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1.1 Hydrogels for biomedical applications

Hydrogels consist of networks of hydrophilic polymers which absorb and maintain 
large amounts of water in their three-dimensional structure.1 As a consequence, 
hydrogels have found application in products as for example contact lenses, cosmetic 
implants, hair gels and diapers. Because of their high water content they resemble 
human tissues and have a good biocompatibility; therefore hydrogels are attractive 
materials for biomedical applications. Two of the main biomedical applications 
of hydrogels are in drug delivery and tissue engineering. In drug delivery, 
pharmaceutically active compounds are loaded in a hydrogel and administered 
into the body, where the drugs are released in a sustained manner for several days 
to months.1,5-8 Therefore, the frequency of drug administration can be decreased 
and peak concentrations are avoided, thereby reducing potentially harmful side 
effects. Alternatively, hydrogels are used to specifically deliver its content in the 
target area. To this end, hydrogels can be formulated into small carrier systems such 
as nanogels.9 These nanogels are for example suitable for targeting of antigens to 
dendritic cells.10 For tissue regeneration applications, hydrogels can be loaded with 
cells and administered at the defect site (figure 1.1).11-14 Growth factors may be added 
to the hydrogel to enhance the tissue regeneration capability. Differentiation of cells 
and communication with the surrounding tissue can result in the formation of new 
functional tissue. This is for example crucial for tissues that do not contain blood 
vessels, such as articular cartilage, and are therefore not able to regenerate after 
e.g. traumatic injury, surgical resection or disease.15 In order to develop a suitable 
hydrogel material for an aimed biomedical or pharmaceutical application, it must 
fulfill a number of requirements.16 Importantly, the hydrogel should induce no or 
minimal toxicity when applied. Furthermore, in many applications hydrogels should 
also possess suffcient strength, allowing them to retain at the site of administration  
and withstand mechanical forces. Preferably, hydrogels should degrade in time, 
so no additionally surgery is required to remove them once they have fulfilled 
their task. Another important aspect is to obtain a high control over the hydrogel 
properties, without batch-to-batch variations. When these properties can be tuned 
towards a patient specific treatment, these biomaterials can be used in a wide range 
of biomedical and pharmaceutical applications.
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Figure 1.1. Schematic representation of hydrogel formation with cells embedded in the 
polymer network. Adapted from Ward et al.17 with permission.

1.2 Polymers for hydrogel design

Hydrogels can be designed from a broad variety of polymers, of which many are 
discussed in more detail in Chapter 2. Two main classes of polymers that can be 
distinguished are natural and synthetic polymers. Biopolymers, polymers that 
have a natural origin, are for example polysaccharides, proteins, natural polyesters 
and nucleic acids.18,19 Polysaccharides include chondroitin sulfate, hyaluronic acid, 
cellulose, starch, dextran and alginate. Examples of proteins that can be used for 
the formation of hydrogels are collagen, gelatin, elastin and silk fibroin. In general, 
natural polymers have excellent biomimetic characteristics and are often inherently 
biodegradable, and have therefore high potential for biomedical applications. As 
main drawbacks, they often display poor mechanical strength, exhibit large batch-
to-batch variations and have a notable chance of eliciting an immune response. 
On the other hand, synthetic hydrophilic polymers such as poly(ethylene glycol) 
(PEG), poly(N-(2-hydroxypropyl)methacrylamide) (pHPMA), poly(2-hydroxyethyl 
methacrylate) (pHEMA) and polyglycerol have tremendous possibilities in network 
design with a high control over their final material properties, such as stiffness and 
permeability for drugs, nutrients etc. However, synthetic biomaterials should be 
carefully developed to be non-toxic and biodegradable. In many cases, synthetic 
materials lack intrinsic cellular interactions for successful application in regenerating 
damaged tissues. A combination of synthetic and natural polymers, referred to as 
hybrid materials, can synergistically combine the advantageous properties of the 
individual components.
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1.3 Cross-linking strategies

Besides the hydrogel origin (natural or synthetic), another criterion to classify 
hydrogels is their cross-linking mechanism.20 Physically cross-linked hydrogels are 
formed by non-covalent interactions, such as hydrophobic and ionic interactions. On 
the other hand, in chemically cross-linked hydrogels intermolecular covalent bonds 
between the polymer chains that form the network are present. Generally, physically 
cross-linked hydrogels can rapidly form a network, but the resulting hydrogel is 
mechanically weak, leading to fast erosion or degradation. An important class of 
physically cross-linked hydrogels consists of stimuli-sensitive polymers.21-23 By a 
change in the environment, such as pH or temperature, non-covalent, reversible cross-
links are formed. Therefore, these hydrogels are particularly attractive as injectable 
formulations. In contrast, chemically cross-linked hydrogels generally form relatively 
rigid, irreversible networks, but often harsh conditions are required for network 
formation. Physical and chemical cross-linking can also be combined in hydrogel 
preparation. This dual cross-linking results in an immediate physical network and 
subsequent mechanical stabilization through the formation of covalent bonds that 
further cross-link and stabilize hydrogel structure. To find cross-linking conditions 
that result in quick network formation without inducing toxicity and irreversible 
alterations in embedded compounds or surrounding tissues is an important scientific 
challenge with great translational potential. Three promising classes of hydrogels 
that are developed and investigated in this thesis are temperature responsive, 
photopolymerizable and chemoselectively cross-linked hydrogels. Other promising 
methods for hydrogel development are enzymatic cross-linking, double network 
hydrogels and copper free click chemistry that are further discussed in chapter 2.24-27 
The strategies that are highlighted below hold several favorable characteristics such 
as ease of polymer manufacturing and hydrogel formation, and compatibility with 
bioactive molecules. 

1.3.1 Temperature responsive hydrogels
Thermosensitive hydrogels undergo a reversible phase transition from liquid to 
a gel state after a change in temperature (figure 1.2).28,29 They can be categorized 
into polymers exhibiting upper critical solution temperature (UCST) or lower 
critical solution temperature (LCST) behavior. UCST polymers can form a hydrogel 
at temperatures below this temperature. This class mostly includes biopolymers, 
such as gelatin that contains triple helix structures, where intermolecular hydrogen 
bonds are formed at lower temperatures.18 In contrast, LCST polymers precipitate 
above this critical temperature. A well-known example of polymers exhibiting 
LCST behavior is the synthetic polymer poly(N-isopropylacrylamide) (pNIPAAm). 
The phase transition of an aqueous solution of this polymer occurs above 32°C. 
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NIPAAm contains both a hydrophilic (amide) and hydrophobic (isopropyl) moiety. 
At temperatures below the LCST, pNIPAAm is soluble in water and forms hydrogen 
bonds of the amide groups with water molecules, while at the same time water 
molecules are caged near the isopropyl groups. At higher temperatures the entropy 
dominates the enthalpy of hydrogen bonding and water molecules disfavor confined 
hydrogen bonding with NIPAAm, leading to the clustering of hydrophobic groups 
and release of water molecules. This self-assembly is reversible, since pNIPAAM 
dissolves again in water once the temperature is below the LCST of 32°C.

Temperature

Figure 1.2. Temperature responsive hydrogel formation. Adapted from Lin et al.30 with 
permission of Royal Society of Chemistry, Copyright © 2008.

1.3.2 Photopolymerizable hydrogels
Photopolymerization occurs upon exposure of the hydrogel building blocks with 
UV or visible light, and photoinitiators for the formation of covalent networks.31 
After illumination, free radicals are created from the photoinitiator, starting the 
polymerization of functionalized macromers. For biomedical applications of 
photopolymerized hydrogels, macromers containing methacrylate or acrylate groups 
are mostly used. Also biopolymers can be derivatized with these groups making use 
of functional groups (such as OH, NH2) present in these molecules to allow UV-
induced cross-linking.32-34 Photopolymerization has several advantages such as fast 
curing times and temporal control over the polymerization. However, the use of UV 
light requires additional equipment and the produced radicals can potentially cause 
cytotoxicity. Although several researchers demonstrated limited toxicity after UV 
polymerization, it remains a controversial topic.34-36 Therefore, continuous efforts in 
further developing suitable illumination equipment and ensuring biocompatibility 
are necessary for application of photopolymerizable hydrogels in the biomedical 
field.
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1.3.3 Chemoselective cross-linking
Bioorthogonal chemistries37, also known as chemoselective ligations38 are effcient  
chemical reactions that specifically take place at the desired site and have therefore 
limited effect on native biochemical processes or embedded compounds.39 One 
example of a chemoselective reaction is native chemical ligation (NCL).40 Herein, an 
N-terminal cysteine reacts with a thioester as depicted in figure 1.3A. This reaction 
generally requires the presence of thiol reactants41 and has been widely employed for 
the synthesis of complex peptides and proteins. Recent efforts showed the formation 
of hydrogels by NCL without the addition of a thiol reactant.42 Furthermore, a 
variation of native chemical ligation termed as oxo-ester mediated native chemical 
ligation was recently introduced that utilizes an activated ester instead of a 
thioester43,44  (figure 1.3B) and can be applied for the formation of hydrogels.45
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Figure 1.3. Chemoselective cross-linking reactions for hydrogel formation as described in 
this thesis. A) Native chemical ligation. B) Oxo-ester mediated native chemical ligation.

1.4 Scaffold fabrication

Traditionally, hydrogels were prefabricated by simple mixing of precursors and after 
cross-linking the formed hydrogels were subsequently used by e.g. implantation 
in the body.1 Advances in the field of hydrogels now enable a minimally invasive 
administration by injection of a liquid formulation.46 Consequently, no extensive 
surgerical interventions are required, saving costs and adding to the patients’ 
convenience.30,47 Alternatively, more complex constructs can be created by the 
development of new technologies for additive manufacturing, such as bioprinting, 
yielding hydrogel materials that closely resemble natural tissues.48 
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1.4.1 Injectable materials
Besides that injection offers a minimally invasive surgical procedure, other 
advantages of injectable hydrogels include the ease of incorporating bioactive 
compounds by simple mixing them with the hydrogel precursors, and the capability 
of completely filling irregular defects.46,49 A major class of injectable hydrogels 
consists of stimuli-sensitive polymers. Particularly attractive are thermosensitive 
polymers, since a gel can be spontaneously formed without the need of chemical 
post-treatment.50 However, to ensure mechanical stability over a longer time frame, 
combinations of temperature-induced and chemically cross-linked hydrogels are 
often investigated.51,52 Injectable hydrogels that consist of two components with 
complementary functional groups can form a covalently cross-linked network in situ. 
Gelation kinetics have to be carefully considered to avoid needle obstruction before 
administration as well as leaching of the hydrogel precursors from the application 
site shortly after administration. A dual injection syringe, as is depicted in figure 
1.4, allows proper mixing of the precursors while chemical cross-linking starts in 
the needle instead of the syringe, thereby limiting the chance of blockage of the 
needle or injection of very viscous solutions.53,54 The presence of thermoresponsive 
polymers in the formulation ensures immediate stabilization of the hydrogel after 
injection.

Component 1 

Component 2 

Figure 1.4. Injection of a two component hydrogel. Adapted from Mehdizadeh54, copyright 
(2012), with permission from Elsevier.

1.4.2 Additive manufacturing
With the emerging advances in rapid prototyping technologies, more complex 
scaffolds can be created with properties that cannot not be achieved with simple 
hydrogel fabrication.48,55-57 For example, porous constructs allow a rapid diffusion 
of nutrients and facilitate ingrowth of surrounding tissues. Additionally, tissues 
with a zonal architecture, such as cartilage that consists of layers with different 
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Figure 1.5. 3D-printing of hydrogel-thermoplastic constructs. Adapted from Schuurman et 
al.67 © IOP Publishing. Reproduced with permission. All rights reserved.

cell morphologies and glycosaminoglycan content, can be closely mimicked.58,59 
Biofabrication technologies include electrospinning60, stereolithography61 and 
3D-printing, which is often referred to as bioprinting or 3D-plotting. 62 Bioprinting 
allows the layer-by-layer formation of a three-dimensional construct based on 
a computer-designed model. Materials that can be used for bioprinting are e.g. 
thermoplastic polymers and viscous polymer solutions. Thermoplastic polymers can 
be melted and subsequently extruded through a needle, after which they solidify 
on the printing plate.63 An interesting thermoplastic polymer for bioprinting is the 
polyester poly-ε-caprolactone (PCL) since it has a relatively low melting temperature 
of 60°C and is degradable.64 Chemical functionalities on this polyester can be 
introduced to for example tune degradation times or promote cell adhesion.65,66 
On the other hand, aqueous polymer solutions can form dimensionally stable 
scaffolds after deposition through subsequent cross-linking into a hydrogel.48 Quick 
network stabilization must be ensured to obtain constructs with high shape fidelity. 
Moreover, multi-material constructs can be created as is depicted in figure 1.5, where 
alternating layers of a thermoplastic polymer and a hydrogel are deposited.67,68 A 
thermoplastic polymer is introduced in these constructs as a mechanical support 
material, whereas the hydrogel forms a suitable environment for encapsulated 
cells. These hybrid reinforced constructs give therefore rise to remarkable material 
properties that could not be accomplished with only a single material. 
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1.5 Aim and outline of thesis

The work described in this thesis was part of the Netherlands Institute of Regenerative 
Medicine (NIRM) research program. NIRM aims to find innovative approaches 
to improve existing and create novel regenerative medicine treatments, involving 
both stem cell research and biomaterial development.69 The aim of this thesis was 
to develop new hydrogel-based materials for biomedical applications. Herein the 
challenges of finding suitable gelation kinetics and cross-linking chemistries for 
hydrogel formation were addressed. Main emphasis in this thesis was given to the 
evaluation of chemoselective chemistries, namely native chemical ligation and oxo-
ester mediated native chemical ligation, in combination with thermoresponsive 
polymers to yield building blocks suitable as injectable hydrogel materials. 
Additionally, novel hydrogel-thermoplastic constructs were fabricated to address the 
often poor mechanical strength of hydrogels and the challenges to fabricate hydrogels 
for bioprinting. Hybrid 3D-printed constructs with covalent grafting at the material 
interface were assessed for the fabrication of mechanically robust materials. We 
hypothesized that covalent bonds between the hydrogel and thermoplastic material 
could further enhance the mechanical stability of the construct. Furthermore, 
hyaluronic acid, gelatin and peptides were introduced in these materials to enhance 
their cytocompatibility and cellular proliferation performance.

Chapter 2 provides a literature overview of hydrogels for biomedical applications 
studied in the past 50 years and recent insights and technologies that have the 
potential to create new hydrogel materials for the future. Chapter 3 describes 
the development of a novel hydrogel that is both physically cross-linked by 
thermogelation and chemically cross-linked by native chemical ligation. This 
hydrogel is shown to be attractive for the covalent functionalization with collagen 
mimicking peptides. In Chapter 4 thermogelling hydrogels chemoselectively cross-
linked by native chemical ligation (NCL) are compared with oxo-ester mediated 
native chemical ligation (OMNCL) for gelation kinetics, cell viability and protein 
compatibility. Additionally, the versatility of these hydrogels regarding mechanical 
properties and degradation rates is assessed. Chapter 5 describes the formation of 
a hybrid three-dimensionally printed hydrogel-thermoplastic construct. Covalent 
photopolymerization at the hydrogel-thermoplastic interface is investigated to 
increase mechanical resistance against shear forces. Chrondrocytes are embedded in 
gelatin-based hydrogel-thermoplastic materials to assess their differentiation both in 
vitro and in vivo. Chapter 6 presents the ability to fabricate 3D-printed constructs of 
temperature sensitive and OMNCL cross-linked hydrogels. Hydrogel collapse after 
extrusion is circumvented by partially cross-linking the hydrogel precursors before 
plotting. The flow properties of the polymer solutions are investigated by rheology 
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simulate what can happen during the 3D-printing process. Moreover, covalent 
grafting these hydrogels to a thermoplastic construct is studied for the development 
of mechanically enhanced constructs. Finally, Chapter 7 gives a summarizing 
discussion of the work described in this thesis, together with some possible future 
optimizations and perspectives.
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Abstract

Over the past decades, significant progress has been made in the field of hydrogels as 
functional biomaterials. Biomedical application of hydrogels was initially hindered 
by the toxicity of crosslinking agents and limitations of hydrogel formation under 
physiological conditions. Emerging knowledge in polymer chemistry and increased 
understanding of biological processes resulted in the design of versatile materials 
and minimally invasive therapies. Hydrogel matrices comprise a wide range of 
natural and synthetic polymers held together by a variety of physical or chemical 
crosslinks. With their capacity to embed pharmaceutical agents in their hydrophilic 
crosslinked network, hydrogels form promising materials for controlled drug release 
and tissue engineering. Despite all their beneficial properties, there are still several 
challenges to overcome for clinical translation. In this review, we provide a historical 
overview of the developments in hydrogel research from simple networks to smart 
materials.
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2.1 Introduction

Hydrogels are three-dimensional polymer networks that are able to retain a large 
amount of water in their swollen state.1 Hydrogels may be classified as natural, 
synthetic or hybrid, depending on the source of the constituting polymers. Hydrogels 
can be chemically crosslinked by covalent bonds, physically crosslinked by non-
covalent interactions or crosslinked by a combination of both. The interactions 
responsible for the water sorption include capillary, osmotic and hydration forces, 
which are counterbalanced by the forces exerted by the crosslinked polymer chains 
in resisting expansion.2 The equilibrium swollen state depends on the magnitudes of 
these opposing effects, and determines to a large extent some important properties 
of the hydrogel, including internal transport and diffusion characteristics, and 
mechanical strength. Many of these properties are governed not only by the degree 
of swelling, but also directly by the chemical nature of the polymer network and the 
network morphology. Due to their high water content, the properties of hydrogels 
resemble those of biological tissues, resulting in an excellent biocompatibility. 
Furthermore, their soft and rubbery nature minimizes inflammatory reactions of 
the surrounding cells.3 After their discovery in the 1960s by Wichterle and Lim4 
hydrogels were first successfully applied as contact lenses. Later, hydrogels have 
been frequently used as systems for the controlled delivery of biologically active 
agents. These hydrogels facilitate the localized and sustained release of a drug, 
thereby decreasing the number of administrations, preventing damage to the drug 
and allowing for relatively low doses. In this field, the Journal of Controlled Release 
has played a major role since its launch in 1984 as a place to publish state-of-the-
art research and review articles concerning drug delivery from hydrogels. In this 
contribution for the 30th Anniversary Issue of the Journal of Controlled Release, 
we present a historical overview of the major developments in hydrogel research 
over the last 50 years, starting with the relatively simple, chemically crosslinked 
networks of the 1960s and concluding with today’s ‘smart’ hydrogels (Figure 2.1). 
We particularly focus on hydrogels for controlled drug delivery, but we also briefly 
address hydrogels for other biomedical applications such as tissue engineering. 
Lastly, we present our view on the future of hydrogel research. 
Because of the vastness of this research field, obviously not all contributions of the 
last 50 years could be included in this historical overview. However, many excellent 
reviews exist that focus on specific areas in hydrogel research.5-14
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Figure 2.1. Timeline presenting the most important events in the history of hydrogel research.

1960s	  

1970s	  

1990s	  

2000s	  

2010s	  

1894: First appearance of the term ‘hydrogel’ in literature [15] 

1960: Wichterle and Lim publish their landmark paper about pHEMA hydrogels [4] 
 
1968: pNIPAAm solutions displaying a temperature dependent phase transition [144]  

1990: pNIPAAm hydrogel crosslinked via redox-mediated radical polymerization [269,270] 
1992: pNIPAAm hydrogel responding to both pH and temperature [288] 
1993: PEG-PLA hydrogel crosslinkedd via photopolymerization [279] 
1993: Poly(oxazoline) hydrogel crosslinked by Co(II) or Fe(III) ions [220,221] 
1994: Supramolecular PEG hydrogel crosslinked via inclusion complex formation [201] 
1995: Hybrid hydrogel combining synthetic and natural polymers [309]  
1997: Temperature-responsive PEG-PLA hydrogel [109] 
1998: Hydrogel from self-assembling artificial proteins [227] 

1958: PVA hydrogel crosslinked via gamma radiation [59] 

1970: PEG hydrogel crosslinked via gamma radiation [75,76] 
1972: Pluronic hydrogel for the controlled release of antimicrobials [103] 

1894	  

2000: Stereocomplex dextran hydrogel [191] 
2001: PEG hydrogel crosslinked via Michael addition [249] 
2006: PVA hydrogel crosslinked via click chemistry [259] 
 
 
2010s: Age of smart hydrogels 

2.2 First generation hydrogels

Around 1900, the term ‘hydrogel’ first appeared in scientific literature when it was 
used to describe a colloidal gel of inorganic salts.15 In 1960, Wichterle and Lim were 
the first to report on hydrogels as we know them nowadays, e.g. as water-swollen 
crosslinked macromolecular networks, in their landmark paper about poly(2-
hydroxyethyl methacrylate) (pHEMA) gels for use as soft contact lenses.4 In the two 
decades following this discovery, hydrogel research remained essentially focused 
on relatively simple, chemically crosslinked networks of synthetic polymers with 
applications mainly in ophthalmic and drug delivery research. The straightforward 
network structure was also well-suited for fundamental characterization and 
modeling of various physico-chemical hydrogel properties such as solute diffusivity 
and crosslink density. Hydrogels were mainly prepared by either polymerization 
of water-soluble monomers in the presence of a multifunctional crosslinker or by 
crosslinking of hydrophilic polymers (Figure 2.2). These categories amongst the first 
generation of hydrogels will be discussed separately hereafter including the most 
representative examples. The chemical structures of the polymers that were applied 
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most frequently in hydrogels, pHEMA, poly(vinyl alcohol) (PVA) and poly(ethylene 
glycol) (PEG), are shown in Figure 2.3.

2.2.1 Hydrogels prepared by polymerization of water-soluble monomers
The hydrogels in this category are prepared by chain-addition reactions, mostly em-
ploying vinyl monomers. The mechanism of this type of polymerization has been 
well established16 and, in short, consists of an initiating free radical species which 
adds to a vinyl monomer molecule by opening the π-bond to form a new radical, 
until the polymerization is terminated at some point by recombination of two radical 
species or disproportionation. The polymerization of a monomer in the presence of a 
crosslinking agent in solution has various advantageous aspects over bulk polymer-
ization, such as rapid hydrogel formation under mild conditions and the possibility 
to obtain pre-defined shapes because the starting materials are in the liquid form.17

Figure 2.2. Main strategies for the preparation of first generation hydrogels. (A) Polymerization 
of water-soluble monomers in the presence of a multifunctional crosslinker. (B) Crosslinking 
of hydrophilic polymers by radiation. (C) Crosslinking of hydrophilic polymers by reaction 
between complementary groups.
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An important hydrogel-forming polymer in terms of production volume in this 
category is poly(acrylamide) (PAM), which was initially employed mainly in 
industrial applications such as agricultural gels. In the 1960s, PAM hydrogels were 
also used for the physical entrapment of cells 18 and enzymes 19, as well as for the 
covalent attachment of proteins; only recently PAM gels have found widespread 
biomedical application as soft tissue fillers and augmentation materials.20 The most 
extensively studied polymers for application in first generation biomedical hydrogels 
were the poly(hydroxyalkyl methacrylate)s.

Figure 2.3. Chemical structures of the polymers that were applied most frequently in 
hydrogels of the first generation.

2.2.1.1 Poly(hydroxyalkyl methacrylate)s
Between 1950 and 1955, Wichterle postulated the fundamental conditions required for 
synthetic materials in direct contact with living tissues.21 These included: the absence 
of extractable impurities; mechanical properties similar to those of the surrounding 
tissue; suffcient permeability for water-soluble substances such as salts, proteins  
and oxygen; and resistance to degradation by enzymatic systems. Driven by these 
requirements, Wichterle and Lim prepared their first hydrogel in 1960 by free radical 
polymerization of 2-hydroxyethyl methacrylate (HEMA) in aqueous solution with 
ethylene glycol dimethacrylate (EGDMA) as a crosslinker.4 These hydrogels found 
widespread use as soft contact lenses throughout the 1960s, but disadvantages such 
as insuffcient oxygen transport and mechanical fragility sparked research towards  
improved pHEMA hydrogels.22 Most notably, from 1970 onwards N-vinylpyrrolidone 
(NVP) was used to increase the biocompatibility because of its high hydrophilicity, 
exceeding that of HEMA.23 NVP was employed as a comonomer together with 
HEMA 24 or as polymerized PVP grafted onto pHEMA.25 Both approaches resulted 
in improved oxygen permeability and wettability of contact lenses, but reports on 
PVP loss over time 26 led to a preference for copolymerization of HEMA with NVP. 
Although p(HEMA-co-NVP) contact lenses exhibited several improved properties 
over pHEMA lenses, the poor copolymerization of methacrylate monomers with 
NVP due to a large difference in reactivity ratio resulted in hydrogels with an often 
inconsistent quality in terms of dimensional control, modulus and water content.27 
Therefore, many alternative comonomers were investigated since the late 1970s for 
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copolymerization with HEMA, including substituted acrylamides,28 vinyl acetate 
29 and substituted methacrylates.30 Since then significant improvements have been 
achieved and nowadays materials can be created with various water contents, 
refractive indices, mechanical properties and oxygen permeabilities. Fifty years after 
its discovery, pHEMA still remains the basis for many contact lenses.31,32 

pHEMA hydrogels were also applied in controlled drug delivery applications, 
as a result of their hydrolytic stability and the possibility to modulate the release 
properties by introducing   co-monomers and varying the crosslink density.33 
Early pHEMA hydrogels possessed a homogeneous network structure and water 
distribution resulting in optical clarity, which made them suitable for application as 
contact lenses,34 as discussed above. The polymerization method in aqueous solution, 
however, gives rise to a relatively small mesh size, on the scale of nanometers, 
resulting in limited transport of high-molecular weight compounds.35 To increase the 
effective mesh size, in 1972 a freeze-thaw technique was described in which HEMA 
was polymerized around ice crystals that were subsequently thawed, resulting in 
macroporous hydrophilic pHEMA membranes.36 This technique was later expanded 
for the preparation of pHEMA hydrogels with pore sizes of several micrometers 
enabling the controlled delivery of macromolecular drugs.37 Since the 1970s pHEMA 
based hydrogels have been employed for the controlled release of agents from various 
drug classes, including anti-arrythmics,38 contraceptives,39 antibiotics,40 ophtalmics,41 
vasoconstrictors,42 anti-inflammatory drugs43 and cytostatics.44  Hydrogels based on 
pHEMA were also examined in the late 1960s as blood compatible materials 45,46 and 
as bulk space fillers in reconstructive surgery.47,48

Several physical properties of pHEMA hydrogels relevant for the above-mentioned 
biomedical applications, such as swelling behavior and crosslink density, were 
studied in detail during this period, most prominently by the group of Peppas.49 
The diffusional characteristics in pHEMA hydrogels of various substances such as 
oxygen,50 water51 and model solutes like NaCl, urea, glucose and lysozyme52,53 were 
also investigated.

2.2.2 Hydrogels based on crosslinking of water-soluble synthetic polymers
The second category of first generation hydrogels is constituted by hydrophilic 
polymers that are covalently crosslinked either by reaction between functional 
groups or by free radicals. Two polymers have been studied extensively in this 
category, namely poly(vinyl alcohol) (PVA) and poly(ethylene glycol) (PEG).

2.2.2.1 PVA
PVA, first described in 1924, is a linear synthetic polymer produced by free radical 
polymerization of vinyl acetate to poly(vinyl acetate) and subsequent hydrolysis of 
the acetate groups to alcohol groups.54 The extent of hydrolysis, usually between 85 
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and 100 %, determines various PVA properties such as crystallinity and aqueous 
solubility, which are important parameters determining the hydrogel properties. 
PVA hydrogels have mostly been prepared by chemical crosslinking. Various bi- or 
multifunctional crosslinkers with groups reactive to the hydroxyl groups of PVA 
were used for the synthesis of chemical gels, including aldehydes,55 anhydrides56 and 
isocyanates.57 The models developed by Peppas for determination of the molecular 
weight between crosslinks, Mc, employing swelling experiments or dynamical 
mechanical analysis, were applied to PVA hydrogels crosslinked by glutaraldehyde. 
Mc values typically ranged between 400 and 8000 g/mol depending on the relative 
amount of crosslinker (Figure 2.4) and the type of experiments performed.55 The main 
concern with this crosslinking method is the possible presence of residual crosslinking 
agents causing adverse effects for biomedical applications.58 It was demonstrated in 
the 1960s that irradiation of aqueous PVA solutions by gamma or electron beam 
radiation also results in the formation of covalently crosslinked hydrogels.59,60 The 
formation of free carbon radicals along the backbone and subsequent network 
formation by recombination of polymer radicals was proposed as the mechanism 
behind radiation-mediated crosslinking. This crosslink method was considered 
cleaner and safer than methods involving bifunctional crosslinking agents as 
mentioned above,61 with the additional advantage of simultaneous sterilization 
during hydrogel formation. However, early examples of radiation-crosslinked PVA 
hydrogels suffered from poor mechanical properties.62 Reinforcement was achieved 
by an annealing process, which introduces crystallites in the polymeric network, but 
as a result   the optical clarity of the hydrogel was lost.63 Physical PVA hydrogels, 
prepared by repeated freeze-thaw cycles to densify the macromolecular structure, 
have been reported since the 1970s,64,65 but the crystallization mechanism behind 
PVA cryogel formation, as well as their eventual applications such as in tissue 
engineering, were recognized only in the 1990s.66

Figure 2.4. Molecular weight between crosslinks Mc versus the molar ratio X glutaraldehyde/
PVA repeating unit. Reprinted from,55 copyright (1980), with permission from Elsevier.
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PVA hydrogels were widely studied for use in cardiovascular surgery or other 
blood-handling procedures, most notably by the group of Sefton. PVA hydrogels 
were frequently combined with heparin, a natural sulphated glycosaminoglycan, 
which displays anticoagulant activity by inactivating blood coagulation factors such 
as thrombin.67 
PVA based systems were also studied as controlled drug delivery devices, mainly as 
swelling-controlled hydrogels, which are initially in the dry or glassy state and start 
to release the drug upon swelling once exposed to biological fluids. PVA hydrogels 
crosslinked with glutaraldehyde released the model drug theophylline with near 
zero-order kinetics at a rate that could be controlled by the crosslink density.68 
(Compressed) blends of PVA with other homopolymers such as PVP and PEG were 
shown to release model drugs of varying size in a controlled manner, and zero-
order release was achieved for some formulations.69,70 The influence of a number of 
parameters, such as crosslink density and hydrogel morphology, on the diffusion of 
various model solutes through PVA hydrogels was discussed both theoretically and 
experimentally in several papers.68,71,72 

2.2.2.2 PEG
PEG received considerable attention for use in hydrogels during the 1960s and 1970s 
because of its good biocompatibility and resistance to protein adsorption.73 Although 
the terms poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) have been used 
inconsistently in hydrogel literature, the term PEG refers to polymer chains with 
lower molecular weights where the hydroxyl end groups still contribute significantly 
to a glycolic chemical nature, while PEO refers to higher molecular weight polymers 
where the polyether character dominates.74 The cutoff is debated but is generally set 
at 20 kg/mol.74 For convenience, the term PEG will be used throughout this section. 
In the early years of hydrogel research, approaches for the preparation of hydrogels 
from the highly water-soluble PEG homopolymer mostly concerned covalent 
crosslinking methods. It was shown that aqueous solutions of PEG can be crosslinked 
under gamma or electron beam radiation to form a hydrogel.75,76 The irradiation 
technique was used by a number of research groups to prepare PEG hydrogels, 
both from linear and star-shaped PEG.77-79 Hydrogel formation was also achieved 
by reaction of PEG end groups with end groups on other PEG macromonomers 
or low molecular weight crosslinkers. Early examples of specific chemical reactions 
include free radical polymerization of methacrylate groups80,81 and reaction between 
isocyanates and alcohols.82 More recently, condensation reactions,83 Michael-type 
addition,84 click chemistry,85 native chemical ligation 86 and enzymatic reactions 87 
have also been employed, which will be addressed in a subsequent paragraph of 
this review (section 2.5.1). Physical crosslinking techniques for PEG homopolymers 
were described as well, such as the formation of association complexes of PEG with 
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poly(methacrylic acid),88 but no applications were reported. Hydrogels based on 
block and graft copolymers of PEG, such as poly(ethylene glycol)-b-poly(propylene 
glycol)-b-poly(ethylene glycol) (Pluronics or Poloxamers),89 started to emerge during 
the 1960s, but these materials form a class of its own and will be reviewed in section 
2.3.1.1. 

Early PEG hydrogels were applied mostly as controlled drug delivery systems and 
as anti-adhesive biomaterials. Graham et al. designed hydrogels by crosslinking 
PEG diisocyanates with hexanetriol for the sustained release of prostaglandin 
E2,90 caffeine91 and morphine.82 A diffusion controlled release was obtained, which 
could be tuned by the amount of crosslinker, the PEG Mn and the device geometry 
(Figure 2.5). Promising clinical data were reported for prostaglandin releasing PEG 
hydrogels regarding the induction and facilitation of child delivery for patients 
with an unripe cervix. A contraceptive sponge with the brand name Today, based 
on crosslinked PEG diisocyanates and containing the spermicide nonoxynolphenol, 
was commercialized in the beginning of the 1980s and is still on the market today.92 
The same holds for Vigilon, a radiation crosslinked PEG hydrogel supported by a PE 
net which is sold as a sheet wound covering material, exploiting the biocompatibility 
and inertness of PEG.93 These properties also prompted several investigators to study 
PEG hydrogels as tissue engineering matrices. Examples include photopolymerized 
hydrogels based on PEG methacrylates for the encapsulation of yeast cells80 and 
enzymes.81

Figure 2.5. Caffeine release from PEG hydrogels with constant length and width but 
varying thickness. ▲ 1.1 mm; ■ 2.0 mm; ▼ 3.7 mm; ● 5.0 mm. Reprinted from,91 copyright 
(1988), with permission from Elsevier.



  2

Hydrogels in a Historical Perspective

31

2.2.3 Hydrogels based on cellulose
Besides entirely synthetic polymers such as pHEMA, PEG and PVA, semi-
synthetic derivatives of the natural polymer cellulose also received attention for 
use in biomedical applications, predominantly for the controlled delivery of drugs. 
The cellulose ether hydroxypropylmethylcellulose has been widely applied as 
compressed hydrophilic matrix in which drug release occurred via a combination of 
diffusion and dissolution of the matrix itself following hydration.94 The release of a 
number of drugs with varying hydrophilicity was investigated and near zero-order 
release was achieved for some water-soluble drugs such as diazepam.95 Amongst 
several formulation parameters, varying the polymer concentration was found to be 
most effcient in controlling the drug release kinetics.. 96 More recently, other natural 
polymers have been investigated as well for use in hydrogels, which will be shortly 
discussed in section 2.3.5.4. 

2.3 Second generation hydrogels

Inspired by the work of Katzir-Katchalsky97,98 in the 1950s and 1960s on the 
possibility of transferring chemical energy into mechanical work, in the beginning 
of the 1970s the hydrogel research focus shifted from relatively simple, water-
swollen macromolecular networks to hydrogels capable of responding to a change in 
environmental conditions such as pH, temperature or concentration of biomolecules. 
These environmental triggers can be used to evoke specific events, such as gel 
formation or drug release. 
This section focuses mainly on temperature-sensitive hydrogels. Systems sensitive to 
pH or biomolecules will be addressed only shortly as these are covered extensively 
by Siegel et al.100

2.3.1 Temperature-sensitive hydrogels
The most widely studied environmentally responsive systems are temperature-
sensitive hydrogels, in which physical entanglements, hydrogen bonding and 
hydrophobic interactions are the main features that constitute the crosslinks. The 
temperature dependent balance of these physical interactions governs the thermo-
sensitive gelation behavior of the hydrogel. Temperature-sensitive hydrogels are of 
particular interest because they can be applied as in situ forming systems. These are 
fluids that can be injected into any tissue, organ or body cavity in a minimally invasive 
manner prior to gelation.101,102 In situ forming hydrogels offer several advantages 
over systems that have to be formed into their final shape before implantation. To 
mention, there is no need for surgical procedures, biological components can easily 
be incorporated by simple mixing and their initially flowing nature ensures proper 
shape adaptation resulting in a good fit with the surrounding tissue. Poly(ethylene 
glycol)-polyester block copolymers, poly(N-isopropylacrylamide) (PNIPAAm) 
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and poly(N-(2-hydroxypropyl)acrylamide) (PHPMAm) are the most extensively 
investigated polymers in this hydrogel class. Temperature-sensitive hydrogels are 
applied mainly for the controlled delivery of pharmaceutical agents.

2.3.1.1 Temperature-sensitive hydrogels based on PEG-polyester block 
copolymers
Aqueous solutions of selected poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymers, commercially known as 
Pluronics (BASF) or Poloxamers (ICI), exhibit a phase transition from the sol to the 
gel state at low temperatures and from the gel to the sol state at higher temperatures 
when the concentration is above the critical gel concentration (CGC).  Pluronic 
hydrogels for the controlled release of pharmaceutical agents appeared in the 1970s. 
Early examples include Pluronic F127 gels for the controlled release of anesthetics103 
and antimicrobials. 104 More recently, the release of ophtalmics,105 cytostatics106 and 
hormones107 from Pluronic based hydrogels has been studied as well. Significant 
drawbacks of Pluronic hydrogels are their weak mechanical properties and intrinsic 
instability, which originate from the weak hydrophobic interactions between the PPO 
blocks. Moreover, these block copolymers are not biodegradable, which prevents the 
use of high molecular weight materials since they cannot pass the kidney membranes. 
These drawbacks prompted several researchers to replace the hydrophobic PPO block 
for a biodegradable polyester block as a basis for thermo-responsive hydrogels. Both 
AB-, ABA- and BAB-type copolymers, with A as the PEG block and B the polyester 
block, were synthesized. Various polyesters have been employed as the hydrophobic 
block, predominantly poly(lactide) (PLA), poly(glycolic-co-lactic acid) (PLGA) and 
poly(ε-caprolactone) (PCL) because of their biocompatibility, biodegradability 
and facile synthesis via the ring opening polymerization of lactide, glycolide or 
ε-caprolactone. Most thermo-responsive hydrogels are based on PEG and PLA, and 
emphasis will be placed on these systems in the remainder of this section.
In the late 1990s, the group of Kim synthesized a number of linear AB diblock and 
ABA triblock copolymers, with A as a hydrophilic PEG block (Mn = 5 kg/mol) and 
B as a hydrophobic PLA block.108,109 Diblock copolymers were synthesized by ring 
opening polymerization of lactide initiated by the hydroxyl group of monomethoxy 
PEG, while triblock copolymers were prepared by coupling the diblock copolymers 
with monomethoxy PEG using hexamethylene diisocyanate as chain extender. In 
comparison with diblock copolymers possessing the same PEG content and PEG 
molecular weight, triblock copolymers generally yielded hydrogels at lower polymer 
concentrations (Figure 2.6). The thermo-responsive behavior can be tuned by the 
hydrophilic/hydrophobic balance, the block length, and the stereoregularity of the 
PLA block. For PEG-PLLA-PEG triblock copolymers, the CGC decreased from 20 
to 12 w/v % upon increase of the PLLA block length from 2 to 5 kg/mol. Release 
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studies were performed using fluorescein isothiocyanate labeled dextran (Mn 20 kg/
mol) as model compound.110 Zero-order release kinetics were observed for a 35 w/v 
% PEG-PLLA-PEG hydrogel, which released 40 % of the initial drug load in 12 days. 
The release rate could be tailored by the initial loading, the molecular weight or 
hydrophobicity of the drug and the initial polymer concentration.

Figure 2.6. Gel-sol transition curves of PEG-PLLA diblock (left) and PEG-PLLA-PEG triblock 
(right) copolymers. The numbers indicate the molecular weight of each block. Reprinted 
from,109 copyright (1999), with permission from John Wiley & Sons, Inc.

Block copolymers with an inverted structure (BAB) were prepared by ring opening 
polymerization of lactide initiated by the hydroxyl groups of PEG. At room 
temperature the CGC of triblock copolymers with a PEG Mn of 12.5 kg/mol decreased 
significantly from 80 to 15 w/v % upon an increase of the PLA block length from 
10 to 15 lactyl units, showing a much stronger effect of the PLA block length on 
the gelation behavior in comparison with ABA-type triblock copolymers.111 Li et 
al. investigated the degradation behavior of PLA-PEG-PLA triblock copolymers of 
high molecular weight (total Mn 45 - 75 kg/mol).112 Degradation was initially very 
fast with significant weight loss. The PLA/PEG ratio of the remaining material 
increased rapidly, indicating the release of PEG-rich chains. In the second phase, the 
degradation rate slowed down because of the high PLA content of the remaining 
material. The presence of proteinase K strongly accelerated the degradation rate 
of the hydrogels, showing that the enzyme was able to penetrate into the gel and 
attack the PLA domains. The PLA/PEG ratio in the residual hydrogel was found to 
increase as in the case of hydrolytic degradation.
Hydrogels based on alternating multiblock copolymers of PEG and PLA were 
also reported. The polymers were synthesized by coupling PEG-diols to PLA-
diols using succinic anhydride113,114 or by coupling hydroxyl end functionalized 
PLA-PEG-PLA triblock copolymers using adipoyl chloride.115 The PEG/PLLA 
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multiblock copolymers synthesized by the group of Jeong, having a total Mn of 7 
kg/mol, exhibited a CGC of approximately 30 w/v % and underwent a sol-gel-sol 
transition with increasing temperature.113 The gelation mechanism was considered 
by the authors to be governed by micellar aggregation. The transition temperature 
and gel modulus could be controlled by varying the PLLA block length and PEG 
molecular weight. The in situ gel forming ability of the polymers was demonstrated 
by subcutaneous injection into rats. The PEG/PLLA multiblock copolymer showed 
a lower CGC and improved mechanical properties in comparison with an analogous 
PEG/PDLLA multiblock copolymer,114 which was attributed to a lower dynamic 
molecular motion and a higher aggregation tendency of PLLA due to the isotactic 
localization of the hydrophobic methyl groups. 
Besides the linear PEG-PLA copolymers, also a number of star-shaped and 
branched architectures were explored for the preparation of thermo-responsive 
hydrogels. Park et al. synthesized 3-armed PLA-centered star block copolymers 
by coupling monocarboxylated PEG to a 3-armed hydroxyl-terminated PLA using 
dicyclohexylcarbodiimide (DCC) as coupling agent.116 At a similar PEG block length 
of 5 kg/mol, an increase in the PLA blocks length led to an expanded gelation window. 
The 3-armed star block copolymer exhibited a lower CGC in comparison with a PEG-
PLA-PEG triblock copolymer possessing the same PEG content. Eight-armed PEG-
PLA star block copolymer, prepared by ring opening polymerization of L-lactide 
using 8-armed PEG with hydroxy end-functional groups as an initiator, represents a 
star shaped BAB type copolymer.111 These star block copolymers, with a PEG content 
of 74 wt %, exhibited approximately the same gelation behavior as PLLA-PEG-PLLA 
triblock copolymers with a PEG content of 84 wt %. Importantly, the CGC at room 
temperature decreased from 40 to 15 w/v % when the PLLA block length increased 
from 10 to 14 lactyl units. Increasing the PEG molecular weight at a constant 
PLLA block length also resulted in a lower CGC possibly due to enhanced chain 
entanglements. Recently, highly branched PEG-PLLA copolymers were synthesized 
by a coupling reaction of 8-armed amine-functionalized PEG and macromonomers 
having 2 PLLA arms and a N-hydroxysuccinimide activated ester group at the center 
of the polymer chain.117 It was reported that 4 out of 8 PEG arms were functionalized 
with a branched PLA moiety. The copolymers showed thermo-responsive gelation 
behavior at low concentrations (4 w/v %). The gel-sol transition temperature could 
be tuned by varying the copolymer concentration and the molecular weight of the 
PLLA block. Branched block copolymers with a PLLA block length of 12 lactyl units 
exhibited significantly lower CGCs compared to the 8-armed PEG-PLLA star block 
copolymers with a similar PEG content and a PLLA block length of 10 lactyl units.111 
This drop in CGC was ascribed to stronger hydrophobic interactions in the branched 
system, because hydrophobic domains may be formed more easily if only 4 out of 
8 arms have to be folded into such a domain instead of 8 out of 8 arms (Figure 2.7). 
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Figure 2.7. Representation of a hydrogel prepared with the highly branched PEG-PLA block 
copolymer described by Velthoen et al. (A)117 and the 8-armed PEG-PLA star block copolymer 
described by Hiemstra et al. (B).120 Reprinted from,117 copyright (2011), with permission from 
Elsevier.

Recently it was found that 8-armed PEG-PLA star block copolymers, possessing an 
amide linkage between PEG and PLA, yielded hydrogels with improved mechanical 
properties and a controlled hydrolytic degradation compared to 8-armed PEG-PLA 
star block copolymers having an ester linkage between the PEG and PLA blocks.118,119

Hydrogels based on PEG-PLGA-PEG triblock copolymers were introduced in 
the late 1990s as an alternative for early PEG-PLA based systems. These systems 
exhibit a sol-to-gel transition at lower temperatures and a gel-to sol transition at 
higher temperatures. High temperatures, which are potentially harmful for bioactive 
molecules, can consequently be avoided for the preparation of PEG-PLGA-PEG 
hydrogels.121 In PEG-PLGA-PEG systems with a PEG block of < 750 g/mol, the 
gel window covered the physiological temperature and the CGC and sol-to-gel 
transition temperature could be tuned by the block length and composition as well 
as by the addition of additives.122 The lower sol-to-gel transition was ascribed to 
growth, packing and interaction of the micelles, while the upper gel-to-sol transition 
was thought to be due to the collapse of the micellar structure after dehydration of 
the PEG block.123,124 After subcutaneous injection of an aqueous solution of PEG-
PLGA-PEG (550-2810-550 g/mol) into rats, a transparent hydrogel was formed in 
situ which exhibited good mechanical properties and was stable for 1 month.125  PEG-
PLGA-PEG based hydrogels have been used for the controlled release of various 
bioactive molecules, including the model drugs ketoprofen and spirolactone,126 and 
the growth factor TGF-β1.127 
BAB-type PLGA-PEG-PLGA triblock copolymers were subsequently introduced as 
new hydrogel forming materials and commercialized as ReGel.128 These polymers 
were synthesized by ring opening polymerization of DL-lactide and glycolide 
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initiated by PEG, without the need for a possibly toxic coupling agent such as 
hexamethylene diisocyanate in the case of ABA triblock copolymers. PLGA-PEG-
PLGA showed a lower CGC and sol-to-gel transition temperature in comparison 
with PEG-PLGA-PEG, suggesting a different gelation mechanism for BAB type block 
copolymers. The temperature-dependent ordered packing of bridged micelles was 
suggested as the gelation mechanism of concentrated PLGA-PEG-PLGA aqueous 
solutions.129 In vitro release experiments showed a diffusion-controlled release of 
paclitaxel from ReGel in the first two weeks, followed by release via a combination 
of diffusion and hydrogel degradation for 5 weeks.130 In contrast, paclitaxel release 
from a Pluronic hydrogel was complete within 1 day (Figure 2.8). In vivo, paclitaxel-
loaded ReGel showed a higher tumor effcacy and fewer adverse effects than the  
clinically used formulation of paclitaxel (Taxol). ReGel formulations have also been 
employed for the controlled release of proteins such as interleukin-2,131 insulin132 
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Figure 2.8. In vitro release of paclitaxel from PLGA-PEG-PLGA and Pluronic hydrogels. 
Reprinted from,130 copyright (2001), with permission from Elsevier.

and testosterone.133Bae et al. prepared ABA and BAB type block copolymers based 
on PCL and PEG.134,135 Copolymers with an appropriate hydrophilic/hydrophobic 
balance showed both a lower sol-to-gel transition and an upper gel-to-sol transition 
with increasing temperature, which were ascribed to micellar aggregation through 
hydrophobic interactions and micellar collapse through increased molecular motion 
of PCL, respectively. Similar to PL(G)A/PEG based systems, PEG and polyester block 
lengths as well as block topography were found to influence gelation properties. 
Solutions of PCL-PEG-PCL exhibited a lower critical gelation temperature and a 
larger gel window compared with PEG-PCL-PEG, probably due to the possibility 
of intermicellar PCL bridging leading to more facile aggregation. The release of the 
model drugs vitamin K, honokiol and albumin from PCL-PEG-PCL hydrogels was 
governed mainly by diffusion as opposed to matrix degradation because of the high 
in vitro hydrolytic stability of the PCL blocks.136 
Recently, temperature-responsive gelling systems composed of poly(ε-caprolactone-
co-lactide)-b-poly(ethylene glycol)-b-poly(ε-caprolactone-co-lactide) (PCLA-PEG-
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PCLA) triblock copolymers were developed.137,138 It was demonstrated that the 
molecular weight of PCLA, the caproyl/lactoyl ratio and the nature of the end group 
had a profound effect on the crystallinity and consequently on the rheological and 
degradation properties. Good cytocompatibility of an acetyl-capped PCLA-PEG-
PCLA hydrogel was proven in vitro on erythrocytes and chondrocytes. Moreover, 
intra-articular biocompatibility in vivo was demonstrated using microCT-imaging 
and histology, as both techniques showed no changes in cartilage quality and/or 
quantity.139

Other examples of hydrophobic blocks in amphiphilic PEG copolymer hydrogels 
intended for biomedical applications include poly(3-methylglycolide),140 poly(δ-
valerolactone),141 poly(propylene fumarate)142 and poly(trimethylene carbonate).143

2.3.1.2 Temperature-sensitive hydrogels based on pNIPAAm
Although poly(N-isopropylacrylamide) (pNIPAAm) was first synthesized in the 
1950s as a rodent repellent,144 it did not gain much attention until in 1968 Heskins 
and Guillet reported about the temperature dependent phase transition of pNIPAAm 
solutions in water.145 They ascribed the lower critical solution temperature (LCST) 
of these solutions to preferred intermolecular hydrogen bond formation between 
pNIPAAm chains over water-amide hydrogen bond formation due to an entropy 
effect. Since then, many researchers made attempts to fully elucidate the mechanism 
of pNIPAAm’s thermal behavior.144,146,147 Using techniques such as light scattering 
and viscometry, they found a sharp and reversible phase transition of pNIPAAm 
around 32°C, almost independent of molecular weight and concentration.148,149 
Given the fact that this phase transition occurs between room temperature and 
body temperature, interest sparked for using pNIPAAm as an injectable material 
for biomedical applications. However, at high concentrations the phase transition 
from a hydrated swollen state to a collapsed dehydrated state resulted in a loss of 
90% of water.144 This phenomenon, also known as syneresis, hindered the initial 
application of pNIPAAm in hydrogel formulations. Therefore, pNIPAAm was 
copolymerized with a variety of monomers to introduce new functionalities and to 
prevent syneresis. Copolymerization with a monomer such as dihydroxyethylene-
bis-acrylamide and subsequent radical polymerization resulted in the formation of a 
covalent network besides the thermally induced physical network.150 Since the 1980s, 
crosslinked pNIPAAm hydrogels were studied for amongst others the release of 
vitamin B12, myoglobin151 and progesterone.152 However, the release of drugs from 
these hydrogels was relatively fast, usually within 24 hours. To extend the release 
time and to enhance the mechanical stability, interpenetrating polymer networks 
of pNIPAAm were formed.153 Alternatively, pNIPAAm hydrogels were covalently 
crosslinked with another polymer with complementary reactive groups. The 
combination of temperature induced physical crosslinking and chemical crosslinking 
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will be discussed in section 2.5.3. Additionally, pNIPAAm was copolymerized 
with hydrophilic or hydrophobic monomers to either increase or decrease its 
LCST.154 Despite all these unique properties, pNIPAAm is a non-degradable 
polymer, therefore limiting its application for drug delivery and tissue engineering 
purposes.155 Introduction of biodegradable segments in pNIPAAm resulted in the 
formation of toxic low-molecular mass pNIPAAm degradation products.156,157 For 
this reason, the most attractive approach to form a bioresorbable hydrogel based 
on pNIPAAm is by manipulating its LCST in time. Hennink and coworkers have 
developed copolymers of NIPAAm and 2-hydroxyethyl methacrylate monolactate 
(HEMA-lactate).158 During incubation in an aqueous solution the lactate ester side 
groups are hydrolyzed. Due to this hydrolysis, the overall hydrophilicity increased, 
resulting in an LCST above 37°C and therefore dissolution of the polymer. The 
LCST could be tuned depending on the length of the lactate side groups and in this 
way a high control over degradation time was achieved.159 Later on, HEMA was 
replaced by N-(2-hydroxypropyl) methacrylamide (HPMA) for its hydrophilicity 
and low immunogenicity.160,161 With variations in the formulation a highly tunable 
degradation rate was obtained.162 Using a similar hydrolysis-sensitive approach, 
pNIPAAm has also been copolymerized with dimethyl-γ-butyrolactone acrylate 
(DBA) that initially resulted in a decrease in LCST with increasing DBA content.163 In 
time hydrolysis resulted in an increase of the LCST above 37°C.

2.3.1.3 Other thermoresponsive systems
Thermoresponsive, hydrolytically degradable polymers have also been designed 
solely based on HPMA-lactate monomers. ABA triblock copolymers with 
thermosensitive poly(N-(2-hydroxypropyl) methacrylamide lactate) A-blocks and a 
hydrophilic PEG B-block, which can form hydrogels at 37°C have been synthesized 
by our group (Figure 2.9).164 Extensive rheological studies showed a high tunability in 
storage modulus by changing the concentration of the polymers and thermosensitive 
block length. Diffusion of fluorescein isothiocyanate (FITC)-labeled dextran in these 
hydrogels was described with a rate depending on polymer design, concentration 
and temperature.165

O
O

O

CN
HN O

O

O

O

O

H

x 226

O

CN
NHO

O

O

O H

x

n = 1 or 2
n = 1 or 2

Figure 2.9. Chemical structure of ABA triblock copolymers consisting of a PEG middle block 
and random outer blocks of HPMA mono and di lactate.
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Lutz et al. described the synthesis of copolymers of 2-(2-methoxyethoxy)ethyl 
methacrylate and oligo(ethylene glycol) methacrylate (P(MEO2MA-co-OEGMA, also 
abbreviated as pOEGMA).166 These polymers were synthesized by atom transfer 
radical polymerization (ATRP) and displayed LCST behavior in water. These systems 
were particularly of interest since the LCST of these polymers could be precisely tuned 
depending on the feed ratio of the two monomers.166 Additionally, these scientists 
compared these polymers with pNIPAAm and found a similar independence of the 
LCST on pH and polymer concentration.167 Moreover, advantages of pOEGMA over 
pNIPAAm include a smaller difference between phase transition temperature during 
heating and cooling cycles, a smaller dependence of the LCST on the polymer chain 
length (Figure 2.10) and a suggested higher biocompatibility.167 POEGMA based 
microgels have for example been used for delivery of chemotherapeutic agents.168
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Figure 2.10. Chemical structures of pOEGMA (left) and pNIPAAm (right). The graph in the 
middle shows the effect on the LCST for different theoretical degree of polymerization (DPnth)
for pOEGMA (squares) and pNIPAAm (circles). Reprinted with permission.167 Copyright 
(2006) American Chemical Society.

2.3.2 In situ forming hydrogels based on other stimuli
Besides temperature-sensitive hydrogels, the second most used trigger for hydrogel 
formation is pH. Generally, pH sensitive hydrogels contain either basic or acidic 
moieties that become ionized at high or low pH, respectively.169,170 Making use of 
the variation in pH in different parts of the body, controlled release of the hydrogel 
content can be established.
Lastly polymers that respond to concentrations of biomolecules have attracted 
interest as in situ forming materials. Biomolecule-sensitive hydrogels can be regarded 
as perfect mimics of nature, since a conformational change is induced after change 
in concentration of biomolecules, like the body responds on hormones.171 The most 
well-known biomolecule in this category is glucose. Hydrogels were designed 
containing glucose oxidase, together with pH sensitive moieties. After glucose 
diffuses into these hydrogels, it is converted to gluconic acid, leading to a decrease in 
pH and subsequently increase in swelling of the hydrogel due to e.g. protonation of 
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amine functionalities present in the network.172,173 Insulin can then be released from 
the hydrogel, showing the potential of these hydrogels as self-regulating systems. 
A more detailed overview of pH and biomolecule sensitive hydrogels is given by 
Siegel et al.100

2.4 Third generation hydrogels

The temperature- and pH-responsive physical hydrogels discussed in the previous 
chapter are mainly crosslinked via hydrophobic and ionic interactions, respectively. 
In the mid-1990s, other physical interactions were recognized and exploited as 
crosslinking methods that offered the possibility to enhance and finely tune the 
mechanical, thermal and degradation properties of hydrogels. Many of these 
interactions also allowed for in situ hydrogel formation. This section focuses on 
stereocomplexation, inclusion complex formation, metal-ligand coordination and 
peptide interactions as crosslink methods for the preparation of hydrogels.

2.4.1 Stereocomplexed hydrogels
A polymer stereocomplex is defined as a stereoselective interaction between two 
complementing stereoregular polymers, which interlock and form a new composite 
with altered physical properties in comparison with the constituting polymers.174 
The first example of stereocomplexation was reported in 1953 by Pauling and Corey 
for a polypeptide.175 Stereocomplexation between enantiomeric polylactides was first 
noticed by Ikada et al. in 1987.176 The complementary polymers PLLA and PDLA are 
optically active polymers with identical chemical structures but opposite chirality. In 
the solid state, PLLA forms a left-handed helix, while PDLA forms a right-handed 
helix. It has been suggested that van der Waals forces between the two helices are the 
driving force for a dense crystalline packing of the helices in a stereocomplex (Figure 
2.11).177,178 Because stereocomplex crystals are formed at shorter PLA block lengths 
compared to homopolymer crystals,179 an operation window exists in which mixing 
of aqueous solutions of PLLA and PDLA block copolymers results in the formation 
of a hydrogel through crosslinking by stereocomplexation. From 2000 onwards, 
stereocomplexation between enantiomeric PLLA and PDLA blocks in amphiphilic 
copolymers has been employed for the preparation of injectable hydrogels.
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Figure 2.11. A) Projections along the helical axis of a helical conformation of stereocomplexed 
PLA (upper: PLLA, lower: PDLA). B) Projections perpendicular to the helical axis of a helical 
conformations of PLLA (left) and: PDLA (right) in stereocomplexed PLA. Reprinted from177, 
copyright (2006), with permission from John Wiley & Sons, Inc.

Kimura and coworkers investigated the influence of the architecture of 
stereocomplexed PEG-PLA block copolymers on the gelation properties.180,181 Ring 
opening polymerization of L- or D-lactide initiated by mono- or dihydroxy PEG 
generated enantiomeric AB diblock and BAB triblock copolymers, respectively, 
whereas ABA triblock copolymers were obtained by coupling the AB diblock 
copolymers with hexamethylene diisocyanate. The PEG content of all copolymers in 
these studies was approximately 50 wt %. Whereas BAB type copolymers may show 
thermo-reversible gelation, mixing of aqueous solutions of enantiomeric BAB block 
copolymers afforded systems that exhibit an irreversible sol-gel transition upon 
temperature increase. 
Triblock copolymers with an ABA structure, on the other hand, formed hydrogels at 
high concentrations showing a reversible gel-sol transition with temperature. Mixed 
solutions of enantiomeric AB diblock copolymers also yielded hydrogels that exhibit 
a gel-sol transition upon temperature increase. However, unlike the ABA triblock 
system, this transition is irreversible.
Grijpma et al. and Li et al. reported on the synthesis, characterization and 
stereocomplex mediated gelation of PEG-PLA diblock and PLA-PEG-PLA (BAB) 
triblock copolymers.182-185 Thymopentin release from these systems was slower 
in comparison with the release from single enantiomer hydrogels.186 When the 
copolymers were synthesized by ring opening polymerization of L- or D-lactide 
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initiated by dihydroxy PEG (Mn 4 kg/mol) and zinc lactate as a catalyst for 7 days, 
hydrogel formation by stereocomplexation was detected for copolymers with PLA 
blocks of 17 lactyl units but not for copolymers with PLA blocks of 11-13 lactyl 
units.187 This was ascribed to racemization of L-lactyl units leading to non-isotactic 
sequences in the PLLA chains, which prevents the formation of stereocomplexes. 
Racemization was largely reduced when the reaction time was shortened to 1 day. 
It appeared that 10 lactyl units per PLA block were suffcient for the formation of  
stereocomplexed PLA-PEG-PLA hydrogels. 
Star-shaped block copolymers of PEG and PLA, showing stereocomplex mediated 
gelation, were also investigated. It was found that stereocomplexed PEG-(PLA)8 
star block copolymers, prepared by ring opening polymerization of L- or D-lactide 
initiated by 8-armed PEG (Mn 20 kg/mol), gelated faster and formed hydrogels 
with improved mechanical strength as compared to gels based on stereocomplexed 
PLA-PEG-PLA triblock copolymers.111 This was ascribed to a higher number of 
stereocomplex sites in PEG-(PLA)8.120 Rheological measurements showed that 
increasing the average PLA block length from 12 to 14 lactyl units at a polymer 
concentration of 10 w/v % resulted in an increase in the storage modulus from 0.9 
to 7.0 kPa and a decrease in gelation time from 40 minutes to less than 1 minute. It 
was shown that the release of the relatively small protein lysozyme followed first 
order kinetics and approximately 90 % was released in 10 days.188 The relatively large 
protein immunoglobulin G was released from stereocomplexed hydrogels with 
nearly zero order kinetics, and up to 50 % was released in 16 days. Replacing the 
ester linkages between the PEG core and the PLA arms by amide linkages resulted 
in stereocomplexed hydrogels with improved mechanical properties and controlled 
degradation at 37 °C in PBS.189,190

 Nagahama et al. prepared enantiomeric 8-armed PEG-PLA-PEG type copolymers 
by coupling monocarboxylated PEG to star-shaped PEG-PLLA or PEG-PDLA diblock 
copolymers using N,N’-dicyclohexylcarbodiimide as a coupling agent.191 At low 
concentrations an aqueous mixture consisting of both enantiomers yielded a sol 
at room temperature exhibiting an irreversible transition to the gel state upon 
temperature increase. In vitro degradation experiments revealed a faster molecular 
weight reduction for copolymers in single enantiomer hydrogels compared to mixed 
enantiomer hydrogels. This suggests that stereocomplex formation has an inhibitory 
effect on the hydrolysis of the ester groups in the PLA domains. 
Also polymers other than PEG have been used in combination with PDLA and 
PLLA to prepare stereocomplexed hydrogels. Hennink and coworkers synthesized 
hydrogels from the natural polysaccharide dextran grafted with monodisperse 
L-lactic acid and D-lactic acid oligomers.192 Rheological experiments showed that 
the degree of polymerization (DP) of the lactic acid oligomers must be at least 11 
to obtain a hydrogel. Stronger gels were obtained by increasing the DP and degree 
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of substitution and by decreasing the water content. The degradation time varied 
from 1 to 7 days, depending on the number, length and polydispersity of the lactate 
grafts and the initial water content.193 Protein-loaded hydrogels were prepared by 
dissolving the proteins in the enantiomeric dextran-lactate solutions prior to mixing. 
Lysozyme was released in 5 days by diffusion, whereas the release of the larger 
immunoglobulin G in 8 days was governed by diffusion as well as swelling and 
degradation of the hydrogel. In vivo tests demonstrated that these stereocomplexed 
hydrogels are biocompatible and effective systems for the local delivery of the 
cytokine recombinant human interleukin-2.194,195 In an alternative approach, it was 
shown that a mixture of crosslinked dextran microspheres substituted with L- or 
D-oligolactates also resulted in macroscopic hydrogels with high stiffness. Protein 
release experiments with these systems revealed a continuous lysozyme release 
during 30 days with full preservation of its enzymatic activity.196

Van Nostrum et al. reported on stereocomplexed hydrogels prepared from pHPMAm 
with oligo(lactic acid) side chains of opposite chirality.197 In comparison with dextran 
stereocomplexed hydrogels, the degradation time of the pHPMAm stereocomplexed 
hydrogels was significantly longer, mainly due to the presence of carbonate instead of 
ester linkages between the oligolactide and the polymer backbone. The degradation 
time could be tailored from 1 week to 3 months by changing the grafting density and 
the oligolactide endgroup. 
Stereocomplexed hydrogels were also prepared from oligolactide-functionalized 
pHEMA,198 Pluronics199 and 2-methacryroyloxyethyl phosphorylcholine200 polymers. 
An extensive recent review concerning stereocomplexes in biomedical applications 
can be found in reference 201.

2.4.2 Hydrogels crosslinked by other physical interactions
Cyclodextrins (CDs) are cyclic oligosaccharides possessing a hydrophobic 
cavity that can act as a host for a variety of molecules. The formation of a CD-
polypseudorotaxane, where a polymeric guest threads into multiple CD hosts, 
and subsequent polypseudorotaxane aggregation can lead to the formation of a 
supramolecular hydrogel (Figure 2.12). This hierarchical self-assembly process 
was employed for the first time to create a physically crosslinked hydrogel by Li 
et al. in 1994202. Disadvantages of early systems, which were based on PEG as guest 
molecule, included low stability and long gelation times of several hours. Improved 
hydrogel properties were obtained when aqueous solutions of CDs were mixed with 
amphiphilic block copolymers such as Pluronics,203 reverse Pluronics (PPO-PEO-
PPO),204 PCL-PEG-PCL205 and PEG-PHB-PEG.206 For example, a 23 wt% hydrogel 
obtained from a PEG-PHB-PEG amphiphilic triblock copolymer (Mn 13 kg/mol) 
and α-CD released fluorescein isothiocyanate labeled dextran for over 30 days, in 
contrast to a similar formulation prepared from high molecular weight PEG (Mn 
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35 kg/mol) which was only stable for 6 days.207 CD hydrogels were also prepared 
with a number of PEG-grafted natural polymers, including dextran,208 chitosan209 
and heparin.210 In these cases, the high degree of crosslinking due to the branched 
polymer architecture resulted in stiff and stable hydrogels. The supramolecular 
heparin hydrogel described by Zhang et al. showed a sustained release of the model 
protein albumin, which could be tuned by the heparin and α-CD concentration. 
Interestingly, this supramolecular hydrogel also exhibited a controlled release 
profile for heparin, and good anticoagulant and blood-compatible properties were 
reported.210 A recent development in this field is the preparation of stimuli-responsive 
polypseudorotaxane hydrogels, including pH-,211 photo- and dual-responsive212 
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Figure 2.12. The structure of α-CD (a), the schematic illustrations of the proposed structures 
of α-CD–PEO–PHB–PEO inclusion complex (b), and α-CD–PEO–PHB–PEO supramolecular 
hydrogel (c). Reprinted from 207, copyright (2006), with permission from Elsevier.

systems. Another widely explored strategy to produce hydrogels is the co-assembly 
of CDs with hydrophobic groups grafted on polymers. These developments 
occurred simultaneously with the emergence of the polypseudorotaxane hydrogels 
described above. Especially the adamantane group has been extensively used a guest 
molecule for complexation with CD. For example, a thermo-responsive hydrogel 
was described based on a combination of adamantyl end-functionalized PEG and 
star-shaped pNIPAAM comprising a β-CD core.213 Van de Manakker et al. prepared 
hydrogels from a combination of two complementary 8-armed star-shaped PEGs, 
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either end-functionalized with β-CD or with cholesterol.214,215 The gel properties 
could be tuned via the polymer concentration, molar ratio of end groups, molecular 
weight, architecture of the PEG, temperature and addition of a competitive inclusion 
complexing agent. Degradation occurred via surface erosion, resulting in near zero-
order release of the model proteins lysozyme, albumin and immunoglobulin G.216 
When 8-armed cholesterol-functionalized PEG was combined with free β-CD, 
hydrogels with improved mechanical properties were obtained.217 Various other 
hydrogels based on CD inclusion complexes have been described and reviewed 
elsewhere.218-220

Only a few reports on metallohydrogels, in which the reversible bonds between 
macromonomers are based on metal-ligand coordination, have been published. The 
earliest examples were reported by Chujo et al., who prepared hydrogels based on 
bipyridine-functionalized poly(oxazoline) crosslinked by Co(II)221 or Fe(III)222 ions. 
The gels kept their integrity at ambient temperatures for several days, but dissolved 
rapidly upon temperature increase due to a shift from intermolecular coordination 
complexes to the entropically favoured intramolecular coordination complexes. 
Later PEG,223 Pluronics224 and PEG-PLA225 end-functionalized with ligands such as 
terpyridine or bipyridine were employed as well to prepare hydrogels in the presence 
of transition metal ions such as Mn(II) and Ni(II). Recently, PEG-based hydrogels 
were synthesized via coordination between metal ions and bisphosphonate226 or 
histidine groups.227

The self-assembly of natural building blocks such as peptides into ordered structures, 
mainly coiled coils or β-sheets, has also been employed for the preparation of 
hydrogels. Two approaches were used for the design of macromolecules that self-
assemble into hydrogels: genetically engineered copolymers and hybrid systems 
composed of a synthetic polymer and a peptide or protein motif. In the first category, 
Tirrell et al. performed pioneering work on the self-assembly of genetically engineered 
triblock copolymers prepared from a random coil block flanked by 2 coiled-coil 
forming blocks.228 Self-assembly into hydrogels resulted from the balance between 
oligomerization of the helical ends and swelling of the central water soluble segment. 
Temperature- and pH-sensitivity could be manipulated by altering the amino acid 
sequence in the coiled-coil domain.229 Capello et al. prepared protein polymers 
composed of tandemly arranged silk-like blocks and elastin-like blocks.230-232 The silk-
like blocks form crystallizable hydrogen-bonded β-sheets, providing the hydrogels 
with thermal and chemical stability, whereas the elastin-like blocks decreased the 
crystallinity and increased the water solubility of the copolymers. Plasmid DNA 
delivered from a silk-elastin protein hydrogel showed up to 3 orders of magnitude 
higher transfection in a murine model of human breast cancer in comparison with 
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naked DNA.233 Hydrogels prepared from poly(amino acid) diblock and triblock 
copolymers were investigated by Deming et al.234 Block copolymers composed of 
poly(L-lysine) or poly(L-glutamic acid) as hydrophilic block and poly(L-leucine) or 
poly(L-valine) as the hydrophobic block formed hydrogels at concentrations as low 
as 0.25 wt %.  
The first example of a hybrid hydrogel crosslinked via assembly of coiled coils was 
reported by the group of Kopecek. They used a HPMA copolymer backbone which was 
non-covalently crosslinked by a genetically engineered coiled coil protein motif.235 A 
non-reversible temperature-induced hydrogel collapse was observed corresponding 
to the structural transition of the coiled-coil domains from an elongated helix to 
an unfolded state. It was shown that reversibility of the gel-sol transition can be 
achieved by crosslinking the HPMA with a pair of oppositely charged peptide 
grafts.236 Recently, hydrogels from HPMA polymers with complementary β-sheet 
peptide grafts were explored for bone tissue engineering.237 It was demonstrated 
that the hydrogels provide a support for pre-osteoblast cells and for the template-
driven mineralization of hydroxyapatite. Hybrid hydrogels based on PEG coupled 
to coiled-coil (Figure 2.13)238 or β-sheet239 forming peptides were also reported. 
A new development is the design of hydrogels capable of translating a specific 
stimulus, such as enzyme-substrate recognition,240 into macroscopic motion. The 
field of self-assembling hybrid hydrogels was extensively reviewed by Kopecek in 
a recent publication.
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Figure 2.13. Strategy for the preparation of fibrin-inspired coiled-coil biomaterials. Short 
peptides from the coiled-coil domain of fibrin are identified (a). Substitutions are made to 
stabilize homo-oligomeric coiled-coil formation, and designed peptides are conjugated 
to short PEG chains to form triblock peptide-PEG-peptides (b). Triblock copolymers self-
assemble in appropriate buffers to produce hydrogels (c). Reprinted with permission from 238. 
Copyright (2008) American Chemical Society.

2.5 Smart hydrogels

With the increasing knowledge in organic chemistry, a variety of chemically 
crosslinked hydrogels has been developed. This section describes the use of smart 
hydrogels i.e. in situ formation of hydrogels through covalent crosslinking between 
polymers with complementary functional groups that occurs under physiological 
conditions with minimal toxicity. Additionally, double network hydrogels with a 
combination of physical, covalent or ionic bonds are described. Further, this section 
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discusses the design of multi-component hydrogels capable of responding to 
multiple triggers or forming mechanically strong hydrogels. Altogether, these smart 
hydrogels allow tailoring properties such as mechanical stability and release kinetics 
for the desired application.

2.5.1 In situ chemically crosslinkable hydrogels
Hydrogel formation can be catalyzed by enzymes such as horseradish peroxidase,242 
transglutaminase243,244 and tyrosinase.244 This class of hydrogels has mostly been 
applied for tissue engineering and as adhesive materials.13 However, the use of 
enzymatic crosslinkable hydrogels is mainly limited by the stability of some enzymes. 
Hydrogels formed from polymers with complementary functional groups offer a 
great tunability in hydrogel properties, such as gelation kinetics and mechanical 
stability.14,245 In contrast to small-molecule crosslinkers, toxicity of these systems is 
often limited. Especially polymers that can crosslink under physiological conditions 
are interesting for drug delivery applications. For example amine and aldehyde-
functionalized hyaluronic acid precursors have been synthesized with different 
degrees of substitution.246 Mixing of these two precursors in buffer resulted in the 
formation of a hydrogel. Other examples of chemical crosslinking reactions to form 
hydrogels include Passerini and Ugi condensation247,248 and disulfide formation.249 In 
2002, our group published an extensive overview of different chemical crosslinking 
reactions for the formation of hydrogels.14 Therefore, this section will focus only on the 
recent efforts in in situ forming hydrogels without the need of catalysts and hydrogel 
formation by chemoselective crosslinking strategies. Michael addition, a conjugation 
reaction between nucleophiles such as thiols and electrophilic olefins e.g. (meth)
acrylates, has been widely applied for the formation of hydrogels. In 2001 the group 
of Hubbell described the formation of a hydrogel based on PEG-multiacrylate and 
PEG dithiol precursors.250 Albumin was released from these hydrogels with zero-
order kinetics and with a rate depending on the polymer concentration. Michael 
addition is particularly attractive as in situ chemical crosslinking method due to its 
relatively fast kinetics and reaction under physiological conditions without the need 
for catalysts. For example, PEG-dextran,251 PEG-oligopeptide252, PEG-PLA253 and 
PEG-hyaluronic acid254 hydrogels have been prepared using Michael-type addition. 
Recently, emphasis on controlled crosslinking of hydrogels in situ under physiological 
conditions, without toxic additives has resulted in the use of chemoselective 
crosslinking strategies for hydrogel formation. Chemoselective crosslinking has the 
benefit to not interfere with biomolecules such as proteins. The most researched 
chemoselective crosslinking reaction for hydrogels is click chemistry.85,255,256 Click 
chemistry was first introduced by Sharpless and coworkers as new regiospecific 
linking reactions that give high yields and generally require no purification.257 
Among the different reactions, Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of 
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terminal alkynes and azides is the most investigated method.258 Since click reactions 
can take place under physiological conditions with fast kinetics, it received great 
attention in pharmaceutical sciences.256,258,259 The first hydrogel designed by click 
chemistry was formed based on poly(vinyl alcohol) and described by Hilborn et al.260 
Hydrogels crosslinked by click chemistry have for example been used for the release 
of doxorubicin and benzidamine using hyaluronic acid precursors.261 However, 
alkyne-azide cycloadditions generally require the use of toxic catalysts, such as 
copper, limiting their application in the biomedical field. Recently, hydrogels have 
been crosslinked by copper-free click chemistry using strain promoted precursors, 
thereby eliminating the need of (metal-ion) catalysts.262-264 As is shown in Figure 2.14, 
covalently crosslinked, degradable hyaluronic acid hydrogels were prepared using 
azide and cyclooctyne functionalized precursors.

Figure 2.14. In situ copper-free click reaction using strain promoted hyaluronic acid 
precursors. Reprinted with permission from 264. Copyright (2013) American Chemical Society.

More recently, native chemical ligation has been investigated as an alternative 
chemoselective crosslinking reaction for the formation of hydrogels.86,265 In native 
chemical ligation an N-terminal cysteine and thioester react to form a native peptide 
bond. This reaction has mostly been applied for the synthesis of peptides and 
proteins.266 Cells were successfully incorporated in these hydrogels and were capable 
of forming new extracellular matrix.267,268 Using a related reaction mechanism, 
hydrogels were also formed by oxo-ester mediated native chemical ligation.269 This 
reaction has the advantage to increase the reaction kinetics and capture thiol reaction 
products, resulting in increased cell viability.
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2.5.2 Radical polymerization
Macromers containing methacrylate or acrylate moieties can be crosslinked 
via radical polymerization using potassium persulfate (KPS) and N,N,N′,N′-
tetramethylethylenediamine (TEMED) as initiator and catalyst respectively. Hydrogels 
formed by a redox reaction with TEMED/KPS were first described by Saito et al. in 
1990.270,271 Our group prepared dextran-hydroxy-ethyl-methacrylate (dex-HEMA) 
hydrogels using this redox reaction, where the mechanical properties could be tuned 
depending on KPS concentration and temperature.272 Further, controlled release of 
lysozyme, albumin and IgG from these hydrogels was demonstrated.273 Similarly, our 
group described the formation of hydrogels from methacrylated hyaluronic acid.274 
A high control over degree of methacrylation allowed the design of hydrogels with 
a variety of mechanical properties. Kasper et al. reported about the APS/TEMED 
mediated crosslinking of oligo(poly(ethylene glycol)fumarate) (OPF) hydrogels 
for the controlled release of plasmid DNA, with a release rate depending on the 
OPF molecular weight.275 Recently, hydrogels formed by radical polymerization of 
poly(N-isopropylacrylamide) and N,N-methylenebisacrylamide have been designed 
containing bridged nanogels and consequently showing surprisingly high elasticity 
and mechanical resistance.276 However, unreacted persulfate and TEMED, including 
their degradation products, can oxidize and thereby damage encapsulated proteins. 
Therefore, only after complete removal of these compounds, the hydrogels can be 
used for biomedical applications.277 
In a different approach, network formation between (meth)acrylate functionalized 
polymers can occur in the presence of UV or visible light.278,279 The photopolymerization 
reaction is initiated by decomposition of a photoinitiator, resulting in the formation 
of radicals and subsequent network formation. The formation of a hydrogel through 
photopolymerization has been first described by Hubbell et al. in 1993 and the formed 
gels released BSA for two months.280 Later, they described the release of several other 
proteins and oligonucleotides from these acrylate-modified PEG-oligo-(α-hydroxy 
acids) hydrogels.281 
Due to the relative ease of introducing (meth)acrylate functionalities to polymer 
precursors, recently a variety of natural polymers has been chemically crosslinked 
after photopolymerization. A multi-component hydrogel consisting of photo-
curable gelatin, hyaluronic acid and chondroitin showed capable of facilitating the 
production of extracellular matrix for cartilage regeneration.282

Photo-curing hydrogels have several advantages over other in situ forming materials. 
The network formation is fast and the illumination allows a high spatiotemporal 
control.278 Additionally, precise illumination can allow the formation of patterned 
hydrogels and non-uniform concentration profiles, resulting in different drug release 
profiles. This was demonstrated by Lu et al. with the release of an organic dye from 
crosslinked poly(2-hydroxyethyl methacrylate) (poly(HEMA)) hydrogels.283,284 Some 
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drawbacks of photopolymerization are the need for an external light source, possible 
reaction with embedded compounds and the potential harmful effects of UV light on 
stability of embedded cells and proteins. Although several groups have shown the 
compatibility with e.g. fibroblasts285, radish peroxidase286 and stem cells,287 the use 
of UV-light in the presence of biomolecules, cells or tissues remains a controversial 
topic.

2.5.3 Double-network hydrogels
Since the mechanical properties of hydrogels formed from solely physical 
interactions are usually too weak, this especially hampers their applications 
where mechanical stability is a requirement, such as in load-bearing tissues.288 
On the other hand, in situ chemically crosslinkable hydrogels have generally slow 
gelation kinetics, possibly resulting in early dissolution of the hydrogel. The first 
hydrogels responding to more than one trigger were prepared by combining pH and 
temperature induced gelation. Hoffman et al. reported in 1992 about the design of 
such a hydrogel for the release of amylase.289 Hydrogels responding to both pH and 
temperature are generally prepared from copolymers with pH responsive moieties 
such as N,N’-diethylaminopropyl methacrylamide or acrylic acid and temperature 
responsive moieties such as NIPAAm. These hydrogels have been studied e.g. for 
delivery of insulin,290,291 coenzyme A292 and indomethacin.293 Hydrogels can also be 
built from combined ionically and covalently crosslinked networks to yield so-called 
interpenetrating networks, which show tremendous synergistic effects on different 
properties.294,295 Importantly, combining physical and chemical crosslinking allows 
the administration of polymers as liquid formulations that undergo quick gelation 
due to physical interactions triggered by e.g. temperature and that are subsequently 
stabilized by chemical reactions. As discussed earlier, the most common post-
processing reactions are based on reactions between complementary functional 
groups or covalent crosslinking by radical polymerization.14 In combination with 
thermosensitive polymers, dual gelling hydrogels have for example been designed 
from thiol and vinyl functionalized pNIPAAm 296 and a combination of hyaluronic 
acid and pluronic.297 The gelation kinetics and the resulting properties of the 
hydrogel are mostly affected by the type of functional groups and the stoichiometry 
of the two components.252 P(NIPAAm-co-HEMA) macromers with either alkyne or 
azide functionalities were in situ stabilized by click chemistry.298 Dual physically 
and chemically gelling hydrogels have also been formed from thermoresponsive 
pNIPAAm macromers with epoxy functionalities in situ crosslinked with 
polyamidoamines (PAMAM).299 As is shown in Figure 2.15, the introduction of this 
chemical crosslinker significantly increased the swelling of these hydrogels.
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Figure 2.15. Swelling of thermoresponsive, chemically crosslinking hydrogels. Increasing 
the PAMAM crosslinker content resulted in an increased hydrogel swelling. Reprinted with 
permission from 299. Copyright (2012) American Chemical Society.

Furthermore, swelling behavior and compressive mechanical properties of these 
hydrogels could be tuned depending on the PAMAM crosslinker length, amine/
epoxy ratio, preparation time and polymer concentration.300 Copolymerization with 
the hydrolysable monomer dimethyl-γ-butyrolactone acrylate (DBA) resulted in the 
formation of a bioresorbable hydrogel.301

In a similar approach, temperature sensitive polymers were combined with 
supramolecular inclusion complexation between a star-shaped adamantyl-
terminated 8-arm PEG and a star-shaped PNIPAAm with a beta-cyclodextrin core 
(Figure 2.16).302

self-assembly

T > LCST

T < LCST

star-star pseudoblock
         copolymer supramolecular hydrogel

=    -CD core = PNIPAAm arm = Adamantyl = PEG chain

Figure 2.16. Combined inclusion complexation and thermogelation in aqueous solution of a 

star-star shaped copolymer. Reprinted from 302, copyright (2013), with permission from John 

Wiley & Sons, Inc.
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Vermonden et al. reported about the design of a thermoresponsive hydrogel that 
was initially stabilized by physical crosslinks and further crosslinked after UV 
irradiation.303 Release of lysozyme, BSA and IgG from these hydrogels was diffusion-
controlled and depended on protein size and hydrogel molecular weight between 
the crosslinks.304 The secondary structure and enzymatic activity of lysozyme was 
not affected during gelation. Interestingly, these hydrogels could also be deposited 
in defined three-dimensional structures using bioprinting technologies.305 Additive 
manufacturing techniques offer the possibility to have high control over the scaffold 
architecture and the fabrication of multi-layered scaffolds. However, hydrogel-inks 
for 3D bioprinting need to fulfill many requirements with respect to processing 
parameters, which was recently reviewed by Malda et al.306

2.5.4 Combination of natural and synthetic polymers
In order to obtain materials that are both mechanically strong and bioactive, natural 
and synthetic polymers have been combined.307,308 Hydrogels based on natural 
polymers include collagen, chitosan, fibrin, matrigel, agarose, alginate, hyaluronic 
acid, cellulose and gelatin.6,309 Initially, non-chemically crosslinked blends of these 
polymers were formed, showing enhanced cell adhesion and high tunability over 
mechanical properties.310-312 More recently, covalently crosslinked hybrid hydrogels 
consisting of natural and synthetic polymers have been designed by introduction of 
functional groups in both polymers. Censi et al. showed the in situ stabilization of 
thiolated hyaluronic acid and (meth)acrylated thermosensitive polymers by Michael 
addition reaction.313 Further, these hydrogels facilitated the diffusion-controlled 
release of bradikynin. PNIPAAm based polymers with a hydrazide functionality have 
been in situ crosslinked with natural carbohydrate polymers such as hyaluronic acid, 
carboxymethyl cellulose, dextran and methylcellulose, resulting in the formation 
of a hydrazone bond.314 Other examples of natural-synthetic hydrogels include 
combinations of gelatin methacrylamide and PEG,315 fibrin and polyurethane316  and 
PEG crosslinked with chitosan.317 

2.5.5 Composite hydrogels
Incorporation of small inorganic molecules such as calcium phosphate and 
hydroxyapatite in hydrogels can both enhance the mechanical properties of the 
hydrogel and promote bioactivity e.g. mineralization for bone tissue engineering 
applications.318-320 Ceramics-hydrogel composite materials have been studied for drug 
delivery in tissue engineering, having controlled scaffold porosity and therefore a 
tailored drug release.321 
Hybrid and mechanically strong hydrogel constructs can also be formed by alternate 
deposition of thermoplastic polymer fibers and hydrogels.322 A hydrogel-electronspun 
composite showed significantly decreased burst release of BSA from 20 to 7% due to 
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the incorporation of hydrophobic poly(ε-caprolactone)-based fiber mats.323 Recently, 
an alginate hydrogel was reinforced with a 3D Ormocomp framework to protect 
embedded cells.324 This hybrid hydrogel construct could increase the cell viability 
and successfully released dopamine.
Additionally, carbon nanotubes have been suggested to increase the mechanical 
properties of hydrogels and serve as a structural nanofiber. Single-walled carbon 
nanotubes were mixed with cyclodextrins to form a reversible gel through π-π 
interactions.325 Carbon nanotubes combined with naturally-derived polymers such as 
gelatin increased the stability of the hydrogel at 37°C without covalent crosslinking.326 
Incorporation of only 2 wt% carbon nanotubes in hyaluronic acid hydrogels and 
subsequent crosslinking by divinyl sulfone resulted in a 3-fold higher dynamic 
modulus.327 Additionally, incorporating pristine multi-walled carbon nanotubes in 
a polymethacrylic acid hydrogel allowed the triggered release of 14C-sucrose after 
electrical stimulations.328 
Incorporating degradable micro- or nanoparticles loaded with a drug in a hydrogel 
can further extend the possibilities for drug delivery. The drug can be released over a 
longer time frame, since it first has to leave the particle and subsequently has to diffuse 
out of the hydrogel matrix.329 Additionally, these systems can enhance the solubility 
of hydrophobic drugs in the hydrogel matrix.330 Finally, microparticles can shield the 
encapsulated content during hydrogel formation. For example, prednisone acetate 
has been loaded in poly(N-isopropylacrylamide)-block-poly(methyl methacrylate) 
(PNIPAAm-b-PMMA) micelles incorporated in a pNIPAAm hydrogel, resulting in a 
sustained release.331 In a different hydrogel-microsphere composite, dexamethasone 
(DX) and vascular epithelial growth factor (VEGF) were either loaded directly in 
the hydrogel or in microspheres that were encapsulated in this hydrogel, showing 
a significant effect on the release kinetics.332 When the drug was encapsulated in the 
microspheres, a prolonged release was achieved (Figure 2.17).

Composite hydrogels of oligo(poly(ethylene glycol)fumarate) with embedded 
gelatin microparticles have been developed by the groups of Tabata and Mikos.333 
When these microparticles were loaded with transforming growth factor-β1 (TGF-
_1), release kinetics could be tailored from 13 to 170 pg TGF-b1/day for days 1-3 
and from 7 to 47 pg TGF-b1/day for days 6-21.334 In combination with encapsulated 
mesenchymal stem cells enhanced glycosaminoglycan production and an 
upregulation of cartilage-relevant genes was achieved in vivo, showing the potential 
of these systems for cartilage regeneration.335 Additionally, these systems have been 
used for the simultaneous delivery of insulin-like growth factor-1 (IGF-1) and TGF-
_1, either encapsulated in gelatin microparticles or directly in the OPF hydrogel, 
resulting in a high control over release kinetics.336
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Figure 2.17. Release from microsphere/hydrogel composites prepared with loading DX or 
VEGF either directly in the hydrogel or embedded in the microspheres. Adapted from 332, 
copyright (2005), with permission from Elsevier.

2.6 Conclusion and Perspectives

This review describes the progress that has been made in the field of hydrogels for 
biomedical applications in the past 50 years, starting from the pioneering work of 
Wichterle and Lim in the 1960s. This historical overview underlines the tremendous 
development of hydrogels from simple chemically or physically crosslinked networks 
to complex double network composites. Although not covered in this review, the 
sophisticated level of these new materials is further reflected in new developments 
in e.g. shape memory and self-healing hydrogels. 
Driven by the need for easy administration and patient convenience an increase in 
injectable hydrogel formulations has been reported. Stimuli-responsive materials, 
especially those that quickly respond under mild conditions, form an attractive 
approach for minimally invasive treatments. The immediate change from a low 
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viscous solution before injection and quick formation of a strong network in situ, 
requires careful selection of one or more appropriate crosslinkers. Possibilities to 
modulate release and degradation profiles after hydrogel administration can further 
improve the clinical translation of these hydrogels. 
We further expect that an increasing knowledge in hybrid or composite hydrogel 
materials will allow controlled release of more sensitive drugs and several drugs 
from the same hydrogel matrix. Shielding biopharmaceutical drugs in micro- or 
nanoparticles can help to maintain their distinct three-dimensional structure. 
Synergistic hybrid materials fulfill many requirements that cannot be achieved with 
only one type of polymer. However, an increase in material complexity can also limit 
the chance of commercialization. Although many polymers have been investigated 
with high potential, an off-the-shelf hydrogel with highly tunable properties that 
can provide a platform for multiple applications and patient-specific treatment 
would be the most promising. Realizing the clinical requirements while limiting 
the complexity of the hydrogel formulation will therefore be the main goal for the 
coming decades.
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Abstract

In this study, temperature-induced physical gelation was combined with Native 
Chemical Ligation (NCL) as a chemical cross-linking mechanism, to yield rapid 
network formation and mechanically strong hydrogels. To this end, a novel monomer 
N-(2-hydroxypropyl)methacrylamide-cysteine (HPMA-Cys) was synthesized that 
copolymerizes with N-isopropylacrylamide (NIPAAm) to yield thermoresponsive 
polymers decorated with cysteine functionalities. Triblock copolymers consisting of 
a poly(ethylene glycol) (PEG) middle block, flanked by random blocks of NIPAAm 
and HPMA-Cys were successfully synthesized and characterized. Additionally, 
thioester cross-linkers were synthesized based on PEG and hyaluronic acid, 
respectively. Upon mixing the thermoresponsive polymer with PEG or hyaluronic 
acid cross-linker, cysteine and thioester functionalities react under physiological 
conditions to generate a native peptide bond. An immediate physical network was 
formed after elevation of the temperature to 37°C due to the self-assembly of the 
pNIPAAm chains. This network was stabilized in time by covalent cross-linking 
due to NCL reaction between thioester and cysteine functionalities, resulting in 
hydrogels with up to ten times higher storage moduli than without chemical cross-
links. Finally, a collagen mimicking peptide sequence was successfully ligated to this 
hydrogel using the same reaction mechanism, showing the potential of this hydrogel 
for tissue engineering applications.
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3.1 Introduction

Hydrogels have been extensively studied for drug delivery and tissue engineering 
applications.1-5 Their high water content allows the incorporation of cells and/or 
biomolecules and the exchange of nutrients and metabolites.6 In particular, in situ 
cross-linkable systems that can be injected as liquid formulations into the body are 
attractive for minimal invasive treatments.7-9 Moreover, in situ forming hydrogels 
are able to fill irregularly shaped defect sites, resulting in close contact with the 
surrounding tissue. Thermosensitive systems are an important class of injectable 
systems since they can form hydrogels upon temperature changes.10,11 When 
thermosensitive polymers pass their lower critical solution temperature (LCST), 
their polymer chains collapse and aggregate. Although several thermosensitive 
systems have been investigated, poly(N-isopropylacrylamide) (pNIPAAm) based 
materials are the most studied due to their sharp phase transition at 32°C.10 
However, networks held together by physical interactions only, form mechanically 
weak scaffolds resulting in fast erosion or degradation before new tissue is formed.9 
Another drawback of solely physical networks is the often-encountered syneresis 
of the hydrogel, resulting in an incomplete filling of the defect.12 For these reasons, 
chemically cross-linkable systems have been developed that allow the formation 
of covalent bonds in situ.13 Such a dual hardening hydrogel has the advantage of 
forming an immediate physical network at 37°C, followed by chemical cross-linking 
in situ to enhance the mechanical stability. The addition of thermogelation obviates 
the often-found problematic slow gelation kinetics of injectable systems due to slow 
chemical cross-linking. An attractive approach to combine physical and chemical 
gelation is a two-component system that can be mixed prior to injection. Such 
systems can be administered as liquid formulations that undergo gelation due to 
physical forces triggered by e.g. temperature and that are subsequently stabilized 
by chemical reactions between groups present of the hydrogel building blocks. It 
has been shown that the mechanical, degradation and swelling characteristics 
of these two-component hydrogels, can easily be tailored by changing the cross-
linking density.14 However, to develop a biocompatible in situ cross-linkable system 
without adverse side reactions remains a challenge. Frequently studied in situ 
cross-linking reactions, such as radical polymerization induced by UV irradiation15, 
Michael addition16,17, condensation reactions of aldehydes and amines18, or ring 
opening of epoxides with amines19, all have the disadvantage of either forming free 
radicals or having non-selective reactivity that can cause undesired side reactions 
with nucleophiles present in biomolecules such as proteins, possibly resulting in 
toxicity and inflammation.20 Besides, addition reactions are typically carried out in 
organic solvents, since water can also react with the cross-linking agents. On the 
other hand, chemoselective reactions21 like click chemistry22-24 generally require 
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the use of toxic metal catalysts such as Cu+/Cu++. Attempts have been made to 
eliminate the use of these toxic catalysts for biomedical applications.25,26 Recently, 
Hu et al.27 developed an injectable hydrogel using native chemical ligation, a fast 
and chemoselective cross-linking method. In native chemical ligation, a thioester 
and an N-terminal cysteine undergo a reversible transthioesterification, whereafter 
an N-to-S rearrangement occurs, resulting in the irreversible formation of a native 
peptide bond.28 Native chemical ligation has been widely used for the synthesis 
of peptides and biologically active proteins29 and its reaction mechanism has been 
studied in detail.30 However, only recently NCL has been applied for cross-linking 
hydrogels.27 Apart from its chemoselective nature, another attractive feature of 
native chemical ligation is the possibility to covalently link other functionalities e.g 
bioactive peptides such as RGD to the polymer network. For tissue engineering, 
peptide-functionalized hydrogels have shown to promote their adhesion to body 
tissues as well as to enhance proliferation and differentiation of embedded cells.31,32 
Although native chemical ligation is normally applied using rather toxic catalytic 
thiols such as 4-mercaptophenylacetic acid (MPAA), or 2-mercaptoethanesulfonate 
(MESNa)30, Hu et al. succeeded in preparing an injectable hydrogel without using 
such additives.27 Furthermore, the group of Messersmith showed the compatibility 
of these hydrogels with extracellular matrix proteins and stem cells33 and the use of 
oxo-ester mediated native chemical ligation, resulting in faster gelation kinetics and 
thiol capture.34 However, the application of NCL hydrogels as injectable materials is 
limited by its relatively slow cross-linking kinetics.
The aim of this study is to develop a dual hardening in situ cross-linkable hydrogel 
formed by temperature-induced physical cross-linking and chemoselective cross-
linking by native chemical ligation, without the addition of a catalyst. Combining 
thermogelation with native chemical ligation allows the formation of an immediate 
physical network that can be strengthened in time by chemical cross-links. For 
this aim, a triblock copolymer of pNIPAAm-co-HPMACys-PEG-pNIPAAm-co-
HPMACys (PNC) was synthesized containing a newly designed monomer HPMA-
Cysteine to introduce cysteine functionalities in a thermosensitive polymer. The 
methacrylamide group of this monomer allows copolymerization with other (meth)
acryl-containing monomers using radical polymerization. As the second component, 
two different thioester cross-linkers were synthesized: a PEG difunctionalized 
thioester and a partially functionalized hyaluronic acid (HA) thioester. HA is a 
natural polysaccharide, present in many tissues in the human body and widely used 
in hydrogels for biomedical applications due to its favorable biological properties.35,36 
Finally, the PEG thioester was partially functionalized with a peptide using native 
chemical ligation. As a model peptide, a short discoidin domain receptor-2 (DDR-2) 
binding peptide (CGPRGQOGVMGFO) was chosen since it was suggested that this 
sequence positively affects mesenchymal stem cell differentiation, proliferation and 
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cell adhesion.37-39 In this paper, we show the use of NCL as a chemoselective cross-
linking reaction in combination with thermosensitive polymers as well as for the 
chemoselective ligation of peptides to hydrogels.

3.2 Materials and Methods

3.2.1 Materials
All commercial chemicals were obtained from Sigma-Aldrich (Zwijndrecht, the 
Netherlands) and used as received unless indicated otherwise. N-(2-Hydroxypropyl)
methacrylamide (HPMA) was synthesized by reaction of methacryloyl chloride with 
1-aminopropan-2-ol in dichloromethane, essentially according to Ulbrich.40  Peptide 
grade dichloromethane (DCM) was obtained from Biosolve (Valkenswaard, the 
Netherlands). N,N’-Dimethyl amino pyridine (DMAP) was purchased from Fluka 
(Zwijndrecht, the Netherlands). Boc-S-acetamidomethyl-L-cysteine (Boc-Cys(Acm)-
OH was purchased from Bachem (Bubendorf, Switzerland). PEG10,000-ABCPA 
macroinitiator was synthesized as described by Neradovic et al.41 Ethylthioglycolate 
succinic acid (ET-SA) was prepared according to a literature procedure.27 Tris-(2-
carboxyethyl)-phosphine hydrochloride (TCEP) was obtained from Carl Roth (Karlsruhe, 
Germany). Hyaluronic acid (HA) with a molecular weight of 31 kDa was supplied by 
Lifecore (Chaska, MN, U.S.A.). 4-(Dimethylamino)pyridinium-4-toluenesulfonate 
(DPTS) was synthesized according to the method described by Moore et al.42 
2,4,6-Trinitrobenzene sulfonic acid (TNBSA) and 5,5’-dithio-bis-(2-nitrobenzoic 
acid) (DTNB, Ellman’s reagent) were obtained from Thermo Fischer Scientific 
(Rockford, IL, U.S.A.). DDR-2 peptide CGPRGQOGVMGFO (O = hydroxyproline) 
was supplied by GenScript (Piscataway, NJ, U.S.A). PBS buffer pH 7.4 (8.2 g/L NaCl, 
3.1 g/L Na2HPO4 12 H2O, 0.3 g/L NaH2PO4 2 H2O) was purchased from B. Braun 
(Melsungen, Germany).

3.2.2 Synthesis of Boc-Cys(Acm)-HPMA
In a typical procedure, Boc-Cys(Acm)-OH (4.0 g, 13.7 mmol), HPMA (2.0 g, 13.7 
mmol) and DMAP (167 mg, 1.37 mmol) were dissolved in dry DCM (10 mL). To this 
solution DCC (2.8 g, 13.7 mmol) was added and the reaction mixture was stirred 
for 16 h under a nitrogen atmosphere at room temperature. Subsequently, the 
suspension was cooled to 0°C, filtered and the filtrate was concentrated to 5 mL. The 
product was purified by silica gel chromatography, using DCM/MeOH (9:1 v/v) as 
eluent. The monomer Boc-Cys(Acm)-HPMA (HPMA-Cys) was obtained as a viscous 
oil (72% yield). 
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1H NMR (CDCl3): δ = 6.78 (s, 1H, NH), 6.61 (s, 1H, NH), 5.74 (s, 1H, H2C=CH), 
5.51 (s, 1H, CH2CH(CH3)O), 5.34 (s, 1H, H2C=CH), 5.09 (s, 1H, NH), 4.39 (m, 3H, 
SCH2NH, SCH2CH), 3.65 (m, 1H, CH2CH(CH3)), 3.38 (m, 1H, CH2CH(CH3)), 2.96 (m, 
2H, CHCH2S), 2.02 (s, 3H, COCH3), 1.96 (s, 3H, C=C(CH3), 1.44 (s, 9H, (CH3)3CO), 
1.28 (d, 3H, OCHCH3) 13C NMR (CDCl3): δ = 170.8 (O-C(O)CH, 168.9 CH3C=O, 
155.8 O-C(O)-N, 139.7 CH2=CH, 120.1 CH2=CH, 80.5 (CH3)3C, 72.0 CH2CH(CH3)O, 
54.2 SCH2CH, 43.9 CH2CH(CH3)O, 41.6 SCH2NH, 33.5 SCH2CH, 28.3 (CH3)3C, 23.2 
CH3C(O)NH, 18.7 CH3C=C, 17.5 CH2CH(CH3)O. Rt HPLC: 10.2 min.

3.2.3 Synthesis of PEG2000 thioester
In a typical reaction43, ET-SA (880 mg, 4 mmol), DCC (824 mg, 4 mmol) and DPTS (59 
mg, 0.4 mmol) were dissolved in dry DCM (5 mL). To this solution PEG 2000 (2 g, 2 
mmol OH functionalities) was added and the obtained reaction mixture was stirred 
for 16 h at room temperature under a nitrogen atmosphere. Next, solid DCU was 
removed by filtration and the desired polymer was precipitated in cold diethyl ether. 
The precipitate was harvested by filtration, dissolved in 10 mL H2O, dialyzed for two 
days (Mw cut-off: 2000 Da) against water at 4°C and the solution was subsequently 
lyophilized. A white powder was obtained in 92% yield, which was characterized by 
1H NMR. Degree of substitution (DS), defined as the percentage of hydroxyl groups 
derivatized by thioester moieties, was determined by 1H NMR from the integral 
ratio of the methyl protons of the thioester functionalities at 1.3 ppm (ITE) and the 
PEG protons between 3.2 and 4 ppm (IPEG) using the following equation:

 
(3.1)

The degree of substitution (DS) was confirmed by adding two drops of trichloroacetyl 
isocyanate (TAIC) to the 1H NMR sample. TAIC causes a shift to 4.42 ppm for the 
CH2 protons of PEG adjacent to the OH end groups44. To calculate the DS, the peak 
integral at 4.42 ppm was divided by the PEG proton signals between 3.2 and 4.0 
ppm. 
A second approach to determine the DS was performed by hydrolyzing the PEG 
thioester in a 0.2 M NaOH solution for two hours under stirring. Quantification of 
free SH groups was performed using the  Ellman’s assay.45

1H NMR (CDCl3): δ = 4.42 (t, 2H, shift TAIC), 4.14 (q, 2H, CH3CH2O), 3.62 (182H, 
PEG protons), 3.13 (t, 2H, SC(O)CH2CH2), 2.89 (t, 2H, SC(O)CH2CH2), 1.21 (t, 3H, 
CH3CH2O).
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3.2.4 Synthesis of HA thioester
Hyaluronic acid (Mw 31 kDa) was partially functionalized with ET-SA to introduce 
thioester functionalities at the primary hydroxyl groups, using EDCI as the coupling 
agent. In a typical procedure, HA (500 mg, 1.27 mmol primary OH groups), ET-SA 
(800 mg, 1.82 mmol) and EDCI (500 mg, 2.61 mmol) were dissolved in H2O (10 mL). 
The solution was stirred at room temperature for 16 h, while maintaining the pH at 
5 with 1N HCl. The HA thioester derivative was purified by dialysis (Mw cut-off: 12-
14 kDa) against water for 4 days at 4°C and subsequently lyophilized. The degree of 
substitution (DS) was determined by hydrolyzing the HA thioester in a 0.2 M NaOH 
solution for 2 h under stirring and subsequent quantification of formed SH bonds 
using Ellman’s reagent. 
1H NMR (D2O): δ = 4.6-3.3 (protons of hyaluronic acid), 2.86 (s, CHCH2O) 1.98 (s, 
CH3CONH) 1.28 (t, CH3CH2O). 

3.2.5 Synthesis of PEG-NIP-HPMA-Cys triblock copolymers
In a typical procedure, PEG-ABCPA 10,000 (0.23 g), Boc-Cys(Acm)-HPMA (0.31 g, 0.74 
mmol) and  NIPAAm (1.0 g 8.85 mmol, feed ratio Boc-Cys(Acm)-HPMA:NIPAAm 
7:93) were dissolved in dry acetonitrile (10 mL) in an airtight screw-cap glass vial. The 
reaction mixture was flushed with nitrogen for 15 min and subsequently stirred for 
40 h at 70°C. Next, the polymer was precipitated in cold diethyl ether (100 mL) and 
the precipitate was filtrated, washed with diethyl ether and dried. The synthesized 
polymer was obtained in a yield of 77%. 
To remove the Boc groups of cysteine, the obtained triblock copolymer was dissolved 
in TFA/DCM (1:1 v/v, 10 mL) under a nitrogen atmosphere and stirred for two 
hours. The solvents were evaporated under reduced pressure and the residual solid 
was dissolved in water (10 mL). The triblock copolymer was purified by dialysis 
for two days at 4°C against water (Mw cut-off: 12-14 kDa) and lyophilized. To 
remove the acetamidomethyl (Acm) functionality, 1.0 g of polymer was dissolved in 
MeOH/H2O (1:1 v/v, 40 mL) under N2 atmosphere and 1N HCl (540 μL) was added, 
followed by the immediate addition of 0.2 M iodine in MeOH/H2O (1:1 v/v/, 8mL). 
The obtained brownish mixture was stirred for one hour at room temperature. The 
excess iodine was quenched by addition of 4 drops of 1M ascorbic acid. The colorless 
solution was treated with tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP, 500 
mg) to reduce possibly formed disulfide bonds between cysteine moieties during 
16 h and subsequently dialyzed against water for two days (Mw cut-off: 12-14 kDa). 
The final deprotected polymer was obtained after lyophilization as a white powder 
and characterized by GPC and 1H NMR. The cysteine content was quantified by 
detection of free thiols by Ellman’s method45 and free primary amines were detected 
by TNBSA assay46.
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3.2.6 Ligation of peptide to PEG thioester
The PEG thioester construct (20 mg, 0.014 mmol thioester functionalities) was 
dissolved in PBS (400 _L). A 10-fold molar excess of sodium 2-sulfonylethane 
sulfonate (MESNa, 16 mg, 0.1 mmol) was added as catalyst. In a separate vial, the 
peptide CGPRGQOGVMGFO (14 or 7 mg for a cysteine : thioester ratio of 1:1 or 
0.5:1 mol/mol respectively) was dissolved in PBS (100 μL), in the presence of TCEP 
(4 mg) to keep SH groups in their reduced form. These molar ratios were chosen to 
obtain a high degree of substitution (DS) and thereby enable characterization of the 
reaction products. Both solutions were mixed and allowed to react for 20 h at room 
temperature. After reaction, the mixture was dialyzed (Mw cut-off: 2000 Da) for two 
days and the obtained solution was subsequently lyophilized. The ligation product 
was analyzed by 1H NMR and GPC. The degree of substitution was calculated by 
NMR from the integrals of the characteristic peptide peaks at δ= 0.8 and 7.2 ppm 
of valine and phenylalanine respectively. DS was confirmed by making use of the 
reduced intensity of the signal at δ= 1.2 ppm of the cleaved thioester after NCL 
reaction. 

3.2.7 NMR spectroscopy
The obtained monomers and polymers were characterized on a Varian Mercury Plus 
300 spectrometer. For 1H NMR spectra, chemical shifts were referred to the residual 
solvent peak (δ = 7.26 ppm for CDCl3, 4.79 for D2O and 2.50 ppm for DMSO-d6). For 
13C NMR spectra, the central line in the chloroform triplet at δ = 77.16 ppm was used 
as the reference line.

3.2.8 Gel Permeation Chromatography (GPC)
The molecular weights of the polymers were determined by GPC using a Plgel 5 μm 
MIXED-D column (Polymer Laboratories) with a column temperature of 65°C. DMF 
containing 10 mM LiCl was used as eluent with an elution rate of 1 mL/min, and the 
sample concentration was 5 mg/mL. Poly(ethylene glycols) of narrow and defined 
molecular weights were used as calibration standards. For the samples containing 
peptide, 10 mM TCEP was added to the GPC samples to keep SH groups in their 
reduced form.

3.2.9 Determination of Cloud Point
The cloud point (CP) of the polymers was measured with a Shimadzu UV/vis-2450 
spectrophotometer. The polymers were dissolved at low and high concentrations of 
0.3 wt% and 16 wt% in PBS (pH 7.4), respectively (SI-Figure 3.6). The heating rate 
was approximately 1°C/min and the absorbance was measured from 4 to 45 °C at 
650 nm. The CP was defined as the onset of increasing scattering intensity.41
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3.2.10 HPLC
Purity of the synthesized Boc-Cys(Acm)-HPMA monomer was analyzed by HPLC 
using a C18 sunfire column.  The monomer was dissolved in H2O/MeCN (9:1 v/v) at 
a concentration of 1 mg/mL. A mobile phase gradient, from 100% of eluent A (H2O/
MeCN 9:1 v/v) to 100% of B (MeCN) with a 20 min run time was used. The injection 
volume of the samples was 5 μL, the flow rate was 1 mL/min and absorbance was 
measured at λ=210 nm.

3.2.11 Hydrogel formation
Thermosensitive triblock copolymer PEG-NIP-HPMA-Cys (PNC), either protected 
or deprotected, was dissolved at a concentration of 20 wt% in PBS at 4°C for at least 5 
h prior to hydrogel formation. PEG thioesters and HA thioesters were dissolved for 1 
h at room temperature at a concentration of 15 wt% in the same solvent. For hydrogel 
formation, the appropriate thioester solution was added to the PNC solution, shortly 
mixed with a pipette tip and incubated at 37°C. NCL hydrogels were prepared at a 
final concentration of 16 wt% PNC and 11 wt% HA thioester or 4 wt% PEG thioester 
(corresponding to a 1:1 ratio of thioester:cysteine). For vial tilting experiments, 
hydrogel formation was reported after immobility for at least 15 minutes with vials 
upside down.

3.2.12 Rheological Characterization
Rheological analysis of hydrogels was performed on an AR-G2 rheometer (TA-
Instruments), using a 20 mm steel cone (1°) geometry equipped with a solvent trap.  
For each measurement 70 μL of sample was used. Temperature sweeps of triblock 
copolymer solutions/gels were performed from 4 to 50°C at a heating rate of 1 °C /
min. Cross-linking of the hydrogels in time was measured in situ for 3.5 h at 37°C. A 
1% strain (within the linear viscosity region as is shown in SI-Figure 3.5) and a 1 Hz 
frequency were applied.

3.2.13 Dynamic Mechanical Analysis (DMA)
Elastic modulus measurements were performed on a DMA 2980 Dynamic 
Mechanical Analyzer (TA-Instruments). Hydrogels were formed from 16 wt% PNC 
and 4 wt% PEG thioester with or without peptide functionalization. The polymers 
were incubated at 37°C for 16 h before measuring. Hydrogels of approximately 3 × 
4 mm (height × diameter) were placed between the parallel plates and a force ramp 
was applied at a rate of 0.1 N/min from 0.01 N to 0.1 N at 37°C. A Mann-Whitney-U 
test was used for comparing Young’s moduli between two groups. Raw data were 
processed in Prism GraphPad Version 6.0 and p<0.05 was considered significant. 
Data are represented as means ± standard deviations.
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3.2.14 TNBSA assay
Free primary amine groups of the synthesized triblock copolymer were quantified 
by reaction with 2,4,6-trinitrobenzene sulfonic acid (TNBSA).46 Glycine standards 
were prepared at concentrations ranging from 0 to 0.15 mM in a 0.1 M sodium 
bicarbonate buffer (pH 8.5). The triblock copolymer was dissolved at a concentration 
of 0.5 mg/mL in the same buffer. Then, 0.25 mL of 0.01% (w/v) solution of TNBSA 
in buffer was added to 0.5 mL of polymer solution, and the samples were incubated 
at 37ºC for 2 h. Subsequently, 0.25 mL of 10% aq SDS and 0.125 mL of 1 N HCl were 
added to the solution and the absorbance was measured in triplicate at λ = 335 nm 
using a BMG Spectrostar nano wellplate reader.

3.2.15 Ellman’s assay
Ellman’s reaction was performed to detect free SH groups.45 Cysteine hydrochloride 
monohydrate standards were prepared at concentrations ranging from 0 to 1.5 mM 
in a 0.1 M sodium phosphate buffer (pH 8.0) supplemented with 1 mM EDTA. The 
synthesized polymer was dissolved in a concentration of 2.5 mg/mL in the same 
buffer. The absorbance of the samples containing 50 μL Ellman’s reagent (4 mg/mL), 
2.5 mL buffer and 250 μL of each sample was measured in triplicate at λ= 412 nm 
using a BMG Spectrostar nano wellplate reader.

3.3 Results and Discussion

3.3.1 Boc-Cys(Acm)-HPMA synthesis
The monomer Boc-Cys(Acm)-HPMA (Figure 3.1) was synthesized via a DCC-
mediated esterification between the hydroxyl functional group of HPMA and the 
carboxyl functional group of Boc-Cys(Acm)-OH, using DCC as coupling agent 
and DMAP as catalyst. Boc and Acm protecting groups were carefully chosen to 
design a monomer that could be copolymerized and subsequently deprotected 
without affecting the final polymer structure. The monomer was purified by column 
chromatography over silica gel using DCM/MeOH (9:1 v/v) as eluent and obtained 
in a yield of 72%. HPLC analysis based on UV detection confirmed a high purity 
of >96% (Rt= 10.2 min, SI-Figure 3.1). The structure of Boc-Cys(Acm)-HPMA was 
confirmed by 1H NMR  and 13C NMR (SI-Figure 3.2). 

3.3.2 Synthesis of triblock copolymer PEG-NIP-HPMA-Cys (PNC)
A thermosensitive ABA triblock copolymer containing HPMA-Cys was synthesized 
via free radical polymerization using a PEG10,000-ABCPA macroinitiator, and 
NIPAAm and Boc-Cys(Acm)-HPMA as  monomers in a feed molar ratio of 93:7 
(Figure 3.1). A triblock copolymer with NIPAAm and Boc-Cys(Acm)-HPMA as the 
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outer blocks and PEG as the midblock (abbreviated as PNC) was obtained in a yield 
of 77% with a Mn based on NMR of 64 kDa and a PDI of 2.5. 
This triblock copolymer was first treated with TFA/DCM (1:1 v/v) to remove 
the Boc protecting groups from the NH2 groups of cysteine. Secondly, the 
acetamidomethyl (Acm) groups were removed from the SH groups of cysteine by 
iodine, followed by exposure to TCEP to reduce possibly formed disulfide bonds. 
Removal of Boc and Acm groups of cysteines resulted in an increase in cloud 
point of the triblock copolymer from 18°C to 33°C, most likely due to its increased 
hydrophilicity. The removal of the Boc protecting group was confirmed by 1H NMR 
by the disappearance of the signal at δ=1.4 ppm. Furthermore, the free NH2 and SH 
groups of the cysteine units of the synthesized block copolymer were quantified 
by the TNBSA and Ellman’s assay respectively and found to be lower than the feed 
(6.2% NH2 and 5.4% SH compared to a feed of 7.0%). The difference between NH2 
and SH content was within the experimental error of these measurements.47 As 
determined by GPC, deprotection resulted in a slight decrease in molecular weight, 
indicating that disulfide bond formation was negligible. Nonetheless, the molecular 
weights measured by GPC were higher than those determined by 1H NMR, which 
can be ascribed to the previously described phenomenon that pNIPAAm based 
polymers have the tendency to aggregate in DMF.48 Therefore, Mn of these triblock 
copolymers was based on NMR, in line with literature.49 The polymer characteristics 
are summarized in Table 3.1.
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Table 3.1: Polymer characteristics of ABA triblock copolymers synthesized by radical 
polymerization having a PEG10000 B block and random A blocks of NIPAAm and 
HPMA-Cys (triblock abbreviated as PNC).

Mn (kDa)a Mn (kDa)b Mw/Mn b %NH2 
c %SH d

Cloud Point 
(°C) e

PNC* (protected) 64 135 2.5 - - 18

PNC* (deprotected) 58 113 2.6 6.2 5.4 33
a Determined by 1H NMR. b Determined by GPC. c Determined by TNBSA assay, expressed as 
mol % of A block. d Determined by Ellman’s assay, expressed as mol % of A block. e Determined 
by light scattering at 650 nm.
* PNC: PEG-NIP-HPMA-Cys triblock, structures shown in figure 3.1.

3.3.3 Synthesis of PEG and HA thioester
Two cross-linkers were synthesized by introduction of thioester functionalities at 
the hydroxyl groups of polyethylene glycol (PEG) and hyaluronic acid (HA) using 
ethylthioglycolate succinic acid (ET-SA, SI-Figure 3.3) and DCC or EDCI as coupling 
agent, respectively (Figure 3.2).  A high degree of substitution (DS) is necessary to 
use PEG as a cross-linker, since only difunctionalized PEG can contribute to network 
formation. When N,N’-dimethyl amino pyridine (DMAP) was used as the catalyst, 
a maximum DS of 50% was obtained. Therefore, 4-(dimethylamino)pyridinium-
4-toluenesulfonate (DPTS) was chosen as catalyst, which has shown to enhance 
esterification reactions by suppression of the commonly observed side reaction 
leading to non-reactive N-acylurea derivatives42. Indeed, using this catalyst the DS 
of PEG as determined by 1H NMR (shown in SI-Figure 3.4A) was 85%, which was 
further confirmed by hydrolyzing the thioester and subsequent analysis of free thiol 
content by Ellman’s assay (DS=88%). 
 Hyaluronic acid was partially functionalized with thioester groups as alternative 
for the PEG cross-linker. A similar functionalization procedure was followed as 
for the synthesis of PEG thioester, however the reaction was performed in aqueous 
solution because of the limited solubility of hyaluronic acid in organic solvents and 
consequently a water-soluble cardodiimide derivative (EDCI) was selected as the 
coupling agent.  Due to overlap of relevant peaks, the DS of thioester-functionalized 
HA could not be determined by NMR analysis (spectrum shown in SI-Figure 3.4B). 
Therefore DS, defined as percentage of disaccharide units of HA derivatized with 
thioester functionalities, was measured by thioester hydrolysis and subsequent thiol 
quantification and was found to be 11 %.
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3.3.4 Hydrogel characterization
The gelation characteristics of the triblock copolymer PEG-NIP-HPMA-Cys (PNC) 
were studied by rheology. A temperature sweep experiment showed an increase in 
storage modulus (G’) and loss modulus (G”) with increasing temperature reflecting 
the thermosensitive behavior of these polymers in aqueous solution (Figure 3.3). The 
deprotected triblock formed a hydrogel at higher temperatures than the protected 
triblock, which was expected from the higher hydrophilicity of the unprotected 
cysteine moieties, and was in line with the cloud point measurements. A slight 
decrease of G’ was shown for the protected triblock above 30°C, most likely caused 
by an increased mobility of the polymers at high temperatures.50
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Figure 3.3. Storage (G’) and loss (G’’) moduli as a function of temperature for PNC protected 
(PNC prot) and PNC deprotected (PNC deprot) at a concentration of 16 wt% in PBS.
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Hydrogels of PEG-NIP-HPMA-Cys with either PEG thioester or HA thioester were 
formed by dissolving the individual compounds in PBS and mixing them at room 
temperature in a concentration of 16 wt% PNC and 4 wt% PEG or 11 wt% HA 
thioester, achieving a 1:1 functional group molar ratio. Possible gel formation was 
visually assessed immediately after mixing and after 30 min and 3 h (Figure 3.4). 
When the solutions were mixed at room temperature, a homogeneous liquid solution 
was obtained. Incubation of this polymer solution at 37°C for 30 min resulted in the 
formation of a gel. However, cooling the mixture to room temperature resulted again 
in a liquid solution which means that at that time point the system was a reversible 
(physical) gel. Importantly, after 3 h of incubation at 37°C followed by cooling down 
to room temperature, the hydrogel remained intact, indicating that cross-linking 
by native chemical ligation indeed had occurred. In principle, hydrogel formation 
could also be the result of disulfide formation of cysteines in the PNC macromers. 
However, a 16 wt% PNC solution without thioester cross-linker was still liquid at 
room temperature after 3 h incubation at 37°C, indicating that the contribution of 
disulfide bridges to the network formation was negligible. These results demonstrate 
that an irreversible chemically cross-linked hydrogel after 3 h incubation was 
only obtained after addition of a thioester cross-linker. The gelation kinetics were 
followed by rheology measurements during 3.5 h (Figure 3.5A). After mixing the 
two components, for both the PEG and HA cross-linkers an immediate gelation at 
37°C was shown by G’ values between 0.2 and 0.7 kPa and tan delta of 0.4. This rapid 
gel formation is the result of physical interactions between the pNIPAAm chains. In 
time, cross-linking proceeded through native chemical ligation, resulting in up to 
10 times higher G’ values than for networks formed by only physical interactions. 
However, cross-linking after 3.5 h was not completed, but the kinetics could not 
be further measured accurately due to evaporation of water. Systems containing 
either HA or PEG thioester cross-linkers showed similar rheological behavior in time 
(figure 3.5A) in terms of gel formation kinetics as well as G’ values. It was shown 
that immediately after mixing, HA-PNC networks showed higher G’ and G’’ values. 
This is most likely caused by the higher thioester functionalities per cross-linker of 
the HA formulation. On average, the HA cross-linker contained 8 thioester moieties 
per chain compared to 2 thioester moieties for the PEG cross-linker. Therefore, using 
the HA cross-linker a strong chemically cross-linked network was obtained rapidly 
after mixing with PNC. Moreover, the higher viscosity of the HA formulation also 
contributed to higher initial moduli as compared to the PEG system. To demonstrate 
again that the cross-linking indeed proceeded through native chemical ligation rather 
than disulfide formation of the cysteine groups, a sample of 16 wt% of deprotected 
triblock copolymer in PBS was analyzed by rheology without adding a thioester 
cross-linker (Figure 3.5B). The sample was first heated from 4 to 50°C at a heating 
rate of 1°C/min and further followed at 37°C during 3 h. During the heating step, 
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an increase in storage modulus (G’) showed the thermosensitive behavior of the 
polymer, while at 37°C no further increase in G’ was detected for 3 h for this sample 
without cross-linker. This observation proved that in this time frame negligible 
disulfide formation occurred and the contribution to gel formation in PNC-PEG and 
PNC-HA samples was the result of cross-linking by NCL.

Figure 3.4. Hydrogel formation of 16 wt% PNC and 4 wt% PEG thioester in PBS at 37°C. Left: 
photo taken at t = 0, right: photo taken at t = 3h. Pictures were taken at room temperature.
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Figure 3.5. A) Storage (G’) and loss (G’’) moduli as a function of time of a mixture of 4 wt% 
PEG or 11 wt% HA thioester crosslinker with 16 wt% unprotected PNC at 37°C in PBS. B) 
Storage (G’) modulus of 16 wt% PNC deprotected with and without 4 wt% PEG thioester 
crosslinker. Samples were heated from 4 to 50°C at 1°C/min, subsequently cooled to 37°C 
within 1 min and further measured for 3 h at 37°C.

3.3.5 Peptide Ligation
The DDR-2 binding peptide CGPRGQOGVMGFO, known for its beneficial properties 
in cell differentiation, proliferation and adhesion37-39 was ligated to part of the 
available PEG thioester functionalities. An N-terminal cysteine was introduced in 
the peptide sequence to allow ligation via NCL to the thioester functionality of PEG. 
PEG-peptide conjugates were formed with two different degrees of substitution (DS), 
using molar feed ratios of 1:1 and 0.5:1 thioester : cysteine peptide using MESNa 
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as catalyst. These ratios were chosen to enable characterization of covalent ligation 
of this peptide to PEG thioester. After ligation, the NMR spectrum of the obtained 
conjugate clearly showed characteristic signals of peptide protons at δ= 0.8 and 7.2 
ppm from valine and phenylalanine respectively (Figure 3.6). Furthermore, reduced 
intensity of the CH3 signal at δ= 1.2 ppm of the distal CH3 group of the thioester 
indicated cleavage of the thioester due to the native chemical ligation reaction. Based 
on NMR integrals DS was found to be 75 and 27% for molar feed ratios of 1:1 and 
0.5:1 thioester : cysteine peptide respectively. The same DS was found based on the 
decrease in thioester signal at 1.2 ppm as well as integrals of peptide signals. This 
indicates that the peptide was indeed successfully ligated and non-functionalized 
peptide was completely removed by dialysis from the reaction mixture.  Between 4 
and 4.3 ppm, a quartet corresponding to the O-CH2 protons adjacent to the terminal 
CH3 (ethyl ester), which partially overlaps with a triplet corresponding to the 
terminal PEG CH2 protons is visible in Figure 3.6D. A reduction of the peak integral 
of the CH2 quartet at 4.2 ppm indicates that the terminal fragment of PEG thioester 
is removed after ligation, as is further confirmed by the displayed integral values. 
In contrast, the NMR spectrum of the reaction product with DS=75% clearly shows 
that the signals of the CH2 protons between PEG and the thioester groups are still 
present after ligation at 2.7 and 2.9 ppm. A slight difference in chemical shift is most 

Figure 3.6. 1H NMR spectra of A) peptide, B) reaction product DS = 75%, C) reaction product 
DS = 27% and D) PEG thioester. The peaks at 0.8 and 7.2 ppm show the peptide signals used 
to calculate the degree of substitution. The reduced intensity of the peak at 1.2 ppm (triplet of 
CH3) demonstrates clearly the cleavage of the thioester ethyl functionality, an indication that 
the peptide is linked via NCL to the polymer.
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likely caused by the peptide coupling. These results confirm the structure of the 
PEG-peptide conjugate as expected after NCL reaction.

Additional proof of peptide ligation was obtained by GPC analysis (Figure 3.7). After 
ligation, apart from the non-functionalized PEG-thioester a new peak appeared, 
showing that the molecular weight of the PEG thioester increased from 2.2-2.4 kDa 
to 3.8-3.9 kDa. This molecular weight was in good agreement with the theoretical 
molecular weight of a PEG thioester and one conjugated peptide (2.4 and 1.3 kDa 
respectively). Furthermore, the peaks at 5.4 and 6.8 kDa showed the presence of 
difunctionalized PEG-peptide conjugate (2.4 plus 2x1.3 kDa). After NCL reaction 
thiol functionalities remain that could potentially form disulfide bonds. Although 
TCEP was added as reducing agent to the GPC samples, a small fraction of disulfide 
bridged peptide and reaction product was visible at higher molecular weights.

A

B

C

D

Figure 3.7. GPC chromatograms of A) peptide, B) reaction product DS = 75%, C) reaction 
product DS = 27% and D) PEG thioester.  Displayed values are the peak molecular weights 
based on RI detection and PEG standards. Ligation resulted in an increase in molecular 
weight. Disulfide formation was shown for both peptide and the ligated product.
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Based on GPC integrals for the product with DS=27%, the reaction product 
contained approximately 40% non-functionalized PEG thioester and 43% PEG-
thioester peptide conjugate. The remaining 17% contained PEG thioester with two 
peptides ligated and some disulfide product. The same agreement between GPC 
and NMR was found for the product with DS=75%. These results showed that the 
PEG thioester was successfully functionalized with peptide with different degrees 
of substitution. However, it is important to realize that in hydrogel formulations for 
cell encapsulation experiments, a lower functionalization of peptides to the cross-
linker is desired (1-5%) to balance the peptide’s biological activity51 with the cross-
linker capacity of the PEG thioester. An alternative approach would be to mix the 
DS 27% PEG thioester-peptide conjugate with non-functionalized PEG thioester 
to obtain a degree of functionalization of approximately 5 mol% peptide in the 
hydrogel. Using this approach, hydrogels were formed from PNC and PEG thioester 
functionalized with and without peptide conjugate (DS=27%). The Young’s moduli 
of the obtained hydrogels were measured with a dynamic mechanical analyzer 
(DMA). Incorporation of 25% PEG-peptide conjugate in the hydrogel formulation 
resulted in a slight reduction in the gel stiffness (from 5.3 ± 0.7 kPa to 4.4 ± 0.8 
kPa) that can be explained by the reduced number of available thioester groups 
for network formation by NCL. A Mann-Whitney-U test showed a non-significant 
difference between these two groups (P=0.4) and therefore it can be concluded that 
peptide incorporation had a limited effect on hydrogel formation.

3.4 Conclusion

This study shows that thermoresponsive polymers that can undergo NCL reaction 
allow the immediate formation of a physical network that is strengthened in time due 
to the formation of covalent bonds between the hydrogel constituents. Both thioester 
cross-linkers based on hyaluronic acid and PEG contributed to the formation of 
a mechanically enhanced hydrogel. Control experiments proved that network 
formation proceeded through NCL rather than disulfide formation. This hydrogel 
is particularly attractive for biomedical and pharmaceutical applications, because of 
the rapid network formation, further chemoselective chemical cross-linking of this 
network by NCL under mild reaction conditions, and the ability to covalently link a 
variety of peptides and other bioactive moieties.
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Supporting Information

SI-Figure 3.1. HPLC chromatogram of Boc-Cys(Acm)-HPMA using UV detection. Rt Boc-
Cys(Acm)-HPMA= 10.2 min.
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B

SI-Figure 3.2. A) 1H NMR spectrum of Boc-Cys(Acm)-HPMA in CDCl3. Residual solvent 
peaks are shown at δ = 3.5 and 5.3 ppm (MeOH and CH2Cl2 respectively). B) 13C NMR 
spectrum of Boc-cys(Acm)-HPMA in CDCl3.
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SI-Figure 3.3. 1H NMR spectrum of ET-SA in CDCl3.

A

B

SI-Figure 3.4. A) 1H NMR spectrum of PEG2000 thioester in CDCl3 + TAIC. The peak at δ = 
3.5-3.8 ppm shows the PEG CH2 protons. The peak at δ = 1.3 ppm shows the distal CH3 group. 
Unreacted PEG hydroxyl groups were quantified by a reaction with TAIC, which caused 
a shift of the CH2 protons of PEG adjacent to the OH end groups to 4.4 ppm. B) 1H NMR 
spectrum of HA thioester in D2O.
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SI-Figure 3.5. Strain sweep at 37°C of PNC and PNC-PEG to determine the linear viscosity 
region. A) PNC, 16 wt%; B) PNC 16wt% + PEG 4 wt%, immediately after mixing; C) PNC 
16wt% + PEG 4 wt%, after 2 h. Further rheology experiments were performed at a strain of 
1%.
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Abstract

Chemoselectively cross-linked hydrogels have recently gained increasing attention 
for the development of novel, injectable biomaterials given their limited side 
reactions. In this study, we compared the properties of hydrogels obtained by 
native chemical ligation (NCL) and its recently described variation termed oxo-ester 
mediated native chemical ligation (OMNCL) in combination with temperature-
induced physical gelation. Triblock copolymers consisting of cysteine functionalities, 
thermoresponsive N-isopropyl acrylamide (NIPAAm) units and degradable 
moieties were mixed with functionalized poly(ethylene glycol) (PEG) cross-linkers. 
Thioester or N-hydroxysuccinimide (NHS) functionalities attached to PEG reacted 
with cysteine residues of the triblock copolymers via either an NCL or OMNCL 
pathway. The combined physical and chemical cross-linking resulted in rapid 
network formation and mechanically strong hydrogels. Stiffness of the hydrogels 
was highest for thermogels that were covalently linked via OMNCL. Specifically, the 
storage modulus after 4 hours reached a value of 26 kPa, which was over a 100 times 
higher than hydrogels formed by solely thermal physical interactions. Endothelial 
cells showed high cell viability of 98 ± 2 % in the presence of OMNCL cross-linked 
hydrogels after 16 hours of incubation, in contrast to a low cell viability (13 ± 7 %) 
for hydrogels obtained by NCL cross-linking. Lysozyme was loaded in the gels and 
after 2 days more than 90% was released, indicating that the cross-linking reaction 
was indeed chemoselective as the protein was not covalently grafted to the hydrogel 
network. Moreover, the degradation rates of these hydrogels under physiological 
conditions could be tailored from 12 days up to 6 months by incorporation of a 
monomer containing a hydrolysable lactone ring in the thermosensitive triblock 
copolymer. These results demonstrate a high tunability of mechanical properties 
and degradation rates of these in situ forming hydrogels that could be used for a 
variety of biomedical applications. 
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4.1 Introduction

In situ forming hydrogels are an attractive class of biomaterials due to their capability 
of completely filling irregular tissue defects, using a minimally invasive treatment.1-6 
Particularly interesting are hydrogels that can be formed by both physical and 
chemical cross-linking, because physical cross-linking induces a quick stabilization 
of the network after injection, while chemical cross-linking ensures the formation of a 
mechanically stable network.7-9 One of the most studied physically gelling hydrogels 
for biomedical applications is based on temperature sensitive poly(N-isopropyl 
acrylamide) (pNIPAAm), because of its lower critical solution temperature (LCST) 
of 32°C.10 However, solely physically formed hydrogels are often mechanically weak, 
resulting in fast degradation or erosion. On the other hand, solely chemically formed 
hydrogels either cross-link too quickly, which leads to obstruction in the needle, or 
too slowly, resulting in leaching away of the polymer precursors from the application 
site. A dual gelation mechanism therefore combines the advantageous properties of 
both methods, providing an easy injection and strong network formation. 
Although there is a wide variety of chemical cross-linking mechanisms available11, 
especially chemoselective reactions such as copper free click chemistry12, Diels-
Alder13, 14 and native chemical ligation (NCL)15 recently attracted great interest for 
application in drug delivery and tissue engineering. The chemoselective nature of 
these reactions results in effcient cross-linking between the hydrogel components  
without ligation to other biomolecules. NCL has been widely employed for peptide 
synthesis15, but is relatively unexplored in the field of biomaterials. It involves a 
reaction between an N-terminal cysteine and a thioester and proceeds via a reversible 
transthioesterification to an irreversible rearrangement that results in the formation 
of an amide bond. Groll et al. reported the synthesis of cysteine functionalized 
polymers for peptide conjugation by NCL.16, 17 Hydrogels formed by native chemical 
ligation without using a catalyst were first reported by the group of Messersmith.18 
Recently, we showed the formation of thermoresponsive hydrogels cross-linked 
by NCL.19 The thermoresponsive component was composed of an ABA triblock 
copolymer having a poly(ethylene glycol) (PEG) B block and A blocks consisting of 
randomly distributed N-isopropylacrylamide (NIPAAm) and N-(2-hydroxypropyl)
methacrylamide-cysteine (HPMA-cysteine) monomers. Chemical cross-linking was 
accomplished after mixing this triblock copolymer with hyaluronic acid (HA) or PEG 
functionalized with thioester groups. The mild reaction conditions and possibility 
to further functionalize the hydrogel with peptides showed its attractiveness for 
biomedical applications.
Although these hydrogels were formed in a controlled manner, after cross-linking 
a thiol byproduct, ethyl thioglycolate, was released, which belongs to a group of 
compounds recently reported to be cytotoxic.20 Strehin et al. proposed to use a 
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variant of native chemical ligation, namely oxo-ester mediated native chemical 
ligation (OMNCL), thereby eliminating the release of thiol byproducts.21 Moreover, 
they showed the chemoselectivity of the OMNCL mechanism by quantitative NMR 
analysis and the cytocompatibility of the obtained hydrogels both in vitro and in 
vivo. In contrast to NCL, OMNCL utilizes an ester instead of a thioester as reactive 
compound.22 OMNCL has been first described by the group of Danishefsky as a 
simplification of native chemical ligation. They showed that the resulting ligation 
reactions had faster kinetics and higher yields, especially when the ligation took 
place at sterically hindered sites, yet still showing a high selectivity as proven in 
competitive experiments.22 The chemoselectivity of OMNCL for cysteines over other 
amino acids was further proven in a microarray study.23 
An ideal hydrogel for biomedical applications should have tunable mechanical 
properties and degradation rates for use in multiple applications. For tissue 
engineering purposes, the mechanical properties of the hydrogel should ideally 
match the stiffness of the target tissue.24, 25 Controlling and tuning the hydrogel 
stiffness has been reported in literature to have a significant effect on the performance 
of cells in terms of cell migration and differentiation.26 In addition, the hydrogels 
should degrade in the same time frame as new tissue formation occurs. Although 
materials based on pNIPAAm homopolymers are widely used in tissue engineering 
applications, they are not resorbable. Several studies have shown the bioresorbability 
of NIPAAm based polymers after copolymerization of NIPAAm with hydrolysable 
monomers, such as N-(2-hydroxypropyl)methacrylamide lactate27 and dimethyl-γ-
butyrolactone acrylate (DBA).28 After hydrolysis, the LCST of the polymers increases 
in time, resulting in dissolution of the polymers when an LCST of 37°C is reached.
Copolymers of NIPAAm and DBA have been first reported by the group of Vernon.28 
An attractive feature of these copolymers is that degradation could be tuned by the 
incorporation of DBA and degradation under physiological conditions occurred 
without releasing low molecular weight degradation products. Further, a good 
biocompatibility of the obtained hydrogels was reported.29 In addition, Mikos et al., 
described the formation of a physically and chemically gelling hydrogel that was 
bioresorbable after introduction of these DBA groups30 and its application for bone 
regeneration31. 
In this work, we further explored the opportunities of our previously developed 
thermoresponsive hydrogels cross-linked by native chemical ligation, involving the 
recent knowledge of oxo-ester mediated native chemical ligation. The aim of this 
study was to compare the properties of thermoresponsive, in situ forming hydrogels 
cross-linked by native chemical ligation and oxo-ester mediated native chemical 
ligation regarding their gelation kinetics, cell viability and protein compatibility, 
thereby providing for the first time an in depth comparison of these chemoselectively 
cross-linked hydrogels. Finally, we present the ability to tune mechanical properties 
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and degradation rates of our hydrogels by changing the polymer composition, 
towards controlling the eventual properties of these injectable hydrogels for the 
desired application.

4.2 Materials and Methods

4.2.1 Materials
All materials were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands) 
and used as received unless otherwise noted. N-(2-hydroxypropyl)methacrylamide-
Boc-S-acetamidomethyl-L-cysteine (HPMA-Boc-Cys(Acm)) was synthesized 
according to a previously published procedure.19 PEG 20,000 8-arm with a 
tripentaerythritol core was obtained from JenKem Technology USA (Plano, Tx, 
USA). PEG 10,000-(4,4´-azobis(4-cyanopentanoic acid) (ABCPA) macroinitiator and 
ethylthioglycolate succinic acid (ET-SA) were synthesized following established 
procedures.18, 32 Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was 
obtained from Carl Roth (Karlsruhe, Germany). Peptide grade dichloromethane 
(DCM) was purchased from Biosolve (Valkenswaard, the Netherlands). N,N’-
Dimethylaminopyridine (DMAP) was obtained from Fluka (Zwijndrecht, the 
Netherlands). 4-(Dimethylamino)pyridinium-4-toluene-sulfonate (DPTS) was 
prepared according to a reported procedure.33 MTS (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) and Celltiter 96 kit 
#G3580 were purchased from Promega (Madison, WI, USA). DMEM cell culture 
medium (#D6429) containing 4.5 g/L glucose and 10% FBS was obtained from 
Sigma-Aldrich. Antibiotic-antimyotic solution containing penicillin-streptomycin 
and anti-mycotics was obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands).  
T175 cell culture flasks, well plates and petri dishes were obtained from Greiner Bio-
One, Alphen a/d Rijn, the Netherlands. PBS buffer pH 7.4 (8.2 g/L NaCl, 3.1 g/L 
Na2HPO4

.12H2O, 0.3 g/L NaH2PO4
.2H2O) was purchased from B. Braun (Melsungen, 

Germany).

4.2.2 Synthesis of PNCD Triblock Copolymers
ABA triblock copolymers (abbreviated as PNCD) were synthesized consisting of a 
poly(ethylene glycol) 10 kDa B block, following previously published procedures19. 
The A blocks consisted of N-isopropylacrylamide (NIPAAm), N-(2-hydroxypropyl)
methacrylamide-cysteine (HPMA-Cys) and dimethyl-γ-butyrolactone acrylate 
(DBA). Five different polymers were synthesized by varying the DBA feed (0, 2.5, 5, 
7.5 and 10 mol% of total monomer content). The feed ratio of HPMA-Boc-Cys(Acm) 
was kept at 7 mol% of the total monomer feed. In short, PEG-ABCPA 10,000 Da, 
HPMA-Boc-Cys(Acm), NIPAAm and DBA (total  approximately 3 g, monomer:PEG 
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ratio 322:1) were dissolved in 40 mL dry acetonitrile under N2 atmosphere and 
polymerized for 40 h at 70 °C under stirring. After cooling the mixture to room 
temperature, the formed polymers were precipitated in cold diethyl ether and 
collected as a white solid after filtration. Boc protecting groups of cysteine were 
removed by dissolving the polymer in DCM/TFA (1:1 v/v, 40 mL) and stirring for 
2 hours at room temperature. Subsequently, the solution was concentrated under 
reduced pressure to 10 mL and the polymers were precipitated in diethyl ether. A 
white solid was obtained and further dried under vacuum at room temperature. 
Acm protecting groups were removed by dissolving the polymer in MeOH/H2O 
(1:1 v/v, 100 mL) under a nitrogen atmosphere, and addition of 1 mL 1 M HCl and 
16 mL 0.2 M iodine in MeOH/H2O (1:1 v/v). The brownish mixture was stirred 
for 1 h at room temperature, followed by addition of a few drops of 1 M ascorbic 
acid to quench the excess of iodine. TCEP (1 g) was added to the obtained colorless 
solution to reduce disulfide bonds. The mixture was stirred for 16 h, dialyzed against 
water for 3 days at 4 °C (Mw cutoff: 12-14 kDa) and the polymers were obtained after 
lyophilization. The polymers were characterized by 1H NMR and GPC. Additionally, 
primary amine and thiol groups of cysteine were quantified by TNBSA and Ellman’s 
assay respectively, following reported procedures34, 35.1H NMR (CDCl3): δ = 5.45 
and 5.32 (d, DBA), 3.97 (s, NIPAAm), 3.80 (t, terminal CH2 PEG), 3.62 (m, CH2 PEG 
backbone), 1.42 (s, Boc HPMA-Cys), 1.11 (s, NIPAAm). 

4.2.3 Synthesis of linear and 8-arm PEG thioester cross-linkers
Linear PEG 2,000 Da and 8-arm PEG 20,000 Da with thioester functionalities 
(abbreviated as PEG linear thioester and PEG 8-arm thioester respectively) were 
synthesized following literature procedures.18, 19 Briefly, 6 g linear PEG 2,000 or 15 
g 8-arm PEG 20,000 (corresponding to 6 mmol OH groups) was added to a solution 
of ET-SA (2.6 g, 12 mmol), DCC (2.5g, 12 mmol) and DPTS (177 mg, 1.2 mmol) 
in dry DCM (100 mL) and the mixture was stirred for 16 h at room temperature. 
Dicyclohexylurea (DCU) was removed by filtration and the formed polymer was 
precipitated in cold diethyl ether. PEG thioester was obtained after filtration, 
further dried under vacuum and characterized by 1H NMR. Additionally, two 
drops of trichloroacetyl isocyanate (TAIC) were added to the 1H NMR sample 
to confirm the calculated DS, since TAIC induces a shift of the CH2 protons 
of PEG adjacent to the OH end groups to 4.42 ppm.36, 37 Yield: 92% for PEG 
linear, 90% for PEG 8-arm,1H NMR (CDCl3): δ = 4.42 (2H, TAIC shift CH2OH), 
4.24 (2H, t, terminal PEG CH2), 4.14 (q, 2H, CH3CH2O), (3.62 (PEG backbone), 
3.13 (t, 2H, SC(O)-CH2CH2), 2.89 (t, 2H, SC(O)CH2CH2), 1.21 (t, 3H, CH3CH2O).
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4.2.4 Synthesis of linear and 8-arm PEG NHS cross-linkers
Linear and 8-arm PEG were functionalized with NHS groups in a two-step synthesis 
according to a literature procedure.21 First, the terminal OH groups of PEG were 
converted into COOH groups by a reaction with glutaric anhydride. In detail, 10 g 
8-arm PEG 20,000 (4 mmol OH) or 10 g linear PEG 2,000 (10 mmol OH) was dissolved 
in 20 mL chloroform. A 5-fold molar excess of glutaric anhydride and pyridine 
relative to the OH end groups of PEG were added to the PEG solution. The mixture 
was brought under nitrogen atmosphere and refluxed for 24 hours at 80 °C. The 
solution was cooled to room temperature, 100 mL of methanol was added and the 
formed polymer was precipitated in cold diethyl ether. The product was collected 
after filtration and further dried under vacuum. 
In a subsequent reaction, NHS functionalities were introduced on the glutaric acid 
groups. Glutaric acid terminated PEG (10 g) was dissolved in 30 mL of DMSO 
together with a 10-fold molar excess of NHS and EDC relative to the COOH groups 
of PEG and stirred for 1 h at room temperature. Then, 200 mL of methanol was added 
and the product was precipitated in cold diethyl ether. The precipitate was harvested 
by filtration and the methanol washing, precipitation and filtration procedure was 
repeated twice. A white powder was collected and further dried under vacuum. The 
polymer was characterized by 1H NMR to calculate the degree of substitution (DS). 
DS was confirmed after addition of TAIC as described in section 4.2.3. Yield: 85% for 
PEG linear, 88% for PEG 8-arm, NMR (CDCl3): δ = 4.42 (2H, TAIC shift CH2OH) 4.24 
(2H, t, terminal PEG CH2), 3.62 (PEG backbone), 2.84 (4H, m, 2CH2 NHS), 2.71 (2H, t, 
NOC(O)CH2), 2.49 (2H, t, NOC(O)CH2CH2CH2), 2.06 (2H, p, NOC(O)CH2CH2).

4.2.5 Polymer characterization
The obtained polymers were characterized by gel permeation chromatography (GPC) 
and NMR spectroscopy. The molecular weights were determined by GPC using a 
PLgel 5μm MIXED-D column (Polymer Laboratories). The column temperature was 
set to 65 °C and DMF containing 10 mM LiCl was used as eluent. The elution rate 
was set to 1 mL/min and the sample concentration was 5 mg/mL. Calibration was 
performed using poly(ethylene glycol) standards of narrow and defined molecular 
weights (PSS Polymer Standards Service GmbH, Mainz, Germany).
The polymers were also characterized with 1H NMR spectroscopy on an Agilent 400 
MHz spectrometer. Chemical shifts were referred to the residual solvent peak (δ= 
7.26 ppm for CDCl3 and 4.79 ppm for D2O). Number average molecular weight (Mn) 
determination by 1H NMR was based on the integral ratio of the PEG mid block (904 
protons) to monomer proton content.
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4.2.6 Differential Scanning Calorimetry (DSC)
The lower critical solution temperature (LCST) of the obtained deprotected PEG-
NIP-HPMACys-DBA (PNC(D)) triblock polymers was measured using a Discovery 
DSC (TA Instruments, New Castle, DE, USA). PNC(D) was allowed to dissolve for 
4 hours at 4 °C in a concentration of 10 wt%  in PBS before measuring. Ten μL was 
transferred into an aluminum sample pan and the pan was hermetically capped. 
Thermograms were recorded in triplicate from 0 to 70 °C, using a heating rate of 5 
°C/min. The LCST was determined as the onset temperature in the thermogram.

4.2.7 Rheological characterization
Rheological analysis of the hydrogels was performed on a Discovery HR-2 rheometer 
(TA Instruments, New Castle, DE, USA), using a 20 mm steel cone (1°) geometry 
equipped with a solvent trap. Temperature sweeps were performed from 4 to 50 °C 
at a heating rate of 1 °C/min. Time sweeps were performed for 4 h at 37 °C. For all 
measurements a frequency of 1 Hz and a strain of 1% was applied. This strain and 
frequency were previously determined to be within the linear viscoelastic region of 
these polymer solutions and hydrogels.19 

4.2.8 Hydrogel preparation
Cylindrically shaped hydrogels of 100 μL were prepared in plastic molds with a 
diameter of 4 mm. Separate solutions of PNC(D) and PEG cross-linker were prepared 
in volumes of 75 μL and 25 μL PBS, respectively. PNC(D) polymers were dissolved 
at 4 °C for 3 hours, while PEG cross-linkers were dissolved for 30 min at 4 °C to limit 
premature hydrolysis. Upon complete dissolution, the PEG cross-linker solution 
was added to the PNCD solution, shortly mixed and transferred into the mold using 
a positive displacement pipette. The molds were capped and placed at 37 °C for 3 
hours to allow physical and chemical cross-linking. 

4.2.9 Dynamic mechanical analysis
Hydrogels were prepared as described in section 4.2.8. The Young’s modulus of the 
obtained hydrogels was determined on a Q800 DMA (TA Instruments, New Castle, 
DE, USA) in triplicate after 3 or 24 hours cross-linking at 37 °C. Additionally, 24 
h cross-linked hydrogels were incubated for 3 h in PBS or PBS containing 20 mM 
TCEP to reduce possibly formed disulfide bonds and were subsequently measured 
by DMA. A compression of 0.01 N/min till 0.1 N was applied to the hydrogels at 
room temperature. The Young’s modulus was determined from the linear region of 
the stress-strain curve between 10 and 15% strain.
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4.2.10 GPC analysis of lysozyme ligation to the hydrogel components
To study the selectivity of the chemical cross-linking reactions, the possible ligation 
of lysozyme to the hydrogel components was analyzed by GPC. PEG 8-arm thioester, 
PEG 8-arm NHS and PNC were dissolved in a concentration of 10 mg/mL in PBS, 
either with or without 10 mg/mL lysozyme. After 5 hours of incubation at room 
temperature, the molecular weights the polymers and proteins present in the 
mixtures were measured by GPC using a Superdex 75 column and PBS as solvent. 
Analysis was performed by RI detection and UV detection at 210 and 280 nm. A flow 
of 0.5 mL/min and a run time of 60 min were applied.

4.2.11 Lysozyme ligation to dual cross-linked hydrogels
Possible protein ligation to PNC-PEG 8-arm thioester and PNC-PEG 8-arm NHS 
hydrogels was studied using lysozyme as a model protein by measuring the amount 
of non-grafted protein by release experiments. In detail, stock solutions of 22 wt% 
PNC, 33 wt% PEG cross-linker and 50 mg/mL lysozyme were prepared. PEG cross-
linker (80 μL) and lysozyme (40 μL) were added to PNC (280 μL), mixed and 3 
samples of 100 μL were transferred into a cylindrical glass vial (diameter of 5 mm). 
The final solutions consisted of 15 wt% PNC, 7.5 wt% PEG cross-linker and 0.004 
wt% lysozyme. The hydrogels were allowed to form for 16 hours at 37 °C, after 
which 0.9 mL of PBS buffer pH 7.4 was added on top of the gels. In time, samples 
of 0.15 mL were taken and replaced by 0.15 mL fresh PBS buffer. The concentration 
of lysozyme in the different release samples was determined with Acquity UPLC 
using a BEH C18 1.7 μm, 2.1 x 50 mm column. As eluent a gradient from 0 to 100% 
of eluent A was used, where eluent A was H2O/acetonitrile/TFA 95/5/0.1% and 
eluent B was 100/0.1% acetonitrile/TFA. The injection volumes were 5 μL, the flow 
rate was set at 0.25 mL/min and detection was done at 210 nm.

4.2.12 Cell viability assays
An MTS assay was performed to assess cytocompatibility of the hydrogels described 
in this study. C166 mouse endothelial cell line was chosen as a representative of 
healthy tissue. The cells were seeded on a 96 well plate with 6,000 cells per well and 
100 μL DMEM medium including antibiotics was added. Two different experiments 
were performed. First, hydrogels of 50 mg wet weight consisting of 7.5 wt% PNC and 
3.8 wt% PEG cross-linker, were allowed to form for 3 hours as described in section 
4.2.8 and were subsequently introduced in the medium on the cell layer. After 16 
hours of incubation at 37 °C, the hydrogels were removed and the medium was 
washed for four times to remove reaction products that could interfere with the MTS 
assay. In the second experiment, 50 mg prefabricated hydrogels were added to 100 
μL medium without cells and incubated for 2 hours. Then, 50 μL of this medium 
was added to the cell layer and further incubated for 16 hours. In this leachables 
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assay, the influence of soluble products that are released from the hydrogels on 
the cell viability was tested. Again, the medium was washed for four times with 
PBS and subsequently replaced with 100 μL medium. Then, 20 μL MTS reagent 
was added and further incubated for approximately 2 hours to develop the color. 
After mixing, absorption was measured at 490 nm on a Biochrom EZ microplate 
reader. Metabolic activity of the cells was normalized to a negative control (medium, 
100% value) and compared to a positive control (medium + 100 μM SDS, 0% value). 
Brightfield microscopy pictures were taken using a Keyence BZ-9000E microscope 
before adding MTS to analyze the cell shape with a 20x Nikon objective.
Since a potential application of the hydrogels of this study is e.g. for cartilage tissue 
engineering25 a Live/Dead viability assay (calcein AM/ethidium homodimer, Life 
Sciences, USA) was performed on chondrocytes following previously reported 
procedures.38, 39 In short, equine chondrocytes were harvested from full thickness 
cartilage. Chondrocytes were encapsulated in the hydrogels at a concentration of 
5×106 cells/mL. Hydrogels containing cells were allowed to form for 3 hours before 
addition of DMEM medium. Viability was visualized after 7 days of culture using 
a light microscope (Olympus, BX51, USA) with excitation/emission filters set 
at 488/530 nm and 530/580 nm to detect living (green) cells and dead (red) cells 
respectively.

4.2.13 Swelling and degradation study
Hydrogels of 100 μL were prepared as described in section 4.2.8. Three different 
groups were analyzed in this study, containing 15 wt% PNC(D) and 7.5 wt% PEG 
8-arm NHS, 7.5 wt% PNC(D) and 3.8 wt% PEG 8-arm NHS or 15 wt% PNC(D) and 
3 wt% PEG linear NHS, all corresponding to a 1:1 molar ratio of functional groups. 
After incubation of the polymer solutions at 37 °C for 3 hours, the formed hydrogels 
(4.3 mm diameter, 5.0 mm height) were pushed out from the mold and transferred 
into a 2 mL glass vial. The hydrogel weight was recorded and 1 mL PBS containing 
0.02% NaN3 was added. At regular time intervals, excess of buffer was removed, 
the weight of the hydrogels was measured and 1 ml of fresh PBS was added. 
Measurements were performed twice a week during the first 5 weeks and then once 
a week until complete degradation or until 6 months. The swelling ratio is defined 
as the weight at a certain time point (Wt) divided by the initial hydrogel weight (W0) 
(Swelling ratio = Wt/W0). After measuring, 1 mL of fresh buffer was added and the 
hydrogels were further incubated at 37 °C. Finally, solutions after full degradation 
were lyophilized, redissolved in D2O and analyzed by 1H NMR.
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4.3 Results and Discussion 

4.3.1 Polymer synthesis and characterization
ABA triblock copolymers consisting of a hydrophilic poly(ethylene glycol) (PEG) 
B block were synthesized by free radical polymerization. The A block consisted 
of three different monomers: (1) N-isopropylacrylamide (NIPAAm) to render 
thermoresponsive polymers, (2) N-(2-hydroxypropyl)methacrylamide-cysteine 
(HPMA-Cys) to allow chemoselective cross-linking and (3) dimethyl-γ-butyrolactone 
acrylate (DBA) to obtain gels with tunable degradation rates. The polymer structure 
is shown in figure 4.1. After polymerization, the protecting groups present on the 
amine and thiol groups of cysteine were removed by TFA and iodine treatment, 
respectively, as described previously.19 The successful deprotection was confirmed 
by 1H NMR, TNBSA and Ellman’s assays following established procedures.19 The 
average molar incorporation of cysteine was 6%, corresponding to an average of 21 
cysteine moieties per polymer chain, which was only slightly lower than the feed 
percentage of 7% for this monomer. As reported in table 4.1, the molar ratios of the 
three monomers in the obtained polymer as calculated by 1H NMR were in close 
agreement with the feed ratios. The synthesized polymers are abbreviated as PNC, 
PNCD2.5, PNCD5, PNCD7.5 and PNCD10 for a molar content of DBA of 0, 2.5, 5, 
7.5 and 10 %, respectively. The number average molecular weights measured by 
GPC were in line with the values calculated from 1H NMR analysis whereas GPC 
measurements showed polydispersities ranging from 2.1 to 2.4, which is often found 
for free radical polymerization of multi block copolymers.40 Based on 1H NMR and 
GPC, PEG 10 kDa B blocks were flanked by A blocks of an average molecular weight 
of 21 kDa. The polymers were synthesized in a high yield of 88 % and obtained in a 
yield of 53 % after full deprotection.

NH2
O
O

HN
OCN

O

O
O

O

O

CNO NH
226 O

HN

O
O

NH2

O
HN

SH SH

x yxy
OO
z

O
O

z

DBA PEGNIPAAm HPMA-cys HPMA-
cys

NIPAAm DBA

O O OO

Figure 4.1. Chemical structure of PNCD polymers, consisting of a 10 kDa PEG mid block, 
flanked by random monomers of HPMA-cys, NIPAAm and DBA.
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% Cys % NIPAAm % DBA Mn (kDa)a Mn (kDa)b Mw/Mn b

Feed    NMR Feed    NMR Feed   NMR

PNC 7.0        6.2 93.0     93.8 0         0 20-10-20 43.0 2.36

PNCD 2.5 7.0        6.9 90.5     90.8 2.5      2.3 23-10-23 53.9 2.16

PNCD 5 7.0        5.7 88.0     89.0 5.0      5.3 20-10-20 52.4 2.17

PNCD 7.5 7.0        5.9 85.5     86.1 7.5      8.0 19-10-19 53.2 2.19

PNCD 10 7.0        5.9 83.0     83.8 10.0    10.3 21-10-21 53.0 2.15
a Determined by 1H NMR. b Determined by GPC. 
* PNCD: PEG-NIP-HPMACys-DBA triblock, structure shown in figure 1.

Table 4.1. Polymer characteristics of ABA triblock copolymers synthesized by radical 
polymerization having a PEG10000 B block and random A blocks of NIPAAm, HPMA-Cys 
and DBA (triblock abbreviated as PNCD).

Poly(ethylene glycol) (PEG) cross-linkers either based on a linear PEG having 
a molecular weight of 2,000 Da or an 8-arm PEG of 20,000 Da with thioester or 
NHS terminal reactive groups were synthesized. The polymer structures and 
corresponding 1H NMR spectra are shown in figure 2. Calculations of the degree of 
substitution (DS) for PEG thioester cross-linkers were based on the integral of the 
terminal CH3 group at 1.21 ppm, while for NHS functionalized PEG calculations 
were performed using the peak at 2.84 ppm, which corresponds to the 2 CH2 groups 
of the NHS ring. DS was confirmed by quantifying the unreacted PEG OH groups 
after addition of trichloroacetyl isocyanate (TAIC) to the NMR sample. PEG linear 
cross-linkers were synthesized with a high DS of 88 and 90% for thioester and NHS 
functionalities respectively. Also, 8-arm PEG cross-linkers were obtained with a high 
DS of 92% for PEG-thioester and 94% for PEG-NHS, respectively.
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Figure 4.2. A) Schematic display of the cross-linkers used in this study, synthesized from 
a linear PEG 2,000 or 8-arm PEG 20,000 with either thioester or NHS functionalities. B) 1H 
NMR of 8-arm PEG thioester and NHS cross-linkers in CDCl3. Peak 6 of PEG thioester at 
1.21 ppm and Peak 5,6 of PEG NHS at 2.84 ppm indicate peaks that were used to calculate 
the degree of substitution for thioester and NHS groups respectively.

4.3.2 Gel formation and mechanical properties
The PNCD polymers were dissolved in PBS at 4 ºC and the thermoresponsive 
properties of the obtained polymer solutions were measured both by rheology and 
DSC (figure 4.3). Rheological analysis showed that with increasing temperature, a 
sudden increase in storage modulus (G’) as well as a crossover of G’ and G” (SI-figure 
4.1A) was observed, which indicates the phase transition from a liquid solution to 
a physically cross-linked network. By increasing the DBA content in the polymers, 
this phase transition occurred at lower temperatures as a result of an increase in 
hydrophobicity of the polymers. DSC results confirmed that the LCST values of 
the obtained polymers decreased with increasing DBA content in the polymer. 
Noteworthy, a linear relationship was obtained between the molar percentage of 
DBA in the polymers and their LCST (figure 4.3B), which is in line with literature.28
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Physically and chemically cross-linked hydrogels were prepared by mixing an 
aqueous solution of thermoresponsive cysteine functionalized PNCD polymers with 
a solution of (thio)ester functionalized PEG cross-linkers at 37 °C. The mechanism of 
chemical cross-linking is shown in figure 4.4.
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(OMNCL) cross-linking mechanisms between cysteine functionalities of PNCD and thioester 
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An immediate network formation was visualized at 37 °C by a lack of flow when 
tilting the vial upside down, as expected from the thermosensitive nature of the 
polymers. The gelation kinetics and mechanical properties were further analyzed by 
rheology at 37 °C. Again, an immediately formed physically cross-linked network 
was obtained characterized by a higher storage modulus than loss modulus (SI-
figure 4.1B). In time, the storage modulus increased further, indicating the formation 
of a more densely cross-linked network due to additional chemical cross-linking. 
This resulted in 8 to 120 fold higher G’ values after 4 hours compared to solely 
thermal physically cross-linked PNC hydrogels. As depicted in figure 4.5A and B, 
when changing from a PEG linear to a PEG 8-arm cross-linker, the storage moduli 
after 3 hours of network formation increased from 1.8 kPa to 8.8 kPa for thioester 
functionalized PEG and from 4.7 to 24.3 kPa for NHS functionalized PEG. As 
expected, the increase in number of functional groups per cross-linker was associated 
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with a 5-fold increase in mechanical strength. Similarly, replacing thioester groups 
by NHS groups resulted in approximately a 2.5 fold increase in storage moduli. The 
higher mechanical strength of the OMNCL cross-linked hydrogels is most likely a 
result of the higher reaction effciency, in line with previous studies.. 21 Furthermore, 
increasing the total polymer concentration resulted in an increase in mechanical 
strength (figure 4.5C), again in line with literature.41
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Figure 4.5. A) Storage modulus (G’) as a function of time for hydrogels containing linear 
PEG cross-linker: 15 wt% PNC + 3 wt% PEG linear. B) G’ as a function of time for hydrogels 
containing 8-arm PEG cross-linker: 15 wt% PNC + 7.5 wt% PEG 8-arm. C) G’ for three different 
polymer concentrations of PNC-PEG 8-arm NHS: 15-7.5 wt%, 10-5 wt% and 5-2.5 wt%. D) 
Young’s modulus as measured by DMA: 15 wt% PNC + 7.5 wt% PEG 8-arm after different 
times of gelation and after incubation in either PBS or PBS containing 20 mM TCEP. Data are 
shown as mean ± standard deviation (n=3).

Additionally, the mechanical properties of the obtained hydrogels after 3 or 24 
hours of hydrogel formation were measured by compression measurements. As 
shown in figure 4.5D, stiffer hydrogels were obtained using NHS functionalized 
PEG compared to thioester functionalized PEG, similar to the data obtained with 
oscillatory shear rheological measurements. The reported Young’s modulus showed 
a further increase in mechanical strength in time. This could be ascribed to the 
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formation of additional cross-links by disulfide bonds that form with slower kinetics 
than (oxo-ester mediated) native chemical ligation.21 After NCL or OMNCL, an amide 
bond is formed and a free thiol remains available for additional cross-linking, which 
could further stabilize the hydrogel structure. The formation of these additional 
disulfide bonds was demonstrated by incubating 24 h cross-linked PNC – PEG 
8-arm hydrogels in either PBS or PBS containing 20 mM TCEP to reduce disulfide 
bonds, following previously reported procedures.18 After 3 hours of incubation, the 
stiffness of the hydrogels was measured with dynamic mechanical analysis (DMA). 
As expected, the Young’s modulus of hydrogels that were incubated in 20 mM TCEP 
decreased from 98 ± 4 kPa to 61 ± 5 kPa for PNC-PEG NHS hydrogels and from 11 
± 1 kPa to 9 ± 1 kPa for PNC-PEG thioester hydrogels as a result of the reduction of 
disulfide bonds (figure 4.5D).
Additionally, we investigated the influence of a non-stoichiometric ratio of 
cysteine:thioester functional groups on the gel formation. Interestingly, changing 
this ratio did not have a significant effect on the mechanical properties in case of the 
formulations using an 8-arm PEG cross-linker (figure 4.6). In contrast, changing the 
cysteine:thioester ratio from 1:1 to 1:0.5 for the linear PEG cross-linkers led to a 25% 
lower storage modulus after 4 hours, while changing the ratio to 1:2 resulted in a 
51% lower G’. An excess of thioester functionalities blocks the cysteine groups that 
are available, resulting in dangling chains that form a dead end. On the contrary, 
a shortage of thioester groups results in a less tightly cross-linked network. As the 
PEG 8-arm thioester has 8 functionalities per chain, not all thioester groups need 
to react before a cross-link is formed. Similar results were obtained for fully cross-
linked hydrogels that were measured after 24 h by DMA (figure 4.6C), showing that 
a non-stoichiometric ratio in case of linear PEG cross-linkers not only influenced 
the gelation kinetics, but also the final mechanical properties. While a shortage of 
thioester groups had a considerable effect on the gel formation kinetics, an excess 
of thioester groups also led to lower final moduli of the hydrogel as a result of the 
dangling chain ends. In case of the 8-arm cross-linker, only small differences in 
the final moduli were found. Therefore, besides increasing the overall mechanical 
properties, hydrogels with 8-arm cross-linkers have the advantage to be less 
susceptible to a non-stoichiometric ratio of functional groups.
Taken altogether, with limited changes in the overall polymer concentration, the 
mechanical strength of the hydrogels significantly increased by using an 8-arm PEG 
cross-linker and using NHS functionalities instead of thioester groups.
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Figure 4.6. Effect of changing cysteine:thioester ratio on mechanical properties as measured 
by rheology for A) linear PEG cross-linkers and B) 8-arm PEG cross-linkers. C) Young’s 
modulus as measured by DMA for different cysteine:thioester ratios after 24 hours of gel 
formation. Data are shown as mean ± standard deviation (n=3).

4.3.3 Protein compatibility
Injectable hydrogels for biomedical applications require in many cases the 
incorporation of proteins e.g. in drug delivery or growth factors for tissue 
engineering purposes.42,43 Therefore, it is of utmost importance to use cross-linkers 
with functional groups that do not interfere with the protein structure and still allow 
release of the incorporated active proteins.44 Lysozyme was used as a model protein 
since its size (molecular weight =14 kDa, hydrodynamic diameter = 4.1 nm 45) and 
positive charge at physiological pH (isoelectric point = 11.35 46), are similar to many 
growth factors.47 We first studied the potential ligation of lysozyme to the individual 
hydrogel components under physiological conditions by GPC. The molar ratio of 
NH2 of lysozyme to NHS or thioester functionalities of PEG in the mixtures was 
1:1, while the molar ratio of NH2 of lysozyme to SH of PNC was 2:1. Figure 4.7 
shows the GPC chromatograms with UV detection after at least 4 hours incubation 
of the hydrogel building blocks with lysozyme. Native lysozyme displays a peak 
at 32 minutes, and no shift was found for lysozyme mixed with either PNC or PEG 
thioester. Therefore, it can be concluded that mixing lysozyme with PNC or PEG 
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thioester did not cause any significant ligation between the functional groups of the 
protein and the polymers. This was expected since all 8 cysteines present in lysozyme 
are paired in disulfide bridges.48 In contrast, lysozyme mixed with PEG NHS showed 
much shorter retention times of only 16 minutes, indicating that approximately 90% 
of lysozyme was conjugated to the PEG NHS functionalized cross-linkers, resulting 
in the formation of a higher molecular weight product. This result is not surprising 
as it is well known that NHS groups can react with amino groups of e.g. lysine 
moieties that are present in proteins.49,50

In the experiments reported above, we only studied the potential reaction of lysozyme 
with the individual hydrogel components. However, during hydrogel preparation 
thiol side groups of thermosensitive polymers are present that compete with the 
amines of lysozyme for reaction with the NHS esters. In the hydrogels, the molar ratio 
of NH2 of lysozyme was 1:20 to NHS and SH groups. As has been previously reported 
in literature, in a competitive reaction between amines and cysteines, NHS-activated 
carboxylic acids preferentially react with the thiol functionality of cysteine.21,22 
Because of the high molar access of SH over NH2 groups and their higher reactivity, 
the probability of reaction of lysozyme with PEG NHS is likely low. To investigate 

A
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D

Figure 4.7. GPC chromatograms of lysozyme incubated with different hydrogel components: 
PNC, PEG NHS or PEG thioester in PBS buffer as measured at 210 nm. A) Lysozyme; B) 
Lysozyme + PEG NHS; C) Lysozyme + PEG thioester; D) Lysozyme + PNC.
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this, a protein release study was performed to study whether lysozyme reacted 
with the hydrogel components during hydrogel formation. These network-grafted 
protein molecules are immobile and therefore unable to release in the surrounding 
medium. The purpose of this release study was to compare the extent of lysozyme 
release from the PNC-PEG thioester and PNC-PEG NHS hydrogels and to correlate 
this with the potential grafting of lysozyme to the hydrogel building blocks. Figure 
4.8 shows the release of lysozyme from two hydrogel formulations, using either 
thioester or NHS functionalized PEG 8-arm cross-linkers. As anticipated, the extent 
of grafting was low and more than 90% of the loaded lysozyme was released from 
both gels after 2 days, at which time a plateau in release was obtained. This indeed 
confirms that the reaction between NHS and cysteine is preferred over a reaction 
between NHS and amino groups of lysine residues of lysozyme. 

The amount of lysozyme that was incorporated in the hydrogels was based on 
literature procedures.51 It must be noted that when more lysozyme will be loaded 
in the hydrogel, this will likely increase the potential of a side reaction of lysozyme 
with the NHS groups, which could have an effect on swelling, volume transition 
temperature and degradation. In addition, the presence of native proteins may have 
some effect on the hydrogel properties after injection of the hydrogel precursors in vivo. 
On the contrary, in some applications such as growth factor incorporation, covalent 
attachment of a protein to the hydrogel can induce beneficial cell differentiation, 
migration or proliferation, so grafting as such is not necessarily unfavorable.43,52,53 

In line with the mechanical characteristics, hydrogels containing NHS groups 
released lysozyme over a slightly longer time frame than hydrogels containing 
thioester groups. Fast release of lysozyme from the hydrogels was expected as 
lysozyme is a relatively small protein and this finding is in line with previous studies.51 
When longer release times are needed, this could potentially be accomplished by 
increasing polymer concentrations, increasing the number of functional groups per 
polymer chain or by incorporating lysozyme in microparticles that are embedded in 
the hydrogel.41,54
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4.3.4 Cell viability
Cell survival in the presence of chemoselectively cross-linked PNC-PEG 8-arm 
NHS or PNC-PEG 8-arm thioester hydrogels was assessed using two different cell 
viability assays. Equine chondrocytes were encapsulated in the hydrogels and their 
viability was studied after 7 days of culture using a live/dead assay (SI-Figure 4.2). 
Most cells showed simultaneously green cytoplasmic fluorescence and red nuclear 
fluorescence in the live/dead assay after 7 days. Therefore, it was diffcult to draw  
conclusions about their viability, although overlay pictures might indicate a better 
cell viability for PNC-PEG 8-arm NHS hydrogels. For this reason, the effect of the 
hydrogel leachables on the metabolic activity of a mouse endothelial cell line was 
analyzed with an MTS assay. Also taking into consideration that an MTS assay gives 
quantitative results, evaluation of the cell viability using this assay was preferred 
over a live/dead assay. In an MTS assay, a tetrazolium salt is converted to an aqueous 
soluble formazan product by mitochondrial activity of viable cells, which can be 
measured colorimetrically.55 

Two different experimental set-ups were used to evaluate the cell viability. In the first 
set-up, prefabricated hydrogels, without extraction of possible leachable products, 
were added to medium containing cells and incubated for 16 hours. After removal of 
the gels and several washing steps, the metabolic activity was measured. As shown 
in figure 4.9, cell viability was not affected by the PNC-PEGNHS hydrogels, while 
addition of the PNC-PEGthioester hydrogels caused a decrease in viability to 13 ± 7 
%. Based on literature findings, this decrease in cell viability is most likely caused by 
the release of ethyl thioglycolate after cross-linking (as schematically shown in figure 
4.4).20 In the second set-up, we further tested this hypothesis using an assay developed 
to test the cytotoxicity of leachables that are extracted from gels.56 After incubating 
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Figure 4.8. Cumulative release of lysozyme from PNC-PEG 8-arm thioester or PNC-PEG 
8-arm NHS hydrogels. Hydrogel concentrations were 15 wt% PNC + 7.5 wt% 8-arm PEG. 
Data are shown as mean ± standard deviation (n=3).



  4

Tunable Chemoselectively Cross-linked Thermosensitive Hydrogels

111

Hydrogel on cells Leachables 

Buffe
r

PNC-P
EGNHS

PNC-P
EGth

ioes
ter

0

50

100

%
 o

f l
iv

e 
ce

lls

Buffe
r

PNC-P
EG N

HS

PNC-P
EG th

ioes
ter

0

50

100

%
 o

f l
iv

e 
ce

lls

medium 

hydrogel 
cells 

medium 

hydrogel 

cells 

A B

Bu
ffe
r

PN
C-
PE
GN
HS

PN
C-
PE
Gt
hio
es
ter

0

50

100

%
 o

f l
iv

e 
ce

lls

Buffe
r

PNC-P
EG N

HS

PNC-P
EG th

ioes
ter

0

50

100

%
 o

f l
iv

e 
ce

lls

Hydrogel on cells Leachables

Figure 4.9. Cumulative release of lysozyme from PNC-PEG 8-arm thioester or PNC-PEG 
8-arm NHS hydrogels. Hydrogel concentrations were 15 wt% PNC + 7.5 wt% 8-arm PEG. 
Data are shown as mean ± standard deviation (n=3).

4.3.5 Hydrogel degradation
The degradation of the dual cross-linked hydrogels was assessed under physiological 
conditions at 37 °C and pH 7.4. Only the NHS-functionalized PEG cross-linkers were 
included in this study, due to their favorable gelation kinetics, mechanical properties 
and cytocompatibility. Hydrolysis of the ester bonds present in the hydrogel network 
can occur at three different positions: 1) hydrolysis of the ester bonds between the 
PEG mid block and thermosensitive outer blocks; 2) hydrolysis of ester bonds within 
the chemical cross-links (figure 4.4); 3) hydrolysis of the ester bonds in the lactone 

prefabricated hydrogels for two hours in medium, the medium without the gel was 
added to the cells and further incubated for 16 hours. The MTS results showed a much 
lower cell viability upon incubation of the extract of PNC-PEGthioester hydrogel as 
compared to PNC-PEGNHS hydrogel extract. Finally, additional confirmation was 
obtained after visual analysis of the cell shape (SI-figure 4.3). While the cell shape 
was hardly affected after contact with the leachables of the PNC-PEGNHS hydrogels, 
the cells clearly lost their healthy, stretched shape upon incubation with the extract 
of the PNC-PEGthioester hydrogel. Taken together, PNC-PEGNHS hydrogels have a 
substantially better cytocompatibility than the PNC-PEGthioester hydrogels, which 
likely can be ascribed to the reaction product formed (namely ethyl thioglycolate) 
during the formation of the PNC-PEGthioester hydrogels.
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ring of DBA. Hydrolysis of ester bonds at positions 1 and 2 leads to dissolution of 
the hydrogel, whereas hydrolysis at position 3 increases hydrophilicity and thus the 
swelling of the hydrogel network. Previous studies have shown that at physiological 
pH, only the ester bonds in the DBA ring are hydrolyzed and not the ester bond between 
the ring and the polymer backbone, thereby preventing formation of additional 
soluble byproducts.28 Three different hydrogel formulations were tested, exhibiting 
storage moduli between 5 and 24 kPa after 3 hours of hydrogel formation (SI-Figure 
4.4). These formulations were chosen to assess the influence of concentration and 
the difference between a linear and 8-arm PEG cross-linker on the degradation rates. 
PNC was mixed with a linear PEG cross-linker in a total polymer concentration of 18 
wt% and is further abbreviated as ‘linear’. PNC-PEG 8-arm hydrogels were studied 
at a total polymer concentration of 11 or 22 wt% and abbreviated as ‘8-arm low’ and 
‘8-arm high’, respectively. In all cases, a 1:1 molar ratio between NHS and cysteine 
functionalities was used to obtain effcient cross-linking. A low concentration linear  
PEG hydrogel formulation was not included in the degradation study, since the 
mechanical properties were too weak to allow the formation of a stable hydrogel. As 
expected from our rheology experiments (figure 4.5), hydrogels containing 8-arm 
PEG cross-linkers and higher polymer concentration formed stronger hydrogels. 
Degradation studies of the PNC-PEGNHS hydrogels lacking DBA functionalities, 
showed slow degradation and even after 6 months the hydrogels were still not 
fully degraded into water soluble products (figure 4.10). Likely, the ester bonds are 
located in the hydrophobic domains of the hydrogel network, therefore limiting the 
accessibility of water molecules. Interestingly, ‘8-arm low’ and ‘linear’ did not show 
any increase in swelling during the degradation study, while ‘8-arm high’ hydrogels 
swelled in the first couple of days to two times of their original weight (SI-Figure 
4.5). The denser network of this hydrogel formulation was most likely not fully 
cross-linked when it was placed in buffer. Therefore, an increase in swelling was 
possible until thermodynamic equilibrium was reached. After 6 months, ‘linear’, 
‘8-arm low’ and ‘8-arm high’ had remaining gel weights of 29%, 12% and 13% 
respectively. The highest remaining gel weight of ‘linear’ was probably caused by 
the shorter PEG chains that are incorporated in the network, thereby reducing the 
overall hydrophilicity of the polymer network. A similar influence of the molecular 
weight of the PEG cross-links on the degradation rate has been previously reported 
by Zustiak et al.57 
To increase the degradability of the hydrogels, PNCD polymers containing DBA 
moieties were mixed with PEG-NHS cross-linkers, using the concentrations as 
described above. As depicted in figure 4.10, the degradation rate accelerated and 
decreased from more than 6 months for the formulations without DBA moieties, to 
only 12 to 57 days for formulations containing different amounts of DBA, which is 
in line with previous studies28,30. During hydrolysis, the lactone ring of DBA opens 
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Figure 4.10. Swelling ratio (Wt/W0) in time of three different hydrogel formulations with 0, 
2.5, 5, 7.5 and 10% DBA content. A) 15 wt% PNC(D) + 3 wt% PEG linear. B) 7.5 wt% PNC(D) 
+ 3.8 wt% PEG 8-arm. C) 15 wt% PNC(D) + 7.5 wt% PEG 8-arm. Data are shown as mean ± 
standard deviation (n=3). D) Effect of DBA content on time till full degradation.

and yields at pH 7.4 networks with negatively charged carboxylate ions. Hence, the 
hydrophilicity of the polymer chain increases and the polymers exhibit a charge 
repulsion between the polymer chains in the hydrogel, which causes an increase 
in water uptake. As a consequence, the ester groups in the cross-links are more 
exposed to water and therefore more susceptible for hydrolysis. Indeed, during 
incubation the hydrogels swell up to 7 times of their original weight, after which 
they fully dissolve. As was expected from the rheology measurements, the hydrogels 
of PNCD-PEG 8-arm high were the most stable, as a result of their high cross-link 
density. We expect that even a larger range of degradation times could be obtained 
by further varying the DBA content. Figure 4.10D summarizes the degradation times 
of the different hydrogel formulations and shows a linear relationship between DBA 
content and time till full dissolution, thereby underlining the ability to control the 
degradation rates using these polymeric hydrogels.
Solutions after full degradation were lyophilized, redissolved in D2O and measured 
by 1H NMR to analyze the chemical nature of the soluble degradation products. 
The results showed the formation of a copolymer with completely hydrolyzed DBA 
lactone ring (SI-figure 4.6), as has also been demonstrated in previous work.28
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4.4 Conclusion

This study evaluated the mechanical properties, cytocompatibility, protein 
compatibility and degradation kinetics of chemoselective and thermosensitive dual 
cross-linked hydrogels. After mixing two liquid precursor solutions, consisting of a 
thermoresponsive polymer and PEG cross-linker, physically cross-linked hydrogels 
were immediately formed at 37 °C. Mechanically stable hydrogels were obtained 
after chemoselective cross-linking of the two hydrogel components by native 
chemical ligation (NCL) or oxo-ester mediated native chemical ligation (OMNCL). 
The mechanical properties could be enhanced using OMNCL or 8-arm PEG cross-
linkers. Additionally, degradation rates were tuned and controlled after incorporation 
of hydrolysable DBA groups in the hydrogel network. Although the NCL cross-
linked hydrogels showed cytotoxicity to endothelial cells, cell viability was not 
affected after incubation with OMNCL cross-linked hydrogels. The favorable and 
controllable properties of the studied OMNCL cross-linked hydrogels are attractive 
for further evaluation in biomedical applications.

Acknowledgements
This work was supported by a grant from the Dutch government to the Netherlands 
Institute for Regenerative Medicine (NIRM, grant No. FES0908).

Supporting Information

A B

0 20 40 60
1

10

100

1000

G
' , 

G
" (

Pa
)

Temperature (°C)

G' (Pa)

G'' (Pa)

0 100 200 300
10

100

1000

10000

100000

G
', G

" (
Pa

)

Time (min)

G' (Pa)

G'' (Pa)

SI-Figure 4.1. A) Storage modulus (G’) and loss modulus (G”) of hydrogels consisting of 20 wt% 
PNC as a function of temperature. B) G’ and G” of hydrogels containing 7.5 wt% PNC and 3.8 wt% 
PEG 8-arm NHS as a function of time.



  4

Tunable Chemoselectively Cross-linked Thermosensitive Hydrogels

115

SI-Figure 4.2. Chrondrocyte viability as analyzed by a live/dead assay for PNC-PEG 8-arm thioester 
and PNC-PEG 8-arm NHS hydrogels (7.5-3.8 wt%) after 7 days, displaying an overlay of green (live) 
and red (dead) fluorescence. Scale bar represents 200 μm.

Medium

PNC-PEGNHS PNC-PEGthioester

SDS

SI-Figure 4.3. Microscopy pictures of C166 mouse endothelial cells after 16 hours of indirect contact 
with PNC-PEG 8-arm NHS or PNC-PEG 8-arm thioester hydrogels. Medium and PNC-PEGNHS 
groups show healthy stretched cells and some dividing round cells. PNC-PEG thioester shows necrotic 
cells and some cell debris. In the SDS condition are cells depicted with solubilized membranes. Scale 
bar represents 100 μm.
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Abstract

Hydrogels can provide a suitable environment for tissue formation by embedded 
cells, allowing its application in regenerative medicine. However, hydrogels 
only possess limited mechanical strength and have therefore been reinforced 
for application in load-bearing conditions. In most approaches the reinforcing 
component and the hydrogel network have poor interactions and the synergetic 
effect of both materials on the mechanical properties is not effective. Therefore, in 
the present study, a thermoplastic polymer blend of poly(hydroxymethylglycolide-
co-ε-caprolactone)/poly(ε-caprolactone) (pHMGCL/PCL) was functionalized 
with methacrylate groups (pMHMGCL/PCL) and covalently grafted to gelatin 
methacrylamide (gelMA) hydrogel through photopolymerization. The grafting 
resulted in an at least 5x increased interface-binding strength between the hydrogel 
and thermoplastic polymer material. GelMA constructs were reinforced with 3D 
printed pHMGCL/PCL and pMHMGCL/PCL scaffolds and tested in a model for 
a focal articular cartilage defect. In this model, covalent bonds at the interface of 
both materials resulted in constructs with an improved resistance to repeated axial 
and rotational forces. Moreover, chondrocytes embedded within the constructs 
were able to form cartilage-specific matrix both in vitro and in vivo. Thus, by grafting 
the interface of different materials, stronger hybrid cartilage constructs can be 
engineered.

Graphical abstract
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5.1 Introduction

Hydrogels consist of hydrophilic polymer networks that are able to hold large amounts 
of water in a three-dimensional (3D) structure, while maintaining their shape.1,2 
Thereby they can provide a 3D aqueous environment to embedded cells, analogous 
to the extracellular matrix of natural tissues.3,4 For tissue engineering purposes, 
stem cells,5,6 tissue specific cells7 and/or bioactive factors5,8,9 can be incorporated in 
the temporary hydrogel scaffold to direct specific tissue regeneration.3,10 By doing 
so, hydrogel systems have already been clinically applied for regeneration of a 
range of tissue types including skin, blood vessels, neural tissues and cartilage.3,11 
Unfortunately, hydrogels have limited mechanical strength due to their high water 
content,12,13 which may result in construct failure of the hydrogel under mechanically 
challenging conditions, as found in the load-bearing bone and cartilage tissues. 
One approach to overcome this limitation is by stimulation of extracellular 
matrix formation of the cells prior to implantation, resulting in a stiffer implant.14 
However, this requires long in vitro preconditioning periods, limiting clinical 
translation. The most straightforward approach to directly enhance the stiffness and 
strength of a hydrogel is by increasing its polymer concentration and crosslinking 
density.15,16 Nevertheless, this also impacts the diffusion rates of bioactive factors, 
nutrients and cell metabolites through the hydrogel, thereby most likely also the 
regenerative capacities of embedded cells.1,16,17 Therefore, alternative strategies 
have been explored to increase the strength of hydrogel constructs, e.g. through 
creation of interpenetrating polymer networks (IPNs)18-22 or incorporation of solid 
particles23-25 and nanofibers/nanotubes.26-28 Mechanical properties of hydrogels can 
also be improved by integrating a secondary scaffold material, such as fiber mats,29-

31 randomly organized porous polylactic acid scaffolds32,33 non-woven meshes34 
or electrospun polymer networks.35-39 Moreover, with advances in biofabrication 
techniques, a rigid thermoplastic polymer network can be fabricated layer-by-
layer, along with the hydrogel construct40-45 allowing for a tailored reinforcement 
of hydrogels. In addition, when mechanical stability is provided by this secondary 
rigid network, hydrogels with a lower crosslink density can be processed,41 which is 
beneficial for the viability and proliferation capacity of embedded cells.1,16,17,46 Besides, 
reinforcing the cell-laden hydrogel with a secondary scaffold material may also 
reduce the often-experienced swelling or shrinking of the hydrogel-based implant 
that can lead to imperfect filling of the tissue defect.47 In the present generation of 
constructs, however, the reinforcing network and the hydrogel show insuffcient  
adhesion, mostly because of their different physicochemical properties,42,48 which 
leads to construct disintegration upon application of mechanical stresses. Hence, the 
introduction of chemical bonds between both components may improve the construct 
strength to withstand the challenging mechanical conditions in the musculoskeletal 
system. 
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Therefore, this study aims to mechanically enhance cartilage implants by grafting 
a hydrogel to a 3D-fabricated biodegradable thermoplastic polymer network. 
To achieve this, the polyester poly(hydroxymethylglycolide-co-ε-caprolactone) 
(pHMGCL)49 was functionalized with methacryl groups coupled to the hydroxyl side 
groups of this polymer. In previous studies, we have shown that pHMGCL is more 
hydrophilic than e.g. poly-ε caprolactone (PCL) due to the presence of the pendant 
hydroxyl groups,49 facilitating cell attachment, matrix deposition50 and resulting 
in an increased degradation rate.51 Thereby, pHMGCL is more likely to balance 
its degradation to the formation of neo-tissue,52 compared to PCL.41-43 However, 
pHMGCL containing more than 20% HMG is an amorphous polymer with a low 
glass transition temperature (Tg) and therefore has low dimensional stability. PCL, 
on the other hand, is semi-crystalline, which is beneficial for dimensional stability, 
but has no reactive groups to allow for example surface grafting. To increase the 
dimensional stability of pHMGCL, it can be blended with PCL.53 The blending also 
improves the physical properties of the material for scaffold fabrication techniques 
such as electrospinning54 and 3D fiber deposition (3DF).50 
In the present study, covalent binding between methacrylated pHMGCL 
(pMHMGCL) blended with PCL and a methacrylated gelatin hydrogel (gelMA) 
through photopolymerization was investigated. The interface-binding strength 
between gelMA and pMHMGCL/PCL was studied and reinforced constructs as 
fabricated with 3DF were tested with a repetitive loading regime. Finally, the in 
vitro and in vivo regenerative capacities of human chondrocytes within these fiber-
reinforced constructs were analyzed.

5.2 Materials and Methods

5.2.1 Materials
All reagents and solvents were purchased from Sigma-Aldrich (Zwijndrecht, 
the Netherlands) and used without purification, unless stated otherwise. Benzyl 
alcohol, acetone, triethylamine (TEA) and dimethyl sulfoxide (DMSO) were obtained 
from Merck (Darmstadt, Germany). Peptide grade dichloromethane (DCM) and 
tetrahydrofuran (THF) were obtained from Biosolve (Valkenswaard, the Netherlands). 
N,N’-dimethyl amino pyridine (DMAP) was purchased from Fluka (Zwijndrecht, the 
Netherlands). Irgacure 2959 was obtained from Ciba Specialty Chemicals Inc (Basel, 
Switzerland). Type II collagenase was purchased from Worthington Biochemical 
Corp, (Lakewood, New Jersey). Phosphate-buffered saline (PBS), Dulbecco’s 
Modified Eagle Medium (DMEM), ITS-X, penicillin, streptomycin and Picogreen 
DNA assay were provided by Invitrogen (Carlsbad, California). Fetal bovine serum 
(FBS) was purchased from Biowhittaker (Walkersville, Maryland). FGF-2 and 
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TGF-β2 were obtained from R&D Systems (Minneapolis, Minnesota). Human serum 
albumin was provided by SeraCare Life Sciences (Milford, Massachusetts). Histoclear 
II was obtained from BiozymTC, the Netherlands. Buprenorphine (Temgesic) was 
purchased from Schering-Plough/Merck (USA). Antibody against collagen type II 
(1:100; II-6B3II) was obtained from Developmental Studies Hybridoma Bank, USA. 
Polylactic acid (PLA) filament for 3D-printing was obtained from Ultimaker LTD, 
Geldermalsen, The Netherlands.

5.2.2 Synthesis of poly-ε caprolactone (PCL)
Poly-ε-caprolactone (PCL) was synthesized by ring opening polymerization of 
ε-caprolactone (CL) using benzyl alcohol (BnOH) and stannous octoate (SnOct2) as 
initiator and catalyst, respectively, according to a previously described method.49 The 
molar ratio of CL/BnOH was 300/1 in the feed. The obtained PCL was characterized 
by 1H NMR, GPC and DSC.

5.2.3  Synthesis of methacrylated poly(hydroxymethylglycolide-co-ε-
caprolactone) (pMHMGCL) 
Poly(hydroxymethylglycolide-co-ε-caprolactone) (pHMGCL) was synthesized as 
described before by ring opening polymerization of 3S-benzyloxymethyl-1,4-dioxane-
2,5-dione (benzyl protected hydroxymethyl glycolide (BMG)) and ε-caprolactone in 
the melt using BnOH and SnOct2 as initiator and catalyst, respectively, followed by 
removal of the protecting benzyl groups by catalytic hydrogenation.49 pHMGCL 
was synthesized by melt polymerization in a 40/60 molar ratio of HMG/CL and 
the monomer to initiator molar ratio was 300. These random copolymers were 
further functionalized aiming for derivatization of 50% of the available hydroxyl 
groups of pHMGCL with methacrylate groups (Figure 5.2). In a typical reaction, 
pHMGCL (4.2 g, 13.2 mmol OH groups) was dissolved in freshly distilled THF 
(40 mL), in an aluminum foil covered, dry round-bottom flask. After dissolution, 
DMAP (39.3 mg, 0.32 mmol) and TEA (897 µL, 6.4 mmol) were added as catalyst 
and base, a combination that has shown to effciently functionalize hydroxyl groups  
with methacryloyl groups 55. Next, methacrylic anhydride (960 µL, 6.4 mmol, 
feed ratio methacrylic anhydride/OHpolymer = 0.5) was added. To prevent premature 
crosslinking, hydroquinone monomethyl ether (84 mg, 0.67 mmol) was added and 
the reaction proceeded overnight under N2 atmosphere in an ice-cooled flask. After 
16 hours, the polymer was purified by three times precipitation in ice-cold water, 
followed by centrifugation and removal of the supernatant. The precipitate was 
re-dissolved in DCM and dried using anhydrous Na2SO4. The salts were filtered 
off, DCM was evaporated and the polymer was dried under vacuum at room 
temperature for several days. The obtained methacrylated pHMGCL (pMHMGCL) 
was characterized by 1H NMR, DSC, and GPC. 
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5.2.4 Synthesis and gel preparation of gelatin methacrylamide (gelMA) 
GelMA was synthesized by reaction of type A gelatin with methacrylic anhydride at 
50 °C for one hour as previously described.56 GelMA was dissolved in demineralized 
H20 at 70°C in a concentration of 10% (w/v). The solution also contained Irgacure 
2959 (0.1% w/v), a photoinitiator that has shown to be well compatible with living 
cells.57,58 When a clear solution was obtained, the osmolarity of the gel was adjusted 
to physiologic levels (1x PBS) by adding 50 ul concentrated PBS (disodium hydrogen 
phosphate 60 g/L, sodium dihydrogen phosphate 6.6 g/L and sodium chloride 164 
g/L) to 1 ml of methacrylated gelatin.

5.2.5 Preparation of p(M)HMGCL/PCL blends
PHMGCL or pMHMGCL was dissolved in DCM and mixed with PCL in a 1:1 weight 
ratio at a concentration of 0.2 g/mL DCM (total volume was 5 ml). The mixture was 
concentrated by blowing air for 10 minutes and next, the viscous polymer solution 
(~3 ml) was pipetted on a petri dish. DCM was allowed to evaporate overnight at 
room temperature and a white solid was obtained, which was subsequently analysed 
by differential scanning calorimetry (DSC). For sake of readability, the pMHMGCL/
PCL blend and pHMGCL/PCL blend are abbreviated as MA+ blend and MA- blend 
respectively. 

5.2.6 Nuclear magnetic resonance (NMR)
1H NMR spectra of the obtained polymers and blends were recorded on a Mercury 
300 MHz instrument (Varian Associates Inc., NMR Instruments, Palo Alto, CA). 
Chemical shifts are recorded in ppm with reference to the solvent peak (δ= 7.26 ppm 
for CDCl3 in 1H NMR).

5.2.7 Differential scanning calorimetry (DSC)
Thermal properties of polymers and blends were measured using a DSC Q2000 
apparatus (TA Instruments, New Castle, DE, USA). Scans of polymer samples 
(approximately 5 mg, loaded into Tzero aluminum pans (TA Instruments)) were 
taken from -80 °C to 100 °C with a heating rate of 10 °C/min and a cooling rate of 
0.5 °C/min under nitrogen flow of 50 mL/min. The glass transition temperature (Tg) 
was recorded as the midpoint of heat capacity change in the second heating run. 
Melting temperature (Tm) and heat of fusion (ΔHf) were determined from the onset of 
the endothermic peak position and integration of the endothermic area, respectively. 
The thermal transitions of PCL, pHMGCL and pMHMGCL are reported for the 
second heating run; the thermal transitions of the blends for the first heating run.
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5.2.8 Gel permeation chromatography (GPC)
Molecular weights (Mw and Mn) of the different polymers were measured by GPC 
analysis using a 2695 Waters Alliance system and a Waters 2414 refractive index 
detector. Two PL-gel 5 μm mixed-D columns fitted with a guard column (Polymer 
Labs, Mw range 0.2-400 kDa) were used. The columns were calibrated with 
polystyrene standards of known molecular weights using AR grade THF, eluting at 
1 mL/min flow rate at 30 °C. The concentration of samples was 5 mg/mL and the 
injection volume was 50 μL.

5.2.9 Creep-recovery test: interface-grafting strength 
To investigate grafting strength between gelMA and the MA+ blend and to compare 
this with gelMA and the MA- blend, creep-recovery tests were performed with an 
AR G-2 rheometer (TA-instruments), equipped with a UV light guide connected to 
a BluePoint lamp 4 (350-450 nm, Hönle UV technology (Munich, Germany) at 37°C. 
Flat discs (surface area 80 mm2, thickness 0.1 mm) of MA+ or MA- were prepared 
as described in section 5.2.5. GelMA solutions were prepared at a concentration of 
20% w/v in deionized water containing 0.1 w/v% Irgacure 2959. For each sample, 
measurements were performed in triplicate. The MA+ and MA- discs were attached 
with a photosticker (HEMA, Groningen, the Netherlands) to the upper 20 mm 
diameter plate of the geometry (Figure 5.3a). 100 μL of GelMA solution (20% w/v, 
also containing 0.1% w/v Irgacure) was pipetted at the bottom plate before lowering 
the top plate to a gap of 1.0 mm: the level at which gelMA and MA+ or MA- had 
a standardized surface interface of 100 ± 10 mm2 (Figure 5.3a). Then, the construct 
was UV-illuminated for 10 minutes (light intensity of 180 mW/cm2). Next, the 
obtained constructs were mechanically deformed at different torque values ranging 
from 50 to 1500 μNm consisting of 5 minutes creep followed by 5 minutes recovery, 
while keeping the temperature at 37°C. In the creep step, a constant torque force 
was exerted on the top MA+/- layer that was connected to the gelMA sheet and 
the observed strain or deformation of the material was recorded over time. In the 
recovery step, the applied force was released, allowing the (grafted) materials to 
recover to their starting position, representing the elastic properties of the material. 
The percentage of recovery was calculated as follows: 

(5.1)

5.2.10  Three-dimensional fiber deposition
Printing of PCL, MA+ and MA- was performed using a Bioscaffolder (SYS+ENG, 
Salzgitter-Bad, Germany)41. Constructs were designed with Rhino 3D software 
(McNeel, Seattle, WA, USA) and the Standard Tessellation Language (STL) files 
of these models were translated to the Bioscaffolder through computer-aided 
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manufacturing (CAM) software (PrimCAM, Einsiedeln, Switzerland). 1) A semi-
open hollow cuboid was printed (LxWxH: 12x4x2mm), which was filled with 
gelMA for measuring construct strength; 2) a dome-shaped scaffold (diameter: 15 
mm, height 3 mm, strand spacing 1.5 mm, 27 layers) was fabricated for mechanical 
testing in a model representing an articular chondral defect; 3) a cylindrical scaffold 
(diameter: 10 mm, height: 0.9 mm, strand spacing 2 mm, 5 layers) was fabricated 
as a reinforcing framework to gelMA loaded with chondrocytes for in vitro and in 
vivo evaluation. Optimal printing was achieved by melting PCL at 160 °C and MA+ 
and MA- at 140 °C for extrusion with a 25G metal needle (DL Technology LLC, 
Haverhill, MA, USA), at a pressure of 0.5 MPa, and a deposition speed of 250 mm/
min, producing fibers with a mean thickness of 0.26 mm. Air (20 °C) was blown over 
the construct to facilitate rapid solidification of the printed fibers. A shape inspired 
by the femoral condyles of a knee joint was fabricated from PLA with an Ultimakertm 
(Ultimaker LTD, Geldermalsen, The Netherlands) filament-extrusion machine. An 
indentation was included (diameter: 15 mm, depth 1 mm) to mimic a chondral 
defect. The dome-shaped scaffolds were fabricated to tightly fit in this holder for 
mechanical testing. 

5.2.11 Fabrication of reinforced gelMA constructs
GelMA solution (10% w/v, containing 0.1% w/v Irgacure 2959) was added to the 
MA+ or MA- framework to create fiber-reinforced constructs. First, a mold was 
printed from PVA with the Ultimakertm machine in which the frameworks were 
placed. Then, the gelMA solution was infused at the periphery of the frameworks 
using a positive displacement pipet, until all pores were completely filled. The 
constructs were UV-irradiated for 10 minutes with a UV intensity of 120 mW/cm2. 
After photopolymerization, the constructs were taken from the molds and any excess 
of gelMA at the outside of the constructs was removed. 

5.2.12 Integrity of constructs on axial loading
To investigate whether interface grafting of pMHMGCL to gelMA results in a 
stronger construct, two approaches were used to investigate construct failure. 
1) The semi-open cuboids filled with gelMA were UV-irradiated for 10 minutes at 
120 mW/cm2 and placed in unconfined position between the parallel plates (upper 
plate 6 mm in diameter) using a DMA 2980 Dynamic Mechanical Analyzer (TA 
Instruments, New Castle, DE, USA). A force ramp of 0-15 N, with incremental steps 
of 1.5 N/min was applied at the centre of the construct. Construct failure was defined 
as the force at which gelMA was squeezed out of the MA+ or MA- cuboid. The force 
and displacement were recorded throughout compression. Measurements were 
performed in triplicate and the results were analysed using Thermal Advantage (v. 
1.1A) and Microsoft® Excel software. 
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2) Cylindrical dome-shaped scaffolds, consisting of MA+/gelMA or MA-/gelMA 
were UV irradiated for 10 min (120 mW/cm2) and were then press-fit in a holder 
inspired by a knee chondral defect. Because the indentation was 1 mm deep, and 
the top of the dome was 3 mm in height, the implant raised maximally 2 mm from 
the defect ridge, matching the curvature of the joint model. In this semi-confined 
environment the constructs were axially loaded with 20 N (using an AR G-2 rheometer 
(TA-instruments)) and the change in height of the scaffold was recorded during 
the compression. Next, 100 creep-recovery cycles were applied onto the construct, 
each consisting of a 10-second creep step with a torque of 0.01 Nm followed by a 
10-second recovery step. The construct was axially compressed for approximately 
1 mm, so that the mechanical properties of the PLA holder would not disturb the 
measurements. The construct strain, resistance to compression and recovery during 
the creep-recovery cycles were analysed and the constructs were visually inspected 
after the mechanical loading for signs of structural damage. SI-Figure 5.4 shows the 
experimental set-up.

5.2.13 Harvest of human chondrocytes  
Macroscopically healthy human cartilage from a discarded talus bone was obtained 
immediately after resection from a 7-years old patient, undergoing an orthopaedic 
intervention for an ankle disease, according to the institutional code of conduct 
regarding the use of discarded tissues in the University Medical Center Utrecht. The 
cartilage was sectioned into small slices under sterile conditions and washed three 
times with PBS supplemented with penicillin and streptomycin. The full-thickness 
cartilage was digested overnight using 0.15% type II collagenase at 37 °C and the 
obtained cell suspension was filtered (100 μm cell strainer) and washed three times 
with phosphate-buffered saline (disodium hydrogen phosphate 3 g/L, sodium 
dihydrogen phosphate 0.33 g/L and sodium chloride 8.2 g/L). Cells were then 
resuspended in chondrocyte expansion medium: DMEM supplemented with 10% 
heat-inactivated FBS, 100 units/mL penicillin and 100 μg/mL streptomycin, and 10 
ng/mL FGF-2 and expanded for 10 days in monolayer cultures (seeding density 
5,000 cells/cm2) for use in passage 2. 

5.2.14 In vitro redifferentiation of chondrocytes in a fiber reinforced gelMA 
construct 
Chondrocytes were resuspended in 10% gelMA (also containing Irgacure 0.1% 
(w/v)) at a concentration of 20x106 cells/mL. As a negative control group to 
histological stainings, a sample of chondrocytes was mortalized through a 2-hour 
trypsin treatment (0.25% trypsin-EDTA, life technologies Europe, Bleiswijk, the 
Netherlands) before suspension in the hydrogel. The pores of the printed cylindrical 
MA+ constructs (described in section 5.2.10) were infused with the cell-laden 
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gelMA solution and UV-irradiated for 5 minutes. For in vitro redifferentiation, these 
samples (n=4) were cultured for 6 weeks in chondrocyte differentiation medium: 
DMEM supplemented with 0.2 mM ascorbic acid 2-phosphate, 0.5% human serum 
albumin, 1x ITS-X, 100 units/mL penicillin and 100 µg/mL streptomycin, and 5 ng/
mL TGF-β2, with biweekly medium change. 

5.2.15 In vivo redifferentiation of chondrocytes in a fiber reinforced gelMA 
construct 
For in vivo redifferentiation, the fiber-reinforced samples (n=4) described in the 
previous paragraph were pre-cultured for 2 weeks in chondrocyte differentiation 
medium before subcutaneous implantation. This study was approved by the local 
Ethics Committee for Animal Experimentation and was in compliance with the 
Institutional Guidelines on the Use of Laboratory Animals. Four 11-weeks old 
male athymic rats (Hsd:RH-Foxn1rnu Harlan Laboratories B.V., The Netherlands) 
were anesthetized with 1.5% isoflurane. A dorsal pocket was created on each rat 
in which the 10-mm diameter cylindrical construct was placed with a forceps. The 
skin was closed using Vicryl 4.0 sutures. Preoperatively and postoperatively, the 
animals received 0.05 mg/kg buprenorphine subcutaneously. The rats were housed 
in groups at the Central Laboratory Animal Institute of Utrecht University. The rats 
were sacrificed and the samples were harvested 8 weeks after implantation. Scaffold 
morphology and cellular differentiation was investigated and a quarter of each 
explant was analysed with 1H NMR to assess degradation of the MA+ component.

5.2.16 Histological, immunohistochemical and biochemical analysis
After the in vitro and in vivo differentiation experiments, the samples were split 
and processed for histology, immunohistochemistry and biochemistry. Therefore, 
one part of the samples was dehydrated through a graded ethanol series, cleared in 
Histoclear and embedded in paraffn. The samples were sectioned into 5 µm slices  
and a triple stain of Weigert’s hematoxylin, fast green, and Safranin-O was applied to 
detect tissue formation and deposition of glycosaminoglycans (GAGs). 
Immunolocalization of collagen type II involved dewaxing and rehydration through 
graded alcohol series, washing in PBS/Tween (0.1%), followed by antigen retrieval 
with 1 mg/mL pronase (30 min) and 10 mg/mL hyaluronidase (30 min). Next, 
samples were blocked with 0.3% H2O2 and 5% BSA (bovine serum albumin) in 
PBS for 30 minutes and then incubated overnight at 4 °C with antibodies against 
collagen type II (1:100 from ascites, II-II6B3, Developmental Studies Hybridoma 
Bank). Then, samples were washed and incubated for 60 minutes with a horseradish 
peroxidase-conjugated goat anti-mouse antibody. Antibody-binding was visualized 
using 3,3’diaminobenzidine (DAB) solution for 10 minutes and counterstaining was 
performed with Mayer’s hematoxylin. Isotype control stainings were performed by 
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using mouse isotype IgG1 monoclonal antibody at concentrations similar to those 
used for the primary antibodies. All stained sections were examined using a light 
microscope (Olympus BX51).
For DNA and GAG quantification, a part of the in vitro samples was digested 
overnight in 20 µl papain solution per mg construct (0.01 M cysteine, 250 µg/ml 
papain, 0.2 M NaH2PO4 and 0.01 M EDTA) at 60 °C. Total DNA was quantified 
using a Quant-iT Picogreen dsDNA kit (Invitrogen) according to the manufacturer’s 
instructions. Total GAG content was determined by photospectrometry at 540 and 
595 nm after reaction with 1,9-dimethyl-methylene blue (DMMB, 341088; Sigma) 
using a microplate reader (Biorad).59 The ratio of both absorbances was calculated 
and the GAG content was quantified using chondroitin sulphate C (C4384; Sigma). 
Concentrations in the papain digest were expressed as GAG/DNA. 

5.2.17 Statistics
A Mann-Whitney-U test for independent samples was used for comparing construct 
failure between the two groups. Raw data were processed in SPSS version 18 (IBM 
software, USA) and p<0.05 was considered significant. All data are represented as 
means ± standard deviations.

5.3  Results and Discussion

Poly(hydroxymethylglycolide-co-ε-caprolactone) (pHMGCL) was methacrylated 
(pMHMGCL) and blended with poly-ε caprolactone (PCL) (1:1) to obtain 
the thermoplastic polymer blends pHMGCL/PCL (abbreviated as MA-) and 
pMHMGCL/PCL (abbreviated as MA+). In addition, a hydrogel was produced 
from methacrylated gelatin (gelMA). Figure 5.1 shows an overview of the performed 
experiments to characterize the polymers and blends and to investigate interface-
binding strength between both materials and the cartilage specific matrix production 
in hydrogel constructs reinforced with a MA+ scaffold.
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Figure 5.1. Overview of the performed experiments in the present study. 
Poly(hydroxymethylglycolide-co-ε-caprolactone) pHMGCL, methacrylate-functionalized 
pHMGCL (pMHMGCL) and their corresponding blends with poly-ε caprolactone (MA- and 
MA+ respectively) were characterized with NMR, DSC and GPC. Reinforced constructs of 
MA- and MA+ with methacrylated gelatin (gelMA) were UV-irradiated and the interface-
binding strength and strength of the reinforced construct was tested. Constructs of MA+/
gelMA were further tested in vitro and in vivo for cartilage specific matrix production. All 
mechanical, in vitro and in vivo experiments were performed in quadruplicate.

5.3.1 Polymer synthesis and characterization
Poly(benzyloxymethylglycolide-co-ε-caprolactone), pBMGCL, was synthesized via 
ring opening polymerization (ROP) of benzyl protected hydroxymethyl glycolide 
(BMG) and ε-caprolactone in the melt at 130 °C for 16 hours using benzyl alcohol 
(BnOH) and stannous octoate (SnOct2) as initiator and catalyst, respectively, and 
obtained in a high yield (Table 5.1). The synthesized polymer was deprotected to 
yield poly(hydroxymethylglycolide-co-ε-caprolactone), pHMGCL (Figure 5.2). The 
molar ratio of HMG/CL was calculated using 1H-NMR by comparing the integrals 
of peaks belonging to methylene protons of HMG units (3.7-4.0 ppm) and those of 
CL units (1.3-4.2 ppm) and was found to be very close to the feed ratio, as expected 
for polymers obtained in high yield (Table 5.1). The thermal properties of pBMGCL 
and pHMGCL were investigated by DSC and no melting endotherms were detected 
showing that these polymers were completely amorphous as can be expected for a 
random copolymer.60 DSC analysis also showed that removal of the bulky benzyl 
rings resulted in a decrease in Tg (Table 5.1).
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Table 5.1. Overview of the polymer characteristics

HMG/CL 
molar ratio*

Degree of 
methacrylation****

Yield 
(%)

Mw 
(kDa)

PDI Tg (°C)
Tm 

(°C)
ΔH

(J/g)

PCL N.A 0 87 79.1 2.0 -61 57 71

pBMGCL 0 96 36.6 2.3 -25 - -

pHMGCL 39/61 0 95 31.9 1.8 -38 - -

pMHMGCL 39/61 44 74 32.4 2.2 -22 - -

MA-** -44 56 40

MA+*** -47 52 37
* HMG/CL ratio based on 1H NMR analysis
** 1:1 pHMGCL/PCL
*** 1:1 pMHMGCL/PCL
**** Measured by 1H NMR

Subsequently, pHMGCL was functionalized with methacrylate groups aimed at a 
degree of methacrylation of 50% using methacrylic anhydride, 4-dimethylamine 
(DMAP) and triethylamine (TEA) as the reactant, catalyst and base (Figure 5.2) to 
yield pMHMGCL. 
A degree of methacrylation of 50% was chosen because it allows for suffcient  
bonding after photopolymerization without losing the beneficial properties of the 
pendant hydroxyl groups.49 The structural analysis of the obtained polymer by 1H 
NMR (SI-Figure 5.1) showed the presence of methacrylate groups at 1.9-2.0 ppm 
and 5.6- 6.4 ppm (peaks j and i). The degree of substitution (DS) was calculated by 
comparison of the average integrals of peaks at 1.9-2.0 ppm and those of protons 
attributed to non-functionalized HMG units (4.0-4.3 ppm) and found to be 44%.
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Figure 5.2. Synthesis of poly(benzyloxymethylglycolide-co-ε-caprolactone) pBMGCL, 
poly(hydroxymethylglycolide-co-ε-caprolactone) pHMGCL, and methacrylate-functionalized 
pHMGCL (pMHMGCL).

After introduction of the methacrylate groups, the molecular weight of the polymer 
as determined by GPC showed a very slight increase from 31.9 kDa for pHMGCL 
to 32.4 kDa for pMHMGCL indicating that neither premature cross-linking nor 
chain scission had occurred. DSC analysis showed that after methacrylation the 
Tg increased from -38°C to -22°C, which indicates a lower mobility of pMHMGCL 
chains with rather bulky methacrylate side groups compared to polymers bearing 
only hydroxyl groups. 
PCL was synthesized via ring opening polymerization following the procedures for 
the synthesis of pBMGCL. DSC analysis showed a melting temperature of PCL of 
57°C and a heat of fusion (ΔH) of 71 J/g, similar to other reported PCLs.61 GPC 
analysis showed a molecular weight (Mw) of 79.1 kDa and polydispersity of 2.0.
Since p(M)HMGCL is fully amorphous with a low Tg, it was blended with PCL 
to introduce  crystallinity and allowing the preparation of scaffolds of suitable 
dimensional stability. DSC thermograms of the blends pMGMGCL and PHMGCL 
with PCL (MA+ and MA-, blend ratio 1:1) are shown in SI-Figure 5.2. The melting 
temperatures of MA+ and MA- were slightly lower than that of PCL (Table 5.1). 
The heat of fusion (ΔH) of the blends was lower compared to PCL (37 and 40 J/g, 
for MA+ and MA- respectively, compared to 71 J/g for PCL). The reduction in ΔH 
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is in agreement with the percentage of PCL in the scaffolds, which is in line with 
previously obtained results of blends from PCL/pHMGCL.53 Also, a single Tg was 
found between the Tg of PCL and p(M)HMGCL, showing that p(M)HMGCL and 
PCL are fully miscible.

5.3.2 Binding strength of MA+ or MA- to gelMA 
To determine the binding strength of MA+ or MA- to gelMA, creep recovery 
experiments were performed. A schematic representation of the experimental set-
up is shown in Figure 5.3a. Torque forces ranging from 50 to 1500 μNm were applied 
to measure the resistance over the interface between MA+ or MA- and GelMA. A 
torque force up to 300 μNm over the grafted MA+ or MA- with gelMA yielded a 
strain between 0.5 and 0.8% for both groups and subsequently; after removal of the 
torque, 95-100% recovery was observed (data not shown). These numbers are similar 
to creep-recovery tests for gelMA alone (data not shown), reflecting the elastic 
properties of gelMA. At a torque force of 400 μNm, the MA- / gelMA samples showed 
a high strain (12-100%) with a negligible recovery of only 0-3% (Figure 5.3b). This 
indicates complete loosening of the material interface, which was macroscopically 
confirmed. The high variation in the maximal reported strain is due to the early 
disintegration of the MA-/gelMA constructs. Importantly, at torque forces of 400-
1500 μNm the interface of MA+ with gelMA remained intact as confirmed by a low 
strain and recovery of 94-99%. When the torque force was further increased, the 
test samples detached from the machine, but leaving the material interface intact. 
Therefore it can be concluded that the binding strength between MA+ and gelMA 
is at least 5 times higher than that between MA- and gelMA. This indicates that 
upon UV-polymerization, reaction between the two methacrylate-functionalized 
materials had occurred, resulting in a higher mechanical resistance after applied 
rotational forces.

Figure 5.3. A) Samples of 100 μl gelMA hydrogel were placed at the bottom glass plate 
of a rheometer and sheets of MA- or MA+ were attached to the top metal plate which was 
lowered onto the gelMA sample with a 1 mm gap. The two components were UV-illuminated 
through the bottom glass plate. Subsequently, torque forces were exerted over the construct 
for 5 minutes followed by a recovery period of 5 minutes; B) Strain and recovery as a function 
of time at a torque force of 400 μNm.
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5.3.3 Construct integrity on axial loading 
In a second mechanical experiment, the construct integrity of MA+/MA- with 
gelMA was tested by axial loading (Figure 5.4). The semi-open cuboids printed 
from MA+ and MA- that were filled with gelMA were loaded with increasing axial 
compressive forces till construct failure occurred. Construct failure was defined as 
the moment at which gelMA was pushed out of the thermoplastic cuboid frame, 
accompanied by an abrupt drop in measured height of the construct as recorded in 
force-displacement graph (SI-Figure 5.3). Figure 5.4d shows that the MA+ construct 
with gelMA could withstand a significantly higher (p<0.05) axial mechanical force 
before construct failure occurred (7.7 ± 2.4 N) as compared to the MA- construct (2.7 
± 0.5 N). This experiment confirmed that photopolymerization between MA+ and 
gelMA had occurred, resulting in a three-fold higher mechanical resistance during 
axial compression.

Figure 5.4. A) hollow cuboids (LxWxH: 12x4x2mm) were printed from MA- and MA+ and 
filled with gelMA (stained blue); B) compression was performed till C) the construct failed as 
defined by gelMA being squeezed out of the construct; D) force at construct failure.

5.3.4  Mechanical testing of fiber-reinforced constructs in a model mimicking 
an articular joint
Reinforced constructs were studied in a model resembling an articular cartilage defect 
(Figure 5.5a). The experimental set-up is shown in SI-Figure 5.4. The constructs were 
first axially loaded followed by 100 cycles of rotational forces in order to simulate 
repeated movement of a joint. A typical creep-recovery registration by the rheometer 
is shown in Figure 5.5b. During these repetitive rotational forces, a significantly 
higher deformation, as reflected in the percentage strain, was found for MA-/gelMA 
constructs compared to the MA+/gelMA constructs.
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Figure 5.5. A) a model representing the femoral condyles of the human knee was fabricated 
from poly lactic acid (orange). Fiber reinforced constructs were press-fit in a designed 
indentation in the condyle (diameter 15 mm, depth 2 mm); B) side view of a femoral condyle 
model; C) effect of 100 cycles of rotational forces (0.01Nm creep of 10 sec, followed by 10 sec 
recovery) on the rotational strain and axial force of MA- scaffolds and D) MA+ scaffolds; E) 
photographs of the MA- scaffolds before and after the applied forces; F) photographs of the 
MA+ scaffolds before and after the applied forces.

Table 5.2 shows that loading 20 N on the constructs compressed the MA-/gelMA 
scaffolds to a higher extent than the MA+/gelMA scaffolds (71 ± 4% for MA-/
gelMA compared to 43 ± 5% for MA+/gelMA). In addition, after the repetitive 
rotational forces, the residual loading on the MA-/gelMA scaffolds was only 7.4 ± 
0.4 N whereas for the MA+/gelMA scaffolds 14.1 ± 0.5 N of compressive strength 
remained. The lack of recovery after repeated rotational forces and the low values 
of residual compressive strength for MA-/gelMA constructs demonstrate the lack of 
integration of both materials. On macroscopical assessment after the loading regime 
the shape of the MA+/gelMA constructs appeared to be unchanged, but the MA-/
gelMA constructs showed an irreversible structural damage (Figure 5.5c). GelMA 
without a reinforcing scaffold was tested under the same loading regime and was 
found to disintegrate completely, showing that reinforcement is necessary to use 
these constructs in load-bearing applications. It should be noticed that 20 N is only 
a fraction of a full load-bearing situation in which forces lay typically in the range of 
1700-2700 N in an average weight person.62 Yet in this model gelMA reinforced with 
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a MA+ scaffold showed a superior mechanical strength, compared to reinforcement 
with a MA- scaffold and gelMA alone.

Table 5.2. Construct strain following axial compression of 20 N and residual compression 
strength after 100 cycles of 0.01 Nm creep-recovery.

Axial compression/strain* Residual compression strength**

MA-/gelMA 71 ± 4 % 7.4 ± 0.4 N

MA+/gelMA 43 ± 5 % 14.1 ± 0.5 N

* Percentage of construct height compressed after axial loading
** Remaining axial loading after 100 creep-recovery cycles (axial loading at start =20 N)

5.3.5 Chondrogenic differentiation in a fiber-reinforced construct in vitro
After six weeks of in vitro culture, human chondrocytes in MA+ reinforced gelMA 
constructs had produced a network of GAGs and collagen type II (Figure 5.6), which are 
the main cartilage-specific extracellular matrix components 63. GAGs were deposited 
and had diffused throughout the whole hydrogel compartment as is indicated by the 
red staining (Figure 5.6a), compared to the negative control samples. (Figure 5.6b). 
Also, chondrocytes and GAGs were present at the interface with the MA+ network 
(Figure 5.6c). The formation of such an interconnected matrix is essential in order to 
achieve an adequate cartilage-like function of the construct.14,64 The amount of GAGs 
that was produced in the constructs after six weeks was found to be 10.5 ± 2.7 mg 
GAG / mg DNA, which is in line with earlier reports of chondrocytes in GelMA-
based scaffolds.14,64 In addition, immunohistochemistry revealed the presence of a 
pericellular matrix of cartilage specific collagen type II (Figure 5.6d).
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Figure 5.6. Human articular chondrocytes produced cartilage-specific matrix components 
in MA+ reinforced gelMA constructs after 6 weeks in vitro culture as shown by positive 
safranin-O staining (A, C; red) for glycosaminoglycans (GAGs) produced by chondrocytes in 
gelMA. The MA+ scaffold architecture is visible in dark red. In negative control samples (B), 
GelMA stains green and the MA+ stains dark red by the safranin-O triple staining. Staining 
collagen type II staining is visible in the pericellular matrix of the chondrocytes (D), MA+ 
scaffold in purple. After 8 weeks in vivo with 2 weeks pre-culturing there was production 
of GAGs (E), although less extensive compared to in vitro cultures (C). An interconnected 
collagen type II network was formed in vivo (F). Scale bar C-F = 200 μm.

5.3.6 Chondrogenic differentiation in a fiber-reinforced construct in vivo
The MA+/gelMA constructs were implanted in rats and it was shown that a network 
of GAGs was present eight weeks after subcutaneous implantation (Figure 5.6e). 
Here, GAGs were not quantified because normalization to DNA of implanted cells 
was impossible due to infiltration of host cells and their DNA in the implanted 
constructs. Collagen type II production was more pronounced in vivo compared 
to in vitro results as shown by the extensive network formation reflected by the 
immunohistochemical stainings (Figure 5.6f). Also, collagen type II was deposited at 
the interface of the MA+ scaffold, contributing to the integration of neo-tissue with 
the polyester scaffold. This is important, since the neo-tissue together with the MA+ 
scaffold will determine the mechanical properties of the construct after the hydrogel 
component has been degraded 52. 

5.3.7 Degradation of pMHMGCL in vivo
Degradation of the explanted MA+ component was shown with 1H NMR by 
the disappearance of HMG units (SI-Figure 5.5), which is in line with previous 
observations.51,65 Furthermore, NMR shows a reduction in the methacrylate signals 
at 5.6 and 6.4 ppm. This is most likely caused by both crosslinking of pMHMGCL 
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with gelMA and hydrolysis of the ester groups connecting the methacrylate groups 
of pMHMGCL. Since no photoinitiator was incorporated in the polyester, it was to 
be expected that not all methacrylate groups in pMHMGCL had photopolymerized. 
Degradation of these constructs will therefore lead to the formation of methacrylic 
acid. As is shown before for methacrylated dextran-based hydrogels,66,67 methacrylic 
acid does not cause cytotoxicity and therefore does not affect the suitability of these 
materials for tissue engineering purposes.

5.4 Conclusion

This study showed that a 3D-fabricated pMHMGCL/PCL thermoplastic polymer 
scaffold could be covalently linked to a chondrocyte-laden gelMA hydrogel. 
Covalently grafting both materials significantly improved the binding strength 
between the materials and consequently resulted in an enhanced mechanical 
integrity of reinforced hydrogel constructs. Embedded chondrocytes showed 
significant cartilage-specific matrix deposition in these constructs both in vitro and 
in vivo. Moreover, since both materials have shown their ability to support matrix 
formation and both can be applied in additive manufacturing techniques, the current 
work allows for the fabrication of mechanically enhanced, patient-specific cartilage 
implants.
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Supporting Information

SI-Figure 5.1. 1H NMR spectra of (above) pHMGCL, and (below) pMHMGCL in CDCl3. 
Methacrylate peaks of pMHMGCL are shown at 1.9-2.0 ppm (peak j) and 5.6-6.4 ppm (peaks 
i).
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SI-Figure 5.2. DSC thermograms of the blends A) MA- (1:1 PCL:pHMGCL) and B) MA+ 
(1:1 PCL: pMHMGCL). 1 and 2 show thermograms of the 1st and 2nd heating run respectively.
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SI-Figure 5.3. Force-displacement graph of rectangle fiber reinforced constructs. A drop in 
displacement was visible when the hydrogel was squeezed out from the reinforced construct.

SI-Figure 5.4. Experimental set-up of the mechanical integrity test for constructs used in 
a knee chondral defect. Mechanical tests were performed with a rheometer, set at an initial 
axial loading of 20N, followed by 100 creep-recovery cycles of 0.01Nm.
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SI-Figure 5.5. 1H NMR spectrum in CDCl3 of MA+ before (above) and after (below) 8 weeks 
implantation in rats. Degradation was confirmed by the disappearance of the peak at 4.2 ppm 
(HMG peak).
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Abstract

Progress in biofabrication technologies is mainly hampered by the limited number 
of suitable hydrogels that can act as bioinks. Here, we present a new bioink 
for 3D-printing, capable of forming large, highly defined constructs. Hydrogel 
formulations consisted of a thermoresponsive polymer mixed with a poly(ethylene 
glycol) (PEG) or hyaluronic acid (HA) cross-linker with a total polymer concentration 
of 11.3 and 9.1 wt% respectively. These polymer solutions were partially cross-
linked before plotting by a chemoselective reaction called oxo-ester mediated 
native chemical ligation, yielding printable formulations. Deposition on a heated 
plate of 37 °C resulted in stabilization of the construct due to the thermosensitive 
nature of the hydrogel. Subsequently, further chemical cross-linking of the hydrogel 
precursors proceeded after extrusion to form mechanically stable hydrogels that 
exhibited a storage modulus of 9 kPa after 3 hours. Flow and elastic properties of 
the polymer solutions and hydrogels were analyzed under similar conditions as 
those occurring during the 3D-printing process. These experiments showed the 
ability to extrude the hydrogels, as well as their rapid recovery after applied shear 
forces. Hydrogels were printed in grid-like structures, hollow cones and a model 
representing a femoral condyle, with a porosity of 47.9 ± 2.3%. Furthermore, an 
N-hydroxysuccinimide functionalized thermoplastic poly-ε-caprolactone (PCL) 
derivative was successfully synthesized and 3D-printed. We demonstrated that 
covalent grafting of the developed hydrogel to the thermoplastic reinforced network 
resulted in improved mechanical properties and yielded high construct integrity. 
Reinforced constructs also containing hyaluronic acid showed high cell viability of 
chondrocytes, underlining their potential for further use in regenerative medicine 
applications.

37oC

partial cross-linked
hydrogel

thermoplast

covalent cross-linked 3D-printed 
hydrogel-thermoplast construct

hydrogel
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6.1 Introduction

Additive manufacturing is an emerging technique for the fabrication of complex 
three-dimensional (3D) constructs.1-3 The manufacturing of constructs containing 
biological components is termed biofabrication and currently often used in the field 
of regenerative medicine. Inks for biofabrication are typically based on hydrogels, in 
which cells or bioactive factors can be encapsulated.1,4-6 Complex geometries having 
a porous network can be created based on a computer-designed model, facilitating 
high diffusion of nutrients and metabolites required for tissue regeneration. 
Furthermore, a layer-controlled arrangement of different cell-types and biomolecules 
can be achieved by the incorporation of cells in the printing process. In this way, 
anatomical structures can be created such as those replicating blood vessel networks7 
or those mimicking the zonal architecture of cartilage.8 Whilst hydrogels have been 
widely investigated for biomedical applications9-11, tuning their properties towards a 
favorable bioprinting strategy remains a challenge.1,12

Many established biofabrication approaches rely on hydrogel formation by 
temperature-induced physical cross-linking often combined with subsequent 
chemical cross-linking.13-15 A drawback of these techniques is that a high polymer 
concentration is required to stabilize the hydrogel structure for printing multiple 
layers with high shape fidelity.14,16 A high polymer content can potentially limit the 
diffusion of nutrients and metabolites, and can consequently have a negative impact 
on cell migration and proliferation.17 Additionally, to stabilize the network, small 
molecules or UV light are frequently used to induce subsequent covalent cross-
linking. Besides the diffculties to control the shape fidelity of the constructs, the  
effect of these methods on the cytotoxicity of cells is under debate.9,18 
As alternative for photopolymerization, chemoselective reactions offer exciting 
opportunities for the formation of biomaterials.19 Oxo-ester mediated native chemical 
ligation (OMNCL) has been proposed as a promising reaction because of its high 
effciency, m ild r eaction c onditions a nd h igh s electivity.. 20 This ligation reaction 
involves conjugation between an activated ester and an N-terminal cysteine and has 
been previously demonstrated to be highly compatible with incorporated cells and 
bioactive molecules.21 Recently, we reported thermosensitive OMNCL cross-linked 
hydrogels that showed tunable degradation rates and mechanical properties.22 
Importantly, solutions of relatively low polymer concentrations of 12 wt% were 
transferred into mechanically stable hydrogels as a result of the combined physical 
and chemical cross-linking mechanism.
However, to enable bioprinting of hydrogels with solutions of low polymer 
concentrations, while still obtaining mechanically strong constructs with high 
shape fidelity, new biofabrication approaches have to be investigated.1 Partial pre-
crosslinking of the hydrogel precursors is an attractive approach to facilitate a good 
shape fidelity of printed constructs using low polymer concentrations.23-25 Rutz 
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et al.24 described partial pre-crosslinking of functionalized poly(ethylene glycol) 
(PEG) cross-linkers with natural polymers, thereby forming a variety of 3D-printed 
hydrogels with low polymer contents. These bioinks were deposited with a low flow, 
without collapse and resulting constructs maintained high shape fidelity. However, 
the obtained hydrogel networks were still relatively soft, which could hamper their 
potential therapeutic applications under for example load-bearing conditions where 
the gels are exposed to mechanical forces.
Mechanically strong constructs containing hydrogels with low polymer 
concentrations can be fabricated using multi-material constructs based on hydrogels 
that are reinforced with a thermoplastic polymer network.26-28 Poly-ε-caprolactone 
(PCL) is a widely used thermoplastic polymer in biofabrication, given its relatively 
low melt processability (at 60 °C) and mechanical properties.29 As an alternative 
for PCL, our group reported the use of a hydroxyl-functionalized variation, 
poly(hydroxymethylglycolide-co-ε-caprolactone), abbreviated as pHMGCL.30,31 
Compared to PCL, pHMGCL showed increased degradation rates, improved cell 
adhesion and was shown to be 3D-printed with good shape fidelity.32 Importantly, 
methacrylate groups can be introduced to allow covalent grafting of a hydrogel and 
thermoplastic after photopolymerization.33 A synergistic effect on the mechanical 
properties of these hydrogel-thermoplastic constructs was found as a result of 
covalent grafting at the interface between the hydrogel and thermoplastic, which 
resulted in a remarkable stabilization and increased mechanical resistance against 
shear forces.33 
In this study, the two novel approaches of partial pre-crosslinking and thermoplastic 
grafting were combined for the fabrication of a mechanically strong 3D-printed 
construct that was cross-linked by oxo-ester mediated native chemical ligation. 
Thermoresponsive hydrogels were used to obtain additional network stabilization 
as a result of physical crosslinking immediately after deposition on a heated plate. 
Furthermore, these hydrogels were covalently grafted to a strong thermoplastic 
scaffold for the formation of even more mechanically robust constructs. Covalent 
cross-linking by OMNCL within the hydrogel as well as between the hydrogel 
and thermoplastic material was assessed to obtain a mechanically strong and fully 
integrated construct.
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6.2 Materials and Methods

6.2.1 Materials
All chemicals were purchased from Sigma-Aldrich and used as received, unless 
stated otherwise. Hyaluronic acid (HA, 33 kDa) was obtained from Lifecore 
(Chaska, Mn, USA). Poly(hydroxymethylglycolide-co-ε-caprolactone (PHMGCL, 8% 
HMG) was synthesized according to literature procedures.30 N-(2-hydroxypropyl)
methacrylamide-Boc-S-acetamidomethyl-L-cysteine (Boc-Cys(Acm)-HPMA) 
was synthesized following a previously published procedure.34 N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDCI) was purchased 
from Bachem (Bubendorf, Switzerland). PEG 20,000 8-arm with a tripentaerythritol 
core was obtained from JenKem Technology USA (Plano, Tx, USA). Ethylthioglycolate 
succinic acid (ET-SA) was synthesized according to a published procedure.35 PEG 
10,000-(4,4’-azobis(4-cyanopentanoic acid (ABCPA) macroinitiator was synthesized 
following established procedures.36 Tris(2-carboxyethyl)phosphine hydrochloride 
(TCEP) was obtained from Carl Roth (Karlsruhe, Germany). 4-(dimethylamino)
pyridinium-4-toluene-sulfonate (DPTS) was synthesized following published 
procedures.37 Poly(ethylene glycol) standards for GPC analysis were obtained from 
PSS Polymer Standards Service GmbH (Mainz, Germany). Cell culture flasks, well 
plates and petri dishes were obtained from Greiner Bio-One, Alphen a/d Rijn, the 
Netherlands. Red food coloring agent Ponceau 4R, E number 124 was obtained 
from Queen Fine foods Pty. Ltd. (Alderley Q., Australia). Phosphate buffered saline 
(PBS) pH 7.4 (8.2 g/L NaCl, 3.1 g/L Na2HPO4

.12H2O, 0.3 g/L NaH2PO4
.2H2O) was 

purchased from B. Braun (Melsungen, Germany).

6.2.2 Synthesis of PNC triblock copolymer
PEG-NIPAAm-HPMACys triblock copolymer (abbreviated as PNC) consisting of a 
10 kDa PEG mid block flanked by random blocks of NIPAAm and HPMACys with 
a feed ratio of 93:7 mol% of NIPAAm:HPMA-Cys was synthesized as previously 
reported.34 Briefly, PEG ABCPA macroinitiator, NIPAAm and HPMA-Boc-Cys(Acm) 
were dissolved in dry acetonitrile at a PEG:monomer ratio of 1:322, stirred for 48 
h at 70 °C under N2 atmosphere and the polymer was subsequently collected after 
precipitation in diethyl ether. The Boc and Acm protecting groups on cysteine 
were removed by TFA and iodine treatment respectively.34 In detail, 3 g polymer 
was dissolved in DCM/TFA (1:1 v/v, 40 mL), stirred for 2 h, concentrated under 
reduced pressure and precipitated in diethyl ether. Next, the polymer was dissolved 
in MeOH/H2O (1:1 v/v, 100 mL), followed by the addition of 1 mL 1 M HCl and 16 
mL 0.2 M iodine in MeOH/H2O (1:1 v/v). The mixture was stirred for 1 h at room 
temperature under N2 atmosphere, after which the excess of iodine was quenched 
with a few drops of 1M ascorbic acid. Subsequently, the polymer in 100 mL MeOH/
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H2O was treated with 1 g TCEP for 16 h to reduce disulfide bonds, purified by 
dialysis and lyophilized. The obtained protected and deprotected PNC polymers 
were characterized by 1H NMR and deprotected PNC was also characterized by GPC. 
PNC protected: yield 88%, 1H NMR (CDCl3): 3.97 (s, NIPAAm), 3.80 (t, terminal CH2 
PEG), 3.62 (m, CH2 PEG backbone), 1.42 (s, Boc HPMA-Cys), 1.11 (s, NIPAAm). PNC 
deprotected: yield 62%, 1H NMR (CDCl3): 3.97 (s, NIPAAm), 3.80 (t, terminal CH2 
PEG), 3.62 (m, CH2 PEG backbone), 1.11 (s, NIPAAm). GPC: Mn = 43.0 kDa, Mw/Mn 
= 2.36. 

6.2.3 Synthesis of PEG 8-arm NHS cross-linker
PEG 20,000 8-arm was functionalized with N-hydroxysuccinimide (NHS) groups 
in a two step procedure according to literature procedures.21 Briefly, PEG 20,000 
8-arm (10 g, 4 mmol OH terminal groups), glutaric anhydride (2.27 g, 20 mmol) and 
pyridine (1.6 mL) were dissolved in 20 mL chloroform and refluxed at 80 °C for 24 
hours under N2 atmosphere. Methanol (100 mL) was added and the polymer was 
precipitated in 500 mL cold diethyl ether. The product was collected after filtration 
as a white powder and further dried under vacuum. Then, 10 g glutaric acid 
terminated PEG was dissolved in 50 mL DMSO together with NHS (4.4 g, 38 mmol) 
and EDCI (7.3 g, 38 mmol) and stirred for 1 h at room temperature. Subsequently, 
methanol (100 mL) was added and the product was collected as a white powder after 
precipitation in diethyl ether and filtration. Yield: 85%, Degree of substitution (DS): 
92%, 1H NMR (CDCl3): δ = 4.24 (2H, t, terminal PEG CH2), 3.62 (PEG backbone), 2.84 
(4H, m, 2 CH2 NHS), 2.71 (2H, t, NOC(O)CH2), 2.49 (2H, t, NOC(O)CH2CH2CH2), 2.06 
(2H, p, NOC(O)CH2CH2).

6.2.4 Synthesis of HA-NHS cross-linker
Hyaluronic acid (HA) was partially functionalized with N-hydroxysuccinimide 
(NHS) groups following a literature procedure.38 In short, 1.0 g of hyaluronic acid 
(33 kDa) was dissolved in 30 mL PBS. NHS (1.6 g, 14 mmol) and EDCI (1.43 g, 7.4 
mmol) were added and the mixture was stirred for 2 h at room temperature. Next, 
the polymer was precipitated in cold ethanol (-20 °C) and centrifuged for 10 minutes 
at 7,000 min-1 at 0 °C. This procedure was repeated twice and the HA-NHS product 
was collected as a white solid and further dried under vacuum. 1H NMR spectrum 
was recorded to calculate the degree of substitution (DS), defined as the number of 
NHS moieties per 100 disaccharide units. Yield: 93%, Degree of substitution (DS): 
38%, 1H NMR (D2O): δ = 4.6-3.3 (protons of HA), 2.79 (CH2 of NHS), 2.00 (NHC(O)
CH3).
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6.2.5 Synthesis of pHMGCL-NHS
Poly(hydroxymethylglycolide-co-ε-caprolactone (pHMGCL) containing 8 mol % 
HMG groups (3.5 g, 2.2 mmol OH groups) was dissolved in 20 mL chloroform. 
Glutaric anhydride (1.1 g, 9.6 mmol) and pyridine (0.8 mL) were added and the 
mixture was refluxed for 24 h at 80 °C. Next, the mixture was cooled to room 
temperature and the polymer was precipitated in cold methanol (500 mL). The 
polymer derivatized with glutaric acid groups  (pHMGCL-glut) was collected as a 
white solid after filtration. The obtained pHMGCL-glut (3.4 g) was dissolved in 30 
mL chloroform and DCC (2.06 g, 10 mmol), DPTS (147 mg, 0.5 mmol) and NHS (1.15 
g, 10 mmol) were added. The mixture was stirred for 3 h at room temperature. Next, 
dicyclohexyl urea (DCU) was removed by filtration and the obtained polymer was 
precipitated twice in cold methanol. The product was collected after filtration as a 
white solid and further dried under vacuum. PHMGCL-NHS was characterized by 
GPC, 1H NMR and DSC. 
Yield: 95%, molar ratio NHS/CL : 8/92, 1H NMR (CDCl3): δ = 1.2−1.4 
(m, CH2CH2CH2CH2CH2), 1.5−1.7 (m, C(O)CH2CH2CH2CH2CH2), 2.1 (m, 
CH2CH2CH2C(O)ON), 2.3 (t, C(O)CH2CH2CH2CH2CH2), 2.6-2.8 (m, CH2CH2CH2C(O)
ON), 2.8 (t, NC(O)CH2CH2), 4.1 (t, C(O)CH2CH2CH2CH2CH2), 4.2−4.3 (m, CH−CH2), 
4.4−4.8 (m, OCH2C(O)), 5.2−5.5 (m, CH).

6.2.6 Polymer characterization
The obtained polymers were characterized by gel permeation chromatography 
(GPC) and NMR spectroscopy. The molecular weight of PNC was determined by 
GPC using a PLgel 5μm MIXED-D column (Polymer Laboratories) and a Waters 
2414 refractive index detector. The column temperature was set at 65 °C and DMF 
containing 10 mM LiCl was used as eluent. The elution rate was 1 mL/min and the 
sample concentration was 5 mg/mL. Calibration was performed using poly(ethylene 
glycol) standards of narrow and defined molecular weights.
The molecular weights of pHMGCL and PHMGCL-NHS were determined by GPC 
using a PL-gel 5μm MIXED-D column and a Waters 2414 refractive index detector. 
AR grade THF was used as eluent with a 1 mL/min flow rate at 30 °C. Polystyrene 
standards of known molecular weight were used for calibration.
The polymers were further characterized by 1H NMR spectroscopy on an Agilent 400 
MHz spectrometer. Chemical shifts are referred to the residual solvent peak (δ= 7.26 
ppm for CDCl3 and 4.79 ppm for D2O). 
The thermal properties of the thermoplastic polymers were analyzed by DSC using a 
TA Instruments DSC Q2000 apparatus. Scans were taken from -80 °C to 100 °C with 
a heating rate of 10 °C/min and a cooling rate of 0.5 °C/min under a nitrogen flow. 
The glass transition temperature (Tg) was recorded in the second heating run as the 
midpoint of heat capacity change. Melting temperature (Tm) and heat of fusion (ΔHf) 
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were determined from the onset of endothermic peak and integration of endothermic 
area in the second heating run, respectively.

6.2.7 Rheological characterization
Rheological analysis of polymer solutions and hydrogels was performed on a 
Discovery HR-2 rheometer (TA Instruments, New Castle, DE, USA), using a 20 mm 
steel cone (1°) geometry equipped with a solvent trap. Flow and elastic properties 
of the polymer solutions and hydrogels were analyzed under similar conditions as 
during the 3D-printing process. Time sweeps were performed for 30 min at 20 °C, 
immediately followed by 3 h at 37 °C. Oscillation was performed at a frequency of 1 
Hz and a strain of 1%, previously determined to be within the viscoelastic region of 
these hydrogels.34

To evaluate the effect of shear on the hydrogels similar to the shear experienced 
during printing, 30 min pre-crosslinked hydrogels were subjected to an increasing 
shear rate of 1 to 1000 s-1 at 20 °C under flow conditions. Strain recovery of the 30 min 
pre-crosslinked hydrogels was tested by applying 4 consecutive times a 3 minute 
logarithmic increase of strain rate from 0.001 to 1000 s-1 at 20 °C under oscillation 
conditions and the effect of strain on viscosity, and storage and loss modulus was 
analyzed.

6.2.8 3D-printing of hydrogel
Hydrogels were printed using a 3D Discovery Printer and BioCAD software 
(RegenHU, Villaz-St-Pierre, Switzerland). A solution of PNC was shortly mixed for 
1 minute with a solution of PEG-NHS or HA-NHS, to a total concentration of 7.5-3.8 
wt% PNC-PEG or 7.5-1.6 wt% PNC-HA, and transferred into a 3 or 10 mL syringe. 
The polymeric solutions were allowed to pre-crosslink for 30 min before starting 
filament deposition. A pressure of 3-4 bar was applied for pneumatic extrusion. 
Printing head movement speed in the x and y plane (Fxy) of 5 mm/s and a layer 
height of 0.25 mm was used. Nordson EFD  (Westlake, Ohio, USA) dispensing 
SmoothFlow tapered tips with an inner nozzle diameter of 0.25 mm was used that 
matched with the high solution viscosity. 3D-printing was performed using a heated 
plate of 37-40 °C. A red food coloring agent, Ponceau 4R, E number 124 was added 
to the HA-NHS solution in a concentration of 50 μL coloring agent per 1 mL HA 
solution to obtain additional visual contrast that allowed accurate evaluation of the 
porosity. Hydrogel porosity of the 3D-printed condyle shape PNC-PEG constructs 
was estimated after measuring the construct dimensions and weighing the construct, 
using the following equation:

 (6.1)
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6.2.9 3D-printing of NHS functionalized thermoplastic polymer
Thermoplastic pHMGCL-NHS constructs were printed using a BioScaffolder 
dispensing system (Sys+Eng, Salzgitter-Bad, Germany). Cylindrical scaffolds 
(diameter: 15 mm, height: 0.9 mm, strand spacing 1.5 mm, 5 layers) were designed 
with Rhino 3D software (McNeel, Seattle, WA, USA) and the Standard Tessellation 
Language (STL) file of this model was translated to g-code and executed on a 
BioScaffolder with computer-aided manufacturing (CAM) software (PrimCAM, 
Einsiedeln, Switzerland).33 PHMGCL-NHS was melted at 140 °C for extrusion 
through a 25G metal needle (DL Technology LLC, Haverhill, MA, USA). A pressure 
of 0.4 MPa was applied, followed by screw-driven extrusion at a deposition speed of 
250 mm/min. The BioScaffolder was placed within a laminar flow cabinet to ensure 
rapid solidification of the printed fibers.

6.2.10 Dynamic mechanical analysis
Cylindrically shaped PNC-PEG hydrogels of 7.5-3.8 wt% with a volume of 100 μL 
were prepared in plastic molds with a diameter of 4 mm. Reinforced pHMGCL-NHS 
– PNC-PEG  materials were prepared after filling the pores of constructs described in 
section 6.2.9 with PNC-PEG hydrogel. The Young’s moduli of these constructs were 
determined on a Q800 DMA (TA Instruments, New Castle, DE, USA) in triplicate 
after 3 hours cross-linking at 37 °C. Compression from 0.01 till 0.1 N with a rate of 
0.01 N/min was applied to the hydrogels and from 0.01 to 5 N with a rate of 0.5 N/
min to the reinforced constructs at room temperature. The Young’s modulus was 
determined from the first linear region of the stress-strain curve.

6.2.11 Creep-recovery test: interface-grafting strength 
The effect of grafting of PNC-PEGNHS and pHMGCL-NHS was investigated in 
creep-recovery tests that were performed using a Discovery HR-2 rheometer (TA-
instruments), similarly to previously described methods.33 Flat discs (surface area 
80 mm2, thickness 0.1 mm) of pHMGCL and pHMGCL-NHS were prepared after 
dissolving the polymer in chloroform (160 mg/mL) and depositing droplets on a 
glass petri dish, subsequently allowing the chloroform to evaporate overnight. PEG-
NHS and PNC solutions in PBS were prepared at 4 and 15 wt% concentrations, 
respectively, 4 hours before starting the experiment. Measurements were performed 
in triplicate. The pHMGCL or pHMGCL-NHS discs were attached with a photosticker 
(HEMA, Groningen, the Netherlands) to the upper 40 mm diameter plate of the 
geometry. PEG-NHS (50 μL) was mixed with PNC (50 μL) and pipetted on the bottom 
plate before lowering the top plate to a gap of 1.0 mm at which the hydrogel and 
thermoplastic had a narrow surface interface. The construct was allowed to cross-
link for 3 hours at 37 °C. Next, the obtained constructs were mechanically deformed 
at different torque values ranging from 100 to 1000 μNm, using a step-wise increase 
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of 100 μNm. This deformation consisted of a 1 minute creep followed by 1 minute 
recovery, while keeping the temperature at 37 °C. In the creep step, a constant torque 
force was applied on the top thermoplastic layer that was in contact with the hydrogel 
and the observed strain or deformation of the material was recorded over time. In 
the recovery step, the applied force was released, and the construct was allowed to 
recover to the starting position. The torque value at which the deformation resulted 
in detachment of the hydrogel and thermoplastic was noted as the construct failure.

6.2.12 Live/Dead viability
A Live/Dead viability assay (calcein AM/ethidium homodimer, Life Sciences, USA) 
was performed on the reinforced pHMGCL-NHS – PNC-PEG and pHMGCL-NHS – 
PNC-HA constructs, as previously described14,39 and according to recommendations 
of the manufacturer. Briefly, chondrocytes were harvested from full thickness 
cartilage of an equine stifle joint, after consent of the owner of the horses, according 
to previously published procedures.39 Chondrocytes were encapsulated in the 
hydrogels at passage 2 at a concentration of 5×106 cells/mL. Hydrogels containing 
cells were allowed to form for 1.5 h at 37°C before culture medium was added. 
Viability of the chondorocytes was visualized using a light microscope (Olympus, 
BX51, USA) with excitation/emission filters set at 488/530 nm and 530/580 nm to 
detect living (green) cells and dead (red) cells respectively after 1.5 h. Live and dead 
cells were counted for two samples per group at four locations within the construct. 
Cell viability was calculated using the following equation:

 (6.2)

6.2.13 Histology
Constructs that were previously analyzed with a live/dead assay were fixed in 
formalin for histological examination. The samples were dehydrated through a 
graded ethanol series, cleared in xylene and embedded in paraffn. T he s amples  
were subsequently sectioned  (5_m) and stained with hematoxylin and eosin (H&E) 
to visualize cell distribution in the reinforced constructs.

6.2.13 Statistics
Construct failure data from creep-recovery experiments, Young’s modulus data from 
DMA measurements and cell viability data were assessed by a Mann-Whitney-U 
test, using GraphPad Prism 6 software (La Jolla, Ca, USA). A p<0.05 was considered 
as significant.
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6.3 Results and Discussion

6.3.1 Hydrogel components
Polymer structures of the hydrogel building blocks used in this study and the 
OMNCL mechanism are shown in Figure 6.1. The triblock copolymer PEG-NIPAAm-
HPMACys (PNC) was synthesized by radical polymerization and consisted of a PEG 
10 kDa midblock, flanked by 20 kDa random blocks of NIPAAm and HPMA-cysteine. 
NIPAAm was introduced for its thermosensitive characteristics, while cysteine 
functionalities enable covalent chemical cross-linking.34 The obtained molar ratio of 
NIPAAm:cysteine in the PNC polymer was 94:6 according to NMR analysis, which is 
in good agreement with the feed ratio (93:7). This polymer exhibited a lower critical 
solution temperature (LCST) of 30 °C in water, hence behaving as a liquid solution at 
room temperature and forming a physically cross-linked network above its LCST.34 
Poly(ethylene glycol) (PEG) 8-arm and hyaluronic acid (HA) cross-linkers were 
functionalized with N-hydroxysuccinimide (NHS) groups with a degree of 
substitution (DS) of 92% and 38% respectively as determined by 1H NMR. DS is 
defined as the percentage of PEG hydroxyl or HA carboxylic acid groups that were 
converted into NHS moieties. The NHS functionalized polymers were purified by 
precipitation instead of dialysis, to limit potential premature hydrolysis of the NHS 
ester bonds.

6.3.2 3D-printing and rheological assessment
A few requirements were listed to achieve optimal 3D-printing based on previous 
experience and the experiments reported by Rutz et al.24 Firstly, we aimed for a 
maximal pre-crosslinking time of 30 minutes before starting extrusion, since a long 
waiting time can have negative effects on cells that can be entrapped in the hydrogel. 
Secondly, the hydrogel should be deposited as an intact filament with suffcient  
yield stress and without collapse on the printing plate. Therefore, polymer 
concentrations of the aqueous solutions were optimized to allow extrusion of gel 
filaments without filament fracturing or clogging the nozzle while maintaining 
high shape fidelity. It was found that hydrogel concentrations above 25 wt% were 
deposited as lose fractions instead of intact filaments, thereby creating structures 
with low shape fidelity as well as quick nozzle obstruction. In contrast, hydrogels 
with a total polymer concentration below 8 wt% required pre-crosslinking times of 
more than 30 minutes before allowing extrusion without a collapse of the construct.



Chapter 6

  6

156

NH2
O

O

HN
OCN

O

O
O

O

O

CNO
NH

226 O
HN

O
O

NH2

O

HN

SH SH

x yxy

R O CH2CH2O
57

O

O

O
N

O

O
8

PEG 8 arm NHS
R=tripentaerythrithol core

PNC1

2 A

2 B

O
O

O

HO OH
OO

OH

NAc
OHO

OH

HO

NAc

H

O

OH

O

OH
O

O

OHHOn m

N
O

OHA NHS

O
+ H2N

SH

O

O O

S
NH2

O O

N
H

SH

O

Oxo-ester mediated native chemical ligation: mechanism

N

O

O

N

O

O
HO

2 C pHMGCL pHMGCL-NHS

HO
O

O

O

O

O
OH

O

O
N

O

O

O

O
HO

O
O

O

OH

O
OH

O

n m

n m

Figure 6.1. Overview of chemical structures of polymers used in this study and chemical 
cross-linking mechanism (oxo-ester mediated native chemical ligation).



  6

3D-printing of Reinforced OMNCL Hydrogels

157

Therefore, hydrogel concentrations of 7.5 wt% PNC mixed with 3.8 wt% PEG-NHS 
(total polymer conc. 11.3 wt%) or 7.5 wt% PNC mixed with 1.6 wt% HA-NHS (total 
polymer conc. 9.1 wt%), both corresponding to a 1:1 functional group ratio, were 
chosen for creating structures with both good shape fidelity as well as maintaining 
filament extrusion. These concentrations were significantly lower than the 
concentrations needed for 3D-printing of similar thermosensitive hydrogels without 
partial pre-cross-linking (≥25 wt%).14,16 Furthermore, pre-crosslinking times were 
significantly shorter than previously reported for partially cross-linked hydrogels 
when extrusion was performed after 2 hours, as a result of the effcient chemical  
cross-linking using oxo-ester mediated native chemical ligation.24

An anatomically relevant model of a femoral condyle was created and printed using 
PNC-PEG hydrogel formulations (Figure 6.2). Three dimensional structures were 
created by depositing multiple layers while retaining the shape of the hydrogel (Figure 
6.2C and D).  The 3D-printed PNC-PEG hydrogels exhibited an average porosity 
of 47.9 ± 2.3 %. Creating porous networks is extremely important for facilitating 
nutrient diffusion, tissue contact and tissue ingrowth.15,40 The shape maintaining 
properties of these hydrogel filaments were further illustrated by the creation of 
a hollow cone model (Figure 6.2E). Filaments were deposited onto constructs with 
an angle of approximately 45°, thereby creating overhang geometries without the 
necessity of an external support material. Furthermore, porous grid-like constructs 
of PNC-HA hydrogels were created (Figure 6.2G and H), showing the possibility to 
create specific internal gaps that can enhance the diffusion of nutrients through the 
construct. 

Figure 6.2. A) Schematic display of femoral condyles, adapted from the American Heritage 
Dictionary.41 B) CAD model of femoral condyle. C) and D) 3D-printing of PNC-PEG NHS 
hydrogels in a condyle shape. E) Hollow cone shape, showing the possibility to create 
overhangs without support. F) CAD model of hollow cone. G) and H) 3D-printing of PNC-
HA NHS hydrogels in porous grid shapes.
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Overall, there were no clear differences in the possibility to extrude PNC-PEG and 
PNC-HA hydrogels. However, as a result of the fast cross-linking kinetics of PNC-HA 
hydrogels it was important to quickly transfer the solutions to the syringe, while still 
ensuring homogeneous mixing of the two components and avoiding the presence of 
air bubbles in the mixture, since this hampers the extrusion of continuous, cohesive 
filaments.
Interestingly, the 3D-printing window, defined as the time frame when it was 
possible to print the polymer solutions, was not as narrow as previously described 
for partially cross-linked two-component materials.1,24 Even after two hours of pre-
crosslinking in the syringe, the hydrogels could still be extruded and deposited with 
the same shape fidelity. Extrusion was possible by increasing the pressure from 3 
to 4 bar over time, and continuous extrusion was achieved for the fabrication of a 
construct of approximately 20 cm3 during 1 hour. Alternatively, these hydrogels may 
be attractive for printing with a dual extrusion nozzle. The use of a dual syringe 
printing head can eliminate the change in viscosity during 3D-printing, since the 
two components will only be mixed shortly prior to deposition. However, besides the 
diffculties to allow proper mixing, very fast gelation needs to be ensured to allow  
the formation of constructs with high shape fidelity. Therefore, this approach may 
be less feasible for 3D-printing of hydrogels with a relatively low polymer content.

The mechanical and flow properties of the gels were evaluated by rheology 
experiments, since control over flow properties is one of the major characteristics for 
successful translation into a 3D-printed construct.1 In our strategy, four relevant steps 
of 3D-printing were identified. In the first step, the hydrogels are left in the syringe 
at room temperature, allowing them to partially cross-link. This step was imitated 
during rheology experiments by using limited oscillation of 1% strain and 1 Hz 
frequency at 20 °C and analyzing the evaluation of storage and loss moduli (G’ and 
G”) in time. In the second step, the hydrogel is extruded through the nozzle, which 
was characterized as a shear rate ramp. In the third and fourth step, the partially 
cross-linked hydrogel is deposited on a 37 °C plate and subsequently allowed to 
further harden in time. This last part was imitated by increasing the temperature 
during rheology measurements to 37 °C and again applying minimal oscillation. As 
depicted in Figure 6.3A and B, G’ and G” were measured for 30 minutes at 20 °C, 
followed by 3 hours at 37 °C. At room temperature, the PNC-PEG aqueous systems 
showed an increase in G’ resulting in a higher value of G’ compared to G” after 
10 minutes (SI-Figure 6.1), thereby going from fluid-like (viscous) to viscoelastic 
behavior. In contrast, the PNC-HA mixtures already showed this transition 
immediately upon starting the rheological measurement. The more rapid gelation 
of PNC-HA can be ascribed to the higher amount of NHS functionalities per HA 
chain in comparison to PEG and is in line with previous work.34 To explain, with a 
DS of 38% and a molecular weight of 33 kDa, HA had on average 32 NHS moieties 
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per chain, compared to only 7.4 NHS moieties on PEG. After 30 minutes of cross-
linking PNC-PEG reached a storage modulus of 0.7 kPa, while PNC-HA reached a 
G’ of 2.1 kPa.
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Figure 6.3. Rheological and flow characteristics of hydrogels imitating the hydrogel plotting 
process. A) PNC-PEG 7.5-3.8 wt%, 30 min pre-crosslinking at 20 °C, 3 h measuring at 37 °C. 
B) PNC-HA 7.5-1.6 wt%, 30 min 20 °C, 3 h 37 °C. C) PNC-PEG and PNC-HA shear rate flow 
sweep, applied after 30 min at 20 ºC. D) Four oscillation strain ramps on PNC-PEG 7.5-3.8 wt% 
after 30 min at 20 ºC to test hydrogel recovery. Strain rate was increased logarithmically from 
0.001 to 1000 s-1 during 3 minutes.

Subsequently, the temperature was increased to 37 °C, mimicking the temperature 
change during deposition on a heated plate. The storage moduli increased 
immediately to 1.2 kPa and 3.3 kPa for PNC-PEG and PNC-HA, respectively, as a 
result of the thermoresponsive properties of the polymers. The ~1.6 fold increase in 
G’ resulted in an immediate extra stabilization of the hydrogel network. Rheology 
measurements also showed a more rapid increase in G’ after raising the temperature 
likely as a result of the increased kinetics of the OMNCL reaction at 37 °C. After 
an additional 3 hours of network formation, both formulations reached a storage 
modulus of approximately 9 kPa. A similar storage modulus for both formulations 
was expected based on a comparable polymer concentration in both hydrogel 
formulations and an equal functional group content. Furthermore, the flow 
properties of the hydrogels as experienced during the actual extrusion through the 
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nozzle were studied by rheology. After increasing the shear rate (Figure 6.3C), a 
decrease in viscosity was observed, similar to the shear-thinning or pseudoplastic 
behavior that is often encountered for polymeric solutions.42 Importantly, as depicted 
in Figure 6.3D, the process of increasing and decreasing strain that was applied on 
the hydrogel could be repeated several times, thereby proving that the hydrogel 
structure remained intact and recovered rapidly. At each step, the storage modulus 
and viscosity at low shear increased compared to the previous step, showing that the 
cross-linking continued in time. Based on the used needle diameter (d) of 0.25 mm 
and a printing velocity ( ) of 5 mm/s, the estimated shear rate ( ) in the needle was 
calculated using the equation:

  (6.3)

 which corresponded to 160 s-1.35 Here, we assumed that the printing velocity matches 
the velocity in the needle. At this shear rate, the partially cross-linked hydrogels had 
a low viscosity of 5.4 Pa•s for PNC-PEG and 2.5 Pa•s for PNC-HA (Figure 6.3C). 
Additionally, the hydrogels showed a sudden collapse in viscosity at a strain rate 
of approximately 12 s-1 (SI-Figure 6.3C). These viscosity profiles confirm that with 
our 3D-printing approach the hydrogels were moldable, thereby making it possible 
for the gels to be extruded through a small needle. It must be noted that during 
extrusion, shear forces exerted on the hydrogel are maximal near the wall instead of 
homogenously as during the rheology experiments, hence minimally influencing the 
hydrogel structure in the middle of the nozzle. Rutz et al.24 previously suggested that 
extrusion of partially cross-linked hydrogels was likely facilitated by the localized 
rupture of the gel at the wall of the nozzle, thereby facilitating the extrusion of 
continuous cohesive filaments.

6.3.3 Reinforced hydrogel-thermoplastic constructs
To increase the mechanical strength of the 3D-printed hydrogels, multi-material 
constructs were formed by combining the hydrogel with a thermoplastic polyester. To 
this end, an NHS-functionalized thermoplastic polymer, abbreviated as pHMGCL-
NHS was successfully synthesized and characterized to enable the formation of 
covalent grafting with the hydrogel, thereby allowing optimal material integration. 
The thermoplastic polymer pHMGCL contained 8% HMG groups, defined as the 
molar ratio HMG/CL. The OH groups of HMG were fully functionalized with NHS 
groups in a two-step reaction. Successful functionalization is shown by 1H NMR 
spectroscopy (Figure 6.4). The polymers are abbreviated as pHMGCL and pHMGCL-
NHS for the polymers with and without NHS functionalities respectively, and the 
polymer characteristics are listed in Table 6.1.
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Figure 6.4. Chemical structure and 1H NMR of NHS-functionalized thermoplastic pHMGCL-
NHS in CDCl3. Ratio NHS/CL=8/92.

Table 6.1. pHMGCL and pHMGCL-NHS characteristics. 

Ratio 
HMG/CL

Ratio 
NHS/CL

Tm 
(°C)

Tg 
(°C)

ΔHf 
(J/g)

Mn 
(kDa)

Mw 
(kDa)

PDI

pHMGCL 8/92 - 49 -47 65 16.3 22.4 1.4

pHMGCL-NHS - 8/92 50 -38 53 17.9 23.0 1.3

Analysis of the number average molecular weight (Mn) by GPC showed a slight 
increase from 16.3 to 17.9 kDa after functionalization with NHS groups, indicating 
that neither premature cross-linking nor chain scission had occurred during the 
synthesis. Additionally, the thermal properties of the obtained polymers were 
evaluated with DSC. Both pHMGCL and pHMGCL-NHS displayed semi-crystalline 
thermoplastic behavior with a low Tg of -47 and -38 °C respectively and a melting 
temperature (Tm) around 50 °C. The increase in Tg after NHS functionalization was 
ascribed to the lower mobility of the polymer chains as a result of the bulky NHS 
groups. 
Reinforced thermoplast-hydrogel constructs were fabricated as depicted in Figure 
6.5 from a cylindrical porous scaffold. Pores filled with hydrogel were created with a 
size of 1.1 ± 0.4 mm, which is in good agreement with the 1.5 mm strand spacing of the 
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designed model. The Young’s modulus increased from 17 ± 1 kPa for only hydrogel 
based constructs to 645 ± 12 kPa for reinforced hydrogels, a 38 fold increase (Figure 
6.5C). Importantly, the mechanical strength of the reinforced construct was similar 
to the thermoplastic construct alone (814 ± 75 kPa), thereby primarily dependent on 
the thermoplastic properties. Therefore, it is expected that the mechanical strength of 
the reinforced constructs can be further tailored by altering the construct geometries, 
such as fiber distance and fiber diameter.45
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Figure 6.5. Reinforced thermoplast-hydrogel constructs. A) pHMGCL-NHS 3D-printed 
network. B) pHMGCL-NHS – PNC-PEGNHS thermoplast-hydrogel construct. C) Young’s 
modulus as measured by DMA of PNC-PEG NHS hydrogel and reinforced thermoplast-
hydrogel constructs.

To get insight whether the hydrogel is indeed covalently grafted to the thermoplastic 
support material, the functional group ratio of NHS:cysteine at the thermoplast-
hydrogel interface was calculated. To this end, the amount of functional groups per 
volume was calculated where we assumed that all functional groups were equally 
distributed over the materials (i.e. same density of functional groups at interface and 
bulk). The amount of functional groups per volume present on the thermoplastic 
polymer was estimated using the mass percentage of functional groups in the 
thermoplastic polymer and the density of the polymer. This was compared to 
the number of available cysteine groups, using the polymer concentration in the 
hydrogel. On average, the thermoplastic polymer pHMGCL-NHS has 22 times more 
functional groups per volume (and thus also at the interface) compared to the number 
of cysteine moieties in the used hydrogel. Therefore, it can be expected that there are 
plenty NHS groups on the thermoplastic polymer available for cross-linking with 
the cysteine moieties in the hydrogel. This material integration was tested in a creep-
recovery experiment by applying friction at the material interface (Figure 6.6). For 
this, a cysteine:NHS functional group ratio of 2:1 was used in the hydrogel to ensure 
that remaining cysteines were available for cross-linking with the thermoplastic. 
In a creep-recovery experiment, a stepwise increased torque force, followed by a 
1-minute recovery, was applied on top of the thermoplastic. The moment that the 
thermoplastic was disintegrated from the hydrogel was characterized by high strain 
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values and a lack of strain recovery. The corresponding torque force was assigned as 
the point of construct failure. As shown in figure 6.6C, PNC-PEG hydrogels combined 
with pHMGCL-NHS exhibited a significantly 1.6 fold higher resistance against 
rotational friction compared to hydrogels combined with the thermoplastic without 
NHS groups (pHMGCL). Therefore, it can be concluded that the functional NHS 
groups in the thermoplastic contributed to a higher material integration, similarly 
to what has been found previously for photopolymerized constructs.33 Although the 
measurements were already performed after 3 hours to limit water evaporation, it 
is expected that this integration will further increase in time, since it was previously 
shown that the chemical cross-linking was not completed after 3 hours.22
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Figure 6.6. Evaluation of hydrogel-thermoplastic integration in creep-recovery tests. A) 
schematic display of experimental set-up. B) Representative rheology measurement of 
creep-recovery between thermoplastic and PNC-PEG hydrogel. C) Torque at failure for PEG-
pHMGCL and PEG-pHMGCL-NHS constructs (n=3). P<0.05 was considered as significantly 
different.

Chondrocytes were embedded in the reinforced thermoplast-hydrogel construct 
to investigate the cytocompatibility of the cells in the hydrogel. Since the polymer 
solutions had a low viscosity prior to mixing of the two components, chondrocytes 
were easily and homogeneously mixed with the PNC solution and then added to 
the PEG or HA solution. Cell viability was analyzed after 1.5 hours for a reinforced 
pHMGCL-NHS network covalently grafted to a hydrogel containing PNC-PEG or 
PNC-HA (Figure 6.7A and B) to analyze the effect of initial cross-linking on cell 
viability. Since there were no clear differences in chondrocyte cell viability in the 
hydrogels after 4 hours or 7 days of culture (SI-Figure 6.2), an early time point of 1.5 
h was used to analyze the differences in cell viability between PNC-PEG and PNC-
HA reinforced constructs. The reinforcing thermoplastic fibers are shown in white, 
with hydrogel containing chondrocytes homogeneously distributed in the pores. 
Cell viability was significantly higher for the constructs containing hyaluronic acid 
(90 ± 9 %) compared to constructs containing PEG (43 ± 23 %), as was expected since 
PEG is a biologically inert material and lacks adhesion sites. Several studies have 
shown the potential of hyaluronic acid to induce matrix formation by embedded 
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cells, thereby making it an attractive biomaterial.46-49 The same viability results were 
obtained for the hydrogels as such, proving that the thermoplastic network did not 
adversely affect the viability of the entrapped cells.
The cell distribution was analyzed by histology using a hematoxylin and eosin (H&E) 
staining. Cells were homogeneously distributed in the PNC-PEG hydrogel (Figure 
6.7C and D). Importantly, histological analysis showed that cells were also located 
near the thermoplastic fibers, thereby showing no deleterious effects on the presence 
of the thermoplastic polymer strands, in line with previous studies.33 Similar results 
of cell distribution were obtained for the PNC-HA reinforced constructs (data not 
shown). Taken together, these results showed that chondrocytes can be easily and 
homogeneously incorporated in the reinforced constructs and showed a favorable 
cell viability in the constructs containing hyaluronic acid.

Figure 6.7. Chondrocyte-laden hydrogels reinforced with thermoplastic pHMGCL-NHS 
network. A) Representative live (green) and dead (red) staining of reinforced PNC-PEG 
hydrogels and B) reinforced PNC-HA hydrogels. The thermoplastic network is shown in 
white, with the chondrocyte-laden hydrogels in the pores. C) and D) Hematoxylin and eosin 
staining of PNC-PEG hydrogels showing homogeneous cell distribution near reinforced 
thermoplastic network.
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6.4 Conclusion

This study describes the development of a novel bioink from a partially cross-linked, 
yet extrudable and self-supporting hydrogel. The hydrogels were chemically cross-
linked by oxo-ester mediated native chemical ligation and physically cross-linked 
after deposition on a 37 °C printing plate as a result of their thermoresponsive 
properties. Further, mechanical strength was greatly enhanced after covalent grafting 
to a thermoplastic polymer scaffold. The bioinks described in this study provide 
new possibilities for biofabrication, given its versatility in mechanical properties, 
high construct integrity and controllable 3D-printing as supported by rheology.
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SI-Figure 6.2. Live Dead chondrocyte viability of PNC-PEG (7.5-3.8 wt%) after A) 4 hours 
and B) 7 days. Chondrocyte viability of PNC-HA (7.5-1.6 wt%) after C) 4 hours and D) 7 
days.
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7.1 Summary 

The research described in this thesis was part of the Netherlands Institute of 
Regenerative Medicine (NIRM) program. NIRM aims to make fundamental 
contributions to new strategies for regenerative medicine by using novel genetic, 
stem cell and biomaterial approaches including hydrogel materials.1 The progress 
in hydrogel development over the past decades has contributed to the transition 
of hydrogels from simple water absorbing materials to multifunctional platforms 
for a range of biomedical applications. Nevertheless, some shortcomings in the 
hydrogel properties remain, limiting widespread translation to the clinic. This thesis 
aimed to address some limitations of hydrogels in the design of new hydrogel-based 
biomaterials. Hydrogel formation under physiological conditions in the presence of 
living cells or bioactive compounds requires suitable polymer cross-linking strategies. 
Furthermore, control over the hydrogel properties, such as mechanical strength and 
degradation behavior is necessary to obtain reproducible and tunable biomaterials 
towards specific needs. Lastly, hydrogels are soft materials and therefore do not 
fulfill the mechanical requirements for some regenerative medicine applications. 
The work described in this thesis focuses on the development of the next generation 
of hydrogel biomaterials taking into account the above mentioned issues.  

In Chapter 1, the main applications of hydrogels in the biomedical field, i.e. for the 
sustained delivery of drugs and facilitating regeneration of tissues are discussed. 
Furthermore, a variety of polymers that can form the hydrogel building blocks 
are categorized based on their source (natural or synthetic) and their cross-linking 
mechanism. Particular attention is given to thermoresponsive self-assembly, 
photopolymerization and chemoselective reactions as promising cross-linking 
strategies that are employed in this thesis. Finally, advanced methods to obtain 
hydrogels by injection or 3D-printing are described. While injectable hydrogels offer 
a minimally invasive administration route of formulations to a patient, 3D-printing 
enables the formation of complex constructs through a layer-by-layer hydrogel 
deposition.

Chapter 2 reviews the hydrogel developments over the past 50 years, starting from 
the landmark paper of Wichterle and Lim that described the fabrication of soft 
contact lenses from 2-hydroxyethyl methacrylate (HEMA) polymeric networks.2 
Initially, hydrogels were formed from water soluble monomers or simple hydrophilic 
synthetic polymers such as poly(vinyl alcohol) (PVA) and poly(ethylene glycol) (PEG) 
or semi-synthetic hydrogels based on cellulose derivatives. Subsequently, stimuli-
sensitive hydrogels that respond to external triggers were developed, which offered 
new opportunities in hydrogel administration as in situ forming formulations. 
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Particularly interesting were the developments in temperature-sensitive hydrogels, 
such as PEG-polyester block copolymers and poly(N-isopropylacrylamide) 
(pNIPAAm). In the decennia following these discoveries, more complex systems 
e.g. stereocomplexed hydrogels, cyclodextrin- and peptide-based hydrogels were 
designed. New insights resulted in the formation of hydrogels that consisted of 
covalent cross-links between the polymeric building blocks with complementary 
functional groups. Novel chemistries such as copper free click chemistry and native 
chemical ligation allowed hydrogel formation under physiological conditions 
without the use of toxic reagents or catalysts.3,4 A special class consisted of dual 
responsive hydrogels that are both cross-linked by temperature-induced physical 
interactions and covalent bonds. These formulations are attractive as injectable 
systems because of their rapid thermogelation and subsequent stabilization through 
covalent cross-linking of polymers. Alternatively, composite hydrogels were 
introduced that contained for example ceramic or degradable polymeric particles, 
carbon nanotubes or thermoplastic fibers to enhance their mechanical strength or to 
tune drug release. The development of even more complex systems is expected in 
the future. However, limiting the material complexity to facilitate clinical translation 
and commercialization should be taken into consideration.

In Chapter 3, the development of a novel hydrogel is described that was formed 
by a dual gelation mechanism.5 A cysteine-functionalized thermoresponsive 
triblock copolymer was synthesized from the novel monomer N-(2-hydroxypropyl)
methacrylamide-cysteine (HPMA-Cys) and N-isopropylacrylamide (NIPAAm). This 
polymer consisted of a poly(ethylene glycol) (PEG) mid block, flanked by random 
blocks of HPMA-Cys and NIPAAm monomers. When this polymer was mixed 
with thioester-functionalized cross-linkers based on either PEG or hyaluronic acid 
(HA), cysteine and thioester moieties reacted under physiological conditions (pH 
7.4, 37°C), yielding a native peptide bond. Quick network formation at 37 °C was 
ensured through temperature-induced physical gelation, while covalent bonds that 
stabilized the hydrogel structure were formed by native chemical ligation (NCL). 
To demonstrate the versatility of this hydrogel, a collagen mimicking peptide was 
covalently ligated to the hydrogel building block by NCL, as was proven by Nuclear 
Magnetic Resonance (NMR) spectroscopy and Gel Permeation Chromatography 
(GPC).

Based on the results obtained in this chapter and new literature findings, the 
characteristics of these hydrogels were further investigated and these hydrogels 
were further developed. In Chapter 4, thermoresponsive hydrogels cross-linked by 
NCL were compared with a recently described variation termed oxo-ester mediated 
native chemical ligation (OMNCL). While NCL involves a reaction between cysteine 
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and a thioester, in OMNCL cysteine reacts with an activated oxo-ester, such as 
N-hydroxysuccinimide (NHS), which was used in this study. Therefore, cross-linkers 
were synthesized based on linear or 8-arm poly(ethylene glycol) with thioester or NHS 
functionalities that could react with the previously described cysteine functionalized 
thermoresponsive polymer. Gelation kinetics, mechanical strength, chondrocyte 
cytocompatibility and release of the model protein lysozyme were investigated. 
Rheological measurements revealed that hydrogels using OMNCL chemistry were 
formed more rapidly and showed a higher mechanical strength. Also, using 8-arm 
PEG instead of linear PEG cross-linkers resulted in a 5-fold increase in mechanical 
strength of the hydrogels. Stiffness of these OMNCL covalently cross-linked hydrogels 
was more than 100 times higher than those containing only thermal physical cross-
links. Additionally, endothelial cell viability was significantly higher for hydrogels 
obtained by OMNCL cross-linking. Incubation of lysozyme with the individual 
hydrogel components showed ligation of lysozyme to the NHS-functionalized PEG 
building block. However, when this protein was loaded in the hydrogel network 
during its formation it was released for more than 90%. This result showed that the 
cross-linking reaction was indeed rather chemoselective. Furthermore, the tunability 
of degradation rates of these hydrogels was investigated. To this end, the monomer 
dimethyl-γ-butyrolactone (DBA), that contained a hydrolysable lactone ring, was 
incorporated in the thermoresponsive polymer. Hydrolysis resulted in an increased 
lower critical solution temperature (LCST) over time and increased water uptake in 
the hydrogels. By varying the DBA content in the thermoresponsive building block, 
degradation rates were tailored from 12 days up to 6 months.

Although it was possible to tune the hydrogel stiffness to some extent, hydrogels in 
general remain mechanically weak materials, which could potentially hamper an 
application in load-bearing tissues. To increase the mechanical strength, hydrogels 
can be supported with a thermoplastic polymer material. In Chapter 5, the fabrication 
of a 3D-printed construct consisting of alternating layers of thermoplastic material 
and hydrogel was investigated, with the goal to covalently graft the thermoplastic 
material and hydrogel layers to obtain a mechanically integrated construct.6 Gelatin 
was studied as a model hydrogel since it has been frequently demonstrated to 
have high potential for cartilage regeneration.7,8 Poly(hydroxymethylglycolide-
co-ε-caprolactone) (pHMGCL), a hydroxyl derivatized poly-ε-caprolactone, was 
chosen as thermoplastic polymer because this polymer was reported with favorable 
biodegradation and cell attachment compared to the commercially available poly-ε-
caprolactone (PCL).9,10 Hydroxyl moieties of this thermoplastic polyester were partially 
converted into methacryl groups, yielding a novel methacrylate functionalized PCL. 
Also gelatin was functionalized with methacrylate groups, thereby enabling the 
formation of covalent bonds in the materials through photopolymerization using 
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UV irradiation. The potential of grafting the hydrogel and thermoplastic material at 
the material interface was assessed by mechanical tests. The grafting at the hydrogel-
thermoplastic interface resulted in at least 5-fold higher mechanical resistance after 
applied shear forces. Furthermore, this thermoplastic polymer was 3D-printed in 
an anatomically relevant model of a condyle shape of which the pores were infused 
with a methacrylated gelatin hydrogel. To study the potential of the obtained 
hydrogel-thermoplastic constructs for cartilage regeneration, chondrocytes were 
embedded in the gelatin hydrogel and differentiation was assessed. Extracellular 
matrix formation specific for cartilage tissue was shown in vitro by considerable 
glycosaminoglycan and collagen type II production. Similar results were obtained 
in vivo when the constructs were subcutaneously implanted in rats, showing the 
potential of these constructs in regenerative medicine.

The 3D-printing of hydrogel-based materials was further investigated in Chapter 
6 using the developed two component hydrogels of Chapter 4. Based on the rapid 
gel formation and rheological and cytocompatibility characteristics, the OMNCL 
cross-linked hydrogel was selected as component of 3D-printed construct. NHS-
functionalized cross-linkers were developed from 8-arm PEG and hyaluronic acid. 
These polymer solutions were partially cross-linked before plotting to ensure a high 
shape fidelity of the construct. In this way, relatively low polymer concentrations 
of approximately 10 wt% were used and the resulting gels were deposited without 
collapse of the construct. Rheological assessment of the polymer solutions and 
hydrogels confirmed the expected flow properties as was achieved during 3D-printing 
and showed a quick recovery of the hydrogels after applied shear forces. Encouraged 
by the results obtained in Chapter 5, the reinforcement of these hydrogels with a newly 
developed thermoplastic polymer was investigated. This thermoplastic polymer 
was synthesized from poly(hydroxymethylglycolide-co-ε-caprolactone) in which 
N-hydroxysuccinimide moieties were coupled to the hydroxyl groups. Reinforced 
constructs that contained covalent bonds between the hydrogel and thermoplastic 
material again showed a higher mechanical integrity after application of shear and 
consequently improved interface-binding strength compared to constructs without 
covalent bonds between the hydrogel and thermoplastic material. Chondrocytes 
were encapsulated in the reinforced constructs and showed a good viability in the 
constructs that contained hyaluronic acid, underlining its potential in biomedical 
applications.
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7.2 Perspectives

This thesis describes novel promising hydrogel systems for use as biomaterials. 
Nevertheless, further optimizations and research is necessary to take the next steps 
for their clinical translation. Optimizations can be categorized in further design of the 
polymers, investigations into the biomedical applications and further improvements 
in biofabrication technologies.

7.2.1 Polymer design
Photopolymerization is a highly effcient cross-linking method, but it requires
additional equipment and the use of UV light that can potentially be harmful for 
cells.11,12 In this thesis, promising alternatives for UV-induced polymer cross-linking 
were proposed with the introduction of chemoselective conjugations via native 
chemical ligation (NCL) and oxo-ester mediated native chemical ligation (OMNCL).
A side reaction that cysteine-functionalized polymers can undergo is disulfide 
bond formation between thiol moieties. Chapter 3 demonstrated that this reaction 
occurs with much slower kinetics than NCL and OMNCL as proven by rheology 
experiments.5 This finding is in agreement with the studies of Messersmith et al. who 
investigated the kinetics of both reactions with NMR.13 Nevertheless, after cross-
linking thiol moieties remain present in the network that could form additional 
cross-links. It has been suggested by the group of Messersmith that these additional 
cross-links further stabilize the hydrogel structure and prevent swelling of the 
hydrogel, so disulfide formation as such is not necessarily unfavorable.13 Controlling 
the reaction kinetics is however important to determine the final product. Additional 
research into the quantification of the NCL and OMNCL conversion in time and the 
extent and kinetics of disulfide formation can give more insight into the hydrogel 
formation, hence obtaining a better control in the eventual hydrogel properties. 
Kinetics of NCL and OMNCL reaction can for example be adjusted by incorporation 
of different amino acids preceding the cysteine moiety.4 

One important concern of the native chemical ligation reaction that remains is the 
formation of a byproduct. As described in Chapter 5, using oxo-ester mediated 
native chemical ligation is a good alternative, since no toxic thiol byproducts are 
released after cross-linking. However, an alcohol byproduct remains, in this case 
N-hydroxysuccinimide. Additionally, oxo-esters are susceptible for hydrolysis, 
which would result in a decrease in pH due to the formation of carboxylic acid 
residues. A promising alternative approach was suggested by Messsersmith et al. 
with the introduction of a cyclic thioester precursor.14 When an N-terminal cysteine 
reacts with this cyclic thioester, it causes a ring opening and after the N-to-S acyl 
shift the thiol remains attached to the polymer (Figure 7.1). They reported successful 
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hydrogel formation using a 5-membered ring (thiolactone). We applied this method 
to introduce thiolactone functionalities in our hydrogel building blocks. However, 
substantial hydrolysis of this cyclic thioester occurred before reaction with cysteine 
took place, most likely as a result of the ring strain. In a preliminary study, we 
investigated the use of a 6-membered cyclic thioester. Although PEG cross-linkers 
functionalized with this cyclic thioester were readily synthesized and these thioesters 
were much less susceptible for hydrolysis, a reaction with cysteine did not occur under 
physiological conditions. An explanation for this lack of reactivity is most likely the 
high stability of the 6-membered ring. A 7-membered ring is expected to be a better 
choice, also based on the successes that are booked in e.g. caprolactone ring opening 
polymerizations.15,16 However, a drawback here is the multiple step and complicated 
synthesis of this precursor, thereby limiting potential commercialization.
Since the majority of the monomers used for the synthesis of the hydrogel building 
blocks in this study is commercially available, scaling up of the polymers will 
be feasible. Nevertheless, optimizations need to be investigated to enable good 
manufacturing practice (GMP) production of the developed monomers and 
polymers.
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Figure 7.1. Native chemical ligation (NCL) reaction scheme utilizing A) a linear thioester and 
B) a cyclic thioester.

7.2.2 Biomedical applications
The studies described in this thesis mainly focused on the polymer design, 
characterization and scaffold fabrication. However, great progress can still be made 
in further developing these hydrogels for successful biomedical applications. As 
shown in this thesis, especially the combination of natural polymer based materials 
and synthetic materials formed promising constructs for regenerative medicine. This 
can be explained by the inherent interactions of natural polymer based materials 
with cells. In the studies described in this thesis, preliminary studies towards the 
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regeneration of cartilage tissues were performed. Extensive differentiation studies 
towards new tissue formation both in vitro and in vivo need to be carried out to 
further evaluate the potential of the studied materials for regenerative medicine. 
Potential adverse effects of the hydrogels after injection or implantation need to be 
investigated in vivo as well as their degradation times in vivo, which may not necessarily 
match degradation rates found in vitro. Herein, optimizations can be considered 
such as polymer composition, polymer concentration, glycosaminoglycan content 
and peptide grafting. Future research may investigate additional combinations of 
synthetic and natural polymers as a continuation of the results described in this 
thesis. Functional peptides can be grafted to the NHS functionalized thermoplastic 
polymer, which can be easily accomplished using peptides containing an N-terminal 
cysteine. Furthermore, gelatin may be incorporated in the OMNCL cross-linked 
hydrogels through NHS or cysteine functionalization of the lysine moieties of 
gelatin. Other possible applications of these hydrogels may be as in vitro screening 
models,17 which would particularly be interesting for 3D-printed constructs since 
they can resemble human tissues to a higher extent. This covers for example the 
possibility to screen for drug toxicity or model diseased tissues.

7.2.3 Technological perspectives
With the emerging progress in additive manufacturing technologies, we are on the 
footstep of an exciting era where tremendous new possibilities are opened for the 
fabrication of complex constructs. Although 3D-printing by filament deposition 
yields large and stable constructs, it does not achieve the resolution of for example 
electrospinning or stereolithography. Electrospinning uses electrostatic forces that 
allow the production of nanostructured scaffolds. A drawback of electrospinning 
is however the low control over the spatial deposition of the fibers.18 A recently 
introduced variation termed ‘direct write electrospinning’ provides a promising 
approach of controlling the spatial deposition and organization of thin fibers.19 
Combination of this electrospinning method with a gelatin hydrogel showed 
successful reinforced constructs that closely approached the mechanical properties 
of natural tissues.20 It is expected that the mechanical properties can be even further 
improved when the hydrogel is covalently grafted to the thermoplastic electrospun 
fibers, similarly to what was demonstrated in Chapters 5 and 6 of this thesis. 
However, currently the success of melt write electrospinning is limited to some 
thermoplastic materials and therefore improvements in electrospinning equipment 
and further developments of other materials are necessary before employing this 
strategy. Alternatively, 3D-printing can also be combined with electrospinning.21 
Herein, alternating layers of organized microfibers and nanofiber webs are deposited 
from melt deposition and electrospinning printing heads. Park et al. demonstrated 
an improved cell adhesion and proliferation as a result of these inserted nanofiber 
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matrices.22 Additionally, Xu et al. reported enhanced mechanical properties of the 
resulting constructs through combination of hydrogel printing and electrospinning.23 
Another interesting strategy uses coaxial printing heads for the extrusion of hollow 
or multi-material filaments. Cornock et al. reported the fabrication of hollow multi-
layered co-fibers consisting of alginate and poly-ε-caprolactone by coaxial melt 
extrusion.24 Hollow printed fibers were subsequently infused with hydrogel or cells. 
In this way, microchannels can be fabricated that form vascular-like structures.25 
This new method may be implemented using the materials reported in this thesis. 
In this way, hollow fibers of thermoplastic material infused with hydrogel can be 
created that have a covalently linked material interface. Scaffolds based on the 
thermoplastic polyester used in our studies were previously fabricated using coaxial 
electrospinning,26 therefore the aforementioned strategies are likely feasible for 
creating multi-material constructs with the materials as described in this thesis.
Additionally, further investigations are necessary for the 3D-printing of two 
component hydrogels. These hydrogels form attractive biomaterials for bioprinting, 
given the tailorable mechanical properties, mild reaction conditions and stabilization 
of the structure without the requirement of post treatment. However fabrication of 
large-sized constructs by means of 3D-printing remains challenging. As an alternative 
strategy to partial pre-crosslinking, 3D-printing of two component hydrogels can 
potentially be achieved using a dual syringe consisting of two reservoirs that are 
combined towards a static mixer before the nozzle.27 Hereby, the viscosity of the 
precursor solutions will not be altered during printing and shear forces to which 
the cells are exposed are lower compared to pre-crosslinked hydrogels as used in 
Chapter 6 in this thesis. Yet, this strategy has the disadvantage that it requires very 
rapid cross-linking kinetics since the solution viscosity should quickly increase 
after extrusion to allow fabrication of constructs with high shape fidelity. The 
PNC – HA-NHS hydrogel described in Chapter 6 may be a good candidate for 
this approach since cross-linking occurred rapidly for this hydrogel formulation. 
However, thorough developments in this printing setup are needed that ensure 
good mixing of the precursors without blocking the nozzle, while at the same time 
creating constructs with high shape fidelity. This can be especially challenging when 
using two solutions that differ substantially in viscosity. Therefore, selection of 
appropriate hydrogel building blocks may be more crucial in this approach than for 
pre-crosslinked hydrogels.
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7.3 Conclusions

In conclusion, this thesis describes the development of novel dual cross-linked 
hydrogels by temperature-induced physical cross-linking and chemoselective 
ligation. The formation of mechanically strong hybrid 3D-printed constructs was 
demonstrated that consisted of covalently grafted hydrogel and thermoplastic 
layers. These hydrogel-based materials have favorable and tunable characteristics 
as injectable and 3D-printable systems for further investigations in biomedical 
applications. Besides tissue engineering applications, the developed hydrogels are 
expected to be also attractive candidates as injectable depots for sustained drug 
release or as in vitro screening models. Further optimizations and development of 
these polymers can underscore the encouraging features of these new biomaterials.
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Samenvatting

Het onderzoek beschreven in dit proefschrift focust zich op de ontwikkeling van  
nieuwe hydrogelen voor biomedische toepassingen. Hydrogelen bestaan 
uit gecrosslinkte en hydrofiele polymeernetwerken die daardoor veel water 
kunnen absorberen en worden onder andere gebruikt in contactlenzen en 
medische implantaten. Doordat hydrogelen veel water bevatten vertonen ze veel 
overeenkomsten met het menselijk weefsel en zijn hierdoor aantrekkelijke materialen 
voor onder andere de lokale afgifte van farmaca en herstel van beschadigd 
weefsel. Weefselherstel is met name cruciaal in weefsels die geen of weinig eigen 
bloeddoorstroming hebben, zoals (hyalien) kraakbeen. Voor deze toepassing kan een 
hydrogel beladen worden met cellen en/of groeifactoren om de regeneratie van het 
weefsel te bevorderen. De algemene eigenschappen van hydrogelen zijn beschreven 
in Hoofdstuk 1. Hydrogelen zijn opgebouwd uit hydrofiele polymeernetwerken 
die vernet zijn door ofwel fysische (niet-covalente) of chemische (covalente) 
bindingen. Een speciale klasse van fysische bindingen wordt gevormd als gevolg 
van een externe verandering, zoals door de verhoging van de temperatuur wat 
ook wel thermosensitief gedrag wordt genoemd. Wanneer gebruik gemaakt wordt 
van thermosensitieve polymeren in combinatie met chemische bindingen kunnen 
aantrekkelijke injecteerbare formuleringen gemaakt worden. Na injectie zorgen de 
thermosensitieve eigenschappen tot snelle netwerkvorming, waarna dit netwerk 
gestabiliseerd wordt door de covalente bindingen tussen de polymeerketens. Het 
voordeel van een injecteerbare formulering is dat dit een relatief patiëntvriendelijke 
toediening betreft en onregelmatige beschadigingen in het weefsel volledig opgevuld 
kunnen worden. Als alternatief kunnen hydrogelconstructen ook vervaardigd 
worden met behulp van een 3D-printer. Dit geeft de mogelijkheid tot het vormen van 
poreuze constructen, wat de uitwisseling van voedingsstoffen met het omliggende 
weefsel en de ingroei van nieuw weefsel bevordert.
Ondanks deze veelbelovende eigenschappen hebben hydrogelen ook bepaalde 
tekortkomingen voor biomedische toepassingen. Om hydrogelen geschikt te maken 
als injecteerbare formuleringen moeten de juiste chemische reacties voor crosslinking 
van de polymeren worden gebruikt die geen negatieve invloed hebben op cellen 
in het polymeernetwerk of op het omliggend weefsel. Verder zijn hydrogelen 
zeer zachte materialen, wat problemen kan opleveren wanneer ze geplaatst 
worden in lichaamsdelen die veel mechanische druk ondervinden, zoals in bot en 
kraakbeengewrichten. Uiteindelijk is het noodzakelijk om de eigenschappen van de 
hydrogelen, zoals degradatiesnelheid en mechanische sterkte, te kunnen controleren 
en waar nodig aan te passen aan de uiteindelijke toepassing.  Hoofdstuk 2 geeft 
een overzicht van de ontwikkeling van hydrogelen gedurende de afgelopen 50 jaar. 
Dit hoofdstuk laat een duidelijke progressie zien in het onderzoek naar hydrogelen 
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van simpele polymeernetwerken tot aan complexe systemen met als doel om betere 
en controleerbaardere eigenschappen te verkrijgen voor biomedische toepassingen, 
zoals hogere mechanische stabiliteit en gereguleerde afgifte van farmaca.

Ontwikkeling van nieuwe injecteerbare hydrogelen

In Hoofdstuk 3 wordt een nieuwe hydrogel beschreven die toegepast kan worden 
als injecteerbare formulering. Deze hydrogel bestaat uit polymeren die zowel 
fysisch als chemisch vernet zijn. De fysische netwerkverbindingen worden gevormd 
door het assembleren van polymeerketens na verhoging van de temperatuur 
boven de 31°C. Hierdoor gedraagt de polymeeroplossing zich als een vloeistof bij 
kamertemperatuur en neemt de viscositeit snel toe na verhoging van de temperatuur 
tot lichaamstemperatuur. De chemische reactie die tot stabilisatie van het netwerk 
leidt, wordt ‘native chemical ligation’ (NCL) genoemd. Deze chemisch selectieve 
reactie vindt plaats onder fysiologische omstandigheden (pH 7.4 en 37°C). De 
chemische selectiviteit zorgt ervoor dat de netwerkvorming niet of nauwelijks invloed 
heeft op biologische componenten in het hydrogel-netwerk of in omliggend weefsel. 
De beschreven hydrogel is opgebouwd uit twee polymeercomponenten in water, 
namelijk een thermosensitief blokcopolymeer met cysteine functionaliteiten en een 
crosslinker met thioester groepen. Er zijn twee verschillende  crosslinkers gebruikt; de 
eerste is een polyethyleenglycol (PEG) derivaat en de tweede een hyaluronzuur (HA) 
derivaat. Hyaluronzuur heeft hierbij als voordeel dat dit een lichaamseigen polymeer 
betreft en daarom goede eigenschappen heeft voor biomedische toepassingen. De 
chemische NCL reactie vindt plaats wanneer deze twee componenten met elkaar 
gemengd worden. Wanneer dit systeem geïnjecteerd in het lichaam wordt, vindt 
snelle netwerkvorming plaats door de temperatuurverandering en daaropvolgend 
wordt het netwerk gestabiliseerd door de chemische reactie tussen de twee 
componenten. Aansluitend is een collageen-achtig peptide aan het thermosensitieve 
polymeer covalent gekoppeld en op deze manier in de hydrogel geïntroduceerd.

Deze hydrogel is verder ontwikkeld met als doel om meer inzicht te krijgen in de 
materiaalsterkte, degradeerbaarheid en cytotoxiciteit zoals beschreven in Hoofdstuk 
4. Hierbij is de NCL reactie van Hoofdstuk 3 vergeleken met een variant genaamd 
‘oxo-ester mediated native chemical ligation’ (OMNCL). Het verschil tussen deze 
twee reactiemechanismen is dat NCL een thioester functionaliteit gebruikt en 
OMNCL een oxo-ester functionaliteit om te laten reageren met cysteine groepen 
gekoppeld aan het thermosensitief polymeer. De crosslinker is ofwel opgebouwd uit 
een lineaire PEG of een 8-armige PEG. Onderzoek naar de materiaalsterkte van de 
hydrogelen liet duidelijk zien dat sterkere gelen verkregen kunnen worden met het 
OMNCL reactiemechanisme en wanneer gebruik wordt gemaakt van de 8-armige 
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PEG crosslinker. Eveneens zorgde het gebruik van de OMNCL reactie voor een betere 
cytocompatibiliteit, waardoor deze hydrogelen interessant zijn voor toepassingen 
in combinatie met cellen. De resultaten lieten zien dat deze hydrogelen geschikt 
zijn voor de afgifte van het modeleiwit lysozym. Bovendien liet het onderzoek in 
dit hoofdstuk zien dat de degradatiesnelheid van deze hydrogelen gevarieerd kan 
worden door het inbouwen van het monomeer DBA in de polymeerstructuur en het 
gehalte hiervan te variëren. Dit monomeer bevat een lacton ring die gedurende de tijd 
gehydrolyseerd wordt, wat zorgt voor versnelde degradatie van de hydrogel. Door 
de mogelijkheid om de eigenschappen zoals materiaalsterkte en degradatiesnelheid 
van deze hydrogelen aan te passen,  kunnen ze voor verscheidene toepassingen 
gebruikt worden.

Ontwikkeling van nieuwe 3D-printbare biomaterialen

In Hoofdstuk 5 wordt beschreven hoe hydrogelen vervaardigd kunnen worden in 
sterke 3D-printbare constructen voor kraakbeenregeneratie. Om dit te bewerkstelligen 
is de hydrogel gecombineerd met een thermoplast. Deze thermoplast is veel sterker 
dan de hydrogel en blijft daardoor beter intact wanneer mechanische krachten op het 
construct worden uitgeoefend. De hydrogel is daarentegen een geschikt materiaal 
om cellen in te verwerken. Als hydrogel is hier voor gelatine gekozen, aangezien 
dit eiwit veelvuldig is onderzocht voor kraakbeenregeneratie. Met behulp van een 
3D-printer kunnen zijdelings lagen van hydrogel en thermoplast tegen elkaar aan 
worden gelegd, waarna een drie-dimensionaal construct opgebouwd wordt. Om te 
voorkomen dat dit construct uit elkaar valt na blootstelling aan externe krachten, zijn 
de hydrogel en thermoplast lagen covalent aan elkaar gebonden. Hiertoe zijn beide 
materialen gemodificeerd met methacrylgroepen. Deze methacrylgroepen kunnen 
met elkaar reageren na bestraling met UV licht. Inderdaad lieten mechanische 
testen, zoals afschuifexperimenten, zien dat de bindingssterkte op het grensvlak 
sterk verhoogd was en de constructen grotere krachten konden weerstaan. Eveneens 
is gedemonstreerd dat deze constructen geschikt zijn voor kraakbeenregeneratie. 
Hiervoor zijn kraakbeencellen (chondrocyten) in de hydrogel gemengd en in het 
3D-construct opgenomen. In vitro studies en implantatie van de constructen onder 
de huid van ratten lieten zien dat nieuwe kraakbeenspecifieke matrix geproduceerd 
werd. 

De mogelijkheden van het 3D-printen van hydrogelen is verder onderzocht en 
beschreven in Hoofdstuk 6. Hiervoor zijn de twee componenten hydrogelen die 
beschreven staan in hoofdstuk 4 gebruikt. Eveneens zijn hier crosslinkers gebruikt 
die zijn opgebouwd uit ofwel PEG of hyaluronzuur. Door de twee componenten 
(temperatuurgevoelig polymeer en crosslinker) eerst voor een half uur in de voeder 
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van de 3D-printer te mengen, kunnen complexe hydrogelconstructen geprint 
worden die bestaan uit materialen met een relatief lage polymeerconcentratie. 
Door het gedeeltelijk vormen van een netwerk in de voeder wordt al een zekere 
stijfheid van de hydrogelfilamenten verkregen. Opeenvolgend neemt deze stijfheid 
toe door de filamenten af te zetten op een verwarmde plaat als een gevolg van de 
thermosensitieve eigenschappen van deze hydrogelen. Vervolgens neemt de stijfheid 
verder toe na het printen van het construct tot mechanisch stabiele materialen. Om 
deze stijfheid nog verder te verhogen werd de hydrogel opnieuw gecombineerd 
met een thermoplastisch materiaal, vergelijkbaar met de resultaten in hoofdstuk 
5. De binding tussen de hydrogel en thermoplast lagen in de 3D-print vond hier 
plaats door de OMNCL reactie. Uiteindelijk zijn chondrocyten in deze verstevigde 
constructen gemengd, die het fabricatieproces goed doorstaan in de constructen die 
hyaluronzuur bevatten.

Conclusies

Dit proefschrift beschrijft de ontwikkeling van nieuwe dubbel gecrosslinkte 
hydrogelen als interessante materialen voor injecteerbare formuleringen en voor 
het vervaardigen van 3D-printconstructen. De variabele mechanische sterkte en 
degradatiesnelheid bieden veelbelovende mogelijkheden van deze hydrogelen voor 
biomedische toepassingen.
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