4-arm PEG polymer containing an elastase-degradable peptide and catechol-functional-
ities.250 Rapid gelation (<1 min) was observed in the presence of NaIO4, which results in 
the spontaneous oxidation of catechols, formation of reactive ο-quinone and consequently 
reacts with nucleophilic groups to form covalent bonds. Due to presence of elastase-degra-
dable peptides, the implanted hydrogel degraded over several months and showed min-
imal inflammatory reactions.  Next to chemical oxidative agents such as NaIO4, enzymes 
(e.g. tyrosinases or horse radish peroxidases)271–273 or basic buffers (Tris-HCl, pH =8.5) were 
used to catalyze the formation of reactive o-quinones and consequently induce covalent 
crosslinking.241 Additionally, ionic complexation with Fe3+ has been used to form non-co-
valent crosslinks and self-healing hydrogels.272,274 These examples show the diversity and 
applicability of catechol-containing hydrogels for tissue engineering applications.

In this work, we employed a modular and supramolecular approach to develop cat-
echol-modified hydrogels based on PEG polymers modified with hydrogen bonding urei-
do-pyrimidinone (UPy) units. In the presence of water, bUPy polymers self-assemble into 
dynamic transient networks and have been used previously for minimally-invasive delivery 
of proteins to the infarcted myocardium.21,74,275 Moreover, extensive research has been per-
formed on the structure and assembly of pH-responsive bUPy based hydrogelators.65,67,69 
Disadvantages of injectable bUPy hydrogels are the low-cellular and tissue adhesive prop-
erties. Therefore, UPy-modified mussel-inspired catechol additives (UPy-DOPA) are mixed 
with the bUPy hydrogelator to enhance tissue-adhesion. Furthermore, a method is devel-
oped to measure the mechanical and tissue adhesive properties of hydrogelators. Finally, 
supramolecular catechol-modified bUPy hydrogels are compared to a covalently crosslinked 
DOPA-gel in terms of gelation, mechanical properties and tissue adhesion (Scheme 6.1).250,274 
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Scheme 6.1: Chemical structure and schematic overview of A) Supramolecular hydrogel building blocks based on 
bifunctional bUPy10k and catechol-modified monofunctional UPy-DOPA and B) Covalent hydrogel blocks based on 
4-arm PEG10k catechol-modified star-DOPA. 

Results & discussion

Hydrogel formation

Supramolecular hydrogels based on PEG modified with quadruple hydrogen UPy units 
(bUPy) polymers are mixed with UPy-modified catechol (UPy-DOPA) functionalities in or-
der to obtain a tissue-adhesive hydrogel. Hydrogels (9 wt%) based on bUPy with 10 mol% 
UPy-DOPA were successfully created by mixing both components. Following the addition 
of NaIO4 (1 mM), a homogenous color change was observed, which is due to the oxidation 
of catechol-functionalities (Figure 6.1). Hydrogels based on star-DOPA molecules were cre-
ated by mixing an 18 wt% solution of star-DOPA with an equal volume of NaIO4 (38 mM). 
Extremely fast gelation and a color change were observed after mixing both solutions, which 
is in agreement with literature (Figure 6.1).276 The increase in color intensity for star-DOPA 
hydrogels compared to bUPy functionalized with UPy-DOPA is due to the presence of oxi-
dized catechol-residues.

Figure 6.1: Hydrogel formation after addition of sodium periodate (NaIO4) of 9 wt% bUPy, bUPy + UPy-DOPA and 
star-DOPA. The color change indicates the presence of oxidized catechol-residues. 

Rheological characterization

Hydrogels were characterized with rheology to determine the mechanical properties 
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and time-dependent behaviour as a result of addition of UPy-DOPA. Upon functionalization 
of bUPy with UPy-DOPA, no difference in storage modulus G’ and loss modulus G” was ob-
served, which indicates minimal hindrance of UPy-DOPA functionalities on the UPy-network 
of bUPy hydrogels (Figure 6.2 and Table 6.1). A clear decrease in storage modulus (G’) was 
observed upon decreasing the frequency of the applied shear stress (Figure 6.2). This is 
commonly observed for non-covalently crosslinked networks in which the network relaxes 
after the application of slow deformations and results in a decrease in storage modulus and 
finally cross-over of storage and loss moduli.277 

Figure 6.2: Frequency sweep of supramolecular bUPy (9 wt%, N=3) and bUPy + 10 mol% UPy-DOPA (9 wt%, N=2) 
hydrogels and covalent star-DOPA (9 wt%, N=2) hydrogels at 1% strain and 37 oC. Data points are depicted as mean 
± standard deviation. 

Tabel 6.1: Overview of the storage moduli G’ and loss modulus G” of supramolecular bUPy and bUPy + 10 mol% 
UPy-DOPA hydrogels and covalent star-DOPA hydrogels at 1 Hz and 37 oC. (Polymer concentration = 9 wt%) 

“Visco-elastic behaviour” “Solid-like behaviour”

bUPy  (N=3) bUPy + UPy-DOPA (N=2) star-DOPA (N=2)

Storage modulus (G’) 
at 1 Hz, 37 oC 2.0 ± 0.1 kPa 1.7 ± 0.9 kPa 33.2 ± 1.6 kPa

Loss modulus (G”)  
at 1 Hz, 37 oC 0.6 ± 0.02 kPa 0.4 ± 0.2 kPa 0.06 ± 0.04 kPa

Contrarily, hydrogels based on covalently crosslinked star-DOPA molecules show no 
changes in storage modulus upon decreasing the shear rate. Also, star-DOPA gels show 
increased G’ compared to bUPy based hydrogels (Table 6.1). These results indicate that 
star-DOPA is predominantly crosslinked via covalent interactions, which is due to the for-
mation of di-DOPA crosslinks following the oxidation of catechols to reactive ο-quinones.241 
Next, the tissue-adhesive properties of these hydrogels were determined.
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Shear experiments

Different measurement techniques can be applied to determine the tissue adhesive 
properties of hydrogelators such as, e.g. a lap shear test250,276 or tensile adhesion test.278 In 
this work, the degree of adhesion is determined by combining a flat-plate rheometer with a 
high-speed camera (Figure 6.3 A), which was previously used to determine the mechanical 
properties of layered human skin.279,280 With this technique image correlation techniques 
can be applied to determine local strains and stresses.280 To determine the adhesive prop-
erties, a sandwich-like setup was created in which a piece of porcine myocardial tissue was 
glued on the top side of a flat-plate geometry of the rheometer and the hydrogel was cured 
on the bottom side of the rheometer plate (Figure 6.3 B). After the application of oscillatory 
shear, the shear stress was determined for both myocardial tissue and cured hydrogel by 
converting the measured torque values using equation (1). At low shear strains (0-20%), no 
difference was observed between the different hydrogels (Figure 6.3 E). At intermediate and 
high strains (40-100%), hydrogels based on pristine bUPy and bUPy with UPy-DOPA started 
to detach from the tissue with shear strengths σmax = 1.8 ± 0.4 kPa and 1.8 ± 0.2 kPa, respec-
tively (Figure 6.3 C, D and E). Addition of an oxidative agent, NaIO4, to bUPy with UPy-DO-
PA did not change the tissue adhesive property with σmax = 1.2 ± 0.2 kPa (Figure 6.3 E). At 
these strains, star-DOPA remained attached to the tissue, which can be observed from the 
deformation of the tissue in the direction of the strain (Figure 6.3 B). Additionally, the meas-
ured shear stress increases at these strains for star-DOPA hydrogels compared to pristine 
bUPy and bUPy with UPy-DOPA (Figure 6.3 E). Moreover, at higher strains (100-120%) the 
star-DOPA hydrogel detaches from the bottom plate and remains attached to the myocardial 
tissue and reaches a shear stress of σmax = 5.2 ± 0.8 kPa. These values are lower compared to 
previously developed hydrogels based on star-DOPA and similar to fibrin glue, which have 
shown shear strengths of 30.4 ± 3.4 kPa250 and 4-6 kPa281, respectively. This could be due to 
the detachment of the hydrogel from the metal bottom plate, which is a limitation that can 
be solved by also placing a piece of myocardial tissue on the bottom plate. 

These observations clearly show the minimal adhesive properties of bUPy based hy-
drogels and functionalization with 10 mol% UPy-DOPA does not improve adhesive potential. 
This could be due to the lower concentration of catechol functionalities for bUPy hydrogels 
(1 mM) compared to the star-DOPA hydrogels (38 mM). However, higher concentrations of 
UPy-DOPA could disrupt the UPy-fiber network of bUPy hydrogels and therefore weaken 
the strength of the bulk hydrogel. Previously, exchange assays were done on the effect of 
multivalency and scaffold design on the dynamics of UPy-polymers in dilute conditions.73 It 
was stated that bivalent bUPy polymers are intrinsically dynamic and upon incorporation of 
monovalent UPy-additives and fast exchange rate is observed. For this reason, it is specu-
lated that UPy-DOPA functionalities are too dynamically incorporated within the network of 
UPy-fibers, which does not result in improved tissue adhesion. The effect of decreasing the 
hydrogel exchange dynamics is studied in Chapter 8.
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Figure 6.3: Rheological shear results to determine the tissue-adhesive properties of supramolecular hydrogels 
based on bUPy and bUPy with 10 mol% UPy-DOPA and covalent star-DOPA hydrogels. A) Overview of the rheological 
shear experiment setup and location of the camera. B-D) Representative images of B) star-DOPA, C) bUPy and D) 
bUPy + 10 mol% UPy-DOPA at 40-100% showing the adhesiveness to porcine myocardial tissue. These images 
clearly show the detachment of the bUPy based hydrogels from the myocardial tissue. E) Graph showing the shear 
stress measured on the bottom plate after application of oscillatory shear strain via the top bar of star-DOPA (N=6, 
black), bUPy (N=6, red), bUPy + 10 mol% UPy-DOPA (N=3, blue) and bUPy + 10 mol% UPy-DOPA + 1 mM NaIO4 (N=6, 
green) (Graphs show individual measurement points connected by a solid line and standard deviation is depicted 
by the dotted line). Shear strengths are depicted as σmax = mean ± SD. 
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Conclusion

Supramolecular hydrogels were formulated containing mussel-inspired catechol-func-
tionalities and minimal changes in mechanical properties were observed following bioacti-
vation. Additionally, a method was developed to measure mechanical properties and de-
termine the adhesive properties of hydrogelators to myocardial tissue. No improvement 
in tissue-adhesiveness was observed, which is likely due to the highly dynamic nature of 
bifunctional UPy-based hydrogels. It is proposed that by changing the dynamics of the hy-
drogel, improved tissue adhesion could be achieved.

Experimental section

Instrumentation. 1H-NMR spectra were recorded on a 400 MHz NMR (Varian Mercury Vx or 
Varian 400MR) operating at 400 MHz for 1H-NMR. Proton chemical shifts are reported in ppm down-
field from tetramethylsilane (TMS) and carbon chemical shifts in ppm downfield from TMS using the 
resonance of the deuterated solvent as internal standard. Abbreviations used are s: singlet, d: doublet, 
t: triplet, q: quartet, m: multiplet. Frequency sweep measurements were performed on a Discovery 
Hybrid Rheometer (TA instruments) with a flat and sand-blasted geometry (diameter = 25 mm). Shear 
experiments to determine the adhesive properties was done on a strain-controlled rheometer (ARES 
LS-LC, Rheometric Scientific, USA) equipped with a Peltier environmental control unit set (T = 37 oC). 
Images of the tissue-hydrogel interface were captured with a monochromatic ccd-camera (Imaging-
science, Germany).

Materials. Bifunctional UPy-modified poly(ethylene glycol)  (bUPy)  was synthesized and kindly 
provided by SyMO-Chem BV. Catechol-modified UPy-functionalities (UPy-DOPA) were synthesized as 
shown previously.53 Unless stated otherwise, all reagents and chemicals were obtained from com-
mercial sources at the highest purity available and used without further purification. All solvents and 
chemicals were purchased from Sigma-Aldrich. Phosphate buffered saline (PBS) tablets were pur-
chased from Sigma-Aldrich (pH 7.20-7.60). Porcine myocardial tissues were obtained from healthy 
pigs from the slaughterhouse and cut manually into small pieces.

Scheme 6.2: Synthesis route of star-DOPA (3) (n ≈ 54).
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Synthesis star-DOPA. The synthesis of 4-arm PEG DOPA 3 molecules started with the synthesis 
of star-PEG-COOH 2. The star polymer 1 (200 mg, 0.02 mmol) was dissolved in 4 mL of dimethylfor-
mamide (DMF) in a small round bottom flask. Then, succinic anhydride (17 mg 0.17 mmol) was added 
together with N,N-diisopropylethylamine (DIPEA) (26 μL, 0.17 mmol).  The reaction was left to stir one 
hour at room temperature. Afterwards, the reaction mixture was precipitated in 10 mL of diethyle-
ther (2x) and centrifuged to remove DMF and DIPEA. The resulting pellet was dissolved in MeOH (10 
mL) and the remnants of succinic anhydride were filtered off. The filtered solution was evaporated 
to yield 192 mg of the COOH-functionalized star molecule (92%). The reaction product was checked 
with MALDI-TOF (m/z found = 11050). The COOH-functionalized star polymer (191 mg, 0.019 mmol) 
was dissolved in 1 mL of DMF. HATU (71 mg, 0.19 mmol) was added followed by the addition pyridine 
(17 μL, 0.19 mmol). The reaction was left to stir for pre-activation for half an hour under argon atmo-
sphere. Afterwards, dopamine hydrochloride (29 mg; 0.19 mmol) was added and the reaction was left 
to stir overnight at room temperature under argon atmosphere. The reaction mixture was precipitated 
in diethyl ether (10 mL) and centrifuged. The resulting pellet was dissolved in chloroform (CHCl3) (20 
mL). The organic phase was washed twice with an aqueous solution of 1 M HCl (10 mL) and finally with 
brine. After drying over magnesium sulphate (MgSO4), the organic phase was evaporated to yield the 
DOPA-functionalized star molecule (121 mg, 60%). The reaction product was checked with 1H-NMR 
(Figure 6.4) and MALDI-TOF (m/z found = 11538).

Figure 6.4: 1H-NMR of the star-DOPA molecule.

Hydrogel formation. bUPy hydrogels (9 wt%) were formed by dissolving polymers in PBS (2.7 
mM KCl, 137 mM NaCl and 1.76 mM K3PO4) and mixed for 2 hours at 70 oC. Similarly, bUPy mixed with 
10 mol% UPy-DOPA (mol ratio = 90:10; weight ratio = 100:1.3; 9 wt%) was dissolved in PBS (2.7 mM 
KCl, 137 mM NaCl and 1.76 mM K3PO4) with or without 1 mM NaIO4 and mixed for 2 hours at 70 oC. 
bUPy and bUPy + 10 mol% UPy-DOPA hydrogels were formed by decreasing the temperature to phys-
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iological levels (20-37 oC). Star-DOPA solutions (18 wt%) were formed by dissolving star-DOPA poly-
mers in concentrated PBS (5.4 mM KCl, 374 mM NaCl and 3.52 mM K3PO4). Star-DOPA hydrogels were 
formed upon mixing equal volume of 76 mM NaIO4 solutions to create 9 wt% star-DOPA hydrogels. 

Rheological analysis. First, 9 wt% bUPy based polymer solutions were prepared by increasing 
the temperature to 70 oC. The polymer solutions were quickly transferred onto the rheometer plate. 
Gelation was checked for 2 h with constant strain amplitude of 1% and shear rate of 1 rad/s while 
the temperature equilibrated to 37 oC. A 25-mm sand-blasted flat plate peltier plate was used as ge-
ometry (TA instruments). The hydrogels were sealed from air to prevent water evaporation using sil-
icone-based oil (Rhodorsil). Star-DOPA gels were gelated on the rheometer plate as described previ-
ously. Frequency sweeps were performed at 1% strain amplitude, 37 oC and at 0.1-100 rad/s.   

Shear experiments. Porcine myocardial tissues were cut into flat square pieces (8 x 8 mm) and 
glued on the top bar of the rheometer plate. Next, hydrogels were transferred onto the bottom plate 
and the hydrogel was allowed to cure with the myocardial tissue for 15 min. A strain sweep was ap-
plied from 0-120%, while capturing the top bar, tissue, hydrogel and bottom plate interface with a high 
speed monochromatic ccd-camera. The raw strain γ(t), which is described by a sinusoidal function (2) 
with an angular frequency of ω and a strain amplitude of γ0, and torque (M) values were recorded 
directly on the computer. Since the sample was placed eccentrically, the shear stress (τ) at the edge of 
the bar with a radius of R = 25 mm was calculated from the measured torque (M) with formula (1). l is 
the length of the sample (8 mm)280:

(1)

(2)
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Abstract

High concentrations of supplemented growth factors can cause oversaturation and ad-
verse effects in in vitro and in vivo studies, though these supraphysiological concentrations 
are often required due to the low stability of growth factors. Here we demonstrate the stabi-
lization of transforming growth factor β1 (TGF-β1) using supramolecular polymers. Inspired 
by heparan sulfate, sulfonated peptides were presented on a supramolecular polymer to 
allow for noncovalent binding to growth factors in solution. After mixing with excipient mol-
ecules, TGF-β1 was shown to have a prolonged half-life compared to the growth factor free 
in solution. Moreover, high cellular response was measured by a luciferase assay, indicating 
that TGF-β1 remained highly active upon binding to the supramolecular assembly. The re-
sults demonstrate that significant lower concentrations of growth factors can be used when 
supramolecular polymers bearing growth factor binding moieties are implemented. This ap-
proach can also be exploited in hydrogel systems to control growth factor release.

The research described in this chapter has been published:

S. I. S. Hendrikse, S. Spaans, E. W. Meijer and P. Y. W. Dankers, Supramolecular platform sta-
bilizing growth factors, Biomacromolecules, 2018, 19, 2610-2617

7
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Introduction

Growth factors are involved in many cellular processes such as cell survival, prolifera-
tion, differentiation, and migration.282,283 In the extracellular matrix (ECM), sulfated glycos-
aminoglycans (GAGs) present on proteoglycans are known to bind various heparan sulfate/
heparin-binding growth factors that mediate cellular delivery and subsequent intracellular 
signaling.103 The negatively charged sulfates and carboxylic acids present on, for example, 
heparan sulfate interact via electrostatic interactions with positively charged regions, which 
are rich in lysine and arginine, within the growth factor.284 Depending on the growth factor, 
hydrogen bonding and hydrophobic effects can have a significant contribution as well.285 For 
example, immobilization of growth factors to heparan sulfate results in protection from deg-
radation and inactivation. Moreover, the local high concentration as a result of this binding 
allows for multivalent interactions, contributing to spatiotemporal presentation. In contrast, 
for in vitro and in vivo studies, growth factors are typically administrated in supraphysiolog-
ical concentrations due to a lack of controlled delivery, slow diffusion, and low stability over 
time, leading to suboptimal conditions and possibly adverse effects.286 In addition, growth 
factors are usually diluted in high concentrations of bovine serum albumin (BSA) to enhance 
the half-life. However, BSA binds to several other components as well and is known to influ-
ence both metabolic and biosynthetic processes in cells.287 Therefore, there is an increasing 
need to develop scaffolds capable of binding growth factors, maintaining their activity, and 
presenting the growth factors to the cell in a spatiotemporal manner.

To improve the efficiency of growth factor presentation compared to soluble supple-
mentation, growth factors can be immobilized by either physical entrapment in a hydrogel 
system288 or by noncovalent289 or covalent290 conjugation.291 To elucidate the role of par-
ticipating functional groups in protein binding and to investigate the sustained release of 
growth factors, heparin-based systems,292 polymers,293 monosaccharides,294 synthetic pep-
tides,295,296 multicomponent assemblies,39 and molecules297 have been developed that have 
different degrees of sulfates and sulfonates. Moreover, synthetic peptides that specifically 
target certain growth factors are also established.298 Although successful conjugation strat-
egies have been developed to covalently attach growth factors to polymers,290 care must 
be taken considering the fact that conformational changes and inactivation are likely to oc-
cur. Another consideration to take into account is that growth factor receptor presentation 
might be hampered when the binding is too strong or encapsulation too efficient. There-
fore, tuning the number of noncovalent interactions might be beneficial to enhance both 
growth factor stabilization and cell receptor binding.

Supramolecular polymers are proposed to serve as excellent ECM mimics since their 
self-assembly of monomers, which is driven by noncovalent interactions, gives rise to fi-
brous structures with an inherent dynamic nature closely resembling ECM properties.46 
Because of their tunability, functional monomers can be simply co-assembled with scaf-
folding monomers to arrive at multicomponent functional biomaterials. Supramolecular 
polymers based on peptide amphiphiles have previously been shown to bind the growth 
factor TGF-β1 by short peptide sequence (HSNGLPL)299 and several other growth factors 
by a sulfated monosaccharide.294 Inspired by heparan sulfate, which is able to bind differ-
ent growth factors by distinct binding affinities,285 the short synthetic tetrapeptide discov-
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ered by Maynard and Hubbell300 also serves as an attractive candidate. This peptide displays 
the three functional groups of heparan sulfate and heparin, that is, sulfates, carboxylates, 
and hydroxyl groups, and can be easily synthesized and incorporated into artificial systems. 
Moreover, they showed the importance of a carboxylate between the two sulfated tyros-
ines compared to a solely negatively charged peptide on the binding to vascular endothelial 
growth factor (VEGF). In addition, Kim and Kiick investigated the influence of more sulfated 
tyrosines included in this peptide and confirmed that this shorter peptide has the highest 
binding affinity to VEGF and heparin binding peptides due to a reduced steric hindrance or 
repulsion upon binding.301 

Rather than investigating the sustained release of growth factors from hydrogels, 
we here sought to elucidate the stabilization effects of excipient molecules in the diluted 
state using self-assembled ureidopyrimidinone (UPy) based supramolecular polymers. The 
self-complementary UPy self-assembles into fibrillar 1D fibers by first dimerization due to 
quadruple hydrogen bonding and subsequent lateral stacking guided by both hydropho-
bic effects and hydrogen bonding between the urea groups.65 To equip the supramolec-
ular polymers with growth factor binding sites, UPy polymers were co-assembled with a 
sulfonated peptide to prolong the stability of transforming growth factor-β1 (TGF-β1). The 
stability of both growth factors was assessed at 37 oC with different scaffolds (i.e., excipi-
ents) in solution. Upon incorporation of sulfonated peptides in a supramolecular fiber, non-
covalent protein interactions enhance growth factor stability over physical adsorption. As a 
proof-of-principle, cell experiments were carried out with TGF-β1 sensitive cells to assess 
whether the stabilized TGF-β1 was still able to induce a cellular response, that is, the con-
version of active TGF-β1 into luciferase.

Figure 7.1: A) Chemical structures of the excipient molecules. (B) Cartoon representing the proposed binding of 
TGF-β1 (orange) to supramolecular polymers (blue) co-assembled with sulfonated peptides (red). (n ≈ 227/454, Mn 
= 10/20 kDa)
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Results & discussion

Stabilization of TGF-β1 with supramolecular polymers

TGF-β1 is known to modulate behaviour of many cell types including, e.g. the differ-
entiation of cardiac progenitor cells and modulate the matrix production of fibroblast.302,303 
Furthermore, altered signalling is associated with several disorders such as cancer and fi-
brosis.304,305 TGF-β1 is synthesized as an inactive precursor, which is activated upon cleavage 
from the ECM by proteases followed by acidic conditions to remove the latent TGF-β binding 
protein.306 The stability of the growth factor TGF-β1 was studied over time, and a heparin 
peptide mimic containing two sulfonated peptides (SP3) was developed to assess its binding 
to TGF-β1 (Figure 7.1 A). The sulfonated peptide SP3 was synthesized with manual solid 
phase peptide synthesis using sulfonated amino acids. Subsequently, the sulfonated pep-
tide SP3 was integrated in the UPy-based supramolecular system to investigate increased 
local concentration on the stabilization of TGF-β1 (Figure 7.1 B). It was previously shown 
that a subtle change in the design and co-assembly of the supramolecular polymer system 
has a profound effect on the internal dynamics of the system.73 Moreover, the size of the 
hydration shell of the ethylene glycol might have an effect on growth factor stabilization 
as well. Therefore, three different UPy scaffolding molecules (UPy-OMe, UPy-10k-UPy, and 
UPy-20k-UPy) were used (Figure 7.1 A). Additionally, SP3 was coupled onto a UPy precursor 
molecule to allow incorporation in the scaffolding molecules by co-assembly (Figure 7.1 
A). The concentration of the functional epitope was kept constant (cSP3 = cUPy‑SP3 = 100 μM) 
resulting in a total UPy concentration of 400 μM. All studies were performed in solution; 
however, the UPy-10k-UPy excipient formed a thin viscous layer on the bottom of the well 
plate indicative of minor gel formation at a 400 μM concentration. The stability of activated 
TGF-β1 was assessed at 37 oC with an enzyme-linked immunosorbent assay (ELISA) reveal-
ing full degradation in PBS within 8 h (t1/2 = 0.4 h) (Figure 7.2). For the bare UPy scaffolds 
(UPy-OMe, UPy-10k-UPy, and UPy-20k-UPy), a slightly higher relative absorbance over time 
was observed as compared to the reference SP3, probably due to the four-times higher con-
centration (Figure 7.2). Upon incorporating 25 mol% of UPy-SP3 in the different scaffolding 
monomers, a synergistic effect was observed, with the highest stabilizing effect of UPy-10k-
UPy scaffold with 25 mol% UPy-SP3 incorporated (Figure 7.2).
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Figure 7.2: Effect of supramolecular polymers on TGF-β1 stabilization. (A) Optical density of TGF-β1 after incubation 
with different supramolecular excipients as measured with an ELISA assay. Physical entanglement of TGF-β1 with 
bare UPy fibers showed a similar stabilizing effect as compared to SP3, whereas the incorporation of UPy-SP3 in 
supramolecular fibers enhanced the stabilization significantly (c(TGF‑β1) ≈ 4 ng/mL, c(peptide) = 100 μM, c(UPy) 
= 400 μM, c(25%UPy‑SP3 in UPy) = 100 μM, c(BSA) ≈ 0.8 μg/mL, N = 2, error bars indicate standard deviation).

The binding of TGF-β1 to the excipient molecules was proposed to occur via electro-
static interactions to binding sites at the interface between the TGF-β1 dimers rather than 
wrapping around the growth factor based on previous studies.307,308 In contrast, binding to 
non-functionalized supramolecular polymers might be due to nonspecific PEG binding or 
hydrophobic interactions. Importantly, growth factor binding has a minor influence on the 
stacking behaviour as shown with UV−vis spectroscopy.309 Moreover, it was proposed that 
due to the temporal non-covalent interactions between the excipient and growth factor, 
dissociation of the growth factor might result in presentation to the cell receptor (important 
for in vitro assays) or prone to conformational changes due to its free occurrence in solution 
or adherence to the plastic environment leading to denaturation. Nevertheless, the results 
obtained here indicate that the half-life of TGF-β1 was significantly enhanced by binding to 
the UPy fibers without changing the fiber organization.

Cellular read-out of active TGF-β1

To investigate, as a proof-of-principle, whether the stabilized TGF-β1 with excipient 
molecules is still able to induce cellular responses, HT1080 fibrosarcoma cells were exposed 
to different conditions. These cells have a luciferase reporter, which can convert active 
TGF-β1 into luciferase (Figure 3A).310 The converted amount of luciferase is directly propor-
tional to the amount of active TGF-β1. Moreover, the luciferase activity corresponds to the 
initial concentration of TGF-β1 rather than the concentration during incubation with the 
cells and typically shows an exponential dose-response with these cells (Figure 7.3). 
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Figure 7.3: A) Schematic representation of the mechanism of luciferase production following addition with TGF-β1. 
B) Dose-response curve of different concentrations of freshly added TGF-β1. An exponential line was fitted through 
the data. At 2 ng/mL of fresh TGF-β1, a saturation concentration was achieved. These finding suggest that the 
initial TGF-β1 concentration supplemented to the cells is essential for the amount of luciferase produced. This was 
shown by a similar high upregulation of the luciferase activity upon the addition of fresh TGF-β1 irrespective of 
the scaffold used.

For this reason, excipient molecules mixed with TGF-β1 were pre-incubated for 4 h pri-
or to cell exposure (2.5 ng/mL TGF-β1, 62.5 μM SP3, and 250 μM UPy) (Figure 7.4 A). As ex-
pected, a high luciferase activity was observed when the cells were exposed to fresh TGF-β1 
(i.e., TGF-β1 addition directly after thawing) and the activity decreased when TGF-β1 was 
pre-incubated before addition to cells (Figure 7.4 A). Both SP3 and UPy-10k-UPy showed 
the highest luciferase activity. However, ELISA clearly confirmed the presence of more active 
TGF-β1 when mixed with UPy excipients (UPy-10k-UPy + 25% UPy-SP3 and 100% UPy-SP3) 
(Figure 7.4 B). This might be due to the poly(ethylene glycol) surrounding the fibers, which 
can partly shield the TGF-β1 presentation toward cells owing to their hydration shell.311 Al-
though the 100% UPy-SP3 has the same concentration as the reference experiment with 
SP3, which should increase the local concentration, a lower cellular response was observed 
in contradiction to the ELISA results. Because of multivalent effects, the binding affinity to 
the excipient might be increased, lowering receptor binding availability. Moreover, a thin 
layer of gel was observed on the bottom of the well plate (during pre-incubation step) for 
the UPy samples, which might contain local higher growth factor concentration. Though this 
layer was not transferred onto the cells, probably some TGF-β1 was lost during this step. 
Interestingly, heparin even showed a lower cellular response than PBS, in corroboration 
with the ELISA results. The reason that heparin has no stabilizing effect might be due to 
a suboptimal sulfate-pattern present, failing to support TGF-β1 binding. This observation 
is supported by a study of Gallagher et al. where heparan sulfate originating from porcine 
mucosa was proved to have low binding affinity.308 

Taking the results all together, a strong cellular response was observed in all cases. 
However, co-assembling the sulfonated peptide in the supramolecular platform (UPy-10k-
UPy + 25% UPy-SP3) did not increase the luciferase activity as compared to the bare supra-
molecular polymer (UPy-10k-UPy) when TGF-β1 was pre-incubated for 4 h, though more 
active TGF-β1 was detected with ELISA. Probably the concentration plays an important role, 
which is in this case close to receptor saturation levels (Figure 7.3 B), and also the pre-incu-
bation time could be extended to induce more differences between the conditions. Further 
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extensive studies are necessary to find the optimal concentration and incubation time for 
these cell experiments.

Figure 7.4: Cellular read-out for TGF-β1 activity. A) TGF-β1 response after cell incubation in the form of luciferase 
and (B) corresponding optical density of TGF-β1 as measured with ELISA. In contrast to the cell experiments, 
the UPy samples have a slightly higher TGF-β1 optical density as compared to SP3 indicating that the PEG shell 
decreases TGF-β1 receptor presentation (c(TGF‑β1) ≈ 2.5 ng/mL, c(peptide) = 62.5 μM, c(UPy) = 250 μM, c(BSA) ≈ 
0.5 μg/mL, error bars indicate standard deviation, (A) N = 3, (B) N = 2, (A) data was corrected for the DNA content).

Conclusion

Materials based on supramolecular polymers are proposed to be ideal platforms for 
mimicking the natural extracellular matrix due to their dynamic, responsive and adaptable 
properties. Supramolecular polymers based on peptide amphiphiles functionalized with 
bioactive cues were already proven to be successful in binding growth factors. Here, we 
introduced a sulfonated peptide co-assembled in ureidopyrimidinone-based supramolecu-
lar polymer platforms for the stabilization of the growth factor TGF-β1. Different excipient 
molecules were shown to prolong the half-life of the growth factor, and proof-of-principle 
cell experiments confirmed high cellular response in the form of luciferase, indicating the 
maintenance of TGF-β1 activity upon excipient binding. Although there is a slight difference 
in cellular read-out and the corresponding ELISA experiments, maybe due to steric effects 
of the PEG preventing optimal cell presentation, all results show a significant stabilization in 
all experimental systems. This approach can be used to extend the activity of other growth 
factors but can also be implemented in hydrogel systems. In hydrogel systems, the sustained 
release can be controlled by the binding strength to the protein and by tuning the physical 
properties of the hydrogel. Gaining more control over growth factor concentrations is bene-
ficial in biomedical applications, for example, in directing specific processes during different 
stages of tissue regeneration.

Experimental section

Instrumentations. Reversed-phase high performance liquid chromatography−mass spectrome-
try (RP-HPLC−MS) was performed using a Shimadzu instrument. The amount of active TGF-β1 bound 
to the ELISA kit was assessed by measuring the absorbance at 450 nm, with a wavelength correction 
set to 570 nm, using a microplate reader from Safire II. Ultraviolet−visible (UV−vis) spectrophotometry 
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was performed on a Jasco V-650 instrument. The relative amount of luciferase expressed by cells was 
evaluated by measuring the luminescence intensity using a microplate reader from Synergy HT.

Materials. Chemicals and reagents were purchased from Sigma and Novabiochem and used 
as received unless otherwise indicated. (S)-Fmoc-phenylalanine-4-sulfonic acid was purchased from 
PepTech Corporation. Peptides and conjugates were purified on a C18 automated column with a gra-
dient of 5 to 100% acetonitrile in water using a Buchi Reveleris system. Recombinant human TGF-β1 
(HEK293 derived) was purchased from Peprotech. Enzyme-linked immunosorbent assays (ELISA) were 
performed using human TGF-β1 Quantikine ELISA kits from R&D systems. Luciferase assay kit was 
purchased from Promega. Phosphate buffered saline (PBS) tablets were purchased from Sigma-Aldrich 
(pH 7.20−7.60). Trypsin-EDTA solution was purchased from Sigma (0.5 g/L porcine trypsin and 0.2 g/L 
EDTA in Hank’s Balanced Salt Solution with phenol red). 

Reconstitution of TGF-β1. TGF-β1 was reconstituted according to manufacturer’s pro-
tocol. Briefly, TGF-β1 was dissolved in 10 mM citric acid. After 30 min, TGF-β1 was aliquoted 
in 0.1% BSA in PBS, or PBS (BSA free) at a 5 μg/mL concentration and stored at -20 oC before 
usage.

Synthesis of supramolecular peptide conjugate UPy-SP3. The UPy-COOH precursor molecule 
was synthesized as previously reported.264 The peptide resin (31.0 μmol) was allowed to swell for 1 h 
in DMF. Meanwhile, the reaction mixture containing UPy-COOH (60 mg, 52.7 μmol, 1.7 equiv), HATU 
(43.4 μmol, 1.4 equiv), DIPEA (93.0 μmol, 3 equiv), and 4 mL of DMF was preactivated for 30 min. Sub-
sequently, the pre-activated reaction mixture was added to the peptide resin and agitated overnight 
at room temperature. Afterward, the resin was washed with DMF (6×) and DCM (6×) and cleaved 
from the resin using a cocktail mixture containing TFA/TIS/H2O (94:2.5:2.5) for 4 h at room tempera-
ture. The UPy-peptide was precipitated in cold 50% hexane/ether, incubated for 15 min at -20 oC and 
centrifuged for 10 min at 20k RPM. The supernatant was removed, the pellet was redissolved in 10% 
acetonitrile/water and the solvent was lyophilized. Purification with RP column chromatography using 
a gradient of 5-100% acetonitrile in water yielded in pure UPy-SP3 (10.1 mg, 17.1% yield). LC-MS: tr = 
6-8 min, MWcalc = 1908.14 g/mol, m/zobs = 954.4 [M+2H]2+.

Scheme 1: Synthesis of the UPy-SP3 conjugate. The UPy precursor was coupled onto the peptide resin, followed by 

the cleavage of the protecting groups and the resin (green).

Synthesis of the UPy scaffolds UPy-OMe, UPy-10k-UPy and UPy-20k-UPy. UPy-OMe was syn-
thesized as previously described.69 UPy-10k-UPy and UPy-20k-UPy were synthesized as previously de-
scribed65 and kindly provided by SyMo-Chem. 

ELISA experiments. Samples were dissolved in PBS in the right concentration. The UPy samples 
were prepared by heating the solid dissolved in PBS to 72 oC for 1 h, and UPy-SP3 was incorporated by 
an additional incubation step of 15 min at 45 oC. Annealing overnight at room temperature resulted 
in self-assembled polymers with UV patterns similar to reference spectra.73 A stock of every condition 
was prepared by the addition of TGF-β1 (0.8 μL for 1 mL to obtain a 4 ng/mL stock). For each condition, 
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100 μL was pipetted into a 96-well plate (in duplicate or triplicate for each time point), incubated at 37 
oC with 5% CO2, removed at indicated time points, and stored at -20 oC until the ELISA experiment was 
conducted. The ELISA experiments were performed following the manufacturer’s protocol. Briefly, 
standard or sample was incubated for 2 h, washed four times with wash buffer, incubated with growth 
factor specific conjugate for 2 h, washed four times with wash buffer, and incubated for 30 min with 
substrate solution. Then the reaction was quenched with stop solution. The optical density was mea-
sured at 450 nm with a wavelength correction set to 570 nm.

Cell culture. Human fibrosarcoma cells (HT1080, kindly provided by Marie-Jose Gou-
mans), transfected with (CAGA)9 MLP-luc using FuGENE6,310 were cultured in DMEM (Gibco) 
supplemented with 1% penicillin/streptomycin (Lonza), 10% fetal bovine serum (Bovogen), 
and 1% nonessential amino acids. Cells were routinely cultured at 37 oC and 5% CO2. Medi-
um was changed every 2-3 days and passaged at 80−90% confluency. This cell line expresses 
luciferase upon exposure to extracellular TGF-β1, which is regulated via Smad3/Smad4 sig-
nalling and binding to the CAGA box located in the plasminogen activator inhibitor-1 (PAI-1) 
gene.

Luciferase assay. HT1080 cells were seeded at a density of 50 000 cell/cm2 in a 12-well plate and 
allowed to adhere overnight at 37 oC and 5% CO2. The excipient molecules were dissolved in DMEM 
(containing 1% pen/strep) in the correct concentration. The UPy samples were prepared by heating 
the solution to 72 oC for 1 h, and UPy-SP3 was incorporated by an additional incubation step of 15 min 
at 45 oC. Annealing overnight at room temperature resulted in self-assembled polymers with similar 
UV patterns. The next day, medium was replaced by serum-free DMEM supplemented with 1% pen/
strep and incubated for 7 h. A stock of every condition was prepared by the addition of TGF-β1 (0.8 μL 
for 1 mL to obtain a 4 ng/mL stock). Four hours before cell seeding, 1.2 mL of the stock solutions was 
pipetted (in triplicate) in a plain 12-wells plate and incubated at 37 oC with 5% CO2 to yield into the 4 
h pre-incubated samples. Subsequently, either 1 mL fresh stock was added onto the cells or 1 mL of 
the 4 h pre-incubated samples (in triplicate). Cells were then incubated an additional 19 h, lysed, and 
the luciferase expression was measured (in duplicate of the triplicate) according to the manufacturer’s 
protocol (Promega). Relative luciferase intensities were normalized for the DNA content using the 
CyQUANT cell proliferation assay (Invitrogen).
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Improvement of cellular adhesion of 
supramolecular hydrogels using synthetic RGD 

peptides
Abstract

Supramolecular polymers based on hydrogen bonding ureido-pyrimidinone (UPy) 
units and poly(ethylene glycol) form transient networks in the presence of aqueous en-
vironments. These polymers form well-defined assemblies based on the one-dimensional 
stacking of UPy-dimers and consequently form UPy-fibers, which are stabilized by hydro-
phobic alkyl spacers that shield UPy-fibers from water. However, due to the presence of 
long PEG chains and due to its intrinsic dynamic behaviour, limited cell and tissue adhesion 
are observed. The goal of this study is to improve cellular adhesion of UPy-based supra-
molecular biomaterials, which is performed by decreasing the dynamicity of the hydrogel 
network. This was achieved by changing either the UPy-host or UPy-guest molecular design 
and consequently mixing these components to form multi-component hydrogels with im-
proved cellular adhesion. For this reason, monovalent UPy-PEG host hydrogels (mUPy) were 
functionalized with bioactive cyclic arginine-glycine-aspartic acid (cRGD) peptide ligands 
and compared to bivalent and highly dynamic UPyPEG (bUPy) hydrogels. Additionally, mul-
tivalent UPy-guest ligands were designed using an 8-arm PEG modified with UPy and cRGD 
(Multi-RGD) to decrease the dynamicity of RGD ligands and compared to monofunctional 
UPy-guest cRGD ligands (Mono-RGD). Functionalization of bivalent UPy-PEG hydrogels with 
either RGD-ligand resulted in minimal changes in mechanical properties and no improve-
ment of cellular adhesion. Functionalization of monovalent UPy-PEG hydrogels with either 
RGD-ligand resulted in enhanced cellular adhesion. However, only Multi-RGD functionalized 
mUPy hydrogels showed improved proliferation after longer culture periods. It is specu-
lated that mUPy scaffold decreases the overall dynamicity of both mono- and multivalent 
cRGD functionalities and thereby improves cRGD presentation for cells. Additionally, due to 
the fast exchange of monovalent UPy-functionalities with the UPy-fibers, multivalent cRGD 
functionalization decreases network dynamicity and improves cRGD availability. Here, im-
portant steps were made to control supramolecular UPy-based hydrogel dynamics, RGD 
ligand presentation and cellular adhesion. 

8
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Introduction

 Hydrogels consisting of a network of hydrophilic polymers such as, poly(ethylene 
glycol) (PEG)312,313, hyaluronic acid314, alginate27 or polyisocyanopeptides (PICs)315, have been 
extensively used to modify with bioactive ligands and used as cell culture platform to study 
cellular behaviour. Using these polymers, high control over physical and chemical properties 
is achieved, which is crucial to develop an ideal synthetic extracellular matrix for optimal 
cellular adhesion, proliferation and differentiation. Various covalent crosslinking strategies 
have been exploited such as, photochemical ligation or click chemistry, to develop well-
defined hydrogels.168,316 Although these hydrogels resemble the natural physical and/or 
chemical environment for cells, the complex visco-elastic and time-dependent properties 
of natural tissue is inadequate. For this reason, it is proposed that hydrogels based on non-
covalent crosslinking strategies allow for the tailoring of bioactive ligand presentation and 
complex mechanical properties that is found in the natural microenvironment.29,32,317 

 The presentation of bioactive ligands such as arginine-glycine-aspartic acid (RGD) is 
an important feature during the development of biomaterials. As such, the adhesion of cells 
is dependent on the nano-scale spacing and ordering of RGD ligands on a two-dimensional 
substrate.318 It was found that a minimum RGD ligand spacing of 70 nm is needed to induce 
integrin clustering and improved focal adhesion formation, while for higher spacing integrin 
clustering is not possible.319 These studies illustrate the importance of integrin clustering, 
however these studies are based on static 2D substrates and therefore do not mimic the 
complex and time-dependent bioactive ligand presentation present in natural microenvi-
ronments. Therefore, more dynamic systems should be developed to study the effect of 
ligand density and integrin clustering in time.167 Recent findings, using a supramolecular 
crosslinked hydrogel based on alginate, suggest a strong effect of RGD ligand clustering on 
the behaviour and phenotype of cells.170 It is concluded that cellular commitment can be 
regulated by the rigidity of the microenvironment, which is interpreted to be due to integ-
rin binding and reorganization of focal adhesions at the nanoscale.320 In another example, 
hydrogels were developed based on self-assembling peptide amphiphile (PA) nanofibers, in 
which RGD ligands can be mixed and the density could be tuned by changing the molecular 
design or ligand concentration.321 Interestingly, high RGD ligand density in combination with 
lower packing efficiency of the RGD-modified PA and consequently more space for RGD-li-
gand re-organization, resulted in enhanced cellular adhesion, spreading and adhesion.322 
These examples illustrate the importance of i) introducing bioactive ligands for the initial ad-
hesion of cells and ii) Allowing for cells to rearrange their focal adhesions at the nanoscale, 
which can be accomplished using supramolecularly crosslinked hydrogels. 

 Here, supramolecular hydrogels based on PEG and self-complementary hydrogen 
bonding ureido-pyrimidinone (UPy) units are used to create synthetic extracellular matrices. 
In the presence of UPy-groups, fibrillar aggregates are formed via π-π stacking of the pyrim-
idone ring and hydrophobic interaction of alkyl spacers. The hydrophobic alkyl chains shield 
the hydrogen bonding of UPy and additional urea groups from water. The combined effect 
these non-covalent interactions result in the formation of a transient and self-assembled 
network in aqueous media.65 Bifunctional or telechelic UPy-PEG polymers (bUPy) have been 
studied extensively and used as drug delivery vehicles for the regeneration of kidney and 
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cardiac tissue.65–67,275 However, limited protein and cellular adhesion remains a challenge 
when these hydrogels are used as synthetic ECM. 

It is proposed that by mixing UPy-modified cRGD ligands with UPy-PEG polymers, the 
UPy-cRGD ligand are incorporated within the UPy-fibers, forming a bioactive hydrogel.59 
However, fast exchange dynamics were previously reported upon mixing monofunctional 
UPy-guest epitopes in the bUPy host polymer in dilute conditions.73 Moreover, due to these 
fast exchange rates, hydrogels based on bUPy polymers show self-healing behaviour and 
fast stress relaxation times.69 Therefore, it is expected that cells do not bind to RGD ligands in 
this system or traction forces exerted by cells would result in complete dissociation of RGD 
ligands and therefore prove ineffective. For this reason, two methods were applied based on 
decreasing the exchange dynamics by changing the molecular design of the UPy-host and/or 
the UPy-guest. Thereby, the RGD-ligand incorporation in the hydrogel network is increased 
and consequently cellular adhesion is improved. Firstly, monofunctional UPy-PEG (mUPy) 
polymers are used as host molecules to create hydrogels with more kinetically trapped ag-
gregates and lower exchange dynamics, which has been previously reported.73 Secondly, 
it is proposed that by introducing multivalent RGD-ligands (Multi-RGD) the molecular ex-
change dynamics is decreased compared to monovalent RGD-ligands (Mono-RGD), which is 
expected to improve RGD-ligand presentation. Here, human cardiac progenitor cells (CPCs) 
are used as cellular model to gain understanding in the relation between molecular design, 
mesoscale hydrogel properties and cellular response.190 

Results & discussion

Synthesis of Multi-RGD-2,-4 and Mono-RGD

Star-shaped UPy/cRGD-ligands consisting of an average of 6 UPy and 2 cRGD (Mul-
ti-RGD-2) and 4 UPy and 4 cRGD (Multi-RGD-4) groups were synthesized using a carboxyl 
acid functionalized 10 kDa 8-arm poly(ethylene glycol) (PEG) (Scheme 8.1). In this reaction 
both amine-terminated cRGD and UPy are added simultaneously to the pre-activated 8-arm 
PEG linker (Scheme 8.2). 1H-NMR was used to determine the degree of UPy- and cRGD-con-
jugation. Conjugation of on average 6 UPy and 2 cRGD (Multi-RGD-2) was achieved by add-
ing 2.4 and 7.2 equivalents of UPy and cRGD, respectively (386 mg, 27 µmol, 79%). Similarly, 
conjugation of an equal amount of UPy and cRGD (Multi-RGD-4) was achieved by adding 
4.5 and 6.5 equivalents of UPy and cRGD, respectively (260 mg, 18 µmol, 72%). The differ-
ence in reactivity is likely due to difference in reactivity of the nucleophilic amine groups of 
both compounds. Next, monofunctional UPy/RGD-ligands (Mono-RGD) were successfully 
synthesized by first activating UPy-carboxylic acids moieties with 2,3,5,6-tetrafluorophenol 
and reacting with the amine of cRGD, which resulted in a white-fluffy material (106 mg, 61 
µmol, 70%) (Scheme 8.3). 
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Scheme 8.1: Chemical structures of UPy-polymers which are used to create the synthetic ECM of CPCs and consist 
of bifunctional UPy-PEG10k-UPy (bUPy), monofunctional UPy-OMe (mUPy), monofunctional UPy-cyclic arginine-
glycine-aspartic acid (cRGD) (Mono-RGD), an 8-arm PEG10k  with on average 6 UPy and 2 cRGD groups (Multi-
RGD-2) and an 8-arm PEG10k  with on average 4 UPy and 4 cRGD groups (Multi-RGD-4). The cartoons represent 
UPy-polymers and are used as reference in this chapter.

Hydrogel formation and visco-elastic behaviour

 Different hydrogel compositions were created based on either bUPy or mUPy pol-
ymers, which were functionalized with Multi-RGD-4 or Mono-RGD (Table 8.1). The RGD 
concentration (3.0 mM) and total polymer concentration (10 w/v%) were kept constant for 
Multi-RGD-4 and Mono-RGD functionalized hydrogels to more closely study the effect of 
scaffold design (bUPy versus mUPy) and multivalency (Multi-RGD-4 vs Mono-RGD). Hydro-
gels were formed by first dissolving the polymer solution in a basic solution (160 mM NaOH 
in PBS), which is done to dissociate UPy-crosslinks and allow UPy-molecules to mix. Upon 
addition of 160 mM HCl, the solution is neutralized and hydrogels were formed. 

Table 8.1: Summary of the different hydrogel formulations.

Hydrogel composition [Polymer] 
in wt%

Base polymer:Additive 
ratio (wt:wt)

Base polymer:Additive 
ratio (mM:mM)a

[RGD] 
in mM

bUPy 10 10 0 9 0 0
bUPy + Multi-RGD-4 10 8.8 1.2 7.9 0.075 3
bUPy + Mono-RGD 10 9.5 0.5 8.5 3 3
mUPy 10 10 0 96.5 0 0
mUPy + Multi-RGD-4 10 8.8 1.2 84.9 0.075 3
mUPy + Mono-RGD 10 9.5 0.5 91.7 3 3

(a)Based on the molecular weights in kg/mol: bUPy = 11.1, mUPy = 1.0, Multi-RGD-4 = 16.4, Mono-RGD = 1.7
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As expected, 10 wt% bifunctional bUPy formed stable hydrogels and showed a storage 
modulus G’ which was higher than the loss modulus G” over a wide frequency range (Fig-
ure 8.1 A).67 Upon functionalization of bUPy with Multi-RGD-4 or Mono-RGD no significant 
differences were observed in the storage modulus G’ and loss modulus G” as a function of 
frequency (Figure 8.1 A). Similarly, strain sweep measurements revealed minimal changes 
in yield point for pristine bUPy and bUPy with Multi-RGD-4 or Mono-RGD (Figure 8.1 C and 
Table 8.2). This indicates minimal hindrance of RGD-ligands on the formation of the bifunc-
tional UPy-PEG network.  

Similarly, hydrogels based on 10 wt% monofunctional mUPy formed hydrogels and 
showed a storage modulus G’ which was higher compared to the loss modulus G” over 
a wide frequency range (Figure 8.1 B). This is different compared to previous hydrogels 
based on a monofunctional UPy-OMe, in which no hydrogel formation was observed at a 
polymer concentration of 5 wt% using a vial inversion test and rheological measurements.69 
This could indicate that at higher polymer concentrations, crosslink formation is increased 
due to the increase in physically entangled UPy-fibers. Similar to the bUPy hydrogels, a fre-
quency dependent behaviour was observed in the studied range, which is characteristic 
for visco-elastic materials (Figure 8.1 B). Upon functionalization of mUPy with Multi-RGD-4 
and Mono-RGD a three- and two-fold increase in storage modulus G’ was observed, respec-
tively. This indicates that Multi-RGD-4 and Mono-RGD act as additional crosslinkers within 
the network of mUPy hydrogels and result in more rigid UPy-PEG networks (Figure 8.1 B 
and Table 8.2). A similar synergistic effect was previously observed  upon mixing small frac-
tions of bUPy crosslinkers with mUPy polymers, which resulted in hydrogels with enhanced 
storage moduli.69 Only for Multi-RGD-4 functionalized mUPy hydrogels a slight decrease in 
tan (δ) and change in frequency-dependent behaviour was observed, which indicate the 
formation of more rigid or solid-like networks. This could be due to the presence of multiple 
UPy-groups at the end of Multi-RGD-4 functionalities, which could bridge between two or 
multiple UPy-fibers and thereby kinetically trap the polymer network. Finally, strain sweep 
measurements revealed a large decrease in yield strain for mUPy hydrogels and a minimal 
change upon functionalization with Multi-RGD-4 or Mono-RGD (Figure 8.1 D and Table 8.2). 
This clearly illustrates the formation of UPy-PEG networks with lower yield points based on 
mUPy polymers compared to bUPy hydrogels, which have higher yield points. 
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Figure 8.1: Overview of the visco-elastic properties of bUPy-based hydrogels (A and C) and mUPy-based hydrogels 
(B and D). Pristine hydrogels are shown in black, bUPy- and mUPy-hydrogels functionalized with Multi-RGD-4 are 
shown in red and bUPy- and mUPy-hydrogels functionalized with Mono-RGD are shown in green.  A-B) Frequency 
sweep measurements showing the shear rate dependent behaviour of A) bUPy and B) mUPy based hydrogels. 
Storage modulus G’ and loss modulus G” are depicted in filled and empty circles, respectively, and connected with 
a solid line. C-D) Strain sweep measurements showing the strain amplitude dependent behaviour of C) bUPy and 
D) mUPy based hydrogels. Average storage modulus G’ and loss modulus G” is depicted in filled and empty circles 
and connected with a solid and dotted line, respectively. Average was taken for N=3.   

Table 8.2: Visco-elastic properties of UPy-hydrogels. 

bUPy bUPy + 
Multi-RGD-4

bUPy + 
Mono-RGD mUPy mUPy + 

Multi-RGD-4
mUPy + 

Mono-RGD

Storage moduli G’ 
(kPa)a 16 ± 2 22 ± 11 19 ± 9 18 ± 6 68 ± 14 44 ± 13

Loss moduli G” (kPa)a 4 ± 1 4 ± 2 4 ± 2 6 ± 2 8 ± 3 13 ± 6

Tan (δ) (-)a 0.25 ± 
0.06 0.19 ± 0.01 0.19 ± 0.02 0.31 ± 

0.03 0.13 ± 0.08 0.29 ± 0.06

Yield strain (%)b 92 ± 38 83 ± 14 65 ± 54 6 ± 2 5 ± 1 9 ± 5

(a) Values determined at 1% strain and 1 rad/s; (b) Values determined at the cross-over G’=G” in the strain sweep 
measurements
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 The time-dependent visco-elastic properties were further characterized using 
stress relaxation measurements. In this measurement, a constant strain is applied and the 
stress generated by the hydrogel is measured with rheology. The relaxation times are de-
scribed as the half-life (τ1/2), which is the time required for the network to relax half of the 
initial stress. Hydrogels based on bUPy showed extremely fast relaxation times (τ1/2 < 1 s) 
and functionalization with Multi-RGD-4 or Mono-RGD did not change the relaxation times 
(Figure 8.2). Similar relaxation times were observed for hydrogels consisting of pristine 
mUPy and functionalization with Mono-RGD showed a slight increase in relaxation time (τ1/2 
= 1-2 s). Functionalization of mUPy with Multi-RGD-4 significantly increased the relaxation 
time of the hydrogel network (τ1/2 = 40 s) (Figure 8.2). Decrease in relaxation rate indicates 
a decrease in network mobility, which can be interpreted by the incorporation of a multi-
valent UPy-modified crosslinker, which binds to multiple monovalent UPy-fibers formed by 
mUPy molecules. In literature the effect of changing the crosslink chemistry,277,323,324 polymer 
concentration325 or molecular weight170 on the stress relaxation have been studied in great 
detail. Therefore, it is hypothesized that the availability of RGD-ligands of the Multi-RGD-4 
are more rigidly incorporated in the UPy-hydrogel network and CPCs could therefore sense 
the difference in network relaxation.

 

Figure 8.2: Stress-relaxation measurements of bUPy (solid lines) and mUPy (dotted lines) based hydrogels. A) Curves 
showing the averaged values of the normalized stress for bUPy and mUPy (black), Multi-RGD-4 functionalized (red) 
and Mono-RGD functionalized (green) hydrogels (N=3). B) Graph showing the half-life for all hydrogels, which was 
derived from the normalized stress curve.

CPC adhesion and proliferation on 2D hydrogel substrates

 Bioactive properties of both bUPy and mUPy hydrogels with Multi-RGD-4 or Mo-
no-RGD were determined by seeding CPCs on top of the hydrogels and checking for adhe-
sion and proliferation. On pristine bUPy hydrogels, no cells were observed after 1 day of 
culture (Figure 8.3 A). This is expected due to the presence of long hydrophilic PEG chains, 
which prevents the adhesion of proteins and cells. Upon functionalization of bUPy hydro-
gels with 3 mM cRGD via the Multi-RGD-4 or Mono-RGD ligand, no improvement in cellular 
adhesion was observed (Figure 8.3 A). This illustrates the limited availability of RGD-lig-
ands for cells in the bUPy hydrogels, which is either due to i) the presence of too large PEG 
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domains, ii) the limited anchorage of the RGD ligands due to the fast exchange dynamics 
within the network of bUPy hydrogels or iii) a combination of both (i) and (ii). Similarly, on 
pristine mUPy hydrogels, no cells were observed after 1 day of culture (Figure 8.3 A). This 
result illustrates that by simply decreasing the amount of PEG from bUPy (PEGn ≈ 227/Mn =10 
kDa) to mUPy (OEGn = 17/Molecular weight ≈ 0.7 kDa) does not improve the adhesion of CPCs 
(Figure 8.3 A). On the contrary to bUPy, functionalization of mUPy with 3 mM cRGD via the 
Multi-RGD-4 or Mono-RGD ligands, resulted in an enhanced amount of adhered cells after 
1 days of culture (Figure 8.3 A). The improved cellular adhesion can be attributed to the 
decrease in exchange dynamics of the UPy-guest molecules in the monofunctional UPy-host 
network.73 Moreover, CPCs showed more stress fiber formation on Multi-RGD-4 functional-
ized mUPy hydrogels compared to Mono-RGD functionalized hydrogels (Figure 8.3 C). This 
indicates the formation of stronger focal adhesions between cells and the hydrogel. The 
formation of stronger cell-bindings could be due to several reasons such as, the increase in 
stiffness, the change in exchange dynamics and/or the clustering cRGD ligands of the mul-
tivalent Multi-RGD-4 compared to the Mono-RGD. Thus, more studies should be done to 
determine the difference cellular adhesion attributed to the valency of the RGD ligands. 

Next, cellular proliferation was checked after 3 days of culture on all UPy-based hydro-
gels. As expected, no cells were detected on bUPy hydrogels and upon functionalization with 
either Multi-RGD-4 or Mono-RGD no improvement in cell number was observed (Figure 8.3 
B). On mUPy, limited amount of cells were observed and functionalization with Multi-RGD-4 
resulted in an increase in amount of cells (Figure 8.3 B). However, functionalization of mUPy 
hydrogels with Mono-RGD ligands resulted only in a limited improvement in cellular num-
bers compared to pristine mUPy (Figure 8.3 B). Nevertheless, these results clearly illustrate 
that upon decreasing the exchange dynamics of the UPy-host polymer from bUPy to mUPy, 
the presentation of RGD ligands is improved. Secondly, decreasing the exchange dynamics 
by introducing a multivalent RGD-ligand is only effective on the cellular adhesion in the 
mUPy host, which was observed by the increase in stress fiber formation and proliferation. 
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Figure 8.3: CPC adhesion and proliferation on top of bUPy and mUPy based hydrogels. A) Fluorescence micrographs 
showing the adhesion of CPCs after 1 day of culture on pristine bUPy, bUPy + Multi-RGD-4 and bUPy + Mono-RGD 
(top row) and pristine mUPy, mUPy + Multi-RGD-4 and mUPy + Mono-RGD (bottom row). F-actin = green, nucleus 
= blue and scale bar represents 250 µm. B) CPC cell numbers after 3 days of culturing on bUPy and mUPy based 
hydrogels and tissue culture polystyrene as control (N=3, mean ± SD). C) High magnification immunofluorescence 
micrographs showing the adhesion of CPCs on mUPy + Multi-RGD-4 (top row) and mUPy + Mono-RGD (bottom 
row) after 1 day of culture. Nuclei = blue, f-actin = green, zyxin = red and scale bars represent 75 µm and 25 µm for 
the regular and magnified images, respectively.

Long-term survival of CPCs after encapsulation in hydrogel substrates 

Next, survival of encapsulated CPCs was checked after a long culture period and used 
as indirect method to check for improved cellular adhesion upon functionalization of bUPy 
hydrogels RGD ligands in a three dimensional environment (3D). Hydrogels based on bUPy 
are functionalized with different RGD-ligands, an 8-arm PEG10k polymer with on average 6 
UPy-groups and 2 RGD ligands (Multi-RGD-2), an 8-arm PEG10k polymer with on average 4 
UPy-groups and 4 RGD ligands (Multi-RGD-4) and a monovalent RGD ligand based on UPy-
cRGD (Mono-RGD) (Scheme 8.1).
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 To encapsulate CPCs, hydrogels were prepared either via a crumbling or powder 
method (Table 8.3). Due to the self-healing properties of bUPy hydrogels, cells were suc-
cessfully encapsulated by mixing them with crumbled hydrogels. However, large areas of 
hydrogel material remained and non-homogenous distribution of cells were observed using 
the crumbling method (Figure 8.4, Experiment # = 1, 2 and 3). Next, a powder method 
was employed to improve the cellular distribution within the hydrogel network. Due to the 
self-healing and fast swelling of bUPy hydrogels, CPCs were successfully encapsulated and 
were distributed homogeneously through the hydrogel (Figure 8.4, Experiment # = 4). 

Figure 8.4: Long-term survival of encapsulated CPCs in 3D bUPy based hydrogels. A-C) Fluorescence micrographs 
of CPCs encapsulated in hydrogels prepared via the crumbling method. D) Fluorescence micrographs of CPCs 
encapsulated in hydrogels prepared via the powder method. Living cells = calcein-positive/green, dead cells = PI-
positive/red and scale bars represent 500 µm. Hydrogels that were not included in an experiment are shown as 
white empty areas.

CPCs showed low viability and cell numbers when encapsulated in pristine bUPy hy-
drogels in all experiments. Upon functionalization with Multi-RGD-2 ([cRGD] = 1.5 mM), 
only a small increase in viability and cell numbers were observed compared to pristine bUPy 
hydrogels in experiment # = 1 and 2 (Figure 8.5). Functionalization with Multi-RGD-4 ([cRGD] 
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3.0 mM) increased the viability of CPCs and an increase in total cell numbers were observed 
for all experiments (Figure 8.5). However, in experiment # = 2 a lower improvement was 
observed compared to Multi-RGD-2. These high variations could be due to the non-homog-
enous mixing of cells, in which only a small fraction is included in the quantification. Upon 
functionalization with Mono-RGD, no difference in viability was observed in experiment # = 
2 ([cRGD] = 1 mM), however a small improvement in viability was observed in experiment 
# = 3 and 4 ([cRGD] = 3.5 mM and 1 mM, respectively) (Figure 8.5).  These results indicate 
some improvement in the survival of CPCs when encapsulated in a 3D hydrogel upon supra-
molecular incorporation of RGD ligands. These results show the potential of supramolecular 
UPy-PEG based hydrogels to tune the bioactive properties of the microenvironment for cells.

 

Figure 8.5: Quantification of the long-term survival of encapsulated CPCs in 3D bUPy based hydrogels. A-C) Cell 
viability numbers after 7 days of culturing CPCs that are encapsulated in hydrogels prepared via the crumbling 
method. D) Cell viability numbers after 7 days of culturing CPCs that are encapsulated in hydrogels prepared via the 
powder method. Live cell count = green, dead cell count = red and x-axis depicts cRGD concentration in the final 
hydrogel. Each bar represents one sample, which is an average value over 3 images taken throughout the hydrogel.

Conclusion

In this work monovalent and bivalent supramolecular UPy-based hydrogels were de-
veloped that contained either mono- or multi-valent cRGD ligands. It was shown that both 
bUPy and mUPy based hydrogels showed visco-elastic mechanical behaviour. Upon func-
tionalization with RGD-ligands limited changes in the mechanical properties were observed 
for all bUPy hydrogels and for mUPy hydrogels functionalized with Mono-RGD. Interesting-
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ly, changes in the storage modulus G’ and stress relaxation of the polymer network were 
observed upon functionalization of mUPy with multivalent RGD ligands. This is due to the 
possibility of Multi-RGD ligands to bridge multiple UPy-fibers and create a more rigid net-
work. Finally, these hydrogels were successfully used as cell culture platform for CPCs. It was 
shown that only monovalent mUPy hydrogels were capable of enhancing cellular adhesion 
upon functionalization with either mono- or multivalent RGD-ligands. This is hypothesized 
to be due to lower exchange dynamics that are inherently present in monofunctional UPy-
PEG polymers and/or due to the lower PEG content. Additionally, by incorporating a multi-
valent RGD ligand stronger cell spreading and stress fiber formation was observed, which 
could be due to the change in stress relaxation, increase in stiffness or difference in cluster-
ing of RGD ligands. Preliminary data showed improved CPC viability upon functionalization 
of intrinsically dynamic bUPy hydrogels with multi-RGD when used for encapsulation. 

Experimental section

Instrumentations. Reversed-phase high performance liquid chromatography–mass spectrom-
etry (RP-HPLC-MS) was performed with a Thermoscientific LCQ fleet spectrometer. 1H-NMR spectra 
were recorded on a 400 MHz NMR (Varian Mercury Vx or Varian 400MR) operating at 400 MHz or on 
a Bruker Avance III HD spectrometer at 298 K (400 MHz for 1H-NMR). HPLC-analyses were performed 
using a Alltech Alltima HP C18 3μ 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 MeCN in H2O (both 
containing 0.1% formic acid) at 298 K. Preparative RP-HPLC (MeCN / H2O with 0.1 v/v % formic acid) 
was performed using a Shimadzu SCL-10A VP coupled to two Shimadzu LC-8A pumps and a Shimadzu 
SPD-10AV VP UV-vis detector on a Phenomenex Gemini 5μ C18 110A column. Rheology was performed 
on a TA Instruments Discovery Hybrid 3 shear rheometer with an 8 mm flat peltier plate. Fluorescent 
images were taken on a Leica TCS SP5X confocal laser scanning microscope. Fluorescence for the Cy-
Quant assay was measured on a Synergy HTX multimode plate reader (BioTek). 

Materials. Chemicals and reagents were purchased from Sigma and used as received unless 
otherwise indicated. All solvents were of AR quality. In the synthetic procedures, equivalents (eq) are 
molar equivalents. Chemical shifts are reported in ppm downfield from TMS at room temperature. 
Abbreviations used for splitting patterns are s = singlet, t = triplet, q = quartet, m = multiplet and br 
= broad. Phosphate buffered saline (PBS) tablets were purchased from Sigma-Aldrich (pH 7.20−7.60). 
Trypsin-EDTA solution was purchased from Sigma (0.5 g/L porcine trypsin and 0.2 g/L EDTA in Hank’s 
Balanced Salt Solution with phenol red). 

Synthesis of monofunctional UPy-OMe and bifunctional UPy-PEG10k-UPy. Monofunctional UPy-
OMe was synthesized as previously described.69 Bifunctional UPy-PEG-10k was synthesized as previ-
ously described65 and kindly provided by SyMo-Chem. 
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Scheme 8.2: Synthetic procedure of Multifunctional-4-cRGD-4-UPy (Multi-RGD-4). Reaction conditions: (i) 0.95 
eq. ureido-pryimidinone-hexyl-isocyanate, 1.7 eq. N,N-diisopropylethylamine, CHCl3 : MeOH (1:1), rt, 4 h; (ii) 
CH2Cl2 : TFA (4:1), rt, 3 h; (iii) 8.2 eq. 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 
hexafluorophosphate, dried in vacuo, DMF, 70 eq. N,N-diisopropylethylamine, 4.5 eq. UPy-C6-urea-C12-NH2 (UPy), 
6.5 eq. cyclic Arginine-Glycine-Aspartic acid c(RGDfK), 50 eq. DIPEA, 40 oC, overnight, argon.  

Synthesis of Multifunctional-4-cRGD-4-UPy (Multi-RGD-4) (3) (Scheme 8.2). 

Synthesis of compound 1. A mixture of 1-(6-isocyanatohexyl)-3-(6-methyl-4-oxo-1,4-dihydropy-
rimidin-2-yl)urea (2.0 g, 6.8 mmol) and tert-butyl (12-aminododecyl)carbamate (2.2 g, 1.05 eq.) were 
stirred in 60 mL CHCl3 at 50 oC for 16 hours. The resulting dispersion was evaporated to dryness, redis-
solved in 300 mL 1:1 CHCl3/MeOH and filtered over a silica plug. The plug was flushed with another 
100 mL of the 1:1 solvent mixture, and the combined organic phases were evaporated to dryness. This 
dissolution and filtration step was repeated a second time to remove the last traces of impurities to 
afford 3.7 g (91%) of the desired compound as a white powder. 1H-NMR (400 MHz, DMSO-d6 at 50ºC): 
d 7.47 (br.s, 1H), 6.58 (br.s, 1H), 5.74 (s, 1H), 5.64 (q, 2H), 3.13 (q, 2H), 3.03-2.83 (br.m, 6H), 2.10 (s, 
3H), 1.57-1.12 (br.m, 37H)  ppm. 13C-NMR (101 MHz, DMSO-d6 at 50 oC): d 162.1, 158.6, 156.0, 155.3, 
152.0, 104.9, 77.7, 30.5, 30.5, 30.0, 29.6, 29.5, 29.4, 29.4, 29.3, 29.3, 29.2, 28.8, 26.9, 26.7, 26.5, 26.5, 
23.5 ppm.
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Synthesis of compound 2. The Boc precursor 1 (2.9 g, 4.9 mmol) was stirred in a mixture of DCM 
and TFA (2 x 22 mL) for 2.5 h, after which most solvent was carefully evaporated at about 30 oC using a 
rotary evaporator. The resulting material was subsequently precipitated with 200 mL diethyl ether. The 
resulting solid was combined with 100 mg of a previous batch, dissolved in 40 mL 1:1 MeOH/CHCl3, 
evaporated, stirred with diethyl ether, collected by filtration, and dried to afford 3.1 g (101%) of the 
desired compound as the TFA salt. 1H-NMR (400 MHz, DMSO): d 12.3-10.7 (br.s, 1H), 10.7-9.1 (br.s, 
1H), 8.1-7.1 (br.m, 4H), 5.77 (br.m, 3H), 3.12 (q, 2H), 2.95 (m, 4H), 2.77 (m, 2H), 2.10 (s, 3H), 1.6-1,1 
(br.m, 28H) ppm. 13C-NMR (101 MHz, DMSO): d 165.1, 161.7, 158.8, 158.6, 155.3, 151.9, 117.7, 105.0, 
30.5, 30.5, 29. 6, 29.5, 29.5, 29.4, 29.3, 29.0, 27.5, 26.9, 26.5, 26.2, 23.6 ppm. Mass (ESI): [M+H]+ = 
494.42 (calcd.: 494.37).

Synthesis of compound 3. Carboxylic acid terminated 8-arm PEG (Mn = 10 kg/mol, 250 mg, 25 
µmol) and HATU (78 mg, 8.2 eq.) were dried in vacuo for 30 minutes and dissolved in 5 mL DMF. After 
addition of DiPEA (300 µL, 70 eq.) the acid was pre-activated for 30 minutes. A mixture of cRGDfK 
(136 mg, 6.5 eq) in 2.5 mL DMF and UPy 2 (69 mg, 4.5 eq) in 5 mL DMF was added to the activated 
carboxylic acid solution at room temperature. After addition of more DiPEA (220 µL, 50 eq.) and an 
additional 2.5 mL DMF, the solution was stirred for 16 hours at 40 oC. The resulting reaction mixture 
was evaporated to dryness, dissolved in 20 mL 1:1 THF/H2O and dialyzed (Spectra/Por 3.5 kDa) against 
the same solvent until NMR was satisfactory. The resulting solution was evaporated to remove most 
of the THF, and subsequently lyophilized to afford 260 mg (72%) of the desired compound. 1H-NMR 
(DMSO): d 8.5-7.5 (NHs, 26H), 7.3-7.1 (m, 20H), 5.9-5.6 (m, 12H), 4.7-3.9 (m, 25H), 3.9-3.8 (2 x s, 16H), 
3.8-3.3 (br.m., 1094H),  3.3-2.8 (m, 47H), 2.1 (s, 12H), 1.9-0.9 (br.m, 163H) ppm.

Scheme 8.3: Synthetic procedure of Monofunctional UPy-C6-urea-C12-OEG12-cRGD (Mono-RGD). Reaction 
conditions: (i) 2,3,5,6-Tetrafluorphenol, pyridinium-p-toluenesulfonate, 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride, CHCl3, r.t., 2h, 100% (ii) c(RGDfK), N,N-diisopropylethylamine, DMF, r.t., 1h, 70%.
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Synthesis of Multifunctional-2-cRGD-6-UPy (Multi-RGD-2). 

Synthesis of Multi-RGD-2 was performed in a similar fashion as for Multi-RGD-4, however differ-
ent equivalents of UPy and cRGD were used (7.2 and 2.4, respectively). 

Synthesis of Monofunctional UPy-cyclicRGD (Mono-RGD) (3) (Scheme 8.3). 

Synthesis of compound 2. 1-((6-Methyl-4-oxo-1,4-dihydropyrimidin-2-yl)amino)-1,10,25-trioxo
-26,29,32,35,38,41,44,47,50,53,56,59,62-tridecaoxa-2,9,11,24-tetraazapentahexacontan-65-oic acid 
(1)264 (41 mg, 36 µmol),  2,3,5,6-tetrafluorophenol (12 mg, 70 µmol, 2 eq) and pyridinium-p-toluene-
sulfonate (1.0 mg, 4 µmol, 0.1 eq) were dissolved in CHCl3 (500 µL). 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (14 mg, 72 µmol, 2 eq) was added and the solution was stirred at room 
temperature for 2 h. CHCl3 (50 mL) was added and the solution was washed with water (3 ´ 20 mL). 
The combined organic layers were dried using Na2SO4 and filtrated. Evaporation of the solvent in vac-
uo yielded pure 2 (46 mg, 36 µmol, 100 %) as a colorless solid. 1H-NMR (CDCl3): δ = 13.16 (br s, 1H, 
NH, UPy), 11.82 (br s, 1H, NH, UPy), 10.07 (br s, 1H, NH, UPy), 7.01 (m, 1H, ArH), 5.83 (s, 1H, C=CH, 
UPy), 4.91 (br t, 1H, NH), 4.83 (br t, 1H, NH), 4.63 (br t, 1H, NH), 4.20 (t, 2H, NHC(O)OCH2), 3.89 (t, 2H, 
NHC(O)OCH2CH2), 3.71–3.56 (m, 46H, OCH2), 3.24 (q, 2H, CH2NHC(O)O), 3.15 (m, 6H, CH2NHC(O)NH), 
2.96 (t, 2H, CH2C(O)O), 2.24 (s, 3H, CH3), 1.64–1.20 (m, 28H, CH2CH2CH2). ESI-MS: m/z Calc. for C59H99F-
4N7O19 1285.69; Obs. [M+2H]2+ 643.92, [M+H]+ 1286.42, [M+Na]+ 1308.42.

Synthesis of compound 3. A solution of 2 (113 mg, 88 µmol) in DMF (1.4 mL) was added to a 
stirring solution of c(RGDfK) (double TFA-salt, 103 mg, 0.12 mmol, 1.4 eq) and N,N-diisopropylethyl-
amine (93 µL, 0.53 mmol, 6 eq) in DMF (400 µL). After stirring at room temperature for 1 h the reaction 
mixture was precipitated in diethyl ether (60 mL). Centrifugation (5 min at 4000 rpm) was followed by 
decantation and the solid was washed with ether (10 mL). The centrifugation procedure was repeated 
and the resulting solid was dried in vacuo for 1 h. The compound was purified with preparative RP-
HPLC using a gradient of 33 to 36 % MeCN in H2O (both containing 0.1 v/v % formic acid). Lyophiliza-
tion yielded pure 3 (106 mg, 61 µmol, 70 %) as a white fluffy solid. ESI-MS: m/z Calc. for C80H138N16O25 
1723.00; Obs. [M+3H]3+ 575.42, [M+2H]2+ 862.67, [M+H]+ 1723.42.

Hydrogel formulation. 10 wt/v% (100 mg/mL) hydrogels were created by dissolving mUPy, 
bUPy, Multi-RGD-4 and Mono-RGD in a basic phosphate buffered saline (PBS) solution with 160 mM 
NaOH and was stirred at 50-70 oC until a clear solution was formed. The different formulations are 
summarized in Table 8.1. Hydrogen chloride (HCl) was used at the same concentration of base (160 
mM HCl) to re-adjust the pH.

Hydrogel formulation for cell viability. 10 wt% (100 mg/mL) hydrogels based on bUPy were cre-
ated to encapsulate CPCs for long periods of culture time. Hydrogels were prepared via two methods, 
i.e. crumbling or powder method (Table 8.3). Crumbling method consisted of first dissolving UPy-poly-
mers in a basic PBS solution (10 mM NaOH) at a concentration of 20 wt%. Next, the polymer solu-
tions were pipetted into trans-well inserts (pore size = 8 µm, PET, Merck Millipore) and equilibrated in 
neutral PBS overnight. Finally, an equal volume of cell suspension was mixed with the crumbled and 
equilibrated 20 wt% hydrogels. The powder method started by first dissolving the bUPy in MilliQ:ace-
tonitrile (1:1) at a concentration of 10 mg/mL and stirring at 50 oC until completely dissolved. Next 
Multi-RGD and Mono-RGD were dissolved in 1 mL MilliQ:acetonitrile:methanol (1:1:2) and added to 
the polymer solution of bUPy to get the correct molecular ratio of bUPy:Multi-RGD and bUPy:Mo-
no-RGD (9:1 mol%). Next, polymer solutions were freeze-dried and consequently pulverized into a fine 
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powder using a mikro-dismembrator (Sartorius). Finally, cell suspensions were added directly to dry 
powder and mixed with a pipet tip to encapsulate cells. 

Table 8.3: Summary of the different hydrogel preparations used for the viability experiments.

Experiment #
Hydrogel 

preparation 
method

final [Polymer] 
in wt%

[RGD] in mM

bUPy +Multi-
RGD-2

+Multi-
RGD-4

+Mono-
RGD

1 Crumbling 10 0 1.5 3.0 -
2 Crumbling 10 0 1.5 3.0 1.0
3 Crumbling 10 0 - 3.0 3.5
4 Powder 10 0 3.0 1.0

Rheological analysis. Hydrogels were prepared as described previously in circular Teflon molds 
(diameter = 8 mm, height = 2 mm) and allowed to gelate overnight in a humid environment and 
a temperature of 4-7 oC. Frequency sweeps were performed with an angular frequency of 0.1-100 
rad/s and at a constant strain of 1% and temperature of 25 oC. Stress relaxation of the hydrogels were 
determined after application of a strain of 1% and measuring the stress over 5 min. Strain sweeps 
were performed with a strain amplitude of 1-1000% and a constant angular frequency of 1 rad/s and 
temperature of 25 oC. Storage moduli were determined from the linear elastic region of each hydrogel. 

Cell experiments. L9TB cardiomyocyte progenitor cells (CPC) were immortalized by lentiviral 
transduction of hTert and BMI-1 (L9TB).189 CPCs were cultured in SP++ growth medium containing 
M199 (Gibco), which uses a bicarbonate buffer system, and EGM-2 BullitKit (Lonza) in a 3:1 volume 
ratio, supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin (Lonza) and 1% non-es-
sential amino acids (Gibco) at physiological pH. CPCs were routinely cultured on 0.1% gelatin coated 
PS, passaged at 80-90% confluency and seeded at a concentration of 3.1·104 cells/cm2 in a 96-wells 
plate. Hydrogels were first sterilized with UV-light for 15 min and then washed with SP++ before seed-
ing cells to remove any excess of acid.

Immunofluorescence staining. CPCs cultured on hydrogels were first washed with PBS, fixated 
in 3.7% formaldehyde (Merck) for 10 minutes, washed twice with PBS and permeabilized with 0.5% 
Triton X-100 (Merck) for 10 minutes. Non-specific binding of antibodies was minimized by incubating 
in 2% horse serum in PBS for 20 minutes. Cells were then incubated with primary antibodies in 10% 
horse serum in PBS for 2 hours at 4 oC. Subsequently, cells were first washed with PBS and incubated 
with a secondary antibody and phalloidin-FITC for 1 hour in PBS followed by incubation with DAPI (0.4 
µg/mL) in PBS for 5 minutes. Finally, samples were washed and flipped on cover glasses. Information 
regarding, primary and secondary antibodies are listed in Table 8.4. 

Table 8.4. List of antibodies used for immunofluorescence staining

Antigen Source Cat. no Isotype Label Species Dilution
Zyxin Sigma HPA004835 IgG - Rabbit 1:400
Rabbit IgG Molecular Probes A21428 IgG (H+L) Alexa 555 Goat 1:300

Cell proliferation assay. CPCs cultured on hydrogels were first washed with PBS and the culture 
plate was frozen at -80 oC. A commercially available CyQuant Assay was used to measure fluorescence 
of a dye that binds to nucleic acids. Based on a standard curve of known cell numbers, the fluores-
cence could be translated into cell numbers for each sample. 
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Cell viability assay. Encapsulated CPCs were analyzed for viability after 7 days of culture by in-
cubating the gels with calcein-acetoxymethyl (calcein-AM, 10 µM) and propidium-iodide (PI, 10 µM) 
in serum free media at 37 oC for 1 hour. Next, gels were washed with serum-containing medium and 
imaged with a confocal laser scanning microscope (Leica TCS SP5X) at 37 oC. Viable cells were calcu-
lated by subtracting the amount of PI-positive cells of the total amount of cells (sum of PI and calce-
in-positive cells) and dead cells were equal to the amount of PI-positive cells. Calcein-positive and 
PI-positive cells were counted using Mathematica software (Wolfram). For each gel 3-4 images were 
taken and averaged. 

Statistical Analysis. Data are presented as mean ± standard deviation (SD). These data consisted 
of storage modulus, tangent delta, yield point, relaxation times and cell numbers. All statistical differ-
ences were determined using a non-parametric Kruskal-Wallis test with Dunn’s post-hoc test. Prob-
abilities of p<0.05 were considered as significantly different. All statistical analyses were performed 
using GraphPad Prism 5 Software (GraphPad Software, Inc.).
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Abstract

The current challenge in the design of a synthetic extracellular matrix is to create dy-
namic reciprocity between the embedded cells and their surrounding microenvironment. 
Supramolecular biomaterials fulfill these criteria due to their dynamic, modular and highly 
tunable material properties. Additionally, depending on the crosslinks or backbone poly-
mer, supramolecular biomaterials can be formulated into elastomeric materials with slower 
dynamics or hydrogel systems with faster dynamics. In this thesis, the natural extracellular 
matrix of cardiac progenitor cells was mimicked by incorporating different biomaterial de-
sign criteria, such as biochemical, mechanical and physical parameter. In this chapter, the 
most important design criteria for developing supramolecular biomaterials that mimic the 
natural cardiac microenvironment are discussed. 

9
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Engineering the cardiac microenvironment 

Careful tailoring of biomaterial properties is important to create a synthetic matrix that 
can aid in the process of cell-based tissue regeneration. It is proposed that such a material 
should ideally mimic the cardiac microenvironment and there should be dynamic reciprocity 
between cells and their microenvironment. This is achieved with supramolecular biomate-
rials that are used as synthetic extracellular matrices and which are intrinsically dynamic. 
Supramolecular assemblies can be formulated into biomaterials with a range of dynamics, 
such as elastomeric materials or hydrogel systems. By changing either the molecular design 
of the individual components or the supramolecular mixture of the material, it is proposed 
that the dynamics, biocompatibility and/or mechanical properties can be controlled. In this 
thesis, different UPy-based biomaterials were designed in which specific cardiac microen-
vironment characteristics were studied such as the effect of aspecific and specific bioactive 
ligand presentation and the effect of changing the mechanical properties (Figure 9.1). Based 
on the main findings in this thesis, table 9.1 provides propositions that are important for the 
development of supramolecular elastomeric and hydrogel materials that can act as synthet-
ic ECM for cardiovascular repair.

Figure 9.1: Schematic overview of the different cellular microenvironment properties that were mimicked in each 
chapter.
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Table 9.1: Overview of the different supramolecular biomaterial design criteria and main achievement for each 
chapter

Elastomeric material design criteria Hydrogel systems design criteria

Process the elastomeric biomaterial in any shape or 
structure, depending on the application

Ch. 4: Possible to electrospin hybrid and fibrous 
hydrogel meshes (fiber diameter = 2.1 ± 0.6 μm)

Ch. 5: Possible to electrospin catechol-modified 
fibrous meshes (fiber diameter = 7.5 ± 2.9 µm)

Mechanical properties should mimic the natural 
microenvironment of cardiac progenitor cells to 
promote sufficient adhesion, proliferation and 

differentiation

Ch. 3: Stiffness range: Eeff = 20-200 kPa 

Ch. 8: Stiffness range: G’ 20-70 kPa

Mechanical properties of the biomaterial should 
match with the myocardium

Mechanical properties  should match with the 
myocardium and act as supporting matrix

Introduce and control presentation of specific or aspecific bioactive ligands, which should promote sufficient 
cellular adhesion, proliferation and differentiation

Ch. 3: RGD from recombinant collagen hydrogels promoted CPC adhesion and proliferation

Ch. 4: Hydrid electrospun meshes promoted adhesion and ECM formation

Ch. 5: Catechol-functionalities improved aspecific cellular adhesion

Ch. 8: RGD-functionalized hydrogels with lower exchange dynamics promoted cellular adhesion and 
proliferation

Incorporate and control the release of paracrine signals

Ch. 7: Prolonged life-time of TGF-β1 achieved through non-covalent interactions

Control the degradability of the implanted biomaterial

Implant the biomaterial via a minimally-invasive strategy

Elastomeric materials as synthetic ECM

Due to their load-bearing and cell-supporting properties, elastomeric materials based 
on supramolecular crosslinks can be used as candidates to restore function of, e.g. heart 
valves36 or vascular grafts52,58 (Ch. 4 and 5). In chapter 5, the development of a new supramo-
lecular UPy-based elastomeric polymer was described, UPy-Priplast. This polymer is used as 
elastomeric material to create a synthetic ECM for cardiac progenitor cells. This supramolec-
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ular polymer showed limited cellular adhesion when processed into drop-cast films or elec-
trospun meshes. Upon mixing a catechol-modified UPy-functionality (UPy-DOPA), cellular 
adhesion was restored, which shows the potential of aspecific binding motifs and the sim-
plicity of modular UPy-based bioactivation. Functionalization of other UPy-based drop-cast 
films or electrospun materials such as, UPy-PCL which are intrinsically cell-adhesive, with 
UPy-DOPA resulted in limited improvement in cellular adhesion. The difference in cellular 
adhesion following UPy-DOPA functionalization of UPy-Priplast versus UPy-PCL could be due 
to how the catechols are presented at the surface, which is dependent on how the UPy-DO-
PA additive is supramolecularly incorporated within the bulk of the UPy-polymers. The main 
differences between these polymers are that UPy-Pripast polymers contain urethane groups 
within the backbone, while UPy-PCL polymers contain an urea group, which results in less 
stable UPy-aggregates. Moreover, UPy-Priplast dropcast films are more hydrophobic com-
pared to UPy-PCL films (Water contact angles = 90.0 ± 0.6° and 68.5 ± 0.8°, respectively) and 
no change is observed following bioactivation with UPy-DOPA (Water contact angles = 89.6 
± 0.8° and 69.9 ± 1.0°, respectively). These differences could result in a higher content of 
UPy-DOPA at the surface of UPy-Priplast dropcast films compared to UPy-PCL, which results 
in an increase in aspecific binding of proteins. 

In a recent study, a similar UPy-DOPA functionality was mixed with UPy-PCL polymers 
to create dropcast films and electrospun meshes for the development synthetic matrices 
for renal epithelial cells.326 Catechol-functionalities were successfully incorporated in the 
UPy-PCL dropcast film and electrospun mesh. However, no improvement in renal epithelial 
monolayer formation was observed in time. The limited difference in monolayer formation 
could be attributed due to the low amount of catechol groups at the surface of the elasto-
meric material. 

 To better understand about the effect of supramolecular crosslinks, hydrophobicity 
and polymer backbone on cellular adhesion, supramolecular elastomeric materials based on 
polymers containing bisurea (BU) as non-covalent crosslinks are included. Polymers based 
on these supramolecular crosslinking motifs have previously been used to develop heart 
valve replacements.36 Supramolecular polymers which contain BU motifs, form self-assem-
bled aggregates due to the hydrogen bonding of the urea groups and hydrophobic inter-
action of surrounding alkyl groups. Similar to the UPy-system, the bioactive properties of 
supramolecular biomaterials can be tailored by mixing it with BU-modified ligands. In a re-
cent study, integrin-binding arginine-glycine-aspartic acid (RGD)-ligands and catechol-func-
tionalities were incorporated in different supramolecular elastomeric polymers, based on 
both UPy and bisurea (BU) crosslinks. Catechols are versatile binding ligands that bind as-
pecifically to proteins (Ch. 5 and 6). Whereas, RGD-ligands are short peptides that bind 
selectively to cellular integrins and therefore are used to introduce specific bioactivation in 
supramolecular biomaterials (Ch. 8).327
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Scheme 9.1: Chemical structures of the different UPy-based polymers used to study CPC adhesion on 
dropcast films.

It is proposed that the base polymer backbone or type of supramolecular crosslinks 
would influence the presentation of ECM-mimicking components at the surface for cells 
and therefore a difference in adhesion is observed. Supramolecular elastomeric polymers 
consisted of UPy-PCL, UPy-Priplast, PCL-BU and polycarbonate-bisurea (PC-BU) and were 
functionalized with UPy-cRGD, UPy-DOPA for the UPy-based polymers (Scheme 9.1) and 
BU-cRGD and BU-DOPA for BU-based polymers (Scheme 9.2). 

Scheme 9.2: Chemical structures of the different BU-based polymers used to study additive presentation.

Incorporation of UPy-DOPA in both UPy-PCL and UPy-Priplast did not result in changes 
in water contact angle (WCA) and upon incorporation of UPy-cRGD only a slight decrease is 
observed for both polymers (Table 9.1). Contrarily, upon functionalization of BU-based pol-
ymers with BU-DOPA an increase in WCA was observed and a large decrease was observed 

N

NH

O N
H

N
H

O
H
N

O

O
O

O O

O
O

O

H
N

N
H

O

N
H

N

HN

O

C8H17

C6H13

3 3 3 3

4

3

N
H

N
H

ONH

NO

H
N

H
N

O
3

O
2

O

O

O
O

O

O
O

O
H
N

H
N

N
H

N
H

O

N

HN

O
n n 2 3

O

N
H

N
H

ONH

NO

H
N

H
N

3
O

N
H

O

O
O

H
N

6 12
O

OH
OH

H
N

N
H

HN

H
N

NH

O

NH

HN
NH2

O

O

O

HO
O

NHO

N
H

N
H

ONH

NO

H
N

H
N

3
O

N
H

O

O
O

6 12
O

UPy-Priplast

UPy-PCL

UPy-DOPA UPy-cRGD

*
H
N

H
N

N
H

N
H

O
O

O
O

O

N
H

N
H

H
N

H
N

O O

N
H

N
H

H
N

H
N

N
H

O
O

O

N
H

N
H

H
N

H
N

N
H

O
O

O

O

O

O

O

O O
*
mn n

O

O

O

m
n

O

O

O O

OH
OH

6 11

O

O

O O H
N

HN

HNNH

O

NH

HN NH2

O

O

O
HO
O

NHO

N
H116

PCL-BU

PC-BU

BU-DOPA

BU-cRGD



140

Chapter 9

upon BU-cRGD functionalization (Table 9.1). These results indicate a difference in additive 
presentation at the surface between UPy- and BU-based polymers.

Table 9.1: Water contact angles measured on the different UPy- and BU-based polymers. Values are depicted as 
mean ± standard deviation and N=3.

Pristine + DOPA + cRGD

UPy-PCL 69.2 ± 0.7 67.6 ± 0.5 61.2 ± 1.7

UPy-Priplast 92.3 ± 2.0 90.0 ± 1.0 80.5 ± 0.6

PCL-BU 70.0 ± 0.8 94.7 ± 0.3 25.9 ± 0.7

PC-BU 71.3 ± 0.2 77.0 ± 1.3 18.5 ± 1.1

Next, cardiac progenitor cells (CPCs) were seeded on the different dropcast 
films and cultured for 1 day (Figure 9.2). On pristine dropcast films based on UPy-
PCL, PCL-BU and PC-BU cellular adhesion was observed, however on UPy-Priplast 
films low numbers of cells were observed (Figure 9.2). No cellular adhesion was 
observed on pristine UPy-Priplast dropcast films, which could be due to different 
dropcast conditions, cell or serum protein batch or due to polymer degradation 
(Ch. 5). Upon functionalization with DOPA functionalities, only for UPy-Priplast an 
enhanced cellular adhesion was observed, while on PCL-BU and PC-BU a decrease 
in amount of cells was observed (Figure 9.2). The decrease in cellular adhesion that 
is observed could be due to the increase in hydrophobicity and/or the formation of 
a non-cell adhesive protein layer as a result of an increased presence of catechol 
functionalities at the surface. Upon functionalization with cRGD ligands similar 
adhesion was observed on UPy-PCL, PCL-BU and PC-BU, however on UPy-Priplast 
limited improvement of cellular adhesion was observed compared to pristine 
UPy-Priplast films. This indicates that catechol presentation in the UPy-Priplast 
elastomeric system is beneficial for cell adhesion, however, for other polymers this 
results in decrease of cell adhesion. 
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Figure 9.2: Fluorescence micrographs showing the adhesion of CPCs on the different UPy- and BU-based dropcast 
films. F-actin = green, nucleus = blue and the scale bars represent 50 µm. 

 Altogether, it was possible to develop supramolecular elastomeric biomaterials 
that showed enhanced cellular adhesion upon functionalization with aspecific or specific 
ligands. Furthermore, an increase in additive presentation at the surface is observed for 
polymers crosslinked with BU compared to UPy-based polymers. However, for DOPA-func-
tionalized BU-polymers a decrease in cellular adhesion was observed, which is speculated to 
be due to an increase in hydrophobicity and/or the formation of a non-cell adhesive protein 
layer. 

Hydrogels as synthetic ECM

Due to the high water content of polymeric hydrogels,29,328 it is proposed that the car-
diac progenitor cell microenvironment can be created. Additionally, by employing supramo-
lecular crosslinking mechanisms a high control over dynamics, bioactive ligand presentation 
and mechanical properties is achieved as described in this thesis. Hydrogels based on PEG 
and supramolecular UPy-crosslinks have been studied in great detail in our group.67,69,73 Ad-
ditionally, due to the pH-responsive behaviour of telechelic UPy-PEG hydrogels, they can be 
used as minimally-invasive strategies to deliver proteins.21,65,329 Recently, a mixture of UPy-
PEG with a UPy-modified Gadolinium(III)-DOTA complex (UPy-Gd) was injected in the wall 
of the myocardium, in which the location of the hydrogel could be visualized with MRI.275 
This allows for the opportunity to visualize the injected hydrogel carrier and the possibility 
to track the location of encapsulated cells.  However, current injectable hydrogels based on 
UPy-PEG do not completely recapitulate the natural environment of stem/progenitor cells, 
which results in low cellular viability and engraftment which suggests there is still a long 
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road to develop the optimal environment.17 For this reason, it is proposed that by mixing 
additional UPy-based additives with the UPy-PEG base polymer, a synthetic ECM environ-
ment is created that would mimic the natural niche while maintaining injectable properties.  

Initially, bioactivation of UPy-PEG hydrogels was achieved by mixing with an aspecific 
UPy-modified catechol-functionality (Ch. 6). Successful formation of a catechol-modified hy-
drogel was obtained, however no improvement in tissue adhesive properties was observed 
compared to unmodified UPy-PEG hydrogels. Additionally, encapsulation of CPCs within 
the UPy-PEG with UPy-DOPA did not improve the survival after long culture periods (Data 
not shown). It is therefore hypothesized that either i) UPy-DOPA functionalities are too dy-
namically incorporated within the UPy-fibers of the bifunctional UPy-PEG network or ii) the 
high content of PEG that surrounds the UPy-fibers dominates over  ligand presentation and 
results in limited cellular or tissue adhesion (Figure 9.3). These hypotheses forced us to 
study cell-material interactions with UPy-based hydrogels with lower exchange dynamics 
and PEG-content (Ch. 8).

Figure 9.3: Schematic overview of the molecular assembly of UPy-based hydrogelators mixed with cRGD 
functionalities and their proposed change in exchange dynamics.

In chapter 8, bioactivation of bUPy and mUPy hydrogels was achieved by mixing with 
specific cRGD-ligands that are proposed to interact with integrins on the cellular membrane. 
Following the binding of integrins to cRGD, cells exert contractile forces to their direct sur-
rounding matrix.330 Thus, biochemical information (cRGD) is translated into mechanical 
information and finally this leads to intracellular chemical pathways, which are known as 
mechanotransduction pathways.331,332 Key cellular players in this pathway are the focal ad-
hesions and filamentous actin (f-actin). Cellular contractile forces are typically in the na-
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nonewton-scale and therefore there is a possibility for cells to exert sufficient contractile 
forces to “pull out” cRGD-ligands which are non-covalently incorporated within the UPy-fib-
ers or prevent re-assembly.331 Current literature does not describe the forces needed to 
achieve the disassembly of UPy-functionalities from UPy-fibers, however extensive studies 
are performed to characterize and measure the exchange dynamics of different UPy-func-
tionalities and UPy-based hydrogelators.73 This information can be used to understand the 
cell-matrix interactions. In chapter 8, the difference in cellular adhesion between bUPy and 
mUPy, could be partially explained due to the decrease in exchange dynamics of UPy-func-
tionalities in the latter (Figure 9.3). Moreover, by increasing multivalency of the cRGD-func-
tionality a further decrease in exchange dynamics is obtained and a clear difference in cel-
lular adhesion was observed (Ch. 8). These results illustrate the importance of RGD-ligand 
exchange dynamics of the supramolecular hydrogel network on cellular adhesion. 

Application of supramolecular biomaterials for cardiac repair

 The aim of this thesis was to develop and explore the possibilities of UPy-based 
elastomeric materials and hydrogel systems in terms of cell-material interactions. These 
biomaterials are used as fibrous patch, injectable hydrogel or particles for the delivery of 
drug molecules or supporting matrix for cells (Figure 9.4).47 UPy-based elastomers can be 
processed into electrospun fibers or printed into well-defined shapes. These meshes can be 
used for the encapsulation of cells or drug compounds and be implanted on the infarcted 
heart.333,334 Important considerations in the development of these fibrous meshes are the 
possibility to control the release of factors from this material, which can then promote 
the regeneration of damaged myocardium. A possibility would be to combine elastomeric 
materials with a dynamic and fast degrading hydrogel, in which both a supporting structure 
and fast degrading component can be incorporated, respectively.

Hydrogels can be used to encapsulate cells to grow and expand them in vitro or be 
delivered in the wall of the myocardium, in which cells can either release paracrine signals 
or differentiate into cardiac-specific lineages, thereby greatly enhancing the efficacy of cell 
therapy.149  In this thesis, hydrogels were developed that promote the adhesion and prolifer-
ation of cells. Furthermore, due the intrinsic dynamic nature of supramolecular hydrogels, it 
is proposed adhered cells could remodel their focal adhesions and consequently also their 
surrounding ECM. Ultimately, to obtain fully synthetic extracellular matrices, multicompo-
nent systems are proposed which mimic more closely the complex natural microenviron-
ment. This is possible due to the incorporation of modular supramolecular crosslinks based 
on UPy-group. 
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Figure 9.4: Schematic overview of the different biomaterial-based approaches to support or improve cardiac 
regeneration.

Conclusion & Outlook

 Different supramolecular biomaterials were successfully developed and important 
components of the natural ECM were mimicked, such as integrin-binding motifs, fibrous 
architectures, aspecific protein-binding, growth factor binding and mechanical properties. 
Moreover, knowledge was obtained concerning the effect of exchange dynamics of hydro-
gels on complex biological mechanisms such as cell adhesion and proliferation (Ch. 8). From 
a scientific perspective, it would be interesting to study different supramolecular biomate-
rials, in particular multicomponent systems. It is believed to completely mimic the complex 
natural microenvironment, multiple components of the synthetic ECM should be incorpo-
rated which can be achieved using supramolecular biomaterials. 

Experimental section

Hydrophobicity of dropcast films. Dropcast film hydrophobicity was determined with 
water contact angles, which were measured on an OCA30 (DataPhysics) at room tempera-
ture. Water droplets (4 μL) were applied on the dropcast films and the angle of the wa-
ter–air–polymer interface was measured after 5 seconds. Two droplets were measured and 
averaged per sample. 

Cell culture and seeding. Cardiomyocyte progenitor cells (CPC) were immortalized by lentiviral 
transduction of hTert and BMI-1 and obtained from Leiden University Medical Center.189 CPCs were 
cultured in SP++ growth medium containing M199 (Gibco) which is bicarbonate buffered, and EGM-2 
BullitKit (Lonza) in a 3 : 1 volume ratio, supplemented with 10% fetal bovine serum (Bovogen), 1% pen-
icillin/streptomycin (Lonza) and 1% non-essential amino acids (Gibco) at physiological pH. CPCs were 
cultured on 0.1% gelatin coated PS, passaged at 80–90% confluency and seeded at a concentration of 
2.6 × 104 cells/cm2 on dropcast films. CPCs were cultured for 1 day on dropcast films. 

Fluorescence staining. CPCs cultured on dropcast films were first washed with PBS, fixated in 
3.7% formaldehyde (Merck) for 10 minutes, washed with PBS and permeabilized with 0.5% Triton 
X-100 (Merck) for 10 minutes. Filamentous actin (F-actin) was stained using a FITC-labelled phalloidin 
dye (1:300 in PBS) and incubated for 45 min. Cells were then incubated with DAPI (0.1 μg/mL) in PBS 
for 5 minutes. Finally, samples were washed and mounted on cover glasses with mowiol (Sigma). 
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Summary
Engineered cardiac microenvironments based on supramolecular 

biomaterials

The high occurrence of death due to heart failure demands for the development of 
new therapies for patients that have suffered from a myocardial infarction. During a myo-
cardial infarction a massive amount of cardiomyocytes dies as a result of the deprivation of 
oxygen. Following this event, a cascade of cellular processes takes place that result in the 
formation of a scar, which leads to decrease in the function of the myocardium and, in cer-
tain cases, heart failure. Current therapies that prevent heart failure include, e.g. drug, stem 
cell, gene or biomaterial-based therapies. Ideally, these therapies should aim at either, i) the 
prevention of large amount of cardiomyocyte death ii) decrease in fibrotic scar formation 
or iii) restoration of cardiac function. Particularly, stem cell therapies have the potential to 
regenerate cardiac tissue and provide for a long term solution. However, only modest and 
temporary improvements are observed which is largely due to the low cellular engraftment. 
One way to address this limitation is to create synthetic matrices that would enhance the 
affinity for cells and improve cellular engraftment to the tissue. 

Synthetic matrices are inspired by the function and structure of the natural extracel-
lular matrix (ECM). The natural extracellular matrix is a complex and dynamic environment 
that is crucial for the maintenance of biological activity and survival of cells. In the design of 
the synthetic ECM, biomaterials would act as idea supporting matrices to grow and culture 
cells or can be used as carriers to deliver cells. Another important advantage of synthetic 
biomaterials is the possibility to tune and control the mechanical, structural and bioactive 
properties. With these possibilities a range of different biomaterials can be designed and 
created to obtain an ideal environment and consequently the required cellular responses. 
In chapter 2, healthy and adverse remodeled cardiac niches are described and various syn-
thetic extracellular matrix approaches for the treatment of the infarcted heart are reviewed 
and discussed. These approaches are based on i) hydrogels that support the myocardial 
matrix via mechanical and/or bioactive cues, ii) hydrogel materials that release bioactive 
factors, iii) materials that deliver cells, and iv) hydrogel materials where the aim is to recruit 
cells locally. 

In the research described in this thesis, synthetic extracellular matrices are based 
on supramolecular ureido-pyrimidinone (UPy) interactions. Due to the non-covalent and 
modular nature of UPy-based biomaterials, different functionalities can be mixed-and-
matched or modified to create synthetic extracellular matrices for the culture of cardiac 
progenitor cells. In chapter 3, recombinant collagen-based hydrogels are developed which 
are crosslinked via supramolecular UPy-interactions. Upon functionalization of recombinant 
collagens with UPy-groups, control over the polymer structure, gelation and mechanical 
properties is achieved. Furthermore, cardiomyocyte progenitor cells are cultured on “soft” 
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versus “stiff” hydrogels and show increased stress fiber formation and proliferation on more 
rigid substrates. 

To create mechanically robust electrospun hydrogel scaffolds, chain-extended poly(eth-
ylene glycol) (PEG) polymers are modified and crosslinked via supramolecular UPy-interac-
tions and are described in chapter 4. These electrospun fibrous meshes show high stability 
and good mechanical properties after swelling them in water. Additionally, by mixing gelatin 
with the supramolecular polymer a fibrous mesh is created with similar morphology and 
improved bioactivity. By changing the fiber diameter and pore size, fibrous meshes allow for 
the growth of renal epithelial monolayers or cardiomyocyte progenitor cells on or inside the 
fibrous mesh, respectively.

To improve cell-material interactions, bio-inspired catechol chemistry is often used 
to introduce adhesiveness into biomaterials. To this end, UPy-modified hydrophobic poly-
mers with non-cell adhesive properties are developed and are bioactivated via a modular 
approach using UPy-modified catechols, which is described in chapter 5. It is shown that 
successful formulation of the UPy-catechol additive with the UPy-polymer results in surfac-
es that induce cardiomyocyte progenitor cell adhesion, cell spreading, and preservation of 
cardiac specific extracellular matrix production. Hence, by functionalizing supramolecular 
surfaces with catechol functionalities, an adhesive supramolecular biomaterial is developed 
that allows for the possibility to contribute to biomaterial-based regeneration. Similarly, 
hydrogels based on telechelic UPy-modified PEG polymers are functionalized with UPy-cat-
echol additives to improve tissue-adhesive properties, which are introduced in chapter 6. 
It is shown that mechanical properties and tissue-adhesive properties remain unaffected 
upon functionalization with UPy-catechol additives. Nevertheless, the applied rheological 
technique to measure tissue-adhesive properties proved useful to determine tissue adhe-
sive properties of different hydrogelators. 

To improve the stability and life-time of transforming growth factor β1 (TGF-β1) in 
solution a supramolecular approach is described in chapter 7. Inspired by natural heparin 
sulfate, sulphonated peptides are synthesized and modified with UPy-polymers. It is found 
that incubation of TGF-β1 in presence of sulphonated peptides improves stability and life-
time of the growth factor. Additionally, TGF-β1 activity is maintained for longer incubation 
times in the presence of sulphonated peptides and/or in the presence of telechelic UPy-PEG 
polymers. These findings illustrate that lower concentrations of TGF-β1 can be used in com-
bination with supramolecular UPy-polymers. 

Due to the highly dynamic nature and high PEG-content of telechelic UPy-PEG based 
hydrogels limited cellular and tissue adhesion are observed. For this reason, it is hypoth-
esized that by decreasing the PEG-content and/or the dynamicity, cellular adhesion of 
UPy-based supramolecular biomaterials is improved. By changing either the UPy-host or 
UPy-guest molecular design and consequently mixing these components, multi-component 
hydrogels are formed, which are described in chapter 8. Monovalent UPy-PEG host hydro-
gels (mUPy) are functionalized with bioactive cyclic arginine-glycine-aspartic acid (cRGD) 
peptide ligands and compared to bivalent and highly dynamic UPyPEG (bUPy) hydrogels. 
Additionally, multivalent UPy-guest ligands are designed using an 8-arm PEG modified with 
UPy and cRGD (Multi-RGD) to decrease the dynamicity of RGD ligands and compared to 
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monofunctional UPy-guest cRGD ligands (Mono-RGD). It is found that by functionalization 
of dynamic bUPy with either cRGD guest ligands no changes in mechanical properties and 
cellular adhesion are observed. However, functionalization of mUPy host molecules with 
either cRGD ligands results in enhanced cellular adhesion on the hydrogels. 

In conclusion it is shown that biomaterial properties, such as mechanical properties, li-
gand presentation, dynamicity and growth factor binding, are crucial for the development of 
synthetic extracellular matrices. Also, it is shown that supramolecular biomaterials based on 
UPy-interactions allow for the control over these properties, while simultaneously allowing 
for the possibilities to further tune the biomaterial properties. It is therefore proposed that 
supramolecular UPy-based biomaterials can be used to improve cellular based therapies in 
the field of cardiac regeneration. 
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