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One of the biggest challenges in the biomedical field is the development of technologies
to replace diseased tissues and organs. Tissue engineering is a field of research that was
pioneered by Jay Vacanti and Robert Langer1. They both joined forces and were the first
to successfully encapsulate liver cells into a polymeric scaffold and implant it into rats in
order to regenerate hepatic tissue. With the enormous progress that has been made in the
last decennia, tissue engineering is becoming more and more a technique that is thought
to be crucial for increasing the life expectancy of humans.
One of the key aspects of tissue engineering is the growth of tissue outside its natural
environment. In order to do that, first small portions of cells from the tissue of interest are
harvested. Thereafter, the cells need to be provided with an appropriate environment in
which cellular growth and proliferation are supported. An exciting approach to mimic the
cellular environment is the encapsulation of cells into hydrogels (e.g. collagen, alginate, or
cellulose). This approach enables one to temporary cultivate cells out of their habitat and
subsequently transplant them in a minimal invasive manner. Hydrogels have very similar
structural properties to the ones found in the body and are biocompatible. As a result,
hydrogels have found a large number of applications in drug delivery as well as in tissue
engineering.
The research described in this thesis deals with a new type of polymeric hydrogel, which
is investigated for tissue engineering applications. The gel is based on isocyanopeptide
polymers (PICs), which have been studied for many years in the Department of Organic
Chemistry of Radboud University in Nijmegen, The Netherlands. Our studies are part of
a larger Initial Training Network project (ITN) with as title “Training scientists to develop
and image materials for Tissue Engineering and Regenerative Medicine” (iTERM). The ITN
involved 6 research groups and 4 companies from 6 different countries. The academic
participants were: University of Zurich (Switzerland), University of Hull (United Kingdom),
University of Uppsala (Sweden), Warsaw University of Technology (Poland), University
Hospital Basel (Switzerland), and Radboud University in Nijmegen (The Netherlands). The
participants from the private sector were: Nano4Imaging GmbH (Germany), MR:Comp
GmbH (Germany), EMCM B.V. (The Netherlands), and Noviotech B.V. (The Netherlands).
The iTERM project had two main goals: 1) to develop new materials and implants for bioengineering of soft and hard tissue, such as skin, urogenital, and bone; 2) to develop new
visualization protocols for monitoring the fate of the novel materials/implants once they
had been implanted. The tasks of the Nijmegen group in the overall project were: 1) the
synthesis of hydrogels from isocyanopeptide polymers containing bioactive and imaging
motives; 2) the characterization of the PIC-based hydrogels for use in biological matrixes;
3) to investigate the potential of PIC-based hydrogels to act as a matrix for 3D cell
culture; 4) to develop protocols for the visualization of PIC hydrogels in vitro and in vivo.
The work was mainly carried out at the Institute for Molecules and Materials in Nijmegen
and at Noviotech B.V. In addition, as an early stage researcher within the iTERM project
I conducted 2 scientific stages at 2 partner institutions, namely the University of Zurich
(Switzerland) and the University of Hull (United Kingdom).
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The studies described in this thesis aim to design, synthesize, characterize, and
investigate the possibilities of PIC based hydrogels as a 3D cell culture environment for
tissue engineering applications. In order to provide the required background we present
in Chapter 2 an overview of the literature pertinent to this thesis.
It is crucial to have a material with the appropriate physical and chemical characteristics
to meet cell culture standards. In Chapter 3 we discuss the synthesis, characterization,
and post-functionalization of PIC hydrogels. We aimed to produce a hydrogel with cell
adhesion motives and MRI sensitive components.
The potential of PIC hydrogels as a 3D cell culture platform is demonstrated in Chapter 4.
The aim was to optimize the PIC hydrogel properties for efficient tissue engineering and
organ development. In this chapter, we demonstrate that a variety of cell lines survive,
thrive, and differentiate in PIC hydrogels.
An important aspect of the materials that are used for tissue engineering purposes is the
possibility to monitor them once they are implanted into a patient. For this purpose, we
investigated the MRI capabilities of PIC hydrogels that are furnished with a gadolinium
contrast agent. The results of these studies are described in Chapter 5. The gels were
injected subcutaneously in rats and monitored with an MIR scanner over a period of
3 weeks.
Hydrogels are frequently used as delivery systems for therapeutic components. In
Chapters 6 and 7, we investigate the feasibility of 3D printing PIC hydrogels containing
encapsulated stem cells into specific shapes.
The thesis concludes with a summary and an outlook to the future.
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Literature survey

2.1 | Introduction
The 21st century has experienced a dramatic rise of the overall world’s life expectancy1. In
the developed countries, the overall life expectancy has reached 80 years (Figure 1)2. This
is a 60% increase in comparison to the values at the beginning of 20th century. In 2014,
8.5% of the worldwide population was 65 years or older3. In 2050, predictions indicate
that this value will grow up to 17%4. This striking increase in life expectancy has been
possible due to the positive developments in people’s welfare. Advances in medicine,
such as vaccines, surgical anesthetic and antisepsis, antibiotics, antivirals, and organ
transplantation have had a very positive impact on people’s longevity5.

Life Expectancy at Birth, OECD

Germany
France

Australia
Japan

Canada
United Kingdom

United States

Figure 1 | Evolution of life expectancy over the period of 1980-2015 for different developed
countries. Source: OECD

Nowadays, an aging society represents one of the greatest challenges for public
health care. Every day, 150.000 people die worldwide and two-third of them pass away
because of age related diseases6. Among the causes are heart problems, osteoporosis,
diabetes, cancer, and Alzheimer. Frequently, age-associated diseases involve biological
degenerative processes. In a short term, these medical problems can be treated with
drugs. However, at a longer term, organs can be injured to the point they may need to be
replaced.
Classic medicine does not offer solutions to the novel needs that emerge from an
increasingly aging population. To tackle this problem, scientists of different backgrounds
in the fundamental sciences (chemistry, biology, and physics), technology, and medicine
have joined forces resulting into new scientific disciplines. Tissue engineering7 is an
example of how biology, engineering, and materials science are working together to
generate procedures for tissue replacements.
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2.2 | Tissue engineering
In the field of tissue engineering scientists are developing methods to restore or replace
damaged tissue or entire organs. Recently, artificial livers have been grown under in vitro
conditions8. Unfortunately, these fully functional mini-organs cannot yet be used for
transplantation purposes, but they can be set in as models to study the potential of new
drugs to treat hepatic-related diseases or to investigate the possible negative effects of
pathogens (Figure 2).

Figure 2 | Schematic representation of the fabrication, implantation and use of human ectopic
artificial livers. Adopted from reference8

The tissue engineering cycle (Figure 3) begins with the extraction of cells from a tissue
sample taken from a host. Patients or animals are the main sources of tissue fragments.
In an ideal situation, the tissue samples should be extracted from the same patient that
is going to receive the tissue transplant. In this way, the possibilities of an infection, an
immune response or even a rejection of the transplant are very small.
(a)
(f)

Cells from a
biopsy

Generation
of a graft

Culture on a 3D
polymeric
scaffold

Monolayer
cell culture
(b)

(c)

Expanded cells

(e)

(d)
Figure 3 | Schematic representation of the basic principles of tissue engineering. (a) First, a
small portion of cells are extracted. (b&c) The cells are cultured and expanded to
generate more cells. (d) The cells are cultured in a 3D environment. (e&d) Finally, cells
are transplanted into the human body to replace or restore damaged tissue7.
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Unfortunately, there are situations where it is not possible to extract a sufficient amount
of a certain type of cell in order to grow new tissue in culture out of a person. Namely,
when the patient suffers from a massive tissue damage or is at a late-stage of an organ
deterioration. Also, there are certain types of cells, such as the pancreatic ones, which are
extremely difficult to expand in-vitro9.
Stem cells are a possible solution when a biopsy of the diseased organ cannot provide
the necessary amount of healthy cells. Unlike other types of cells, stem cells are a nonspecific kind of cells with the ability to evolve into a specific type of cell. This capacity is
known as “differentiation” and this process is activated when the stem cells are subjected
to a particular set of physiologic and experimental conditions. In humans, there are
several sources of stem cells, such as bone marrow, skin, fat, or fetal tissue. Once the cells
are isolated from the tissue they are cultured and expanded in vitro. To emulate the natural
cellular environment, artificial matrixes are used to support the growth and proliferation
of the cells. These matrices also act as a depot for bioactive molecules, which have an
important role in the regulation of the cellular function. Examples of such molecules are
anti-CD310,11 or arginylglycylaspartic acid (RGD)12. The first is an antibody responsible for
T cell activation. The second one is a short peptide responsible for cell adhesion and
signaling. Finally, once these cells have formed sufficient amounts of new tissue, the latter
is re-implanted into the host.

2.3 | Biomaterials in tissue engineering
The first complete definition of biomaterials was elaborated by the American National
Institute of Health13. They defined biomaterials as “any substance or combination of
substances, other than drugs, synthetic or natural in origin, which can be used for any
period of time, which augments or replaces partially or totally any tissue, organ or function
of the body, in order to maintain or improve the quality of life of the individual”. In tissue
engineering, a proper biomaterial needs to be: biocompatible, biodegradable, bioactive,
and mechanically stable.
It is crucial for biomaterials to be compatible with the host tissue. When implanted, all
biomaterials are recognized by the body as foreign entities. As a result, a biological
response from the body is triggered. In the best-case scenario, this response is limited to
a mild inflammatory process. However, in the worst situation it can lead to a rejection of the
implant. In order to minimize the body response, natural materials such as collagen14-16,
alginate17-19,or decellularized tissue20,21,14 are used as main components.
In many cases, for tissue engineering applications, biomaterials are supposed to have
a limited lifetime. At an early stage of implantation, new tissue is formed but it is fragile
and needs to have a mechanically stable support. However, at a late stage of tissue
development, biomaterials should be gradually degraded from the body at the same rate
as that by which new tissue is formed.
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Figure 4 | Representation of a hydrogel with cells seeded on top and and also encapsulated.
Red and green dots represent the bioactive sites on the polymer that allow for cell
attachment

Another important feature defining an ideal biomaterial for Tissue Engineering is the
capacity to provide a favorable environment for cells to adhere, proliferate, migrate, and
differentiate (Figure 4). The surrounding environment influences the cell behaviour15. It
has been recently demonstrated that scaffolds containing neurotransmitters, such as
dopamine, can restore nervous tissue16. Furnishing biomaterials with bioactive cues like
cell adhesion ligands17,18, growth factors19-21, or antibodies22-24 would help the formation of
new tissue.
Finally, in Tissue Engineering it is crucial for a biomaterial to have the appropriate
mechanical properties that are necessary to support cell growth. These properties will
differ depending on the type of tissue we intend to address. For example, to restore hard
tissues like bone or cartilage, biomaterials with a high stiffness are recommended33-35.
Typically, cements25, ceramics26 and metals27 are used for this purpose. On the other hand,
in the case of soft tissues such as neurons or skin, soft materials such as hydrogels are
preferred39-41.

2.4 | Hydrogels for tissue engineering
Hydrogels are hydrophilic materials formed by a polymer network. Due to their hydrophilic
character, they can retain more than 90% of water, which makes them light in weight. Also,
because of their high water content, hydrogels can replicate the mechanical properties of
native tissue28. On the other hand, the polymer interconnections provide the hydrogel with
a structural integrity within the liquid phase.
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Hydrogels can be divided in two classes: natural and synthetic ones. Natural hydrogels are
composed of proteins or oligosaccharides that are extracted from animals or plants. Due
to their natural origin, these hydrogels exhibit low toxicity levels together with an excellent
biocompatibility. In addition, they can be easily degraded by enzymes. Lastly, natural
hydrogels are rich in biological components such as cell adhesion domains, proteins,
growth factors, and other bioactive molecules that provide a cell friendly environment.
Collagen is one of the most widely used hydrogels for biomedical applications. For
instance, collagen hydrogels have been used to produce, injectable gels28, membranes29,
sponges30, scaffolds14, microspheres31 and nanospheres32. Among the 16 different types of
collagen that exist, type I is most abundant in mammalian tissue. Examples of collagen
rich tissues are human fat, cow tendons, fish skins and scales, or the pig skin. Due to its
biological origin, collagen hydrogels are recognized by cells and they are susceptible to
enzymatic degradation. The biocompatibility of collagen has been widely studied and it
is still under debate. There are reports33,34,35 suggesting that, in some cases collagen may
trigger a response from the immune system. Furthermore, the mechanical properties
of collagen hydrogels have a limited range of stiffnesses and its production can be very
costly.
Alginate hydrogels are based on a naturally occurring long chain polymer obtained from
brown algae. The basic building blocks, β-D-mannurinic and α-L-guluronic acid, are
combined to form linear copolymers that are soluble in water. Divalent ions (eg. Ca2+, Sr+2,
or Ba2+) crosslink alginate molecules in solution to form a gel. Apart from having a very
straightforward crosslinking method, alginate hydrogels are well reputed for being nontoxic, biocompatible, and inexpensive. Due to their properties, alginate hydrogels have
found applications as delivery platforms for drugs36 and proteins37,38, as wound dressings39,
as cell culture platforms40,41,42, and as materials for tissue engineering43. Although alginates
have a track record of not having a toxic or injurious effect on biological systems, there are
studies reporting that some of the alginate components are immunogenic44. In addition,
due to the lack of cell adhesion cues, the capacity of this material to interact with cells
can be limited. In order to solve this issue, it is possible to chemically modify alginates
with cell adhesion motives64,65,66 to promote the interactions with cells. Like other natural
hydrogels, such as collagen and hyaluronic acid, alginate hydrogels have a rather limited
mechanical stiffness. In addition, alginate hydrogels are susceptible to undesired
enzymatic degradation processes.
Hyaluronic acid (HA) is a well-known polysaccharide obtained from mammalian tissues45.
When reacted with hydrazide derivatives, HA crosslinks to form a hydrogel46. Like alginate
and collagen, HA is considered to be biocompatible and biodegradable47. Furthermore, HA
hydrogels behave like viscoelastic materials. This feature was found particularly useful in
the preparation of wound healings (Figure 5)48, artificial skins49, and ophthalmic surgery50.
HA hydrogels, however, require a tedious and complex purification process to become
suitable for biomedical applications. Also, despite the viscoelastic component, the range
of stiffness HA hydrogels displays are moderate.
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Figure 5 | Example of a commercial application of Hyaluronic acid based matrix for wound
healing applications. This medical device consists of an inner layer of Hyaluronic acid
and an outer layer of a semipermeable silicone membrane. It is used to treat burns,
ulcers, surgical wounds, abrasions or skin48

Despite the advantages that natural hydrogels offer, the key aspects that limit their
application in tissue engineering are: poor control over the chemical and physical
properties, significant variation between produced batches, and the potential of a disease
transmission.

2.5 | Synthetic hydrogels
For tissue engineering applications, synthetic gels offer the advantage that they do not
suffer from the biofunctional and architectural limitations of natural hydrogels. Due to the
fact that these gels are synthesized from macromolecules and usually from scratch in the
laboratory, there is total control over the chemical structure and the mechanical stability
of the material. In addition, the production of larger quantities of material is easier. Lastly,
due to its synthetic origin, this type of polymers is free of biological impurities that could
be the source of diseases.
Historically, polyethyleneglycol (PEG) has been one of the most versatile synthetic
polymers used in life-sciences. These polymers are famous for having a flexible structure,
for being biocompatible, and for their amphiphilic and highly hydrophilic character. Due
to its physico-chemical properties, PEG hydrogels have found numerous applications in
biomedicine. For instance, they exhibit a great performance as solubilizers for drugs or
new chemicals with poor solubility51. Interestingly, PEG has also been used as coating for
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indwelling medical devices52, thus reducing the activation of the host defense system and
preventing any bacterial adhesion while maintaining the device’s functionality. Another
application that is worth mentioning is as a drug-targeting vehicle. The combination
of therapeutic molecules with PEG provides long circulation times preventing active
targeting and cellular uptake53.54 Last, but not least, PEG has attracted the attention of
researchers in tissue engineering. Due to its synthetic nature, PEG hydrogels are resistant
to the adsorption of proteins and have a low cell activation. Although, this tendency can be
reversed by tuning the polymer’s chemical composition with bioactive molecules, such as
short peptides and growth factors55. In this way, PEG hydrogels can be turned into a fully
functional 3D cell culture platform56,57.
An interesting class of synthetic polymer is poly(vinyl alcohol) (PVA). This polymer is
prepared by the hydrolysis of poly(vinyl acetate) and its properties are significantly
influenced by their molecular weight and the stereochemistry of the polymer chains. High
molecular PVA polymers (100-200 kDa) show a high viscosity, high adhesive and tensile
strength, and an excellent film-forming capacity58. On the other hand, the melting point
and the glass transition are influenced by the tacticity59. Furthermore, these polymers
are water soluble, stable and chemically unreactive. PVA polymers are able to form a
hydrogel upon chemical60 or physical cross-linking. Chemical cross-linking is generally
performed by reacting PVA with glutaraldehyde61, formaldehyde or ketones. However,
these compounds are toxic and any trace of cross-linker in the final polymer can alter the
chemical and physical properties of PVA hydrogels. On the contrary, physical crosslinking
methods, such as photocross-linking62, are a safer approach because they do not generate
any toxic residues. In addition, reports support the fact that, for drug release applications,
the performance of physical cross-linked hydrogels is superior to that of the chemical
crosslinked ones62. PVA hydrogels are elastic and have mechanical properties that are
similar to the ones found in natural tissue63. Because of this resemblance to the natural
tissue, they can be used as a material for tissue replacement. For instance, PVA films
have been used as artificial heart linings, artificial cartilages, skin, catheters, pancreas
membranes or even as contact lenses64.
Poly(2-hydroxyethylmethacrylate) (pHEMA) polymers are the last of the 3 most popular
synthetic materials used for tissue engineering applications65-67. The pHEMA polymers
form a hydrogel by free radical precipitation polymerization. pHEMA hydrogels do not
stand out for having good mechanical properties, such as stiffness and viscosity. Still, it
is possible to control them by applying different cross-linking methods or by varying the
polymerization reaction conditions or the amount of water that they absorb68. The 3D
structure of pHEMA hydrogels is highly porous and as such they perform well as delivery
platforms for drugs and proteins69. Like other synthetic polymers, pHEMA-based materials
are not degradable under physiological conditions. In order to overcome this limitation,
the chemical structure of pHEMA polymers can be modified to make them digestible
by enzymes70. Among the most popular applications of pHEMA there is their use in
ophthalmic applications such as cornea replacements71. In addition, pHEMA hydrogels
have a historical reputation as constituents for implants72.
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2.6 | Synthetic polyisocyanopeptide hydrogels
Recently, polyisocyano-peptide polymer (PIC) hydrogels, new synthetic materials with a
high potential for tissue engineering applications, have been described12,73.74 PIC hydrogels
are fully synthetic, biocompatible, and thermoresponsive. They are formed by aqueous
solutions of PIC polymers of which the basic unit is composed of two amino acids, i.e. (L-)
and (D)-alanine, containing a short ethylene glycol tail. The polymers are synthesized via
a catalytic reaction using a Ni(ClO4)2 complex as a catalyst. The polymerization reaction is
believed to follow a so-called “merry go round” mechanism75.
One of the interesting properties of this new biomaterial is its reversible thermoresponsive
behavior (Figure 6). At temperatures below 16 °C, PIC polymers solutions remain
molecularly dissolved, whereas the solution becomes a gel when it is warmed above 16 °C.
Interestingly, the gelation process can be reversed by decreasing the temperature below
16 °C. This feature is especially useful to harvest cells after they have been encapsulated
for cell culture purposes.

Figure 6 | (a) Chemical structure of polyisocianopeptide polymers (PICs) (b) Picture of PIC in
solution and in its hydrogel form

A property that sets PIC hydrogels apart from other synthetic materials is their capacity to
strain-stiffen (Figure 7)74. When a stress is applied to the PIC hydrogel, it exhibits a constant
stiffness. However, if the applied stress is increased above a certain critical value, the
hydrogel becomes stiffer. This response is highly common for natural materials but it is
very unusual to find it in synthetic hydrogels.
Furthermore, it is worthwhile to mention that PIC polymers can be synthesized in
great varieties. For instance, they can be provided with side chains that contain azide
functionalities. These azide groups can subsequently act as attachment sites for bioactive
molecules (peptides, growth factors, drugs, etc.)11, 76, 77.
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Figure 7 | Representation of the strain stiffening (ss) behavior of PIC hydrogels.
(a) Ss curve of a PIC hydrogel sample at a concentration of 0.1mg/mL measured at 37 °C.
(b) Differential modulus (K’) of the hydrogel as a function of the applied stress (σ).
(c) Storage modulus versus temperature with the gelation temperature indicated
as Tgel (adopted from M. Jaspers, et al., Nature Communications 2014; for further
explanation see this paper61)

All the aforementioned features make PIC hydrogels versatile and tunable materials for 3D
cell culture and experimental in-vivo applications. Despite the evidently great potential of
PIC hydrogels, so far no examples of applications of these materials for tissue engineering
have been reported.
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Abstract
Hydrogels belong to the most popular biomaterials used in tissue engineering; for
instance, they have been applied as platforms to support cell function, cell adhesion,
and cell transplantation. In this chapter, we describe the synthesis and characterization
of fully synthetic, water-soluble, isocyanopeptide (co-)polymers (PICs), which form a
hydrogel upon warming. Furthermore, we show how PIC polymers can be decorated with
cell adhesion peptides or MRI-sensitive functional motives via a strain-promoted clickchemistry reaction. This method benefits form high reaction rates and provides polymers
that are free of cytotoxic components. In addition, by modifying the reaction conditions,
we can control the density of the functional groups present on the polymers. This strategy
allowed us to study the influence that the concentration of functional motives has on the
bioactive and imaging responses of the PIC hydrogels.
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3.1 | Introduction
The world’s population life expectancy is expected to increase over the next 30 years1.
As a consequence, there will be an increasing number of patients suffering from organ or
tissue damage. In order to comply with patient’s needs, there is a quest for new materials
with unique properties. Polymers are important players in the fields of tissue engineering
and regenerative medicine2. Polymer-based materials display an extraordinary range
of mechanical, physical, chemical, and biological properties, which allows them to be
used as scaffolds to support tissue regeneration or tissue adhesion, and as drug delivery
systems2. Polymers can be classified into natural and synthetic ones. Natural polymers
such as silk3,4, collagen5,6, cellulose7,8, alginate9,10, and hyaluronic acid11,12 are derived
from nature. Due to their natural origin, these kinds of macromolecules display great
biocompatibility and biodegradability. Some disadvantages, however, are the variations
often observed in production batches, the stability of the materials, and the potential
risk of introducing infections. On the other hand, we have synthetic polymers at hand like
poly(2-hydroxethylmethacrylate)13,14, poly(vinyl alcohol)15,16, and poly(ethylene glycol)17,18.
Due to their artificial nature, the production of synthetic polymers yields stable, functional,
and pathogen-free materials with reproducible physical and chemical properties. Still,
synthetic polymers are less compatible with living tissue or a living system than natural
ones. However, the conjugation of synthetic polymers with biomolecules can grant them
with supplementary functionalities, such as bioactivity and biocompatibility19,20.
Over the years, a plethora of polymer-based hydrogels have been studied as scaffold
materials for tissue engineering. Examples are hyaluronic acid21,22, Pluronic23,24, PLA-25,
or fibrin-based26 hydrogels. All these hydrogels have demonstrated their use in specific
situations, but they also suffer from limitations related to their nature. For example,
Pluronic-based hydrogels present difficulties to support cell proliferation on a long term
and when these hydrogels contain more than 20 % of polymer, they are known to be
cytotoxic. Collagen hydrogels are noteworthy for their high degree of biocompatibility
and biodegradability27. Nevertheless, there are concerns with regards to the laborious
preparation processes and potential immune reactions of these materials28.
Polyisocyanopeptide (PIC) polymers are a novel, fully synthetic class of macromolecules
with a great potential for life-science applications29. Due to the fact that these polymers
can be easily functionalized, their bioactivity can be enhanced by conjugating bioresponsive molecules to them30. Furthermore, these polymers are soluble in water and
form a hydrogel under certain conditions. A remarkable feature is that the 3D-structure
and the mechanical properties of these hydrogels very well mimic the natural environment
that surrounds cells. This makes this material a great candidate to study, for instance, cellbiomaterial interactions or it can be used as a cell culture platform for any kind of cell type.
The work in this chapter describes the synthesis and characterization of PIC hydrogels
for tissue-engineering applications. Based on previous research by Mandal30, here
we describe the synthesis of (R)-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl 2-((S)-2-
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isocyanopropanamido)propanoate (called azide monomer), an essential monomer
for grafting PIC polymers with other molecules of interest. We have produced azidefunctionalized PIC polymers from this monomer via a Ni(ClO4)2 catalyzed polymerization
reaction. In order to improve the bioactivity of the hydrogels prepared from this polymer,
we describe the strategy to furnish this material with a cell adhesion peptide, known as
GRGDS. We have used dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS) as
a spacer and coupling reagent to link the bioactive peptide to the polymer. The use of this
particular compound is important because: (i) it creates a distance between the polymer
backbone and the cell adhesion region of the peptide, in this way avoiding potential spatial
hindrance that can negatively affect a cell-ligand interaction, and (ii) it can react with azide
functional groups via the Cu(I)-free strain-promoted click reaction. Using this strategy,
we ensure that the final polymers have no traces of cytotoxic components. Finally, in this
chapter, we show how to decorate PIC polymers with an MRI sensitive imaging agent,
such as gadolinium (III) 1,4,7,10-tetraazacyclododecane-1,4,7-tris(acetic acid)-10-(4aminobutyl)acetamide (Gd-DO3A-butylamine). For this purpose we followed the same
strategy as we used to conjugate a short peptide to the polymer chain, i.e. the application
of a DBCO-NHS molecule to connect the Gd-DO3A complex to the PIC polymer.

3.2 | Materials and methods
3.2.1 | Synthesis of methoxy-functionalized isocyanide monomer
This compound (3OEG) was purchased from Chiralix. The monomer was purified by flash
chromatography on silica gel (eluting solvent: 20% (v/v) acetonitrile in CH2Cl2), affording
the product as a yellow oil. Its physical properties were in line with those reported in the
literature31.

3.2.2 | Synthesis of azide-functionalized isocyanide monomer
Synthesis of 2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl 4-methylbenzene sulfonate (C1).
An aqueous NaOH (1.6 g, 40.1 mmol) solution (13.6 mL) was added to a THF solution (10
mL) of tetraethylene glycol (50 g, 257 mmol) at 0 °C and then a THF solution (30 mL) of
p-toluenesulfonyl chloride (4.9 g, 25.7mmol) was added while stirring (20 min.). After
stirring was continued at 0 °C for 2 h, the reaction mixture was poured onto ice-water (100
mL) and extracted with CH2Cl2 (3 x 100 mL). The combined organic extraction layers were
washed twice with water (100 mL), dried (Na2SO4), and the solvent was evaporated under
vacuum to yield compound C1 in the form of a yellow oil (8.22g, 92% yield). 1H-NMR (CDCl3,;
Me4Si, 400 MHz) 7.80 (d, 2H), 7.35 (d, 2H), 4.17 (t, 2H, ), 3.71-3.59 (m, 14H), 2.45 (s, 3H).
Synthesis of (R)-2-(2-(2-(2-(tosyloxy)ethoxy)ethoxy)ethoxy)ethyl 2-((tert-butoxy¬carbonyl)-amino)
propanoate (C2).
Compound C1 (8.22 g, 23.6 mmol), 4-(N,N-dimethylamino)pyridine (DMAP, 0.317 g, 2.6
mmol) and N-Boc-(L)-alanine (4.87 g, 23.6 mmol) were dissolved in freshly distilled
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CH2Cl2 (170 mL). The reaction mixture was cooled to 0 °C (ice bath) and a solution of
N,N’-dicyclohexylcarbodiimide (DCC, 4.869 g, 23.6 mmol) in 30 mL of CH2Cl2 was added
dropwise. The reaction mixture was stirred for 3h, first at 0 °C and subsequently warmed
up to room temperature. The dicyclohexylurea (DCU) was filtered off and the solvent
was evaporated. The resulting oil was washed with ethyl acetate (50 mL), after which the
residual DCU was filtered off and the solvent evaporated, yielding compound C2 as a pale
yellow oil (10.22g, 19.71 mmol, 83% yield). 1H-NMR (CDCl3; Me4Si, 400 MHz): 7.80 (d, 2H), 7.34
(d, 2H), 5.09 (bs, 1 H), 4.33-4.24 (m, 3H), 4.17-4.14 (m, 2H), 3.71-3.56 (m, 12H), 2.45 (s, 3H), 1.44
(s, 9H), 1.38 (d, 3H).
Synthesis of (R)-2-(2-(2-(2-(tosyloxy)ethoxy)ethoxy)ethoxy)ethyl 2-((S)-2-((tert-butoxycarbony)
amino)propanamido)propanoate (C3).
Compound C2 (10.22 g, 19.71 mmol) was treated with HCl (20 mL, 4 M in dioxane) in ethyl
acetate at room temperature. After 1h deprotection was completed according to TLC and
the solvent was evaporated under vacuum. The crude material was dissolved in tert-butyl
alcohol (50 mL), which was subsequently evaporated (x3). The residual tert-butyl alcohol
was removed by azeotropic distillation with CH2Cl2 (x3) and the crude product was used
without further purification for the next coupling reaction. The amine salt, 1-hydroxybenzotriazole hydrate (HOBt, 1.065 g, 7.68 mmol), and N-Boc-(D)-alanine (3.73g, 19.71
mmol) were suspended in freshly distilled CH2Cl2 (100 mL). N,N-diisopropyl-ethylamine
(DIPEA, 3.44 mL) was added dropwise and the mixture was stirred at room temperature
for 15 minutes. The mixture was cooled to 0 °C (ice bath) and a 50 mL solution of DCC (4.07
g, 19.71 mmol) in CH2Cl2 (50mL) was added dropwise. The reaction mixture was stirred at
0 °C and slowly warmed up to r.t. over a period of 32h. During the reaction, dicyclohexylurea
(DCU) was formed as a side product. This compound was filtered off and washed with 50
mL of ethyl acetate. The washing step was done in triplicate. The solvent was evaporated
and the crude was purified by column chromatography (eluent EtOAc) to yield a pale yellow
oil (8.88g, 76% yield 1H-NMR (CDCl3; Me4Si, 400 MHz): 7.80 (d, 2H), 7.35 (d, 2H), 6.75 (bs, 1H),
5.06 (bs, 1H), 4.58 (m, 1H), 4.25-4.33 (m, 2H), 4.20-4.15 (m, 3H), 3.70-3.59 (m, 12H), 2.45 (s,
3H), 1.45 (s, 9H), 1.41 (d, 3H), 1.35 (d, 2H).
Synthesis of (R)-2-(2-(2-(2-(tosyloxy)ethoxy)ethoxy)ethoxy)ethyl 2-((S)-2-formamidopropanamido)
propanoate (C4).
Compound C3 (8.88 g, 15.03 mmol) was treated with HCl (20 mL, 4M) in dioxane at r.t. After
2h deprotection was completed and the solvent was evaporated under reduced pressure.
The crude product was dissolved in tert-butyl alcohol (50 mL), which was subsequently
evaporated. This process was repeated three times. The residual tert-butyl alcohol was
removed via azeotropic distillation with CH2Cl2 (x3) and the intermediate compound was
used without further purification in the next reaction step. It was dissolved in 180 mL of
ethyl formate. Then, sodium formate (8.54 g, 125.65 mmol) was added and the mixture was
refluxed at 56 °C overnight. After cooling down to room temperature, the reaction mixture
was filtered to remove the excess of sodium formate, and the solvent was evaporated
under vacuum. The crude was purified by column chromatography (SiO2 0.060-0.200 mm,
eluent 4% MeOH in CH2Cl2) to yield C4 as a colorless oil (8 g, quant. yield). 1H-NMR (400
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MHz; CDCl3; Me4Si) 8.20 (s, 1H, HC(O)NH-), 7.78 (d, 2H, -CHAr- C-S), 7.30 (d, 2H, -CHAr-), 6.75 (s,
1H, -NH), 6.50 (s, 1H, -NH), 4.53 (m, 2H, -NHCH(CH3)-), 4.32 (m, 2H, -COOCH2-), 4.08 (m, 2H,
O-CH2-CH2-), 3.65 (m, 12H, -(CH2CH2O)3-), 2.46 (s, 3H, -CH3), 1.42 (m, 6H, -CH(CH3)-).
Synthesis of (R)-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl 2-((S)-2-formamido propanamido)
propanoate (C5).
Compound C4 (0.85 g, 1.64 mmol) was dissolved in 50 mL of absolute ethanol. Then,
sodium azide (0.64 g, 10.7 mmol) was added and the mixture was refluxed for 4h. The
reaction mixture was filtered to remove the excess of sodium azide and the solvent was
evaporated under vacuum. Compound C5 was obtained after purification by column
chromatography (SiO2 0.060-0.200 mm, eluent 4% (v/v) MeOH in CH2Cl2) as a colorless oil.
Yield 70%. 1H NMR (400 MHz; CDCl3; Me4Si) 8.15 (s, 1H, HC(O)NH-), 6.83 (s, 1H, -NH), 6.51 (s,
1H, -NH), 4.68 (m, 2H, NHCH(CH3)), 4.25 (m, 2H, -C(O)OCH2-), 3.63 (m, 12H, -(CH2CH2O)3-), 3.42
(m, 2H, N3CH2-), 1.40 (m, 6H, -CH(CH3)-).
Synthesis of (R)-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl 2-((S)-2-isocyanopropanamido)
propanoate (C6).
Compound C5 (2 g, 5.14 mmol) and Burgess reagent (1.84 g, 7.72 mmol) in CH2Cl2 (130 mL)
were refluxed at 50 °C for 1.5 h. The reaction mixture was concentrated under reduced
pressure and the resulting product purified by column chromatography (eluent 25-35%
(v/v) CH3CN/DCM) to provide compound C6 as a colorless oil (400 mg, 20% yield). 1H-NMR
(CDCl3, ; Me4Si, 400 MHz): 6.99 (d, 1H, -CH(CH3)CONH-, 8); 4.63-4.55 (m, 1H, -CH(CH3)COO, 6); 4.34-4.32 (m, 2H,-COOCH2, 5); 4.30-4.25 (m, 1H, -CH(CH3)COO-, 7); 3.76-3.62 (m, 12H,
-OCH2CH2OCH2CH2OCH2CH2OCH2, 3); 3.40 (t, 2H, -CH2N3, 4); 3.40; 1.66 (d, 3H, -CH(CH3)
CONH-, 1); 1.49 (d,3H,-CH(CH3)COO-, 2).

3.2.3 | Polymer synthesis
General procedure: in a 25 mL round bottom flask equipped with a stirring bar, fixed molar
amounts (see Table 1) of 3OEG, previously purified by chromatographic column, and the
corresponding azide monomer C6 were dissolved in freshly distilled toluene at a 50mg/
mL concentration. To initiate the reaction, the corresponding amount Ni(ClO4)2 catalyst
solution in absolute ethanol-toluene (1:10 v/v) was added at once and the mixture was
stirred vigorously for 1 min. The same catalyst to monomer ratio (1:4000) was used for all
the polymerization reactions. Hereafter, the stirring speed was decreased to 150 r.p.m.
The reaction mixture was stirred at this speed at r.t. and the progress of the polymerization
was followed by recording the peak at 2142 cm-1 in the IR-spectrum of the reaction mixture,
which corresponds to the isocyanide-group of the monomer. After 4 days, the isocyanidegroup peak had completely disappeared, indicating that the reaction was completed.
The reaction mixture was dissolved in CH2Cl2, stirred for 30 minutes, and poured into an
Erlenmeyer containing vigorously stirred diisopropyl ether. The formed precipitate was
filtered off using a filter paper placed on a Buchner funnel connected to a vacuum pump.
The polymer was dried on the Buchner funnel for 1 hour. Once the polymer was completely
dry, it was dissolved in CH2Cl2 and the precipitation process was repeated 2 times more.
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After 3 precipitations, the polymer was dried under vacuum for 18h. The yields of the
polymerizations are described in Table 1.

3.2.4 | Polymer characterization
The molecular weights of the resulting polymers were determined by viscosity
measurements according to the literature30. In short, flakes of PIC polymer were dissolved
in acetonitrile at a concentration of 3 mg/mL to obtain a stock solution. From this stock
solution, six solutions of different polymer concentrations (0.1, 0.2, 0.3, 0.4, 0.5 and 0.6
mg/mL) were prepared in acetonitrile. Subsequently, the flow speed of each solution
was measured in an Ubbelohde tube at 25 °C. Each sample was measured 4 times. The
data was analyzed as described in the literature6. The resulting molecular weights of the
polymers (Mv) (see Table 1) were calculated using the Mark Houwink equation30. For the
case of PIC polymers, previous research reported30 the values for the constants K = 1.4
x 10-9 dL ⋅ mola ⋅ g-(1+a) and a= 1.75 Furthermore, it was tried to use 1H-NMR spectroscopy
to characterize the chemical structure of the polymers. Unfortunately, the recorded NMR
spectra displayed very broad peaks. There was a tremendous number of overlapping
signals making it impossible to do any assignment. A similar situation was encountered
when MALDI-TOF was used to determine the molecular weight of the polymers.
Unfortunately, in this way no relevant information could be obtained either.

3.2.5 | Mechanical properties of the PIC-hydrogels
The mechanical properties and viscosity of the PIC-hydrogels were studied with a stresscontrolled rheometer (Discovery HR-1, TA Instruments). First, flakes of the polymers
were weighed on an analytical balance. Then, these flakes were dissolved in cold MilliQ
water and kept at 4 °C overnight to facilitate its dissolution. After 12 h, the polymer was
completely dissolved and the samples were ready to be measured. The rheometer
was equipped with an aluminium parallel plate geometry (40 mm diameter) and the gap
between the plates was set to 250 μm. In order to verify the stiffness of the hydrogels at
37 °C rheological measurements were performed at a controlled temperature gradient
(4-50 °C), with a heating rate of 2 °C/min, a constant strain of 1%, and a frequency of 1 Hz.

3.2.6 | Decoration of PIC polymers with GRGDS peptide
DBCO-NHS was dissolved in 1 mL of DMSO and 1.1 equiv. of GRGDS peptide (Bachem) was
dissolved in a freshly prepared borate buffer (pH = 8.5, 1 mL). Both mixtures were stirred at
r.t. for 1.5 hours in order to completely dissolve the compounds. The GRGDS solution was
added to the DBCO-NHS solution and stirred overnight at r.t. The progress of the reaction
was followed by mass spectroscopy (ESI). After 48 hours the reaction was completed.
Mass (ESI): calculated 791.32 and found 791.82.
Flakes of azide appended polymers (P1-P5) were dissolved in acetonitrile at a
concentration of 2.5 mg/mL and stirred at r.t. overnight. Hereafter, 1 equiv. of the DBCO-
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GRGDS compound was added to the polymer solution. The mixture was stirred at r.t. for
72h. Finally, the conjugated polymer was precipitated in 200 mL of di-isopropyl ether,
isolated by centrifugation, and dried under an argon flow to yield the GRGDS conjugated
polymers (P7-P11).

3.2.7 | Decoration of PIC polymers with gadolinium (III) 1,4,7,10tetraazacyclododecane-1,4,7-tris(acetic acid)-10-(4-aminobutyl)acetamide
(Gd-DO3A-butylamine)
Gd-DO3A-butylamine (1.1.equiv.) was reacted with dibenzocyclooctyne-N-hydroxy
succinimidyl ester (DBCO-NHS ester). The formation of the complex DBCO-Gd-DO3A was
confirmed by mass spectrometry. Mass (ESI): calculated 930.13 and found 930.29. Flakes
of azide appended polymers (P1-P5) were dissolved in acetonitrile at a concentration of 2.5
mg/mL and stirred at r.t. overnight. Hereafter, the polymer solutions were reacted with the
complex DBCO-Gd-DO3A. The mixture was stirred at r.t. for 72h. Finally, the polymers were
precipitated in 200 mL of di-isopropyl ether, isolated by centrifugation, and dried under an
argon flow, yielding the final conjugated polymers (P12-P16). Unfortunately, the molecular
weights of the conjugated polymers could not be determined by viscosity measurements
because the samples were not soluble enough in the solvent that is used to perform the
measurements, i.e. acetonitrile.

3.2.8 | Quantitative determination of the Gd concentration in the PIChydrogels using an MRI scanner
To determine the amount of Gd contrast agent that was loaded onto the PIC polymers
after the coupling reaction, we used a validated method32. This allowed us to calculate
the concentration of a contrast agent if the values of the NMR T1 and T2 relaxation times
are known. T1 and T2 values were acquired on an 11.7 T MR–system (Biospec, Bruker,
Germany). First, we made a calibration curve for Gd-DO3A. To this end, we prepared 18
aqueous solutions of Gd-DO3A of a known concentration in the range of 0.3-0.001 mM.
Subsequently, we measured the T1 and T2 values for our PIC-Gd samples and compared
these with the standard samples of known concentration to determine the amount of
gadolinium that was loaded onto the PIC-Gd polymers.

3.3 | Results and discussion
3.3.1 | Synthesis and characterization of 3OEG azide monomer
The synthetic route to the 3OEG azide monomer was adapted from the literature33 and
is outlined in Scheme 1. First, (L)-N-Boc protected alanine was coupled to tetraethylene
glycol provided at one end with a tosyl group (C1), using dicyclohexylcarbodiimide (DCC) as
a coupling agent, resulting in compound C2. After the Boc protecting group of C2 had been
removed with HCl, the resulting amine salt was coupled to N-Boc-(D)-alanine using DCC in
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combination with 1-hydroxy-benzotriazole hydrate (HOBt) and N,N-diisopropylethylamine
(DIPEA), yielding compound C3. The Boc protecting group in this compound was also
removed with HCl and the resulting product was refluxed with sodium formate in ethyl
formate to obtain the N-formylated compound C4. The latter compound was then
reacted with sodium azide, which resulted in C5. Finally, compound C5 was subjected to a
dehydration reaction with Burgess reagent to form the isocyanide monomer C6.

Scheme 1 | Synthesis of azide monomer. (Step 1) p-TosCl, THF, yield 92%; (Step 2) N-Boc-L-Ala,
DCC, DMAP, CH2Cl2; yield 83%. (Step 3) 1. HCl 2 M in dioxane 2. N-Boc-D-ALa, DCC,
HOBt, DIPEA, CH2Cl2, yield 76%; (Step 4) 1. HCl 2 M in dioxane 2. Sodium formate, ethyl
acetate, 56 °C, 12 h, yield quant.; (Step 5) Sodium azide, ethanol, yield 70%; (Step 6)
Burgess reagent, CH2Cl2 , 50 °C, 1.5 h, yield 20%.

3.3.2 | Synthesis and characterization of the azide containing
polyisocyanopeptides
Copolymers of the monomer without azide functions (3OEG) and the above described
monomer C6 were prepared following a protocol adapted from the literature31. The former
monomer was purchased from Chiralix B.V. and purified by column chromatography before
use (see Experimental Section). This monomer and the azide containing monomer C6
were polymerized in the presence of Ni(ClO4)2 as a catalyst to yield random co-polymers
of which some side chains contained azide functions and other ones not (Scheme 2). We
synthesized co-polymers using the following molar ratios of C6 and 3OEG: 1:400, 1:200,
1:100, 1:50, and 1:30. Statistically, the resulting co-polymers bear one azide group every
34.5, 23, 11.5, 5.7, 2.9 nm, measured along the polymer backbone. The viscosity averaged
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molecular weights of the co-polymers were determined using an Ubbelohde viscometer
and were found to have similar values between Mv 500 and 547 kDa (Table 1).

Scheme 2 | Synthesis of azide appended isocyanopeptide copolymers.

From the above mentioned co-polymers hydrogels were prepared by dissolving the
copolymers into MilliQ water and subsequently warming the solutions to a temperature
above 16 °C. The gelation temperatures and the mechanical properties of the hydrogels
were studied using rheology. The gelation temperature of the hydrogels were found to be
16 °C and the stiffness values 200-350 Pa at 37 °C (Table 1).
Table 1 | Synthesis conditions and characterizations of copolymers P1-P6 and their hydrogels
Sample

[C6]:3OEG
ratio

Yield (%)

Molecular weight
(Mv) obtained by
viscometry (kDa)

Sol/Gel transition
temperature (°C)

Modulus G’
at 37 °C (Pa)

P1

1:30

79

547

16

213

P2

1:50

87

570

16

253

P3

1:100

84

500

16

278

P4

1:200

80

527

15

302

P5

1:400

82

521

15

353

P6

0

75

512

15

378
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3.3.3 | Incorporation of GRGDS peptides into isocyanopeptide polymers
To enable cells to interact with our PIC-hydrogels we grafted a cell-binding peptide, i.e.
GRGDS to the polymer backbone. To this end we, prepared a DBCO-GRGDS complex
(Scheme 3). As mentioned before, the PIC polymer is built from two monomers, differing
only in the presence of an azide functionality (Scheme 2). This azide group is used for
the decoration of the PIC polymer with GRGDS peptides, thus a ratio between the two
monomers translates directly into a specific GRGDS concentration on the PIC backbone.
For instance, a ratio of 1:100 PIC-GRGDS means that GRGDS was coupled to a copolymer
prepared by combining 1 part of azide monomer C6 with 100 parts of 3OEG monomer,
assuming that the azide groups fully reacts with the GRGDS peptide. Recent literature
indeed shows that this reaction is fast and very high yielding34. In our case, we reacted
P2-P6 with GRGDS to obtain polymers with different peptide loading. After purification,
GRGDS loaded polymers (P7-P11) were obtained as flakes, which easily dissolved in a
culture medium to form a hydrogel. The mechanical properties of GRGDS-PIC hydrogels
were studied using the protocol described in section 3.2.5 The rheological analysis
revealed that the GRGDS-decorated hydrogels had similar stiffness values between 150250 Pa at 37 °C (Figure 5) and were found to be slightly lower to those of the unloaded
hydrogels. Unfortunately, the molecular weights of P7-P11 could not be determined
because the materials were not soluble in acetonitrile, which is used for the viscosity
measurements. In Chapters 4 and 7 of this thesis the applications of the PIC-GRGDS
hydrogels are discussed.

Scheme 3 | (a) Synthesis of the DBCO-GRGDS compound, which is used for the coupling
to the PIC-PIC-azide blockcopolymers. (b) Synthesis of the PIC-PIC-azide
blockcopolymers. (c) Decoration of the PIC-PIC-azide block-copolymers with the
GRGDS peptide
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3.3.4 | Incorporation of GD-DO3A into the isocyanopeptide polymers
To make the hydrogels imageable with MRI technologies we decorated the PIC polymers
with a MRI contrast agent. We choose Gd-DO3A (see Scheme 4) for this purpose, because
it is one of the most common contrast agents used in current medicine35. It is known
to offer a very good contrast and a low signal-to-noise ratio. The conjugation reaction
is described in Scheme 4. The incorporation of the Gd-DO3A compound into the PIC
polymers was realized by first preparing the DBCO-Gd-DO3A complex, which was
subsequently coupled to the azide functions in the isocyanopeptide blockcopolymers.
Hence, the initial ratio between the two monomers C6 and 3OEG translates directly to
the contrast agent concentration on the PIC blockcopolymer. We prepared polymers with
different Gd content by functionalising the different azide containing blockcopolymers
P1-P5. Assuming full conversion, we obtained P12-P16 with ratios Gd to 3OEG of 1:400,
1:200, 1:100, 1:50 and 1:30 (P12-P16). To this end, a freshly obtained azide-containing
blockcopolymer in the form of flakes was dissolved in acetonitrile and subsequently
treated with Gd-DO3A in the same solvent. The Gd content of resulting polymers was
determined by ICP-MS and MRI following the method described in section 3.2.8 of this
thesis and the results are described in Table 2.
Table 2 | Quantification of the Gd content in PIC blockcopolymers by using MRI and ICP-MS. For
all the samples, the PIC concentration was 2 mg/mL. *Assuming full conversion
Sample

Ratio [Gd]:[3OEG]

Calculated* [Gd] (mM)

[Gd ] MRI (mM)

[Gd] ICP-MS
(mM)

P12

1:30

0.25

0.2

0.13

P13

1:50

0.125

0.15

0.041

P14

1:100

0.062

0.05

0.002

P15

1:200

0.031

0.011

0.001

P16

1:400

0.015

0.005

0.0004

P6

0

0

0

0

At high gadolinium concentrations the differences between the theoretical values
assuming full conversion and the experimental values obtained by MRI were small. On the
contrary, at low gadolinium concentrations the differences between the calculated and
experimental values were large, i.e. increased by 3 fold. A possible explanation for this
behaviour could be that at low concentrations the signal to noise ratio associated with the
MRI scanner decreases36. As a result, there is a decrease in the accuracy of measurements.
The differences between the theoretical values of the gadolinium concentration and
the values as obtained by the ICP-MS analysis are quite significant, both at high and low
gadolinium concentrations. As with the MRI method, the differences increase when the
gadolinium concentration decreases. The observed differences cannot be ascribed to the
insensitivity of the ICP-MS instrument, because the ICP-MS technique can determine very
low concentrations (10-6 mM).
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Scheme 4 | Top, synthesis of the DBCO-GdDO3A reagent. Bottom: decoration of the PIC-PICazide block-copolymers with the GdDO3A contrast agent

In order to prepare hydrogels, flakes of the Gd-DO3A block-copolymers were dissolved in
water at a 2 mg/mL concentration. The mechanical properties of the resulting hydrogels
were studied using the protocol described in section 3.2.5. The rheological analysis
revealed that the Gd-decorated hydrogels had a sol-gel transition temperature of
17 °C with similar stiffness values between 100-250 Pa at 37 °C (Figure 1). The mechanical
properties were found to be slightly lower to those of the unloaded hydrogels. The imaging
capabilities of the Gd-modified hydrogels will be discussed in Chapter 5.

Figure 5 | Storage modulus (G’) of non-functionalized, GRGDS-, and Gd-loaded hydrogels at 37 °C
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3.4 | Conclusions
In this chapter, we have shown that random isocyanopeptide -copolymers can be
synthesized from two monomers, i.e. 3OEG and C6. 3OEG was commercially available
and the azide-containing monomer C6 was synthesized following a 6-step synthetic
route. The azide-groups in the copolymers, which were synthesized in different ratios,
were used for the coupling of (i) GRGDS peptides and (ii) a Gd-DO3A contrast agent.
The resulting polymers had similar molecular weights, i.e. between 500 and 547 kDa. In
aqueous solutions, these polymers formed hydrogels upon warming beyond 16 °C with
stiffnesses of 213-378 Pa at 37 °C. Furthermore, we have decorated the polymers with
a cell adhesion peptide (GRGDS) and a MRI-sensitive contrast agent (Gd-DO3A) via free
copper click-chemistry reactions. The rheological analysis revealed that GRGDS and Gdloaded hydrogels have slightly lower stiffness values (100-250 Pa) compared to the nonfunctionalized hydrogels.
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Polyisocyanopeptide
hydrogels: a novel
thermo-responsive
material supporting prevascularization and the
development of organo-typic
structures

J. Simó and J. Zimoch performed most of the experiments
and analysis. J. Simó synthetized the PIC polymers,
A. Klar perfomed experiments with vasculogenesis,
T. Biedermann performed experiments with melanoma
cells and Q. Vallmajo designed and produced the PDMS
molds.
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Abstract
Molecular and mechanical interactions with the 3D extracellular matrix are essential
for cell functions such as survival, proliferation, migration, and differentiation. Thermoresponsive biomimetic polyisocyanopeptide (PIC) hydrogels are promising new
candidates for 3D cell, tissue, and organ cultures. This is a synthetic, thermo-responsive
and stress-stiffening material synthesized via polymerization of the corresponding
monomers using nickel perchlorate as a catalyst. It can be tailored to meet various
demands of cells by modulating its stiffness and through the decoration of the polymer
with short GRGDS peptides using copper-free click chemistry. These peptides make
the hydrogels biocompatible by mimicking the binding sites of certain integrins. This
study focuses on the optimization of the PIC polymer properties for efficient cell,
tissue, and organ development. Screening for the optimal stiffness of the hydrogel and
the ideal concentration of the GRGDS ligand conjugated with the polymer, enabled
cell proliferation, migration and differentiation of various primary cell types of human
origin. We demonstrate that fibroblasts, endothelial cells, adipose-derived stem cells,
and melanoma cells, do survive, thrive and differentiate in optimized PIC hydrogels.
Importantly, these hydrogels support the spontaneous formation of complex structures
like blood capillaries in vitro. Additionally, we utilized the thermo-responsive properties
of the hydrogels for a rapid and gentle recovery of viable cells. Finally, we show that
organotypic structures of human origin grown in PIC hydrogels can be successfully
transplanted subcutaneously onto immune-compromised rats, on which they survive and
integrate into the surrounding tissue.
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4.1 | Introduction
Classical two-dimensional (2D) cell culture platforms have contributed greatly to
our understanding of biological phenomena on the cellular level. Studies with cells
cultured on cell culture plastics or comparable surfaces have given insight in complex
molecular processes, such as the cell cycle, cell-cell interactions, stem cell self-renewal,
and differentiation. However, these experiments removed cells from their native 3D
environments and forced them to adhere and proliferate mostly in the form of a completely
artificial monolayer. The disadvantages of the use of these simple but versatile platforms
are abnormal polarization of epithelial cells, flattened shape, altered responses to stimuli,
and dramatic changes in phenotype1,2.
Present knowledge on cell and tissue biology gives prominence to the tremendous
difference between (2D) and three-dimensional (3D) culture systems. Various 3D systems
have been developed to mimic more precisely the physiological cell-cell and cell-ECM
interactions1. Among the many approaches to achieve this feat, the use of hydrogels is
considered to be the most promising one. These water-swollen networks of polymers
maintain a distinct 3D structure. The high water content of these materials facilitates their
biocompatibility. Moreover, hydrogels mimic native properties of extra-cellular matrices
in terms of adhesion and mechanical properties. Utilization of hydrogels for cell culture
has revealed some basic phenomena orchestrating cell behavior and organization. One
of the most striking examples disclosing the superiority of 3D cell culture systems based
on hydrogels is the work of Reichmann et al, who showed already in 1989 that mammary
epithelial cells form doming monolayers in 2D culture, whereas they develop into organotypic structures, like mammary ducts and end buds, in collagen type I hydrogels2
3D Cell culture systems derived from natural sources (e.g., Matrigel3 and Collagen4)
provide excellent cell viability and fast enzymatic degradation profiles. In addition to
these natural 3D matrices, there are synthetic materials that can form hydrogels. In
contrast to natural hydrogels, synthetic polymers have a clearly defined and constant
chemical composition. Their disadvantage is frequently a lower biocompatibility, which
is due to a lack of integrin-like cell binding sites. To compensate for this disadvantage
biomolecules, such as GRGDS peptides, may be coupled to the polymers. This will allow
efficient cell binding to the hydrogel in this way mimicking the processes that occur in the
natural extracellular matrices.
In this chapter, we describe experiments in which a novel, fully synthetic, biocompatible,
3D cell environment, namely a hydrogel formed by the water-soluble polymer
polyisocyanopeptide (PIC)5, is tested and optimized. This material was synthesized via
polymerization of the corresponding monomers using a nickel perchlorate complex as
catalyst (see Chapter 3). In addition, the decoration of the polymer with short GRGDS
peptides using copper-free click chemistry is possible (see Chapter 3). These peptides
make the hydrogels biocompatible because they can bind to certain types of integrin
receptors on cancer cells.
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A notable feature of these hydrogels is that they exhibit reversible thermo-responsive
behavior. At temperatures below 16 °C the polymer solution that forms the hydrogel
is a free-flowing liquid, whereas above 16 °C the viscosity dramatically and rapidly
increases, whereby the polymer solution transforms into a hydrogel. This flexible behavior
is advantageous for cell recovery and allows removal of the hydrogel after it has served
as a (transient) carrier for bio-engineered cell tissues. One of the most interesting
characteristics of the PIC hydrogel is its strain-stiffening property. This unique property,
which is wide-spread in nature (e.g. as displayed by networks formed by Intermediate
Filaments and Actin fibers), but rarely observed in synthetic scaffolds, makes that the gel’s
stiffness is not constant but increases when the gel is strained.
The above mentioned characteristic features of the PIC hydrogel make it a versatile and
tunable system for 3D cell culture and in vivo applications. In this chapter we demonstrate
that complex biological structures, such as a network of capillaries, can indeed be
developed in PIC hydrogels under the appropriate conditions. The next step will be the in
vivo transplantation of cellular PIC hydrogel matrices.

4.2 | Materials and Methods
4.2.1 | Synthesis of the polymers (see also Chapter 3)
PIC copolymers were synthesized via copolymerization of a triethylene glycolfunctionalized isocyano-(L)-alanyl-(D)-alanine peptide monomer (3OEG) and the
corresponding monomer containing side chains terminated with azide-functions (C6)
according to a previous report from our laboratory6. Nickel perchlorate hexahydrate
was used as the catalyst in a 1:4000 molar ratio with respect to the 3OEG monomer. The
applied molar ratios between monomers C6 and 3OEG were 1:30, 1:50, 1:70, and 1:100
giving a statistical distribution of spacings between each azide group of 3, 5, 7, and 10
nm. By using different monomer ratios, the concentration of GRGDS functions (see 4.2.2)
along the polymer chain changes. The polymers with the lowest ratios (1:30) are able to
accommodate higher amounts of GRGDS on the polymer chain. On the contrary, polymers
with the highest ratio (e.g. 1:100) contain less azide functional groups and, hence, are able
to accommodate less GRGDS molecules on the polymer chain. The resulting copolymers
were precipitated from diisopropyl ether. The molecular weights of the final polymers
were determined by viscosity to be circa 500 kg/mol.

4.2.2 | Conjugation of the polymers with GRGDS (see also Chapter 3)
GRGDS peptide was reacted with dibenzocyclooctyne-N-hydroxysuccinimidyl ester
(DBCO-NHS ester) to obtain the compound DBCO-GRGDS. Subsequently, the complex
DBCO-GRGDS was reacted with the azide groups of the C6 monomers present on the PIC
copolymer backbone via copper-free click-chemistry according to a previous report from
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our laboratory7. Finally, the copolymers decorated with the cell-adhering peptides were
purified by precipitation from diispropyl ether.

4.2.3 | Hydrogel formation and characterization (see also Chapter 3)
Hydrogel samples of the various GRGDS-conjugated copolymers of 3OEG and C6 (see
4.2.1 and 4.2.2) were prepared using different PIC-GRGDS concentration (2, 2.5, 3 and
5 mg/mL) for each of the GRGDS-copolymers. These PIC-GRGDS copolymers were
dissolved directly in the cell culture media. Solutions were gently stirred at 4 °C for a
period of 12h in order to facilitate the complete dissolution of the material. Hydrogels were
formed on warming the solution above 16 °C. The gelation temperature and mechanical
properties of the hydrogels decorated with GRGDS peptides were studied by rheology.
For this purpose, the hydrogels were subjected to 5-50 °C temperature swifts. All the
hydrogels showed similar gelation temperatures (16 °C) and similar elastic moduli (G’ =
100-300 Pa) at 37 °C.

4.2.4 | Isolation and culturing of the primary cells
Human skin samples and adipose tissue samples were obtained from patients after
approval had been obtained from the Ethics Committee of the Canton Zurich and informed
consent had been given by parents or patients. Fibroblasts and HDMECs were isolated and
cultured from skin samples as described before8,9 . Adipose derived stem cells (ADSCs)
were isolated and expanded following the previously described procedure10. Cultured
human melanoma cells from previously isolated and maintained cells were used11.

4.2.5 | Cell culture in hydrogels
All PIC hydrogels used in this study were prepared according to the following protocol.
The respective PIC polymer was weighted on an analytical balance (Kern&Sohn, Balingen,
Germany). Next, the PIC polymer was transferred to sterile tubes and dissolved in cold
culture medium. Subsequently, cells were seeded into the PIC polymer solution in a
concentration of 100,000 cells/ml. The solution was then gently pipetted into inserts of
transwell-clear plates (Corning, Kaiserslauten, Germany). After 30 min in the incubator
the hydrogels were covered with medium above and below. Hydrogels with human
dermal fibroblasts and melanoma cells were grown in DMEM containing 10% fetal calf
serum (FCS), 4 mM L-alanyl-L-glutamine, 1 mM sodium pyruvate, and 5 mg/ml gentamycin
(all from Invitrogen, Paisley, UK). For the capillary formation studies samples of the PIC
hydrogels with the 1:1 mixture of HDMECs and fibroblasts were prepared and subsequently
cultured in EGM-2MV medium (Lonza, Basel, Switzerland). ADSC in the hydrogels were
differentiated into adipocytes in MesenCult Adipogenic Differentiation Medium (StemCell,
Cologne, Germany).
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Collagen hydrogels were prepared as described previously12. PIC and collagen hydrogels
were imaged using confocal microscope after staining with specific antibodies. The
number of blood capillaries and branching points in pre-vascularized hydrogels, and the
number of differentiated adipocytes in the hydrogels with ASCs were calculated per mm2
of a hydrogel (n=4 per condition).

4.2.6 | Proliferation assay
Cell proliferation rates were determined using a Cell Counting Kit-8 (CCK-8) according to
the manufacturer’s protocol (Sigma-Aldrich, Buchs, Switzerland). Briefly, PIC hydrogels
with human dermal fibroblasts (100,000 cells/ml) were prepared in triplicate. For 4
consecutive days, 2 ml of accordingly diluted CCK-8 solutions was added to each well
containing a hydrogel and incubated for 2 h. Afterwards, the solution was collected and
the resulting color was assayed at 450 nm using a microplate absorbance reader (Biotek
Epoch, Luzern, Switzerland). Each measurement was carried out in triplicate.

4.2.7 | Recovery of the cells
For the recovery of cells cellularized hydrogels were removed from culture inserts and
transferred into a tube where cold 4 °C sterile PBS was added. The solution was then
centrifuged for 3 min. at 400 g. After removal of the supernatant, the cells were suspended
in a culture medium and seeded on a cell culture plastic and cultured in an appropriate
medium. To check the percentage of recovered cells that attached to plastic 4 h after the
seeding, culture medium was collected and unattached cells were counted.

4.2.8 | Animal studies
The surgical procedure was approved by the local Committee for Experimental Animal
Research (permission number 252/2013). Molds were made of poly(dimethylsiloxane)
(PDMS) formed from a pre-polymer (Sylgard 184) at a ratio of 10:1 base to curing agent.
The mold dimensions were 4 mm in diameter and 1 mm in depth. Hydrogels with molds
were transplanted subcutaneously on the back area of 10-week-old, female, athymic Nu/
Nu rats (Charles River Laboratories, Germany). All animals were sedated with 15mg/kg
ketamine s.c. (Company) prior to surgery. For anesthesia, isoflurane (Baxter, Volketswil,
Switzerland) and as post-operative analgesia 0.5 mg/kg buprenorphine s.c. (Temgesic,
Essex) was provided. The skin was sutured with non-resorbable polyester sutures
(Ethicon, Norderstedt, Germany) and the wound dressed by a polyurethane sponge
(Ligasano, Ligamed, Austria), and tape (Leukoplast, BSN medical, Germany). Animals were
sacrificed 7 days later and the hydrogels were removed and processed for sections.

4.2.9 | Immunofluorescence staining
Immunofluorescence staining was performed as described by Pontiggia et al11.
The following antibodies were used for immunofluorescence: HMB-45 (1:50, Dako,
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Baar, Switzerland), CD90 conjugated with FITC (1:20, dianova, Hamburg, Germany),
HIS48 (1:50, Santa Cruz, Heidelberg, Germany). AlexaFluor 488 and 555-conjugated
immunoglobulins were used as secondary antibodies (Invitrogen, Paisley, UK). Photos of
immunofluorescence staining were taken with a DXM1200F digital camera connected to
a Nikon Eclipse TE2000-U inverted microscope. The device was equipped with Hoechst
33342-, FITC-, and TRITC-filter sets (Nikon AG, Switzerland; Software: Nikon ACT-1 vers.
2.70). Images were processed with Photoshop 10.0 software (Adobe Systems Inc., Basel,
Switzerland).

4.2.10 | Whole-mount staining
PIC hydrogels with cultured cells were washed with PBS for 2 h, with PBS being exchanged
every 30 min. The hydrogels were blocked for unspecific binding and permeabilized with
0.1% Triton X-100/10% FBS for 30 min and incubated with HMB-45, CD31 (both 1:50,
Dako, Baar, Switzerland), FABP4 (1:200, clone 9B8D, abcam, Cambridge, UK) antibodies
for 2 h. Subsequently, the hydrogels were washed with PBS for another 1 h and incubated
with secondary antibodies, i.e. AlexaFluor 488 and 555-conjugated immunoglobulins
(Invitrogen, Paisley, UK), or with BODIPY FL (1:1000, Life Technologies, Paisley, UK) for 2
h. Finally, the constructs were washed for 2 h with PBS. Tissues were mounted in Dako
mounting solution (Dako, Baar, Switzerland) for confocal imaging using a Leica SP1
confocal laser scanning microscope (Leica, Heerbrugg, Switzerland). Images were
processed with Imaris 5.0.1 software (Bitplane AG, Zurich, Switzerland).

4.2.11 | Fluorescein diacetate (FdA) vital cell staining
In order to visualize the cell viability in the hydrogels and cell culture plastics, FdA staining
was performed as published before13. Briefly, from an acetone 5mM stock solution, FdA
(Sigma, Buchs, Switzerland) was added to the culture medium in the lower and upper
chambers to a final concentration of 5 μM. After 2 min, the FdA was removed by washing
twice in PBS before fresh culture medium was applied. The substitutes were analyzed by
fluorescence microscopy.

4.3 | Results
4.3.1 | Optimizing the biological properties of PIC hydrogels
To unravel the biological potential of PIC hydrogels for complex 3D cell cultures, we had
to optimize two parameters that are crucial to cell survival and viability: (i) the polymer
concentration in the hydrogel and (ii) the concentration of the GRGDS peptide conjugated
to the polymer backbone. The former parameter is especially important as the properties
of the PIC polymer, such as strain-stiffening, change as a function of concentration7,
and the latter parameter is crucial in order to enable cells to interact with the hydrogel
material7.
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Figure 1 | (A) Synthesis of the functionalized derivative DBCO-GRGDS. (B) Copolymerization of
non-functionalized and azide-functionalized isocyanopeptide monomers.
(C) Decoration of the azide-functionalized copolymers with the DBCO-GRGDS complex.
(D) PIC copolymer flakes, as obtained and before dissolving them in a cell culture
medium. (E) PIC copolymer flakes dissolved in a culture medium to form a hydrogel.

As the optimization of both above-m mentioned parameters was not possible at the same
time, we first focused on determining the optimal concentration of the PIC polymer.
For these experiments the concentration of 1:100 GRGDS-functionalized PIC polymer
was used, as previously reported14. The GRGDS-peptide was prepared in the form of a
dibenzocyclooctyne-functionalized complex (DBCO-GRGDS), which can be coupled to the
azide functions of the polymer (Fig. 1A). The polymer is built from two monomers: 3OEG and
C6, differing only in a terminal azide group, i.e. on the M2 end (Fig. 1B). This group is used for
the decoration of the PIC polymer with GRGDS peptides; thus the ratio between the two
monomers translates directly to the number of GRGDS functions on the PIC polymer chain
(Fig. 1C). For instance, the above-mentioned 1:100 ratio means that for 1 part of C6 monomer,
100 parts of 3OEG monomers were used assuming that the azide groups fully react with the
DBCO-GRGDS peptide complex. Freshly obtained polymer was isolated in the form of flakes
(Fig. 1D), which easily dissolved in a culture medium to form a hydrogel (Fig. 1E).

Figure 2 | Optimization of PIC concentration and functionalization for cell culture. (A–D)
Human dermal fibroblasts cultured for 48 h in 4 different PIC hydrogel concentrations
as seen in bright field microscopy (scale bar = 100 µm) (E and F) Human dermal
fibroblasts were cultured for 24 h in optimal 2.0 mg/ml PIC polymer hydrogel with
various concentrations of GRGDS ligands conjugated with polymer’s backbone. FDA
staining. (G) Representative fibroblast culture in collagen type I hydrogel. FDA staining
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(scale bar = 200 µm). (H) Optimal features of PIC polymer hydrogel for cell culture
were confirmed in proliferation assay. Human dermal fibroblasts were cultured for
4 days and the assay was performed every 24 h. Results are presented as mean ± SD
(Collagen Type I vs 1:30 2 mg/ml, Collagen Type I vs 1:100 2 mg/ml p > 0.05; Collagen
Type I vs 1:30 4 mg/ml, Collagen Type I vs 1:100 4 mg/ml, Collagen Type I vs No RGD
2 mg/ml, Collagen Type I vs No RGD 4 mg/ml p < 0.0
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Human dermal fibroblasts isolated obtained from foreskin were mixed with nonfunctionalized PIC polymer and their proliferation was monitored by observation in bright
field as well as by staining with Fluorescein Diacetate (FdA) dye to identify living cells.
The most suitable condition supporting cell proliferation became obvious after already
48 hours of culture. In hydrogels consisting of 2.0 mg/ml PIC, the fibroblasts showed
their usual stretched appearance, colonizing the hydrogel in three dimensions (Fig. 2A). In
contrast, fibroblasts in the hydrogels consisting of higher PIC concentrations (2.5, 3.0, and
5.0 mg/ml) did not acquire the typical spindle-shaped morphology, but remained round
in shape and did not stretch out (Figs. 2B, C, D). Cells cultured in higher concentrations of
the polymer (3.0 mg/ml and 5.0 mg/ml), although not changing their round morphology,
stayed viable after 5 days in culture (Fig. 2 C, D).
Having determined the optimal concentration of the PIC polymer (i.e. 2.0 mg/ml), we
subsequently investigated whether the GRGDS-peptide and increasing concentrations
of this compound on the polymer backbone would improve the environment and culture
conditions for the dermal fibroblasts. The GRGDS-peptide-functionalized PIC polymer
was combined with the non-functionalized PIC polymer in the following ratios: 1:30, 1:50,
1:75, and 1:100 in an overall concentration of 2.0 mg/ml. The 1:30 ratio is the highest ratio
at which the polymer still retained its physico-chemical properties, such as gelation and
stress-stiffening characteristics.
The GRGDS-peptide-functionalized PIC polymer to non-functionalized PIC polymer
ratio of 1:30 turned out to be the optimal one at which almost all cells showed positive
FDA staining, and exhibited their typical spindle morphology already 18 to 24 hours after
submerging them in the hydrogel. The growth of fibroblast was similar to the one observed
in control collagen type I hydrogels (Fig. 2E-G). In addition, they displayed optimal growth
characteristics, as revealed by a proliferation assay (Figs. 2 A-H). What is even more
important, the proliferation rate of the fibroblasts under these conditions was similar to
the proliferation rate in collagen type I hydrogel (Fig. 2H).

4.3.2 | PIC hydrogels support formation of blood capillaries, adipogenic
differentiation and growth of cancer cells
Culturing fibroblasts, although being important for establishing the optimal PIC features
for cell growth, could not reveal the full potential of the tested material. Hence, we decided
to analyze whether the optimized environment would allow complex cell interactions and
migration of both fibroblasts and endothelial cells, fostering the formation of a capillary
plexus in the hydrogel. For these experiments, we combined freshly isolated human dermal
microvascular endothelial cells (HDMECs) and human dermal fibroblasts, mixed in a 1:1
weight ratio. The cells were submerged within the PIC polymer (2.0 mg/ml, PIC:GRGDS
= 1:30) forming a functional hydrogel, and cultured in endothelial growth medium for 3
weeks. Immunofluorescent staining of hCD31, a marker for human endothelial cells,
revealed the presence of a network of blood capillaries in the hydrogels that was similar
to the ones observed in collagen type 1 hydrogels (Fig. 3A-C). After 3 weeks of culture we
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observed (per mm2) 52 blood capillaries (SD=9) with 79 branching points (SD=14). This
corresponds to results observed in control collagen hydrogels (number of capillaries=55,
branching points=85, SD=12).

Figure 3 | A. Capillary network spontaneously formed by 1:1 mixture of HDMECs and fibroblasts
in a PIC polymer hydrogel (scale bar = 100 µm) B. Magnification of A; branching points in
the HDMECs capillary network are marked by arrows (scale bar = 300 µm) C. Adipocytes
differentiated from ADSCs with lipid depots stained with BODIPY dye and the cell
membrane stained with FABP4 adipocyte marker (scale bar = 300 µm) D. Differentiated
adipocytes as visualised by bright field microscopy (scale bar = 50 µm) E. Spontaneously
formed spheres of melanoma cells in a PIC polymer hydrogel stained for the HMB45
marker (scale bar = 200 µm) F. Condensation of melanoma cells into multicellular
spheres as visualised by bright field microscopy (scale bar = 100 µm) G. Spontaneously
formed melanoma cells spheres stained for HMB45 marker in PIC copolymer hydrogels.
(scale bar = 200 µm). H. Melanoma cell spheres as visible in bright field microscope in
PIC hydrogels and I. in collagen type I hydrogel (scale bar = 100 µm)

In a further attempt, we investigated the differentiation of human adipose-derived stem
cells (ADSC) into adipocytes. Freshly isolated (primary) ADSC of human origin were
mixed with the PIC polymer (2.0 mg/ml, PIC:GRGDS=1:30). Hydrogels were cultured in
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ADSC expansion medium until the cells occupied almost the entire volume of the gel.
Subsequently, the medium was changed to adipogenic differentiation medium for 10 days.
During this time the approximately 76% (SD=11) of ADC’s underwent differentiation into
adipocytes. The changes in appearance were clearly visible by bright field microscopy
(Fig. 3D). The cells were no longer stretched, but embraced a more relaxed form and
became filled with lipid vesicles. The presence of lipids in these vesicles was confirmed by
the retention of BODIPY dye. Additionally, the differentiated cells were positive for widelyused adipocyte markers, such as FABP4 (Fig. 3E) and Perilipin (not shown). Importantly,
the adipogenic differentiation in PIC hydrogels gave results similar to the differentiation in
collagen hydrogel (Fig. 3F).
Finally, we determined whether and how cancer cells would grow in PIC hydrogels. To
this end we submerged melanoma cells isolated from cancer patients into a PIC polymer
hydrogel (2.0 mg/ml, PIC:GRGDS=1:30). Confocal imaging of the melanoma cells stained
for the HMB45 marker confirmed that the cells proliferated and clustered into spheres
(Fig. 3G). Similarly to collagen hydrogels (Fig. 3I), spontaneous condensation of the cells
into multicellular spheres was observed under the bright field microscope (Fig. 3H).

4.3.3 | Recovery of cells
The thermo-responsive properties of the PIC polymer form a perfect basis for the
development of biologically efficient and transparent 3D cultures and effortless extraction
of cultured cells. The polymer forms stable hydrogels at room temperature and 37°C,
whereas it liquefies at 15°C and lower. To test whether viable cells could be extracted from
PIC hydrogels we cultured human dermal fibroblasts for 5 days in PIC hydrogels until the
cells uniformly colonized the gel (Fig. 4A). The hydrogels were then transferred into Falcon
tubes and ice-cold PBS was added. As a result, the hydrogels turned from the gel into the
liquid state (Figs. 4B, C, and D). After centrifugation and removal of the supernatant, the
cells were re-suspended in culture medium and plated on cell culture plastic. Recovered
fibroblasts attached to the plate already after 5 hours post-plating (Fig. 4E). The FDA
staining performed 24 hours later, confirmed their viability (Fig. 4F). No influence of the
PIC polymer on cell attachment was observed. The number of cells that did not attach to
plastic after 4 h did not exceed 2% of the number of seeded cells.
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Figure 4 | (A) Human dermal fibroblasts cultured for 5 days in PIC hydrogel (2.0 mg/ml,
PIC:GRGDS= 1:30); FDA staining (scale bar = 100 µm). (B) Picture of the insert in which
the PIC hydrogel was kept in culture with cells for 5 days. (C) Picture of the Falcon
tube in which the hydrogel was cooled down causing its transition to the liquid state.
(D) Picture of the Falcon tube showing that for centrifugation the solution of PIC and
cells was further diluted with cooled PBS. E. Fibroblast recovered after 5 hours plating
on cell culture plastic (scale bar = 100 µm). F. FDA staining of the recovered fibroblasts.

4.3.4 | Transplantation of PIC hydrogel-based pre-tissues
To transplant cellularized PIC hydrogels we employed poly(dimethylsiloxane) (PDMS)
molds . These small devices were designed to be flexible and to have a small well for a gel
with one face open to enable cells interactions with the environment (Fig. 5A). We used
them to first culture cells and then transplant subcutaneously hydrogels with molds into
Nu/Nu immuno-compromised rats.
Two types of cells were submerged in the hydrogels, namely dermal fibroblast in one set
of experiments and melanoma cells in a second set. All hydrogels were prepared using
optimal PIC conditions (2.0 mg/ml, PIC:GRGDS=1:30). Cell proliferation was not negatively
influenced by culturing the cells in the molds (Fig. 5B). As soon as cells colonized the
volume of a hydrogel in 3D, the molds were transplanted subcutaneously.
Immunofluorescence images of tissue excised after one or two weeks showed the
presence of the hydrogels in both instances. The PIC hydrogels supported by molds served
well as a source for cell delivery. Staining for human CD90 molecules, which are present on
the surface of fibroblasts, allowed us to clearly distinguish these cells from the rat tissue
(Fig. 5C). To characterize the granulocyte infiltration in transplanted PIC hydrogels, we
analyzed the expression of the granulocyte marker HIS48 present on basophil, eosinophil,
and neutrophil granulocytes (Fig. 5C, D). Seven days after transplantation the majority of
granulocytes resided at the interface between the hydrogel and rat tissue (Fig. 5B, C)
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Immunofluorescence staining of excised tissue with melanoma samples revealed that
most of the melanoma cells remained within the transplanted hydrogel, but some cells
migrated out of it and colonized the neighboring tissue (Fig. 5E, F).

Figure 5 | In vivo transplantations of PIC polymer hydrogels. (A) Picture of the mold used for
subcutaneous transplantation. The well of the mold is filled with a PIC hydrogel
containing cells. (B) Low and high magnification of human dermal fibroblasts growing
in a well of the mold 4 days after seeding. (Scale bar = 0.5 cm) (C) Cryo-section of rat
tissue with implanted PIC hydrogel extracted 1 week after transplantation. The visible
fibroblasts of human origin are stained with human specific anti-CD90 antibody and
the rat granulocytes with HIS48 antibody. The dotted line marks the boarder of the
hydrogel (scale bar = 100 µm). (D) Picture showing that granulocytes (marked with
arrows) are observed only at the interface between the rat tissue and the hydrogel
(scale bar = 50 µm). Cells that migrated out of the hydrogel are marked with arrows,
while the hydrogel is marked with a dotted line (E) Cryo-section of tissue containing
a transplanted PIC hydrogel with human melanoma cells, which were stained for
HMB45. (scale bar = 500 µm.
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4.4 | Discussion
Hydrogels have become workhorses for a wide range of cell behavior and physiology
studies, allowing experiments that previously could not be performed with traditional
2D culture systems15. Their importance for the advances of science is best highlighted
by the immense numbers of different hydrogels that are available and are still being
developed, allowing researchers to choose the ones that suit their experimental needs
best. In this chapter we have demonstrated that after optimization of the stiffness of the
hydrogel and the concentration of the applied GRGDS peptide, PIC hydrogels are suitable
media for cell culture experiments. Among a few of the distinct characteristics of the
hydrogel, the mechanical property of the material is the most crucial one for achieving
robust cell growth. This property is not only important for the stability of a construct
during the culture period, but, even more importantly, also for realizing an appropriate cell
mechano-transduction effect, which translates directly to cell migration, spreading, and
differentiation15-17
Another characteristic property of the PIC hydrogels, which is directly related to the
concentration of the PIC molecules, is the property of strain-stiffening. Many natural
extracellular matrices display such strain-stiffening behavior, i.e. they become stiffer
when they are deformed. This strain-stiffening property is defined as an increase in the
elastic modulus of a material when strain is applied18. Research aimed at understanding
the various physiological processes of cells suggest a high relevance of this strainstiffening mechanism for cell responses, differentiation, and proliferation, but it also
is a mean to prevent cells from being damaged by exposure to large deformations18,19.
Although, the strain-stiffening response is of a primary importance to be considered
when designing artificial biomaterials, this characteristic feature is lacking in most of the
synthetic hydrogels. Hence, the PIC polymer hydrogel is the first synthetic biomaterial
fully resembling responses of natural filaments.
Our results on the optimization of the PIC concentration on cell growth and cell
proliferation, which translates directly into the stiffness of the material, revealed how
small changes in concentration can induce dramatic changes in the behavior of cells. It
has been shown before that tailoring the stiffness of a material may drive the differentiation
of stem cells into a desired direction7,20.
In the same way as the vast majority of synthetic hydrogels the PIC hydrogel has to be
functionalized to enable cell attachment and interactions. To facilitate cell adhesion, we
functionalized the PIC polymer with integrin GRGDS motifs, which have become a golden
standard in the field. It has been known for a long time that not only the presence but also
the concentration of these motifs are crucial for cell growth21,22. We observed the same
behavior in our experiments when we fine-tuned the amount of the GRGDS peptide on the
backbone of the isocyanopeptide polymer. Higher concentrations of the peptide allowed
cells to rapidly adopt a physiological morphology.
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The exact mechanism through which PIC and GRGDS concentrations influence cell behavior
needs to be studied in more detail. At the moment we speculate that higher concentrations
of the polymer inhibit physiological behavior such as stretching and migration. It is
plausible to think that with increasing concentration at some point the stiffness of the
hydrogel becomes so high that cells are unable to move in the polymer network. We also
believe that higher concentrations of the GRGDS peptide make interactions of cells with
the polymer easier, as they can attach to higher number of ligands.
The flexibility of functionalization that is possible with PIC materials provides an
interesting outlook for the future. It is imaginable that studies involving differences in
GRGDS concentration or even functionalization with mixtures of various biomimetic
peptides could increase our understanding of how (peptide) ligand density affects
biological processes. The high tunability of the PIC hydrogels may allow the creation of
synthetic environments that closely mimic the relevant natural niches. Current views
on stem cell biology widely accept the fact that adult stem cells in vivo occupy specific
microenvironments having a specific matrix composition, possessing specific biological
components, and displaying specific physicochemical conditions23,24. The most important
factors determining stem cell fate are cell-cell interaction and the interaction of the cell
with the surrounding microenvironment25. The growing number of clinically applied cell
therapies alone already demands exceptional biomaterials for in vitro studies to better
understand the fate of the stem cells after transplantation into a patient26,27. Thus, the
development of versatile hydrogels being able to mimic a naturally occurring niche is
of great interest for the field of tissue engineering. Bio-engineered synthetic and fully
controllable hydrogels are more likely to provide cells with rational cues for diagnostic
and therapeutic studies28.
Because of the unique properties of the PIC hydrogels and the various possible ways
of their utilization we decided to test some of these utilizations, including adipogenic
differentiation and spontaneous blood capillary formation.
The perception on adipose tissue has changed dramatically in recent years. From a tissue
considered solely to be an energy reservoir and needed for insulation it is now considered
to be involved in many signal and sensory-cue orchestrating processes, even in distant
regions of the body. The potential of adipose stem cells has extensively been studied in
plastic and reconstructive surgery, where their employment has resulted in exceptionally
good outcomes29-31. Thus, the understanding of adipogenic cell differentiation, but also the
interactions of adipocytes with other cell types and tissues has become an important area
in regenerative medicine32. It has already been shown that PIC hydrogels can facilitate
stem cell differentiation into adipocytes33. Our observations confirmed these previous
results and proved that adipogenic cell differentiation of human ADSC’s into adipocytes is
a robust process in the soft network of the PIC hydrogel.
In contrast to adipogenic cell differentiation, the process of spontaneous blood
capillary formation involves the simultaneous action of multiple cell types and multiple
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interactions between cells. Vascularization is one of the most important obstacles when
engineering thick tissue constructs as they are unable to survive after in-vivo implantation
without the presence of a sufficient supply of oxygen and nutrients, i.e. blood vessels34.
In this context it is worth mentioning that the migration and proliferation of endothelial
cells may be influenced by distinct biological parameters of the scaffold material,
such as stiffness, concentration of polymer, and pore size35,36. The minimum porosity
necessary for blood vessel growth, for enabling metabolic exchange, and endothelial
cell infiltration is approximately 30 to 40 μm37,38. Therefore, we tested the suitability of PIC
hydrogels to facilitate the development of a complex microvascular network in-vitro via
the incorporation of human primary vascular endothelial cells (HDMEC) with supporting
human dermal fibroblasts. Interestingly, the cells developed spontaneously into a dense
capillary plexus when the HDMCs and fibroblasts were integrated into PIC hydrogels in a
ratio of 1:1. These results confirm that PIC hydrogels with pore diameters of 100-150 µm
provide a stimulating 3D microenvironment for microvascular growth and that they can be
used as a vascularized template for various tissue-engineered organs 7. To the best of our
knowledge, this is the first time that vascularization was observed in a synthetic thermoresponsive hydrogel.
Thanks to their adjustable properties, PIC hydrogels present a valuable model for clinical
applications, including cancer research and drug screening. Cell cultures in 2D have
been used to study the biology of cancer cells and their responses to anti-cancer drugs.
However, they often have little value in predicting the clinical efficacy of anti-cancer
drugs for clinical therapies39. Breast cancer cells, for example, exhibit human epidermal
growth factor receptor-2 (HER2) proteins as heterodimers when cultured in 2D, but exhibit
HER2 proteins as homodimers in 3D cultures, which results in different responses to the
drug Trastuzumab40,41. Further experiments showed phenotypical differences between
malignant and normal epithelial cells exclusively in 3D cultures. Malignant cancer cells
lost their organization and tissue polarity in 3D cultures, but not in 2D ones42-44.
Tumor cells grown in 3D display physiologically relevant cell-cell and cell-extracellular
matrix interactions, resulting in a gene expression that is more similar to that in vivo
tumours45. Such characteristics make 3D systems physiologically relevant models to
study tumor dynamics and responses to anti-cancer drugs for cancer therapies46.47 As
the properties of the PIC hydrogels can be tuned easily, they can be designed to mimic
stiffness and other mechanical characteristics of tumors in order to understand the
impact of these factors ,on tumor invasiveness and metastatic potential.
Whereas harvesting cells from 2D cultures does not present any problem, isolation
of cells grown inside hydrogels usually becomes a technical challenge. Widely used
approaches of cell isolation from hydrogels include enzymatic digestion and mechanical
disruption of the hydrogel. However, these approaches may damage cells and change
their gene expression profiles1. In great contrast to these methods, the isolation of
cells from PIC hydrogels is quick and harmless for the cells. The whole procedure of
liberating cells consumes the same amount of time as to isolate cells from a monolayer
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and also generates them in high yields. What is more, the cells can be liberated without
the use of any chemical or biological agents, just by applying a small decrease of the
temperature. This characteristic property is extremely advantageous for genomic and
proteomic studies, where quick recovery of unaltered cells is crucial for obtaining valid
results. Additionally, by following this procedure the polymer is virtually removed from the
solution due to dilution during the process of cooling down the gel, centrifugation, and
finally seeding. Thus, the method seems not to influence cell attachment after recovery.
The PIC hydrogels belong to the category of soft hydrogels and are fragile, making that it is
hard to handle them outside culture vessels and to apply them in vivo. This was overcome,
however, by the utilization of molds made of PDMS, a material that is biocompatible
and widely used in in vivo studies. To our best knowledge this is the first case where
PIC hydrogels are transplanted and used in vivo, and afterwards characterized. Our
observations of migration of melanoma cells out of a hydrogel into the rat tissue strongly
suggest that cells delivered in PIC hydrogels can freely interact with surrounding tissues.
This observation was additionally supported by a mild influx of rat granulocytes into the
PIC hydrogels at the border between the construct and animal tissue. Mild infiltration
of the hydrogels by granulocytes supports their usefulness for animal studies. On the
contrary, materials characterized by a high influx of granulocytes and by granuloma
formation are considered not to be suitable for in-vivo applications47,48. The fact that
cellular PIC hydrogels survive after transplantation and may interact with recipient tissue
make them promising systems for in-vivo studies.

4.5 | Conclusions
We optimized novel synthetic, thermoresponsive, and strain-stiffening polyisocyanopeptide
(PIC) hydrogels for the use in organotypic 3D cell cultures. We looked for the most suitable
values of the two most crucial properties of PIC hydrogels: 1) the polymer concentration
in a hydrogel and 2) the concentration of the GRGDS-peptide conjugated to the polymer
backbone. This fine-tuning of the PIC hydrogels enabled us to confirm that the hydrogels
support complex processes including adipogenic differentiation and formation of
blood capillaries. What is more we also showed that PIC hydrogels in molds can be
subcutaneously transplanted. Finally, we utilized the thermo-responsive properties of
PIC hydrogels to show that they enable quick and easy retraction of viable cells from the
hydrogels, eliminating the usage of enzymes or other time-consuming procedures and
digestion for this purpose.
In summary, in this work we showed that PIC hydrogels, with their biomimetic properties,
versatility, tunability, and biocompatibility are interesting candidate materials to be used
for a broad spectrum of studies.
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J. Simó synthetized the PIC polymers and prepared
the hydrogel solutions, P. Janke prepared the collagen
scaffolds and performed the in-vivo experiments.
W. Dou performed the MRI measurements.
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Abstract
Imaging of injectables or implants is a major challenge in the field of tissue engineering,
especially under in-vivo conditions. In this chapter, we describe the preparation of
gadolinium-containing polyisocyanopeptide hydrogels. We demonstrate that it is possible
to image these hydrogels with the help of a clinical MRI scanner. Moreover, we injected
the hydrogels into rats and monitored them using an MRI scanner over a period of 28 days.
Lastly, by incorporating Gd-containing hydrogels into collagen tubular scaffolds, we were
able to create an artificial urogenital tissue replacement, of which the structure can be
visualized by MRI.
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5.1 | Introduction
Hydrogels are popular materials for tissue repair applications due to their resemblance
to the structure and mechanical properties of natural tissues and because of their
biocompatibility. For tissue engineering, real-time visualization of the tissue engineered
scaffold or implant in a non-invasive manner is important, because it provides useful
information about the structure, composition, and function of the tissue regeneration
process.
Examples of hydrogels that include imaging agents for real-time in vivo visualisation make
use of techniques based on fluorescence,1 X-ray absorption2, and positron emission
tomography (PET).3 None of these techniques, however, offers the level of contrast and
high spatial resolution that is available with magnetic resonance imaging (MRI). The
latter visualization technique makes use of harmless radiation (magnetic fields and radio
waves) to provide 3D images of the tissue to be studied. In some cases, MRI requires
the administration of a contrast agent in order to improve the contrast in a region of
interest4,5. Several gadolinium-based contrast agents, such as Gadobutrol4, Gadoxetate5,
or Gadoteridol6, have been granted approval by the U.S. Food and Drug Administration
(FDA) and the European Medicines Agency (EMA), which explains why these compounds
are commonly used in medical imaging. In previous research on hydrogels for medical
imaging, MRI-contrast agents have been physically mixed with the hydrogel7,8 or have been
conjugated chemically to it.9 Nevertheless, the in-vivo application of these approaches
is hampered by unfavourable side effects, including severe and persistent tissue
inflammation, swelling, or molding9.
In the present work, we prepared a synthetic hydrogel for imaging of bio-inspired
tubular organ implants. We covalently linked a Gd-based contrast agent to the
polyisocyanopeptide (PIC) polymer, which forms the hydrogel, and studied the imaging
properties as a function of the Gd concentration. In addition, cytotoxicity and histology
studies were performed, revealing that the Gd-functionalized PIC polymers are not
cytotoxic.

5.2 | Materials and methods
5.2.1 | Synthesis of PIC-Gd polymers
PIC polymers were synthesized via copolymerization of the tri(ethylene glycol)functionalized isocyano-(L)-alanyl-(D) alanine monomer 3OEG and the azide-containing
monomer C6, see Scheme 1. Both monomers were synthesized according to the
protocols published previously by us10. The synthesis of the PIC polymers is described
in more detail in Chapter 3 of this thesis. In short, 200 mg of 3OEG and the appropriate
amount of C6 were dissolved in 4 mL of freshly distilled toluene (50 mg/mL). To initiate the
reaction, 0.95 mL (1:10 v/v absolute ethanol:toluene) of nickel perchlorate hexahydrate
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catalyst solution (0.096 mg/mL) was added. Once the reaction was completed, the
polymer was precipitated in diisopropyl ether. The characterization of the final polymers
(P1-P6) is described in Chapter 3 of this thesis. To conjugate the contrast agent to the PIC
polymers (Scheme 1), Gd-DO3A-butylamine was first reacted with dibenzocyclooctyneN-hydroxysuccinimide ester (DBCO-NHS ester). The formation of the product DBCO-GdDO3A was confirmed by mass spectrometry (mass (ESI): calculated 930.13, found 930.29).
Polymer samples P1-P6 (25 mg each) were dissolved in acetonitrile at a concentration of
2.5 mg/mL and stirred at r.t. overnight, after which the corresponding amount of DBCOGd-DO3A was added. The mixtures were stirred at r.t. for 72h. Finally, the polymers were
precipitated in 200 mL of diisopropyl ether, isolated by centrifugation, and dried under an
argon flow, yielding the conjugated polymers (P12-P16).

5.2.2 | Hydrogel formation and characterization
The hydrogel samples were prepared by dissolving polymer (P12-P16) samples at a
concentration of 2 mg/mL in MilliQ water. The solutions were gently stirred at 4 °C for 12h
in order to ensure the complete dissolution of the material. Hydrogels were formed upon
warming the solution above 16 °C. The gelation temperature and mechanical properties
of the hydrogels decorated with gadolinium were studied by rheology. To this end, the
hydrogels were subjected to a temperature sweep between 5-50 °C. Furthermore,
quantification of gadolinium loading in polymers (P12-P16) was performed by MRI analysis
using a validated method11. This method allows one to calculate the concentration of a
contrast agent when the T1 and T2 values are known. T1 and T2 values were acquired on an
11.7 T MR–system (Biospec, Bruker, Germany). First, we generated a calibration curve for
Gd-DO3A. We prepared 18 solutions of Gd-DO3A in water of a known concentration within
the range of 0.3-0.001 mM for which T1 and T2 values were measured. We assumed that the
values will not change considerably after conjugation to the polymer. Hence, we measured
the T1 and T2 values for our PIC-Gd samples and compared them to the standard samples
of known concentration to determine the gadolinium density on the PIC-Gd polymers.

5.2.3 | Preparation of a collagen template reinforced with a coupled helical coil
Tubular collagen type I templates were prepared as previous described12 with slight
modifications. Highly purified collagen type I from bovine Achilles tendon (Collagen
Solutions, Glasgow, Scotland, United Kingdom) was swollen in 0.25 M acetic acid
overnight followed by homogenization using a Silverson L5M-A laboratory mixer
(Silverson, Chesham, United Kingdom) and de-airing by centrifugation (800 rpm for 30 min)
to obtain a 0.7% (w/v) solution. The collagen solution was poured into a polystyrene mold
and a steel mandrel (6 mm in diameter) was placed in the middle of the mold to form a
tubular template made of collagen alone (COL). To form a reinforced tubular template, a
coupled helical coil (CHC, Maxon® USP 2-0) was placed between the steel mandrel and
polystyrene wall before the mold was filled. Samples were frozen at -20 °C for at least
24 h. After the freezing procedure, the samples were lyophilized (Zirbus Sublimator 500II,
Bad Grund, Germany) and subsequently crosslinked and sterilized by UV exposure.
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Incorporation of the PIC hydrogel into the collagen biohybrid was performed by dipping
the hybrid into a PIC solution (2 mg/mL of polymer concentration in MilliQ water) at
approximately 4 °C. Afterwards, the coated biohybrid was stored at room temperature.
Beyond the gelation temperature Tgel = 16 °C, the PIC solution formed hydrogels
homogeneously on the biohybrid substrate.

5.2.4 | Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM, Zeiss Sigma 300, Carl Zeiss, Jena, Germany,
accelerating voltage of 15 kV) was performed to analyze the structure of the collagen type
I templates. The samples were sputtered with gold for 60 s by a Scancoat Six SEM Sputter
Coater (Temescal/Ferrotec, Unterensingen, Germany) before being analyzed.

5.2.5 | Mechanical properties of the collagen scaffold
To measure the (bio)mechanical behavior of PIC incorporated into COL hybrid tubes, a
tensile ring test was performed on ring specimen of with length l = 5 mm (n = 5) mounted
between customized hooks (hook-to-hook distance = 6 mm). The specimen were
preconditioned by a 10-fold application of 50 % strain with a strain rate of 50 mm/min.
Afterwards, a uniaxial load was applied until rupture of the construct occurred. The
mechanical properties of templates were derived as previously described12,13 .

5.2.6 | In-vitro MRI imaging of the hydrogels
To determine whether there was an enhanced imaging contrast between hydrogels
prepared from polymers with contrast agent (P12-P16) and polymers without contrast
agent (P6), T1-weighted images were acquired on an 11.7 Tesla clinical imager. The PIChydrogel samples (P12-P16) were stored in 500 µl Eppendorf tubes to acquire their T1 and
T2 values as well as their T1-weigthed images (Figure 1). Multi-repetition time (TR) rapid
acquisition with relaxation enhancement (RARE) sequence was applied to measure T1
saturation recovery for each sample. The scan parameters were: echo time (TE) = 13 ms,
8 TRs from 656–7000 ms with increments of 44–1500 ms, 5 slices with slice thickness
of 2 mm, image resolution of 0.63 mm x 0.63 mm and RARE factor = 4. A multi-slice and
multi-echo (MSME) spin echo sequence was used to measure signal decay via the T2
effect for each sample with twenty TEs, i.e., 7–140 ms with an equal increments of 7 ms.
Other scan parameters included TR = 3100 ms, 5 slices with slice thickness of 2mm and
image resolution = 0.63 mm x 0. 63 mm. The scan took 3minutes and 19 seconds for data
acquisition. In addition, a T1 RARE inversion recovery sequence was applied to acquire T1
weighted images for all samples by using the scan parameters of TE = 9ms, TR= 2000ms,
inversion time= 860 ms, RARE factor=2, twenty slices with slice thickness of 2mm, image
resolution = 0.23mm x 0.23mm. The total scan time was 3minutes and 12 seconds.
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5.2.7 | In-vitro MRI imaging of the biohybrid scaffold
In vitro MRI experiments were performed on a 11.7 Tesla preclinical MR scanner
(BioSpec, Bruker, Germany) equipped with a 1H volume coil with inner diameter of 40
mm. Test specimens (P12-P16) hydrogels incorporated into biohybrids) were embedded
in 10% (w/v) agarose phantoms prior to scanning. A rapid acquisition with relaxation
enhancement (RARE) sequence was employed for acquiring T1 weighted MR images, with
scan parameters of echo time (TE) = 6 ms, repetition time (TR) = 600ms, excitation angle =
90°, refocusing angle = 180°, number of slices = 20, slice thickness = 0.5 mm, RARE factor
= 4, field of view (FOV) = 50 × 50 mm matrix = 256 × 256 and 8 averages. The scan time was 3
mins and 5 secs. In addition, this RARE sequence was also used for T2 weighted MR image
acquisition but with some parameter modifications, including TE = 60 ms, TR = 2000 ms,
number of slices = 10, RARE factor = 1 and 1 average. The scan time was thus 4 mins and
16 seconds. For T1 estimation, the images at 8 TRs (i.e., 200, 500, 1000, 2000, 3000, 5000,
7000, 10000 ms) were applied and the T1 values were estimated with the following fitting
model:
Eq.1: Mz(TR) = M0 * (1-exp(-TR/T1)), in which Mz is the longitudinal magnetization, M0 the
initial maximum longitudinal magnetization value, and TR the short repetition time. The
scan time was 7 mins and 39 seconds. Image contrast between the applied scaffold and
the background was assessed using the contrast to noise ratio (CNR), which was defined
as the difference in the two contrast giving tissues divided by the standard deviation of the
background. A region of interest (ROI) of 0.15 cm2 was drawn within the area of contrast
giving tissues (COL template and tissue phantom, respectively) and background. Mean
gray values and standard deviation were obtained using imageJ (U.S. National Institutes of
Health, Bethesda, Maryland, USA).

5.2.8 | Hydrogel cytotoxicity
For each PIC-Gd sample (P12-P16 and P6) 2 mg/mL PIC-Gd solutions were prepared under
sterile conditions. Solutions were transferred to sterile 24 well plates and placed in an
incubator for 15 minutes for allowing the gelation. After gelation, 10% FBS supplemented
DMEM cell culture media was added to the wells and the hydrogels were incubated for 21
days (37 °C, 5% CO2). Partial media change was performed every 3-4 days and the removed
media were collected and frozen. After 14 days of incubation, the hydrogel samples 3T3
and RAW264.7 were seeded in 96-well culture plates at a density of 104 cells/well. Cells
were allowed to attach overnight and the following day. The culture medium was changed
to the thawed partial media change solutions (PMCS). To evaluate the indirect contact
cytotoxic effect of PIC-Gd hydrogels and their degradation products over 14 days, cells
were cultured with PMCS for 24 hours and MTS assays were performed the following day.
The resulting absorbance values were corrected by subtracting the background reading
of the negative control (cells treated with 1% Triton X-100) in the corresponding trial and
were then normalized against the positive control (cells cultured in a tissue culture plate
with growth medium incubated for 14 days under the same PMCS conditions).
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5.2.9 | Preparation of PIC hydrogels for in vivo studies
Bulk non-functionalized (P6), Gd-conjugated PIC hydrogels (P12-P16), and GRGDSconjugated PIC hydrogels (P7) were disinfected via UV light exposure (4 x 5 min).
Afterwards, the disinfected materials were dissolved in a minimum volume essential
medium (MEM, Gibco/Life Technologies, Carlsbad, CA, USA) supplemented with 100 IU/
mL penicillin and 100 µg/mL streptomycin (both Gibco/Life Technologies, Carlsbad, CA,
USA) and incubated at 4 °C overnight. The final concentration of PIC in the hydrogels was
2 mg/mL. For in-vivo studies, the following polymers were used to prepare hydrogels: P6
(PIC-alone); P12 (PIC-Gd); P7 (PIC-GRGDS) and a mixture of P12/P7 (75:25 %-v/v).

5.2.10 | In-vivo imaging
In a first in vivo study, hydrogels of P6 and P12 were injected in 18 immune-competent
female, inbred, Balb/cByJ mice (Charles River, L’Arbresle, France; age: 7-8 weeks;
weight: approx. 20 gram); injection volume:100 μL. In a second set of in vivo experiments,
hydrogels composed of 75% of P7 supplemented with 25% of P12 were also injected in
additional 18 Balb/cByJ mice. All animal experiments were performed after approval by
the Animal Welfare Body of the Radboudumc (DEC 2016-0013), conducted in accordance
with institutional and national guidelines. Per set of experiments, 18 mice were randomly
divided into three time point-based groups (day 7; day 14; day 28). PIC aliquots were
placed on ice. Prior to injection anesthesia was induced by inhalation of 5% Isoflurane
FiO2/N2O 1:2 (maintenance dose of 2-3% Isoflurane FiO2/N2O 1:2) and the skin of the
intervention area was disinfected with iodium (Eurovet animal health, the Netherlands.
Subsequently, a 100 µL solution of the PIC hydrogel was injected subcutaneously, either in
the left or right side of the back, respectively. Injection was carried out with a pre-cooled
18G needle (BD, Oxford, United Kingdom). Injection areas were marked with a waterproof
marker. Subsequently, the mice were placed in a heating chamber at 37 °C for 15 minutes
to ensure hydrogel formation. Subsequently, n = 3 randomly chosen animals were used
for MRI scanning (day 0 evaluation) under prolonged anesthesia. Body temperature and
breathing were monitored.
In vivo MRI experiments were also performed at 11.7 T using the 1H volume coil described
before. High resolution T1 weighted images were acquired with a RARE sequence to
visualize the implanted scaffold in mice at weeks 2, 4 and 12. The corresponding scanning
parameters were of TE = 10ms, TR = 560 ms, RARE factor = 2, number of slices = 20, slice
thickness = 0.5 mm, FOV = 50 × 50 mm, matrix = 512 × 512 and 16 averages. The scan time
was 28 mins and 40 secs.
In addition, the same protocol as used for the in vitro study was applied to determine T1
relaxation times of the injected materials at each time point. The image contrast between
the applied hydrogel and the background were assessed using the contrast to noise ratio
(CNR), which was defined as the difference in the two contrast giving tissues divided by
the standard deviation of the background. A region of interest (ROI) of 0.15 cm2 was drawn
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within the area of contrast giving tissues (PIC hydrogel and tissue phantom, respectively)
and background. Mean gray values and standard deviation were obtained using image J.
At pre-determined endpoints (7-, 14, and 28 days post transplantation), animals were
sacrificed by carbon dioxide asphyxiation and imaged. After MR scanning, the hydrogels
and surrounding tissues were harvested from the animals and fixated in 4% formaldehyde
prior to dehydration and embedding in paraffin. Subsequently, paraffin samples were cut
at 5 µm. Hematoxylin and eosin (H.E.) and Masson trichrome staining were performed14.

Scheme 1 | Decoration of the PIC polymers with the Gd-DO3A contrast agent

5.3 | Results and discussion
5.3.1 | Synthesis and characterization of PIC-Gd polymers
The polymerization of the isocyanopeptide monomers 3OEG and C6 in different ratios
was performed in toluene using Ni(ClO4)2∙6H2O as a catalyst. The reaction was followed
by IR spectroscopy. After 3 days, the isocyanide peak at 2143 cm-1 in the IR spectrum of
the reaction mixture had completely disappeared, indicating that the polymerization
was completed. The polymers were purified by precipitating the reaction mixture, diluted
with CH2Cl2 in diisopropyl ether. After filtration and two additional reprecipitations from
CH2Cl2 in diisopropylether, the azide-appended polymers (P1-P6) were obtained in the
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form of flakes. The viscosity-derived molecular weights of P1-P6 are given in Chapter 3
section (3.3.1) and ranged between 500 and 570 kg/mol. To make the PIC-hydrogels
sensitive to MRI, we decorated the polymer backbone with the contrast agent Gd-DO3A.
First, we prepared a DBCO-Gd-DO3A complex (Scheme 1) via NHS conjugation chemistry.
Thereafter, we coupled the DBCO-Gd-DO3A complex to the azide-containing polymers via
copper-free click chemistry, to give the Gd-containing polymers P12-P16. The initial ratios
between monomers 3OEG and C6 translates directly to the contrast agent concentration
on the PIC polymers. Assuming full conversion, P12-P16 had Gd:3OEG ratios of 1:400,
1:200, 1:100, 1:50, and 1:30. Hydrogels of P12-P16 were prepared by dissolving the
polymers in MilliQ at 4 °C (2 mg/ml) followed by heating beyond the gelation temperature.
Rheological analysis of the hydrogels revealed that all polymers behaved similarly with a
gelation temperature of ~16 °C and a storage modulus G′ = 150-250 Pa at 37 °C.

5.3.2 | Visualization of the hydrogels by MRI
The imaging efficiency of the polymer hydrogels is expected to depend on the Gd
concentration in the samples. T1-weigthed images acquired on an 11.7 T clinical imager
(Figure 1) revealed that hydrogels with the highest gadolinium loading gave the highest
contrast, while hydrogels with the lowest gadolinium loading resulted in lower contrast.
As expected, a control sample of a hydrogel without gadolinium (prepared from P6) gave
no contrast.

Figure 1 | MR images from the top of eppendorf tubes containing hydrogel samples with
different gadolinium loadings.

Subcutaneous injection of P12-based hydrogels resulted in a ‘bump-like’ polymer deposit
which could be identified via T1 weighted MR imaging (Figure 2). The signal was very bright
in contrast to surrounding tissue. In contrast, the non-Gd-loaded PIC hydrogel (from
P6) was almost indistinguishable from its surrounding. This gel could only be identified
clearly because of the ‘bump’ that was generated during injection. After injection, the
relaxation rate R1 = 1/T1 = (2.0 ± 0.8) x 103 ms-1 of the P12 based hydrogel was significantly
higher (p < 0.0001) than that of the P6-based hydrogel ((0.44 ± 0.07) x 103 ms-1) without Gd.
Analogously, the contrast to noise ratio (CNR) was also significantly higher (p < 0.0001) for
the P12-based hydrogel compared to the P6-based gel (239 ± 91 vs 5.8 ± 7.6). These higher
R1 and CNR-values are associated with an increase of the brightness of the samples and
thus, a more straight forward visualization of the hydrogels on the MRI scanner.
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Figure 2 | MR images of the injected PIC hydrogels of different composition

Regardless of the PIC composition, the individual R1 relaxation rates as well as the CNRvalues were stable over time. However, the integrated density (volume x voxel intensity)
decreased significantly (p < 0.001) after 7 days to 47.3 ± 14.7 from its initial value. Beyond
day 7, the integrated density stayed stable until the end of the experiment (Figure 3).

Figure 3 | Relative volume of injected PIC hydrogels of different composition

In general, the MRI signals and gross morphologies of all injected hydrogels were stable
over time. This correlated very well with the histological examination of the injected
tissues after harvesting: the template was still intact with no macroscopic signs of
hydrogel degradation. At day 7 post injection, all injected hydrogels were surrounded
by a fibrous capsule (Figures 4 & 5). This capsule was mainly composed of lymphocytes,
polymorphonuclear lymphocytes (PMNs), giant cells, and fibroblasts. The hydrogel center
appeared to be a “phantom” with no cell invasion or deposition of newly formed ECM. No
differences between hydrogels of different composition were observed.
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Figure 4 | Hystological examination of P6 and P12 hydrogels after harvesting on day 7, 14 and 28

At day 14 and day 28 post injection (Figures 4 & 5), host inflammatory cells and fibroblasts
invaded all hydrogels. New ECM was produced, and cells aligned to the porous fiber
architecture of the PIC hydrogel. Hydrogel remodeling appeared to be slightly more
pronounced in P7-based gels (with GRGDS decoration).

Figure 5 | Hystological examination of P14 a mixture of P7+P16 after harvesting on day 7, 14 and 28

5.3.3 | Study of the hydrogel cytotoxicity
Indirect contact cytotoxicity evaluation of the PIC-Gd hydrogels was studied on two
cell lines: (A) the 3T3 cell line; and (B) the RAW264.7 cell line (n= 5, Figure 6, red line 75%
cyotocompatibility). As shown in Figure 6, the Gd concentration had no significant effect
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on metabolic activity of either cell line. Interestingly, we observed a relative metabolic
activity (RMA) above 100% for some groups. MTS assays rely on a mitochondrial reductase
to convert tetrazole to formazan and the assumption made here is that the conversion
only scales with the number of viable cells. However, there is always the possibility that
treatment of the cells may result in increased enzymatic activity, which effectively raises
the RMA without actually affecting the cell number or cell viability.

Figure 6 | Indirect contact cytotoxicity evaluation of PIC-Gd hydrogels on A: 3T3 cell line B:
RAW264 cell line ( n= 5, red line 75% cyotocompatibility

5.3.4 | Visualization of the collagen scaffolds by MRI
To demonstrate the applicability of our Gd-containing hydrogels as an easy-to-image and
functional biomaterial, we used the gel to coat a collagen-based scaffold and imaged the
construct with MRI (Figure 7).

Figure 7 | Dry biohybrid sponge (A) is dipped into the PIC hydrogel (B). The hydrogel is formed at
room temperature and fully incorporated to the biohybrid (C).

In an MRI experiment, the PIC-Gd-coated scaffolds showed a stronger contrast and hence
improved visualization, compared to the non-Gd-containing equivalents (Figure 8) After
coating with P12-P16 gels, the scaffold was clearly distinguishable from the surrounding
tissue phantom. Note that the Gd signal was co-localized with the (negative contrast)
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signal of the CHC. In tubular collagen scaffolds without Gd-labeling, only the CHC was
clearly distinguishable. Furthermore, contrast/visualization increased with increased Gd
content of the PIC polymers (Figure 8). The relaxation rate R1 of the biohybrids loaded with
P12 was found to be 5 x 10-4 ms-1 in T1-weigthed MR images (R2 = 0.8751), which is higher
than the rate obtained for the non-containing Gd gels (3.4 x 10-4 ms-1). The relaxation rates
of the biohybrids loaded with PIC-Gd are summarized in Figure 8.

Figure 8 | (A) T1-weighted MRI images of the collagen biohybrid loaded with different PIC_Gdconcentrations in transversal direction. (B) Relaxometry analysis of the biohybrid
loaded PIC gels of different Gd content.

Incorporation of the PIC hydrogel that contains a contrast agent based on gadolinium
enhanced the contrast between the different regions within the biohybrid. However,
enhanced contrast and thus visualization of the biohybrid is generated indirectly as the
PIC hydrogel coats the collagen. We argue that directly labelling of the collagen scaffold
may give additional and beneficial information in terms of collagen degradation and/or remodelling.

5.4 | Conclusions
In this chapter, we have shown that random PIC co-polymers can be equipped with a
gadolinium-containing macro-chelator using strain promoted click chemistry reaction.
The resulting polymers are soluble in water and form a hydrogel upon warming above
16 °C. The post-modification of PIC polymers with gadolinium does not influence
the gelation characteristics or the mechanical properties of the materials. Using this
approach, we demonstrated that it is possible to make PIC hydrogels imageable by
MRI technologies. Analysis of multiple hydrogel samples showed that the contrast
enhancement is readily controlled by varying the gadolinium density in the PIC polymers.
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Moreover, the incorporation of gadolinium labeled PIC hydrogels on a collagen scaffold
enhanced the contrast between the different areas of the construct, which can facilitate
future studies on degradation or remodeling. In addition, cytotoxicity essays using 3T3 and
RAW264.7 cell lines demonstrated that the Gd-containing PIC hydrogels are not noxious
for cells. Finally, during in-vivo experiments, we observed that the hydrogels containing
gadolinium persisted after 3 weeks of subcutaneous injection and could be monitored
using an MRI scanner. After 7 days, there was a modest decrease of the injected hydrogel
volume. However, after day 7 the volume and also the contrast enhancement remained
stable. Our findings encourage further investigation into the use of smart materials,
such as Gd-PIC hydrogels, as a mean to create artificial tissue replacements that can be
implanted in-vivo and tracked in real time.
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Fabrication of
thermo-responsive,
3D polyisocyanide hydrogel
systems via 3D printing

J. Simó and H. Hendrikse synthetized the PIC polymers,
N. Celikkin and H. Hendrikse 3D printed the hydrogels.
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Abstract
Despite the rapid and great developments in the field of 3D bioprinting in recent years,
there are still major challenges regarding the required physical and biological properties
of bioinks to be overcome. On the one hand an ideal bioink should be able to support cell
growth and differentiation. On the other hand, it should allow the deposition of hydrogel
strands loaded with cells with high resolution. Addressing these features in a bioink is
a daunting task. The major bottleneck is that the fabrication of biomimetic structures
imposes distinct boundaries to the physical properties of the hydrogels (e.g. immediate
gelation after extrusion) and only a few natural biopolymers meet these requirements.
Thermoresponsive hydrogels that have gelation temperatures close to the physiological
temperatures (37 °C) and are biologically inert, represent an ideal candidate for bioink
formulations. Polyisocyanide (PIC) hydrogels are a new class of reverse thermoresponsive
hydrogels currently used in various tissue engineering applications. Here, we demonstrate
for the first time the feasibility of 3D printing PIC hydrogels and creating dual PIC-gelatin
methacrylate (GelMA) hydrogel systems. Furthermore, we propose the use of PIC as a
sacrificial hydrogel to template structures within the GelMA hydrogel. The methodology
that we report here represents a robust and valid approach for the fabrication of PICbased hydrogel systems through additive manufacturing technologies, which can be used
as advanced platforms in tissue engineering.
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6.1 | Introduction
Over the past few decades, due to the increase in life expectancy and limited number of
healthy donors, tissue engineering (TE) has emerged as a technology to bring patientspecific innovative solutions to health problems1. By means of multidisciplinary research
programs many research groups are currently trying to develop new strategies to fabricate
advanced materials to meet this demand. In particular, the recently developed rapid
prototyping techniques and their application in the biofabrication field has demonstrated
great potentials2-3.
Nowadays, additive manufacturing techniques represent a fast and cost-effective
biofabrication method, able to create 3D objects with high precision, high resolution,
and high repeatability4-5. Thanks to these attractive features, 3D printing and bioprinting
are rapidly becoming first-choice approaches for the production of engineered
materials for TE applications. Besides the aforementioned advantages, these innovative
techniques are superior to other biofabrication techniques as they allow the creation
of highly-customized complex architectures from a broad range of materials including
thermoplastic polymers6, metals and alloys7, ceramics8 and last, but no least, hydrogels4.
Among these materials, hydrogels have drawn the greatest attention among researchers
as they represent an ideal biomimetic environment in which cells can migrate and selforganize to form functional micro- or even mini-tissues. However, a number of design
criteria – such as hydrogel stiffness, cross-linking density, number of adhesion moieties
etc. – should be tailored to favor the formation of a functional neo-tissue. In fact, it is well
recognized that a crucial role for a successful organization, differentiation, and maturation
of the engineered tissue is played by the physicochemical, mechanical, and biological
properties of the matrix in which the cells are embedded9. Hence, recently, increasing
attention has been paid by researchers to formulate a precursor hydrogel solution and
a constant research effort is being spend on synthesizing new polymers with improved
hydrogel performances.
Das et al. have reported a new fully-synthetic polyisocyanide (PIC) hydrogel that mimics
the characteristics of the natural extra-cellular matrix (ECM)10. This material exhibits a
reversible thermo-responsive behavior due to the presence of hydrophobic interactions
between the oligo-glycol substituents present in the side-chains of the polymer, with a
fast increase of the storage modulus G’ of the hydrogel, which is formed by the polymer
above 18°C. Moreover, they demonstrated that the mechanical properties and network
characteristics of the resulting hydrogel can be precisely controlled11-12. Thanks to their
features, e.g. cytocompatibility and unique reversible thermos-responsive properties,
PIC hydrogels represent an ideal bio-ink material for the fabrication of 3D matrices via 3D
printing and bio-printing.
Recently, reversible thermo-responsive materials belonging to the Pluronic family (triblock
copolymers composed of poly(ethylene oxide) and poly(propylene oxide) have been
processed via 3D printing. However, Pluronic gels do not support cells in the long term,
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due to their high density, which leads to insufficient transport of nutrients13-14. Instead, they
have been mostly employed, therefore, as fugitive15 or support material16. Furthermore,
they have been deposited in combination with other materials, which can be crosslinked
in a later step to fabricate complex networks that form a stable gel simultaneously with
their deposition15-17. A promising approach, which has remained underexplored until
now, is based on the 3D deposition of a thermo-responsive hydrogel as template (i.e.
fugitive material) within a second gel to fabricate a complex conduits network. Through
this approach it is possible to better mimic, for instance, the vasculature structure and
to improve the permeability properties (i.e. nutrients transport, waste disposal) of the
engineered scaffold. Furthermore, the conduits network might be useful for perfusion cell
cultures, allowing for longer cell studies18.
In this work we present an innovative dual-hydrogel system with improved biochemical
features, highly suited for advanced tissue engineering applications. As external gel,
we used gelatin methacrylate (GelMA), a broadly used bio-derived polymer that can
undergo fast and cell-friendly UV-crosslinking. GelMA has been shown to highly favor cell
adhesion, spreading, and differentiation of multiple cell types and represents an excellent
substrate for TE applications19-20. In this dual hydrogel system, we applied our synthetic
polyisocyanopeptide (PIC) polymer as fugitive ink.
In this chapter, we will first demonstrate that PIC solutions can be deposited in 3D with good
accuracy and precision, thanks to their temperature-dependent rheological properties.
We will show that after a thorough optimization of the 3D printing process, it is possible to
fabricate 3D objects with good shape fidelity. Finally, we will show that such objects can be
used as fugitive materials to obtain perfusable channels within a GelMA hydrogel.

6.2 | Materials and methods
6.2.1 | Synthesis of PIC polymers
A solution of catalyst Ni(ClO4)2.6H2O (1 mM) in toluene/ethanol (9:1, v/v) was added to a
solution of the 3OEG monomer21 in freshly distilled toluene (50 mg/ml total concentration).
The molar ratio of catalyst to monomer was 1:4000. The reaction mixture was stirred at
room temperature (20 °C) for 72 h. The resulting polymer was precipitated (three times)
from dichloromethane into di-isopropyl ether and dried overnight in air10. The molecular
weight (Mv) of the polymer was determined by viscosimetry and was found to be 487 KD,
see Section 3.2.4. of Chapter 3 of this thesis.

6.2.2 | Synthesis of gelatin methacrylate
GelMA was synthesized as described previously22. Briefly, type A porcine skin gelatin
(Sigma) was mixed at 10% (w/v) into PBS at 60°C and stirred until fully dissolved. To this
solution was added 0.8 mL methacrylic anhydride (Sigma) per gram of gelatin under
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constant stirring. After the reaction had completed, the mixture was dialyzed against
distilled water using a 12-14 kDa cut off dialysis tubing (Spectra/Por, USA) for 1 week at 40 °C
to remove salts and methacrylic acid. The solution was lyophilized to generate a white
porous foam and stored at -80 °C until further use.

6.2.3 | Rheological analysis and molecular weight of the PIC hydrogel
Mechanical properties were studied with a stress-controlled rheometer (Discovery
HR-1, TA Instruments). The rheometer had an aluminum parallel plate geometry (40 mm
diameter) and the gap was set to 250 μm. In order to verify the stiffness (G0) of the hydrogels
at 37 °C, rheological measurements were performed at a controlled temperature gradient
(4-50 °C), with a heating rate of 2°C/min, a constant strain of 1%, and a frequency of 1Hz.
The molecular weight of the polymer was determined by viscosity measurements using
the protocol descrived in chapter 3 section 3.2.4.

6.2.4 | 3D printing of PIC
PIC polymer (50 mg) was dissolved in 10 mL deionized water and was printed with a
3D-Bioplotter (EnvisionTech GmbH, Germany). For printing 23 gauge, 1.5”, general purpose
dispersing tips (Nordson EFD, USA) were used and the printing was performed at 0.3
bar and varying printing speeds. The temperature inside the printing cartridge was kept
between 12-15 °C, while the printing bed temperature was kept at 37-40 °C (see Figure 1).
The layer thickness and the inner structure were adjusted according to the design desired
to be printed.
All printed structures were drawn with the 3D Builder software (Microsoft Corporation)
and converted into G-code via Visual Machines software (EnvisionTech GmbH, Germany)
for the printing process.

6.2.5 | Creating a dual hydrogel system and the use of PIC polymer as a
fugitive material
PIC (50 mg) was dissolved in 10 mL deionized water and was printed with a 3D-Bioplotter
(EnvisionTEC, GmbH) into a 35 mm petri dish. Following printing, the petri dish was filled
with 5% (w/v) GelMA solution containing 0.05 % (w/v) Irgacure 2959 (37 °C). The overall
scaffold was exposed to UV light (365 nm, 12.5 mW/cm2) for 60 seconds. After GelMA was
completely crosslinked, the scaffold was washed with cold PBS to remove the printed PIC
structure from the UV crosslinked GelMA scaffold.
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6.3 | Results and discussion
6.3.1 | Rheology of PIC solutions
The architecture of the scaffold greatly influences the overall construction strength
and nutrient/waste flows for biological scaffolds. For thermo-responsive hydrogels,
the gelation temperature, extrusion pressure, XY plotting speed, needle type, diameter,
cartridge, and printing bed temperature mainly control the scaffold architecture itself.
All these parameters are closely interconnected and need optimization to ensure a
reproducible cell-friendly printing process.

Figure 1 | Rheological data representing the loss and storage modulus as a function of
temperature for a 5 mg/ml PIC hydrogel solution. The G’ turning point shows the
sol-gel transition temperature. (I: the cartridge temperature range, II: the printing bed
temperature range).

As mentioned above, the gelation temperature of the hydrogel greatly impacts the overall
performance of the fiber deposition process. Prior to deposition, the bio-ink has to be in
its extrudable form and it should form a stable gel just after the deposition. Therefore,
we performed a rheological study to evaluate precisely at which temperature gelation of
the PIC solution occurs. In Figure 1, the storage modulus (G’) and the loss modulus (G”)
of a 5 mg/mL solution of the PIC polymer is plotted as function of the temperature and
as it is shown both G’ and G” increase with increasing temperature. We observed that
the elastic behavior of the hydrogels was more dominant than their viscous behavior
in the temperature range where we performed the rheology testing. Interestingly, at
temperatures above 18 °C the elastic modulus increased 10 fold and the difference
between the elastic modulus and the viscous modulus became more significant, which
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indicates that we obtained stiffer hydrogels above 18 °C. Thus, we adjusted the cartridge
temperature between 12 and 15 °C, where the PIC solution was extrudable and maintained
stable rheological properties. Additionally, the bed temperature was set to 37–40 °C to
attain printing conditions close to the physiological conditions.

6.3.2 | Adjusting the 3D printing parameters for PIC hydrogels
After the deposition temperature and the printing bed temperatures had been established
(Figure 2), we optimized the extrusion pressure and XY plotting speed for the 3D printing
process. We used 1.5”, 23G chambered metal tips for our experiments because deposition
through different needle type or diameter did not ensure an adequate strut formation. For
instance, the experiments with smaller diameters resulted in continuous needle clogging
and when larger diameters or shorter needles were used, excessive amounts of hydrogel
deposits were formed.
Thereafter, we evaluated the changes in the viscosity with increasing temperature and
how these changes affected the printing pressure, see Figure 3. As it is shown in Figure
3a, the viscosity of the PIC solution was measured to be 0.39 Pa s at 12 °C and 0.1 bar was
found to be a sufficient pressure to attain struts (Figure 3b). When the temperature was
increased to 15 °C we attained a 10% increase in viscosity and the required pressure for
strut deposition was increased to 0.4 bar.

Figure 2 | Figure 2. 3D printing of a PIC hydrogel; the cartridge temperature was set to 12oC
and the printing bed temperature to 40oC. (a) Schematic representation of the lowtemperature cartridge of the 3D plotter. (b) Demonstration of the 3D printing of a PIC
hydrogel through the low temperature cartridge of a 3D Bioplotter.

To demonstrate the possibility of 3D printing with our PIC hydrogel and to investigate the
structural stability of the resulting structures, we printed several PIC solutions to form
different geometrical objects (Figure 4). The printing speed in X-Y was set to 30±5 mm/s for
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the cube, the pyramid, and the branched channels. The layer thickness is directly linked
to the way the consecutive, deposited layers bond and how the 3D structure stacks up in z
plane. The layer thickness must be set slightly lower than the strand thickness in order to
obtain adequate bonding between the layers. In theory, the layer thickness and the strand
diameter should be equal – i.e. the cross-section of the strands could be considered
as a perfect circle – at the optimized printing pressure and speed. Nevertheless, when
working with hydrogel materials most of the times an elliptical cross-section is attained25.
Considering that the cross-section area should be constant at optimized pressure and
speed, regardless of the shape of the cross-section, the relationship between layer
thickness and the distance between the strands can be estimated theoretically. Given the
range of pressure, printing temperature, and speed, the layer thickness was set to 200 µm
and the distance between the fibers was adjusted to 500 µm.

Figure 3 | The effect of temperature on the printing parameters. (a) The effect of temperature on
the solution viscosity of a 5 mg/ml PIC solution. (b) The printability of the PIC solution
and the dependence of the printing pressure on the cartridge temperature.

The printed scaffolds showed structural stability and endurance during and after printing
when they were kept at room temperature. However, due to their weak mechanical
properties, the hydrogels alone were not suitable for handling. Considering that 99.5%
of the overall construct is water, the difficulties in handling the 3D printed PIC hydrogels
is understandable. Nevertheless, the mechanical properties of the PIC hydrogels were
shown to be favorable for cell migration, cell proliferation, and cell differentiation10.
Bearing in mind the superior characteristics of the 3D PIC constructs, we felt that we
could overcome the handling obstacles by creating a convenient dual hydrogel system,
see next section.
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Figure 4 | Optical images of 3D-printed objects: all solids have a layer thickness of 200 μm.
The distance between the fibers in the X-Y plane is 500 μm. The 3D design of the
printed structures (a,c,e) and the actual printed objects (b,d,f) (scale bars: 10 mm)

6.3.3 | Creating a dual hydrogel system and the use of PIC as a fugitive material
As mentioned above, the 3D printed PIC hydrogels alone were not suitable for handling,
but it might be possible to create favorable dual hydrogel systems from them. To this end,
we decided to use gelatin methacrylate (GelMA) as an outer and PIC as an inner hydrogel.
GelMA was selected because of its low-cost, its abundance, ease of processing, and
biocompatibility. Furthermore, GelMA can form a stable gel at body temperature (37 °C)
by applying photo-crosslinking in presence of a suitable photoinitiator22. The images of 3D
printed PIC hydrogel constructs in GelMA hydrogel are shown in Figure 5. The PIC hydrogel
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was 3D printed using the parameters described in Section 5.3.2 (Figure 5a, 5e). After the
printing, the GelMA solution was poured onto the printed PIC construct at a temperature
of 37 °C. The overall constructed was photocrosslinked with UV-light exposure (Figure
5b, 5f). A similar approach has been reported before by Wu et. al., in which case Pluronic
F127 was used as the inner gel and dialdehyde functionalized Pluronic F127 as the outer
hydrogel. In their study the inner gel was directly deposited into the outer gel, unlike in our
study15.
Our results show that the PIC-GelMA constructs can be applied as dual hydrogel
systems. Nevertheless, we also further investigated the use of PIC as a fugitive material
in PIC-GelMA dual hydrogel systems. The very high water content (99.5% wt) and the easy,
reversible sol-gel transition of the PIC hydrogel are outstanding properties for a fugitive
material. After we had built the dual hydrogel system, the fugitive ink (PIC hydrogel) was
removed by cooling the printed constructs below 4 °C, which yielded open channels
(Figure 5c, 5g). After this process, the constructs were successfully injected with a food
dye to aid visualization (Figure 5d,5h).

Figure 5 | Optical images of 3D embedded gel constructs that were printed ( a,c), covered with
GelMA and photocrosslinked (b,f), evacuated (c,g), and perfused with a water-soluble
food coloring (d,h) (scale bars: 10 mm)

6.4 | Conclusion
In summary, in this Chapter we have presented a new hydrogel material for creating 3D
constructs. We found that the printing pressure is a crucial parameter during 3D printing
as it is closely related to shear stress, which plays a decisive role in cell biology. For
instance, during 3D printing, excessive shear stress may dispatch cells by disrupting
the membrane23. The pressure values used in our study are significantly lower when
compared to previous studies using different reversible thermo-responsive hydrogels15,24,
For instance, Wu et al. used a range of 3-18 bar of printing pressure for the printing of
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3D microvascular networks with 23% (w/v) Pluronic F127. Considering the low printing
pressure, the low solution viscosity of the PIC hydrogel leads to superior performance
when compared to other thermo-responsive hydrogels. Furthermore, we have shown
that these constructs can also be made by applying a dual hydrogel system. The
cytocompatibility, unique reverse-thermo responsive properties, and 3D printability of
PIC hydrogels make them ideal (bio)inks for the fabrication of 3D matrices via 3D printing
and bioprinting. The capability of forming gels at 40 fold lower concentrations compared
to other reverse thermo-responsive hydrogels make that the PIC hydrogels are excellent
materials, especially for preparing dual cytocompatible hydrogel systems. Such a dual
system created using the combination PIC-GelMA opens new avenues for fundamental
co-culture studies of cell niches. With further refinement, our technique can lead to the
rapid manufacturing of functional and complex 3D tissues.
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Fabrication of alginatepolyisocyanopeptide
core-shell fibers

J. Simó synthetized the PIC polymers, prepared the
hydrogels and fabricated the core-shell fibers. J. Simó
and Èlia Bosch performed the experiments with cells.
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Abstract
Hydrogels are one of the most popular biomaterials used in tissue engineering as carriers
for bioactive components such as drugs or cells. In this work, we present a dual hydrogel
core-shell system that can potentially act as a cell delivery vehicle. We combined the
best properties of alginate and polyisocyanopeptide hydrogels to generate core-shell
constructs. In order to produce the core-shell materials we used a 3D extrusion setup with a co-concentric nozzle and a microfluidics device. This approach allowed us to
encapsulate rat mesenchymal stem cells into core shell fibers in a sterile environment and
in a reproducible manner.
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7.1 | Introduction
Tissue engineering combines cells and biomaterials to regenerate or restore damaged
tissue. The tissue engineering cycle begins with the extraction of a small portion of cells
from an individual in need of treatment. Among the types of cells that can be harvested
from humans, stem cells are particularly interesting for tissue engineering due to their
proliferation potential and ability to evolve into specific lineages1,2. Despite its promising
regenerative potential, the maintenance of stem cells in an unnatural environment under
biological conditions is rather challenging. Therefore, it is crucial to provide stem cells
with an appropriate environment that favors cell adhesion, migration, proliferation, and
differentiation. Biomaterials, and in particular hydrogels such as alginate, have been used
to encapsulate cells because their mechanical properties resemble the conditions found
in natural environments3,4. Moreover, some hydrogels such as collagen or fibrin, contain
biological cues to induce stem cell differentiation and tissue regeneration5,6. On the
contrary, most of synthetic hydrogels are biologically inert and need to be furnished with
bioactive motives such as peptides or proteins in order to enhance cell activation.
Recently, hydrogels based on polyisocyanopeptides (PICs) have been reported as
promising scaffolds for 3D cell culture and tissue regeneration7,8. This hydrogel is
synthetic, thermoresponsive, and exhibits strain-stiffening behavior, a common feature
found in natural materials but a rather unusual property in synthetic polymers. Moreover,
the PIC polymer backbone can be readily equipped with a GRGDS peptide to promote cell
binding to the hydrogel. However, despite the benefits of using PIC hydrogels as a 3D cell
culture environment, the creation of PIC hydrogels with customized shapes that can be
delivered into a specific defect site still remains a challenge.
There is a growing interest in the fabrication of hydrogels with a specific shape that
matches the natural environment. The geometry of a scaffold has shown to impact
cellular functions, including growth, differentiation, and proliferation9,10,11. Core-shell fiber
type structures have shown great potential in the field of tissue engineering. This type of
geometry consists of two materials, where one is surrounded by the other. Both materials
are extruded simultaneously through a concentric nozzle to generate a coaxial fiber. In
comparison to other kinds of scaffolds with more random geometries, one of the most
interesting assets of core-shell fibers is that the constructs benefit from the properties
of both materials. For instance, the core may include bioactive cues to stimulate tissue
regeneration, while the shell can be provided with biocompatibility and mechanical
support.
Electrospinning is the preferred method for the fabrication of core-shell fibers12. This
method uses high voltage currents to produce polymer fibers of nanometer-size
diameters. However, because of the nature of the materials and the variables that need
to be considered, including the use of high electrical fields,, the fabrication of hydrogelbased core-shell fibers using electrospinning remains a rather challenging endeavor.
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3D extrusion bioprinting is an excellent alternative to the classic electrospinning
technique to produce hydrogel based core-shell fibers13. The basic pressure-extrusion
method is very straightforward and consists of two integrated systems: a fluid dispenser
and an extrusion pump. During the extrusion, hydrogels are deposited in the form of a
core-shell filamentous structure. This technique has been used to print cells14,15, tissues16,
or organ compartments17, and has found numerous applications in medicine18.
In this chapter we present a method to shape cell containing PIC hydrogels into fibers
inspired by a core-shell delivery system13 using a 3D extrusion set-up. We combine for
the first time the best properties of PIC and alginate hydrogels to create a cell-delivery
platform. The fabrication, set up, and the method to produce cell-containing core-shell
fibers have been investigated. These type of constructs have been previously used to
regenerate bone tissue19 and to load and deliver growth factors and proteins to a specific
site in a controllable fashion20. The core-shell fibers are produced in the shape of a fibrous
structure, consisting of an inner layer (core), which provides a favorable environment for
cell development, and an outer layer (shell) that gives structural stability. Finally, the invivo toxicity of the PIC hydrogel constructs was evaluated using zebrafish models.
A 3D extruded core-shell fiber system composed of a fibrous hydrogel core and a stiff
outer shell has been used for bone tissue regeneration21, controlled delivery of growth
factors and proteins at a specific site22. The fibrous inner layer presents a favorable
environment for cell development and the stiffer outer layer guarantees structural
stability. In this chapter, we present a method to shape cell- containing PIC hydrogels
into fibers, protected by an alginate-based shell13, which together can function as a celldelivery system. We will present protocols to generate cell-containing core-shell systems
and study their cytotoxicity.

7.2 | Materials and methods
7.2.1 | Synthesis and characterization of polyisocyanopeptides
The synthesis of the polyisocyanopeptide (PIC) was performed following the protocol
described in Chapter 3 of this thesis. In short, a solution of the catalyst Ni(ClO4)2∙6H2O
(1 mM) in toluene/ethanol (9:1 v/v) was added to a solution of C6 and 3OEG in freshly
distilled toluene (50 mg/mL total concentration) in a catalyst:monomer molar ratio
of 1:4000. The C6 to 3OEG monomer molar ratio was set to 1:30. The reaction mixture
was stirred at room temperature for 72 h. The resultant polymer (P-I) was precipitated
three times from dichloromethane into diisopropyl ether and dried overnight in air. The
molecular weight of P-I was determined by viscometry and amounted to Mv = 533 Kg/
mol P-I was then conjugated to the cell binding peptide GRGDS. First, the GRGDS peptide
was reacted with dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS ester) in
PBS buffer (pH = 8.7) to give the compound DBCO-GRGDS. Subsequently, this compound
was reacted with P-I in acetonitrile via copper-free click chemistry. Finally, the polymers
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decorated with the cell-adhering peptides were purified by precipitation into diispropyl
ether and dried overnight in air to yield the final GRGDS conjugated polymers (P-II).

7.2.2 | PIC hydrogel formation and characterization
Flakes of P-II were dissolved directly in the cell culture media at a concentration of
2.5 mg/mL. The solution was gently stirred at 4 °C over 12 h in order to facilitate the
complete dissolution of P-II. After that, a hydrogel was formed by warming the solution
above the gelation temperature. The gelation temperature and mechanical properties of
the gel were studied by rheology following the procedure described in Section 3.2.6. of
Chapter 3 (temperature sweep from 5 to 50 °C). For P-II in demi water, we found a gelation
temperature of 16 °C and a gel stiffness of G′ = 197 Pa at 37 °C.

7.2.3 | Optimization of the 3D extrusion of PIC-alginate core-shell fibers
To fabricate the core-shell fibers we used a 3D extrusion set up (Figure 1), consisting of a
co-concentric nozzle, an injection pump, plastic tubes, and a CaCl2 solution (50mM). The
first step was to prepare the hydrogels that form the inner and outer layer of the core-shell
fibers.

Figure 1 | Image of the 3D extrusion set-up. (A) Injection pump. (B) Syringes. (C) Concentric
nozzle. (D) CaCl2 solution

The core-shell constituents were: for the core the P-II hydrogel and for the shell an
alginate hydrogel. To prepare the alginate hydrogel, sodium alginate (50kDa, Sigma
Aldrich) powder was dissolved at the required concentration in water (Table 1). Once the
hydrogels were ready, they were both loaded into the outer and inner syringe, respectively.
The syringes were attached to the injection pump and connected to the concentric nozzle
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via plastic tubing. Lastly, the core-shell fibers were injected at different rates (Table 1)
through the concentric nozzle into a CaCl2 solution (50 mM).
Table 1 | List of parameters tested to optimized the fabrication of the core-shell fibers
Shell (wt% in H2O)

Core (wt% in H2O)

5

Flow rate (mL/h)

Alginate 1.5%

PIC 0.2%

10

Alginate 1.5%

PIC 0.2%

40

Alginate 1.5%

PIC 0.2%

100

Alginate 1.5%

PIC 0.2%

5

Alginate 1.5%

PIC 0.5%

10

Alginate 1.5%

PIC 0.5%

40

Alginate 1.5%

PIC 0.5%

100

Alginate 1.5%

PIC 0.5%

5

Alginate 3%

PIC 0.2%

10

Alginate 3%

PIC 0.2%

40

Alginate 3%

PIC 0.2%

100

Alginate 3%

PIC 0.2%

5

Alginate 3%

PIC 0.5%

10

Alginate 3%

PIC 0.5%

40

Alginate 3%

PIC 0.5%

100

Alginate 3%

PIC 0.5%

7.2.4 | Cell isolation
Bone marrow was extracted from adult rats (age 5 weeks) by cervical dislocation. The
entire body was sprayed with ethanol 70%. The skin was cut while holding the hind feet.
The scissors were placed into the cut and the incision was extended to the abdominal part.
With a forceps the skin of the leg was grasped and peeled back. The scissors were put into
the pelvic side and the entire leg was cut just in the joint of the femur and hip. The ankle was
cut and the all the soft tissue was removed. The dissected femurs and tibias were put into
ethanol 70% for a few seconds and transferred to a 1xPBS solution. The isolation of the
rat mesenchymal stem cells (rMSCs) was performed in a bio-safety cabinet. The femurs
and tibias were transferred to a 10 cm petri dish containing alpha-MEM mediums. While
holding each bone with the forceps, the two ends were cut with scissors. A 20G needle
was attached to a 10 mL syringe and filled with collagenase type 1 solution. Then, the bone
marrow was flushed into a 50 mL tube by inserting the needle to one of the open ends of the
bone. This action was repeated 2-3 times for each bone. Thereafter, the extracted marrow
was incubated for 30 minutes at 37 °C and the mixture was agitated every 10 minutes. After
30 minutes, cells were strained with a 50 micrometers cell strainer to remove the bone
debris and blood aggregates with alpha-MEM in a 50 mL tube. Subsequently, 40 mL of cell
culture media (MEM) was added. Cells were spun down at 1200 rpm at 4 °C for 5 minutes
and the supernatant was removed by aspiration. Then, the cells were re-suspended in 20
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mL rMSC medium. An amount of 10 mL of cell suspension was added into a 10 cm petri
culture dish for a total of two dishes. (Passage 0, P0). Cells were incubated for 1 day and
the medium was changed. For the next 1-2 weeks the medium was changed every 2-3 days.
The cells were passaged when 70-80 of confluency was reached.

7.2.5 | rMSC encapsulation into core-shell fibers
To encapsulate rMSC into core-shell fibers we used the set up previously described
in Section 7.2.4 of this chapter. In this case, special care was taken to ensure that the
fabrication process was performed under a sterile environment. For that reason, all the
components of the 3D extrusion set up were sterilized with ethanol and then located
inside a class II safety cabinet. Also, all the materials and tools were previously sterilized.
The alginate powder and the PIC polymer (P-II) flakes were irradiated with UV-VIS light
for 15 minutes prior to dissolution. After the sterilization, alginate (3% wt) and P-II (2.5
mg/mL) hydrogels were prepared according to the protocol described in Section 7.2.4
of this chapter. Once the gels were ready, the isolated rMSC cells were added to the P-II
hydrogel solution at a concentration of 300,000 cells/mL. Then, both alginate and P-II cell
containing hydrogel solutions were loaded into the outer an inner syringe, respectively.
The syringes were attached to an injection pump and connected to the concentric nozzle.
Both syringes were injected simultaneously through the concentric nozzle at a rate of 50
mL/h into a warm (37 °C) CaCl2 solution (50mM). The resulting fibers were left for 5 min in
the calcium chloride solution to allow the cross-linking of the sodium-alginate with the
calcium ions. Subsequently, the fibers were transferred to a well plate and washed with
PBS and rMSC medium to remove the excess of calcium chloride. Finally, the core-shell
fibers with encapsulated rMSC were cultured in rMSC medium in a humidified incubator at
37 °C under 5% CO2 for up to 21 days.

7.2.6 | Toxicity essays with zebra fish
The experiments with zebra fish were carried out by Chardon Pharma B.V. The zebrafish
(AB strain) were purchased from the Hubrecht laboratory (Utrecht, the Netherlands). The
care, handling, experimental procedures, and statistical analysis used in this research
have been reported in the literature21,22. All experimental procedures were approved by the
animal ethics committee of the Radboud University in Nijmegen, the Netherlands.

7.3 | Results and discussion
7.3.1 | Synthesis and characterization of the polymers
The polymerization of the isocyanopeptide monomers C6 and 3OEG, shown in Scheme
1, was performed in toluene using Ni(ClO4)2∙6H2O as a catalyst. The reaction was followed
by IR spectroscopy. After 3 days, the isocyanide peak at 2143

cm-1

in the IR spectrum of

the reaction mixture had completely disappeared, indicating that the polymerization was
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completed. The polymers were purified by pouring a solution of the samples in CH2Cl2
into diisopropyl ether. After filtration the azide-appended polymer (P-I) was obtained in
the form of flakes. The viscosity-derived molecular weight of P-I was Mv = 533 kg/mol.
Rheological analysis of P-I hydrogels at a 2.5 mg/mL polymer concentration in MilliQ water
revealed a gelation temperature of 16 °C and a stiffness of G’ = 399 Pa at 37 °C.

Scheme 1 | Synthesis of azide appended isocyanopeptide copolymers.

To allow cells to interact with the PIC-hydrogels, we decorated the polymer backbone
with the cell-binding peptide GRGDS. First, we prepared a DBCO-GRGDS complex
(Scheme 2) and subsequently we coupled this DBCO-GRGDS complex to the azidecontaining polymer-I via free copper click chemistry reaction. At full conversion, 3.3 % of
the monomers in the resulting polymer P-II carried a GRGDS peptide. Rheological analysis
revealed that the hydrogel had a stiffness of G’ = 197 Pa at 37 °C. The molecular weight
(Mv) of the conjugated polymer could not be studied due to solubility problems. For more
information on the solubility issue, see Chapter 3 (Section 3.3.2).
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Scheme 2 | Synthesis of isocyanopeptide polymers containing a GRGDS motif. (A) Synthesis
of the complex DBCO-GRGDS. (B) Copolymerization of unfunctionalized and
azide functionalized monomers followed by decoration of the resulting azidefunctionalized polymers with DBCO-GRGDS complex

7.3.2 | Optimization of the 3D extrusion of PIC-alginate core-shell fibers
The method for the fabrication of the core shell fibers was optimized by modifying the
parameters that are summarized in Table 1, i.e. extrusion flow rate, alginate concentration,
and PIC polymer concentration. We tested four injection flow rates: 5, 10, 40 and 100 mL/h.
We observed that a 5 mL/h flow rate was too slow to form homogeneous fibers (Figure2).
Consequently, the alginate hydrogel gels inside the needle, which then clogged. In order to
solve this problem, we set 10 mL/h as the minimum flow rate to extrude fibers with our coreshell architecture. The use of 100 mL/h flow rate resulted in fibers with an extremely thin
shell (10-20 μm) which did not provide the constructs with enough structural integrity. As a
result, the fibers collapsed (Figure 2). The 40 mL/h extrusion rate was found to yield fibers
with a thicker shell (50-100 μm) and the constructs resisted manipulation over days without
collapsing. Moreover, we tested two concentrations for the alginate hydrogels: 1.5 and 3
wt-% in water for alginate and 0.5 and 0.2 wt-% in water for P-II. By observing the fabricated
core-shell fibers under an optical microscope, we noticed that we could modulate the
width of the walls from the shell by adjusting the concentration of alginate (Figure 2). Thus,
the fibers prepared with 3 wt-% alginate hydrogels resulted in a shell thickness around
200 μm, while the ones prepared with the 1.5 wt-% alginate hydrogels gave a significantly
thinner shell, i.e. around 20 μm. More importantly, we observed that the combination
of 1.5 wt-% alginate in the shell and 0.2 wt-% P-II in the core cannot yield stable fibers.
Immediately after extrusion, both hydrogels dissolved in the CaCl2 solution. In addition, the
fibers prepared with a 1.5 wt-% alginate shell collapsed a few minutes after injection in the
CaCl2 bath. Both observations indicate that the shell layer was too thin to give structural
support to the inner layer. On the contrary, the structural integrity of the fibers bearing a 3
wt-% alginate remained unchanged over a period of 2 hours after injection.
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Figure 2 | Optical microscopy images of core-shell fibers (a) shell: alginate 1.5 %wt and core:
PIC 0.2 wt % (b) shell: 3% wt and PIC 0.2 wt %. (c) shell: alginate 1.5 %wt and core:
PIC 0.5 wt %. (d) shell: alginate 3 %wt and core: PIC 0.5 wt %

As a result, we concluded that the alginate hydrogels for the shell should be prepared
at a 3 wt-% concentration. Finally, we noticed that the polymer concentration in the PIC
hydrogels did not have any influence on the thickness of the core nor on the structural
stability. In addition to that, previous studies8 on PIC hydrogels had shown that 0.2 wt-%
polymer concentration is an optimal for cell culture applications. Therefore, for practical
reasons we choose to use a P-II concentration of 0.2 wt-%.

7.3.3 | rMSC encapsulation into core-shell fibers
The core-shell fibers with rMSC cells were fabricated using the 3D extrusion set up
described in Section 7.2.6. of this chapter. The alginate solution (3 wt-%) and P-II solution
(0.2 wt-%) containing isolated rMSC cells (300,000 cells/mL) were loaded into separate
syringes and connected to the injection pump. The core-shell fibers were extruded into
a CaCl2 solution (37 °C) at a 40 mL/h injection rate. Optical microscopy analysis of the
cell morphology showed that rMSCs in the core-shell proliferated over a period of 20
days. Figure 3 shows optical microscopy images of rMSCs during culture for up to 20
days when encapsulated within the PIC-alginate core-shell hydrogel fibers. The rMSCs
initially displayed a round shape soon after encapsulation but after 3 days of culture cells
started to reshape its morphology into needle-like structures (Figure 3a, 3b). After 10
days from seeding, the cell growth increased gradually. Also, the cells displayed different
morphologies, from simple bipolar to large branched multipolar ones (Figure 3c, 3d).
After 20 days of incubation, the optical microscope observations revealed shrinkage of
the PIC core region (Figure 3e). In addition, there was a significant increase in the number
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of flattened cells forming contacted multipolar bodies (Figures 3e and 3f). Overall, the
morphology changes observed during the 20 day culture period are an indication for the
existence of cell-matrix interactions23.

Figure 3 | Optical microscopic analysis of the second set of core-shell hydrogel fibers with
encapsulated rMSCs at different culture time points. Day 3 (3a,3b), Day 10 (3c,3d) and
Day 20 (3e,3f). Scale bar (left)= 500μm. Scale bar (right)= 100μm

7.3.4 | Zebrafish heart rate and heart rhythm
The influence of PIC hydrogels on zebra fish heart rate was investigated by injecting
zebrafish larvae with P-II solution (2 mg/mL) in the yolk sack (Figure 4). The larvae were
divided into two groups of each ten individuals. To the first group 1 nL of solution was
administered and to the second group 5 nL. The zebrafish heart rates (beats/minute)
were recorded at 5 days after injection of the hydrogels into the yolk sack and analyzed
for statistical significance (Figure 5). The heart beat measurements described in Figure 5
indicate that the injection of 1 nL of hydrogels did not have any influence on the heart rate.
On the contrary, applying 5 nL injections slightly increased the heart rate. Overall, the PIC
hydrogels injections did not have any significant effect on the cardiovascular system of the
zebrafish.
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Figure 4 | Picture of a Zebrafish larva after injection of 5 nL of PIC hydrogel into the yolksac

Figure 5 | Effect of PIC hydrogel on heart rate of larva

7.3.5 | Phenotypic changes in developing Zebrafish embryos/larvae
The influence of PIC hydrogels on the development of zebrafish larvae was investigated
by injecting a solution of the larvae in a P-II solution (2 mg/mL) into the yolk sack (Figure
4). As in Section 7.3.5, two groups were injected with different volumes, i.e. 1 nL and 5 nL.
In addition, a control group was included, consisting of zebra fish larvae injected with a
saline solution. Anatomy malformations were used as parameters to assess the influence
of PIC hydrogels in zebra fish larvae. The malformations were manually scored by direct
observation with an optical microscope. Observations were made on day 2, 4, and 7 after
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injection. The results described in Figure 6 and show that there are no malformations
present in the larvae. In addition, on day 7 after injection, there is one individual that grew
with a curved tail. In this particular case, we refrained from associating this case to the
presence of the PIC hydrogel because the malformation was an isolated case and twisted
tails can also be attributed to a genetic disorder associated with this type of fish24.

Figure 6 | Left. Number of malformation observed in the zebra fish at time points 2, 4 and 7 after
injection. Right. Picture of the zebra fish with the twisted tail

7.4 | Conclusions
In this chapter, we presented a method to generate a dimensionally stable core-shell fiber
architecture that has potential as a delivery vehicle for cells. The core-shell system had
two components, an alginate hydrogel as shell and a polyisocyanopeptide-based hydrogel
as core. The latter component provided the environment suitable for encapsulating
rMSC cells, while the first component provided a barrier to protect cells form the outer
environment and gave a stable structural support. In comparison to traditional fabrication
methods such as electrospinning, the core shell fibers presented in this work were
fabricated using a 3D extrusion set up. By using this approach, hydrogel-based core-shell
fibers could be created in a straightforward and cell-friendly manner without the use of
electrical currents. Process optimization showed superior results at an extrusion flow
rate of 40 mL/h and gel concentrations of 3 wt-% alginate and 0.2 wt-% PIC. Furthermore,
the PCI-alginate core shell fibers provided rMSC with an appropriate environment to
survive and proliferate. Finally, toxicity experiments with a zebrafish model indicated that
the PIC hydrogels had no in-vivo toxicity.
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Decades ago, in research pioneered by Engler1 et al. hydrogels were used as 2D cell
culture platforms to demonstrate how the mechanical properties of these materials can
influence the differentiation of stem cells. This research was followed up, among others,
by work from David Mooney and coworkers2 who, for the first time, used hydrogels as a 3D
cell culture platform to study stem cell behavior.
In the works described in this thesis, we synthesized, characterized, and investigated the
possibilities of using a new material, i.e. polyisocyanopeptide (PIC) hydrogels, as tissueengineering scaffolds. Tissue-engineering aims to develop technologies for replacing
diseased tissues or organs. How can this be realized? First, by taking a sample of the cells
from the tissue of interest. Secondly, by providing these cells with a favorable environment
to survive, grow, and replicate until new tissue is formed. Thirdly, by implanting the new
tissue into the region of interest. PIC hydrogels have a distinct set of physicochemical
characteristics, which make them promising platforms to support cell function.
In this chapter, we will summarize the main goals and findings of each of the previous
chapters, which as a whole dealt with the preparation of PIC hydrogels and their
application in specific aspects of tissue-engineering. Furthermore, we compare our
studies with those of other scientists in the field and, finally, and we will address what the
future perspectives of the use of PIC hydrogels for tissue replacement purposes are.
In the first part of our studies we showed how PIC hydrogels are able to support cell function
by adjusting their mechanical properties (first key aspect). The mechanical properties of
hydrogels are of fundamental importance because they provide the mechanical support
for the cells to grow and because they provide the cell with the mechanical stimuli to
initiate complex cellular processes3-5. Our results show that the stiffness of the PIC
hydrogel is very sensitive to changes in the polymer concentration and that this can have
an appreciable impact on the behavior of the cells. In addition, the phenomenon of strainstiffening6 has been shown to be of particular importance in PIC hydrogels. Materials with
this specific feature are able to become stiffer when they are deformed and this effect was
demonstrated to play an important role in stem cell differentiation7. This behavior is rather
common for natural hydrogels but is rarely observed in artificial hydrogel materials7.
A second key aspect, which we investigated, is the amount of cell-binding GRGDS
peptides conjugated to the PIC polymer backbones. Natural hydrogels (e.g., Matrigel8
and Collagen9) are rich in biological components, are highly biocompatible, and are easily
degradable by enzymes. Unfortunately, the properties of these natural materials vary
from batch to batch. In contrast, 3D cell culture systems that are based on synthetic
materials are less sensitive to batch-to-batch variations. PIC-hydrogels, just as other
artificial hydrogels, are less biocompatible than their natural counterparts due to their
synthetic origin. We were able to fix this disadvantage by decorating the backbones of
the polymers with bioactive components (e.g, GRGDS peptides) to promote cell-surface
interactions, thereby enhancing their biocompatibility. There is solid evidence nowadays
that the concentration of GRGDS peptides in synthetic materials is very important for cell
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development10,11. In line with this, our studies with PIC hydrogels confirm that the higher
the concentration of cell binding peptides is, the faster cells will adopt a physiological
morphology.
A third key aspect of our work is the technical challenge associated with the recovery of the
cells from a hydrogel. PIC polymers are water soluble and in solution they form a hydrogel
above 16 °C. However, they can return to their liquid state by simply cooling them down
below 16 °C. This behavior is particularly useful for cell recovery. Unlike classic methods
such as enzymatic digestion or mechanical disruption of the hydrogel, it is not necessary to
digest the PIC hydrogel by using cytotoxic reagents, which can potentially modify cellular
genetic profiles and thus, affect the outcome of our experiments12. In the case of the PIC
hydrogels, we have optimized a protocol in which the cells can easily be extracted by a
small temperature drop, followed by a mild centrifugation process. After this procedure,
the cells were seeded and cultured again and they were found to function normally.
A fourth key aspect that received our attention is the use of PIC hydrogels for in-vivo
applications. So far PIC hydrogels had only be studied in in-vitro experiments and prior
to our studies, there was no scientific evidence within the Molecular Materials group of
Radboud University that PIC hydrogels can be transplanted in-vivo and subsequently be
characterized by standard techniques. PIC hydrogels are rather fragile and cannot be
easily handled outside the culture plates. To facilitate the transplantation of the hydrogels
into rats we used poly(dimethylsiloxane) (PDMS) molds, a biocompatible material with an
extensive record regarding in-vivo applications13. During the in-vivo studies we observed
that transplanted melanoma cells survived and moved out of the hydrogel into the
rat tissue. Furthermore, the edges of the hydrogels experienced a mild accumulation
of granulocytes. These findings indicate that the cells are able to interact with the
surrounding tissues14,15 and, furthermore, they suggest that PIC hydrogels are suitable for
animal studies. For the in-vivo applications also the real time visualization of the scaffolds,
in a non-invasive manor, is of great importance. Live monitoring of implants can provide
insights in the structure, composition, and function of the tissue that is being regenerated.
There is evidence in the literature that the combination of hydrogels with MRI contrast
agents can be used for medical imaging purposes16. However, the biocompatibilities of the
currently applied compounds and materials are as yet not up to the standards required for
implantation purposes. We have been able to prepare a series of different PIC hydrogels,
displaying enhanced MRI contrast capacities in combination with low or no cytotoxic
effects on the cells. Furthermore, we injected these hydrogels into mice and monitored
them using an MRI scanner for a period of 21 days. These findings provide an interesting
outlook to the future. For instance, one can imagine that studies involving PIC and MRI
contrast agents could increase our understanding of how hydrogels degrade over time.
An important issue of PIC hydrogels is whether these materials might be toxic for cells (fifth
critical aspect). Although we have not observed any cytotoxic effects of PIC hydrogels,
neither in-vitro nor in-vivo, we believe that it would be important to study this feature in
more detail in the future.
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A sixth key aspect, which we investigated, is the use of PIC hydrogels as bioinks. 3D
printing is a revolutionary technique that covers many fields, going far beyond tissue
engineering. Objects of any kind can be designed and built with almost no restrictions
with regard to shapes or geometries. In this thesis we described, for the first time, the use
of PIC polymers for the formulation of bioinks that are suitable for the fabrication of 3D
constructs and dual hydrogel systems. We have been able to create these 3D constructs
and were successful in fabricating cell delivery systems in the form of fibers. We think
that the combination of PIC hydrogels with other materials, such as alginate or gelatin
methacrylate, will further open up the application window. We note that one of the current
thermo-reversible standards used in the 3D printing field, i.e. Pluronic F-127, requires
a 40-fold higher concentration of gel material, which makes the application of PIC
hydrogels a much more desirable route to generate 3D structures and 3D architectures
that can support different cell types with high spatial control. In addition, we believe that
a further refinement of our printing technique might lead to a more rapid manufacturing of
functional and complex 3D tissues.
An issue of concern (seventh critical aspect) is that in our experiments we have tested the
performance of PIC hydrogels with only a limited number of cell lines. We have seen that
PIC hydrogels are able to stimulate the differentiation of multiple types of stem cells (e.g.,
ACS, HDMEC, and fibroblasts). Interestingly, the stimulation of HDMEC in combination with
fibroblasts in PIC hydrogels resulted in the spontaneous formation of blood capillaries.
For our hydrogel materials this behavior had never been observed before. Despite these
interesting findings, the knowledge we gained with regards to the cellular structure,
metabolism, and gene expression was only limited. We feel that a deeper investigation
of the cellular responses induced by PIC hydrogels needs to be conducted. Biology and
tissue engineering comprises many types of tissues, i.e. neurons, tendons, bones, etc.
We think, therefore, that the tests we performed should be expanded, e.g. to include a
larger range of cell lines, and furthermore a deeper investigation of the cellular responses
induced by PIC hydrogels needs to be conducted. For instance, we believe that a broader
understanding of the matrix-cell interaction could open the door to the application of PIC
hydrogels as models to study tumor dynamics17 and drugs screening18.
The last key aspect that should be mentioned, is more an issue from an industrial point
of view. We believe that the production of PIC hydrogels in large quantities still remains a
big challenge. If we aim to make PIC hydrogels the standard 3D cell culture platforms, it is
crucial to optimize the fabrication and purification protocols for the PIC hydrogels, such
that the material can be produced in an easy and cost-effective manner.
To conclude, in the present thesis we investigated a few possible applications of PIC
hydrogels in the field of tissue-engineering. The first application was concentrated
on 3D cell culture systems. It was demonstrated that the mechanical properties of the
prepared hydrogels and the concentrations of the GRGDS peptides, which are attached
to the polymer chains in these gels, are the two most important aspects that have to be
considered for the use of this material as a platform to support cell growth. We showed
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that by fine-tuning both aforementioned aspects the PIC hydrogels are able to support
complex processes such as adipogenic differentiation and the formation of a blood
capillary network. Furthermore, by taking advantage of the thermo-reversible character
of the PIC hydrogels, we demonstrated how easy and how mild cells can be extracted
from the hydrogel. Finally, we showed that this PIC hydrogel material can be injected or
implanted subcutaneously in rats, which is of great importance for future animal studies.
The second application that we investigated was 3D printing. We were able to generate
complex micro- and macroscopic structures, such as cubes, pyramids, networks, and
fibers by using a 3D bioprinter and a 3D extrusion set up. In addition, by combining PIC and
GelMA hydrogels we were able to prepare a cytocompatible dual hybrid system, providing
the ground work for the future study of cell co-cultures.
The last application of our studies lie in the field of Magnetic Resonance Imaging. We
provided evidence that by conjugating Gadolinum-based contrast agents to the PIC
polymers, the MRI contrast of the PIC hydrogels can be significantly enhanced. Finally, we
proved that when implanted, it is possible to visualize the PIC hydrogels over a long period
of time, opening the door to a study of the degradation profiles of the PIC hydrogels.
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Summary
Tissue engineering (TE) is a modern discipline, which aims at developing new methods
to fix organ failure and to restore damaged tissue. To achieve that, TE intents to grow
tissue out of its natural environment and then implant it into the patient. For TE, cells are
recollected from the tissue that needs to be fixed. Ideally, the cells should come from
the same patient that is to be treated. By doing this, the possibilities of suffering from
an infection or an immune response are minimalized. Alternatively, animals can be used
as a source to collect tissue from, for instance, in the cases where human tissue is not
available. Still, there are extreme situations where it is not possible to extract and/or grow
a specific tissue out of its natural environment, for instance in the case of hepatic cells.
Stem cells are an alternative strategy to address this issue.
Once the cells are harvested, a key aspect in tissue engineering is to be able to cultivate
them until they are mature enough to serve the therapeutic purpose. In order to achieve
that, TE makes use of scaffolds to support the proliferation of cells in an artificial
environment. These scaffolds can be made from natural or synthetic materials.
This thesis encompasses the efforts to design, synthesize, characterize, and investigate
isocyanopeptide polymers (PICs) as hydrogels for imaging and tissue engineering
applications. Isocyanopeptide polymers are a novel, fully synthetic, and water soluble
material. Furthermore, in solution they form hydrogels upon warming. PICs unique
physical and chemical properties, e.g. strain-stiffening, make them an ideal scaffold and
medium for the culture of cells in a 3D environment.
The work on polyisocyanopeptide hydrogels described in this thesis is presented in seven
chapters. Chapter 2 gives an overview of the literature related to the studies that are
reported in this thesis. This chapter is followed by Chapter 3, in which the synthesis and
characterization of PIC hydrogels are described in detail. First, the synthesis of the basic
monomers is presented and then the Ni(ClO4)2 catalyzed polymerization reaction, which
was used to fabricate the polymers, is discussed. Additionally, the syntheses of polymers
that are furnished with a cell-adhesion peptide (GRGDS) and a MRI contrast agent (GdDO3A) are described.
In Chapter 4, we report on tests that were carried out to optimize PIC hydrogels as 3D
cell culture platforms. We determined the most important properties of PIC hydrogels
for cell culture, i.e. the polymer concentration in solution and the concentration of the
GRGDS peptides on the polymer backbone. Furthermore, we proved that PIC hydrogels
support complex cellular processes such as adipogenic differentiation and formation
of blood capillaries. Finally, we show in this chapter that PIC hydrogels in molds can be
subcutaneously implanted in mice.
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Chapter 5 describes the combination of PIC polymers and a Gadolinium containing
compound to prepare hydrogels that are imageable by MRI technologies. First, PIC
polymers were furnished with Gadolinium macrocycles according to the methods
described in Chapter 2. Subsequently, contrast images of PIC-Gadolinium hydrogels
were recorded with an 11.7T MR scanner and optimized. Furthermore, we proved that
PIC-Gadolinium hydrogels can be injected into mice and monitored by MRI over a period
of 3 weeks. Finally, we show in this chapter that PIC-Gd hydrogels can enhance the MRI
contrast of a helical collagen-based construct in vitro.
In Chapter 6, we present a novel dual-hydrogel system with enhanced bioactivity, which
is highly suited for advanced tissue engineering applications. We demonstrate that
PIC hydrogels can be printed in different shapes with good accuracy and precision. In
addition, we show that gelatin methacrylate (GelMA) hydrogel objects can be constructed
containing a basic inner channel network using PIC hydrogels as a fugitive material.
The mechanical characteristics of hydrogels can be a limitation for the fabrication of
specific architectures. In Chapter 7, we describe experiments aimed at optimizing the
fabrication of a hydrogel-based core-shell system. Furthermore, we demonstrate the
possibility to encapsulate stem cells in the core shell system with high levels of viability.
Finally, experiments with zebra fish are presented showing that PIC hydrogels are not toxic
and can be used for in-vivo experiments.
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Samenvatting
Het ontwerpen en herstellen van weefsel, in het Engels tissue engineering (TE)
genoemd, is een veelbelovende, moderne lijn van wetenschappelijk onderzoek. Deze
onderzoeksrichting houdt zich bezig met het ontwikkelen van nieuwe technieken om het
falen van organen te corrigeren en beschadigd weefsel te herstellen. Het oogmerk van TE
is om weefsel te kweken buiten zijn natuurlijke omgeving en het vervolgens bij de patiënt
te implanteren. Hiervoor moeten eerst de cellen van het gewenste weefsel verzameld
worden, idealiter zijn dat de cellen van de patiënt zelf. Op deze wijze wordt het risico op
een infectie of immuunrespons geminimaliseerd. Er kan ook gebruik worden gemaakt van
dierlijke cellen, bijvoorbeeld als menselijk weefsel niet beschikbaar is. Het is echter niet
altijd mogelijk om een specifiek type weefsel te extraheren of te laten groeien buiten zijn
natuurlijke omgeving, zoals bijvoorbeeld het geval is bij levercellen. In zo’n situatie kunnen
stamcellen een alternatieve strategie zijn om dit probleem aan te pakken.
Een belangrijk onderdeel van TE is het cultiveren van de geoogste cellen tot deze
volwassen genoeg zijn om gebruikt te worden in het therapeutische proces. Om dit te
bereiken, wordt vaak een gestructureerde mal (scaffold) gebruikt om snelle groei van het
aantal cellen in de kunstmatige omgeving te ondersteunen. Deze mal kan worden gemaakt
van zowel natuurlijke als synthetische materialen.
Dit proefschrift beschrijft studies om hydrogels afgeleid van isocyanopeptide polymeren
(PICs) te ontwerpen en te synthetiseren voor toepassingen in beeldvorming (imaging) en
weefselontwerp (tissue engineering). Isocyanopeptide polymeren zijn een nieuw, volledig
synthetisch en wateroplosbaar materiaal. De polymeren vormen hydrogels als zij opgelost
worden in water en vervolgens worden verhit. Door de unieke fysische en chemische
eigenschappen van PICs is het materiaal uitermate geschikt om toegepast te worden als
een gestructureerde mal en als 3D-omgeving voor het kweken van cellen.
Het onderzoek aan de polyisocyanopeptide hydrogels, dat beschreven wordt in dit
proefschrift, is samengebracht in zeven hoofdstukken. Hoofdstuk 2 geeft een overzicht
van de relevante literatuur. Hierna volgt hoofdstuk 3, waarin de synthese en karakterisatie
van de PIC hydrogels in detail wordt beschreven. Eerst wordt de synthese van de basismonomeren gepresenteerd, waarna de polymerisatie van de monomeren onder de
katalytische invloed van Ni(ClO4)2 wordt besproken. Tenslotte wordt in dit hoofdstuk
de synthese behandeld van polymeren die zijn uitgerust met een cel-bindend peptide
(GRGDS) en een contrastmiddel (Gd-DO3A). Dat laatste is bedoeld voor beeldvorming met
behulp van magnetische resonantie (magnetic resonance imaging, MRI ).
In hoofdstuk 4 worden de tests beschreven, die uitgevoerd zijn om PIC hydrogels te
optimaliseren voor celkweek in 3D. Daartoe zijn eerst de belangrijkste eigenschappen
van PIC hydrogels met betrekking tot celkweek bepaald. Zulke eigenschappen zijn
bijvoorbeeld de polymeerconcentratie in oplossing en de concentratie van de GRGDS
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peptiden, die op de polymeerketen aanwezig zijn. Daarnaast wordt aangetoond dat PIC
hydrogels complexe cellulaire processen kunnen ondersteunen, zoals bijvoorbeeld
de differentiatie van adipocyten en de vorming van haarvaten. Tenslotte laten we in dit
hoofdstuk zien dat PIC hydrogels, ingebed in een matrijs, onderhuids ingebracht kunnen
worden in muizen.
Hoofdstuk 5 beschrijft hoe de combinatie van PIC polymeren en een Gadoliniumverbinding het mogelijk maakt om de hydrogels zichtbaar te maken met behulp van de MRItechnologie. Daartoe zijn de PIC polymeren eerst uitgerust met de Gadolinium-verbinding,
zoals beschreven is in hoofdstuk 2. Daarna zijn van deze polymeren contrastbeelden
opgenomen met een 11.7T MR scanner, waarna de methode is geoptimaliseerd. In dit
hoofdstuk laten we ook zien dat PIC-Gadolinium (PIC-Gd) hydrogels geïnjecteerd kunnen
worden in muizen en vervolgens kunnen worden gemonitord gedurende een periode van
3 weken. Tenslotte wordt aangetoond dat PIC-Gd hydrogels in vitro het MRI-contrast van
spiraalvormige, op collageen gebaseerde structuren kunnen vergroten.
In hoofdstuk 6 wordt een nieuw dubbel-hydrogel systeem gepresenteerd, dat een
verhoogde bioactiviteit vertoont. Dit materiaal is uitermate geschikt voor geavanceerde
toepassingen op het gebied van tissue engineering. We laten zien dat PIC hydrogels in
verschillende vormen en met een grote precisie en betrouwbaarheid geprint kunnen
worden. Daarnaast wordt aangetoond dat objecten opgebouwd uit een hydrogel van
gelatine methacrylaat (GelMA) en een inwendig netwerk van kanalen relatief eenvoudig
gemaakt kunnen worden.

Hierbij worden PIC hydrogels gebruikt als verwijderbaar

(fugitive) materiaal.
De mechanische eigenschappen van hydrogels kunnen een beperkende factor zijn bij
het ontwerp van bepaalde objecten en matrices. In hoofdstuk 7 worden experimenten
beschreven die gericht zijn op het optimaliseren van de constructie van een z.g.n. coreshell systeem gebaseerd op hydrogels. We laten zien dat het mogelijk is om in dat coreshell systeem succesvol stemcellen aan te brengen, die tevens levensvatbaar zijn.
Tenslotte laten experimenten met zebravissen zien dat PIC hydrogels niet giftig zijn en dat
ze dus gebruikt kunnen worden voor in vivo experimenten.
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