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Introduction

In this chapter we introduce the field of adhesives with a special focus on pressure
sensitive adhesives. We discuss the parameters that have an effect on the adhesion
performance of polymeric materials. Then we concentrate on tissue adhesives
and the challenges associated with wet/underwater adhesion. Inspiration from
nature regarding underwater adhesion is discussed with a special interest for the
mechanism of the sandcastle worm. This worm uses oppositely charged proteins to
glue sand grains together underwater. This phenomenon of complex coacervation
is then explained in more detail and lastly some examples of complex coacervates
as underwater adhesives are discussed.



Chapter 1

Adhesion

If you want to stick two objects together, an adhesive can be used to do the job.
After you have applied the adhesive, you press the two objects together with some
force to make good contact and to ensure optimal coverage of the adhesive joint.
After you have put together the objects, you expect the glued pieces will remain
stuck together.

To separate the bonded surfaces, the adhesive needs to resist the applied
deformation though energy dissipation.'? This means that energy has to be put in
the separation of the surfaces. The adhesive bond can fail in two ways: adhesive
failure or cohesive failure (Figure 1.1).> During the former, separation happens
between the surface and the adhesive, with minimal residue of the adhesive left
on the surface (Figure 1.1). Adhesive failure can result from poor contact between
adhesive and substrate. Adhesive failure is, for example, desired for post-its, where
no residue has to remain after removing it. On the other hand, when something
has to stick permanently, the adhesion to the substrate is more important and it is
of less importance if there is residue left on both surfaces when the adhesive fails.
In this case, cohesive failure is desired, which happens within the adhesive, where
adhesive residue is found at both surfaces (Figure 1.1). This points at weaker
interactions within the adhesive compared to the interactions of the adhesive with
the surface of the substrate.

Adhesive mechanisms/designs

In general, adhesives are applied in a liquid or fluid-like form to make good
contact and cured to a solid state to increase the resistance to break the joint.
For example, the well-known multipurpose superglue is applied as a monomer,
which is liquid, and then quickly polymerizes fast upon contact with water.** So,

Adhesive failure _ Cohesive failure

Figure 1.1  Adhesive (left) and cohesive (right) failure if two surfaces are removed
from each other.
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applying the adhesive as liquid monomers is one strategy, but most strategies
already use polymers in their formulations.6 Hotmelts are an example of polymeric
adhesives without any additional solvent.®’ The adhesive is heated to make it
flow and once applied and cooled down it has formed a strong bond between
substrates.”® Solvents can also be added to the polymers to make them flow at
room temperature, but then a curing step is needed to give the adhesive its final
strength.’ “Curing” can be done by evaporation of the solvent, UV-crosslinking,
adding a crosslinking agent to the solution, or a combination of these.”!° Lastly,
there is a class of adhesives that does not need to transition from a liquid to a solid.
These adhesives are discussed in more detail in the next section.

Pressure sensitive adhesives

Pressure sensitive adhesives (PSAs) are designed to stick to almost any surface
by only applying some pressure to form contact between two substrates.!! PSAs
must be soft enough to establish good contact with the substrate, but they must
not be too soft that they cannot resist creep. To achieve this, PSAs usually consist
of polymers that have a relatively low T, and are often slightly crosslinked for
better cohesion.!!

PSAs rely on physical interactions such as hydrogen bonding,
entanglements, electrostatic attraction and hydrophobic interactions as adhesive
strategies (Figure 1.2).!? They are commonly found in tapes, stickers, post-its etc.
Thus, PSAs are usually processed as a thin layer deposited on a relatively large
area compared to the thickness of the layer, which makes it highly confined.!
Confinement is defined as the ratio between the area and the thickness, where a

e

Long chains Short chains

Interactlons

Figure 1.2 Possible adhesive and cohesive interactions of a PSA and the effect of
long and short chains on wetting and cohesion.
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large area and small thickness result in high confinement. The first PSAs were
made from natural rubber, while nowadays acrylic polymers, styrene block
copolymers, polyurethanes and polyesters are used as well.!:!

The molecular weight of the polymers that are used for the PSA are an
important parameter to tune the rheological and adhesive properties (Figure 1.2).
The molecular weight has an effect on the mechanical properties of the material,
including: viscoelasticity, viscosity, stiffness, strength and toughness.!>!¢ Often a
broad molecular weight distribution is optimal because the shorter chains provide
good surface wetting, due to their higher mobility.>!!> Longer chains provide
cohesion, because of their entanglements.*!'* For example Jenkins et al. showed
that mixing 3 different chain lengths outperformed the singular chain lengths
and Siebert et al. showed that an increased polydispersity increased the adhesion
for polymers with similar M _.">'® Adhesives that are too viscous can be slightly
crosslinked to increase adhesion and adhesives that are too stiff can be mixed with
tackifier resins.!"!” Tackifier resins are usually of low molecular weight and have
a high Tg, so they will increase the molecular weight between entanglementels
(i.e. create more distance between entanglements), while still maintaining the

cohesive properties of the long polymer of the stiff adhesive.!"!

Characterization of pressure sensitive adhesives

Because PSAs generally do not use any hardening or chemical crosslinking
mechanism upon application, the properties of the formulations are crucial for
good adhesion performance. Bulk properties of PSAs can be determined with
rheology experiments and the performance in specific applications can be tested
with peel, lap shear, or probe-tack experiments (Figure 1.3).!%% We will first

a b c T d

Figure 1.3 Mechanical test methods: a) oscillatory rheology, b) peel test, c) lap
shear test, and d) probe tack test.
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elaborate on the rheology before discussing peel and lap shear experiments and
finally focus on probe-tack experiments.

Rheological requirements of PSAs
There are four important parameters to understand for rheology that are relevant
to the development of PSAs:

1. Storage modulus (G’)

2. Loss modulus (G”)

3. The ratio of G”/G’: tan(9)
4. Frequency

The storage (G’) and loss (G”) modulus represent the elastic and viscous
contributions of the sample, respectively. The moduli are measured over a defined
frequency range, which means that the speed of the oscillation is varied during the
measurement. Low applied frequencies are slow deformations, or in other words,
a deformation over a long period of time. High applied frequencies represent fast
deformations, which are deformations over a short period of time. Most samples
contain both solid and viscous contributions. The ratio of G”’/G’, or tan(9), indicates
what the dominating response of the sample is and whether a crossover from
viscous to solid or the reverse at a certain frequency can be observed. Viscoelastic
materials, in general, display G” > G’ at low frequencies, which means that tan(9)
> 1. Thus the material behaves as a liquid at long time scales. However, when the
frequency is increased, the deformation becomes faster and viscoelastic materials
then transition to show solid-like behaviour, because they cannot respond that fast
to the applied deformation. Now G’ > G” and tan(d) < 1.

Some criteria have been defined to guide the development of PSAs. Due
to the viscoelastic nature of PSAs the process of contact formation is important
for the final properties of debonding.!® In this regard, Dahlquist’s criterion is
often used as an empirical rule for contact formation. This criterion states that
the storage modulus, G’, should not exceed 10° Pa at a frequency of 1 Hz, which
means that the material should exhibit enough flow to form good contact in the first
second of application.'>?! A second criterion, defined by Deplace et al., involves
the formation of fibrils.?! When the material is highly confined and subjected to
high stresses, cavities can form that will eventually develop into fibrils when the
material is pulled further apart.>* To quantify the onset of fibrillation, the ratio of
tan(5)/G’ at the debonding frequency was used. For the adhesive in their study a
minimum ratio was found to be 0.5*%10” Pa’!' for high energy surfaces and steel.

11
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Which actually means that tan() is close to 1 and that G’ is close to the Dahlquist’s
criterion of 10° Pa.

Characterization of adhesion performance of PSAs

Peel, lap shear and probe tack experiments all explore a different aspect of adhesive
debonding (Figure 1.3). Peel experiments use a backing to which the adhesive is
secured and the force of detachment is subsequently measured when the backing is
peeled of a substrate (although this can be done in a lot of different configurations)
(Figure 1.3b). In general, peel tests are seen as fracture test, because a crack is
propagating whilst peeling and the stress is localized at the peel front.?>* This
is useful for steady state propagation of a crack, but the sample is subjected to a
more complex geometry.'® The results of peel tests are very system-dependent and
therefore need careful interpretation of the data.?> For a lap shear test, the adhesive
is placed between two flat substrates that are partly overlapping (Figure 1.3c). In
this test, the shear force is distributed over the whole area which is very different
than the peel test.”* Lap shear tests do not require complex instruments; they can
be performed on a tensile tester, which is an easy and straightforward instrument
to operate.

In probe tack experiments, a well-defined geometry for loading is imposed
by the cylindrical probe, but contrary to peel tests, steady state propagation cannot
be observed here (Figure 1.3d).!* During a measurement, the adhesive is (slightly)
compressed, a fixed dwell time is waited before retraction at a constant velocity

a b
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Figure 1.4  Probe tack adhesion curves representing different material responses.
a) brittle, ealstic material, b) good dissipative PSA, c) completely
viscious (liqguid) material. Stripes in b are representative of the energy
needed to separate two surfaces, this is largest for the material in b.
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while measuring the force. The resulting force-displacement curve is typically
converted to a nominal stress versus nominal strain curve. The shape of this curve
provides information about the peak stress, maximum extension and general
debonding mechanism."* For example, a single high and narrow peak is a typical
signature for adhesive failure and a too elastic material (Figure 1.4a). For a good
PSA, a peak in the force is observed at the beginning, however the force does
not go immediately to zero at larger strain values, due to fibril formation (Figure
1.4b). Finally, when the material is purely liquid, there is a low and broad force
detected with strain values that are lower than for the viscoelastic case (Figure
1.4c). To know the energy that was needed to separate the two surfaces, the
integral of the curve can be taken. Multiplied by the thickness of the sample, this
calculation gives the work of adhesion (W_, ) or energy that was put in to separate
J‘S ,,,,, the surfaces:

where h is the initial thickness of the sample, emax the strain where the force was
zero and o the stress. It is clear that the integration of the stress-strain curves will
result in the highest W_, in the ‘good PSA’ case due to the larger strains that are
needed to pull it apart (Figure 1.4b).

However, the investigation of the exact debonding and failure
mechanisms cannot be done solely with probe tack experiments. Additionally,
visual information on how the debonding happens during probe tack experiment
can add valuable information. For example, recording the debonding from below
a glass substrate gives more information about how debonding starts and how
defects grow and/or cracks propagate in the adhesive.?*

Underwater/wet adhesion

PSAs work well on dry and clean surfaces, but you might have noticed yourself
that Scotch tape does not stick when there is dust or sand on the surface, or
when the surface is wet. Especially wet surfaces are the key obstacle in medical
applications for use of adhesives. But also many other applications could benefit
from underwater adhesives, such as: membranes for blue energy,” sea weed
farms?%*” and biomedical sensors or implants could all benefit from an underwater
adhesive. All these applications have in common that: 1) they are in a dynamical
environment, 2) usually one of the substrates is soft and/or flexible and 3) water
is present.

13
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Tissue adhesives
Nowadays, the most common method for closure of wounds is the use of sutures
or staples. Though very effective, these methods damage the tissue, are not able
to prevent leakage of fluids and cannot be applied during minimal invasive
surgeries.”® Tissue adhesives are promising in circumventing these problems.
However, current commercial surgical adhesives fail in their application on
different levels; they are either cytotoxic, adhere weakly, have poor mechanical
properties or are unable to stick in wet surroundings.?®?° A tissue adhesive should
satisfy several requirements®®:

- Biocompatibility and no toxicity

- Strong adhesion to tissue

- Similar mechanical properties as the adhered tissue

- Mechanical strength to cope with movements of the tissue

- Similar biodegradability as the rate of healing
We will briefly explain two existing tissue adhesives, fibrin glue and cyanoacrylates,
to provide some context on where the field currently is and what the major points
to improve are.

The first combination of solutions of fibrinogen with thrombin started
being used halfway the 1940s for skin grafts.?®* Due to low concentrations,
this fibrin glue did not show sufficient adhesion. In the 1970s it was possible
to concentrate the active components and fibrin glue became more widely used
in surgeries. The glue is prepared by mixing fibrinogen and factor XIII with an

Figure 1.5  Dual syringe for application of fibrin glue.
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aprotinin solution and by mixing thrombin with a CaCl, solution. These two
mixtures are put in a dual syringe system with a common outlet and plunger
(Figure 1.5).>! When pressing the piston, both solutions are thoroughly mixed in
the common outlet before application onto the wound. Within 10 minutes, 70% of
the final strength is achieved.?!' Fibrinogen needs to be sourced from human blood
plasma and is therefore biocompatible and biodegradable and does not cause any
inflammation reaction.”® However, this human derived material also imposes
the risk of transmission of blood related diseases. The mechanical properties
of fibrin glues are weak, which makes them suitable for softer tissues, although
reinforcement with for example collagen makes it more suited for other tissue
applications.”

Cyanoacrylates have been used since the end of the 1950s.32 These type
of adhesives rapidly polymerize upon contact with blood or water (in the range of
10 seconds).*** This is both an advantage and disadvantage, because application
is quick, but the presence of water may also limit good contact with the tissue.?®
Another important issue is the toxicity of some of the cyanoacrylate glues. The
monomer and degradation products may have a toxic effect on the cell or tissue
level.28 Furthermore, the cured cyanoacrylate adhesive is a strong and brittle
material which is not very compatible with most soft tissues of the body.

Challenges for underwater adhesion
To adhere substrates together underwater has become more and more interesting
over the years. Besides all the challenges/requirements for PSAs in dry conditions
(surface spreading, good contact, high energy dissipation) the main obstacle for
underwater adhesives is, of course, water.!"343

Water can hinder an adhesive in several ways. The most evident is the
hindering of good contact formation.*** When an underwater adhesive is making
contact with a substrate, it first has to remove or penetrate through water that is
bound to the surface. This can be done by introduction of hydrophobic groups
in the adhesive that repel water or by absorbing the interfacial water.?**%*” Even
when contact is made, the risk of trapping water between surface and adhesive
still exists. Secondly, the adhesive should not disperse or mix in the surrounding
environment, because this will dilute the adhesive and reduce adhesion.**3* Lastly,
as mentioned for the cyanoacrylates, the adhesive should not react (too fast) with
water, as this can result in preliminary curing.’>%

15
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Figure 1.6  Nature inspired methods of adhesion. a) Suction cups of an octopus.
Reprinted with permission of ref. 38. b) Canals of the adhesive disk of
a clingfish. Reprinted with permission of ref. 39. ¢) A mussel attached
with its byssal threads to a glass slide. Reprinted with permission of ref-
15. d) Sandcastle worms and a tube they build for themselves. Courtesy
of Russell Stewart.

Natural systems

Looking at nature for inspiration can give valuable information about how to
solve the problems associated with underwater adhesion. Some animals use
patterned surfaces to control underwater adhesion. Two examples are suction
cups of octopuses,*® and the adhesive discs of clingfishes.* The octopus suction
cup mechanism is based on pressure difference (Figure 1.6a).*® When a suction
cup approaches a surface, first a seal is formed at the edge of the cup. Then, low
pressure is created which keeps the cup in place, regardless of substrate chemistry.
The design of the adhesive disc of a clingfish provides a solution for hydrogel-
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based adhesives (Figure 1.6b).*° The disc consists of hexagonally shaped structures
that are separated by channels. These channels allow for the drainage of excess
water during the underwater attachment to a surface.

Alternatively, instead of patterns, specific chemistry is used by other
animals. Since the 1980s, the mussel species of Mpytilus edulis have been
studied for their wet adhesive properties (Figure 1.6¢).* The mussel establishes
its adhesion via a byssal thread in which a viscous proteinaceous solution is
secreted that transitions into a solid foam.*® The modified tyrosine amino acid,
3,4-dihydroxyphenylalanine (DOPA), was soon recognized to be abundantly
present in the mussel foot and turns out to be one of the most important moieties
for wet adhesion.41 The functional group of DOPA is called a catechol and it can
have a large set of interactions like; hydrogen bonding, n-n interactions, cation-n
interactions and metal complexation (Figure 1.7).*>* The proteins of the mussel
are stored in an acidic and reducing environment, because the catechol moieties
can be oxidized when exposed to a high pH or oxidizing agents. The oxidized form
of DOPA, a quinone, is thought to be essential in crosslinking the material, which
provides it with a better cohesion.*'** But, converting all catechols to quinones
will decrease all the aforementioned interactions with the surface and reduce the
adhesive properties.

About two decades later, the adhesive secreted by the sandcastle
worm Phragmatopoma californica, was investigated (Figure 1.6d).*® Again,
the proteinaceous secretion formed a foam upon curing.*’ Special interest was
displayed for the delivery mechanism of the worm, because the worm uses granules

Metal
complexation

n-T

interaction@

cation-nt
interaction \ NH3*

Oxidation

Reduction

Figure 1.7  Catechol (DOPA) interactions. The catechol can form m- interactions,
cation-m interactions and H-bonding, while oxidation promotes
crosslinking and metal complexation.
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that consist of charged proteins to glue sand grains together.*® This secretion does
not dissolve in the sea water and sufficient adhesive strength is achieved within
30 seconds.

It is not feasible to let mussels or sandcastle worms produce their glue
components (proteins) on a large scale.**° Therefore, science has started its
search for synthetic mimics for these components. The challenge is to select the
most important components of the proteins and translate them into synthetically
relevant molecules. The first step in mussel mimicked adhesives was to identify
the different mussel foot proteins (MFPs).>! Also the DOPA moiety has been
extensively incorporated in adhesive formulations. The only drawback is the
sensitivity to pH of this group.* The group of Stewart were one of the first to
take inspiration from the sandcastle worm and design a polymer with similar
functionalities. One of their polymers contained a phosphate and a DOPA analogue
and the other polymer contained a primary amine.”?> With this formulation the
researchers were able to bond two pieces of bone together, underwater.

Polyelectrolytes and complex coacervation

Next to adhesion promotors, such as catechol groups, several other interactions
play a key role in both adhesive and cohesive properties. Recently, it was
identified that charged proteins, i.e. electrostatic interactions, also seem to play a
key role in adhesives of natural organisms. Charged proteins can be classified as
polyelectrolytes, which are charged polymers and can be either strong or weak,
depending on the pK_ of the charged repetitive units (Figure 1.8a). The number of
charges on strong polyelectrolytes is not dependent on the pH of the solution, at
least for a wide range of pH.>*>* In contrast to strong polyelectrolytes, the number
of charges on weak polyelectrolytes is influenced by the pH.>*> This gives the
advantage to tune the ionization degree of weak polyelectrolytes. Since the
charges on weak polyelectrolytes are not fixed, but depend on their environment,
the charges are considered mobile.’** For example, charges can localize more
towards a charged object to reduce the charge there, but keep the flexibility in the
chain elsewhere.

Thermodynamics of complex coacervation

Complex coacervates are formed when two solutions, containing well-soluble
oppositely charged polyelectrolytes, are mixed together (Figure 1.8b). The
complex coacervate is the polymer-rich viscoelastic phase that is formed after
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mixing and the subsequent liquid-liquid phase separation. The main driving force
for the formation of a complex coacervate is the entropy gain when counterions are
released.***738 This entropy gain depends on the salt concentration; an increased
salt concentration results in a decreasing entropy gain.’”* Consequently, an
increased salt concentration leads to a decrease in density of the coacervate phase,
until there is only a single phase left (Figure 1.9). This point, where no phase
separation is observed anymore, is known as the salt resistance of a complex
coacervate (Figure 1.8c). The value of the salt resistance depends, amongst others,
on the type of polyelectrolytes, polyelectrolyte concentration and the type of salt.
The peak of the binodal phase diagram is the critical salt concentration, which is
the absolute highest salt concentration where phase separation can be observed
(Figure 1.8c¢). Although complex coacervates are immiscible with water, they still
contain a high amount of water (typically more than 60% in weight), together
with ions and other molecules that may have been present during mixing. %
Besides salt, other factors also have a distinct effect on the thermodynamics
of complex coacervates. Firstly, low chain lengths have a lower salt resistance than
higher chain lengths, due to their higher translational entropy gain compared to
longer chain lengths (Figure 1.10).53%* Secondly, when using weak polyelectrolytes,
the charge is dependent on the pH of the medium. Using a pH where not both
polyelectrolytes are fully ionized decreases the charge density, reduces the salt
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Figure 1.8  a) Polyelectrolytes can be either positively or negatively charged. b)
A complex coacervate forms when oppositely charged polyelectrolytes
are mixed in water, with a polymer-depleted phase (supernatant) on
top. c) Phase diagram when mixing polyelectrolytes at a chosen salt
and polymer concentration (open circle). The salt resistance at that
polymer concentration is represented by the solid circle and the critical
salt concentration (CSC) is represented with the star. Any value within
the curve will result in two phases with a compositions as on the curve.
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Figure 1.9  Effect of salt concentration on polyelectrolytes in solution. Starting
from a precipitate with no salt (a), to make it a gel-like material with
a little salt (b), to a complex coacervate (c) and finally a single phase
polyelectrolyte solution (d), where the chains do not interact anymore.

resistance and changes the rheological response.® Finally, additional interactions
such as hydrogen bonding or hydrophobic interactions can provide an additional
driving force for phase separation of the complex coacervate.®-¢7

Viscoelastic properties of complex coacervates

Complex coacervates are commonly characterized with rheology. Usually the
terminal regime is probed at high salt concentrations, where G is above G’, and at
low salt concentrations a crossover between the moduli can be observed.®®® The
dynamics are often referred to as Sticky Rouse dynamics where the charges are
seen as electrostatic ‘stickers’ that slow down the dynamics of the polymers.”"!
Salt has been shown to influence the phase diagram, but also the dynamics are

c | M
AA
Figure 1.10 Phase diagram where height and width of the graph are influenced by
the chain length. Reprinted with permission of ref. 63.
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altered by the presence of salt. More salt in the complex coacervate screens the
‘stickers’ from each other and therefore speeds up the dynamics of the polymers,
which means a more liquid-like material. Thus by only changing salt, complex
coacervates can transition from gels to honey-like viscous liquids, or even be as
fluid as water. Even though different salt concentrations result in different rheology
responses, these data can be shifted horizontally. This is possible because salt only
influences the rate of the dynamics, but not the underlying relaxation mechanism
of how the polyelectrolytes interact.”” The formed master curve spans a wider
range of moduli and frequencies for the reference condition.

(Complex) coacervate-based underwater adhesives
Here we will give a selection of examples of underwater adhesives that are based
on the principle of (complex) coacervation.

The group of Stewart were the first to show the applicability of complex
coacervates as underwater adhesives.” They created a polymer that was analogous
to one of the proteins found in the sandcastle worm, which contained phosphate
groups and catechol groups. The oppositely charged polymer was a copolymer
of acrylamide with a few percent of amine side chains. The complex coacervates
were formed with divalent cations and different amine/ phosphate and cation/
phosphate ratios were studied. The best formulation was used to glue two bone
pieces together underwater with a peak stress around 100 kPa.

Dompe et al. developed multiresponsive complex coacervate-based
adhesives that were responsive to a change in salt concentration and/or an
increase in temperature.” Side chains of poly(N-isopropylacrylamide) (PNIPAM)
exhibit a temperature dependent solubility where the chains collapse at elevated
temperatures. The achieved adhesion stress of a combined temperature and salt
switch was around 30 kPa with an adhesion energy of 7.2 J/m2. Due to the fluid
nature of the complex coacervate at high salt concentrations, it could be applied
with a syringe and curing could happen at physiological salt concentrations and
body temperature.

Vahdati et al. used polymer chains that were much shorter than in the
work of Dompe et al. was presented.”” Therefore, they had the possibility to
make a viscoelastic complex coacervate at much lower salt concentrations. The
complex coacervate made at physiological salt concentration was stronger than a
coacervate that was switched from high to physiological salt concentration. This
was attributed to the tan(5) which was close to one (G’ and G” are equal), which is
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also called the critical gel point. An adhesion energy of 16.4 J/m2 could be reached
with the complex coacervate at physiological salt concentration compared to 3.5
J/m?2 for the switched complex coacervate.

The group of Joy developed a self-coacervating polymer (so no complex
coacervation) that contained moieties with LCST behaviour, catechols for good
adhesion and UV crosslinkable units for cohesion.” Above 7 °C the polymer
would self-associate and form the coacervate. The observed adhesion strength for
the best ratio of catechols and UV crosslinkers (6:14) was 66 kPa, which is in the
same range as the group of Stewart has reported.

Aim of this research

In the previous paragraphs general knowledge is provided which can be used
for the rational design of complex coacervates as wet PSA-like adhesives. Both
requirements for PSAs and underwater adhesion have to be taken into account
and can be verified with rheology and probe-tack tests. In this thesis we aim to
extend the fundamental understanding of complex coacervate-based underwater
adhesives via numerical simulations and systematic studies in which charge
density and hydrophobic content are varied. In particular these systematic studies
provide more insights into the influence of polymer chemistry and water content
on the adhesion of these materials.

In Chapter 2, a numerical simulation approach is used on complex
coacervation. Starting from viscosity experiments that determined the radius of
gyration of the polyelectrolyte, we tried to develop a model that in the end would
be able to predict complex coacervate behaviour. This chapter provides guidelines
and considerations when designing a model from the bottom up. This chapter ends
with the calibration of the single polyelectrolyte chain and gives some prospects
on the simulation of complex coacervation.

In the following two chapters we look more fundamentally how
adhesion of complex coacervates is affected by charge density (Chapter 3)
and hydrophobic interactions (Chapter 4). The charge density is varied on the
polyanion via copolymerization of  3-isobutoxysulphopropyl methacrylate
with oligo(ethylene glycol) methyl ether methacrylate in different ratios. After
deprotection, the copolymers are complexed with poly(4-vinylpiridine) at different
salt concentrations. Subsequently, water content, salt resistance, rheology and
adhesion are measured as a function of charge density and salt concentration.

Chapter 4 has a similar approach, but with a slightly different polyanion.
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Here, 3-isobutoxysulphopropyl methacrylate is polymerized at two chain lengths.
The hydrophobicity is tuned by the partial deprotection of the isobutyl group. The
two chain lengths of these polymers are again complexed with matching poly(4-
vinylpiridine) chain lengths at different salt concentrations. The same experiments
as in chapter 3 are performed here. Additionally, the shifted frequency sweeps of
the longer chains were fitted with the sticky Rouse model, which could capture
the rheological behaviour well.

In the last chapter, Chapter 5, we present how complex coacervates
made from biopolymer polyelectrolytes can be used as a medical adhesive.
The polymers are added mixed at high concentrations, resulting in a complex
coacervate phase with a larger volume. The complex coacervate is dispersed
again in the supernatant, freeze dried and grinded into a powder. The rehydration
of the powder is studied for a range of added volumes of water. Water content,
rheology and adhesion are determined for the powder that was rehydrated fast
with a centrifuge. Lastly, the powder was applied to pieces of chicken meat and
the adhesion strength was determined with a tensile tester.
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