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Abstract

Oil-in-water emulsions are ubiquitous in fields such as food, cosmetic and
pharmaceutical industries due to their ability to impart texture, or transport
or solubilise hydrophobic constituents in a water continuous phase. However,
emulsions are thermodynamically unstable and a third constituent or more needs
to be added to the mixture to prevent phase separation, at least during the
product shelf-life. The use of networks with crosslinked hydrophilic polymer
chains (hydrogels) to stabilise emulsions, have been exploited by scientists for
long periods of time. Their ability to easily be modified with different functional
groups, makes low molecular weight peptides an advantageous choice to form
hydrogels. The aim of this thesis is to study the behaviour of dipeptide fibres
at interfaces and in the bulk, using a combination of rheological, imaging and
in vivo research techniques. Dipeptides are small proteins consisting of only two
amino acids linked together by one peptide bond. At high pH, the dipeptide
molecules form micelles which transform into a hydrogel of fibres in response to
the addition of salt. Under high shear the hydrogel is disrupted and will reform
around bubbles or droplets.

Following previous studies, we study the behaviour of the dipeptide at low
concentration and use salt to trigger gelation. We first present a route to achieving
repeatable hydrogel formation. We characterise the properties of the hydrogel for
two different salt (MgSO4) concentrations. Using the hydrogel, we proof that at
such a low dipeptide concentration, the hydrogel is too weak to prevent ripening
of the bubbles, which reduces the long-term stability of the foam. However, under
the same conditions, emulsions prepared from some oils are highly stable. Finally,
we examine the wetting properties of the oil droplets at a hydrogel surface as a
guide to the resulting emulsions.

The behaviour of hydrogels were further characterised using extensional rheol-
ogy. Hydrogels were prepared with different salts (MgSO4, CaCl2 and NaCl)
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concentrations and stretched at different velocities. We show that the collapse
scenario of the hydrogel films is salt type dependent. Hydrogels turn into elastic
solid films that collapse at short distances when prepared with calcium chloride.
By contrast, hydrogels prepared with sodium chloride develop into extremely
viscous films that do not burst; they instead, form a thread that breaks under
capillarity. In between, hydrogel films prepared with magnesium sulfate exhibit a
viscoelastic response that allows the film to stretch and form a bridge that burst
on itself. In addition to this, we observe a non-monotonic trend dependence
of the film strength on salt (MgSO4) concentration. Lastly, we observe a
disagreement between image and equation based surface areas at intermediate
and long distances; while equation based surface areas keep increasing linearly
after overtaking the surface area of the rings holding the film, image based surface
areas drop to zero when they are near or equal the surface area of the rings.

The behaviour of fibre-coated interfaces prepared at different salt (MgSO4)
concentrations were studied by conducting strain and frequency sweep tensiome-
ter based dilatational experiments. We have shown that stable liquid-liquid
interfaces stabilised by dipeptide fibres, can have a highly nonlinear response
to dilatational strain amplitudes. Interfaces prepared at high salt concentrations
show an increase in the elastic response, as opposed to films prepared at low
salt concentrations, which collapse at small deformations. In between, films
prepared at intermediate salt concentrations, show a more viscoelastic response,
with lower resistance to deformation. Furthermore, films prepared at high
salt concentrations show a strain softening/hardening response when deformed
at intermediate and high amplitudes not reported before in large amplitude
oscillatory dilatational (LAOD) experiments. Finally, we observe that the
method to quantify the degree of nonlinearities in Lissajous curves fails in some
cases and hence propose a different approach to quantify nonlinearities that span
over the whole range of strains.

Last, the effect of salt triggered hydrogel-emulsions with different mechanical
properties on the lipid digestion was investigated using a static in vitro model.
The rate and extent of lipid digestibility was observed to be higher for emulsions
prepared with calcium chloride than with magnesium sulfate. Emulsions prepared
with magnesium sulfate show a non-monotonic dependence of digestion on salt
concentration, probably caused by the increase in film strength observed in
chapter 3 when using extensional rheometry.
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Chapter 1

Introduction and Background

1.0.1 Surfaces and Interfaces

Atoms or molecules at surfaces have different properties from those in the bulk
phase. In the case of an air-water interface, water molecules in the bulk phase,
experience a uniform force field caused by the interaction with the surrounding
neighbour molecules (see Figure 1.1). However, if the water molecules are at
the surface, it can be seen that the force exerted by the neighbouring molecules,
is not uniform any more and molecules at the surface experience a net force
instead, that pulls them inward and perpendicular to the surface. This force
creates a lateral tension along the surface that gives rise to what is known as
the surface tension [7]. The difference between forces, gives rise to a different
energetic environment between molecules in the bulk and at the surface, and
hence changing the total free energy of the system [7]. This extra of energy
is known as the surface free energy or excess surface free energy [7]. While
surface tension is restricted to phase boundaries, in which one of the phases is
a gas, interfacial tension is commonly used to describe the boundary between
two immiscible liquids. In thermodynamics, the interfacial tension γ is described
as the increase in energy (Helmholtz or Gibbs) of the system when the area of
the interface under consideration is increased by an infinitesimal amount δA [7].
Interfacial tension obtained from Gibbs energy and Helmholtz energy:

γ =

(
δG

δA

)
p,T,n

and γ =

(
δF

δA

)
V,T,n

(1.1)
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where V is the volume, T is the temperature, A is the surface area, p is the
pressure and n is the number of moles of the component conforming the system.
The units of γ are energy/area (mJ m−2), although it is more common to see
the units of γ expressed as the dimensional equivalent units of force/length (mN
m−1).
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Figure 1.1 Diagram of an air/water interface, showing the unbalance forces
between water molecules at the surface and in the bulk. Water
molecules in the liquid have forces acting on them in all directions,
which when added, cancel each other. In contrast, at the surface,
there are not molecules above the surface water molecules, only below
and at each side. The net force is therefore inwards. This creates
longitudinal forces along the surface which, gives rise to the surface
tension.

1.0.2 Interfacial Rheology

Interfacial rheology is the study of the behaviour of interfaces in response to
deformations. Bare interfaces are scarcely elastic - because of the mobility of
molecules at the interface - and without the presence of an adsorbed monolayer
film, they cannot support foams or emulsions for long periods [7]. However, the
presence of an adsorbed monolayer film can change drastically the rheological
properties of interfaces, thus making possible the formation of stable foams and
emulsions. The molecules conforming the adsorbed monolayer will replace some
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of the water molecules in the interface and the forces of attraction between
surfactant and water molecules are less than those between two water molecules,
hence the contraction force is reduced. The main type of deformations used in
interfacial rheology are, dilatational (change in area at constant shape) and shear
(change in shape at constant area) (see Figure 1.2) - in this thesis we focus in
dilatational deformations. Dilatational deformations, are based on variations of
the interfacial tension as a response to changes in interfacial area by compressing
and expanding the interface of a droplet or bubble via increasing and decreasing
its volume. The rheological properties of interfacial films are determined by
oscillating droplets and bubbles at different frequencies and measuring the
dynamic interfacial tension [8]. When dealing with viscoelastic films, the elastic
modulus E0 and dilatational viscosity ηd introduced by [9] are represented as

E0 =
dγ

dlnA
(1.2)

and
ηd =

∆γ

dlnA/dt
(1.3)

where γ is the surface tension and t is the time. For small strains, the interfacial
tension is observed to have some phase lag with respect to the interfacial area
due to the viscoelastic properties of the interfacial film - we will discussed this in
more detail in Chapter 5.

Figure 1.2 Interfacial deformations, dilatational (left) and shear (right).
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1.0.3 Emulsions

Emulsions are the result of two immiscible liquids mixed together, with one of
them dispersed as tiny droplets into the other [10]. The two immiscible liquids
are usually oil and water, although it does not necessarily have to be the case.
For example, “water-in-water” and “oil-in-oil” are other type of emulsions, often
used in the food and the pharmaceutical industry [11, 12]. Separation of two
immiscible aqueous solutions (a polymer-rich phase and a salt-rich phase) can be
caused by the addition of salting-out electrolytes to hydrophilic polymer solutions
[11]. The term “emulsion” usually makes reference to emulsions with oil droplets
in the microscale, whereas microemulsions refer to emulsions with oil droplets in
the nanoscale (see Figure 1.3) [13]. A foam is usually defined as a dispersion of
a large volume of gas in the form of bubbles in a liquid, solid or gel [14, 15].
Emulsions and foams are thermodynamically unstable because of the interfacial
tension resulting from mixing two unfavourable substances, like water and oil or
gas and water [16, 17]. If we leave them to stand long enough, they will phase
separate. To achieve kinetically stable emulsions and foams, a third or more
constituents need to be added to the system. An example of these, are surfactants,
with polar and nonpolar regions at each end, that make the molecules to have a
greater preference for the interface than for the bulk.

When dissolved in emulsions, Surfactants reorient themselves in a way such that
the hydrophilic part interacts with the water phase and the lipophilic with
the gas or the oil phase. This arrangement results in a net decrease of the
interfacial free energy. Proteins are another example of natural macromolecules
used as constituent to achieve stable emulsions. Similarly their amphiphilic
structure drive them to adsorb to interfaces. However, their polar and nonpolar
groups are randomly spread all over the first and tertiary structure and not
necessary placed at the ends as found in surfactants. This makes the adsorption
process to interfaces slower and more complex than that of surfactants. Upon
adsorption, proteins self-assemble via noncovalent interactions into viscoelastic
two-dimensional nanolayers that decrease the interfacial tension [18, 19] and
protect the colloidal system from several destabilisation mechanisms [20, 21].
While the interface activity of proteins is certainly important, the stability of
emulsions is not just due to the decrease in interfacial tension. The essential
stabilising function of proteins is their ability to make interfaces withstand the
tangential stresses of adjacent fluids. [22]. Because of polar and nonpolar groups
randomly distributed over the whole structure of the protein, only a small amount
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Figure 1.3 Differences between emulsions and microemulsions.

of the hydrophobic residues are located at the interface facing the hydrophobic
phase, being most of the protein molecule hanging in the water phase [21].
The segments of the protein suspended in the aqueous phase form loops that
provide steric stability against flocculation and coalescence of oil droplets [21].
Additionally, colloidal particles may also assemble to interfaces and stabilise
emulsions. They differ from surfactants and proteins in that they remain basically
irreversibly adsorbed in systems at rest [23]. Particles may be surface active
however, they are not amphiphilic like surfactants [24]. For particles to assemble
at an interface, they will have to be wetted by both phases [25]. Wettability can be
quantified by the contact angle the particle adopts at the interface [26]. Contact
angles lower than 90°C are related to hydrophilic particles, forming oil-in-water
emulsions, while contact angles higher than 90°C correspond to hydrophobic
particles forming water-in-oil emulsions [27].

Surfactants, certain proteins, peptides, phospholipids, polysaccharides and parti-
cles are examples of emulsifiers [28]. Emulsifiers are sometimes used with other
substances, namely stabilisers. Stabilisers can either form a protective coating
around bubbles and droplets and/or modify the texture of the bulk phase, both
aiding to the stability of the emulsion or the foam [29]. Stabilisers can either
increase the viscosity of the continuous phase (thickening agent) or turn this into
a self-supporting three-dimensional continuous network (gelling agent) [29].
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1.0.4 Hydrogels

Hydro- / organo-gels are a class of an elastic cross-linked polymer network that,
due to the nature of its regions, can retain large amounts of water [30]. In
the swollen state, they exhibit mechanical properties characteristic of both solid
and liquid systems [31–33]. Hydro-/ organo-gels can be classified as natural or
synthetic, according to the source and chemical or physical, depending on whether
the atoms conforming the molecules share or not electrons. In this thesis, we deal
with physical hydrogels made of synthetic low molecular weight peptides. The
network of the self-assembled low molecular weight peptide hydrogel, is made
of nanoscale anisotropic structures [34–36]. Nanoscale structures in peptide
hydrogels, are formed by non-covalent bonds including, π-π stacking, van der
Waals interactions, chiral dipole-dipole interactions, hydrophobic interactions,
electrostatic interactions, hydrogen bonding and repulsive steric forces [36–38].
The fibre-like structures, range from a few nanometers in diameter to hundreds
of micrometers in length, interacting via multiple mechanisms (see Figure 1.4)
[33, 39–41]. The internal structure of peptide hydrogels at the microscale, is able
to adsorb and hold large amounts of water with just a tiny concentration of this
molecules ≈ 0.1 wt% [1, 42]. This effect is caused by the presence of hydrophilic
groups in peptide molecules, that makes possible the transition from a soluble to
an insoluble phase. The mechanical properties of the hydrogel are determined by
factors such as, the number of fibres, their diameter and individual mechanical
properties, the number of crosslinks, the distance at which these are from each
other and the number of entanglements [33, 43].

a) b) c)

d) e)

Figure 1.4 Schematic diagram of different peptide hydrogel stabilisation
mechanisms a: cross-links, b: lateral association, c: dense
nucleation region, d: intertwined junctions and e: entanglements.
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1.0.5 Hydrogel Emulsions

Emulsions with a continuous phase exhibiting semi-solid like behaviour, have
often been described as “emulsion filled gels” [44], “composite gels” [45], “emulsion
gels” [46] “emulgels” [47] or “emulsion hydrogel” [48]. Despite the discrepancies
between names, what they have in common is the structure, in which oil droplets,
acting as a filler particles, are entrapped within the gel matrix [49]. The most
common way of trigger gelation, is by a change in temperature or pH, salt
addition and enzymatic activation. A hydrogel emulsion can be formed by either
gelling the continuous phase and/or flocculation of the oil droplets [46]. In the
former, the droplets can be either active or inactive fillers. Active oil droplets
are chemically bounded to the gel network, whereas inactive oil droplets hardly
interact with the gel matrix [46, 50–52]. The interactions between the droplet
and the gel network, are governed by the type of emulsifier adsorbed to the oil
droplet interface [49]. In any case, the rheological properties of gel emulsions,
depend on the physicochemical properties of the gel network and the oil droplets,
the volume fraction of the oil droplets, their size and spacial distribution, as
well as the strength of the interaction between the emulsion droplets and the gel
network [53]. However, the modulus of emulsions with active oil droplets, may
be influenced by the ratio droplet/gel network modulus. For example, emulsions
containing oil droplets with higher modulus than the gel network, will be stronger
than emulsions with oil droplets with lower modulus than the matrix [51, 52, 54].
Inactive oil droplets in hydrogel emulsions will always tend to weaken the network
of the gel [50]. Figure 1.5 shows a schematic diagram of the way in which oil-in-
water emulsions are prepared in this thesis.

Dipeptide molecules

Basic solution

Add salt 

Hydrogel(pH 11)

High

Add oil energy
mechanical

Hydrogel
emulsion

Hydrogel continuous phase 

Dipeptides adsorbed at the interface

Figure 1.5 Hydrogel emulsion preparation.
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1.1 The aim of the thesis

The main goal of this thesis is to expand the work initiated by Li et al.,
where dipeptide molecules (2NapFF) succeeded in forming interfacial films at
an air−water interface [55] and in stabilising foams with long-term stability [56].
The foams, are stabilised by hydrogel fibres made of dipeptide molecules adsorbed
to interfaces of bubbles and entangled in the bulk. Foams were stabilised by first
dispersing the dipeptide molecules in a basic solution and then adding salt to
the solution to induce gelation. Once the gel is formed, this is disrupted with
the help of a rotor stator homogeniser to make the foam. While the authors
succeeded stabilising foams for more than two weeks, they observed that the
hydrogels were prone to phase separate. Interestingly, the presence of the bubbles
when foams were formed reduced the amount of phase separation between the
hydrogel and the water phase. This thesis deals with the study of the foaming
and emulsification properties of short peptide molecules, mainly 2NapFF. The
first goal in Chapter 3 was to get rid of phase separation and achieve repeatable
hydrogels. To achieve this, we carefully studied each of the steps involved in
the process of making the gel used in [56] and tuned these to achieve our goal.
Then, the foaming and emulsification properties of 2NapFF were investigated at
a lower concentration (0.1 wt%) than the one used in [56] (1 wt%). In Chapter
4 we were interested in studying the response of hydrogel films made of 2NapFF
and ThNapFF (a new dipeptide) subjected to uniaxial deformations using a
new custom made interfacial extensional tensiometer to mimic the deformation
occurring in emulsion formation, where films are stretched under shear flow. The
aim of Chapter 5 was to gain information on the properties of dipeptide fibres
adsorbed to interfaces and check whether interfaces prepared with magnesium
sulfate showed the non-monotonic response observed in Chapter 4 with hydrogels.
Last, in Chapter 6 we link our work to an application. Emulsions made of 2NapFF
prepared with different salts and salt concentrations are used in lipid digestion
to observed the effect og the mechanical properties on lipid bioaccessibility.

1.2 Logic behind experiments

Due to a surge in finding new routes to form hydrogels, a decade ago, Chen et al.,
[42] designed a collection of new low molecular weight gelling agents (LMWGs)
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using naphthalene-based dipeptides. Most of these dipeptides, 2NapFF among
them, proved to be very effective forming gels. A few years later, Li et al., [57]
showed that 2NapFF could become trapped at an air-water interface and two
years later, the authors were using the same dipeptide to stabilise foams for more
than two weeks. In this thesis, we study the behaviour of salt-triggered dipeptide
fibres formed at liquid-liquid interfaces in the first three experimental chapters
and then close the thesis by linking the properties of emulsions stabilised by these
fibres to an application in the last chapter. In Chapter 4 we decrease the dipeptide
concentration from 10 mg/mL used in [42] to 1 mg/mL to explore whether at
that concentration, 2NapFF was still able to stabilise foams. Besides lowering
the dipeptide concentration, we also tried two different salt concentrations when
preparing the hydrogels, to investigate whether this may have an effect on foam
stability. Before we do this, we first draw a route to get rid of the phase
separation observed in [56] and achieve more stable hydrogels. After achieving
repeatable hydrogels, we demonstrate that foams are less stable at lower dipeptide
concentration. However, at this dipeptide concentration, we stabilise emulsions
made of four different oils. Next, we investigate the behaviour of hydrogel films
by stretching hydrogels in Chapter 5. Experiments in Chapter 5 were performed
to mimic the deformation that droplets and bubbles experience under shear
flow in emulsion and foam formation. Based on results from Chapter 4, where
foams prepared at lower salt concentration resulted in higher quality foams,
in Chapter 5 we prepared hydrogels with different salts and concentrations to
further investigate the effect of salt on the properties of the films. After Chapter
5, we decide to further investigate the properties of interfacial films at liquid-
liquid interfaces in Chapter 6. To do this, we prepared interfacial films with our
preferred salt and concentrations, and use a drop profile tensiometer to oscillate
oil droplets at different strain amplitudes and frequencies. Finally, to link our
work to an application, we used a static in vitro digestion model in Chapter 7 to
study the effect of the mechanical properties of emulsions on lipid digestion.

1.3 Thesis Outline

In this thesis we investigate the behaviour of one dipeptide, 2NapFF, which
imparts stabilisation to droplet emulsions. 2NapFF behaves as a emulsifier,
as a stabiliser and as a gelling agent. Dipeptides, when dispersed in a basic
solution, self-assemble to form nanofibres that adsorb to bubble and droplet
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interfaces. At high enough concentration (> 0.02 wt%), the nanofibres start
to entangle in response to the addition of metal ions, holding large amounts
of water and subsequently solidifying the continuous phase. To accomplish our
goal, we first present a route to achieve repeatable stable hydrogels in Chapter
3. Next, we characterise the rheological properties of hydrogels with different
mechanical properties in response to shear deformations and use the hydrogels to
stabilise foams and emulsions at a very low dipeptide concentration (0.1 wt%).
Finally, we consider the role of dipeptide fibres to be similar to that of particles at
interfaces and study the wetting behaviour of the oils at an interface between the
hydrogel and the aqueous phase. In Chapter 4, we further analyse the mechanical
properties of hydrogels by subjecting them to extensional deformations. The
hydrogels were prepared using different salts and concentrations and stretched
at different velocities. In Chapter 5, we investigate the rheological properties of
fibre-coated interfaces in response to dilatational deformations. The dipeptide
concentration is decreased by one fold to avoid bulk gelation and the interfaces
are probed by imposing strain and frequency sweep compression/extension cycles.
Lastly, the mechanical properties of salt-triggered hydrogel emulsions are linked
to lipid release and bioaccessibility during digestion in Chapter 6. Hydrogel
emulsions prepared with different salts and concentrations are left to digest for
two hours to simulate normal intestinal conditions in a static in vitro digestion
model.

1.4 List of Publications

The work done in Chapter 3 has been published in [1].

1.5 List of Oral Presentations

During this thesis I have contributed with oral presentations at:

• the Annual European Rheology Conference (AERC), Portoroz, Slovenia,
April 2019 (Tittle: Dynamics of thin films studied by extensional rheology).

• the Institute for Condensed Matter and Complex Systems, Edinburgh, UK,
October 2018 (Dynamics of thin films studied by extensional rheology).
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• the School of Physics, The University of Edinburgh, Edinburgh, UK,
October 2018 (Stabilising drops and bubbles by interfacial rheology design).

• the 92nd ACS Colloid & Surface Science, State College, Pennsylvania, USA,
June 2018 (The static and dynamic properties of dipeptide hydrogels on
interfaces).

• the School of Mathematics, The University of Bristol, Bristol, UK,
May 2018 (The static and dynamic properties of dipeptide hydrogels on
interfaces).

• the School of Physics, The University of Durham, Durham, UK, May 2017
(The effect of dipeptide concentration on foam stability).
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Chapter 2

Peptide Background

A peptide is a molecule made of a short chain of amino acids (see Figure 2.1). The
amino acids are connected together by bonds, namely amide or peptide bonds.
They differ from proteins in that dipeptides are shorter in length, i.e., peptides
have between two and fifty amino acids approximately, whereas proteins contain
fifty or more.

Water

Peptide bonds

Amino acid Amino acid

Figure 2.1 General structure of a peptide molecule.

Amino acids are organic compounds that contain an amine (-NH2), a carboxylic
acid (-COOH) and functional groups, along with a side chain (R group) [58, 59].
There are approximately 20 amino acids with 20 different side chains, giving
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amino acids their unique characteristics and variability [58, 59]. Because of this,
peptides can be organised into categories according to their chemical composition,
e.g., hydrophobic or hydrophilic; aliphatic or aromatic; neutral, positively or
negatively charged [58, 60]. Varying the amino acids in the side chain, allows
peptides to form complex self-assembled nanostructures like, micelles, twisted
ribbons and nanofibres [58, 59]. The interactions within these structures are
governed by hydrogen bonds, electrostatic interactions, hydrophobic interactions,
aromatic interactions (π-π stacking) and van der Waals forces [41, 58]. In this
thesis, we focus on a naphthalene-protected dipeptide, 2NapFF (see Figure 2.2),
which have been widely used to form hydrogels by a number of groups [3, 61, 62].

Figure 2.2 Structure of 2NapFF.

Peptides as gelling agents

Spontaneous aggregation and organisation of particles (atoms, molecules, colloids,
micelles, etc.) into rational and well-defined structures is ubiquitous in nature
at macro- and microscales [63]. The chemical and structural properties of
molecules with reactive functional groups, known as building blocks, dictate the
dynamic features, versatility, reversibility and tunability of biomaterials [64].
This extraordinary process can be observed in bones [65], polysaccharides and
proteins [66] or eggshells [67] to name a few.

In the past few years, an increasing number of self-assembled noncovalent
hydrogels have been reported in literature, especially for various biomedical
applications including, tissue engineering [68–70], drug delivery [71, 72] and cell
culture [73, 74], among others. At a sufficiently high concentration, peptide
molecules in hydrogels, self-assemble into polymer-like fibres that entangle to
form a cross-linked three-dimensional network with anisotropic properties [41, 68].
Noncovalent interactions between molecular building blocks on peptides include,
π-π stacking, hydrogen bonding and hydrophobic, and electrostatic interactions
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[36, 37, 64]. The internal structure of peptide hydrogels at the microscale, is
able to adsorb and hold large amounts of water with just a tiny concentration
of this molecules ≈ 0.1 wt% [1, 42]. This effect is caused by the presence of
hydrophilic groups in the peptide, which makes possible the transition from a
soluble to an insoluble phase. The mechanical properties of the hydrogel are
determined by factors such as, the number of fibres, their diameter and individual
mechanical properties, the number of crosslinks, the distance at which these are
from each other and the number of entanglements [33, 43]. The gelation process, is
usually triggered by an external stimulus including, pH and [75, 76] temperature
modulation [77, 78], solvent exchange [79], presence of salts [1, 56], sonication
[80], light irradiation [81] and peptide concentration [82] (see Figure 2.3 for an
example of the gelation process with addition of salt).

Hydrogels may be classified in different ways. For example, depending on the
characteristics of the building blocks, hydrogels can be either natural or synthetic
or neutral or ionic. They can also be distinguished by their mechanical and
structural properties, such as the degree of cross-linking and the structural
integrity of the hydrogel or by the way in which the building blocks bond
together, which can be chemical or physical [83]. As an alternative to more
complex natural protein-based hydrogels, synthetic peptide based hydrogels are

Hydrogel

Salt

Nanofibre

2NapFF

Basic solution

addition

addition
Dipeptide

(pH ~11)

Salt

3-D network

Figure 2.3 Schematic diagram of a sol-to-hydrogel transition by addition of salt.
Peptides in a basic solution self-assemble into nanofibres, which in
turn entangle to form the matrix of the hydrogel with the addition
of salt.
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more attractive because they are structurally less complicated than proteins, are
easy to synthesise and technologically speaking, can be scaled up extremely easy
[84].

Probably, the most studied short peptides in literature are Fmoc N-protected
dipeptides such as, Fmoc-D-Ala-D-Ala, which were shown to form gels almost
two decades ago [85]. Later, the same protecting group with different amino
acids, was proved to form stable hydrogels at physiological pH [75]. Similarly, the
mechanical properties of hydrogels made of a combination of these dipeptides were
also studied in [86, 87]. The authors demonstrated that both, the final pH and
the way Fmoc molecules are agitated during gelation, can dramatically influence
the mechanical properties. Adams’s group reported that, the change in pH using
mineral acids, occur at a time scale lower than the gelation, hence making gels
irreproducible [76, 86]. This problem was later fixed using glucono-δ-lactone
(GdL), which hydrolyses in water to form gluconic acid. GdL adjusted the pH
of the solutions in a much more uniform way, providing extremely reproducible
gels and with better mechanical properties with respect to gels prepared with
hydrochloric acid [76, 86, 88]. Another advantage of adjusting the pH with GdL,
was that the time scale for hydrolysis is slow, making possible to monitor the
process of self-assembly using different microscopy and spectroscopy techniques
[88].

For improved performance and more precise control over the properties of
hydrogels, new peptides with metal-binding moieties were synthesised. These,
aim to overcome the limitations of peptides self-assembling only via hydrogen
bonds and hydrophobic interactions [89, 90]. An example of this, is our dipeptide
of choice, 2NapFF, which has been studied in great detail in bulk [91–94]. For
example, different salts were used to trigger gelation of a number of 2NapFF
solutions [2]. Apparently, the formation of the hydrogel with metal ions, occurs
because of the carboxylic groups from different micelles, cross-linking via salt
bridges. In this work, hydrogels triggered with divalent metal ions resulted in
stronger hydrogels than those prepared with monovalent ions. What is more,
hydrogels prepared with calcium, had the highest storage modulus of all hydrogels
and showed a non-monotonic increase in storage modulus, with a maximum
value at a calcium: carboxylic acids of 2:1 (see Figure 2.4). At a higher salt
concentration, the storage modulus started to decrease, which implies that the
hydrogel becomes weaker. In another work, the concentration of 2NapFF in the
phase solution, was investigated [92].
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Figure 2.4 Storage modulus (G’) as a function of calcium concentration for a
hydrogel made of 2NapFF at 0.05 wt%. Reproduced from [2] with
permission.

The authors found two critical micelle concentrations (cmc) for 2NapFF; one
found at a concentration between 0.008 wt% and 0.02 wt%, and a second one
between 0.05 wt% and 0.1 wt%. The first cmc was attributed to the dipeptides
aggregating into spherical micelles, whereas the second cmc it was due to spherical
micelles self-assembling into long worm-like structures. Likewise, in the same
study, it was found that the minimum gelation concentration (mgc) for 2NapFF
prepared with calcium chloride at a constant ratio is 0.02 wt%.

The process of gelation for 2NapFF, can be induced in different ways including,
change in pH, addition of salt or dissolving the dipeptide in an organic solvent
such as, dimethyl sulphoxide (DMSO) and subsequently diluting it with water
(see Figure 2.5). While the hydrogel strength does not change significantly when
prepared by these different routes, the microstructure and yielding behaviour
do alter [93]. When gelation is triggered by the addition of salt, the system
exhibits a significant sensitivity to the initial high pH chosen which, may be due
to the differing degrees of lateral association between micelles. Early experiments
had suggested that worm-like micelles always preceded salt-induced hydrogelation
[91]. More recently, a subtler relationship has been revealed: at high pH, 2NapFF
self-assembles into spherical micelles above a first cmc of 0.01 wt%, where worm-
like micelles are found above a second cmc of 0.07 wt% [92]. At around 1 wt%, the
worm-like micelles are found to aggregate. Typically addition of the calcium salt
transforms worm-like micelles into hydrogels. However, above the first cmc, there
appears to be structural transformations that occur on addition of the calcium
salt, which allows gels to form in this intermediate regime.
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Figure 2.5 The process of assembly using different triggers. 2NapFF dispersed
in a basic solution, can form a hydrogel in different ways, hence
leading to different types of networks. Reproduced from [3] with
permission.

Peptides at interfaces

Peptide adsorption to interfaces has become an important field of research
since the last two decades or so, however, researchers have been studying the
conformation of peptides in solution for a bit longer. For example, to determine
the function of the amino acid sequence in peptides and proteins in regulating the
formation of secondary structures at interfaces [95]. Similarly, protein molecular
structures were investigated by synthesising peptide amphiphiles with different
amino acids, that self-assembled into highly ordered triple-helical like structures
in the bulk. These results were supported by surface rheology experiments,
where the peptide molecules where spread on an air-water subphase to conduct
compression cycles at constant speed. The peptides formed a stable monolayer,
that increased the surface pressure to values above 70 mN/m [96]. In a different
study, peptide amphiphiles derived from collagen were reported to form stable
monolayers at the air/water interface with high collapse pressures [97]. More
recently, the adsorption kinetics of two peptides at the octane/water interface
have been investigated to understand the role of protein structure in controlling
the dynamics of protein adsorption [98]. Amphiphilic peptides with hydrophilic
and hydrophobic amino acids residues were designed to form secondary structures
of self-assembled β-sheet monolayers at the air/water interface. The surface
pressure versus area was, like in the studies above, measured by compressing
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the area of the monolayer using a Langmuir minitrough. Variations in the amino
acid sequence were used to tune the dimensions of the β-sheet domains and
hence the properties of the monolayers [99]. Monolayer structures and salt-
binding activities of peptide lipids with amino acid residues attached, were
investigated by spreading the peptide lipid solution on a water subphase and
compressing it to measure the surface pressure. The authors concluded, that
peptide lipid monolayers prepared with Cu2+ and Zn2+, behaved similar to
proteins at interfaces, with different secondary structures and functions than in
the bulk [100]. The concentration dependence of peptide self-assembly in aqueous
solution, have also been investigated at an air/water interface [101]. In this
work, the authors studied a wide range of peptide concentrations and determined
the surface tension and self-assembled structures using axisymmetric drop shape
analysis-profile (ADSA-P) and atomic force microscopy (AFM). The former
revealed that the surface tension decreased with increasing peptide concentration.
However, at a peptide concentration of 0.3 mg/mL, the surface tension plateaus,
revealing a critical self-assembly peptide concentration. AFM images showed
an agreement with rheological measurements, with two structural transitions
occurring at a dipeptide concentration of 0.05 mg/mL and 0.3 mg/mL, with
globular structures transitioning to fibrils and these to fibres respectively. Last,
two peptide lipids linked to Alzheimer disease were investigated at an air/water
interface to observe whether aggregation took place. The dipeptide solution was
spread on a water subphase placed in a Langmuir trough. Prior to compression,
the dipole moment was equal to zero, due to the peptide molecules being randomly
oriented at the interface. With the subsequent compression, the dipole moment
increased, implying that molecules began to orient to form a monolayer. The
authors concluded that, the aggregation process took place for both peptides
during compression of the monolayer [102]. All these studies, demonstrate that
peptides were, at the beginning, used as a model to study the behaviour of larger
and more complicated polymers, however, researchers soon realised that peptides,
due to their structure and size, could also be used as emulsifiers and stabilisers
themselves.

Peptides as surface active agents

To our knowledge, the use of peptides as stabilising agents, was first explored
by Dexter et al. in [103], when studying a 21-residue peptide molecule, namely
AM1, that switches molecular structure at liquid-liquid interfaces in response
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to changes in the bulk solution composition. At neutral pH, peptides formed
cohesive films in the presence of zinc, however, in the absence of these or at low
pH, the peptides instead formed mobile layers, characteristic of low-molecular-
weight surfactants. Most important, was the ability of AM1 to actively and
reversibly switch between these states. This work was later extended by the
addition of new metal ions to form cohesive interfacial films and by designing a
new peptide molecule, AFD4, which formed stronger interfacial films and more
stable foams than AM1, in the presence of the same metal ions [104]. AM1, with
two histidine residues, under-went intermolecular cross-linking with metal ions
at the air/water interface, however, AFD4, with four histidine residues, formed
both, inter- and intra-molecular bonds with the same metal ions. Film formation
and foam stabilisation could be reversed for both peptides by decreasing the pH
or addition of a metal chelating agents.

Recently, the behaviour of very short peptide sequences at air/water interfaces
has begun to be explored [55, 105]. Here, a naphthalene protected diphenylalanine
(2NapFF) dipeptide have been investigated most. One approach was to
investigate the self-assembly of the dipeptide at the air/water interface prepared
via drop-casting. A thin interfacial film formed from a dispersion of 2NapFF
at high pH on contact with a low pH subphase. FTIR and pH variation tests
showed that, this self-assembly behaviour, is associated with the carboxylic acid
group of the dipeptide becoming rapidly protronated at the interface. The film,
was made up of self-assembled nanofibres and behaved like an elastic sheet [105].
The same dipeptide, also formed a hydrogel via the addition of metal ions. This
hydrogel was used to stabilise aqueous foams for weeks. The dipeptides at 1
wt% concentration, self-assemble into fibre-like networks at both, the air/water
interface and in the bulk. Raman spectroscopy hinted at a possible change in the
balance between, π-stacking and hydrogen bonding, with the latter appearing to
drive self-assembly close to the interface. The dipeptide concentration as well as
the type and concentration of metal ions, as showed to affect the foam stability
[55]. When the bulk hydrogel had a yield stress larger than the Laplace pressure
of the bubbles, ripening was suppressed.

Separately, the stabilization of emulsions using di-, tri- and hepta- peptides
has also been investigated [106–109]. Initial experiments showed that, it was
possible to stabilize chloroform droplets for months using an interfacial network
of dipeptide fibres. Here, the dipeptide sequence was protected by Fmoc with
self-assembly being driven by π-stacking and hydrogen bonding. The fibres
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were self-assembled nanostructures and for a well-chosen dipeptide sequence,
remained stable in the presence of added salt or when the temperature was raised.
Curiously, using the tripeptide sequence Fmoc-FFF, it was possible to stabilize
water droplets in chloroform, demonstrating the importance of the hydrophobicity
of the fibres [107]. In a similar study, unprotected tripeptide emulsifiers divided
into two classes, those that self-assembled into fibres prior to adsorption and
those that adsorbed to droplets as a single molecule layer, were found to stabilise
emulsion droplets, with the former being more effective than the latter [106]. As
an alternative demonstration of the key role played by self-assembly, an Fmoc
protected dipeptide sequence, Fmoc-tyrosine-leucine (FmocYL), was used as a
switchable emulsifier. An enzyme was employed to cleave a phosphate group
which, was initially attached to the tyrosine group. With the phosphate group
attached, chloroform droplets are stable for less than an hour. However, when
emulsification is carried out in the presence of the enzyme, the dipeptide self-
assembles into nanofibres which, stabilises the emulsion for months [108]. These
studies, strengthened the claim that, it is the fibres which are most effective at
stabilizing the liquid interfaces and not the separate molecules. Very recently
a heptapeptide molecule has been designed to self assemble into fibres with
excellent surfactant properties [109]. At this length, the short peptide sequence
has properties which are robust to changes in some parts of the sequence. Even
more recently, a low molecular weight gelator has been synthesized at a liquid-
liquid interface to create stable droplets combined with coalescence in response
to a trigger [110].
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Chapter 3

Stabilising bubble and droplet
interfaces using dipeptide hydrogels

3.1 Abstract

Hydrophobic dipeptide molecules can be used to create interfacial films covering
bubbles and droplets made from a range of oils. At high pH, the dipeptide
molecules form micelles which transform into a hydrogel of fibres in response to
the addition of salt. We first present a route to achieve repeatable hydrogels,
then characterise their properties for two different salt (MgSO4) concentrations
and then we use these gels to stabilise interfaces. Under high shear, the hydrogel
is disrupted and will reform around bubbles or droplets. Here, we reveal that
at low dipeptide concentration, the gel is too weak to prevent ripening of the
bubbles; this then reduces the long-term stability of the foam. Under the same
conditions, emulsions prepared from some oils are highly stable. Last, we examine
the wetting properties of the oil droplets at a hydrogel surface as a guide to the
resulting emulsions.

3.2 Introduction

Proteins have been used by cooks to stabilize foams and emulsions for many
centuries [111]. The proteins are typically trapped on the interface and can
denature, especially at liquid/air interfaces. By comparison, small peptides can
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potentially improve performance in two diametrically opposed ways. (1) Isolated
small peptides will be adsorbed to the interface more quickly which can aid bubble
or droplet formation [106]. This tends to be the more challenging route. (2) These
small molecules may self-assemble into larger structures which retain their order
at the interface [55, 105–109, 112, 113]; the trapping at the interface can be much
stronger than for individual proteins. Proteins have also been used as subunits
within robust composite particles which themselves are interfacially active [114–
118]. Nonetheless, short peptide sequences offer the distinct advantages of ease
of synthesis and design as well as the tendency to self-assemble at very low
concentration.

The use of short peptides to form hydrogels has been studied in great detail by a
number of groups [3, 39, 119, 120]. Because hydrogels can hold large amounts of
water, while exhibiting solid-like mechanical properties, it is not surprising that
the applications of hydrogels in industry has increased so much [120]. The use of
such hydrogels to stabilise bubble and droplet interfaces however, is less common.
The Ulijn group was the first to report the use of short peptides to stabilise
emulsions for long periods [121]. Emulsions were made by shaking the solution
by hand for a few seconds. The dipeptides, with polar and nonpolar sites, self-
assembled into nanofibrous networks at the liquid-liquid interface, that kept the
emulsion droplets stable for months. It was observed that, altering the dipeptide
sequence changed drastically the mechanical properties of the emulsion, hence
raising the possibility of using this as a tool to tune the performance. Lastly, by
using enzymes, the networks disassembled, causing on-demand demulsification.
Nevertheless, droplet stabilisation was achieved by the barrier formed at the
interface by the nanofibrous structures, without need of altering the properties
of the continuous phase, which remained always in the liquid form.

However, the stabilisation of bubble interfaces using short peptide-based hydro-
gels was first introduced, not long ago, by our group [56]. In this study, dipeptides
were used to form a hydrogel that was then used to stabilise wet foams for long
periods. The dipeptide molecules, self-assemble into nanofibres (in response to
the addition of salt) that entangle to form the hydrogel. This, is then disrupted by
high shear and reforms again at the air/water interface and in the bulk. The fibres
at the interface stabilise the air bubbles, while the gel in the bulk delays growth
by keeping the bubbles immobile. After this work and the publication of this
chapter [1], the number of papers using short peptide-based hydrogels to stabilise
emulsions keeps increasing. Very recently, a synthesised lipo-dipeptide, C13-KR,
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was found to form stable emulsions [122]. Dipeptides showed better emulsification
properties with respect to Tween 80 and whey protein isolate (WPI). The
authors hypothesised that this could be due to its relatively simple structure.
While adsorption for Tween 80 and WPI occurs gradually, for C13-KR this is
instantaneous, thus achieving a lower and more stable interfacial tension more
rapidly. Even more recently, a short peptide without self-assembly properties,
was shown to self-assembled by making a minimal structural modification [123].
The authors replaced a flexible phenylalanine residue from the peptide backbone
by a more rigid phenylglycine to favour π-stacking. By doing so, the peptide
molecule self-assembled into β-sheet nanofibres (in response to a change in pH)
which, at high enough concentration, entangled forming a hydrogel. Finally, the
fibrils, with hydrophobic and hydrophilic regions, also showed preference for the
interface as demonstrated by confocal microscopy.

The use of particles to stabilise oil and water droplets has become of great
interest during the last two decades [124]. Solid particles form a steric barrier
between immiscible liquids, which imparts kinetic stability to droplets, avoiding
flocculation, coalescence and ultimately creaming [125]. Emulsions stabilised
by solid particles are known as Pickering emulsions. The stability of Pickering
emulsions, is determined by many factors including, particle concentration, size
and shape, as well as particle wettability [126]. Particle wettability is defined as
the three phase contact angle θ the particle forms between the interface and the
water phase (see Figure 3.1.

If the particle is too hydrophobic (nonpolar), it will stay in the oil phase. In
contrast, if it is too hydrophilic (polar), then it will prefer the water phase [126].
The three phase contact angle is related to the surface energy between the particle
and the oil phase γpo, the particle and the water phase γpw and γow and can be

Figure 3.1 Definition of the contact angle θ for a particle at the liquid-liquid
interface.
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calculated using the Young’s equation

cos(θ) =
γpo − γpw

γow
(3.1)

Recently, a new class of materials, microgels or microgel particles, have been
demonstrated that can successfully stabilise droplet emulsions [127–131]. Each
microgel is a submicrometer-sized hydrogel network, that is made of crosslinked
polymers forming a three-dimensional network [132]. One advantage of microgel
particles is that, they can be formed from a wide range of biopolymers. For
example, proteins with limited solubility or complex aggregation properties can
be converted into a supramolecular assembly called, microgels [132]. Since protein
microgels are composed of polar and nonpolar groups, some of them seem to be
very surface active, combining the high desorption energy of Pickering particles
with the ability of proteins to adsorb to almost any interface. The adsorbed layer,
forms a steric barrier much thicker than a protein layer, that can be beneficial to
decrease the rate and extent of enzymatic digestion [132, 133].

The aim of this chapter was to achieve repeatable hydrogels made of dipeptide
molecules (2NapFF) and investigate the effect of salt concentration on their
rheological properties. In addition to this and following previous studies, we
wanted to investigate the foaming properties of the hydrogels when prepared at
lower (from 1 to 0.1 wt%) dipeptide and salt (35 to 4.5 mg/mL) concentration, as
well as to stabilise emulsions prepared in similar manner to foams. To achieve this,
we first outlined the route to form hydrogels that remained stable for months and
then use these to stabilise foams and emulsions. Our results show that using a low
concentration of dipeptide and magnesium sulfate rather than calcium chloride,
undermines the stability of the foam compared to previous observations [105]. By
contrast, it is possible to create highly stable emulsions based on several different
oils. We separately characterize the wetting behaviour of the oils and a bubble
at a hydrogel interface. We consider the stability of our composites in the light
of the wetting character of the hydrogel film at the fluid-fluid interface.
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3.3 Materials and methods

3.3.1 Materials

2NapFF was synthesised as described in [42]. All chemicals were purchased from
Sigma-Aldrich and Fisher Chemicals and used as received. Isopropyl myristate
( 98%), 1-Octanol (= 99%), Dodecane (= 99%) and Silicone oil, were filtered
through alumina (Honeywell, Aluminium Oxide, activated, basic, Brockmann I)
placed in Whatman paper filters and filtered three times to trace impurities in
the oil phase. Magnesium sulfate was dissolved in water and used as aliquots.
Millipore water (resistivity = 18.2 MΩ. cm) was used throughout.

3.3.2 Methods

Hydrogel preparation

Vials and instruments were cleaned with hexane, followed by methanol and rinsed
with ultra pure water before use. An equimolar quantity of NaOH (1 M, aq) was
added to Millipore water (resistivity = 18.2 MΩ. cm) to give a basic solution
(pH 11 ± 0.5). Then 0.1 wt% 2NapFF was added and the mixture was dispersed
by placing the vial in an ultrasonic bath or using a magnetic stirrer. The time
and temperature used to disperse the dipeptide molecules varied as one of the
goals of this chapter, was to define a route to achieve repeatable hydrogels. The
pH was 11 ± 0.5 measured with a Seven Easy pH probe (Mettler Toledo AG).
Gelation was triggered by adding magnesium sulfate or calcium chloride aliquots
on top of the translucent dispersion. The form of addition matters. By adding
the salt already dissolved, hydrogels are more homogeneous compared to those
prepared by adding the salt as a powder. It is possible that the latter favours the
formation of two phase samples. In practice, all samples were prepared using 0.1
wt% dipeptide and were gelled using pre-dissolved salt to give a 1 mL sample.
This was then left to stand for 12 h at room temperature before use in subsequent
experiments.
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Foam and emulsion preparation

Foams were prepared from the gels by using a rotor stator homogeniser (Polytron,
PT-MR 3100) with a 12 mm diameter head (Kinematica, Standard Dispersing
Aggregate), operating at 15,000 rpm (shear rate � 25,700 s−1 ) for 50 seconds.
Immediately following foam formation, the samples were sealed with parafilm to
prevent liquid evaporation; the height of the foam was recorded as a function
of time. Emulsions with four different oils (isopropyl myristate, silicone oil,
dodecane, octanol) were prepared in a similar manner to the foams described
above. In each case 200 µL of oil was placed on top of the hydrogel to give a
volume oil fraction of 0.2 prior to high shear mixing.

Rheology

Initial tests for gelation were performed by vial inversion. Oscillatory shear
measurements, were conducted on a TA Instruments AR 2000 rheometer with
cross-hatched parallel plates with 40 mm diameter and 1.0 mm gap distance.
A 4 mL (0.1 wt%) dispersion solution of the dipeptide was previously prepared
in a 7 mL glass vial, as described above. Gels were triggered on the bottom
plate of the rheometer by loading the 4 mL dispersion and adding 4.5 mg/mL
magnesium sulfate for hydrogels with low salt concentrations and 35 mg/mL
magnesium sulfate for hydrogels with high salt concentration. The sides of the
plates were covered with low viscosity mineral oil to avoid water evaporating from
the hydrogel. Gelation process was observed by measuring the shear modulus
(storage modulus G’ and loss modulus G”) as a function of time at a frequency
of 1 Hz and at a constant strain of 0.5% for a period of ≈ 18 hours. Experiments
were carried out at 22 °C.

Confocal microscopy

The measurements were carried out by using a Zeiss Axio Observer Z1 inverted
microscope and a Zeiss LSM 700 scanning system 9 with a 20× (0.40 NA)
objective. Nile Blue at a concentration of 0.55 mM was used to label the
dipeptides; this was excited using a 633 nm semiconductor laser.
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FTIR

IR spectra were measured using a Smiths Illuminat IR module coupled to a
Renishaw inVia Raman microscope. Each spectrum was scanned between 4000
and 650 cm−1 at a resolution of 2 cm−1 and corrected for the influence of the
optics and the substrate.

Contact angle

The hydrogel (blue) was created, using our standard protocol, in the base of a
sample vial in the presence of Nile blue dye. Following gelation, additional salt
solution was added above the hydrogel. This two phase cell was then inverted
with the use of a petri dish. A droplet of oil or a bubble of air was added using
a syringe with a U-shaped needle (see Figure 3.7a).

3.4 Results and Discussion

In order to investigate foams and emulsions, the underlying hydrogels need to be
repeatable. For this reason, we carefully studied the process of dispersing and
gelling the dipeptide (see Experimental section 3.3). Whether and how long it
takes for a gel to form and its ultimate properties are affected by factors such as
pH, temperature, ionic strength and mechanical shear rate [91, 92, 94, 134]. A
thorough study of the effect of temperature on dispersions of 2NapFF has been
published a decade ago [135]. Here, we compared the use of an ultrasound bath
with a magnetic stirrer and found that the former resulted in more transparent
dispersions. Dipeptide dispersion and gelation times initially differed between
ostensibly identical hydrogels prepared using the ultrasonic bath presumably
due to the ±8 °C variation in the bath temperature. For this reason, we
established two temperatures (< 35 °C and 50 °C) for dispersing the dipeptide.
The rate of dipeptide dispersion (unsurprisingly) and the subsequent gelation
time (unexpectedly) were found to be faster for the hydrogels prepared at 50 °C
compared to those prepared at < 35 °C. Our final protocol was to place the sample
in an ultrasonic bath (at a controlled temperature) for 0.5 h until a translucent
slightly viscous solution was formed, (see Figure 3.2a).

By leaving dispersions (prepared using either ultrasound or a magnetic stirrer) to
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stand for 24 hours at a room temperature (22 °C), we found that self-supported
gels, able to pass the inversion vial test, sometimes formed (see Figure 3.2b,c).
Structural transitions, linked to increases in viscosity, have been observed before
in 2NapFF dispersions which have been warmed in the temperature range of our
bath (albeit at higher concentration). These changes in organization can then
become trapped [41]. We suggest that we might be seeing similar behaviour here.
To avoid this, all of our hydrogels were prepared by the addition of salt within 5
minutes of removal from the ultrasound bath. Figure 3.2d,e demonstrates how the
temperature of the ultrasound bath influences the speed of subsequent behaviour.
Dipeptide dispersed at 50 °C has begun to gel within two minutes of the addition
of salt. Typical hydrogels for two difference concentrations of magnesium sulfate
are shown in Figure 3.2f,g.

Figure 3.2 a: dispersion of 0.1 wt% 2NapFF at pH 11 a few minutes after the
ultrasonic bath; b: dispersion 24 hours after the ultrasonic bath; c:
dispersion 24 hours after the magnetic bar; d: hydrogel prepared at
4.5 mg/mL magnesium sulfate dispersed at 25°C, 2 minutes after
addition of salt; e: hydrogel prepared at 4.5 mg/mL magnesium
sulfate dispersed at 50°C, 2 minutes after addition of salt; f,g: our
preferred protocol for producing a hydrogel from 0.1 wt% 2NapFF
at <35°C; f: 4.5 mg/mL magnesium sulfate and; g: 35 mg/mL
magnesium sulfate.

The evolution of shear modulus was measured as a function of time to study the
strength of hydrogels prepared at 4.5 mg/mL and 35 mg/mL magnesium sulfate
(see Figure 3.3). G’ and G” of hydrogels with high salt concentration rise faster
than hydrogels with low salt concentration within the first 10,000 seconds. At
this point, G’ and G” of hydrogels with high salt concentration hardly increase,
reaching their maximum at 6 kPa for G’ after a few thousand seconds, while G’
and G” of low salt concentration hydrogels continue to increase even after 63,000
seconds. Salt induced gelators which become weaker at higher salt concentration
have been seen previously. The strength of a hydrogel prepared at 0.1 wt%
of 2NapFF and calcium chloride salt was found to reach its maximum value
at a concentration of 2:1 calcium chloride to dipeptide. Increasing further the
concentration of calcium chloride resulted in weaker gels [91].
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Figure 3.3 Storage, G’, and loss, G”, moduli measured using oscillating
rheometry for hydrogels prepared at low and high salt concentrations.

Figure 3.4a,c shows foams formed from dispersions prepared at < 35°C which
were gelled with 4.5 mg/mL and 35 mg/mL magnesium sulfate respectively. The
formation method is described in the Experimental section 3.3. Foams with low
salt concentration (see Figure 3.4a) resulted in higher quality foams with small
average bubble size and a higher volume of liquid entrained in the foam compared
to those prepared at a high salt concentration (see Figure 3.4c). The bubble size
is often related to foam stability due to the enhanced buoyancy of large bubbles;
however, in this case we find that after 0.5 h it is the foam with smaller bubbles
that has collapsed more (see Figure 3.4b,d). Evidently, while these hydrogels
provides a good environment for creating bubbles the interfacial layer and sparse
bulk gel are unable to prevent rapid coalescence. This is especially true with small
bubbles which consume a greater proportion of fibres as the interfacial layer.

Fluorescence confocal microscopy was carried out to try to understand the foam
performance. Figure 3.4e shows the organization of a fresh foam prepared at
35 mg/mL magnesium sulfate and 50°C. The nanofibres prefer to adsorb at the
air/aqueous interface (similar to ref. [136]) rather than being dispersed in the
continuous phase (see Figure 3.4e). However, over the next hour hydrogel begins
to emerge between bubbles. This is very much reminiscent of the foams reported
in ref. [105] which were created at significantly higher dipeptide concentration
and gelled using calcium chloride . In that work, the hydrogel initially formed
on the bubble interfaces but then steadily appeared between the bubbles but
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Figure 3.4 Illustrates fresh foams a,c: and foams after 0.5 hours b,d: prepared
from 0.1 wt% 2NapFF and dispersed at < 35°C; a,b: 4.5 mg/mL
magnesium sulfate and c,d: 35 mg/mL magnesium sulfate. e:
confocal micrograph of a fresh foam prepared at 0.1 wt% 2NapFF,
35 mg/mL, magnesium sulfate and dispersed at 50°C. Dipeptides are
dyed using Nile Blue; scale bar 100µm.

now over a time-scale of days rather than tens of minutes. At our very low
concentrations of the dipeptide the foam lifetime is only two hours, indicating that
the remnant hydrogel between the bubbles is now too weak to prevent coalescence
and ripening.

As we have found changes in hydrogel properties depending on the ultrasound
bath temperature, we repeated the same series of measurements starting from a
dispersion made at both temperatures. No changes were observed. By contrast,
using calcium chloride rather than magnesium sulfate to create the foam did lead
to enhanced stability. With the calcium salt neither varying the salt concentration
(4.5 mg/mL and 35 mg/mL) nor varying the initial ultrasound bath temperature,
altered the foam properties noticeably. We conclude that any residual influence
of the ultrasound bath temperature is negated once the rotor stator has been
used to destroy the initial hydrogel. When the fibres reform on the surface of the
bubbles, the detailed properties of gelator system can remain influential.

In order to examine the organization of the molecules we have used FTIR, for a
dispersion of 2NapFF (black), a foam prepared at low salt concentration (red)
and a foam prepared at high salt concentration (blue) (see Figure 3.5). The
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Figure 3.5 Fourier Transform Infra Red absorbance data for a dispersion of
2NapFF and foams made at the two salt concentrations. There is a
very significant growth in the peak around 1650 cm−1

samples were allowed to dry prior to characterization. The original dispersion
has a peak at 1630 cm1 , which may reflect the initial micellar ordering. No
peak was observed at 1720 cm1 , indicating that the carboxylic acid group is
deprotonated. A peak appears at 1650 cm1 once salt has been added and grows
with increasing salt concentration. This may well be related to the formation of
a random coil structure, although we highlight that it is difficult to assign these
dipeptides on the basis of conventional IR data.

Emulsions with four different oils (isopropyl myristate, silicone oil, dodecane,
octanol), were prepared in a similar manner to the foams described above. Three
out of four emulsions remained stable, with the droplet size unchanged and no
signs of creaming for months (see Figure 3.6a,c,e).

Isopropyl myristate emulsions (see Figure 3.6a) appeared the most ideal in that
there was no creaming. At the other end of the range, octanol emulsions
(see Figure 3.6g) could not be stabilised, phase separating immediately after
preparation. Indeed, it appears that the dipeptide material occupies the small
volume of oil phase at the top of the sample (see Figure 3.6g). Less surprisingly,
a small amount of creaming occurred within the first hour for silicone oil (see
Figure 3.6c) and dodecane (see Figure 3.6e) emulsions. The volume of the clear
aqueous phase in these emulsions barely increased after months. The same set of
measurements were repeated at 50°C and 35 mg/mL magnesium sulfate and at
< 35°C, 4.5 mg/mL and 35 mg/mL magnesium sulfate for each of the oils. The
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Figure 3.6 Shows the macroscopic and microscopic characteristics of four
emulsions prepared at 0.1 wt% 2NapFF, 4.5 mg/mL magnesium
sulfate at 50°C; in the confocal micrographs the dipeptide has been
dyed using Nile blue and the scale bar is 100 µm. The oil is a,
b: isopropyl myristate; c, d: silicone oil; e, f: dodecane; g, h:
octanol.

emulsification performance and stability are broadly similar.

Confocal images of the emulsions are presented in Figure 3.6b,d,f,h. Here, the
dipeptides show a preference for the oil phase in the following sequence: octanol
(3.4) > isopropyl myristate (3.3) > silicone oil (2.6) > dodecane (2). The numbers
in brackets are the dielectric constants. Self-assembled dipeptides in isopropyl
myristate emulsions (see Figure 3.6b) show a clear preference for the interfaces.
The concentration of dipeptide in the aqueous phase increases slightly for silicone
oil emulsions (see Figure 3.6d) and further still for the dodecane emulsions (see
Figure 3.6f).Octanol samples (Figure 3.6h) underwent phase inversion, with the
dispersed phase being the water droplets and the continuous phase the oil with
dipeptide molecules dispersed in it. This unexpected behaviour is consistent with
our observations of the macroscopic emulsion (see Figure 3.6g).

It is tempting to consider the role of the interfacial dipeptide fibres to be similar
to the interfacial particles in a Pickering emulsion [137]. Under this scenario,
whether the dipeptide fibres become trapped at the interface depends on their
wettability by the two fluid phases.
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To explore this idea we have carried out an experiment to observe the wetting
behaviour of the oils † at an interface between the hydrogel and an aqueous
phase of the same salt concentration (see Figure 3.7a). If the hydrogel surface
was precisely horizontal and reasonably flat we would be able to use the angle
with which the droplet or bubble meets the hydrogel surface (measured through
the aqueous phase) as a quantitative measurement of the wettability of the
hydrogel. Unfortunately, since the surface is somewhat rough it is not possible
to be quantitative. The air and the dodecane appear to make approximately
similar (small) angles to the hydrogel surface (see Figure 3.7c,d). This suggests
that in both cases the hydrogel greatly prefers contact with the aqueous phase
over contact with the droplet/bubble. By contrast, isopropyl myristate makes a
more gentle angle with the surface of the gel (see Figure 3.7b). The preference
of the hydrogel for contact with the aqueous phase is significantly less marked,
this is consistent with the formation of a stable emulsion. If the behaviour of
octanol, described above, was because of the wetting characteristics of this oil at
a hydrogel surface then we would expect to see the droplet spread out to maximize
the contact area with the hydrogel. This would be reflected in a large three phase
contact angle. What we see (see Figure 3.7e), is a quite standard contact angle
as though the octanol only partially wets the hydrogel. Evidently, the behaviour
of this system does not fit easily within the Pickering emulsion picture. We note
that the droplet is becoming darker, which might point to more complex changes
taking place.

Figure 3.7 a: experimental apparatus used to evaluate the wetting characteris-
tics of droplets and bubbles. The hydrogel is visible via the Nile blue
dye; scale bar 18 mm. Droplets / bubbles of b: isopropyl myristate
c: air d: dodecane e: octanol
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3.5 Conclusions

Following previous studies stabilizing emulsions and foams using dipeptide
hydrogels, we have investigated the behaviour of one dipeptide system at low
concentration with the gelation induced by the addition of salt. We have
presented a route to achieving repeatable gel formation based on the dipeptide
2NapFF and using the salt magnesium sulfate. Using this gel system we have
demonstrated that foams become less stable at low dipeptide concentration. The
fibre behaviour is found to be closely similar to that at higher concentrations
but evidently the gel structure is now too weak. By contrast, we have been
able to form long lived emulsions using three out of the four oil phases that
we have tested. Here, the droplets could be stabilized by an interfacial film
(isopropyl myristate) or by hydrogel both in the aqueous phase and on the
interface (dodecane and silicone oil). The oil which could not be emulsified in this
way (octanol), could not be described simply using the wetting characteristics of
the hydrogel. This observation warns against a simple comparison between the
behaviour of these self-assembled fibres and the particulate emulsifiers used in
Pickering emulsions. The new process, not observed in Pickering emulsions, is
that some components partition into the oil phase but apparently not the intact
fibres which are preferentially wet by the aqueous phase.
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Chapter 4

Hydrogel films deformation in
response to extensional flow

4.1 Abstract

The rheological response of hydrogel films made of two different dipeptide
molecules (2NapFF and NapFF) and salt (MgSO4, CaCl2, NaCl) concentrations
(1–4 mg/mL), was investigated and compared between them using a custom
made film collapse extensional rheometer. Hydrogels are placed between two
parallel coaxial circular open rings of equal diameter and stretched at different
velocities. The instantaneous radius, surface area and axial radius of the catenoid
shaped films formed are calculated and plotted as a function of distance to analize
and link their response in terms of interfacial microstructure. Hydrogel films
collapse differently under high shear extensional flow. Films from hydrogels
prepared with calcium chloride turned into elastic solid films that collapse at
small distances. By contrast, films prepared with sodium chloride developed into
extremely viscous networks that deform with increasing distance and formed a
thread that flowed and collapsed due to capillarity. In between, films prepared
with magnesium sulfate resulted in films with a viscoelastic response, with a
non-monotonic effect dependence on the film strength on salt concentration.
These findings show that films prepared with different salt and concentrations
have a huge effect on the rheological properties of interfacial films. Last, the
film collapse extensional rheometer could be a potential tool to investigate the
dynamic response of viscoelastic films during emulsification or foaming.
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4.2 Introduction

Hydrogels are useful materials, with a wide range of applications such as foods,
cosmetics and medicine among others [138–141]. They are formed of hydrophilic
polymers that are able to swell and contain a large amount of water, while
maintaining a semi-solid structure by physical or chemical cross-linking of these
polymers [142]. More recently, a new approach to prepare hydrogels via the self-
assembly of small molecules, known as low molecular weight gelators (LMWG)
in water, has been developed. An example of these effective LMWG are
naphthalene protected dipeptides such as, 2NapFF and ThNapFF (see Figure
4.1). 2NapFF and ThNapFF are hydrophobic dipeptides that, when dispersed
in a basic solution (pH ≈ 11), self-assemble to form long anisotropic structures
that range from a few nanometers in diameter to a hundreds of micrometers
in length [39, 40]. The self-assembly of 2NapFF and ThNapFF is governed
by a combination of noncovalent forces, such as hydrogen bonds, π-π stacking,
hydrophobic interactions, electrostatic interactions and repulsive steric forces
[143]. For gelation to occur, a self-supporting water-swollen three-dimensional
continuous network has to be formed [50]. This is formed by the anisotropic
structures entangling and cross-linking between them [135]. The basic solutions,
can then be gelled using different approaches such as, a change in temperature
or pH, salt addition or solvent-switch.

We have previously shown that hydrogels made of 2NapFF are able to stabilise
emulsions prepared with a range of oils for months (see Chapter 3).The emulsions
are stabilized via two mechanisms; during emulsification, the hydrogels get
disrupted and hydrophobic dipeptide fibres adsorb to the liquid-liquid interface.
Cross-linked fibers form viscoelastic interfacial films at the interface of new born
oil droplets and prevent them from coalescing. Meanwhile, the continuous phase
hydrogel reforms again keeping the suspended oil droplets dispersed and stable,

Figure 4.1 Schematic of the molecular structure of 2NapFF (left) and ThNapFF
(right).
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having little chance to collide, coalesce into larger droplets, and separate. In
Chapter 5, we characterise the hydrogel films formed at the interfaces of oil
droplets by subjecting them to oscillatory dilatational deformations. Nonetheless,
for a full characterisation of hydrogel emulsions, it is also crucial to study the
hydrogel formed between the oil droplets.

Rheological experimental techniques to characterise the viscoelastic properties
of hydrogels have been employed for decades [144], with rotational rheometers
being among the most popular instruments. However, it is well established, that
the response of viscoelastic fluids to strong flows is considerably different than in
simple shear [145]. For this reason, subjecting the hydrogel to strong extensional
flow rates, offer us the possibility of expanding our investigations to instability
mechanisms like necking. To mimic hydrogel thin films stretched under high
shear during emulsification, we use a customise extensional device with modified
end plates from which, stretched hydrogels, transform into catenoid-shaped films
that we study as a function of plate separation.

Soap films formed between two open circular rings, having identical radii have
been studied for decades [146]. When the distance between the two rings
increases, the soap film forms a symmetric catenoid that has been used by
mathematicians to study minimal surfaces. Figure 4.2 shows the evolution of
the radius at the mid-plane of the film a as a function of distance h found by

r(z) = a cosh
z

a
, (4.1)

where a is the minimum value of r at z=0. The solid and dashed black lines
are the radius at the mid-plane of the film of stable and unstable catenoid film
respectively. Stable films become unstable at a distance h/R = 1.05, where the
surface area of the film is equal to the surface area of the two end rings (see Figure
4.3). As the distance between the two rings increases, the radius decreases faster,
until it reaches the critical distance (hc/R = 1.33), where films cannot exist any
more and they collapse into two planar-films suspended in the two rings.

The catenoid shaped film is described by the parameters h, R and a, where R
is the radius of the end rings, a is the radius at the mid-plane of the film and h
is the distance between the end rings (see Figure 4.3). Based on Equation 4.1,
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Figure 4.2 Theoretical evolution of the radius at the mid-plane of the film a/R
as a function of distance h/R of a minimal surface. The solid (stable
catenoid) and dashed black (unstable catenoid) lines are the radius
at the mid-plane of the film. Where R is taken to be 9.25 mm; ho/R
is the distance at which the surface area of the film is equal to the
surface area of the end rings and the film becomes unstable; hc/R
and ac/R are the critical distance and critical radius respectively, at
which a minimal surface cannot exist any more.

these three parameters are related by

h = 2a cosh−1 R

a
, (4.2)

Similarly, the surface area of a catenoid film can be found to show why the film
collapses at a distance equal to 1.33. Figure 4.3 shows the theoretical evolution of
the area S as a function of ring separation (hereafter referred to as the distance) of
a minimal surface found using Equation 4.3. Both, the area and the separation,
have been non-dimensionalised. Here, two films (dashed and solid black lines)
can be found at a distance lower than the critical distance hc/R, albeit only the
catenoid having the larger radius is observed experimentally. This is because the
catenoid film, with the bigger radius, has the lower surface area for all distances.
The horizontal dashed line, is the surface area of the two end rings. At a distance
of 1.05 (ho/R), the surface area of the film (with the bigger radius) and the area
of the end rings, are equal and hence the film becomes unstable. Nonetheless,
the surface area of the film keeps increasing, until a distance of 1.33, because of
inertia. Notice, that the surface area of the film with the lowest radius, has a
bigger surface area than the two rings for all distances; this is the reason why
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Figure 4.3 The evolution of the surface area S/R2 as a function of distance of
two possible films predicted by Equation 4.3. Where C is the critical
point at which a film cannot exist any more and hc/R = 1.33 is the
critical distance. The horizontal dashed line is the surface area of
the two end rings; the intersection at which this line and the film
intercept, ho/R = 1.05, is the point at which the film is energetically
unfavourable and becomes unstable because its area is equal to the
area of the end rings.

this film cannot be seen experimentally.

S = 2πa2
(
cosh−1 R

a
+

1

2
sinh

(
2 cosh−1 R

a

))
(4.3)

Salkin and coworkers, studied the deformation of soap films stretched by hand
with the help of a calliper of different end ring diameters [147]. The authors
demonstrated in this study that, soap films seeking to minimize their surface
energy, had the same surface area as the minimal surface predicted by Equation
4.1.

Similar experiments were carried out with films made of a mixture of polymers
[148]. Films made of PVA/borax, were stretched at high shear rates to investigate
the dynamic response of thin films during foam formation. The authors found
that, with increasing the concentration of cross-linker (borax), the radius of the
films deviated more from the radius of the minimal surface. When this cross-linker
was not present in the solution though, the radius of the films was identical to soap
films and theory results. However, when the films reached the critical distance
(1.33), they kept elongating until a distance of 1.8. The authors attributed this to
the rate at which the films were stretched and to the relative high viscosity of the
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polymer solution as opposed to a soap film. More importantly, stretching hydrogel
films served to demonstrated that films with high concentration of borax, do not
minimize their surface area like soap films and fracture under high stretching
deformations. They hypothesized that PVA/borax networks, do not have time
to rearrange at high shear flows and the films behave like an elastic solid.

Here, we probe hydrogel films with variable viscoelasticity at high rates.
Furthermore, our results are unique and different to fluid filaments because of
the dynamic response, as well as the motivation behind the experiments. For
example, viscoelastic filaments are stretched to a specific distance and they are
left to collapse under capillarity, whereas hydrogel films, are stretched such that
the catenoid film shrinks until it self-intersects at the mid-plane and hence bursts.
The exception are films prepared with sodium chloride, where the films do not
burst and similarly to fluid filaments undergo capillary-driven break-up. However,
in this chapter, we are not interested in this action and hence the results presented
here are from films which mainly preserve a catenoid shape.

In this chapter, the dynamic response of a series of hydrogel films prepared in
different ways and stretched at different velocities is investigated. The collapse
scenarios of the films are discussed first. Next, the radius at the mid-plane of the
films a and their surface area S are compared and explained from a rheological
point of view. The axial radius of the profile curve Rz of catenoid shaped films is
then compared and linked to a partial-decohesion between the films and the end
rings observed in some of the films. Finally, we find the radius of the rings R for
each film by rearranging Equation 4.2 and provide a few suggested conclusions
based on the results.

The main objective of this chapter was to investigate the behaviour of hydrogel
films stretched during emulsion formation. For this, we use a custom made film
collaspe extensional tensiometer that mimics the stretching deformation films go
through in emulsification. The main results from this chapter are that hydrogel
films with different viscoelastic properties neck and break differently under high
rate extensional flows. The dynamic response of the films might not differ that
much at first, while the films are still in the stable regime. However, the changes
are significantly more marked when they enter into the unstable regime; most
probably is in this regime where hydrogel films are found during emulsification.
In addition to this, we observe a non-monotonic effect on the film’s strength
when these were prepared with magnesium sulfate, indicating an optimal salt
concentration at intermediate salt concentration. Finally, we demonstrate that
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contrary to theoretical results, the surface area of the film, do not grow higher
than the area of the two rings; instead the area drops back to zero when it equals
(or is near) the area of the two rings.

4.3 Materials and methods

4.3.1 Materials

2NapFF and ThNapFF were synthesised as described previously [42]. The
solvents hexane and ethanol, were purchased from Fisher Scientific UK. All other
chemicals used were of analytical grade and were obtained from Sigma-Aldrich
unless specified.

4.3.2 Methods

Hydrogel preparation

Vials and instruments were cleaned with hexane, followed by methanol and rinsed
with ultra pure water before use. An equimolar quantity of NaOH (1 M, aq) was
added to millipore water (resistivity = 18.2 MΩ.cm) to give a basic solution with
pH 10.5 ± 0.5, measured with a Seven Easy pH probe (Mettler Toledo AG). Then,
2NapFF or ThNapFF were added and the mixture was dispersed. Gelation was
triggered by adding MgSO4·7H2O, CaCl2·2H2O or NaCl. In practice, all samples
were prepared using 0.1wt% dipeptide and were gelled using 1, 2, 3, or 4 mg/mL
pre-dissolved salt to give a 1 mL sample. This was then left to stand for 12 hours
at room temperature before use in subsequent experiments.

Operational characteristics of the film stretching device

A custom film stretching rheometer designed and constructed by a team at ESPCI
[148], was used to perform uniaxial extensional measurements (see Figure 4.4).
The instrument is made of two parallel coaxial circular open rings of an interior
diameter of 18.5 mm and exterior diameter of 25 mm (see Figure 4.5b). Uniaxial
strain is applied via the lower ring, which is connected to a piezoelectric motor
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unit that moves downwards at different stretching velocities.

Figure 4.4 Schematic diagram of the extensional tensiometer.

The end stretching velocity profile is set up to increase to approximately 5, 50
and 500 mm/s. However, the final stretching velocity averaged over 10 samples
is shown in Figure 4.6. Of those 10 samples, 2 were solutions and 8 hydrogels.
The velocity increases linearly with an average velocity of 5 ± 0.5 mm/s for films
stretched at the lowest velocity. Films set up to stretch at 50 mm/s, accelerate
at first, but they become linear rapidly, with a final velocity of 45 ± 0.5 mm/s.
Films set up to stretch at 500 mm/s with an exponential increase, acccelerate
almost for all distances, with a final velocity of 100 ± 0.5 mm/s, when the lower
ring reaches a distance of 12 mm. The stretching velocity increases linearly for
the three velocities used in bare films, with an average velocity of 5, 45 and 85 ±
0.5 mm/s.

The experimental set up consists in placing a specific volume of the hydrogel
(0.250 mL) on top of the lower ring with the help of a spatula. Next, the lower
ring is brought up to the starting position, with an initial distance of 1.5 ± 0.2
mm between rings, ensuring that the hydrogel contacts entirely the surface of the
upper ring as well. As the lower ring is set in motion, the hydrogel stretches until
eventually becomes a film. The film, trying to minimise its surface area, shrinks
from the mid-plane (weakest point) and forms a catenoid (see Figure 4.5a), from
which the curvature of the air-fluid interface is monitored by using a high-speed
camera at 2000 fps. The dynamic response of hydrogel films, is investigated
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Figure 4.5 a: film formed between two circular identical rings of radius R
separated by a distance h. Where a is the radius at the mid-plane of
the film and Rz the axial radius profile of the curvature of the air-
fluid interface b: schematic diagram of the end rings dimensions.
R is taken to be 9.25 mm.

Figure 4.6 Mean distance-time graphs of films stretched at a: low, b: medium
and c: high stretching velocities.

by extracting the x and y coordinates of the catenary curve from each frame,
using a multi-dimensional image processing package (SciPy ndimage) available
in Python. Finally, with the coordinates, we calculate the radius at the mid-
plane of the film a and the surface area S, along with the axial radius profile of
the curvature Rz of each catenoid and plot them as a function of the distance
between the end rings h (see Figure 4.5a).
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4.4 Results and Discussion

4.4.1 Visual evolution of the stretching and different collapse
scenarios of hydrogelled films

An example of the experimental evolution of a hydrogel film under uniaxial
stretching is shown in Figure 4.7. At the starting position, the sample is slightly
squeezed by the end rings, causing the sides of the sample to protrude outside
the diameter of the end rings (see Figures 4.5b and 4.7a). With this, we ensure
that the hydrogel makes contact with both end rings equally. As the lower ring
is set in motion, the sample tries to minimise its surface area by lowering its
cross-section in the mid-plane (see Figures 4.5a and 4.7).

Figure 4.7 Experimental evolution of a film made of 2NapFF. The upper ring
is stationary, whereas the lower ring can be set to move at different
stretching velocities.

The hydrogel film continues to expand with distance until it eventually collapses
in one of three possible ways; (i) the film shrinks and forms a bridge that bursts
on itself (see Figure 4.8a), (ii) the film shrinks and forms a bridge that when
both sides come into contact takes the shape of a thread that last hundreds
of milliseconds before collapsing (see Figure 4.8b) and, (iii) the film does not
deform and breaks by pinching-off or tearing up at an early stage (see Figure
4.8c). The way in which the hydrogel films collapse, has been observed to be salt
dependent. Films prepared with magnesium sulfate showed a shrinkage collapse
scenario, while the thread was the particular collapse scenario of films prepared
with sodium chloride. Finally, films prepared with calcium chloride became more
elastic and ripped or pinched-off prior to curving towards the mid-plane. While
hydrogel films seem to increase in viscosity with sodium chloride (observed by
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the flowing thread that forms between the end rings following cessation), films
turn out to be brittle and less flexible with calcium chloride. In between, films
prepared with magnesium sulfate appear to be viscoelastic instead. In the next
section, we plot the measurements of the radius at the mid-plane of the film a/R
as a function of distance h/R for bare (pure water), dispersion (basic solution
with dipeptides dispersed) and hydrogel films.

Figure 4.8 Potential collapse scenarios of films made of 2NapFF, a,d:
shrinkage: films prepared with magnesium sulfate b,e: thread: films
prepared with sodium chloride and, c,f: rupture: films prepared with
calcium chloride.

4.4.2 Evolution of the radius at the mid-plane of hydrogel
films a/R as a function of distance h/R

In this section, we investigate the dynamic response of hydrogel films by
computing the radius a and plotting it as a function of distance. The data is
first presented for more simple systems, such as bare films made of pure water
and films made of the invidual dipeptide (2NapFF or ThNapFF) dispersed in a
basic solution (dispersion) to aid interpretation of the graphs. The measurements
of the hydrogel films will be presented and discussed next.
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Films - Water and Dispersions

Milli-Q water and dispersion films were first stretched to (i) aid with the
interpretation of the data and (ii) use them as a controls and compare them
to hydrogel films. The radius a for the minimal surface found theoretically (solid
and dashed black lines), is plotted together with all the films as a guideline. The
evolution of the radius a/R as a function of distance h/R for bare and dispersion
films, stretched at different stretching velocities, is shown in Figure 4.9.

The radius a, shows a fast decrease at short distances (h/R < 0.5), followed by a
slow down at intermediate distances (0.5 < h/R < 1.2) for bare films (see Figure
4.9a). Films stretched at a low stretching velocity, collapsed at h/R ≈ 1.05, where
its absolute area is equal to the area of the end rings (see Figure 4.3). The film
bursts to relax by spliting up into two films that occupy the area of the end rings.
The radius of films stretched at medium and high stretching velocities, decreases
faster again at long distances (h/R > 1.2), until the films reach h/R ≈ 1.4, where
the radius drops to zero. The radius a, differs slightly between films stretched at
different velocities, with films stretched at high velocity having the larger radius,
followed by films stretched at low and medium velocity; this discrepancy increases
when films become unstable.
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Figure 4.9 Experimental evolution of the radius a/R as a function of distance
h/R of a: bare and b: dispersion films, stretched at different
stretching velocities. Photographs show a film being stretched at
different points of the curve. The solid and dashed black lines are
the radius of a stable and unstable catenoid film respectively. R is
taken to be 9.25 mm.
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Similarly to bare films, the radius of films made of the dispersions show a
fast decrease at short distances (see Figure 4.9b). The radius decreases more
gently at intermediate distances (0.5 < h/R < 1.20), where the films are stable.
Eventually, the radius of the films drops to zero when they become unstable at
longer distances (h/R > 1.3). Contrary to bare films, the radius of these films
decrease at the same rate when stretched at different velocities. However, these
deviate when the films become unstable.

The inset images in Figure 4.9a show how the film looks like at that distance. At
short distances (h/R < 0.5), the lower ring is set in motion and the water begins
to stretch. The fast decrease in the radius observed in this region has been
attributed to inertio-capillary oscillations of the fluid droplets attached to the
end plates when stretching fluid filaments [149]. These ocillations are followed by
a rapid development of a catenoid shaped stable film that shrinks quickly. In this
region (0.5 < h/R < 1.2), gravitational effects can be neglected and therefore the
shrinkage is most probably governed by a balance between inertia, surface tension
and viscoelastic effects. At long distances (≈ h/R > 1.2), the area of the film
has become higher than the area of the end rings and the film becomes unstable
and shrinks extremely fast. The differences between radii, for different speeds,
at long distances may be due to an increase on the limit of extensibility caused
by the velocity at which the films are stretched. At low velocity, the viscous
part of the material dominates and films collapse when they are not energetically
favourable, whereas at higher velocities, the inertia results in the films becoming
overstretched and they collapse at higher distances. In fact, when water was
stretched at low velocity, the film collapsed at a distance of approximately 1.05,
where its absolute area is equal to the area of the end rings (see Figure 4.3). This
effect was not observed in dispersion films stretched at low velocity most probably
because the surface tension of the films is significantly lower (≈ 24 mN/m) than
that of bare films (72 mN/m).

Hydrogel Films - 2NapFF

Salt concentration can significantly influence the rheological properties of hydro-
gels (see Chapter 3). Here, the evolution of the radius a/R of a series of hydrogel
films prepared with different salts and concentrations, is plotted as a function of
distance h/R to study their dynamic response (see Figures 4.10 and A.1).

Figure 4.10a shows the radius of three hydrogel films prepared at 1 mg/mL
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magnesium sulfate, calcium chloride and sodium chloride, stretched at 5 mm/s.
At short distances, the radius decreases faster for films prepared with sodium
chloride, followed by films prepared with calcium chloride and magnesium sulfate.
At intermediate distances, the radius decreases at the same rate for all hydrogel
films; however, the radius of films prepared with sodium chloride decreases to a
larger extent, which indicates a film with less resistance to deformation. Films
prepared with calcium chloride collapsed at short distances when these were
stretched at high velocities or prepared at higher salt concentrations than 1
mg/mL. This indicates that hydrogels made of 2NapFF prepared with calcium
chloride, become elastic solid and rupture either when they are prepared at high
salt concentrations or are deformed at high strain rates.

Increasing the concentration of calcium chloride, increases the number of calcium
bridges formed between carboxylic acids (COOH), from the dipeptides and the
ions. This, causes the film to become more brittle and collapse at a shorter
distances. This has been shown before by Shi and co-workers [150], when they
investigated the effects of calcium chloride on hydrogels elasticity. The authors
found that by a small change in the concentration of calcium chloride, the
elasticity of hydrogels increased over several orders of magnitude. The number
of cross-links among interfibres increased along with the storage moduli of the
peptide hydrogel with calcium chloride. [150].

The radius of curvature increases with salt concentration for films prepared with
sodium chloride (see Figures 4.10a, 4.10c and 4.10e). Increasing the stretching
velocity also alters the radius, but only when the films are unstable. The radius
drops drastically for films stretched at low velocities, instead this decreses more
slowly for films stretched at high velocities. These differences are most probably
caused by an increase in the film’s viscosity. Films prepared at 4 mg/mL sodium
chloride, showed a thread that lasted for longer following cessation of the ring
motion. In addition to this, when films become unstable, they shrink much more
rapidly. This could result in a delay in the topological changes of films prepared
with sodium chloride, especially those prepared at high salt concentration with
higher particle density. A higher radius of curvature for the same distances is
indicative of less deformed interfaces. This effect is more marked for interfaces
prepared with sodium chloride and as a result of this, they become unstable at
higher distances. However, we cannot say whether this effect is due to interfaces
becoming stronger, more brittle or thicker.
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Figure 4.10 Experimental evolution of the radius at the mid-plane of the film
a/R as a function of distance h/R of dipeptide hydrogel films
made of 2NapFF, prepared with different salts (magnesium sulfate,
calcium and sodium chloride) concentrations (1, 2 and 4 mg/mL),
stretched at left column: low and right column: high velocity.
The solid and dashed black lines are the radius at the mid-plane
of the film a of stable and unstable catenoid film respectively. R is
taken to be 9.25 mm.

Hydrogel Films - ThNapFF

ThNapFF dipeptides are similar to 2NapFF in that they are able to make stable
hydrogels with similar mechanical properties ([151]). Hydrogels studied here, are
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prepared by using our prefered salt, magnesium sulfate at 1, 2, 3 and 4 mg/mL
and stretched at different stretching velocities.

Figure 4.11 shows the evolution of the radius a/R as a function of distance h/R.
The radius of interfaces stretched at low velocity, decreases with increasing salt
conentration, which may indicate that interfaces become weaker with increasing
salt concentration. At higher velocities the radius increases for all interfaces, but
the salt concentration effect vanishes, which may imply that the films become
more elastic with increasing velocity. Interestingly, we do not observe the fast
decrease of the radius at short distances as we observed in films made of 2NapFF.
Althought it is difficult to draw a solid conclusion due to the lack of a cell to
monitor the force exerted by the lower ring, it is tempting to conclude by saying
that films with a greater resistance to compression will have a higher radius than
films with lower resistance for the same distances. Certainly, what makes this

Figure 4.11 Experimental evolution of the radius a/R as a function of distance
h/R of hydrogel films made of ThNapFF prepared at 1, 2, 3 and
4 mg/mL magnesium sulfate, stretched at a: low, b: medium and
c: high velocity. The solid and dashed black lines are the radius
at the mid-plane of the film a of stable and unstable catenoid film
respectively. R is taken to be 9.25 mm.
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resistance stronger or weaker, are the mechanical porperties of the films. Based
on these figures and the colapse scenarios (see Section 4.4.1), we conclude saying
that films made of 2NapFF prepared with sodium chloride become more viscous
with increasing the concentration of salt. These films did not collapse, instead
they formed a thread that broke under capillary action. On the other hand,
films become more elastic and collapse at short distances when they are made of
2NapFF and prepared with calcium chloride. In between, films made of 2NapFF
and THNapFF prepared with magnesium sulfate differ in that while the radius
of films made of 2NapFF increases with increasing the concentration of salt, this
decreases for interfaces prerpared with ThNapFF. Furthermore, the radius of
interfces made of 2NapFF was affected by the concentration of salt, while for
interfaces made of ThNapFF, the concentration of salt was not as important as
the velocity at which the interfaces were stretched. However, interfaces elongated
all the way until the neck of the film contacted with itself and collapsed in similar
way for both dipeptide molecules.

In next section, we compute the surface area of the films and compare these
against that of a minimal surface.

4.4.3 Evolution of image and equation based surface areas of
hydrogel films S/R2 as a function of distance h/R

In this section, the dynamic response of the films is investigated by computing the
surface area in two ways; image-based surface areas were found by calculating the
inner and outer area of the catenary curve and taking the average, while equation-
based surface areas were found using the radius a of the catenary curves and the
radius R of the rings instead and placing these in Equation 4.3. The data of bare
and dispersion films is presented first, followed by the results of the hydrogel films
that will be presented and discussed next.

Films - Water and Dispersions

Theoretically, a minimal surface is a surface that locally minimises its area. It is
well established that, a film suspended between two coaxial circular rings of equal
radius R, will form a surface of revolution with axial symmetry from which its
radius a can be found by solving Equation 4.1 [147, 152]. There are two solutions
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for h/R < 1.33, from which only one solution is stable (i.e. not the solution for
h/R > 1.33, see Figure 4.3).

The evolution of image and equation based surface areas S/R2 for bare and
dispersion films stretched at different velocities is plotted as a function of distance
h/R in Figure 4.12. The solid black line is the area of a film with a minimal surface
calculated with Equation 4.3. The horizontal dashed black line corresponds to
the area of the end rings. Vertical dashed black lines correspond to the point at
which the surface area of the minimal surface equals the surface area of the end
rings ho/R = 1.05 and the critical distance hc/R at which theoretically catenoid
films cannot exist any more.

Equation based surface areas from bare films increasing at the same pace, are
larger than the area of the minimal surface for all distances (see Figure 4.12a).
This makes the area of bare films to reach the surface area of the end rings at
shorter distances (h/R ≈ 1) than the minimal surface. At this point, bare films
stretched at a low velocity collapse when the area of the films is equal to the area
of the end rings. However, the surface area of films stretched at medium and high
velocities continue to increase like the theory results predict, until they reach the
critical distance (hc/R).

Surface areas found from the fitted equation for dispersion films (see Figure
4.12b), are identical to the areas of bare films. However, the area of films stretched
at a low velocity keeps rising higher than the area of the end rings. As mentioned
earlier, this is most probably due to the surface tension of these films being much
lower than that of bare films. Interestingly, we observed large deviations at long
distances, between image, and equation based surface areas. These discrepancies
start at intermediate distances but are more marked when the area of the films
approaches the area of the end rings. While equation based surface areas increase
linearly until they reach a maximum at hc/R, image based surface areas reach a
maximum when they approach the area of the end rings.

At short distances (h/R < 0.5), image based surface areas and equation based
areas of bare films are similar (see Figure 4.12a and 4.12c). At intermediate
distances (0.5 < h/R < 1), image based surface areas increase more slowly than at
short distances and intersect with the surface area of the minimal surface at h/R
≈ 0.9. As the areas continue to increase more slowly than equation based surface
areas, these reach the surface area of the end rings at a higher distances (h/R ≈
1.15). At this point, films stretched at a low velocity burst to relax occupying
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Figure 4.12 Evolution of the surface area S/R2 from a,b: equation based and
c,d: image based as a function of distance h/R of left column:
bare and right column dispersion films, stretched at low, medium
and high velocity. The solid black line is the surface area of the
minimal surface. The horizontal dashed line is the surface area of
the end ring. The vertical dashed lines show phase divison, ho/h
is the distance at which the surface area of a film with minimal
surface equals the surface area of the end rings and the critical
distance hc/h at which theoretically films cannot exist more. R is
taken to be 9.25 mm.

the area of the end rings, whereas the area of films stretched at medium and high
velocities carry on increasing for longer distances before they reach a maximum
at a distance ≈ 1.28, where eventually the area of the films drops.

Image based surface areas from dispersion films stretched at low and medium
velocities (see Figure 4.12d) increase very much like to those found from the fitted
equation at short and intermediate distances. However, contrary to equation
based areas, they drop when they reach the area of the end rings at h/R ≈ 1.05.
The surface area of films stretched at high velocity is significantly lower than
films stretched at low and medium velocities for all distances. This is interresting
because we do not observe such differences between radii (see Figure 4.9b). The
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film reaches the area of the end rings later, with a considerably large delay in the
drop compared to films stretched at a lower velocities.

Hydrogel Films - 2NapFF

As mentioned above, films prepared with calcium chloride collapsed at very short
distances. For this reason, the results presented next will be from films prepared
with magnesium sulfate and sodium chloride.

Surface areas found from the fitted equation for hydrogel films are similar to those
descrived above for bare and dispersion films. These areas increase linearly for
all the films and stop when they approach the critical distance. No significant
differences were observed between these areas when films are prepared with
magnesium sulfate or sodium chloride at different concentrations or the films are
stretched at different stretching velocities (see Figures 4.13, 4.14 and A.2b,d,f).
Conversly, image based surface areas did not increase at the same rate and to the
same extent for films stretched at different stretching velocities. The area of films
stretched at low velocity (see Figure 4.13a,c,e) increased faster and to a larger
extent than the area of films stretched at medium and high velocities (see Figures
4.14a,c,e and A.2a,c,e). The area of films stretched at medium and high velocity
increases more slowly at intermediate and long distances and deviate from the
area of the minimal surface at a shorter distance (≈ 0.65) than films stretched at
low velocities. The area of hydrogel films prepared at 1 mg/mL sodium chloride,
stretched at a low velocity, reaches its maximum far before this reaches the area
of the end rings. Similarly, the areas of films stretched at medium and high
velocities barely reach the area of the end rings before they rupture.

Similarly to bare and dispersion films from above, the rate at which image based
surface areas increases, slows down with distance. This is more marked in films
prepared with sodium chloride at low salt concentrations or with increasing the
stretching velocity. Even more disconcerting are the differences between image
and equation based surface areas. These results start to deviate at intermediate
distances and grow with increasing distance. While equation based areas keep
increasing lenearly when they overtake the area of the end rings, image based
surface areas drop when they reach or are near this point.
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Figure 4.13 Evolution of the surface area S/R2 calculated left column:
numerically and right colum: analytically as a function of
distance h/R of dipeptide hydrogel films prepared with different salts
(magnesium sulfate, calcium and sodium chloride) concentrations
(1, 2 and 4 mg/mL), stretched at low velocity. The solid black curve
is the surface area of the stable minimal surface. The dashed black
curve is the surface area of the unstable minimal surface. The
horizontal dashed line is the surface area of the end rings. The
vertical dashed lines show from left to right: the division between
the bulk and the film phases, the distance at which the surface area
of a film with minimal surface equals the surface area of the end
rings (ho/h) and the critical distance at which theoretically films
cannot exist more (hc/h). R is taken to be 9.25 mm.
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Figure 4.14 Evolution of the surface area S/R2 calculated left column:
numerically and right colum: analytically as a function of
distance h/R of dipeptide hydrogel films prepared with different salts
(magnesium sulfate, calcium and sodium chloride) concentrations
(1, 2 and 4 mg/mL), stretched at high velocity. The solid black
curve is the surface area of the stable minimal surface. The dashed
black curve is the surface area of the unstable minimal surface.
The horizontal dashed line is the surface area of the end rings. The
vertical dashed lines show from left to right: the division between
the bulk and the film phases, the distance at which the surface area
of a film with minimal surface equals the surface area of the end
rings (ho/h) and the critical distance at which theoretically films
cannot exist more (hc/h). R is taken to be 9.25 mm.
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Hydrogel Films - ThNapFF

Measurements for hydrogels made of ThNapFF, were carried out in the same
manner as for hydrogels made of 2NapFF. Likewise, these were prepared with
magnesium sulfate at different concentrations and stretching velocities. The
surface area for hydrogel and dispersion films is shown in Figure 4.15 as a function
of distance. Image based surface areas increase at a similar rate and to the same
extent for films stretched at medium and high velocities (see Figure 4.15c,e). The
area of these films reaches the area of the end rings at a distance of ≈ 1.25 before
this drops. At low velocity, image based surface areas vary with salt concentration
(see Figure 4.15a). While the area of films prepared at low salt concentration rose
higher than the area of the end rings, the area of films prepared at higher salt
concentrations dropped before they reached this point. These differences in areas
of films stretched at low velocity are also observed in equation based surface areas,
where the slope of the area from films prepared at low salt concentration is slightly
steeper than the areas of hydrogel films prepared at higher salt concentrations
(see Figure 4.15b). At higher stretching velocities, equation based areas clump
together as we observed before in films made of 2NapFF.

These results indicate that dipeptides fibres as well as the type and concentration
of salt or the velocity at which films are stretched, had an effect on the rheological
properties of the films. Cross-linked dipeptide fibres in hydrogel films, do not
have the same degree of freedom as water molecules in bare films or fibers in
dispersion films. Certainly this has effects on the properties of hydrogel films, not
allowing them to elongate as fast as bare or dispersion films do at intermediate
and long distances, hence dalying the distance at which these reach the area
of the end rings. This is even more marked for hydrogels stretched at higher
velocities. Nonetheless, hydrogel films collapse at similar separations compared
to bare films, but these have a lower surface area, most probably caused by a
higher resistance to elongate. Lastly, as for films made of 2NapFF, we observe
drastic discrepancies between image and equation based surface areas starting at
intermediate distances and pregressively becoming worse at long distances.
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Figure 4.15 Evolution of the surface area S/R2 calculated left column:
numerically and right column: analytically as a function of
distance h/R of hydrogel films made of ThNapFF, prepared at 1,
2, 3 and 4 mg/mL magnesium sulfate, stretched at a,b: low, c,d:
medium and e,f: high velocity. The solid black curve is the surface
area of the stable minimal surface. The dashed black curve is the
surface area of the unstable minimal surface. The horizontal dashed
line is the surface area of the end rings and the vertical dashed lines
are the the critical distance hc/h at which films cannot exist any
more and ho/h is the distance at which the surface area of the films
equals the surface area of the end rings. R is taken to be 9.25 mm.
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Discrepancies between image and equation based surface areas

We cannot ignore the differences between image and equation based surface areas.
While areas found with the equation increase linearly until they reach the critical
distance (h/R = 1.33), image based areas increase more slowly at intermediate
and long distances, until they reach a maximum near the area of the end rings
before they drop back to zero. In order to investigate this disagrement, we fit
a best fit curve to the extracted film profile with the equation of a catenary
expressed as

Yi = YL +B(cosh((Xi −XL)/B)− 1) (4.4)

where Xi is the horizontal coordinate (distance), Yi is the height of the point, YL

is the height of the lowest point of the curve (radius at the mid-plane of the film)
and B is a coefficient describing the shape of the curve.

The root mean square error (RMSE) from the regression line and the data points
of a hydrogel film prepared at 1 mg/mL magnesium sulfate, stretched at low
velocity is depicted in Figure 4.16 (for the rest of the hydrogel films see Appendix
A). The RMSE grows exponentially but overall it is very low, showing a good

Figure 4.16 Mean squared error from from the regression line and the data
points of a hydrogel film prepared at 1 mg/mL magnesium sulfate
stretched at low velocity. Insets show the data points with the fitted
line of three random frames chosen at short, intermediate and long
distances. R is taken to be 9.25 mm.
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fit for all distances. Likewise, the rest of the films show a good fit as well,
which means that the discrepancies between equation and image based areas are
not caused by the films becoming distorted at intermediate and long distances.
Interestingly, we observe a pattern in some of the figures. While RMSE is close
to zero at short distances, at intermediate distances this starts to take off and
increases with distance. The distance at which RMSE starts to take off, turns
out to be the same distance at which image based surface areas begin to increase
more slowly and deviate from equation based areas. Although the overall fit is
excellent, we think that the increase in RMSE at intermediate and long distances,
may be caused by the film getting increasingly distorted near the end rings, where
the film attaches to the apparatus.

These results are indicative of an urderlying discrepancy between the model and
image based points, where Equation 4.3 does not capture the underlying trend
of the data points at long distances. Image and equation based surface areas
agree at short distances but these start to deviate at intermediate distances,
until eventually they diverge as the film begins the transition to the end rings.

4.5 Evolution of the ratio of the axial radius profile
to the radius at the mid-plane of the film Rz/a
as a function of distance h/R

Minimal surfaces in soft materials originate from the competition between surface
tension, that reduces the area of the interface at the expense of increasing its
curvature and the elasticity of the film that resists deformation [153]. In this
section, we further investigate the dynamic response of the films by measuring
the ratio of the axial radius to the catenoid radius Rz/a as a function of distance.
Figure 4.17 shows a visual representation of the evolution of the axial radius
profile Rz and the radius at the mid-plane of the film a of a hydrogel film formed
between end rings. At the starting position, the sides of the hydrogel are straight
and the circumference at the air-fluid interface has not been formed yet (not
shown). Eventually the lower ring is set in motion and the circumference forms
while the radius a decreases slightly (see Figure 4.17a). As the distance between
the end rings increases, the axial radius Rz grows faster than a decreases (see
Figure 4.17b,c). Inmediately after, the films begin the transition to the end rings
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and shrink more rapidly. This causes the radius a to decrease extremely fast and
Rz to decrease slowly before the film collapses (see Figure 4.17d).

Figure 4.17 Evolution of the axial radius profile Rz and the radius at the mid-
plane of the film a of a hydrogel film formed between end rings. The
blue arrow at the bottom right corner indicates if the axial radius
Rz increases or decreases when the film is at that distance.

Films - Water and Dispersions

The evolution of the ratio Rz/a measured as a function of distance for a series
of bare and dispersion films stretched at different stretching velocities is shown
in Figure 4.18. The ratio Rz/a for bare films increases evenly at short and
intermediate distances (see Figure 4.18a). This increases slightly faster at h/R
1.1 due to the radius a decresing rapidly when the films become unstable. At a
distance of approximately 1.5, Rz/a increases dramatically due to the radius a
approching zero. The stretching velocity at which bare films were stretched did
not have any influence on the ratio Rz/a.

Dispersion films showed a slightly different trend (see Figure 4.18b). While the
ratio Rz/a increased evenly at short and intermediate distances for bare films,
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for dispersion films it starts to rise faster at intermediate distances. At half way
between intermediate and long distances (h/R ≈ 1), Rz/a increases more slowly
until it reaches a maximum distance were it rose sharply. The stretching velocity
at which dispersion films were stretched did not have an effect on the ratio Rz/a
until the very end where films are collapsing.

It is worth noting that, the ratio Rz/a is equal to 1 at a distance ≈ 1.4 in bare
films. Interestingly, a ratio of 1 occurs at the same distance at which the radius of
the films is 0.55, where films become experimentally unstable (see Figure 4.9a).
It seems that this could be a good indicator to determine the point at which films
become unstable; however, this seems not to be the case for dispersion films.
In fact, when the ratio approaches 1 in dispersion films, these are at a distance
of 1.2, which is far from the distance at which the films become experimentally
unstable (see Figure 4.9b).

Figure 4.18 Evolution of the ratio of the axial radius of the curvature to
the radius of the catenoid Rz/a as a function of distance for a:
bare films and b: dispersion films stretched at different stretching
velocities. R is taken to be 9.25 mm.

Hydrogel Films - 2NapFF

The ratio Rz/a for hydrogel films made of 2NapFF prepared with different salts
and concentrations, stretched at different velocities is shown in Figure 4.19. Just
as the ratio of disperson films, Rz/a increases faster at intermediate distances for
all hydrogel films; this is more noticeable in some films than in others. In the
case of films prepared with sodium chloride at low and high salt concentrations,
the increase in Rz/a is more marked than for films prepared at intermediate salt
concentrations. On the contrary, the bump in the ratio Rz/a is more marked in
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films prepared with magnesium sulfate at intermediate salt concentrations and
this vanished in films prepared at low and high salt concentrations. Similarly to
dispersion films, hydrogel films become unstable at a ratio Rz/a higher than 1
and it is salt concentration and velocity dependent.

Figure 4.19 Experimental evolution of the ratio of the axial radius profile to the
radius at the mid-plane of the film Rz/a as a function of distance
h/R of hydrogel films prepared with different salts (magnesium
sulfate, calcium and sodium chloride) concentrations (1, 2 and 4
mg/mL), stretched at left column: low and right column: high
velocity. R is taken to be 9.25 mm.
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Hydrogel Films - THnapFF

The ratio Rz/a for hydrogel films made of ThNapFF, prepared with magnesium
sulfate at different salt concentrations and stretched at different velocities is
depicted in Figure 4.20. Rz/a increases faster and to a larger extent with
increasing the salt concentration and with velocity. At low an medium stretching
velocities, Rz/a increases faster at intermediate distances for films prepared at 3
and 4 mg/mL; films prepared at 2 mg/mL showed the lowest ratio of all films
and stretching velocities.
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Figure 4.20 Experimental evolution of the ratio of the axial radius profile to the
radius at the mid-plane of the film Rz/a as a function of distance
h/R of hydrogel films made of ThNapFF, prepared at 1, 2, 3 and
4 mg/mL magnesium sulfate, stretched at a: low, b: medium and
c: high velocity. R is taken to be 9.25 mm.

By looking at these figures, it is challenging to rationalize these results. First,
we need to think that an elastic film (bare film), should have an homogeneous
increasing Rz/a, so that the film is stable. This is because for an elastic film
hanging between two coaxial planar disks of identical diameter, the film will form
a symmetric catenoid. As the distance between the end rings increases, the film
trying to minimize its energy will decrease its surface area from the weakest point,
the mid-plane of the film. As the film does that, the radius will decrease linearly,
with distance. As the catenoid grows with distance, the axial radius Rz, will also
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increase linearly for stable films. Now, when the end rings reach the distance
at which films become unstable (theory ≈ 1.05 and experimentally ≈ 1.3), the
radius of the catenoid film starts to decrease at a faster speed and the axial radius
stops growing and begin to decrease slowly.

In next section we investigate the images of the catenoid films in more detail and
explain these results.

Analysis of the uneven Rz/a

To gain a better understanding of these curves, we studied carefully the images
of a sample with a distinctive bump in the ratio Rz/a and explained these by
dividing a curve in four regions (see Figure 4.21).

Figure 4.21 Evolution of the ratio of the axial radius Rz/a with increasing
distance of a hydrogel film prepared at 4 mg/mL sodium chloride,
stretched at high velocity. In region I, the film has yet not been
formed and the hydrogel that is being pulled down by the lower
ring, gets compressed from the middle and the radius a decreases
slightly. In region II, the new born film resists the compression
force in the middle, hence does not deform yet. In region III, the
film starts to deform from the middle because the distance between
the rings increases and the film cannot extand the compression
force further. In region IV the film reaches the critical distance
(hc≈1.33) and this becomes unstable and collapses. R is taken to
be 9.25 mm.
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• Region I: the film has not formed yet in this region. As the distance between
the rings increases, the stretched sample tries to minimise its surface area
and this makes the sample to bend from the weaker point, the mid-plane
of the film. This forms the curvature profile at the air-water interface with
an axial radius Rz smaller than the radius a. The axial radius Rz increases
in this region, whereas the ratio a decreases. As a consequence of this, the
ratio Rz/a increases slowly in this region.

• Region II: in this region we observe the first alteration in the ratio Rz/a
at a distance of 0.4. While bare films form symmetric catenoids right from
the begining, dispersion and hydrogel films show a cylindrical shape at first
instead, hence causing the radius a to decrease more slowly than in bare
films. This is because, unlike water molecules with higher freedom to diffuse
through the sample homogeneously as this stretches, cross-linked fibers
cannot pass each other and therefore these filmsexhibit a less homogeneous
increase in Rz/a. A second increase in Rz/a is observed at around 0.6 for
some hydrogel films. Apparently, this second fluctuation is caused by a
partial decohesion between the sample and the end rings (we will discuss
this later). It is worth mentioning though, that the second alteration is
caused by a faster increasing axial radius Rz in this region, while the radius
a seems to decrease at the same speed as for films without the characteristic
bump.

• Region III: as the distance between the end rings increases, is probably that
the surface tension overtakes the film strength and these start to bend from
the mid-plane again. This causes the radius a to decrease faster than in the
second region, while the axial radius Rz keeps increasing at the same rate,
hence the slower increase in the ratio Rz/a seen in this region. Morever,
the axial radius Rz reaches its maximum in this region.

• Region IV: in this region films become unstable. Due to films shrinking
rapidly the radius a drops drastically. Despite the axial radius Rz in this
region also decreases, this decreases slow, hence the sharp increase in the
ratio.

The second alteration observed in region II is investigated by studying the frames
of two hydrogel films found in this region; one film with a linear response and
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a second film with a nonlinear response. Figure 4.22 shows the hydrogel film
from Figure 4.21, prepared at 4 mg/mL sodium chloride and stretched at high
velocity with an uneven ratio Rz/a (Figure 4.22a,b) and a film prepared at 2
mg/mL sodium chloride stretched at low velocity with a more even ratio (Figure
4.22c,d), both at a similar distance between the end rings. Despite both hydrogels
films having the same radius a at this distance, the one with the uneven ratio
Rz/a (Figure 4.22a,b) shows a significant higher axial radius Rz than the film
with a smooth Rz/a (Figure 4.22c,d). Data from more frames can be found in
Table 4.1.

Figure 4.22 Slip-stick effect for dipeptide hydrogel films prepared at a,b: 4
mg/ml sodium chloride, stretched at high velocity and at c,d: 2
mg/ml sodium chloride, stretched at low velocity.

While studying these frames, we noticed an elastic instability near the end rings,
where the film is attached to the apparatus, causing the radius of the end
rings R to decrease (see Figure 4.22a,b). As shown by the series of different
uneven ratios (see Figures 4.19, A.3 and 4.20), this instability is more marked
for some hydrogel films than for others. A decrease in R, changes the curvature
at the air-fluid interface where we fit the circumference. The smaller the radius
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R, the bigger becomes the circumference that we fit and therefore its radius
(Rz). Partial decohesion of fluid filaments from the end rings, has been observed
before in viscoelastic polymer solutions in extensional flow ([154]). The authors
observed that elastic instabilities only occured in tests conducted with the most
elastic fluids and at high strain rates. These instabilities were attributed to an
axisymmetry-breaking meniscus instability in the heterogeneous region of the
highly deformed fluid, near the rigid endplate.

Looking at the ratio Rz of pure water films (Figure 4.18a) we observe that the ratio
Rz/a does not change with velocity. However, this is not the case for dispersion
films (Figure 4.18b), where dipeptide fibres go from being dispersed in the bulk
phase to occupy a more constrained region such as the interfacial film. Evidently,
dipeptides influence the properties of intefaces, that we try to characterise and
understnad by plotting the ratio Rz/a as a function of distnace. Figure 4.18
show three distinctive regimes; the first regime could well be the critical point
at which samples become films. The second regime, where films are stable, gives
an indication of the film properties. A faster incrase in the ratio Rz/a means
that the film deforms faster and hence is weaker. On the contrary, films with a
lower ratio for the same distances, is due to films deforming less and hence being
stronger, or more elastic. Finally, the last regime tell us the point at which films
become unstable, which for dispersion films is velocity dependent.

In next section we find the radius of the end rings R for each film and link these
to the results from Rz/a figures.
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Table 4.1 Values of Rz, a and h of hydrogel films prepared with 2 and 4 mg/mL
sodium chloride, stretched at different stretching velocities shown in
Figure 4.22. In blue are highlighted h and a from frames with similar
values. In orange is highlighted the axial radius Rz of these frames
to show the difference between both samples. In bold are the specific
values of frames shown in Figure 4.22.

2 mg/mL 4 mg/mL
Frame

No.
Rz (mm) a (mm) h (mm) Rz (mm) a (mm) h (mm)

50 0.7 11.8 1.4 1 10.9 2.1
75 0.7 11.8 1.5 1.3 10.5 2.6
100 0.8 11.6 1.5 1.8 10 3.5
125 0.8 11.3 1.8 2.8 9.7 4.3
150 1.1 10.9 2.3 3.5 9.4 5.5
175 1.4 10.5 2.9 5.2 9.2 6.6
200 1.8 10.2 3.6 7.1 8.9 7.8
225 2.4 10 4.5 8 8.3 9.3
250 3.2 9.6 5.5 8.2 7.4 11.1
275 4 9.2 6.6 7.7 6.3 12.6
300 5.2 8.8 7.8 7.1 4.7 13.8
325 6.2 8.3 9.4 6.4 1.1 14.7
350 6.8 7.5 10.8 - - -
375 7 6.3 12.1 - - -

Elastic instabilities

Extracting the coordinates of the films near the end rings can be challenging. An
alternative approach to find the radius R at this point is by rearranging Equation
4.2.

R = acosh−1

(
h

2a

)
(4.5)

The mean radius R of dispersion and hydrogel films made of 2NapFF and
ThNappFF prepared with different salts and concentrations, is shown in Figure
4.23. The mean radius R is larger in films stretched at high velocity and tends
to decrease with velocity. In the case of hydrogel films made of 2NapFF and
prepared with magnesium sulfate, R is slightly smaller for films prepared at 2
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Figure 4.23 Radius R found with Equation 4.5 for a set of hydrogel films made
of 2NapFF prepared with a: magnesium sulfate, b: sodium chloride
and films made of ThNapFF prepared with c: magnesium sulfate
at 1, 2, 3 and 4 mg/mL, stretched at different stretching velocities.
Where the points at 0 mg/mL are the dispersion films at different
stretching velocities.

mg/mL and increases for films prepared at 1 and 4 mg/mL (Fsee igure 4.23a),
which is consistent with the ratio Rz/a from Figures 4.19 and A.3. On the other
hand, the mean radius R increases for hydrogel films made of 2NapFF prepared
at 2 mg/mL sodium chloride, whereas it decreases for films prepared at 1 and
4 mg/mL (see Figure 4.23b), which again is consistent with the data shown in
Figures 4.19 and A.3. In the case of hydrogels films made of ThNapFF stretched
at low velocity, the radius R decreases with increasing the concentration of salt
until this plateaus at high salt concentrations; this peaks at a concentration of 2
mg/mL for films stretched at medium velocity, which again agree with the data
of the ratio shown in Figure 4.20a,b.
Elastic instabilities were observed in some hydrogel films and were not observed
in other hydrogel films, bare films and dispersion films. Partial decohesion is often
larger in multi-component systems than in single-components [155]; however, this
does not imply that slip did not occur in all samples, as the slip length may be just
as small as few nanometers. In fact, slip may be inevitable on microscopic and
molecular scale [156, 157]. Partial decohesion was observed to be higher in the
upper ring than in the lower ring, which implies that gravitational force might be
a contributing factor to the formation of a depletated region between the sample
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and the end ring [158, 159]. A depleted layer could cause a drop in the viscosity
in this region and hence slip enhancement. Instabilities (smaller radius R) were
more pronounced in films stretched at low and medium velocity (see Figure 4.23).
This is particularly true for shear-thinning fluids due to the fact that the slip at
large deformations is reduced by a drop in the bulk viscoisty at these regimes
[160, 161]. A factor that may initiate the onset of a slip effect, is the properties
of the fluid. In the case of complex systems such as gels, instabilities may depend
on the concentration, the particle size and shape, the molecular weight and the
concentration of salt ([162–167]).
Films prepared with magnesium sulfate at 2 mg/mL and sodium chloride at
1 and 4 mg/mL showed a non-monotonic trend in the ratio Rz/a with distance,
characteristic of a partial decohesion effect between the sample and the end rings.
Shear flow near the end rings, where the film is attached to the end ring, makes
the hydrogel contact point move towards the inner edge of the ring causing the
radius R to decrease and hence revealing the distortions on the curves. It is
well established that the elasticity of salt induced hydrogels can be tailored by a
small change in the concentration of salt [150]. In fact, the storage modulus of
hydrogels prepared with calcium chloride has been observed to reach a maximum
at a ratio of calcium:carboxylic acid of 2:1 [2]. For this reason, the instability
observed in hydrogel films prepared with magnesium sulfate at 2 mg/mL, may
very well be caused by an increase in the film elasticity at such concentration.
In a hypothetical scenario like this, where the concentration of salt is favourable,
the diameter of the fibres as well as the number of cross-links could increase,
thus making it more difficult for the fibres to stretch and eventually align. On
the contrary, we observed instabilities at 1 and 4 mg/mL for films prepared with
sodium chloride, whereas at 2 mg/mL these vanish. While we attribute this slip
effect to the strength of the film in the case of films prepared with magnesium
sulfate, we think that for films prepared with sodium chloride is for different
reasons. The reason for this is that in the case of magnesium sulfate, the samples
did gel, whereas for those prepared with sodium chloride did not. This could be
due to a phenomenon such as the ‘tackiness’, but for a more solid explanation
we believe that more experiments are needed to explain the lack of instabilities
in films prepared at 2 mg/mL, specially after seeing these in films prepared at 1
mg/mL.
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4.6 Conclusions

In this chapter we have investigated a series of hydrogel films with a new
extensional device that provides a means of probing the dynamic response
of viscoelastic films during transient uniaxial elongation. The results of
these experiments should be considered to be preliminary because only a few
experiments were undertaken. Having said that, the dynamic response of
hydrogel films can be described. Hydrogels turned into elastic solid films that
collapsed at short distances when prepared with calcium chloride. By contrast,
hydrogels prepared with sodium chloride developed into extremely viscous films
that did not burst; they instead, formed a thread that broke under capillarity.
Somewhere in between, were the viscoelastic films made of hydrogels prepared
with magnesium sulfate, with a non-monotonic trend dependence of the film
strength on salt concentration. This effect was observed in hydrogel films
prepared at intermediate concentrations by the increase in the ratio Rz/a first and
a partial-decohesion between the hydrogel and the end rings later on. Although,
this phenomenon was also oberved in films prepared with sodium chloride, we
could not reach a solid conclusion of why the instabilities were observed in films
prepared at low salt concentrations and not in films prepared at 2 mg/mL. Last,
we observe a large disagreement between image and equation based surface areas
at intermediate and long distances. While equation based surface areas keep
increasing after these are overtaken the area of the end rings, image based surface
areas drop to zero when these are equal or near the area of the rings.
With this technique we have shown that the type of salt and the concentration
used affects the mechanical properties of the interfaces. The radius a varies
between catenary interfaces stretched for the sames distances, which indicates
that interfaces have different strengths. The surface area decreasing at long
distances implies that interfaces become unstable and hence have reached their
maximum extension distance. Furthermore, by measuring the force we would
be able to calculate the stress and the extensional viscosity. By plotting the
extensional viscosity as a function of time for different strain rates deformations,
we can observe whether interfaces strain harden or strain soften, and determine
the degree of viscoelasticity of each of them. In spite of a quite good
understanding of fluid response to an impose extensional stretch, there is not
much known about elongational flow behavior of emulsions. Due to their high
surface area to volume ratio, interfaces in emulsions play a key role in determining
the behaviour of the emulsions. Because of this, studying interfaces imposed to
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extensional deformations and comparing the results to those from shear interfacial
rheology, could bring new insights to the study of emulsions.
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Chapter 5

Nonlinear dilatational rheology of
liquid-liquid interfaces stabilized by
dipeptide hydrogels

5.1 Abstract

We present the effects of salt concentration on the rheological properties of
dipeptide hydrogel fibres at liquid-liquid interfaces. The interfaces were subjected
to large amplitude oscillatory dilational (LAOD) deformations across a range of
oscillation frequencies. Lissajous plots of pressure-strain were used for identifying
apparent yield responses and for characterizing the properties of viscoelastic
interfaces. We show that the rheological response of the interfaces vary
significantly with salt concentration. At low and high salt concentrations, the
interfaces were characterised by weak moduli; the interfaces yield first and then
strain soften at low deformations. On the other hand, interfaces prepared at the
highest salt concentration used showed stronger moduli but yield at low strains
as well. However, the moduli for these interfaces continue to grow with increasing
deformation. In between, at intermediate salt concentrations, interfaces displayed
a more viscoelastic response. To fully capture the range of behaviour, we suggest
a modification of the analysis to calculate the strain-stiffening ratio S used to
quantify the degree of nonlinearities from Lissajous figures, so as to better reveal
the presence of instant strain softening and hardening responses.
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5.2 Introduction

Emulsions are multiphase systems consisting of at least two immiscible liquids:
oil-in-water (O/W), water-in-oil (W/O), and oil-in-oil (O/O), with one of the
phases dispersed in the form of small droplets throughout the other [169]. They
are ubiquitous in many applications in science and technology. The positive
increase in surface free energy gained by mixing the two immiscible liquids,
makes emulsions thermodynamically unstable and hence phase separate [170].
To satisfactorily dispersed immiscible liquids, one needs a third constituent,
commonly known as emulsifier. Similarly, stabilisers are incorporated to achieve
“long-term” stable emulsions. These constituents will adsorbed or spread at
interfaces, transforming them into more complex interfaces with properties that
can have a significant effect on the overall dynamics of multiphase systems, such
as emulsions and foams [171]. Such is the case �that, an enormous number of
papers are continuously being published each year on the dynamic properties of
liquid-liquid and air-water interfaces stabilised by a wide range of constituents,
including, low molecular weight (LMW) surfactants [172, 173], proteins [173, 174],
lipids [175, 176], colloidal particles [24, 173, 177], mixtures of proteins and
polysaccharides [178–180], asphaltenes [181] or gels [1, 182, 183].
Here, we use a dipeptide to stabilise liquid-liquid interfaces that have been
introduced previously in Chapter 2. Under the right conditions, this dipeptide
forms a hydrogel of fibres, from which the behaviour under fast deformations
was studied in Chapter 4. In this Chapter, we use the hydrogel to prepare fibre-
coated liquid-liquid interfaces and explore their properties using nonlinear surface
dilatational rheology.
The study of the rheological properties of complex interfaces, involves the
imposition of area (dilatational rheology) and shape (shear rheology) variations.
The former involves changes in size of an interfacial area without changing its
shape by sinusoidally compressing and expanding the interface [184]. The latter
requires a change in shape, while the interfacial area remains the same, by
either continuously or periodically shearing the interface [184]. In dilatational
and shear rheology, frequency and strain sweep experiments are performed to
study the behaviour of the interface. In frequency sweeps, the strain amplitude
is kept constant, whereas for strain sweeps, the frequency is the one that is
kept fixed. Amplitude sweeps are usually conducted as a first step to determine
the critical strain value in viscoelastic materials. At small strains, the moduli
component is independent of strain up to a critical strain, where the behaviour
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of the interface becomes nonlinear. Once the critical strain of the interface has
been defined by conducting strain sweeps, the properties of the interface can be
further interrogated by applying frequency sweeps in the linear and/or nonlinear
regime.
Besides frequency sweeps, in the nonlinear regime, strain sweeps are also
performed to characterise interfaces with thixotropic response. Thixotropic
materials are those that flow when stress is applied and become solid-like when the
stress is removed. An example of thixotropic materials are ketchup, toothpaste,
paints or personal care products such as creams. The network within these
materials collapses when it is stressed and reforms when the stress stops. These
materials are known to be time-dependent due to the time-scale being longer
for the structure to build up compared to the structure breaking down. As
a consequence of the time-scale difference between the two events, the surface
pressure does not follow the same path when strain is applied to interfaces
compared to when it is removed, thus making strain sweeps in the nonlinear
regime interesting to study the behaviour of interfaces with thixotropic response.
The dilatational properties of viscoelastic protein layers adsorbed to liquid-
liquid interfaces were interrogated by subjecting these to step strain experiments
in combination with frequency sweeps [185]. In this study, β-lactoglobulin
dipeptides showed a linear regime, whereas β-lactoglobulin fibrils and monomers
demonstrated linear and nonlinear response when oscillated at different strain
amplitudes. However, the viscoelastic moduli of β-lactoglobulin dipeptides
deviate from linear at high deformations when the interfaces were gelled by
increasing the pH from 2 to 10. In this work, the authors found large differences
between the interfacial tensions of interfaces during expansion and compression,
and realized the need to develop a method to quantify the degree of nonlinearities
between extension and compression runs.
The approach to quantify the degree of nonlinearities in Lissajous plots from large
amplitude oscillatory dilatational (LAOD) experiments, was recently introduced
and studied by van Kempen et al. [186]. A series of strain and frequency sweeps
were performed at air-water interfaces stabilised by oligofructose and sucrose
esters. The critical strain value was first defined by applying different strain
amplitudes. Once the critical strain value had been defined, strain and frequency
sweeps were carried out within the nonlinear regime for interfaces with different
pressures. Interfaces stabilised by sucrose esters showed viscous Lissajous plots
without asymmetries, while oligofructose ester stabilised interfaces exhibit elastic
Lissajous. Lissajous plots where further characterised by quantifying the degree
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of nonlinearities, using the approach described in [6] (see Section 5.3). Here,
short (12 carbon) oligofructose esters coated interfaces exhibited an absence
of nonlinearities (indicating an elastic response), up to a strain equal to 5%.
At higher strain amplitudes, nonlinearities emerged during both, extension and
compression. During extension, the S–factor (strain-stiffening ratio) increased
with amplitude, implying aN interface with a constant increase strain hardening
response. On the other hand, the S–factor became more negative with decreasing
amplitude, indicating a strain-softening response during compression. Interfaces
stabilised by long (18 carbon) oligofructose esters however, presented a higher
elastic response with the absence of nonlinearities until a strain equal to 10%. At
higher strains, the interface strain hardened during extension (positive S–factor)
and compression (negative S–factor). Interestingly, after the strain hardening
observed in extension, interfaces strained soften (S–factor became negative) at
higher strains (20% and 30%).
The nonlinear rheological properties of cellulose nanocrystals at air-water
interfaces were characterised using interfacial oscillatory dilatational rheology
[187]. Lissajous plots revealed rhombus-like shapes for interfaces with lower
concentration of hydroxyl groups (-OH) and leaf-like shapes for interfaces with
higher concentration of -OH. Leaf-shape Lissajous plots imply interfaces with a
gentle yield, where the rate at which the pressure is increasing, decreases slowly.
Interfaces with a rhombus-like shape instead, flow after they yield, with a near
zero slope change in pressure. Here, nonlinearities in Lissajous plots were only
calculated for the extension run and not for compression. For interfaces with
high and intermediate concentration of -OH, the S–factor was extremely similar;
it increased fast at very low strains until it reached a plateau at an amplitude
equal to 1%. Interfaces with the lowest concentration of -OH groups showed an
overall lower S–factor which suggested aN interface with a higher elastic response.
The authors concluded that LAOD experiments showed a better differentiation
between similar samples than large amplitude oscillatory shear (LAOS).
The nonlinear response of three whey protein isolate (WPI) systems: native,
aggregates and beads at air-water interfaces subjected to LAOD were investigated
in [174]. Interfaces stabilised by WPI native and aggregates showed a viscoelastic
solid behaviour, whereas interfaces stabilised by WPI beads exhibited weaker
interfaces with flow-like response. In this work, the authors noticed that the
S–factor approach used to quantify the degree of nonlinearities from Lissajous
plots, failed in interfaces with strain softening/hardening paradox response. The
strain softening/hardening paradox is observe in numerous materials, since at the
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first these materials exhibit strain softening when they are deformed. However,
if the deformation is increased, the system strain hardens when reaching the
maximum strain. This effect can be observed with Lissajous plots, where single
cycles are being analysed. A commercial rheometer would show an overall stain
softening response instead, as it only uses the first-harmonic to calculate the
moduli.

In this chapter the mechanical properties of interfaces stabilised by dipeptide
fibres are investigated by imposing large amplitude oscillatory dilatation (LAOD)
to interfaces with the help of a drop profile tensiometer. The drop profile
tensiometer and the theory behind oscillatory rheology is introduced in Section
5.3. Dipeptide based interfacial interfaces are first left to equilibrate until the
interfacial tension levels off. Next, we demonstrate that interfaces are viscoelastic
by plotting the interfacial tension and the area as a function of time and their
moduli become nonlinear at intermediate and high strain amplitudes. The
behaviour of interfaces is interrogated by plotting Lissajous plots with pressure
as a function of strain and measure the degree of nonlinearities by calculating the
S–factor.
The main findings in this chapter are that interfaces prepared at high salt
concentrations become extremely elastic. At low salt concentrations, interfaces
are viscous and collapse at intermediate strains. In between, interfaces become
more viscoelastic at intermediate salt concentrations, bearing larger strains
without collapsing. At high salt concentrations, interfaces start to become more
elastic, showing a softening/hardening paradox response during extension that,
to the best of our knowledge, it has never been reported in large amplitude
oscillatory dilatational experiments before. Last, we realise that the dimensionless
S–factor index sometimes fails to quantify the degree of nonlinearities of Lissajous
plots and propose a subtle modification in the analysis of the S–factor to measure
nonlinearities at different strains. The aim of this chapter was to study the
interfacial properties of dipeptide fibres prepared with our preferred salt (MgSO4),
adsorbed at a sinusoidally oscillated interface formed between our preferred oil
(isopropyl myristate) and water.
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5.3 Materials and methods

5.3.1 Materials

The 2NapFF dipeptides were synthesized as described elsewhere [42]. The
solvents and chemicals were purchased from Sigma-Aldrich and used as received.
Isopropyl myristate (Sigma-Aldrich ≥ 98% pure) was filtered three times through
alumina (Honeywell, Aluminium Oxide, activated, basic, Brockmann I) placed in
a Whatman filter to trace impurities in the oil phase. A solution of 100 mL (1
M) magnesium sulfate was dissolved in water by placing the vial in an ultrasonic
bath for 5 minutes and used as aliquots. Millipore water (resistivity = 18.2 MΩ.
cm) was used throughout. For pendant drop experiments water was degassed
by heating and stirring under reduced pressure for one hour to avoid bubbles
disrupting oscillations.

5.3.2 Methods

Sample preparation

Samples were prepared in 20 mL glass vials by adding 10 mM of NaOH to 10 mL
of degassed water to achieve a pH 11 ± 0.5 measured with a Seven Easy pH probe
(Mettler Toledo AG). 2NapFF dipeptides (0.01 wt%) were then added on top of
the basic solution and dispersed by placing the vial sealed with parafilm sealing
film in an ultrasonic bath for 0.5 hours until a translucent slightly viscous solution
was formed. After this, the sample was then left to cool to room temperature
(22 ◦C) before this was transferred to a 36 x 36 x 30 mm glass cuvette once the
apparatus had been equilibrated.

Pendant drop tensiometer

The pendant drop tensiometer apparatus is remarkably simple and straightfor-
ward to use; however, the reproducibility and accuracy of the measurements can
be challenging and time consuming, and thus hard to accomplish. These will be
easier to achieve if the person using the instrument is familiar with the limitations
of the device. The experimental set up consists of a diffused light, a camera (780
x 580 pixels) and a vertical J-shape needle (1.83 mm interior diameter), from
which the oil droplet rises due to the density difference between the phases. The
diffuse light is placed behind the drop to project its silhouette, which is being
captured by the camera that magnifies and sends the image to the PC. Lastly,
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the droplet can be studied either in static or in dynamic mode. In static mode,
the drop volume is kept constant and is often used to study the interfacial tension
as a function of time, where surfactants, particles or proteins, are used to modify
the energetics of the interface. On the contrary, in dynamic mode the droplet is
sinusoidally expanded and compressed by altering its volume (amplitude). The
amplitude and the rate (frequency) at which a whole cycle occurs can be altered
with the help of a pc-controlled piezoelectric pump that is, in the last instance,
governed by the operator. A basic diagram of the instrument set up is shown in
Figure 5.1.

Figure 5.1 Schematic representation of the drop profile tensiometer.

Pendant drop method

The interfacial tension γ, the area Ad and the volume Vd of the oil droplet were
determined using the pendant drop method of a drop shape analyser (Krüss
DSA-100). The technique Axisymmetric Drop Shape Analysis (ADSA), uses the
profile of the drop to fit it to the Young-Laplace equation, where discrepancies
between the theoretical curve and the profile extracted are evaluated. These
discrepancies are the sum of the squares of the normal distances between the
calculated Laplacian curve and the measured points of the drop profile [188].
The Young-Laplace equation relates the pressure difference across the interface
(Laplace pressure = ∆P), with the principal radii of curvature R1 and R2 (see
Figure 5.2b) by

γ

(
1

R1

+
1

R2

)
= ∆P ≡ ∆P0 −∆ρgz (5.1)
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Figure 5.2 Schematic representation of a: an oil drop rising from a vertical
needle used by the software to calculate Bond number and b: a
section of the oil droplet to show the principal radii of curvature R1

and R2.

where ∆P0 - ∆ρgz is the hydrostatic pressure caused by the density difference
between the liquids, ∆P0 is the pressure difference at a reference plane, z is the
vertical coordinate of the drop measured from the reference plane, ∆ρ = ρd - ρ
is the density difference between the two liquids, ρd and ρ are the density of the
droplet phase and the continuous phase respectively and g is the acceleration due
to gravity. The axis symmetry of the drop makes possible that Equation 5.1 can
be expressed as cylindrical coordinates; r, z and the tangent angle φ (see Figure
5.2). With the introduction of these parameters, the drop can be calculated
numerically by a set of three-ordinary differential equations

dφ

ds̄
= 2−Boz̄ − sinφ

r̄
(5.2)

dr̄

ds̄
= cosφ (5.3)

dz̄

ds̄
= sinφ (5.4)

with boundary values

r̄ = 0, z̄ = 0, φ = 0 at s̄ = 0 (5.5)
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where the bar denotes normalisation by R0 the radius of curvature at the drop
apex (see Figure 5.2a) and Bo is the Bond number which quantifies the relative
importance of gravity and interfacial tension, is given by

Bo =
∆ρgR2

o

γ
(5.6)

from which γ can be calculated. In addition to the Bond number, the best fit
Young-Laplace solution 5.1 returns the drop volume Vd and the drop surface area
Ad.

Large amplitude oscillatory shear (LAOS) of complex bulk fluids

In this section the analysis for nonlinear dilatational rheology data is presented.
For small sinusoidal strain amplitudes, the stress of viscoelastic materials is
assumed to oscillate sinusoidally with amplitude, as well as to be fully captured
by conventional test protocols [189]. However, when the applied strain amplitude
is increased from small to large, a transition between linear and nonlinear regimes
can emerge [4]. Figure 5.3 shows the typical output of an oscillatory strain-sweep
experiment with fixed frequency. For small strain amplitudes, the storage G’
and loss G” modulus are independent of strain and thus the oscillatory stress is
sinusoidal. However, with increasing the strain amplitude, nonlinearities appear
and G’ and G” are not longer independent of strain and fail to capture the
nonlinearities manifested in the raw data signal; the oscillatory stress in this
regime is distorted [4]. For linear viscoelastic regimes, the stress response is
computed using the first-harmonic coefficients G’1 and G”1, which is a measure
of the average moduli in the material response. While this approach is robust
to measure the viscoelastic response in the linear regime, for nonlinear regimes
often fails because it does not give very useful information, as the stress cannot
be modelled by a single sinusoidal.
For a more significant physical meaning, the interpretation can be made by the
inspection of stationary closed curves, known as Lissajous plots, by plotting
the stress as a function of strain (elastic modulus) or the strain rate (dynamic
viscosity)(see Figure 5.4) [190]. For a perfect elastic solid, the Lissajous plot
shows a straight line; for a pure viscous response exhibits a perfect circle and; for
a viscoelastic fluid displays an ellipse. Viscoelastic fluids in the nonlinear regime,
will deviate from ellipsoidal (see Section 5.3.2).
The storage and loss moduli of most materials under LAOS sweep experiments,
falls into one of the four types (see Figure 5.5). Type I, strain thinning, G’ and
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Figure 5.3 Schematic representation of a strain amplitude sweep test at a fixed
frequency. The storage G’ and loss G” moduli in the linear regime
are independent of strain amplitude; the resulting stress in this region
oscillates sinusoidally. However, in the nonlinear regime, G’ and G”
become dependent of strain amplitude and hence the sinusoidal stress
waveforms deform in this region. Experiments in the linear regime
are commonly known as small amplitude oscillatory shear (SAOS)
and for experiments in the nonlinear regime, these are known as
large amplitude oscillatory shear (LAOS). Reproduced from [4] with
permission.

.
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Figure 5.4 Lissajous plots of elastic solid, Newtonian fluid and viscoelastic
fluids under small oscillatory shear.

G” decrease (see Figure 5.5a); type II, strain hardening, G’ and G” increase (see
Figure 5.5b); type III, weak strain overshoot, G’ decreases and G” increases at
first and then decreases (see Figure 5.5c) and; type IV, strong strain overshoot, G’
and G” increase followed by a decrease (see Figure 5.5d) [5]. Most of the polymer
solutions and melts fall in type I (strain thinning). Apparently, the origin of strain
thinning is believed to be similar to that of shear thinning [5]. In shear thinning,
macromolecules that were entangled and forming three-dimensional coils at rest,
start to orient in the direction of the shear flow when stress is applied. In doing
this, the molecules disentangle to some extent and lowers the flow resistance [191].
On the other hand, strain hardening is the opposite of strain thinning (type
I), where the loss and storage moduli increases with strain amplitude. Strain
hardening it is believed to be caused by the formation of complex microstructures.
Alginate gels, which show strain hardening, are reported to form a complex of
network chains and metal ions, which form large junctions zones that give more
strength and rigidity to the system [192]. Weak strain overshoot, is the result
of the resistance to structural collapse of the material, usually made of weak
associations, like hydrogen bonds [193]. The distinctive feature in these materials
is the pronounced local maximum in the loss moduli G” while G’ decreases.
This effect is observed in soft glassy materials such as, concentrated emulsions,
suspensions, pastes, soft hydrogels, etc., and in polymer solutions like, Xantham
gum solutions [4]. If the strain is large enough, the polymers chains align with
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Figure 5.5 Storage and loss moduli of most materials under LAOS: a: strain
thinning, b: strain hardening, c: weak strain overshoot and d:
strong strain overshoot Reproduced from [5] with permission.

the flow making G” to decrease. The strong strain overshoot (type IV), has been
observed before in polymers chains with a network that consist in both intra- and
intermolecular associations of hydrophobic groups [194]. At large enough strains,
both the G’ and G” show a significant increase above its linear viscoelastic value.
If the strain is increased beyond such point, the structure of the system collapses
and makes G’ and G” to decrease.

Viscoelastic moduli

Lissajous figures have been used for decades in LAOS experiments to study the
rheological properties of viscoelastic materials in the nonlinear regime including,
polymer solutions [195], creams [196] and clay-water systems [197, 198]. However,
it has not been until recently that a set of elastic moduli has been introduced to
quantify the elastic response of nonlinear viscoelastic materials at small and large
strain amplitudes [6]. To capture the elastic response, Ewoldt and co-workers
introduced the following expressions
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G′
M ≡ dσ

dγ

∣∣∣∣
γ=0

=
∑
n odd

nG′
n = e1 − 3e3 + · · · (5.7)

G′
L ≡ σ

γ

∣∣∣∣
γ=±γ0

=
∑
n odd

G′
n(−1)(n−1)/2 = e1 + e3 + · · · (5.8)

where γ is the strain, G’M is the minimum strain modulus, measured by the slope
of the stress of a non-deformed interface (γ=0) and G’L is the large strain modulus
,which is the slope of the line formed between the origin and the stress when
the interface is deformed at the largest strain. By including higher harmonics
in equations 5.7 and 5.8, the authors were able to capture the local behaviour,
otherwise impossible to observe by using only the first-harmonic. G’M and G’L
can be visualised graphically in the Lissajous plots shown in Figure 5.6a for a
linear regime and in Figure 5.6b for a nonlinear regime. G’L sometimes can be
misinterpreted by the slope of the semi-major axis of the ellipse, instead G’L is the
slope of the secant at maximum strain, which might happen to be the same as the
semi-major axis. Similarly, the viscous response is represented by the expressions

η′M ≡ dσ

dγ̇

∣∣∣∣
γ̇=0

=
∑
n odd

nG′′
n = e1 − 3e3 + · · · (5.9)

η′L ≡ σ

γ̇

∣∣∣∣
γ̇=±γ̇0

=
∑
n odd

G′′
n(−1)(n−1)/2 = e1 + e3 + · · · (5.10)

where η′M and η′L is the minimum and large-rate dynamic viscosity and γ̇ is the
strain rate and are calculated in the same manner as G’M and G’L.
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Figure 5.6 New measurements for reporting: a: the elastic moduli, b: and
dynamic viscosities of a linear viscoelastic response, c: the elastic
moduli and d: dynamic viscosities of a nonlinear response. For the
linear regimen a,b: all measures are equal to the viscoelastic moduli,
while for the nonlinear regime c,d: these differ for each material
measure. Here γ and γ̇ are strain and strain rate respectively.
Reproduced from [6] with permission.
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Dimensionless S–factor

To compare the nonlinearities distorting the ellipse, the authors defined the strain-
stiffening ratio by

S ≡ G′
L −G′

M

G′
L

=
4e3 + · · ·

e1 + e3 + · · ·
(5.11)

from which the strain thinning and strain thickening can be quantified by

S


> 0 strain stiffening,
= 0 linear elastic,
< 0 strain softening

Dimensionless S–factor for complex interfaces

Ewoldt’s approach to calculate the S–factor (see Equation 5.11), was extended
by van Kempen et al. [186] to characterise the rheological behaviour of air-water
interfaces in large amplitude oscillatory dilatational (LAOD) experiments. The
output of a conventional drop profile tensiometer was used to construct Lissajous
plots of surface pressure–strain. Surface pressure here is defined as:

Π = γ − γ0 (5.12)

where γ is the instantaneous interfacial tension and γ0 is the interfacial tension
of a non-deformed interface. Strain is defined as:

ε = δA/A0 (5.13)

where A is the instantaneous surface area and A0 is the surface area of a non-
deformed interface. Due to the asymmetry in the Lissajous plots during a full
cycle (extension and compression), the strain-stiffening ratio S is defined for both
regimes, extension and compression by

Sext ≡
E ′

L,E − E ′
M,E

E ′
L,E

(5.14)

Scom ≡
E ′

L,C − E ′
M,C

E ′
L,C

(5.15)
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where E’M,E and E’M,C are the slope at the minimum strain elastic modulus in
extension and compression respectively and E’L,E and E’L,C are the slope of the
line between the origin and the large elastic strain modulus in extension and
compression respectively. With these new definitions it is possible to distinguish
nonlinearities between compression and the extension.

Apparatus validation

One of the main concerns during pendant drop experiments, is that the droplet
will always tend to dissolve or evaporate to the other phase with time. In our
system, the droplet phase is made up of oil and the bulk phase is 99.9% water plus
0.1% dipeptide. Apparently, this problem seems to be minimal for low solubility
liquids [199], however, if dissolution happened, it would be a tiny amount
of water dissolving into the oil and hence we neglect this problem. However,
to avoid the bulk phase evaporating to the air, the cuvette was covered with a lid.

Another factor that may influence the accuracy of the pendant drop tensiometer,
is the volume of the droplet. Drops with a shape close to spherical have been
proved to yield inconsistent results [188]. To avoid this, we increased the volume
of the droplet until the interfacial tension of the bare interface equalled the one
reported in literature (29 ± 0.3 mN/m) [200]. The volume required to achieve
the correct interfacial tension was 25 µL, but sometimes the volume had to be
decreased to 23 µL to avoid the droplet detaching from the needle at large strain
amplitudes and at high salt concentrations.

Another limitation is the accuracy or fit error. The method used by the
software to evaluate the drop shape is a statistical method characterised by its
ability against “outliers” [201]. After optimisation is done, the software shows
the mean squared deviation of the profile from the fit and hence determines
the quality of the fit. A high fit error, in the range of tens or hundreds of
microns, is associated with solidifying interfaces, where wrinkles are observed
in compressed interfacial films [202]. A high fit error was also observed at first,
due to the bulk gelling, but this was solved by decreasing the concentration
of the dipeptide from 0.1 wt% to 0.01 wt%. A bare organic/water interface
gives a fit error < 1 µm and thus experiments with fit errors > 1 µm were rejected.

Next, we verify that the subphase contributions do not dominate over interfacial
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stresses by calculating the Boussinesq number [203, 204] by

Bq =
νD
νL

(5.16)

where νD is the interfacial dilatational viscosity, ν the bulk viscosity and L is the
length-scale of the system or radius of the drop. For our system, the interfacial
dilatational elasticity E’ dominates and hence interfacial stresses are considered
to arise from this [205], therefore we define Bq by

Bq =
E ′

ωνL
(5.17)

For the smallest E’ = 0.05 mN/m and the highest frequency = 0.2 Hz, L = 1 mm
and ν = 1.02 mPa s at 20◦C we find a Bq > 102. A Bq > 1, indicates that the
interfacial dilatational elasticity dominates while for Bq < 1 the bulk viscosity
dominates, therefore this proves that the interfacial stresses prevail over the bulk
stresses.

Experiment setup

After a deep cleaning of the instrument parts with hexane, followed by methanol
and rinsing with milliQ water, the instrument was equilibrated by placing milliQ
water in the cuvette and forming an air bubble with a J-shaped needle to achieve
an interfacial tension of 72 ± 0.5 mN/m at 22 ◦C. Next, the air is removed
from the needle and filled with isopropyl myristate to form a drop of 25 µL with
comparable interfacial tension γ (29 ± 0.5 mN/m at 22 ◦C) to that reported in
literature (29.7 ± 0.3 mN/m) [200]. Once the instrument had been equilibrated,
the water in the cuvette was replaced by the basic solution with the dipeptides
dispersed in it. To equilibrate the solution, we form again the oil droplet and left
it to equilibrate one more time (≈ 5 minutes). Due to the tiny size of the fibre
micelles, γ drops rapidly (< 1 second) from ≈ 29 mN/m to ≈ 25 mN/m. Once
the solution is in equilibrium, aliquots of different salt concentrations (0.1 to 0.4
mg/mL) were added on top of the sample to induce film gelation. Finally, the
cuvette was covered with a lid to avoid evaporation.
The surface tension of interfaces from a static droplet was measured before,
during and after the addition of salt and left until the sample reached equilibrium
(≈ 5 hours). With the sample in equilibrium, the surface tension was followed
by amplitude and frequency sweep experiments to study the nonlinear response
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of complex interfaces. During the sweep tests, sinusoidal oscillations with a
strain amplitude and frequency that increased from 1.5% to 25% and 0.02 Hz to
0.2 Hz respectively were performed. The experiments consisted of 20 cycles of
oscillations with 5 minutes rest between experiments. The initial and final cycles
were removed from the analysis to eliminate the influence of potential outliers
that could affect the mean. Outliers were removed from the raw data in both
axis (x, y) and smoothing was carried out by interpolating the resulting data to
achieve more robust results.

5.4 Results and discussion

In this chapter, we investigate the dilatational rheological properties of liquid-
liquid interfaces in the nonlinear regime by imposing large amplitude oscillatory
dilatation (LAOD) strains to interfaces stabilised by hydrogel fibres.
Using a concentration of 0.1 wt% 2NapFF (as in previous chapters), makes the
bulk gel after a timescale of several hours and hence the droplet shape can no
longer be described by the Young-Laplace equation 5.1. To solve this problem
and achieve a fit error lower than 1 µm, such as the one we get for bare isopropyl
myristate/water interfaces, the concentration of dipeptide had to be decreased.
Linking micellar structures made of 2NapFF to hydrogelation formation using
calcium chloride, Cardoso et al., [206] showed that the minimum concentration
of 2NapFF needed to form a gel was 0.02 wt%. At this concentration the sample
partially passed the inversion vial test. The inversion vial test is a common
test where the vial containing the sample is turned upside-down and then the
observer waits to see whether the sample flows under its own weight or not
[207]. For this reason, to avoid hydrogelation of the bulk phase, we decided
to lower the concentration of 2NapFF to 0.01 wt%. Likewise, we accordingly
decreased the concentration of the salt used to trigger gelation. Dilatational
rheology involves the deformation of an interface and subsequent analysis of the
interface response over the experiment time-scale. It is therefore important to
ensure that no significant interfacial tension changes take place over the oscillation
time-scale. Based on this fact, we described a route (see Section 5.3.2), to achieve
interfaces in equilibrium at the start of the experiment.
The interfacial tension measured during adsorption of 2NapFF fibres prepared
with magnesium sulfate to an isopropyl myristate/water interface as a function
of time is shown in Figure 5.7a. The interfacial tension of bare interfaces is around
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γ = 29 ± 0.5 mN/m at a temperature t = 22 ◦C (data not shown). However,
the interfacial tension decreases to ≈ 25 mN/m when dipeptide molecules are
dispersed in the solution. Following the addition of salt (shown by a black arrow
in Figure 5.7), γ drops even further to approximately 16.5 mN/m and 13.5 mN/m
for interfaces prepared at 0.2 and 0.3 mg/mL magnesium sulfate respectively.
After 4 h, the interfaces have reached equilibrium and are ready to start the
experiments.

Salt added

Phase shift

a) b)

Figure 5.7 a: interfacial tension γ of interfaces made of 0.01 wt% 2NapFF
prepared at 0.2 and 0.3 mg/mL magnesium sulfate. Static oil
droplets are left until the interfacial tension plateaus, which denotes
that the interface has reached equilibrium. b: γ and surface area A
of a sinusoidally oscillated isopropyl myristate-water stable interface
made of 0.01 wt% 2NapFF at 0.2 mg/mL magnesium sulfate. The
oil droplet was oscillated for 20 cycles at at 25% strain amplitude
and 0.05 Hz.

Amplitude and frequency sweep experiments were conducted after 5 h of adding
the salt to ensure that the interfaces have reached equilibrium. The raw data
from a stable interface oscillated at 25% strain amplitude and 0.05 Hz is shown
in Figure 5.7b. The resulting periodic γ waveform shows a phase shift with
respect to the surface area A with sinusoidal waveform, which indicates that the
interface is viscoelastic and hence time-dependent strain. The interfacial tension
also gets distorted at high strain amplitudes, losing its sinusoidal shape and hence
implying strong non-linearities. Using the data generated by the DSA to calculate
the viscoelastic response of the interfaces, gives unrealistic results and therefore
we use Lissajous plots instead.
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5.4.1 Dilatational viscoelastic properties

The surface pressure (Equation 5.12) of interfaces made of 0.01 wt% 2NapFF
prepared at different salt concentrations (0.1 to 0.4 mg/mL magnesium sulfate) is
shown in Figures 5.8 to 5.11 and Figures B.1 and B.2 from Appendix B. Interfaces
were oscillated for 20 cycles at different strain amplitudes (1.5%, 8%, 16.5% and
25%) and frequencies (0.02 Hz, 0.05 Hz, 0.1 Hz and 0.2 Hz). The initial and
last cycles of each experiment were removed from the analysis to eliminate the
influence of potential outliers that could affect the mean.
The pressure of stable interfaces prepared at 0.1 mg/mL magnesium sulfate and
oscillated at 1.5% strain amplitude (see Figure B.1 left panel in Appendix B),
was barely captured by the drop profile tensiometer. The instrument reaches
its detection limit before it detects the low torque stress values generated by
the change on the surface area of the interface. As a result, the analysed data
shows scattered curves with no physical meaning. Nonetheless, at small strain
amplitudes (≈ 10−2), the viscoelastic moduli of dispersed systems is supposed
to remain in the linear regime for small amplitude oscillatory shear tests [4].
Therefore, based on these results, we decide to increase the strain amplitude.
Strain amplitude and frequency sweep experiments for stable interfaces prepared
at 0.1 mg/mL magnesium sulfate are shown in Figure 5.8. All interfaces show a
viscoelastic response indicated by the shape of the Lissajous plots. The pressure
increases with frequency for interfaces oscillated at 8% strain amplitude (see
Figures 5.8a,c,e,g). Similarly, the viscoelastic moduli increase with frequency
as well, as demonstrated by the Lissajous plots becoming steeper (increased
elasticity) and wider (increased viscosity). Nonetheless, the viscoelastic properties
of these interfaces still, like those oscillated at 1.5%, in the linear regime,
confirmed by the lack of a yielding effect of the network. The interfaces exhibit
superimposed oscillations during extension and compression. Superimposed
oscillations during compression, have been previously observed in thixotropic
systems and attributed to the entangled network reforming again and tilting or
sliding over or both, because the interface starts to buckle [208]. We hypothesize
that during extension, superimposed oscillations may be caused by the network
collapsing. At such a low salt concentration, interfaces may be too weak to
support strains of 8%. Indeed, oscillations increase with increasing frequency,
suggesting a network collapsing to a greater extent (see Figure 5.8e,g). However,
when the interface reaches the maximum strain, the network gradually reforms
as shown by the pressure drop.
The viscoelastic moduli becomes nonlinear when interfaces prepared at 0.1
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Figure 5.8 Pressure response from strain amplitude and frequency sweep
experiments performed on interfaces made of 0.01 wt% 2NapFF and
prepared at 0.1 mg/ml magnesium sulfate. Interfaces were oscillated
at a strain amplitude of left panel: 8% and right panel: 16.5%
and a frequency of a,b: 0.02 Hz, c,d: 0.05 Hz, e,f: 0.1 Hz and
g,h: 0.2 Hz.
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mg/mL magnesium sulfate are oscillated at 16.5% amplitude (see Figure 5.8
right panel). Lissajous plots transform from a simple ellipse shape representing
the linear response to a complex deformed ellipse shape. After the initial linear
region, the interface yields, followed by a flowing effect represented by the pressure
barely changing with strain. During compression, the interface continues to
flow implying that the network do not have enough time to reform while the
interface reaches the maximum strain in extension. With further decreasing of
the strain, the interface strain hardens at a strain approximately to -0.085 has
been accumulated, suggesting a network gradually reforming.
Interfaces prepared at 0.2 mg/mL magnesium sulfate show a viscoelastic linear
response when oscillated at 8% strain amplitude (see Figure 5.9a,c,e,g). Similar to
interfaces prepared at 0.01 mg/mL magnesium sulfate, the viscoelastic response
increases as well when interfaces are oscillated at higher frequencies. However,
these interfaces seem to be stronger as we do not observe superimposed oscillations
until they are oscillated at higher frequencies. Superimposed oscillations start to
show up in interfaces oscillated at 0.2 Hz, supporting the idea of the interface
breaking apart during extension mentioned above. A frequency of 0.2 Hz may
be too fast for the fibres to align and hence the network begins to collapse. The
pressure in these interfaces is slightly lower than that of interfaces prepared at
0.1 mg/mL magnesium sulfate, oscillated for the same strain amplitudes and
frequencies. This may be caused by an increase in the elastic moduli component
when interfaces are prepared at 0.2 mg/mL magnesium sulfate.
Figure 5.9 (right panel) shows the pressure of interfaces prepared at 0.2 mg/mL
magnesium sulfate oscillated at 16.5% strain amplitude. The ellipse shape
observed in interfaces oscillated at 8%, vanishes when they are oscillated at 16.5%,
similar to interfaces prepared at 0.1 mg/mL magnesium sulfate. However, these
interfaces differ from those prepared at 0.1 mg/mL in that they do not show
secondary oscillations in the linear response, both in extension and in compression
and in that they do not yield. Instead, interfaces prepared at 0.2 mg/mL start to
strain softening when reaching a strain around zero, where the strain rate is at
its highest value. After this point, the pressure keeps increasing at a lower rate
before this starts to decrease, implying thixotropic response when the strain rate
decreases. In interfaces oscillated at 0.02 Hz, we observe a strain hardening effect
that vanishes with increasing frequency.
Interfaces prepared at 0.2 mg/mL magnesium sulfate were further oscillated
at 25% strain amplitude (see Figure B.1 right panel). At this amplitude,
superimposed oscillations start to materialise. After these oscillations, the
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Figure 5.9 Pressure response from strain amplitude and frequency sweep
experiments performed on interfaces made of 0.01 wt% 2NapFF and
prepared at 0.2 mg/ml magnesium sulfate. Interfaces were oscillated
at a strain amplitude of left panel: 8% and right panel: 16.5%
and a frequency of a,b: 0.02 Hz, c,d: 0.05 Hz, e,f: 0.1 Hz and
g,h: 0.2 Hz.
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pressure keeps increasing as opposed to interfaces prepared at 0.1 mg/mL
oscillated at 16.5%. These results indicate that interfaces prepared at 0.2 mg/mL
don’t entirely collapse like interfaces prepared at 0.1 mg/mL magnesium sulfate
and hence they are stronger.
The pressure for interfaces prepared at 0.3 mg/mL magnesium sulfate, oscillated
at 8% strain amplitude and low frequencies (0.02 Hz and 0.05 Hz) is extremely
noisy (see Figure 5.10a,b). Increasing the frequency to 0.1 Hz, made the noise
vanish and the Lissajous plots adopt an almost perfect ellipse shape, similar to
the observe in interfaces prepared at 0.2 mg/mL magnesium sulfate. Likewise,
superimposed oscillations appeared on interfaces oscillated at 0.2 Hz (see Figure
5.10g).
At 16.5% strain amplitudes, the moduli component becomes nonlinear as shown
by the asymmetry in the Lissajous plots (see Figure 5.10 right panel). The elastic
response of these interfaces lies somewhere in between interfaces prepared at 0.1
mg/mL and 0.2 mg/mL magnesium sulfate. The pressure increases until the
interfaces reach approximately a zero strain as opposed to interfaces prepared at
0.1 mg/mL, where the pressure plateaus at negative strains. On the other hand,
the pressure in interfaces prepared at 0.2 mg/mL keeps increasing until the end
of the half cycle (extension), where the strain rate starts to decrease and the
interface starts to reform. In addition to this, the decrease observed in pressure at
intermediate to high strains, reveals a strain hardening response at the maximum
strain, which is not observed in interfaces prepared at lower salt concentrations.
To our knowledge, this response has been observed before in LAOS experiments
for bulk [209] and interfaces [174, 210], however not in LAOD experiments for
interfaces. The hardening response increases with increasing frequency, observed
by the increase in surface pressure by the end of extension. The time of structure
recovery in interfaces prepared at 0.3 mg/mL may be shorter than in interfaces
prepared at lower salt concentrations and hence the interface is perhaps sliding
or tilting off the interface as observed in compression. This would explain
the increase in pressure materialising the strain hardening response observed at
high strains during extension. To observe a strain hardening response after an
interface has strain softened, may seem unusual but it has been reported before in
polysaccharides and in gels, and it is known as the softening/hardening paradox
[211]. This response is observed because the data exhibited in Lissajous plots
is from intra-cycle measurements, showing local behaviour. We hypothesized
that the strain hardening response could be caused by the combination of two
factors: (i) the interface reaching the maximum strain, where the strain rate is
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Figure 5.10 Pressure response from strain amplitude and frequency sweep
experiments performed on interfaces made of 0.01 wt% 2NapFF
and prepared at 0.3 mg/ml magnesium sulfate. Interfaces were
oscillated at a strain amplitude of left panel: 8% and right panel:
16.5% and a frequency of a,b: 0.02 Hz, c,d: 0.05 Hz, e,f: 0.1 Hz
and g,h: 0.2 Hz.
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zero and (ii) the decrease in interfacial area caused by the compression (half)
cycle starting. The network starts to reform at zero strain rate, however, the
process is accelerated by the decrease of the interfacial area when compression
starts.
Interfaces prepared at 0.3 mg/mL oscillated at 25% strain amplitude (see Figure
B.2 left panel) show Lissajous plots with larger asymmetries than interfaces
oscillated at 16.5%. The strain hardening response is significantly higher,
especially during compression where the pressure 5.12 drops to -0.6 mN/m
in interfaces oscillated at higher frequencies. In these interfaces secondary
oscillations appear for the first time at high strains during compression. This
phenomenon could be caused by the tilted interface rearranging back on the
interface after extension, as these vanish at around zero strain before they come
back again at minimum strains.
Interfaces prepared at 0.4 mg/mL magnesium sulfate, show a linear viscoelastic
response when oscillated at 8% strain amplitude as most of the other interfaces
prepared at lower salt concentrations (see Figure 5.11 left panel). Interfaces
oscillated at 16.5%, exhibited a pressure similar to interfaces prepared at 0.2
mg/mL, in that this keeps increasing after strain softening (see Figures 5.11 right
panel). A strain hardening response is observed at high strains during extension
similar to interfaces prepared at 0.3 mg/mL, but more marked. This indicates
that interfaces may become more elastic with increasing salt concentration.
Likewise, superimposed oscillations show up at high strains in compression as
for interfaces prepared at 0.3 mg/mL oscillated at 25%. Interestingly, these
interfaces show a yield response when oscillated at 25% (see Figure B.2 right
panel). However, the pressure keeps increasing as opposed to interfaces prepared
at 0.1 mg/mL. In addition to this, the yielding occurs when the pressure 5.12
reaches zero, while for all the other interfaces, the strain softening response occurs
at a zero strain instead. The strain hardening response observed in interfaces
oscillated at 16.5% seems to vanish at 25% in extension, however, this is more
marked during compression.
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Figure 5.11 Pressure response from strain amplitude and frequency sweep
experiments performed on interfaces made of 0.01 wt% 2NapFF
and prepared at 0.4 mg/ml magnesium sulfate. Interfaces were
oscillated at a strain amplitude of left panel: 8% and right panel:
16.5% and a frequency of a,b: 0.02 Hz, c,d: 0.05 Hz, e,f: 0.1 Hz
and g,h: 0.2 Hz.
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Figure 5.12 shows the Lissajous plots described above individually, plotted
together as for different salt concentrations. The rows represent the strain
amplitudes and the columns represent the frequencies at which interfaces were
oscillated. Despite the pressure being mostly noise, interfaces oscillated at 8%
(bottom row), show Lissajous plots with an overall ellipse shape, which indicates
that G’ and G” moduli are still in the linear regime. The slope of the ellipses vary
between salt concentrations. For example, interfaces prepared at 0.2 mg/mL and
0.4 mg/mL oscillated at 8% show a steeper slope than interfaces prepared at 0.1
mg/mL and 0.3 mg/mL, which indicates that the former are more elastic than
the latter. Likewise, interfaces prepared at 0.2 mg/mL oscillated at 8% stretch to
higher strains values than the other interfaces, suggesting interfaces with lower
resistance to deformation (red curves in bottom row). However, this effect shifts
to interfaces prepared at 0.4 mg/mL when they are oscillated at intermediate
strain amplitudes. Nonlinearities are more marked at low frequencies, where the
elastic response is stronger and become more subtle with increasing frequency
most probably because of the increase in viscosity. Both, the pressure and
nonlinearities increase further for interfacial interfaces oscillated at 25% strain
amplitude. A strain hardening effect in both, extension and compression, is
observed in interfaces prepared at 0.3 mg/mL and 0.4 mg/mL magnesium sulfate.
During extension, the response is more marked in V oscillated at 16.5% strain
amplitude, while during compression this is stronger in interfaces oscillated at
25% strain amplitude. Finally, the strain hardening response becomes stronger
with increasing salt concentration and/or frequency; the viscosity increases with
increasing frequency and nonlinearities increase with increasing strain amplitude
and/or decreasing frequency.
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Figure 5.12 Lissajous plots made of interfaces made of 0.01 wt% 2NapFF prepared at 0.1 mg/mL, 0.2 mg/mL, 0.3 mg/mL and 0.4
mg/mL magnesium, sulfate. Interfaces were oscillated at 1st row: 8%, 2nd row: 16.5% and 3rd row: 25% and at 1st
column: 0.02 Hz, 2nd column: 0.05 Hz, 3rd column: 0.1 Hz and 4th column: 0.2 Hz.105



5.4.2 Degree of nonlinearities quantification

The degree of nonlinearities in Lissajous plots can be quantified by calculating the
strain-stiffening ratio S (see Equations 5.14 and 5.15). An S–factor with a value
close to zero indicates an elastic response, whereas a negative and positive value
corresponds to an intracycle strain softening and hardening response respectively.
For comparison, the S–factor was only calculated for interfaces oscillated at 16.5%
strain amplitude and 0.02 Hz, 0.05 Hz and 0.1 Hz. The S–factor of interfaces
oscillated at 8% strain amplitude was not computed because most of the interfaces
show an ellipse shape, which indicates that the rheological components E’ and E”
still in the linear regime. Similarly, the S–factor was not calculated for interfaces
oscillated at 25% strain amplitude or at 0.2 Hz because of the noise observed in
these Lissajous plots would make these difficult to quantify. Interfaces prepared at
0.1 mg/mL and 0.3 mg/mL show a clear strain hardening response (S–factor 5.11
> 0) for both, extension and compression (see Figures 5.13a,c). This, however,
decreases with increasing frequency, which indicates that the interfaces become
softer and more elastic. In contrast, interfaces prepared at 0.2 mg/mL and 0.4
mg/mL show an overall more elastic response (S–factor 5.11 ≈ 0) (see Figures
5.13b,d). Similarly to interfaces prepared at 0.1 mg/mL, the strain hardening
response decreases with frequency for both interfaces during compression and for
interfaces prepared at 0.4 mg/mL during extension. While interfaces prepared at
0.2 mg/mL and oscillated at the lowest frequency show a pure elastic response
during extension, these show a strong strain softening response when oscillated
at 0.05 Hz, that decreases when interfaces are further oscillated at 0.1 Hz (see
Figures 5.13b). When plotting the S–factor as a function of frequency, we soon
realised that the method fails to quantify the degree of nonlinearities shown in
some Lissajous plots. For example, for interfaces prepared at 0.3 mg/mL, where
the strain hardening response increases for the extension part of the cycle with
increasing frequency (see Figure 5.10)c,d,f), while in Figure 5.13c we observe a
lower S–factor at a frequency of 0.1 Hz than at 0.05 Hz.
The S–factor has been extensively used before satisfactorily by other authors
to measure the magnitude of nonlinearities in Lissajous plots, both in complex
interfaces [212] and complex bulk fluids [6] systems. Van der Berg and others,
investigating the rod-like particles at interfaces, were probably the first reporting
a positive S–factor in interfaces with squared-like Lissajous plots, which indicates
a clear yield-like behaviour. The authors did not comment on the discrepancies
observed between the results from the S–factor and the Lissajous plots [187]. Soon
after, Yang and others, studying the role of different colloid systems structures
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a) b)

c) d)

Figure 5.13 Strain stiffening ratio S as a function of frequency, calculated from
the Lissajous plots of interfaces made of 0.01 wt% NapFF prepared
at a: 0.1 mg/mL, b: 0.2 mg/mL, c: 0.3 mg/mL and d: 0.4
mg/mL magnesium sulfate, oscillated at 16.5%. An S-factor with
a value close to zero indicates an elastic response, a negative value
corresponds to an intracycle strain softening, whereas a positive
value refers to an intracycle strain hardening.

at interfaces, came across with the same problem and attributed this error to the
softening/hardening paradox reported before by Mermet-Guyennet and others
[174].
Here, we report that the S–factor not only fails to quantify nonlinearities when the
Lissajous plots show a clear softening/hardening paradox effect, as commented by
Yang and others [174], but also fails for interfaces with a strain softening response.
Figure 5.14 shows a Lissajous plot of a stable interface prepared at 0.2 mg/mL
oscillated at 16.5% strain amplitude and 0.05 Hz, yielding at a strain ≈ -0.05
and hence exhibiting a strain softening response. Measuring EME in interfaces
yielding at negative strain, may cause THIS to be smaller than ELE, resulting in
a positive S–factor, or strain hardening response.
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ELE = 0.89

EME = 0.7

Yielding

Strain softening

Figure 5.14 Lissajous plot of an interface made of 0.01 wt% 2NapFF prepared at
0.2 mg/mL magnesium sulfate and oscillated at 16.5% and 0.05 Hz.
The interfaces shows a clear strain softening response at a strain
≈ -0.05 that continues along the whole strain range. Interfaces
yielding at negative strain, cause EME to be smaller than ELE

when they are measured at zero strain, resulting in a positive S–
factor, characteristic of interfaces strain hardening.

5.4.3 New approach to quantify nonlinearities

In this section, we report a more robust approach of reporting the S–factor,
which is able to embrace nonlinearities at different strains. Rather than using
the minimum-elastic modulus EM or tangent modulus at zero strain to calculate
the S–factor, we use the elastic modulus E (slope of the strain at that instant)
to calculate the S–factor. The new S–factor is then:

Sext ≡
E − EL,E

EL,E

(5.18)

Scom ≡ E − EL,C

EL,C

(5.19)

where Sext and Scom are the new S–factor in extension and compression
respectively. With these changes we can analise nonlinearities in a more robust
way than the traditional S–factor presented in 5.3.2.

Figure 5.15 shows the new S–factor for extension and compression as a function
of strain of an interface prepared at 0.2 mg/mL magnesium sulfate, oscillated at
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16.5% and 0.05 Hz. The interface shows a positive S–factor, implying an elastic
response at very low strains during extension. As the strain increases, the S–
factor decreases and becomes negative at large strains, where the interface shows
a strong strain softening, depicted by the Lissajous plot in the inset. The S–factor
during compression shows an overall elastic response along the whole cycle.

Figure 5.15 S–factor as a function of strain calculated from the Lissajous
plot of an interfaces made of 0.01 wt% 2NapFF prepared at 0.2
mg/mL magnesium sulfate and oscillated at 16.5% and 0.05 Hz.
Black arrows indicate the direction of the cycle (expansion and
compression). The inset shows the Lissajous plot from the interface
the S–factor is being characterised. The black arrows are to aid
with the interfaces response and indicates also the direction of the
cycle. The S-factor calculated using the conventional approach in
Section 5.4.2 is ≈ -3.2 for extension and ≈ 0.1 for compression.

Similarly, the S–factor is positive in extension at low strains for interfaces
prepared at 0.3 mg/mL magnesium sulfate, oscillated at 16.5% and 0.05 Hz (see
Figure 5.16). The S–factor decreases with increasing the strain and becomes
negative at a strain near zero, indicative of a weaker interface than interfaces
prepared at 0.2 mg/mL. As the strain continues to increase, the S–factor keeps
decreasing until reaches a strain equal to 0.08, where increases back from ≈ -1
to ≈ 0.2, hence indicating a hardening response by the end of the extension part
of the cycle. This response is highlighted by the curved black arrow pointing
upwards at large strains (Lissajous plot inset).
Interfaces prepared at 0.4 mg/mL magnesium sulfate oscillated at 16.5% and 0.05
Hz show a lower initial S–factor in extension than interfaces prepared at lower
salt concentration (see Figure 5.17). The S–factor decreases with increasing the
strain and reaches a negative value at a strain close to zero. The S–factor keeps
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decreasing as the interface deforms further, until it reaches a minimum at 0.08
strain. At this point, the interface hardens, showed by the increase in the S–factor
from ≈ -1.3 to ≈ 0.2. During compression, the S–factor decreases and increases
along the whole strain range, with an overall elastic response, similar to that of
the other interfaces prepared at lower salt concentration.

Figure 5.16 S–factor as a function of strain calculated from the Lissajous
plot of an interface made of 0.01 wt% 2NapFF prepared at 0.3
mg/mL magnesium sulfate and oscillated at 16.5% and 0.05 Hz.
Black arrows indicate the direction of the cycle (expansion and
compression). The inset shows the Lissajous plot from the interface
the S–factor is being characterised. The black arrows are to aid
with the interface response and indicates also the direction of the
cycle. The S-factor calculated using the conventional approach in
Section 5.4.2 is ≈ 1.1 for extension and ≈ 0.8 for compression.
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Figure 5.17 S–factor as a function of strain calculated from the Lissajous plot
of an interface made of 0.01 wt% 2NapFF prepared at 0.4 mg/mL
magnesium sulfate and oscillated at 25% and 0.05 Hz. Black arrows
indicate the direction of the cycle (expansion and compression).
The inset shows the Lissajous plot from the interface the S–factor
is being characterised. The black arrow are to aid with the interface
response and indicates also the direction of the cycle. The S-factor
calculated using the conventional approach in Section 5.4.2 is ≈
0.1 for extension and ≈ 0.6 for compression.

5.5 Conclusions

In this chapter we have further examined the rheological properties of interfaces
made of dipeptide fibres prepared at different salt concentrations by performing
strain and frequency sweeps via a drop profile tensiometer. Interfaces oscillated at
8%, exhibit Lissajous plots with an ellipse shape, which tell us that the viscoelastic
properties of the interfaces are still in the linear regime. Nonlinearities start to
appear at 16.5% and become more marked at 25%. Interfaces prepared at 0.4
mg/mL magnesium sulfate show the highest elastic response of all interfaces, with
a pressure increasing after yielding. At the other end, interfaces prepared at 0.1
mg/mL and 0.3 mg/mL present weaker interfaces with the pressure decreasing
once the interfaces reach zero strain. In between, interfaces prepared at 0.2
mg/mL magnesium sulfate, show a more viscoelastic response, with interfaces
strain softening as they are being enlarged. The surface pressure only decreases
when interfaces have reached the maximum strain where the strain rate is zero.
A strain hardening effect is observed in interfaces prepared at 0.3 mg/mL and
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0.4 mg/mL at large strains in extension that to our knowledge, has never been
reported in oscillatory dilatational rheology before. Finally, we realised that
the S–factor used to quantify nonlinearities in Lissajous plots fails when these
are from interfaces with softening/hardening paradox response and with a clear
strain softening response yielding at negative strains. Therefore, we propose a
different approach capable of taking into account nonlinearities that span over the
whole range of strains. Finally, this approach could be extended to quantify the
nonlinear material properties of complex bulk fluids subjected to large amplitude
oscillatory shear as well.
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Chapter 6

Effect of salt triggered hydrogel
emulsions on the lipid digestion; an
in vitro study

6.1 Abstract

The mechanical properties of hydrogel emulsions made of 2NapFF prepared at
different salt (MgSO4 and CaCl2) concentrations (1–4 mg/mL) were investigated
to determine the impact of salt on lipid digestion. The rate of hydrolysis
was calculated using an in-vitro intestinal digestion model for two hours. The
microscopic characteristics of fresh and digested emulsions were analised using
confocal laser scanning microscopy (CLSM) and laser light scattering. The rate
and extent of lipid bioaccessibility was higher for emulsions prepared with calcium
chloride and increased with salt concentration. In addition to this, we observe
that the rate and extent of lipid digestion does not increases monotonically for
emulsions prepared with magnesium sulfate, which could be due to the non-
monotonic effect shown in Chapter 4. We surmised that the faster lipolysis
observed in emulsions prepared with calcium chloride may be due to the rigid
network, which could become extremely fragile under stress. These results
indicate that the mechanical properties of emulsions play an important role on
lipid digestion and hence these must be taken into account when designing novel
emulsion-based foods.
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6.2 Introduction

Immiscible liquids are brought together in many natural and technological
circumstances. When mixed, by mechanical or chemical energy, these immiscible
liquids transform into emulsions, which have already been introduced in Chapter
1. Emulsions have been exploited by academic and industrial researchers for
many years because they add something new. For example, placing active
constituents inside coated oil droplets, has lead to the construction of delivery
systems for protection, transport and release [213]. It is increasingly clear,
that a well designed matrix for such systems is crucial, not just because it
protects functional ingredients from enzymatic reactions and mechanical forces,
but because influences the rate and extent in the gastro-intestinal tract [214, 215].
This has been nicely demonstrated by Dias and others, by showing the effect of
food structure on lipid digestion through in vitro oral, gastric and intestinal
digestion. Experiments were also carried out in vivo with healthy young adults
consuming the same test foods as for in vitro experiments. Three samples, made
with the same ingredients and calorie content were prepared in different ways.
Liquid and semi-solid samples were prepared by mixing the ingredients with water
in a blender; the latter was placed in a water bath and baked at 180 ◦C for 30
minutes after mixing. For solid samples, a higher concentration of oil was used
to prepare a dough, which was later baked at 120 ◦C for 18 minutes. Solid foods
differed from the alternatives in that had a lower pH, bigger droplet size and
smaller amount of fat collected at the end of the gastric digestion, hence affecting
the digestion kinetics during intestinal digestion addition. In addition, the solid
food delivered higher fullness and satisfaction among participants and resulted
being more healthy, with a lower increase in serum triglycerides than the liquid
food. [216]. Similarly, the effect of different dairy systems on lipid and protein
bioaccessibility in an in vitro digestion model was studied by Mulet-Cabero et al.
[217]. Both samples had the same caloric content; the first was a mixture of cheese
and yogurt with a semi-solid matrix and the second an oil-in-water emulsion with
a liquid bulk. The samples presented structural changes during the gastric phase;
the semi-solid sample sedimented and the lipid sample creamed. These changes
affected nutrients adsorption in the small intestine, with the semi-solid sample
showing a slower release than the lipid sample.
Sometimes, like in the case of cheese and yogurt mentioned above, enzymes are
used that cause reactions so that the pH of the food is altered and consequently
its structure, with the aim of achieving more stable products, among many other
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things, i.e., achieve the desired flavour and texture or increase shelf life. On other
occasions, salts that form bonds with proteins (known as salt bridges) are used
sometimes for similar reasons. It is more and more apparent, that salts play an
important role on the kinetics and degree of lipid digestion. For instance, the
presence of calcium chloride has been observed to be essential for the activity of
pancreatic lipase [218–220]. Similarly, in one study the authors found that the
rate of total free fatty acids (FFAs) released from the interface increased with
calcium chloride concentration for emulsions stabilised by different surfactants
[221]. Another study showed that after an initial increase in the rate of lipolysis
influenced by the concentration of bile salts during the first 5 minutes, the rate
of lipolysis became directly related to calcium chloride concentration [222].
Since scientists realised of the potential link between health and nutritional
attributes to the properties of foods, there is a special interest in controlling the
digestibility of lipids within the gastrointestinal tract [223–226]. Many of these
studies have been conducted via in vitro models, proving to be a powerful tool to
study a number of aspects, including structural changes, digestibility and release
of food constituents within the upper gastrointestinal (GI) tract [227]. The GI
tract consisting of mouth, stomach and small intestine, providing insights in the
physicochemical processes occurring during digestion. Static In vitro methods
can then be correlated with those obtained using in vivo studies to predict
possible effects of food on human health [228, 229]. In static in vitro models,
the main digestion conditions of pH, enzyme activity, temperature are fixed in
each step. This methodology is simple to use, more accessible and reproducible.
However, it cannot simulate some complex processes that occur in the GI tract
such as the mechanical contractions of the stomach, the gastric emptying or the
progressive delivery of the digestive fluids, which is better simulated in semi-
dynamic and dynamic digestion models. Recently, a standardised static in vitro
static digestion protocol has been developed by the INFOGEST COST Action,
which allows obtaining data that can be compared [230]. To mimic the small
intestinal conditions, the pH stat method is among the most chosen methods
used to investigate the digestion kinetics of macronutrients (i.e., proteins, lipids
and carbohydrates)[220, 229]. A schematic representation of the pH stat in vitro
digestion model used to determine lipid digestibility is shown in Figure 6.1. The
emulsion, placed in a vessel with the simulated intestinal fluid (SIF), is kept to a
constant pH by adding a volume of NaOH to neutralise the FFAs released from
TAGs during a 2 hours digestion.

Lipid digestibility involves hydrolysis of triglycerides (TAG) by enzymes,
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Figure 6.1 Schematic of a static in vitro digestion model used to determine lipid
digestibility. See Methods section for lipid digestion protocol.

with 5-40% [231] occurring in the stomach by gastric lipase and generating
diacylglycerols (DAGs), free fatty acids (FFAs) and some 2-monoacylglycerols
(2-MAG)[232]. Hydrolysis continues in the small intestine, where pancreatic
lipase and estereases together with colipase and bile salts [233] break TAGs and
DAGs further down into FFAs and 2-MAG [232]. When fully digested, two FFAs
are released from each TAG, hence the percentage of FFAs can be calculated by
knowing, (i) the amount of total TAGs present in the vessel and (ii) the number
of total FFAs released after a certain digestion time [234]. Li and McClements,
developed a mathematical model that characterises FFAs as a function of time
resulting from the pH stat method. To calculate the FFAs released, the authors
divide the number of moles of alkali (NaOH) needed to neutralise the FFAs by
the number of moles of FFAs release from a TAG after a full digestion (assumed
to be 2 FFAs per TAG after a full digestion) [234]:

%FFAs = 100×
(
VNaOH ×mNaOH ×Mlipid

Wlipid × 2

)

where VNaOH is the volume of sodium hydroxide needed to neutralised the FFAs
released, mNaOH is the concentration of the sodium hydroxide used (in M),
Wlipid is the total mass of the triacylglycerol oil initially present in the vessel (in
g) and Mlipid is the molecular weight of the TAG (in g/mol1) [234].

In this chapter, we investigate the effect of salt triggered hydrogel emulsions with
different mechanical properties on the lipid digestion using a static in vitro model.
The main goal of this chapter, was to verify whether the mechanical properties of
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the emulsions have any impact on the rate and extent of lipid digestion. The
results show that the rate and extent of lipolysis increases, at short and at
long periods for emulsions prepared with calcium chloride. We surmise that this
effect is mainly due to the structure of the emulsions becoming too brittle, hence
disrupting faster under mechanical forces. Under this scenario, oil droplets are
released faster from strong but brittle matrices, than from weaker but flexible ones
i.e., with more viscoelastic properties. For emulsions prepared with magnesium,
we observe a non-monotonic effect dependence of digestion on salt concentration;
at an intermediate salt concentration, emulsions showed higher rate and extent
lipolysis than emulsions prepared at the lowest and highest salt concentrations.
These are preliminary results and therefore a greater number of experiments need
to be performed to investigate further the effect of stiffness on digestibility.

6.3 Materials and methods

6.3.1 Materials

2NapFF was synthesised as described previously [42]. Sunflower seed oil from
Helianthus annuus was purchased from Sigma-Aldrich and treated with Florisil®

(Sigma, Poole, UK) to remove polar, surface-acive compounds from the oil. The
enzyme activities and bile salt concentrations in the bile extracts were measured
according to the assays detailed in [230]. The solvents hexane and ethanol, were
purchased from Fisher Scientific UK. All other chemicals used were of analytical
grade and were obtained from Sigma-Aldrich unless specified.

6.3.2 Methods

Hydrogel preparation

Hydrogels and emulsions used in this study were prepared using the procedures
described in [1]. Before 2NapFF molecules are dispersed, a high pH environment
needs first to be created. To do so, 0.3 mL NaOH (0.1 M aq) aliquots were added
to millipore water (resistivity = 18.8 MΩ. cm). Then, 0.5 wt% 2NapFF were
added to the basic solution, which was then placed in an ultrasonic bath for 1
hour and stirred with a magnetic bar until a clear solution was achieved. Gelation
was triggered by adding calcium chloride or magnesium sulfate already dissolved
on top of the clear solution by pipetting 1, 2 or 4 mg/mL (1M aq) and left to
stand for 12 hours at room temperature to equilibrate.
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Table 6.1 shows the salts and concentrations used during the experiments to (i)
trigger gelation and (ii) perform the digestions, such as that recommended in
simulated intestinal fluids (SIF) from the INFOGEST protocol. The maximum
salt concentration used to trigger gelation was 36.7 mM for calcium chloride and
16.5 mM for magnesium sulfate, whereas in the vessel was 5.7 mM and 2.3 mM
respectively.

Table 6.1 Salt concentration used in each sample to form the gels and the total
salt concentration used for the digestions (including the recommended
concentration in Simulated Intestinal Fluid (SIF) from INFOGEST
protocol).

Salt Total salt in sample
(mg/sample - mmol

L−1)

Total salt in SIF
(mmol L−1)

Total salt in vessel
(mmol L−1)

5 - 9 0.6 1.86
CaCl2 10 - 18 0.6 3.12

20 - 36.74 0.6 5.74
5 - 4.05 - 0.56

MgSO4 10 - 8.11 - 1.13
20 - 16.5 - 2.31

Emulsion preparation

Emulsions were prepared by adding 5% sunflower oil to the gels, which were then
mixed using an ultra-turrax (IKA Eurostar 40), operating at 10,000 rpm (shear
rate ≈ 17,135 s−1) and 8 mm head for 50 seconds.

Small intestinal in vitro digestion of emulsions

The small intestinal digestion was simulated using the pH stat method and the
INFOGEST static digestion conditions as described in [235]. The simulated
intestinal fluid (SIF) was made in the same manner than that in INFOGEST
static digestion but sodium bicarbonate (NaHCO3) was replaced by sodium
chloride (NaCl) to avoid pH changes due to the formation of CO2. 5 grams
of emulsion sample was placed in a reaction vessel jacketed at 37 ◦C. The final
composition in the reaction system was 0.006 wt% lipid, 10mM bile salts and 500
µ/mL pancreatin (based on lipase activity). The pH was maintained at 7.0 by
constant titration of 0.1 M NaOH into the digestion mixture, using an automatic
potentiometric titrator (AT-700, KEM, Japan) for 120 minutes, and constant
stirring (500 rpm). The percentage of FFAs released was then calculated from
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the volume of NaOH solution used to neutralise the FFAs using Equation 6.2.
The digestion of each salt concentration was performed in triplicate.

Droplet size distribution of emulsions

The droplet size distribution of emulsions was measured immediately after
emulsion preparation and after in vitro intestinal digestions by using a laser
diffraction particle size analyser (Beckman Coulter, LSI3320, Fullerton, CA,
USA). A minimum volume of initial and digested emulsions was used to reach 8%
laser obscuration when possible. The relative refractive index parameters used
during measurements were 1.473 for the dispersed phase (sunflower oil) and 1.333
for the bulk. The absorbance value for the droplets was 0.001.

Confocal laser scanning microscopy (CLSM)

Measurements were carried out using confocal laser scanning microscopy (Model
Leica TCS SP5). 0.1 % Nile red in polyethylene glycol and 0.1 % fast green in
water were used to label the dipeptides and the lipid respectively. 50 µL of the
mixed dyes was then added on top of 500 µL of the initial/digested emulsion
sample and gently stirred until mixed. Nile red and fast green dyes were excited
using an argon laser at 488 nm and HeNe laser at 633 nm respectively. Enzymatic
activity was stopped immediately after emulsions were prepared and digestions
had finished. Aliquots of a previously prepared mixture made of 100 mg of 4-
bromophenylboronic acid dissolved in 0.5 mL of methanol were added to 0.5
mL emulsion samples by pipetting 2.5 µL aliquots of this mixture plus 50 µL
of Bowman-Birk inhibitor (BBI) on top of these. Finally, to stop oil droplets
undergoing flocculation and/or coalescence, formalin was added on top of these
solutions, such that the final ratio of formalin to the initial emulsion sample (0.5
mL) was 1:10. Samples then were left in the fridge until confocal microscopy was
conducted (24-48 hours). Dipeptides and lipids were labelled by using nile red
and fast green FCF respectively at a ratio of 1:1. Then, 500 µL of the emulsion
(either initial, digested or control), was gently mixed with 50 µL of mixed dye.
Finally, a droplet of the final mixture was placed on a microscope slide, excited
with a semiconductor laser at 633 nm and 488 nm and measured with a 63× oil
immersion objective.
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6.4 Results and Discussion

In an effort to determine whether the hydrogel reforms between oil droplets
after emulsification, emulsions prepared with calcium chloride and magnesium
sulfate were inverted to perform an inverted vial test. This test is used for
phase behaviour determination; vials containing the sample are turned upside-
down to observe whether the sample supports its own weight [207]. Hydrogels
and emulsions prepared in the same way as for those used in digestions were
left upside-down for 12 hours. After 12 hours hydrogels prepared with calcium
chloride and magnesium sulfate passed the test satisfactory. However, after the
hydrogel has being disrupted by the ultra-turrax to form the emulsion, only those
prepared with calcium chloride reformed again between oil droplets. Emulsions
prepared with magnesium sulfate resulted in primarily viscous properties, with
samples flowing slowly when the vial was inverted. In the case of emulsions
prepared with calcium chloride, the emulsions are solid and become stiffer when
the salt concentration is increased (observed when manipulating the sample with
a spatula).
Figure 6.2 shows the microscopic characteristics of initial emulsions (left hand
side column), digested emulsions after 2 hours of digestion by pancreatin (middle
column) and control emulsions after 2 hours of digestion with no pancreatin
added (right hand side column). Initial emulsions prepared with calcium chloride
shows a network made of stiff fibres with distorted oil droplets entrapped in it
(see Figure 6.2 left hand side column). Light being scattered increases with salt
concentration, suggesting that a higher number of cross-links among interfibres of
supramolecular nanofibres within the hydrogel increases along with the storage
moduli [150]. The strength of hydrogels made of 2NapFF and triggered with
calcium chloride have been found to increase with salt concentration before. At a
ratio of 1:1 calcium chloride ions to COOH from 2NapFF the hydrogel strength
reaches its maximum, which if this is surpassed, the strength decreases to values
of lower calcium chloride concentration [2, 150] (in this study we never reached
such a threshold). By contrast, emulsions prepared with magnesium sulfate, led
to emulsions with a more homogeneous matrix made of small fibres and spherical
oil droplets are bigger than those observed in emulsions prepared with calcium
chloride. After 2 hours of digestion with pancreatic enzymes, lipids and dipeptides
have vanished, which suggests that have been digested (see Figure 6.2 middle
column).
Control emulsions were prepared to verify that dipeptides and lipids had been
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Figure 6.2 Microscopic characteristics of 0.5 wt% 2NapFF and 5 % sunflower
oil emulsions, prepared at 1, 2 and 4mg/mL calcium chloride and
magnesium sulfate. Images were taken for initial (left hand side
column), digested (middle column) and control (right hand side
column) emulsions. Dipeptides fibres and lipid droplets were labelled
with Nile Red and Fast Green FCF respectively. Scale bar is 20 µm.
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digested by pancreatic enzymes and these did not vanish because of agitation.
Controls were performed in the same manner than the digestions but without the
inclusion of pancreatin (see Figure 6.2 right hand side column). After 2 hours of
simulated digestion, dipeptide fibres surrounding the oil droplets have vanished
(note that in the case of emulsions prepared with calcium chloride the oil droplets
have been pulled back into a spherical shape). We believe that the structure of
emulsions get destroyed by placing the emulsions together with the SIF in the
reaction vessel and by agitation. However, oil droplets, although lower in number
and size than in initial emulsions, remain in the sample. It is possible, that
agitation may not be so fast as to prevent larger oil droplets from rising to the
surface. Based on these results, it is clear that mechanical agitation aids lipid
hydrolysis by disrupting the hydrogel network in the continuous phase in such a
way that it is less difficult for enzymes to reach the interface of oil droplets.
Figure 6.3 shows the droplet size distribution curves, as determined by laser
light scattering of initial, digested and control emulsions. Overall, a broad
size distribution is observed in all emulsions, characteristic of emulsions with
a wide spectrum of oil droplet sizes. The size distribution was remarkably similar
between salt concentrations for initial emulsions prepared with calcium chloride,
with 80% of the volume being between 24 and 213 ± 0.15 µm in diameter. On
the contrary, the droplet size distribution for initial emulsions prepared with
magnesium sulfate is diverse, with shoulders at low (2 mg/mL) and large (4
mg/mL) droplet size and increases with salt concentration, with a 90% volume
percentile (Dv90) of 123, 178 and 282.6 µm for 1, 2 and 4 mg/mL respectively. We
observed a similar behaviour before in Chapter 3, where foams made of hydrogels
triggered with magnesium sulfate resulted in higher-quality foams with small
average bubble size when prepared at lower salt concentrations. After 2 hours of
digestion, the volume of large oil droplets decreases, while the volume for small
oil droplets with sizes between 0.1 and 1 µm increases. Droplet size distributions
in the controls are similar to those observed in initial emulsions, albeit with a
slightly smaller average oil droplet size, most probably caused by agitation.
When we compare the methods used to measure the droplet size distribution
of the emulsions, we notice a large disagreement between them. While confocal
images show an average droplet size of approximately 11 and 13 µm for calcium
chloride and magnesium sulfate respectively for initial emulsions (see Figure 6.4),
this increases almost an order of magnitude (91 and 112 µm) when measured with
laser light scattering (see Figure 6.3a,b). These discrepancies may be because of
the samples used in the confocal were diluted and left in the fridge for 24–48
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Figure 6.3 Droplet size distribution curves as determined by laser light
scattering of 0.5 wt% 2NapFF and 5% sunflower oil emulsions.
Initial emulsions prepared with a: calcium chloride and b:
magnesium sulfate. Emulsions after 2 hours of digestion by
pancreatin (solid lines) and with no pancreatin added (empty
symbols) prepared with c: calcium chloride and d: magnesium
sulfate (mean = 3).

h. The gel network between oil droplets is disrupted when diluting the samples
and it is possible that bigger droplets without this structure, cream, coalescence
and ultimately phase separate. Under this scenario, tiny droplets will remain
for longer than bigger ones. In fact, the microscopic characteristics of emulsions
prepared in a similar manner to the emulsions used in the digestions, (albeit with
different oils), had a droplet size of approximately 100 µm (Chapter 3), which
are in line with measurements taken with the laser light scattering approach (see
Figure 6.3).
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Figure 6.4 Mean surface diameter (D3,2) measurements of 2NapFF 0.5 wt%
and 5% sunflower oil emulsions calculated from confocal images from
Figure 6.2.

Figure 6.5 shows the total amount of FFAs released from emulsions in the presence
of different calcium chloride and magnesium sulfate concentrations during a
static in vitro intestinal digestion as a function of time. Lipids in emulsions
prepared with calcium chloride were digested rapidly within the first minute with
approximately 6% of total FFAs released, followed by a progressive increase to 32 ,
35 and 41 % hydrolysis for 1, 2 and 4 mg/mL calcium chloride respectively after 2
hours. Similarly, the amount of total FFAs released from emulsions prepared with
magnesium sulfate increased fast during the first minute, proceeded by a rather
slower increase hydrolysis compared to emulsions prepared with calcium chloride.
Interestingly, unlike emulsions prepared with calcium chloride, the total FFAs
released did not increase monotonically for these emulsions. Emulsions prepared
with magnesium sulfate at 1 and 4 mg/mL shown a total FFAs released of about
5%, whereas for emulsions prepared at 2 mg/mL, the total FFAs increased roughly
to 9% within the first minute. At longer periods, lipids in emulsions prepared
at 2 mg/mL were again digested faster than lipids in emulsions prepared at
low and high salt concentrations, with the former reaching a total lipolysis of
approximately 34% and the later 26 and 30% after 2 hours of digestion.
The rate of lipolysis increases rapidly for the first minute but suddenly decreases
and grows more slowly for all emulsions; first this decreases after one minute and
subsequently levels off again at about after 10 minutes. These changes have been
observed to be caused for different reasons. In bulks liquids, the change can be
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caused by oil droplets flocculating and/or coalescing. On the contrary, for dense
samples like solid gels, these changes can be induced by a lower concentration of
enzymes at lipid interfaces. For example, before lipase and co-lipase enzymes can
reach the interfaces, they first have to diffuse through the hydrogel matrix. Soon
after, FFAs and monoacylglycerols (MAG) will have to diffuse back out of the
matrix to avoid building up at the interface, thereby delaying lipolysis [236, 237].

Figure 6.5 Influence of a: calcium chloride and b: magnesium sulfate in the
pH-stat reaction vessel on the rate and extent of lipid digestion
determined by monitoring the FFAs released over time. Insets show
the first 10 minutes of digestion (mean ± standard deviation, n =
3).

Soluble salts have been observed to release FFAs at a faster rate than insoluble
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ones [238]. This would have explain the faster lipolysis observe in emulsions
prepared with calcium chloride, hence this is twice as soluble (740 mg/ml) as
magnesium sulfate (350 mg/ml). However, the concentrations of magnesium
sulfate and calcium chloride used in this chapter were far way below the saturation
concentration and hence we believe this did not have a direct effect on the higher
rate and extent of lipolysis observed in calcium. More recently, Torcello-Goméz et
al. found that the presence of calcium chloride promotes the kinetics of lipolysis
due to the complexation between the ions and the fatty acids [239]. Furthermore,
long chain fatty acids were found to precipitate in the presence of calcium chloride,
thereby accelerating lipid digestion [222]. However, in some cases the use of
calcium chloride has been found to slow down hydrolysis [240]. This may be
related to the fact that calcium chloride is sometimes used to trigger gelation
during gel formation, hence this has been found to increase the moduli of the gels
orders of magnitude higher than other salts [2]. More specifically, the moduli of
the hydrogels made of 2NapFF have been found to increase with calcium chloride
concentration until it reaches a maximum before starts to decrease again (we
never reached such threshold) [2]. Certainly, the strength and structure of the
gel has been observed to affect the rate of digestion, where weak gels break down
and release oil droplets more rapidly than stronger ones [240–242]. In spite of
emulsions prepared with calcium chloride having a higher moduli than emulsions
prepared with magnesium sulfate, lipids in the former are digested faster and to
a higher extent than in the latter.
Droplet size have been found to influence the rate and extent of lipid digestion
[243]. Given that the surface area is inversely related to the size of the droplets
[244] and lipid digestion is an interfacial process [243], it is fair to think that
the rate of lipid digestion should increase for emulsions with smaller droplets.
However, the digestion rate and extent for emulsions prepared at 1 mg/mL
MgSO4, with the smallest droplet size of all emulsions studied here (see Table 6.2),
were found to be the ones with slowest rate and extent of all digestions. What
is more, emulsions prepared with calcium chloride, with an overall bigger droplet
size, shown a faster rate with higher extent lipolysis compared to emulsions with
lower droplet size.
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Table 6.2 Volume percentiles calculated from the droplet size distribution curves
from Figure 6.3.

Salt Concentration
(mg/mL - mmol L−1)

Initial Digested Initial Digested

Dv10
(µm)

Dv10
(µm)

Dv90
(µm)

Dv90
(µm)

1 - 1.5 24.95 0.63 185.57 88
CaCl2 • 2H2O 2 - 3.0 23.84 0.34 213.21 69.61

4 - 6.1 24.95 0.55 213.21 92.10
1 - 0.6 12.40 0.34 123 92.10

MgSO4 • 7H2O 2 - 1.3 3.52 0.25 178 111
4 - 2.5 21.72 0.25 282.56 101.01

6.5 Conclusions
Lipid digestion in the small intestine was simulated using the pH stat method in
order to study the impact of the mechanical properties on the lipid digestion.
Emulsions were stabilised by dipeptide hydrogels with salt tunable matrices.
These results should be considered preliminary given that experiments were
undertaken during a visit to a collaborating laboratory and the time was limited.
The strength of the matrix holding the droplets in place is higher for emulsions
prepared with calcium chloride than for emulsions prepared with magnesium
sulfate. In the case of emulsions prepared with calcium chloride, the gel
reforms between oil droplets after this has been disrupted during emulsification.
Furthermore, the stiffness of the gel increases with salt concentration. In contrast,
emulsions prepared with magnesium sulfate flow slowly after emulsion formation
and it is not clear whether the strength of the structure increases with salt
concentration. The rate and extent of lipid digestibility was observed to be
higher for emulsions prepared with calcium chloride than with magnesium sulfate.
Despite emulsions prepared with calcium chloride having very similar droplet size,
the speed and total FFAs released increases with salt concentration, theoretically
due to the number of calcium soaps rising with the amount of salt and being
removed from the interface afterwards. Emulsions prepared with magnesium
sulfate, shown a non-monotonic dependence of digestion on salt. At intermediate
salt concentrations, emulsions prepared with magnesium sulfate exhibited the
highest lipolysis rate and extent of its counterparts (1 and 4 mg/mL). The volume
of tiny droplets is also higher for intermediate salt concentration emulsions,
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which could make us believe that the digestion rate could have been affected by
this, rather than because of salt concentration. However, droplets in emulsions
prepared at 4 mg/mL, were significantly bigger compared to emulsions prepared
at 1 mg/mL and we did not observe a lower rate or extent for these emulsions.
Based on these results, we surmise that strong emulsions with a rigid matrix
can be significantly fragile. Under stress, brittle emulsions reach their maximum
strain values before emulsions with higher viscoelastic properties, hence breaking
at shorter elastic deformations. In such scenario, oil droplets within strong
highly elastic networks - such as those observed in emulsions prepared with
calcium chloride - would be released faster under a mechanical force than
droplets immersed in weaker, yet more deformable matrices. Certainly, more
experiments need to be performed to turn this initial sketch into a complete
picture. Nonetheless, based on our results, we believe that it is worthwhile to
investigate the effect of hydrogel-emulsions with different mechanical properties
on the lipid digestion.

128



Chapter 7

Conclusions and Outlook

7.1 Emulsions stabilised using dipeptide hydrogel
fibres

In this thesis, we have investigated the behaviour of dipeptide molecules (2NapFF
and ThNapFF), that are able to form hydrogels that we use to impart stabilisation
to emulsions. Dipeptides molecules behave as an emulsifier, as a stabiliser and
as a gelling agent. When dispersed in a basic solution (≈ 11 pH), dipeptides
self-assemble to form nanofibres that adsorb to liquid-liquid interfaces. At high
enough concentration, the nanofibres start to entangle in response to the addition
of metal ions, holding large amounts of water and subsequently solidifying the
continuous phase.
We have investigated the behaviour of 2NapFF at low concentration (0.1 wt%)
in Chapter 3. To do this, we first have presented a route to achieve repeatable
hydrogels. Here, various methods and temperatures have been studied to improve
dipeptide dispersion. Following this, we tried different routes to trigger gelation,
until stable hydrogels, with no signs of phase separation were achieved. We then
use the hydrogels to form foams and emulsions using different oils. Foams became
less stable than foams prepared at higher 2NapFF concentrations studied in [56].
However, emulsions remained stable for more than one year. While dipeptide
fibres are found to adsorb to air-water interfaces, the gel structure is now too
weak to keep the bubbles immobile. Evidently, this is not the case for emulsions,
where drops, with higher similarity in density to water than bubbles, seem not
to be affected by the lack of gel network at such dipeptide concentration.
Next, during emulsification, droplets and thin films deform under shear flow. To
mimic this behaviour, we have investigated the dynamic behaviour of interfacial
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films under uniaxial stretching using a custom made interfacial extensional
tensiometer (see Figure 4.4) in Chapter 4. Hydrogels made of 2NapFF and
ThNapFF prepared with different salts and salt concentrations were placed
between two open circular rings of equal diameter (see Figure 4.5) and stretched
at different velocities. As the lower ring is set in motion, the hydrogel stretches
until eventually becomes a film. The main results of this chapter are that film’s
collapse is salt dependent. Hydrogels prepared with CaCl2 turned into elastic
solid films that collapse immediately after the film has formed. By contrast,
hydrogels prepared with sodium chloride developed into extremely viscous films
that flow when the ring reaches its maximum aperture. In between, hydrogels
prepared with magnesium sulfate turned into viscoelastic films that collapse when
the film makes contact with itself in the middle region. In addition to this, films
prepared with magnesium sulfate showed a non-monotonic trend dependence of
film strength at intermediate salt concentration, observed by a subtle increase in
the ratio Rz/a, followed by partial-decohesion between the hydrogel and the end
rings. Last, a large disagreement was found between image and equation based
surface areas at intermediate and long distances; while equation based surface
areas kept increasing for all distances, image based surface areas dropped when
they equalled the surface area of the two rings.
In Chapter 5 we have examined the behaviour of interfaces with different
mechanical properties by performing strain amplitude and frequency sweeps via
a drop profile tensiometer. Interfaces were made of 2NapFF and prepared at
different concentrations of magnesium sulfate. Interfaces oscillated at the lowest
strain, exhibited symmetric Lissajous plots, which indicates that the mechanical
properties of the interfaces, are still in the linear regime. Nonlinearities started
to appear at intermediate strains and become more marked at higher strains.
Interfaces prepared at high salt concentration, showed the highest elastic response
of all films, with surface pressure even increasing after yielding. At the other
end, films prepared at the lowest salt concentration, were the weakest of all
interfaces, showing a surface pressure yielding at lower strains and then decreases
. Similar to films studied in Chapter 4, interfaces prepared at intermediate
salt concentration, showed a more viscoelastic response, with a surface pressure
yielding at higher strains than the rest of interfaces. Finally, we realised that
the strain-stiffening ratio S used to quantify nonlinearities from Lissajous plots
can display confusing results to quantify nonlinearities from interfaces with
softening/hardening paradox response and interfaces yielding at negative strains.
Therefore, we suggest a small modification in the analysis of Lissajous plots to
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include all interfaces.
For the last experimental chapter, we wanted to link our work to a good or
application. Emulsion lipid digestion is influenced by physiological parameters
and emulsion properties [245]. For this reason in Chapter 6, we have studied the
effect of the mechanical properties of emulsions on lipid digestion. The hydrogels
used to form the emulsions were prepared in the same manner and concentration
as in Chapter 4. The rate and extent of FFAs released during the digestions, was
higher for emulsions prepared with calcium chloride than for magnesium sulfate.
Initial emulsions prepared with calcium chloride showed a network made of stiff
fibres with distorted oil droplets entrapped in it, whereas emulsions prepared
with magnesium sulfate, led to emulsions with a more homogeneous matrix made
of small fibres and spherical oil droplets. Based in results from Chapter 4, we
hypothesise that this could be due to emulsions prepared with calcium chloride
having a more brittle gel network. Under this scenario, these emulsions would be
stronger than those prepared with magnesium sulfate, however, a brittle network
can be significantly more fragile under stress. On the contrary, a hydrogel
emulsion with a weaker but more viscoelastic network, could support better the
stress and hence delayed the released of FFAs.
In conclusion, the work in this thesis has investigated the behaviour of dipeptide
fibres in the bulk phase and adsorbed to interfaces. It has been observed that the
properties of the continuous phase and of interfaces can be affected by the presence
of dipeptide molecules and that these are altered by the type and concentration
of salt used to trigger gelation. For example, calcium chloride increased the
elasticity of the interfaces. On the contrary, interfaces prepared with sodium
chloride became more viscous and somewhere in between were interfaces prepared
with magnesium sulfate. The mechanical properties of the interfaces appears to
become more marked with increasing salt concentration. However, for interfaces
prepared with magnesium sulfate, seems to show a peak at intermediate salt
concentration, where the elastic response may be higher. Lastly, the effect of salt
on the mechanical properties of emulsions play an important role as observed in
lipid digestions. The work done in this thesis adds to the research community
and learning how to control the mechanical properties of systems such as foams
and emulsions is key to develop new products and improve existing ones.
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7.2 Future research
This thesis was initially motivated by the need to improve the understanding of
the behaviour of dipeptides at interfaces. Therefore, we propose a number of
research suggestions that could be interesting to follow and easy to implement
in future research experiments. The first and probably the most interesting
experiment to investigate would be the phase separation observed with octanol in
the first experimental chapter. The ratio octanol:water could be varied to observe
whether this can be reversed to a oil-in-water emulsion and if the concentration
of salt has any effect on this. In Chapter 4, developing further the custom-made
film tensiometer could be stimulating, as it could bring new insights into the field
of interfacial rheology. For instance to add a force sensor to measure the stress
at different velocities or study the evolution of the film thickness profile using
interference reflection macroscopic. Other changes that are cheaper and easier to
implement are, roughing the rings to avoid wall slip or changing the piezoelectric
motor unit to have a better control of the velocity at which the lower ring moves;
with a wider range of velocities and an option to choose between increasing this
linearly or exponentially, as this could influence the results. Finally, the code to
extract the profile of the film such that this is extracted in a more robust manner,
especially near the end rings where the film attaches to the instrument and seems
to fail in doing that sometimes. Likewise, visual data should be implemented
in the code at different points of the process, as sometimes it is difficult to
understand what this is doing at different steps. Finally, it could be interesting
to use interfacial dilational rheology to study interfaces prepared with calcium
chloride and magnesium sulfate, salts used in Chapter 4 as well, different oils,
such those used in Chapter 3 or food grade oils.
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Figure A.1 Experimental evolution of the radius a/R as a function of
distance h/R of hydrogelled films made of 2NapFF, prepared with
different salts (magnesium sulfate, calcium and sodium chloride)
concentrations (1, 2 and 4 mg/mL), stretched at medium speed.
The solid and dashed black lines are the radius at the midplane of
the film a of stable and unstable catenoid film respectively. Where
R is taken to be 9.25 mm.
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Figure A.2 Evolution of the surface area S/R2 calculated left column:
numerically and right column: analytically as a function of
distance h/R of hydrogelled films made of 2NapFF, prepared with
different salts (magnesium sulfate, calcium and sodium chloride)
concentrations (1, 2 and 4 mg/mL), stretched at medium speed. The
solid black curve is the surface area of the stable minimal surface.
The dashed black curve is the surface area of the unstable minimal
surface. The horizontal dashed line is the surface area of the two
rings and the vertical dashed lines are the the critical distance hc/h
at which films cannot exist any more and ho/h is the distance at
which the surface area of the films equals the surface area of the two
rings. Where R is taken to be 9.25 mm.
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Figure A.3 Experimental evolution of the ratio axial radius profile to the radius
at the midplane of the film Rz/a as a function of distance h/R
of hydrogelled films made of 2NapFF, prepared with different salts
(magnesium sulfate, calcium and sodium chloride) concentrations
(1, 2 and 4 mg/mL), stretched at medium speed. Where R is taken
to be 9.25 mm.
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Figure A.4 Root mean square error from from the regression line and the data
points of hydrogelled films made of 2NapFF, prepared at a,b: 1,
c,d: 2 and e,f: 4 mg/mL magnesium sulfate, stretched at left
column: low and right column: high speed.
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Figure A.5 Root mean square error from from the regression line and the data
points of hydrogelled films made of 2NapFF, prepared at a,b: 1, c,d:
2 and e,f: 4 mg/mL sodium chloride, stretched at left column:
low and right column: high speed.
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Table A.1 Shows the collapse scenario for hydrogel films made of 2NapFF,
prepared with different salts and concentrations and stretched at
different velocities.

Salt
Type

Conc.
(mg/mL)

Speed
(mm/s)

Rupture
Scenario

Shrinkage
Scenario

Thread
Scenario

low
1 medium

high
low

MgSO4 2 medium
high
low

4 medium
high
low

1 medium
high
low

CaCl2 2 medium
high
low

4 medium
high
low

1 medium
high
low

NaCl 2 medium
high
low

4 medium
high
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Table A.2 Shows the life time for a set of hydrogel films, made of 2NapFF,
prepared with different salts and concentrations and stretched at
different velocities.

Salt
Type

Conc.
(mg/mL)

Speed
(mm/s)

Start time
(ms)

End time
(ms)

Life time
(ms)

low 3219 785 2434
1 medium 1249 972 277

high 1165 997 168
low - 1271 -

MgSO4 2 medium 2333 2087 246
high 2772 2590 182
low 5300 1120 4180

4 medium 1374 1085 289
high 1374 1235 139
low 3433 2391 1042

1 medium 1386 1115 271
high - - -
low 2822 2310 512

CaCl2 2 medium 3004 2867 137
high 2770 2656 114
low 2335 1031 1304

4 medium 1180 1074 106
high 1056 970 86
low 3412 970 2442

1 medium 1122 824 298
high 942 768 174
low 3327 970 2357

NaCl 2 medium 1170 897 273
high 1046 887 159
low 3627 1185 2442

4 medium 1631 1298 333
high 1287 1121 166
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a)

c)

e)

g)

b)

d)

f)

h)

Figure B.1 Surface pressure response from strain amplitude and frequency
sweeps experiments performed on stable films made of 0.01 wt%
2NapFF prepared at left panel: 0.1 mg/mL and right panel:
0.2 mg/mL magnesium sulfate. Films were oscillated at a strain
amplitude of left panel: 1.5% and right panel: 25% with
frequencies a,b: 0.02 Hz, c,d: 0.05 Hz, e,f: 0.1 Hz and g,h:
0.2 Hz.
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a)

g)

e)

c)

b)

d)

f)

h)

Figure B.2 Surface pressure response from strain amplitude and frequency
sweeps experiments performed on stable films made of 0.01 wt%
2NapFF prepared at left panel: 0.3 mg/mL and right panel:
0.4 mg/mL magnesium sulfate. Films were oscillated at a strain
amplitude of 25% with frequencies a,b: 0.02 Hz, c,d: 0.05 Hz, e,f:
0.1 Hz and g,h: 0.2 Hz.
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