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Abstract 

Hydrogels represent a class of supramolecular networks which are ubiquitous in 

daily life, with applications ranging from food technology to biology. In this work, we 

investigated the tunable rheology of two such interacting hydrogels, which constitute 

the main paradigms of soft matter, colloids and polymers. First, we examined the 

kinetic arrest of synthetic PNIPAM microgel particles with tunable effective volume 

fraction by means of altering temperature and/or mass concentration. Reaching the 

same effective volume fraction reached by increasing concentration or by reducing 

temperature at lower concentration, we compared the rheology and identified 

differences between thermal and jammed glass regimes. Second, motivated by the 

defense mechanism of hagfish against predators, we obtained the main constituent 

protein, mucin vesicles and explored the properties of the resulting biopolymer 

network in different pH environments which promote its formation. We focused on 

the extensional response and dynamic structure in pure water, by adding salts and in 

artificial seawater, as functions of concentrations.  We identified appropriate handling 

protocols and attempted at linking stiffness with macromolecular structure. Our 

results provide ingredients for understanding complex mechanisms associated with 

rheological functions and tailoring the flow properties of such systems toward the 

eventual molecular design of hydrogels with desired response.  
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Chapter 1: Introduction 

Soft matter continuously attracts a lot of interest by the scientific community due to 

the ability to tune the properties of raw materials and, consequently, the final 

products. These materials can be synthetic or biological. Materials with new and 

unique properties originated from the combination of both polymers and colloids. 

Synthetic materials such as commercial polymers (i.e., polyethylene, the common 

commodity of plastic) or colloids (i.e., paints) are readily available and widely used. 

However, there is constant need to improve their properties and make them more 

functional, cheaper, ecofriendly etc. On the other hand, biological materials have 

very complex structures (i.e., DNA or polypeptides). To understand the structure-

properties link and design composites, it is important to use of suite of state - of - the 

art experimental tools. 

In the following paragraph, we discuss the classification of soft colloids and their 

phase transitions. 

Classification of soft colloids: 

The classification of soft colloids, is briefly discussed in terms of softness, 

interactions and complexity, as illustrated in figure 1.1 taken from [1]. 

The flexible linear chain (polymer coil) represents the soft extreme of soft matter 

whereas the hard particle represents the hard limit (hard sphere-HS). The gap 

between these limits is spanned by different polymeric-colloidal architectures. 

Examples include star polymers, micelles and microgels with intermediate softness, 

as indicated by the double horizontal arrow (soft to hard). 

In the top left side of figure 1.1 there is the representation of the interactions which 

are characterized by a potential U(r) as function of distance r. The soft potential 

shows that as soon as particles come closer they interact in comparison to hard 

sphere particles who interact only at distance of 2R (R is the size of the particle), 

when they touch each other. 

The system complexity is shown by the vertical arrows. The complexity is achieved 

via macromolecular architecture and/or mixing. Hence, chemistry allows the 
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synthesis of materials which share common features with polymers and/or colloids. 

This hybrid nature is responsible for a plethora of interesting phenomena and 

properties, and consequently provides a new route in soft matter research. 

 

Figure 1.1. Cartoon representation of various systems. The extreme case of soft system is that of a 

linear flexible polymer coil and the other extreme hard case is that of a hard sphere particle. The 

horizontal double arrow indicates the direction of soft to hard interactions and vice versa. The vertical 

arrow illustrates the complexity in the system (addition of particles, polymer chains, grafted chains 

etc.)[1]. 

Soft colloids have emerged as an important class of soft materials encompassing 

properties of polymers and soft colloids. The softness, types of interactions, shape 

and size along with the internal microstructure are the keys tunability parameters[2]. 

Popular types in such systems are micelles, star polymers and microgels. Their 

properties can tune by varying particle elasticity via their microstructure [3], [4], [1]. 

Synthetic microgels, a prominent paradigm of soft colloids consist of an internal 

chemical network structure [5]. The softness of such systems can be tuned by the 

cross-linking density. The higher the cross-linking density the less the softness. 

These systems are very functional since they can swell in the presence of solvent, 

depending on temperature and/or pH [6],[7],[8],[9]. Biological systems offer exhibit 

complex composition and interactions which are not well understood. An emerging 

class of such systems is that of biological hydrogels, with mucus systems being a 

notable representative. These are materials with very complicated microstructures 
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(variable components, some being unknown). An additional difficulty is the presence 

of charged groups up to the biopolymeric chain, hence polyelectrolyte with unknown 

charge distribution. However, the conformation can be tuned by adding salt. In the 

next paragraph, we discuss the fundamental idea of mucus hydrogels. 

Mucus hydrogels: 

Mucus consists of a gel matrix of water (95%), high molecular weight mucin like 

glycoproteins (3%) and other small molecules (2%). There are many different kind of 

mucus and there is a classification depending on their origin (i.e. gastric, duodenal, 

colon mucus etc.)[10]. The mucin concentration, the functionality (possible additional 

interactions or degradation) and the way of acting at different environments (saline or 

not) vary with the protein origin.  

A main use of such systems is to protect the epithelial tissues or as a defense 

mechanism for the animals. A unique example is the hagfish which is an eel-like fish 

and lives in the ocean. It is one of these animals where protect itself due to the slime 

formation with a specific mechanism. This special and defensive slime is one of the 

most excited situations in nature since it is formed in few milliseconds after the fish is 

attached from the predator. It entraps vast amount of water (99.996%), is very 

cohesive, super dilute, tough and elastic. It is consisted by two components: i) the 

skeins and the ii) mucin vesicles. The first in seawater undergoes unravelling and the 

later swelling and consequently mucin release[11]–[13]. The interplay between these 

two components is not well known. For this reason, isolated mucin vesicles 

investigated separately from the skeins in order to understand better the role of 

these proteins in the whole slime.  

Open challenges: 

This thesis is divided into two parts. A detailed investigation of suspensions of poly-

N-isopropyl acrylamide (PNIPAM) thermosensitive microgels in nanopure water is 

the content of the first part (i). Samples were used from the dilute to dense regime in 

order to reach the repulsive glassy regime and further on jamming regime. In the 

second part (ii) we focus on mucus hydrogels with the goal to better understand their 

viscoelastic behavior (shear and extensional rheology) in relation to their dynamic 

structure(dynamic light scattering).  
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i) Synthetic thermosensitive microgels 

PNIPAM microgels have been studied extensively during past decades by using 

various techniques. It is one of the most popular materials because of its 

thermoresponsive character and super absorbance profile. PNIPAM microgels 

entrap water at low temperatures and this causes a strong effect on their 

hydrodynamic size[6]. Based on this a pertinent question is whether one can reach 

the same rheological properties by using different paths to reach the same volume 

fraction. 

 

Figure 1.2. Cartoon representation of PNIPAM microgels in water at two different temperatures T1 and 

T2 at the same volume fraction φ reached by two different ways (once by increasing concentration 

and once by varying temperature). 

In figure 1.2 above we show a simplistic cartoon which explains the motivation. We 

can reach the same volume fraction φ with two different paths: i) either by increasing 

the number of particles (mass concentration increases at a constant temperature-left 

box of figure 1.2) ii) or by decreasing the number of the particles (temperature 

decreases at a constant concentration-right box of figure 1.2).  

The effective volume fraction estimated as φeff =c/c*, the ratio of the mass 

concentration to the overlap concentration (estimated from hydrodynamic size, RH) 

[1]. More details about that calculations are given in chapter 5 where we do report 
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our results. In appendix I there is a discussion on the estimation of the volume 

fraction. 

i) Biological hydrogels 

Mucus systems are composed mainly of water (>90%) and are found in mammalians 

and non-mammalians organisms. Here, we discuss the latter and we focus on 

mucin-like glycoproteins which is the major component of mucus. Mucins are long 

biopolymers with ionizable groups (mucus: polyelectrolyte system), with undefined 

structure. In figure 1.3 below we show a typical simplified mucin molecule. 

 

Figure 1.3. Cartoon representation of a mucin molecule, figure taken from [14]. 

The motivation was to characterize the hagfish mucus by dynamic light scattering in 

order to understand the diffusion dynamics. On the other hand, mucus is one of the 

softest elastic biomaterials [13], [15] with new emerging applications. For this reason, 

mechanical properties were tested under extension and shear, and a link to diffusion 

dynamics was attempted.   

The system is very complex due to the presence of various uncontrollable and/or 

unknown parameters. Below, we list the main questions to be addressed: 

1) How does hagfish slime manage to be very dilute but still a functional 

hydrogel? 

2) How does hagfish slime and in particular the mucin - being a polyelectrolyte 

system - interact with its high ionic strength environment?  

3) Can we compare the microscopic properties (probed by dynamic light 

scattering) with the macroscopic properties (probed by rheology in extension 

and shear) at the same conditions (e.g. at a given concentration)? 
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Thesis outline: 

The outline of this thesis starts with chapter 2 which is a background on soft systems 

(synthetic and biological), include polyelectrolyte, we discuss some open questions 

from previews work. In chapter 3, we focus our attention on the experimental 

techniques used: DLS, SLS, rheology, CABER, UV-vis. Chapter 4 focused on the 

materials used, i.e., colloidal thermoresponsive PNIPAM microgels in water and 

polymeric biological glycoproteins. We discuss the sample preparation for the two 

systems and their characterization. Chapter 5 is dedicated to soft microgels; how we 

understand the glass and the jamming transition. Chapter 6 and 7 present the 

structure and the rheology of hagfish mucin proteins in different environments. We 

summarize the thesis with chapter 8. The conclusions concerning the two systems 

and we combine our work in progress with open question as perspectives. The last 

part of the thesis contains an appendix with some additional results. 
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Chapter 2: Background 

This chapter focuses on the brief background of microgels as well as the mucus 

hydrogels. 

2.1. Microgels 

Microgels are cross-linked spherical particles with an intermediate, yet tunable 

softness. Their internal structure is similar to that of a typical polymeric network. The 

key feature is their ability to undergo a change volume in the presence of an external 

stimulus. The swollen/shrinkage situation is triggered by pH, temperature and 

solvent quality. There is a lot of literature on microgels which addresses their 

fundamental features [16]–[20]. 

 

Figure 2.1. One-dimensional state diagram of monodisperse athermal soft colloids against their 

effective volume fraction. The vertical axis represents the softness from hard sphere limit (a) to the 

soft polymer coil (d). The horizontal axis represents the effective volume fraction. The black lines 

shows the well-known volume fractions and the red dashed lines are not yet well established. 

Different letter correspond to different phases: F is fluid, F+C is the coexistence of fluid and crystal 

phase, C is crystal, G is glass and J is jamming. Figure taken from [16]. 

In figure 2.1, we see that hard spheres (a) exhibit similar transitions with microgels 

(b). The crystal, glass and jammed state of microgels occur at larger range volume 

fraction regions in comparison to HS. This reflects the deformability of soft particles. 
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For example, the first region is that of the fluid which covers the same range of 

volume fraction for both microgels and HS, the second region is the coexistence of 

fluid and crystal, then the system yields to crystal, to glass (random close packing-

RCP) and finally to a jammed state (HCP). The black solid lines are the well-

established volume fractions and the red dashed lines the non-universal volume 

fraction transitions. Cases (c) and (d) are not discussed here. 

The systematic work of Pellet and Cloitre [21] on polyelectrolyte microgels presents 

a protocol to define the glass and the jamming transition. It is marked by a difference 

in the scaling of plateau modulus with concentration, becoming linear in the jamming 

regime, figure 2.2.  

 

Figure 2.2. Plateau modulus against polymer concentration. The empty symbols correspond to the 

entropic glassy regime whereas the full symbols correspond to the jammed glass. The two vertical 

arrows indicate the concentrations of the glass and jamming transition consequently. The inset 

represents the same results in a different representation which is the lin-log form. The black line is the 

linear fit of the data. Figure taken from [21]. 
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2.1.1. Glass and jamming transition 

In this paragraph we note the hallmarks of the glass and jammed state. The former is 

characterized by caged dynamics (kinetically arrest situation) where particles are 

trapped in virtual cage. This occurs beyond a volume fraction of 0.58 and we call it 

thermal glass. For hard spheres this regime extends up to the randomly closed 

packed (RCP) state [22], [23]. The same holds for microgels with the only difference 

that particles are able to be deformed.  

The jammed glass state is a very dense regime where the suspension is “frozen” 

(particles do not move). For hard spheres this situation represents the maximum 

packing fraction whereas for microgels this maximum packing fraction is also 

controlled by osmotic pressure. The osmotic pressure induces compression of the 

particles, their shape changes and the jamming transition shifts to the right in the 

state diagram (figure 2.1).  

 

Figure 2.3. Cartoon representation of different phases above crystal phase; (a) glassy regime; (b) 

particles create contacts; (c) jamming regime. Figure taken from [24], [25]. 

In figure 2.3 above we illustrate the three distinct regions of colloidal particles. In 

case (a) particle is trapped in a virtual cage (grey particle) and the neighbors have a 

random position. This regime is the so-called thermal glass [24]. In case (b) soft 

particles start to create contacts once the volume fraction increases and the empty 

space around is less. In case (c), soft particles strongly deformed and we are deeply 

in the jamming regime or jammed glass [25].  
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2.1.2. Lower critical solution temperature (LCST) transition 

The specific volume of microgels as already referred above alter size with external 

stimulus such as pH, temperature or electric field. Here, we focus on the effect of 

temperature. There are two types of temperature transitions depending of the nature 

of the system: i) the upper critical solution temperature (UCST) and ii) the lower 

solution temperature (LCST). Critical temperatures are connected to the solubility of 

a polymer in the solvent. Upon heating, an aqueous PNIPAM solutions becomes a 

two phase system [26]–[28]. This is also discussed in paragraph 5.1 where we show 

experimental results.  

 

Figure 2.4. Phase diagrams of polymers as concentration and volume fraction increases. Graph (a) 

polymers with LCST and graph (b) polymers with UCST [26].  

2.2. Polyelectrolytes 

This is a huge and complex class of polymers and here we give a very brief overview 

in order to summarize the most important points. Figure 2.5 represents the three 

universal classes of polymers in dilute solutions: poor solvent conditions (chain 

shrinkage), θ-solvent (ideal conditions), good solvent (swollen chain) and charged 

polymer (polyelectrolyte) in extended configuration [29]. We focus on the latter case 

and below we list key features. 
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Figure 2.5. Universal classes of polymers in dilute conditions. From left to the right: polymer in a poor 

solvent (purple) with size R~bN1/3, polymer in θ-solvent (black) with R~bN1/2 and last polymer in a 

good solvent (red) with R~bN5/3. In the bottom we have the polyelectrolyte chain in its extended 

configuration in salt-free environment with L to be the length of the chains, L~N. Figure taken from 

[29]. 

Polyelectrolytes (PEs) are polymers with ionizable groups. When exposed in a polar 

solvent, they dissolve and the dissociation of the ionic groups yields charged 

macroions and small counterions. The degree of dissociation depends on external 

stimulus like the pH of the solution, the temperature and the ionic strength. PEs are 

ubiquitous in nature (DNA, proteins) but also there are synthetic PEs such as for 

example the poly (styrene sulfonate). In the figure 2.6 we show a biological example 

(RNA molecule) with the different contributions (e.g. charges, counterions, hydrogen 

bonds etc.) in aqueous  solution [30].  

 

Figure 2.6. Example of a natural polyelectrolyte, RNA. All written quantities: counterions, hydrogen 

bonding, chain connectivity, salt ions and the charged groups on the polymer chain contribute to the 

final structure and properties of the polyelectrolyte solution. Figure taken from [30]. 
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Despite numerous advances in theoretical understanding, the structure and 

dynamics of PEs are not fully understood. Their complexity is mainly due to the 

presence of electrostatic interactions. It is important to notice that there are two main 

categories of polyelectrolytes, besides natural and synthetic, that of weak and strong 

PEs: 

Weak: they are similar to that of neutral polymers because their charge density is 

small and consequently, so is their dissociation.  

Strong: in this case the charged groups contribute to a large extend on dynamic 

properties since the structure and the interactions controlled by the strong 

electrostatic coupling.  

Hydrophobic interactions and hydrogen bonding play major role in the PE 

conformation. However, their dynamics depends on many factors. They include the 

mechanical properties though rheology (e.g. viscosity, relaxation time and modulus) 

which depends on structural details as probed by X-ray, neutron scattering, light 

scattering (e.g. diffusion, structure and conformation).  

The properties of PEs are also reflected in the concentration range with respect to 

topological interactions (e.g. determination of semidilute, c*, and entanglement 

concentration, ce). Neutral polymers exhibit very different scaling laws in comparison 

to charged systems. A summary of concentration dependence of the main static and 

dynamic properties is shown in table 2.1., taken from [29]. In the next paragraph 

2.2.1., we discuss only the latter case that of the diffusion coefficient on PEs. 

Table 2.1. Summary table of scaling predictions for neutral (ideal and good solvent conditions) and 

charged polymers. De Gennes and Rouse predictions are about solution structure and terminal 

polymer dynamics in the semidilute unentangled solutions. Table taken from [29]. 

 

In this work: we deal with strong polyelectrolytes and their diffusion. Mucins included 

in the category of proteins and especially to glycoproteins. This type of proteins have 
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dense charges of sulfonate groups (SO3-) and carbohydrates. These two 

characteristics make them strong PEs. Mucin-like glycoproteins discussed in detail 

on materials, in paragraph 4.2.2. 

2.2.1. Diffusion dynamics 

PEs are characterized by a big variety of length scales (monomer, Kuhn length, 

chain length etc.) one of the most important being the correlation length, ξ. This 

average mesh size shown in figure 2.7 and 2.8 as the distance between the two 

charged chains. However, inside this blob ξ, there is another blob, called 

electrostatic blob where the chain behaves ideally. In polyelectrolyte solutions the 

screening of the interactions is discussed in terms of the mean field of Debye-Hückel 

theory. The size ξ is the so-called Debye electrostatic screening length. The 

interactions are screened at length scales larger than ξ=rD where rD is the Debye 

screening length. The Debye screening length is the corresponding length scale in 

which the chains feels an extra charge in the system and is given by the following 

formula[31]: 

                    𝑟𝐷 = (4𝜋𝑙𝐵 ∑ 𝑐𝑖𝑧𝑖
2

𝑖

)

1/2

 

 

Eq. 2.1 

Where 𝑙𝐵 is the Bjerrum length, ci is the number density of ions and zi is the carrying 

charge of the ion. 

 

Figure 2.7.Cartoon illustration of a polyelectrolyte chain in the semidilute regime in a salt free 

environment. The chain constituted from electrostatic blobs in an extended configuration. Figure taken 

from [31]. 
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One of our goals is to determine an overlap concentration for mucins, in order to 

define the point beyond which mucins start to interact topologically. We show next 

what it is already established for other PE systems. In figure 2.8., we depict a 

synthetic polymer, poly (styrene sulfonate) in terms of its diffusion behavior at 

different molecular weights. In comparison to neutral polymers, the unentangled 

semidilute regime in salt-free conditions covers many decades. This is due to the 

topological constrains between the chains (e.g. charge repulsion). To this end, the 

dilute and the semidilute regime are concentration independent, D~c0. When data 

start to deviate from the linearity, D~c-1/2 entanglement region is reached. 

 

Figure 2.8. Diffusion coefficient against number density of monomer for poly (styrene sulfonate) in 

water for different molecular weights. From top to the bottom the molecular weight increases. Slopes: 

D~c0 and D~c-1/2. The cartoon illustrates polyelectrolyte chains in the semidilute regime, ξ is the 

correlation length. Both figures taken from [29]. 

The same observation has been made by Sedlák and Amis [32]. We denote this 

diffusion coefficient as fast diffusion because of the presence of a slow mode is a PE 

effect. This slow mode is a consequence of the large multichain domains in solution. 

A complete theoretical understanding of this behavior is lacking [32], [33].  

Here we wish to highlight that hagfish mucins investigated via dynamic light 

scattering shows both the independence of diffusion on concentration in the 

semidilute unentangled region and the slow dynamics. Results discussed in chapter 

6. 
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2.3. Hydrogels 

Hydrogels represent an important class of soft materials as macromolecular 

polymers in the form of a three dimensional (3D) network which immersed in water. 

They have enjoyed significant research interest over the past decades due to their 

sensitivity on external stimulus. Flexible, linear, neutral polymers can be converted 

into crosslinked hydrogel networks by using chemical agents (synthetic hydrogels). 

PEs can form  physical or chemical networks in water due to the swelling of the 

charged chains (retain water) [34]. 

In the case of physical networks (e.g. biological systems) the gel is solvated in water 

(e.g. hydrophilic proteins). The biocompatibility of microgels is very challenging for 

applications. For instance, medicines based on biopolymers (tissue engineering), 

biosensors, food industry and water purification are some common examples for the 

use of such structures [34]. Physical gels may not remain stable and intact for long 

time, whereas synthetic gels remain stable even over years. 

2.3.1. Mucus systems 

Mucus is a thick substance with interesting viscoelastic properties provided by the 

structure formed from biopolymers. The main components of mucus are water 

(>95%), mucin glycoproteins (3%), lipids, ions, cells and cellular debris (1-2%); other 

molecules [35]. There are two main actions of mucus in general: i) to wet epithelial 

surfaces in the body (organs) and ii) to provide a defense mechanism in most 

animals. We provide some examples below: 

i) In our body, we have plenty of mucus in different organs with different 

roles. One of its purpose is to give a barrier against bacteria, toxins and 

pathogens (e.g. lungs and respiratory). Additionally, it protects the 

epithelial lining (e.g. the stomach against the acidic gastric juice). It also 

provides lubrication and hydration (e.g. thin film in the eye). A thorough 

review on mucus systems presented in humans provided by Demouveaux 

[10]. 

ii) In nature, there are animals which secrete mucus as a defense 

mechanism. Characteristic example is the Atlantic hagfish (Myxine 

glutinosa) which produces a vast amount of slime (with mucus to be the 
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main component-discuss in paragraph 2.3.2) within milliseconds [11]. 

Another example is the freshwater fish (Misgurnus anguillicaudatus) which 

has a loach skin mucus. Its main functionality is to maintain clean and 

lubricate its skin even if it goes to the sludge[36]. 

All mucus systems are characterized by very rich viscoelastic properties 

originated from the presence of mucins. Here, we present typical rheological data 

for  mucus of various origins: gastropod pedal mucus [37], porcine gastric mucin 

[38]–[40] and mammalian lung mucus [41]. The pioneering work of Phillipe et al. 

[14] discusses the structure of pig gastric mucin proteins and the corresponding 

aging profile[14]. 

 

Figure 2.9. Collection of rheological data for different mucus systems. Dynamic frequency sweep in 

the linear regime: (a) pig gastric mucus at different pH (with pH=4 being the natural environment)[38]; 

(b) simulation (MSD) and experiments on pig gastric mucus at pH=2 and c=10mg/ml at different 

concentrations of hexanediol (surfactant)-different symbols[39]; (c) native pedal mucus in comparison 

to carbopol[37]. Dynamic strain sweep: (d) mammalian (horse) lung mucus at different 

frequencies[41]. 

We can observe in figure 2.9 that all mucus systems exhibit similar rheological 

behavior. In particular, G’ exhibits a plateau in the range 0.1<G’<100 Pa [35]. The 

fact that G’>G’’ is of course expected for viscoelastic solid-like gels. The soft elastic 
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nature of mucus is attributed to the unique and useful functionalities within different 

organs. In figure 2.9a, b it is shown how the pH and the surfactant can affect the 

functionality of gastric mucus in respect to its natural stomach environment. In figure 

2.9c the pedal mucus viscoelastic behavior is mimicking the mechanism of the 

adhesive locomotion of gastropods. In the last figure of 2.9d it is shown how the 

linear and the nonlinear behavior of lung mammalian mucus affected from different 

strain deformations. 

Another important fingerprint of mucus (pig gastric) is depicted in figure 2.10 below, 

where the effects of waiting time are investigated. Aging leads to a decrease in 

moduli as the waiting time increases. This weakening is likely due to the onset of gel 

fluctuations at large scales and to the locally compact configuration[14]. 

 

Figure 2.10. Dynamic frequency sweep test for different sample ages. Empty symbols: triangles=G’ 

and circles=G’’ from multiwave tests and full symbols from data conversion of the stress relaxation 

experiments. Figure taken from [14]. 

2.3.2. Hagfish mucus 

Hagfish slime is the product of their (hagfishes) defense mechanism. Despite the fact 

that there are various types of hagfishes all appear with the same functionality and 

role. Here, we investigate the Atlantic hagfish (Myxine glutinosa). Focusing on the 

work of Fudge et. al [13], we start the discussion with the following sentence: 

“Hagfish slime is 1000 x more dilute than other mucus secretions”. By observing the 

first and the second column on table 2.2 we can notice that hagfish slime has the 
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lowest mucin composition (c=0.02mg/ml). As already referred to, mucin is highly 

viscoelastic (forms the hydrogel) due to disulfide bonding. Mucins have the ability to 

create the network (vast amount) within few milliseconds.   

Table 2.2. Concentration of mucins for various origin secretion, table taken from [13]. 

 

Hagfish, after the attack from a bigger fish (e.g., shark) and because of fear, 

produces an exudate (white liquid in its ventrolateral place, figure 2.11b) [11], [13], 

[42]. The exudate has two components: i) skeins and ii) vesicles. Skeins are very 

long proteins (1-30cm) which are coiled-up, while vesicles (1-3μm) have a lipid 

bilayer which keeps the mucins packed. When the exudate is in contact with 

seawater (effect of ions in the structure and final properties [12], [43]) skein unravels 

in very precise way and vesicles swell and release the mucin-like glycoproteins.  

Both components act synergistically and form the slime. Skein provides the 

cohesiveness in the system and mucins the elastic soft nature. The gelation is a 

natural “magic” fast process within ~400ms. The network expands 10000 times its 

initial volume [13], [44]. In figure 2.11 below, taken from [11], we illustrate the 

mechanism discussed for slime formation. More details and the exact mechanism 

are discussed extensively in chapter 4. 
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Figure 2.11. Cartoon representation of hagfish slime formation on the left and real slime from hagfish 

exudate on the right. (a) The two components vesicles and skein included in the exudate (white dots) 

and in contact with water release their proteins (mucins and threads respectively); (b) Shortcut of the 

fish with the exudate upon contact with water and the formation of hagfish slime. Figure taken from 

[11]. 

The main motivation for the present work relates to the question: How does hagfish 

slime manage to be very dilute but still a functional hydrogel? The term “very dilute” 

is due to the vast amount of water trapped into the network (99,996%) and the term 

“functional” is referred to the strong ability to provide a proper defense mechanism.  

2.4. Open questions concerning hagfish mucus 

There are three main topics of interest: i) the structure of mucins; the viscoelasticity i) 

under shear and iii) under extension.  

2.4.1. Mucins structure 

The structure of hagfish mucins investigated via light scattering and the size can be 

determined. However, the molecular weight and the interactions range of such 
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mucins remain unresolved. The persistence length and the exact shape of mucins is 

also not unambiguously determined. For example: 

-How can we determine the molecular weight of mucins via light scattering or other 

techniques? Can we use static light scattering and through the second virial 

coefficient and refractive index increment estimate a value? If we do so, could we 

compare with another technique and with other mucins originated from other 

organisms? 

-How can the structure be qualified besides image microscopy? Light scattering is 

used in the present work but is not able to detect very small and very large length 

scales. Small angle light scattering and X-rays are two most common techniques 

available to collect information for small length scales, i.e. its internal structure 

(SAXS). However, estimation of the persistence length of the polyelectrolyte chain 

remains a challenge. 

2.4.2. Shear rheology  

The shear rheology performed mainly in the linear regime and modulus was defined 

at 20oC. Some additional tests, were performed at 5oC but was not further discussed 

and analyzed in depth. The understanding of the interactions and the polymer 

conformation are of great scientific interest in such natural temperatures at 5oC. For 

example: How is the mucin structure influenced at 20oC in comparison to its physical 

environment at 5oC in the cold seawater? On the other hand, measurements done in 

the linear viscoelastic regime and the pertinent question is how do large shear 

deformations (e.g. large amplitude oscillatory shear, LAOS) break and/or reform (or 

not) the mucin network. Nonlinear rheology has been performed by Ewold and co-

workers in the whole hagfish slime [45] and in order to mimic the adhesive 

locomotion of gastropods [37]. 

Finally, artificial seawater conditions were tested under shear and electrostatic 

screening is pronounced (chapter 7). However, the effect of each salt separately was 

not investigated. Hence, we do not know how the monovalent and the divalent ions 

contribute to mucus viscoelasticity. We also wish to understand whether the divalent 

ion of Ca2+ at different concentrations provides internal bridges on the network [12]  

and what is the special role of Ca2+ in comparison to Mg2+[43]. 
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2.4.3. Extensional rheology 

Extensional rheological measurements have been performed at different 

concentrations of mucins and at different saline environments at room temperature. 

The sample preparation under shear and under extension differs. For this reason, is 

crucial to understand how the dialyzed mucus (measured in shear) behaves under 

elongation. The opposite cannot be done (non-dialyzed in shear) since the signal is 

too weak to be detected by the rheometer. Here, we wish to understand how the 

stretching profile on dialyzed mucus is and compare/correlate results from 

extensional and shear rheology? 
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Chapter 3: Methods 

In this chapter we discuss the experimental techniques and methodologies used in 

the present thesis. We introduce the basic theoretical background behind of these 

techniques. Details about sample preparation, measurement protocols and 

experimental setups are discussed. The main techniques used are dynamic and 

static light scattering (DLS and SLS), shear and extensional rheology. Additional 

techniques have been utilized for material characterization, such as the turbidimetric 

analysis (UV-VIS).  

3.1. Dynamic and Static light scattering 

Dynamic and static light scattering provide important information pertinent to the 

system’s characterization. In the case of a single particle, the total field E is the 

superposition of the scattered fields from all particles (e.g. N particles) in the 

scattering volume tested in light scattering[46]. Figure 3.1 depicts the 

electromagnetic wave propagation in space and time, where E is the strength of the 

electric field, Eo is the amplitude of the electric field, λ is the wavelength of the 

incident light and c is the speed of light (c=3*108 m/s). 

𝐸(𝑡) = ∑ 𝐸𝑜exp [𝑖𝑞⃗𝑟𝑖⃗⃗⃗ (𝑡)]

𝑁

𝑖=1

 

 

Eq.3.1     

where Eo is the scattered field at the detector from a single particle in the field, 𝑞⃗ is 

the scattering wavevector (𝑞⃗ = 𝑘𝑠
⃗⃗ ⃗⃗ − 𝑘𝑜 ⃗⃗⃗⃗ ⃗⃗ ) with  𝑘𝑜 ⃗⃗⃗⃗ ⃗⃗  the incident wavevector and 𝑘𝑠  ⃗⃗⃗⃗⃗⃗⃗ the 

one detected in the far field, 𝑟𝑖⃗⃗⃗ (𝑡) is the position of the ith particle. 

 

Figure 3.1. Electromagnetic wave propagation in space and time (vertical we note the electric strength 

field-pink and horizontal is the magnetic strength field-blue), the green vector indicates the velocity 

and the direction of both propagated waves. 
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3.1.1. Dynamic light scattering (DLS) 

DLS is a powerful tool for probing spatio-temporal correlations and is used widely in 

soft condensed matter. We focus here on quasi-elastic light scattering (QELS), also 

known as photon correlation spectroscopy (PCS). The former name reflects the 

mobility of the particles which scatter the light and the process is quasi-elastic and 

the latter is the one used the most historically. There are comprehensive and new 

reviews on the tale of light scattering pioneers by J. Stetefeld and K. Fischer [47]–

[49]. The main principle of the technique is illustrated in the following picture which is 

a cartoon representation of the experimental setup. The instrument used is ALV-

5000 (from ALV, Germany). There is a polarized monochromatic laser beam at a 

wavelength of λ=532nm passing through an optical train, mainly lens and polarizers. 

The vertically polarized light goes through the measured solution. The sample’s 

temperature is controlled by means of a recirculating fluid bath (blue-red) 

(temperature ranges from 15oC to 50oC). The solution scatters since there are 

particles (scatterers) fluctuating over time due to Brownian motion. The 

photomultiplier records the fluctuations of the scattered light at a given angle which 

defines the scattering wave vector q, with lens and pinhole setup to ensure a well-

defined q and an effective collection of scattered light. The scattering of the light 

arrives to the detector which is adapted to a goniometer. The variation of different 

angles (ranging from 25o to 150o) allows us to have access at different length scales. 

Finally, the correlator transforms the recorded signal of the scattering intensity 

fluctuations of the solution into a digital signal, which is then auto-correlated for 

dynamic light scattering measurements (correlation function). 
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Figure 3.2. Cartoon representation of the experimental setup (ALV-5000) of the light scattering 

technique (left). A monochromatic laser light with a wavelength of 532nm passes through an optical 

train with lens and polarizers and it arrives to the solutions which scatters. The solution is connected 

to the bath for temperature control and there is a detector which is adapter to a goniometer in order to 

collect the intensity fluctuations over time at different length scales (q-variation). The signal arrives to 

a correlator card which shows the final correlation function. In the plot on the right there is the zoom in 

on a laser beam which arrives to the scattered particles, their signals is the intensity of the scattered 

light and they averaged in the detector (right) [47]. 

In figure 3.2 (top right) a schematic illustration of the laser light wave passing through 

the sample and scattered is shown. The detector collects all these signals and does 

the average which is our final intensity fluctuations plot over time. Figure 3.3 below 

depicts the different ways by which small and large particles scatter. The higher the 

size the slower the diffusion in the medium (slower intensity fluctuations) and vice 

versa (faster intensity fluctuations).  

 

Figure 3.3. Movement of large and small particles in the suspension for large and small particles 

consequently on the left and the corresponding intensities over time on the right. Based on the 

Stokes-Einstein-Sutherland equation, (D~1/R3), the bigger the size the slower the diffusion in the 

medium and consequently the bigger the fluctuations (more scattering from big particles). On the 

other hand the smaller the size the larger the diffusion in the medium and the faster the intensity 

fluctuations (less scattering from small particles)[47].  

The intensity autocorrelation function contains information about the motion of the 

probed particles. The following equation is the product of the normalized intensity 

fluctuations. This quantity calculated internally in the software with some algorithms 

for some of the setups.  
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𝑔2(𝜏) =
< 𝐼(𝑡)𝐼(𝑡 + 𝜏) >

< 𝐼(𝑡) >2
 

 Eq.3.2 

The intensity autocorrelation function is in fact the square of the electric field 

autocorrelation function –as expressed in the Siegert relation: 

𝑔2(𝜏) = 𝐵 + 𝛽|𝑔1(𝜏)|2 Eq.3.3  

Where B is the baseline, usually taking values up to 1, and β is a coherent factor 

which depends on parameters such the optical alignment and the properties of the 

measured sample. 𝑔1(𝜏) is the electric field autocorrelation function and defined as 

the time-correlated average scattered electric field:  

𝑔1(𝜏) =  
< 𝐸(𝑡)𝐸(𝑡 + 𝜏) >

< 𝐸(𝑡)2 >
 

 Eq.3.4 

For monodisperse systems, the electric field autocorrelation function exhibits a single 

exponential decay and is written as follows: 

𝑔1(𝜏) = 𝑒−𝛤𝜏  Eq.3.5 

Where Γ is a decay constant and τ is the lag (delay) time, defined as: 

𝛤 = −𝐷𝑞2 Eq.3.6  

where the scattering wavevector q provides access to different length scales (figure 

3.4 below) [50]. 

 

Figure 3.4. A random polymer coil observed at different length scales, from low q (whole object-zoom 

out) to large q (inside the object-zoom in) [50]. 

By using the Siegert relation and the decay constant (equation 3.3 and 3.6) we are 

able to extract the final relation which is the most important for having information 

about the diffusion dynamics. The combination of these two expressions is shown 

below in equation 3.7 [47]: 

𝑔2(𝜏) = 1 + 𝛽(𝑒−2𝐷𝑞2𝜏)  Eq.3.7 
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However, the representation of equation 3.7 can be shown below as a typical 

representation of a correlation function [48], [50]. 

 

Figure 3.5. A typical result of a correlation function with vectors to indicate the main points. The red 

curve is the correlation function which constitute from mainly three parts: i) the first initial slope (which 

correspond to an intercept in the y axis) where the correlation starts to decrease exponentially, ii) the 

central region which indicates the sample polydispersity and iii) the baseline where the system has 

completely relaxed and approaches zero correlation. 

In figure 3.5, the intercept which corresponds to the red color shows the values of 

the correlation function with the maximum to be 1 and this corresponds to the perfect 

correlation. Orange color is showing the initial decay of the measuring sample and 

the green as it is written shows the polydispersity on the sample. Finally, the blue 

vector indicated the baseline, which is about the end of the correlation where the 

system has been completely relaxed.  

A correlation function can be analyzed with different algorithms starting from a 

simple to a more complicated ones depending on the system conditions. More 

details on the data fit algorithms provided in chapter 6 in the first paragraph 6.1. 

There we discuss in more detail all the pitfalls for these three (CONTIN, Cumulant, 

nonlinear cumulant analysis, NLCA) available and common tools by using core 

mathematical principles, examples and comparisons. 

The measured diffusion coefficient D provides the value of the hydrodynamic radius 

of the measured object. This can be done by using the Stokes-Einstein-Sutherland 
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equation. Using the following relation we calculate a hydrodynamic size which 

corresponds to a hypothetical compact hard sphere which diffuses in a continuous 

medium [47], [49], [51], [52]. 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑁𝐴𝑅𝐻
 

 Eq.3.8 

Where kB is the Boltzmann constant (kB=1.380*10-23 J/K), T is the absolute 

temperature, η is the viscosity of the solvent, NA is the Avogadro number 

(NA=6.023*1023mol-1) and RH is the hydrodynamic radius of the scattered object.  

 

3.1.2. Static light scattering (SLS) 

After the brief introduction on DLS, is of a great importance to introduce also the 

second tool of light scattering, named static light scattering. In order to do this, we 

use the same apparatus with DLS. In figure 3.6 below, we show the difference 

between the two kinds of measurements. Figure 3.6, depicts the static averaged 

intensity from the scattered polymer/particle system, which contains information 

about the molecular weight of the measured object, whereas the dynamic intensity 

fluctuations against time reflect the diffusion dynamics of the polymer/particle. To 

measure static properties (time-independent) we collect the overall scattering 

intensity at different scattering wave vectors q (different angles, from 25o to 150o with 

5o angle step). Molecular weight Mw, radius of gyration Rg, and interactions in the 

system measured with SLS. 

 

Figure 3.6. Intensity fluctuations over time and the indications for both static and dynamic light 

scattering. DLS and the dependency on time and SLS with the average intensity at certain time. 
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A combination of DLS and SLS results yields both RH and Rg, which reflect 

information about the conformation of the measured object. In the following table we 

show some examples for some common topologies [50]. 

Table 3.1. Values of the ratio Rg/RH for common morphologies [50]. 

 

A more complete assessment of the probed sample’s conformation comes from the 

scattering function, i.e., the q-dependent intensity. As shown in figure 3.7 there are 

three distinct regions. The first is the intermolecular regime at which there is constant 

scattering intensity, the second which is the so-called Guinier regime in which we 

define Rg and the third one which contains the clue for the topological details [51]. 

Each region involved in a range of q, corresponding to different length scales. Values 

of that fractal dimension df appear in table 3.2 [50]. The calculation of that 

dimensionless parameter df can be done with the following equation: 

𝐼(𝑞) ≈ 𝑞𝑑𝑓 ↔ log(𝐼(𝑞)) = −𝑑𝑓log (𝑞) Eq.3.9 

Usually the scattering intensity Isc against q represented in a log-log plot. 
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Figure 3.7. Scattering intensity as a function of the scattering wavevector for a dilute polymer solution, 

taken from [51]. 

Table 3.2. Fractal dimensions for different topologies calculated from the scattering function, taken 

from [50]. 

 

The low-q section of the above plot concerns the weight-average molar mass (Mw) 

and the second virial coefficient (A2) determination. In a polydisperse system of a 

dilute polymer solution, the scattering intensity provides information about Mw [51]. 

This is actually the most precious result of such measurements. The calculation due 

to the Zimm equation is the following: 

𝐾𝑐

𝑅(𝜃)
=

1

𝑀𝑤𝑃(𝜃)
+ 2𝛢2𝑐 

Eq.3.10 

Where K is the optical constant defined as: 𝐾 =
(2𝜋𝑛𝑜)2

𝑁𝐴𝜆4 (
𝑑𝑛

𝑑𝑐
)

2

and especially no is the 
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refractive index of the solvent, and dn/dc is the refractive index increment between 

the solute molecules and the solvent; this is the measure of the optical contrast 

between the solute molecules and the solvent.  

R (θ) is the Rayleigh ratio defined as: 𝑅(𝜃) =
𝐼𝑠𝑐−𝐼𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝐼𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑅(𝜃)𝑠𝑜𝑙𝑣 with Isc to be the 

solution scattering intensity, Isolvent the solvent scattering intensity, and R (θ)solv is the 

solvent Rayleigh ratio which is interpreted as R(θ)solv=R(θ)solv(nsolv/ntoluene). Values of 

R(θ)solv are shown in the literature for varying solvents and consequently their 

refractive index n. However, the refractive index of toluene is needed since the used 

bath is filled with this solvent. Mw is the weight-average molar mass, P (θ) is the form 

factor which contains the information about the structural conformation, the 

extrapolation to 𝜃 → 0 gives P (θ) =1 but we do not discuss further the term form 

factor since in the present thesis is not examined. A2 is the second virial coefficient 

and c is the polymer concentration. 

For obtaining a reliable value of the molecular weight, more than three measured 

concentrations are required. The intercept of the Zimm equation with 𝑐 → 0 and 𝜃 →

0 indicates the molecular weight value and the slope the interactions in between the 

particles. An example of the Zimm plot is demonstrated below: 

 

Figure 3.8. Example of Zimm plot with two projections: angle and concentration; the extrapolation to 

zero for both the angle and the concentration present a well-defined molecular weight and second 

virial coefficient. 
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In case of a positive slope for A2, interactions are repulsive and contrary for a 

negative slope interactions are attractive in the system. For a zero slope system is 

ideal and there is absence of interactions. 

Finally, we note some practical issues associated with light scattering. To reliably 

determine the parameters which can be extracted from both DLS (RH) and SLS (Rg, 

Mw, A2) we have to be careful with sample preparation. Samples which are not 

transparent cannot (or should not) be measured. We need also relatively large 

volume (~0.5ml), the sample should not absorb the light at the studied wavelength 

and has to be properly filtered to eliminate dust. Last but not least, we need to know 

the exact measured concentration which at some cases is very tricky [50]. 

3.2. Shear rheology 

In nature there are two major categories of materials, solids (e.g. rubber) and liquids 

(e.g. water). The former is a purely elastic and the latter is purely viscous. The 

majority of our daily products are semi-solids and named as viscoelastic materials 

(i.e. toothpastes, creams, paints, honey). They combine properties of a solids 

(elastic-response) and of liquids (viscous-response) at the same time. 

Rheology, is the science of deformation and flow of matter. It bridges molecular 

structure and product performance in applications by measuring the flow properties 

of viscoelastic materials (polymers and colloids) [53]. 

There are two types of rheometric flows, i) shear flow (with the velocity gradient 

perpendicular to the flow direction) and ii) uniaxial extensional flow (with the velocity 

gradient along the flow direction).The classic constitutive equations for elastic 

materials (Hookean solids) characterized by Hooke’s law: 𝜎 = 𝐺𝛾 and viscous 

materials (Newtonian fluids) characterized by Newton’s law: 𝜎 = 𝜂𝛾̇ where σ is the 

shear stress, γ is the shear deformation, G is the shear modulus (indication for 

stiffness), 𝛾̇ is the deformation rate and η is the shear viscosity (indication of 

resistance to flow). However, the greater number of such materials are non-

Newtonian and they are challenging for rheological investigations. 

There are two types of commercially available rotational rheometers, strain- 

controlled and stress-controlled (figure 3.9), both measure rheological data but they 

differ in a way of measuring. In the present work, measurements were performed 
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with both a strain-controlled rheometer (ARES from TA instruments, USA), equipped 

with a force balance transducer (2KFRTN1) and a stress-controlled rheometer (MCR 

501 from Anton Paar, Austria). More details on the experimental part, geometries 

used and technical issues are written in chapter 7. The main tests typically 

performed are: i) steady shear and ii) oscillatory experiments. 

 

 

Figure 3.9. Cartoon representation of a strain-control rheometer (left) with a separate motor and 

transducer and a stress-control rheometer (right) with a combined motor and transducer. 

In rheometry, we use different measuring fixtures depending on material functions. In 

figure 3.10, we represent three of the most widely used tools in rheometers for 

testing samples. The volume of the sample depends on the geometry [54]. 

Depending on the sample and desired properties, there is a host of different 

geometries, such as double wall couette, cone and plate and cone-particionate 

plate[55].Here, we used only cone and plate geometry with different plate diameters 

and different cone angles (especially 25mm, 50mm with cone angles 0.02 rad and 

0.0175 rad concequently).  

In particular, we discuss in a very simple way how a rheometer works and we 

present different experimental tests. There are linear and nonlinear measurements. 

Thee former probe the equilibrium viscoelastic character of the material whereas the 

latter reflect the induced conformational/structural changes upon application of a 

large (deformation or stress) field.  
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Figure 3.10. Different geometries correspond to different measurement classification. For example in 

a general rule, very dilute solutions measured with couette geometry (c) since it provides trustable 

torque. Cone and plate (CP) geometry (b) is for more viscous samples and plate and plate (PP) is for 

even more viscous conditions, solid-like response.  

3.2.1. Steady shear rheology 

For a comprehensive description we use the so-called two-plate model; a simple 

model to understand the flow behavior. Figure 3.11 represents an immobile bottom 

plate (blue) and a mobile top plate (blue). Between the two plates, sample is placed 

(brown) with a specific height, the gap y which is the distance between the plates. 

Force is applied to the plate vertically within the area A and the resulting stress is 

defined as the force applied to that surface per unit area:𝜎 =
𝐹

𝐴
 [

𝑁

𝑚2 = 𝑃𝑎]. Although, 

the shear rate determinates the viscosity of the system due to Newton’s law; and can 

be extracted as follows: 

𝛾̇ =
𝑑𝛾

𝑑𝑡
=

𝑑

𝑑𝑡
(

𝑑𝑥

𝑑𝑦
) =

𝑑𝑢

𝑑𝑦
=

𝑣

𝑦
[
1

𝑠
] 

the velocity of the upper plate, v and the thickness of the sample y. 

 

Figure 3.11. The two-plate model for a simple steady shear flow, sample is sandwiched between the 

plates and stress is applied, the measuring parameters are the strain, γ and the strain rate, 𝛾̇.  

Shear experiments included in a rotation mode of a rheometer and the main 

information is about the dynamic viscosity, η and the modulus, G. Flow behavior is 
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Figure 3.12. Comparison of an ideally elastic, 

viscous and viscoelastic behavior under 

oscillatory shear strain and its response in 

stress with the corresponding angle shift. 

tested under parameter of time, temperature and shear rate in most of the cases. 

3.2.2. Oscillatory rheology 

Oscillatory rheology probes the dynamics of the system under time-periodic 

excitation. This technique is standard for the behavior of the viscoelastic materials. In 

this way we can visualize the elastic and the viscous contribution and in order to do 

that we use sinusoidal deformations and not simple shear. In the following picture, 

we can visualize these deformations with the corresponding response: 

 

 

 

 

 

 

 

 

 

 

 

The time dependent strain applied is: 𝛾(𝑡) = 𝛾𝑜sin (𝜔𝑡) and the corresponding 

measured stress is: 𝜎(𝑡) = 𝜎𝑜sin (𝜔𝑡 + 𝛿). 

Where ω is the angular frequency, γο is the strain amplitude and consequently σο is 

the stress amplitude. The phase shift is δ and t is the experimental time. For 

viscoelastic materials by using the Hooke’s law we can define the final stress 

calculation, which is the following[56]: 

 

 

In a purely elastic solid the applied 

sinusoidal deformation provides a stress 

which has no phase shift, δ=0.  

In a purely viscous liquid the applied 

sinusoidal deformation shows an angle 

shift of δ=90o. 

Viscoelastic materials are challenging 

since their response appear somewhere 

among elastic and viscous behavior, their 

angle shift is from 0o to 90o. The elastic 

contribution coded as G’ (ω) and the 

viscous as G’’ (ω). 
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𝜎(𝑡) = 𝐺′(𝜔)𝛾𝜊 sin(𝜔𝑡) + 𝐺′′(𝜔)𝛾𝜊𝑐𝑜𝑠(𝜔𝑡) 

                                                      𝐺∗ = 𝐺′ + 𝑖𝐺′′  Eq.3.11 

Where the first term in the right hand side of equation 3.11 signals the elastic 

contribution (real part) and the second one the viscous contribution (imaginary part). 

G* represents the so-called complex material modulus. In case at which the material 

is solid-like the G’ is greater than G’’ and vice versa. To understand this there is a 

dimensionless parameter called loss tangent. It is the ratio of G’’ and G’: tanδ=G’’/G’ 

(>1 liquid-like and <1 solid-like). Next, we cite very briefly the fluid flow behavior and 

a short list of such experiments.  

Steady Shear Rheology 

 

We control the shear rate and 

we extract information about 

the flow behavior of the tested 

fluid. Newtonian fluid is 

independent of the applied 

shear rate. 

 

We control the stress applied 

(σ) and we extract information 

about the flow behavior at very 

long times which are not 

detectable from a frequency 

sweep test (DFS shown below) 

Oscillatory Rheology 
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We control the frequency 

applied (ω) and we extract the 

viscoelastic behavior in the 

linear regime as well as in the 

nonlinear regime. 

 

We control the strain applied 

(γ) and we extract the 

relaxation times in the system. 

- Elastic part (storage modulus), -- Viscous part (loss modulus) 

 

3.3. Capillary break-up extensional rheology (CABER) 

In this section we discuss the elongational stretching. One of the popular methods to 

measure the extensional properties of viscoelastic materials which undergo a 

uniaxial deformation is the capillary break-up extensional rheometer. However, 

another rheometer which is popular and commercially available except CABER is the 

filament stretching rheometer (FSR) and it is also attractive. It measures the force in 

the bottom plate whereas CABER does not, but it lacks in the measuring range of 

viscosity in comparison to CABER [57]. 

The main principle of CABER is illustrated in the picture below. The investigated 

sample is placed in between two cylindrical plates with a diameter Do and a stretch is 

applied to the system uniaxially. The filament starts to thin and after a certain amount 

of time it breaks [58]. The main parameter measured via CABER- with a laser 
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micrometer- is the diameter of the filament over time. By having this value we can 

extract further information for the system and especially the relaxation time and the 

extensional viscosity. 

 

Figure 3.13. Cartoon representation of the CABER setup. Left: sample is in equilibrium, middle: 

sample is stretched, right: breakup of the sample , taken from [59]. 

The liquid remains into the cylindrical plates because of the adhesive forces. Sample 

creates the so-called elastocapillary bridge due to the balance of the capillary and 

elastic stresses within the viscoelastic solution. Viscous forces overwhelmed from 

elastic forces and the filament breaks. 

A cartoon representation of the HAAKE-CaBER (Thermo scientific) instrument 

shown below (figure 3.14). Two plates with a diameter of 6 mm (grey), one in the top 

(moving plate) and one in the bottom (stationary plate) keep the sample droplet 

(yellow) in between due to the surface tension, σ. A linear drive force is applied to 

the upper plate and instantaneously the plates are separated. Once the fluid filament 

is stretched the diameter reduces its value and it is recorded via a laser micrometer 

which collects the signal in the detector. The signal provides information about the 

diameter of the filament against time. 
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Figure 3.14. Cartoon representation of the experimental setup (HAAKE-CABER).  

The relaxation time of the material can be subtracted from the following empirical 

equation derived from the Maxwell model (with one characteristic relaxation time). 

The diameter of the filament decreases exponentially over time [58]–[60].  

𝐷(𝑡)

𝐷𝑜
= (

𝐺𝐷𝑜

4𝜎
)

1/3

exp (−
𝑡

3𝜆
) 

Eq.3.12 

Where D (t) is the time-dependent diameter of the filament, Do is the diameter of the 

measuring plate, G is an apparent modulus, σ is the surface tension of the 

measuring system, t is the experimental time and λ is the relaxation time of the 

material. It is referred as relaxation time since it is the same time in comparison to 

steady shear experiment and its stress relaxation afterwards.  

The graphs below (figure 3.15) show typical experimental results. In the left plot, the 

diameter of the PEO solution decreases exponentially with time as expected and the 

viscoelastic plateau fitted with the empirical equation. The next plot shows the 

different regions during the experiment (i. Plate separation, ii. Filament thinning and 

iii. Breakup filament). At this point is important to notice the meaning of BOAS 

(Beads-on-a-string) effect. These are some instabilities in the system (shown also in 

the picture in the inset of figure 3.15, right) before it breaks. This phenomenon has 

received a lot of interest since people trying to understand the physics of this 

mechanism [60]–[63].
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Figure 3.15. Left plot: High molecular weigh of PEO (Mw=106 (g/mol) at three different concentrations 

(1%, 2% and 3%). The line represents the exponential fitting (eq. 3.12) of the so-called viscoelastic 

plateau. The fitting applied in the linear regime of the semilog-plot in order to extract the relaxation 

time λ of the elastocapillary thinning. Right plot: High molecular weigh of PEO (Mw=106 (g/mol) at two 

different concentrations (4% and 5%). 

Equation 3.12, applied for a viscous solutions since we observe a plateau which 

highlights this property of viscoelasticity. In figure 3.16, there is the representation for 

a Newtonian fluid, the thinning of the filament is linear with time and has different 

shape, is shown in figure 3.16 below; equation 3.12 cannot be applied since there is 

absence of that viscoelastic plateau. However, besides thinning another main 

difference between viscoelastic and Newtonian fluids is the time frame at which the 

filament breaks. In the case of a viscous solution (extensional viscosity increases) 

the time needed for the bridge to break is much longer than in a perfect liquid 

(constant extensional viscosity). The extensional viscosity of the system is given by 

the following equation. 

𝜂𝛦 =

𝜎
𝑅𝑚𝑖𝑑

𝜀̇(𝑡)
= −

𝜎

𝑑𝐷𝑚𝑖𝑛

𝑑𝑡

 

     Eq.3.13 

Where σ is the surface tension of the tested solution, ηΕ is the extensional viscosity, 

Rmid is the radius of the stretched filament and 𝜀̇(𝑡) is the strain rate. The strain rate 

defined as: 𝜀̇(𝑡) =
𝜀(𝑡)

𝑡
 where ε is the strain and t is the experimental time. The 

parameter ε is the system Hencky strain and it depends on the viscoelasticity of the 
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sample since it is defined as: 𝜀 = −2ln (
𝐷(𝑡)

𝐷1
) where D (t) is the time dependent 

filament diameter and D1 is the diameter of the filament after 50ms which is the strike 

time (time needed for the plates to be separated). 

A characteristic example of such experiments is demonstrated in figure 3.16 below, 

where two different materials thin against time. In the top image is a Newtonian fluid 

(glycerol) and in the bottom a viscoelastic solution (mucin proteins in water). The 

way of thinning and the shape of the capillary in a parallel comparison of time 

provide the signature for the presence of elastic stresses in the viscoelastic solution. 

The break-up time is much greater (roughly three times) in case of the non-

Newtonian fluid.  

Figure 3.16. Example of capillary thinning for two 

different materials. On the top a Newtonian fluid 

(glycerol) and on the bottom a viscoelastic solution (here 

mucin proteins in water). The viscoelastic solution needs 

3x more the time needed for the Newtonian fluid to 

break.  

 

 

 

3.4. Ultra-violet visible spectroscopy (UV-VIS) 

This technique is useful for the compounds characterization in a solution and the 

determination of its concentration. It measures the light which absorbed or 

transmitted from the solute substances. In the picture below we illustrate the 

fundamental instrumentation. The main principle is the following:  

Figure 3.17. Simplistic cartoon representation of the UV-vis spectrometer. 

The light from the source passes through lens and it arrives to a monochromator 
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where the light analyzed to different colors. In continues analyzed light arrives to the 

solution and each substance which absorbs gives a specific intensity. The intensity 

collected from the detector and finally we extract the absorption against wavelength, 

λ. 

The range of the visible light starts at 400nm and reaches 800nm, from violet to red. 

However a UV-visible spectrometer (LAMDA 950, Perkin Elmer) - which is the case 

here- has a range of wavelengths from 200nm to 800nm. The Beer-Lamberts law is 

the basis of spectrometry. The following equation shows the analogous between the 

absorption, A of the substances, the pathlength of the measured cuvette, 𝑙 and the 

intensities detected I (where Io is the incident intensity and I is the transmitted 

intensity)[64] : 

𝐴 = log (
𝐼𝑂

𝐼
) = 𝜀𝑙𝐶  

 Eq.3.14 

One of the most important consequences of the use of this technique is, as 

mentioned above, c the concentration determination of the substances. The way to 

do so, is by means of calibration curves when measuring many concentrations and 

their absorption. In order to build it, we begin from very dilute solutions and we 

increase further the concentration or vice versa till to extract a trustable linear region. 

We do not use concentrated solutions (the concentration should not exceed the 

threshold of 0.001-0.01 mol/L) since interactions in the solution dominate between 

the solvent molecules and the absorbing species (hydrogen bonding) [65]. 

 

 

. 

 

 

 

 

Figure 3.18. Beer-Lambert graph, 
concentration determination in the linear 
regime. 
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Chapter 4: Materials 

This chapter discusses the materials used in this thesis. They are i) a synthetic 

colloidal suspension of a poly-N-isopropyl acrylamide microgel particles (PNIPAM) in 

water and ii) a biological hydrogel of mucin-like glycoproteins originating from hagfish 

slime. In the first part, we present the sample preparation protocol and the particles 

characterization via dynamic light scattering. In the second part, we refer the biology 

of hagfish slime with a special emphasis on mucin-like glycoproteins. Finally, we 

address the issue of concentration determination in such proteins.   

4.1. Synthetic thermosensitive microgel 

4.1.1. Poly-N-isopropyl acrylamide suspensions as model 

tunable colloids 

As referred in chapter 2, microgels, i.e., chemically cross-linked particles, represent 

a promising and tunable soft colloidal system. In addition, PNIPAM is 

thermosensitive, hence possess an extra degree of freedom. The size of these 

particles decreases reversibly as the temperature increases. There exists extensive 

literature on the topic [66]. On the left graph captured from H. Senff et al.[27], we 

depict the typical size transition of such a system. The transition happens at 32-

33oC, which is the theta point for (homopolymer) PNIPAM [67]. Upon increasing the 

temperature, water becomes a bad solvent for this polymer and its size decreases 

because the interactions between monomers are favorable (hydrophobic) whereas 

by decreasing temperature hydrophilic interactions dominate and the polymer swells. 

The variability in size strongly affects the rheological properties of the suspension 

through the change in volume fraction. For high temperatures (above ~30oC) the 

interactions become predominantly attractive whereas for low temperatures they are 

repulsive [28].  
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Figure 4.1. Reduction of the hydrodynamic radius over a wide range of temperatures for PNIPAM 

microgel particles, taken from [27]. 

4.1.2. Synthesis of PNIPAM microgel particles 

Microgel particles are relatively easy to synthesize. Their key characteristics such as, 

the softness, the size, the swelling capacity and the optical properties strongly 

depend on the sample preparation. The size usually controls the optical properties 

due to the refractive index (large particles yield turbid suspensions) and the cross-

linking density controls the softness via the particle modulus, and the resulting 

morphology and dynamic properties, especially at high concentrations. 

The most common way to prepare these kind of particles is by means of free radical 

polymerization. The main components are: i) the NIPAm monomer (N-

isopropylacrylamide), ii) the initiator and the iii) the cross-linker BIS (N,N-methylene 

bisacrylamide). In our case, the cross-linking density corresponds to 2.5 % by weight 

of NIPAM monomer [68]. Figure 4.2a[68], illustrates the chemical structure of the 

cross-linker used (BIS) along the amide groups. The final structure of the polymer is 

shown below, figure 4.2b[68]. 
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Figure 4.2.(a)The cross-linker named N,N –methylene bisacrylamide (BIS); (b) Poly-N-

isopropylacrylamide (PNIPAM) chemical structure, figure taken from [68]. 

As mentioned, PNIPAM microgels are sensitive to temperature. In general, there are 

two types of thermodynamic transitions depending of the nature of the system. 

These are: i) the upper critical solution temperature (UCST) and ii) the lower solution 

temperature (LCST)[28]. Thermoresponsive PNIPAM microgels such as the present 

ones, are shown in figure 4.3 and belongs to the LCST type of systems transition 

temperature (theta) in the range 32oC-33oC as already mentioned above. 

 

Figure 4.3. Cartoon representation of a PNIPAM microgel particle with reversible volume transition. 

The swollen state (left) is below the LCST and the collapsed state (right) is above the LCST[68].  

As one may observe from figure 4.3, the cross-links are not uniformly distributed 

throughout the particle. In the core, the structure is denser (many cross-links) and in 

the shell is less dense (less cross-links). The outer part provides also a steric 

stabilization in the system and the segments with a free end are usually called 

dangling ends. These side chains in combination with the charges in the particle 

surface coming from the initiator reduce the risk of aggregation.  
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4.1.3. Sample preparation for light scattering experiments 

The sample preparation process before light scattering (LS) is crucial in order to 

extract sound quantitative LS information from a well-characterized system. 

Parameters such as size, molecular weight and shape can be trustable if the sample 

is properly prepared. Since we deal with (laser) light, an important parameter is the 

dust. The presence of dust (which scatters a lot) can be detrimental for the 

measurement.  

Dilute solution was prepared by using PNIPAM powder and nanopure water. The 

estimated concentration was about 0.0096 wt. %. The solution was prepared in a vial 

and kept in the fridge. Once the powder was completely dissolved in water, the 

sample was ready to be measured. In order to perform a light scattering experiment, 

we need to use appropriate light scattering cells and this is discussed in the next 

paragraph. 

There are different kind of cells in terms of size (nmr tubes with diameter of 5mm, 

quarz or pyrex glass tubes with diameter of 10mm and 20mm). The larger the 

diameter the larger the scattering volume. For example, assuming that we have very 

small particles of diameter 10nm, nmr tube is the right choice; however this is not the 

case for particles with size exceeding 500nm[50].  

The cleaning procedure involves using acetone with a filter of 0.45μm and repeating 

this procedure three times. Subsequently, we use aluminium foil in order to cover the 

cap and the cell and we place the glassy cells in the vacuum oven for roughly 20 

minutes for drying. After 20 minutes, we add the sample into the cell by using a 

syringe with a hydrophilic filter having 5μm pore size. 

The sample was kept in the fridge (4oC) overnight in order to equilibrate and be 

measured the next day (even if we work in the very dilute regime). The next day, the 

sample was placed in the light scattering setup for 60 minutes in order to achieve a 

temperature equilibration at 15oC. The bath temperature was controlled to within 

0.1 oC. 
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4.1.4. DLS characterization 

The goal of these DLS measurements was to characterize our system in terms of 

size and especially how does it vary if the temperature varies. We measured five 

different scattering angles (30o, 45o, 60o, 90o, 150o) and each angle for more than 

1000s. Several temperatures were measured from 15oC to 40oC, which correspond 

to its completely swollen state at low temperatures and fully collapsed state at high 

temperatures (due to LCST behavior). The waiting time between the temperatures 

was more than 30 minutes for appropriate equilibration. 

In Figure 4.4 we show typical results of the intermediate scattering (time 

autocorrelation) functions for four different temperatures. The system seems to relax 

at long times and the contrast in the correlation function is very close to one. Only at 

20oC, we observe some long-time processes at small scattering angles (30o and 

45o), which possibly originate from small aggregates in the system. For 20oC and 

40oC at low angles (30o and 45o) we could also consider a double exponential decay 

process but for simplicity (since we care about the main mode here for 

characterization) we do not. The data were fitted with Kohlrausch-Williams-Watts 

(KWW) equation by using single exponential decay process: 

𝐶(𝑞, 𝑡) = 𝑔1(𝑡) = 𝑏 + exp (−
𝑡

𝜏
)

𝛽

 

 

Eq.4.1 

where 𝑔1(𝑡) is the field correlation function, b is the baseline, τ is the relaxation time 

of the particles and β is the so-called stretched exponent. The latter takes values 

between 0 and 1. In case where β<0.8 there is a subdiffusive motion, 0.8<β<1 is a 

diffusive motion and β>1 is a superdiffusive motion (ballistic). 
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Figure 4.4. Normalized correlation functions (intermediate scattering functions, ISF) of B25 PNIPAM 

suspension in water for four characteristic temperatures (15oC, 20oC, 32.5oC, 40oC). Different colors 

correspond to different scattering angles, red: 30o, orange: 45o, blue: 60o, pink: 90o and green: 150o. 

Data fitted with KWW equation with a single exponential decay process.  

The KWW fitting procedure yielded a single exponential decay of the ISF for the 

whole range of angles and the whole range of temperatures. For the calculation of 

the diffusion coefficient, D we used the plot of figure 4.5. The hydrodynamic radius, 

RH of the microgel particles was then determined by means of the Stokes-Einstein-

Sutherland equation. The viscosity values of the solvent (water) for the different 

temperatures provided by Anton-Paar. Results are depicted in figure 4.6. 
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Figure 4.5. Calculation of the apparent diffusion coefficient by using the relaxation time, τ extracted 

from the KWW fitting process. The plot shows the decay time over the scattering wavevector against 

the scattering wavevector and the intercept of the linear fit indicates the diffusion coefficient through 

the relation D=Γ/q2.  

The value of the hydrodynamic radius at 15oC was 243nm in its most swollen state. 

By increase the temperature the size was decreasing. In the blue region interactions 

are repulsive and beyond the theta temperature they become attractive and the 

particle collapses. Table 4.1 lists the results.  
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Figure 4.6. Hydrodynamic radius against temperature for a dilute PNIPAM microgel suspension. 

Sample coded as B25 and the measured concentration is about 0.0096wt. %. The LCST temperature 

of this system is 32.5oC which correspond to a radius of 70nm. The blue color is for the temperatures 

below LCST and the red color is for the temperatures above LCST. 

Table 4.1. Viscosity and hydrodynamic radius at different temperatures for sample B25 with 

concentration of 0.0096wt. %. 

Temperature 

(oC) 

Dynamic viscosity 

(mPas) 

Hydrodynamic 

radius (nm) 

15 1.1375 243 

20 1.0016 241 

25 0.8900 200 

30 0.7972 177 

32.5 0.7566 70 

35 0.7191 117 

40 0.6527 92 

 

Another representation of the reflection of changing temperature on the diffusion 

(and size) is shown in figure 4.7. By increasing the temperature, attractions dominate 

and the decay time decreases, in the dilute regime. 

At higher concentrations, in the dense regime the higher temperature does not only 

affect the interactions within one particle (intra-particle interactions) but also between 

particles (inter-particle interactions). This is investigated with rheological 

measurements for concentrated suspensions and it is discussed in chapter 5. 
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Figure 4.7. Characteristic relaxation rate over the square of the scattering wavevector against the 

square of the scattering wavevector for different temperatures. Different colors correspond to different 

temperatures and the higher the temperature the more the attractions in the system. The relaxation 

time decreases since the size due to the attractive interactions within the polymer increase. 

4.2. Biological hydrogel 

The hydrogel based on hagfish slime is a natural polyelectrolyte system. To put the 

work into perspective, we first introduce the biology of a jawless fish named hagfish. 

Then we focus on mucin-like proteins and discuss the importance of sample 

preparation under two aspects: i) the slime collection and the stabilization of mucin 

vesicles and ii) the network formation. We end-up with the procedure followed in 

order to estimate the concentration of mucin vesicles in a given sample. 

4.2.1. Hagfish slime and its biology 

A marine invertebrate animal named ‘‘hagfish’’ is shown in figure 4.8 below. 

Hagfishes leave very deeply into the ocean (typical depth being larger than 100 

meters) and are known to exist since more than 300 years. They are usually fed by 

dead animals in the seafloor. There are many different hagfishes in the oceans but 

the ones most studied are: i) the Myxine glutinosa L. (from the Atlantic ocean, 

Norway) and ii) the Eptatretus Stoutii (from the Pacific Ocean). In the present work 

we investigate the former, which was obtained in Norway[69], [70]. 
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Figure 4.8. Atlantic hagfish, the myxine glutinosa (Norway) 

Hagfishes are very famous for their ability to defend themselves by using their body. 

As you can see in Figure 4.8, there are little “white dots” in the ventrolateral place of 

the animal and the so-called exudate. These are slime gland pores (with a diameter 

of roughly 2mm) and they are located symmetrically in both sides of the fish. These 

appear when hagfish is attacked or stressed[11], [42]. When it comes in contact with 

seawater, the exudate produces the slime in a few milliseconds in order to defend 

itself against predators. Indeed, the large volume of slime is produced after an attack 

as a defense mechanism[71].  

 

Figure 4.9. Hagfish slime 

When the slime is released from the hagfish it causes gill suffocation and clog mouth 

of other fishes (predators) in the ocean. In this way, the hagfish is protected from 

bigger animals (e.g. a shark). The slime has the ability to reduce the water flow in the 

gills and this causes the suffocation. At this point is important to note that, there is 

the possibility that hagfish can suffocate itself in his own slime, but Mother Nature 

has already foreseen this and given a smart solution. By doing a knot, as nicely 

shown in work of L. Bӧni [11] in Figure 4.10 below, hagfish can escape its slime. 
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Figure 4.10. Defense and escape mechanism with hagfish slime. In the top of the figure there is the 

defense mechanism from the hagfish to the bigger fish, in its mouth suffocation and in the bottom 

there is the escape mechanism at which hagfish by knotting itself escapes the slime. For both 

mechanisms there is a cartoon representation on the right side of the image [11]. 

The composition of the slime involves two main components (protein skeins and 

mucin vesicles), as explained in Figure 4.11 below. Inside the gland slime pores 

there are two secretory large cells. These are: i) gland thread cells (GTCs) and ii) 

gland mucus cells (GMCs) [43], [71], [72]. Both act synergistically in order to release 

their components via interactions to create the slimy network. 

Figure 4.11. Cartoon representation of hagfish in the top 

of the picture, with the ‘white dots’ its body from both 

sides respectively to be the slime gland pores. The 

microscope image is a SEM image which represents the 

gland pore and as shown next to this is the cartoon 

illustration of the gland pore. Inside the pore there are: i) 

gland mucus cells and the ii) gland thread cells. Picture 

captured from Herr et al. 2014[43]. 

The GTCs contain the single protein thread skein, consisting of intermediate filament 

proteins which are coiled-up in an elliptical shape (150μm long and 50μm wide). On 

the other hand, the GMCs contain mucin vesicles (1-3μm length), which contain 

packed mucin-like glycoproteins. Mucin vesicles are surrounded from a single bilayer 

membrane. Below, we describe the mechanism of the slime formation. 
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The skeins unravel in seawater (figure 4.12) and 

they provide a protein thread rich in intermediate 

filaments with a length of roughly 15-30cm and 

diameter of 1-3μm[13].  

 

 

 

In Figure 4.13 we show a microscope image of a non-unraveled skein and the 

corresponding cartoon illustration of skein which unravels when in contact with water 

[11]. 

 

 

Figure 4.13. Microscope image of skein protein (left) and the cartoon representation of the skein 

which unravel upon contact with seawater in order to release the protein thread (right)[11] 

The same holds for the mucin vesicles. We show in figure 4.14 a microscope image 

of many vesicles which are stabilized in a buffer solution (stabilization procedure to 

be explained in section 4.2.2) and the corresponding cartoon which illustrates the 

swelling of the vesicles and rupture of the mucins outside the vesicle. In the single 

bilayer membrane there are ion transporters which may allow not only water to enter 

the vesicle but also ions such as Ca2+ [43], [73] . It turns out that these specific ions 

play a crucial role in the rupture of the vesicles. When ions from seawater enter the 

membrane they reduce the concentration gradients and they rupture[74]. 

Figure 4.12. Skein unravelling of 

the intermediate filaments (protein 

threads) in water. 
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Figure 4.14. Microscope image of mucin vesicles in buffer solution (left) and the cartoon 

representation of these vesicles where in contact with water they swell and they release the mucin-

like glycoproteins in water (right) [11]. 

Hagfish slime is one of the most promising materials for varying applications and 

especially in the pharmaceutical sector, as a smart, superelastic, economic and 

water-absorbing materials. It is characterized as superelastic due to the mucus 

composition and its cohesiveness due to the long fibers. The rupture of the vesicles 

and the unravelling of the skeins take place simultaneously in seawater[12]. Figure 

4.15 shows the components before interacting with water on the left and after 

interacting with water on the right. 

 

Figure 4.15. Hagfish slime exudate on the left with the two components (skeins and mucin vesicles) 

and the slimy network (threads and mucins) on the right. 

In this work we focus exclusively on isolated mucin vesicles and their composition, 

i.e., the mucin-like glycoproteins. In the next paragraph we discuss the composition 

of mucin proteins and some of their unique characteristics with the relevant 

challenges.  

4.2.2. Mucin proteins  

Mucin proteins is the major component of hagfish slime. Its own main component of 

this mucus hydrogel is water which constitutes more that 90-95% of the total mucus 
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mass[10], [14], [75]. The functional properties of this physical hydrogel originate from 

the biomacromolecules (mucin proteins) which are responsible for its viscoelasticity 

[11], [45]. The composition of mucins in the mucus secretion is about 2-5% of the 

total mass. However, lipids, salts and other proteins are also in presence but with a 

very small contribution. 

The viscoelasticity of this complex system is based on the interactions which are 

hydrophobic, electrostatic and calcium-mediated [12]. The following schematic 

(Figure 4.16) illustrates an example of a mucin. There are many types of mucins and 

the one presented below is named as MUC5AC and found in many living organisms 

(e.g. nasal cavity)[39].  

 

Figure 4.16. Cartoon representation of a mucin macromolecule, coded as MUC5AC, taken from [39]. 

The main part is the protein backbone which is a polypeptide with oligosaccharides 

known as glycan side-chains. This central zone is anionic due to the terminal groups 

which are mainly carboxyl-groups and they provide repulsive electrostatic 

interactions. The peptide residues (e.g. proline, glycine) provide the hydrophobic 

interactions in the system. The cysteine-rich domains provide disulfide bonding 

which provides the linking between the mucin monomers [69], [76]–[78]. In order to 

present a better understanding of the interactions in the system we show the cartoon 

below which is taken from [39]. 
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Figure 4.17. Cartoon representation of the interaction for mucin proteins. Hydrophobic interactions 

dominate between the non-glycosylated groups and electrostatic repulsive between the mucin 

macromolecules due to the negatively charged backbone. The disulfide bonds are the linkage 

between the mucin monomers, taken from [39]. 

When mucins appear at high concentrations they form this highly viscous shear 

thinning gel due to the combination of entanglements and hydrophobic interactions. 

The hydrophilic nature of the oligosaccharides and the electrostatic repulsions 

between the oligomers are the reasons why the gel is in a completely hydrated state 

and of course explain why mucins exhibit super-absorbance. 

The biological nature of mucus with a special interest on mucins is very challenging 

to understand since the molecular weight of such proteins is very high and unknown; 

the polydispersity is much larger than synthetic systems and the degree of 

glycosylation is difficult to determine[77]. All these parameters which strongly affect 

the final material properties are not easily controlled. 

4.2.3. Sample preparation 

This paragraph is divided in two parts: i) slime collection and stabilization of mucin 

vesicles and ii) network formation. In the first part we discuss very briefly the slime 

collection and the sample stabilization at which mucin vesicles are stabilized in a 

buffer solution in appropriate conditions. In the second part we discuss the hydrogel 

formation. The technical issues and handling of such system are briefly reviewed.  
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i) Slime collection and stabilization of mucin vesicles 

Marine hagfish (Myxine glutinosa) was provided by the Atlanterhavsparken in 

Ǻlesund, Norway. The procedure performed according to the ethical application by 

the Forsøksdyrutvalget (FOTS ID 6912), under the supervision of Møreforsking 

Nyhetsarkiv. In 10L of fresh seawater, a mixture of 1:9 of clove bud oil (Sigma-

Aldrich) and ethanol was used for the hagfish anesthetization at a concentration of 

1ml/L. After hagfish was anesthetized, it was placed in a dissection board and 

plotted dry. Once it was dried an electrical stimulation was performed with a 

stimulation device (HPG1, Velleman Instruments, 80 Hz, 8 -18 V) in order to make 

the fish to release the exudate. The exudate produced from the hagfish when the 

stimulus procedure starts. 

The exudate comes out of the pores because the electrical stimulus, stimulates the 

muscles around them. After this, a spatula is used in order to remove the secreted 

exudate from the ventrolateral place and stabilize in a buffer solution. In particular, 

the exudate was stabilized in a MCT oil (Medium Chain Triglyceride) or in a high-

osmolarity CP buffer consisting of 0.9M sodium citrate and 0.1M PIPES at pH 6.7, 

0.02% NaN3 and a protease inhibitor. Although we refer below to ions from seawater 

which have the ability to enter the vesicle membrane and it is important to highlight 

that the high osmolarity buffer (CP) which contains polyvalent ions does not rupture 

the vesicles. Studies on vesicle membrane were shown that it is impermeable to 

polyvalent ions [43].  

Exudate has to be stabilized in order to retain its functionality over time and its 

natural composition. Samples were kept in the fridge at 4oC. Finally, hagfish can be 

recovered in a fresh seawater after sampling. There is a well presented literature 

work by [11], [12], [43], [79]–[81] about the detailed analysis of the exudate and its 

stabilization. 

ii) Network formation 

Fast network formation in few seconds is very exciting in comparison to other gels, 

usually synthetic, which may take days to fully develop (e.g. gelation of colloidal 

suspensions). As already mentioned, vesicles are stabilized in a citrate-pipes buffer 

(CP) and samples care coded as ‘’mucin stock vesicles/stock solution’’. This stock 

solution is our initial starting point for further sample preparation and analysis. All 
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samples were prepared in Eppendorf tubes of 2ml volume. The homogenization of 

the system is critical on every sample preparation. With the micropipette we 

suspended the vesicles in the buffer and added small amount of this solution (e.g. 

5μl) in nanopure water (e.g. 995μl) until the desired concentration (e.g. 0.5vol. %) 

was reached. Water goes into the vesicles and swells them. In this way the mucin 

proteins leave the vesicle and create the polyelectrolyte network structure.  

The mixing procedure (vesicles and water) is illustrated in the cartoon of figure 4.18 

[69]. In the first vial (1) there are vesicles and buffer solution, in the second vial (2) 

water with the buffer and the vesicles, and in order to create the slimy network (3) we 

slosh the vial by 8 times. The number 8 is an empirical albeit effective protocol for 

this kind of sample preparation. 

 

Figure 4.18. Cartoon representation of the mucin network formation. Each number correspond to a 

single step needed for final hydrogel formation. Especially, #1 vesicles with buffer in a vial, #2 

vesicles and buffer with the addition of water and in last but most important step #3 is the mixing of 

the sample by sloshing the vial up and down for 8 times. The final product is the super elastic 

network-mucus [69]. 

Failure of network formation: It is important to highlight this point since it is strongly 

connected with the health and consequently the functionality of mucus. The single 

bilayer membrane has the key role on the rupture of the mucin vesicles. When the 

membrane is fresh, water can enter in and swell the vesicle, but if it is broken or has 

some damage vesicles cannot swell and consequently they do not release the mucin 

proteins but they remain packed instead. This is a technical issue since if the 

vesicles do not swell a heterogeneous structure results, which is not gelly and its 

properties are ill-defined. In other words, a gelly sample is a healthy sample and vice 

versa.  

It is important to note that salts influence strongly the formation of mucin network and 

we discuss this in chapters 6 and 7 in the context of dynamic light scattering and 
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rheology (extensional and shear) experiments. We also discuss examples with 

different salts such as monovalent (Na+) and divalent (Ca2+) and present our 

hypothesis about heterogeneity and the role of ions in electrostatic screening as well 

as the opening of the vesicles. 

4.2.4. Concentration determination of mucins 

The concentration of the vesicles is a particularly crucial parameter in such biological 

systems. The concentration determination was firstly introduced many years ago by 

[74]. We have firstly to understand what makes this parameter so important but also 

hard to define. As already mentioned above, when the sample is taken from the fish 

with the spatula and stabilized in a buffer solution, the quantity taken is unknown 

because the procedure is random. We do not control the amount of the collected 

exudate. For this reason, the turbidimetric measurements (UV-Vis) were very useful 

because they provide the concentration of the solution.  

By using calibration curves, we can easily calculate the vesicles concentration for a 

given stock solution. However, a stock solution can be very dilute if it contains large 

volume of CP buffer but also very concentrated if it contains low volume of CP buffer. 

Vesicles are relatively heavy and they sediment after a certain amount of time and in 

this way we can remove as much buffer as we want from the supernatant and 

consequently concentrate the stock solution. In figure 4.19, we show a calibration 

curve from the pioneering work of Salo [74] which allows determining the absolute 

concentration of mucin vesicles in the buffer solution by measuring their UV 

absorption.  

After each turbidimetric measurement, the solution was dried out in a vacuum oven 

and the dry mass measured. In this way the calibration curve was built. The 

calibration curve represents the absorption values in the vertical axis which 

correspond to the measured solution concentration in the horizontal axis. 
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Figure 4.19. Calibration curve from Salo et al. 1983, 

absorption against mucus dry weight concentration. The 

100% of the stock solution corresponds to a concentration 

of 2mg/ml [74]. 

 

 

 

 

 

The exact protocol was subsequently used from R. Zurflüh [69] in order to build a 

calibration curve for the same system. In figure 4.20, the vertical axis represents the 

concentration in volume percent (vol. %) which is the volume of the stabilized 

vesicles in the buffer solution over the total volume in nanopure water; the horizontal 

axis is the absorption of the corresponding concentrations. The linear fit gives 

y=21.238x-0.1528.  

The initial starting point was the stock solution, coded as the 100% stock. By 

measuring the absorption of this sample and its dry mass the vesicles concentration 

was found to be 2.6 mg/ml.  

 

Figure 4.20. Calibration curve of concentration against absorption for mucin stock solution. The 100% 

(dried) of this mucin proteins correspond to a concentration of 2.6mg/ml. Picture captured from R. 

Zurflüh [69]. 
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In chapter 3, where we report the methods used, we explain how we calculate via a 

calibration curve the concentration. Here, we analyze in more detail how this can be 

done in a simple way by following series of steps. 

Figure 4.21. Cartoon illustration of the protocol 

used for the concentration determination of the 

mucin-like proteins. The vertical axis shows the 

absorption and the horizontal axis shows the 

sample concentration in the CP buffer solution. 

There is the indication of the linear regime and in 

continues the deviation from the linearity at higher 

concentrations. In the red box we show the 

calculation used in order to define the desired 

concentration (discussed in the text in detail). 

For our system three different stock solutions were used. They were stock solutions 

which contained the same material (mucin vesicles), stabilized in the same buffer but 

they differed in vesicles concentration. One was dilute, the second more 

concentrated and the third in an intermediate concentration.  

Simplistic protocol: 

1) Stock solution mixed properly with the micropipette for system 

homogenization. 

2) In an eppendorf tube small amount of the stock solution was added and the 

rest of the volume was filled with pure buffer solution (dilution). 

3) Three solutions with the same concentration (cmeas) were prepared.  

4) The absorption was measured for each sample and the standard deviation 

was calculated. 

5) Using the equation given in figure 4.20 for our measured absorptions, we 

calculated the respective concentrations in vol. % (cref). 

6) The last step was to extract the concentration of the vesicles: 

 

𝑐𝑣𝑒𝑠𝑖𝑐𝑙𝑒𝑠 =
𝑐𝑟𝑒𝑓

𝑐𝑚𝑒𝑎𝑠
∗ 2.6 (

𝑚𝑔

𝑚𝑙
) 

Where cvesicles is the concentration on the vesicles in the stock solution which is 

unknown, cref is the concentration determined from the calibration curve by using our 

absorption values, cmeas is the concentration which corresponds to the solution 
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prepared for the turbidimetric measurements and the value of 2.6 mg/ml corresponds 

to the concentration of the vesicles of the 100% stock solution based on the 

calibration curve. In the following table we note the final concentration of the mucin 

stock solutions. 

Table 4.2. Coding of mucin stock solutions and the corresponding vesicles concentration determined 

from UV-Vis measurements for the 100% of the stock solution. Samples B, C and D are estimations 

based on the first calibration curve of stock solution A. 

Stock solutions Cvesicles (mg/ml) 

A 2.6 

B 11.3 

C 40 

D 27 
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Chapter 5: Glass and jamming 

transition in soft microgels 

 

This chapter focuses on the linear viscoelastic properties of thermoresponsive 

PNIPAM suspensions. Samples were properly characterized by DLS as described in 

chapter 4, and their dynamics explored by means of linear and nonlinear viscoelastic 

measurements. 

One important open question: “Can we reach the same mechanical properties in 

metastable systems by using different paths?” also mentioned in the introduction. 

Based on the following cartoon (figure 5.1) we can easily understand that the control 

parameters here are: i) the concentration and ii) the temperature. We address this 

question by studying liquid-solid transitions at high enough concentrations. This type 

of transition is the main topic of this chapter, from glass to jam metastable state. 

 

Figure 5.1. Cartoon representation of core-shell particles (core: microgel and shell: linear chains 

attached to the surface of the particles). Left arrow: concentrated suspension at room temperature 

and right arrow: less concentrated suspension with swollen particles at temperature lower than the 

room temperature. 

By increasing the concentration at a constant temperature, the system becomes 

denser and by decreasing the temperature at a constant concentration, system 

becomes denser as well. While reaching the same effective volume fraction, φeff, 

how do we understand about system’s dynamics? 

5.1. Sample preparation 

Samples were prepared by dissolving a few grams of PNIPAM microgel in nanopure 

water. The initial concentration was in the dilute regime and by increasing the 
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amount of PNIPAM we reached the dense regime. In order to prepare highly 

concentrated solutions it was important to follow a specific protocol. For a well 

homogenized polymer suspensions, the starting point was a dilute solution (which 

was kept in the fridge at 4oC, the lower the temperature the larger the swelling 

capacity of the particles). Once it was properly dissolved, the sample was placed in a 

hot plate for a couple of days for water evaporation. In the top of the glass vial we 

put as a cover an aluminium foil with little holes in order to speed up the procedure. 

5.2. Rheological measurements 

Measurements performed in the strain-controlled rheometer ARES (TA instruments, 

USA) equipped with a force balance transducer (2KFRTN1). Two different 

geometries were used for low and high concentrations, respectively. For low 

concentrations: a stainless steel cone-plate geometry with a diameter of 25mm and 

cone angle of 0.166rad was used with truncation of 0.21mm. For high 

concentrations, a stainless steel cone-plate geometry was used with diameter of 

8mm and cone-angle of 0.02rad truncation of 0.023mm. The temperature range 

varied from 15oC to 35oC (from repulsive to attractive region, above the system 

LCST) and well achieved by means of Peltier element. The thermal expansion 

coefficient of the plates was 0.3 μm/o C for the smaller geometry and 1.06 μm/o C for 

the larger one. 

The rheological protocol in short was the following: i) first we rejuvenated the system 

(erase the sample history) with strain sweep experiments at high strain amplitudes, 

ii) second, we applied a relatively short time sweep (roughly 1000-3000s) in order to 

reach the steady state regime (system in “equilibrium’) after the rejuvenation, iii) 

third, we performed a frequency sweep experiment in order to explore the linear 

viscoelastic spectrum of the suspensions. Step-rate and steady shear experiment 

were also performed in order to determine the viscosities. 

The measuring system investigated in water, which actually evaporates easily and 

even more at temperatures above 25oC. This is a crucial issue for long-time 

measurements. For this reason, we developed setups, which are shown below, 

figure 5.2 is the first approach (a) and figure 5.3 is the second approach (b). 
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Both setups were tested and successfully used. The silicon oil procedure is 

superior since it is much easier to implement, it is rapid in terms of preparation 

and the sample remains unaffected over long times. In the following two plots 

(figure 5.4a and 5.4b) we show a frequency sweep example for both procedures 

after 7h. 

 

 

Figure 5.3. Photo of the solvent trap setup 

(second approach), where sample is placed in 

the peltier and the top plate sandwiches the 

sample. Silicon oil with a medium viscosity 

(~10mPa.s) filled the surrounding empty space. 

The goal was to fill until the silicon oil reaches 

the level of the top plate (not to overfill it).  

Figure 5.2. Photo of the solvent trap setup (first approach), where in the 

peltier sample is placed and it is sandwiched with the upper cone-plate. 

A metal ring is attached to the peltier and in the top of the ring there is a 

plastic cover. The outer part is a big plastic cover which isolates the 

sample from the external environment. Cottons in the top (dry) placed in 

order to improve the isolation and in the bottom (wet) in order to keep 

the concentration constant. 
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Figure 5.4. Dynamic frequency sweep tests with the two solvent trap setups used. Full symbols 

correspond to G’ and empty symbols to G’’. Black data shows the response of the material at 25oC 

and the red data appear at the same temperature but after all the measurements ~ 7h. The complete 

match of the data confirms that the protocol approach works. The left graph (a) shows the first 

procedure and the right graph (b) shows the second setup. 

5.3. Nonlinear viscoelasticity of PNIPAM microgels 

Dynamic strain sweep experiments were performed at different frequencies in order 

to probe the linear and the nonlinear viscoelastic regime of the system. The 

concentrations measured: 4wt. %, 6wt. %, 6.8wt. %, 8.2wt. %, 9wt. %, 10wt. %, 

12.3wt. %, 17wt. %. Figure 5.5 depicts four concentrations, which were selected to 

be shown starting from the dilute to the concentrated regime.  

The linear viscoelastic (LVE) region extends up to 10%, whereas for the lowest 

concentrations is slightly smaller. At low strain amplitudes (SAOS), both the elastic 

(G’) and the viscous (G’’) moduli are independent of the applied deformation. At 

large strain amplitudes (LAOS), deviate from the linearity and the G’’ exhibits a non-

monotonic behavior, a peak. The apparent elastic modulus decreases and when the 

viscous part shows the peak system yields to flow and liquid-like behavior 

dominates. At the crossover G’=G’’ the microstructure undergoes a breakdown. 

In figure 5.5 system is rejuvenated at ω=1 rad/s, T=20oC in order to melt completely 

the suspension, hence erase its history. As we can note in the dense regime, figure 

5.5 d (17wt. %) the maximum strain applied (300%) is not sufficient to rejuvenate 
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(G’’>G’) the system. For some concentrations, different frequencies (0.1rad/s and 

10rad/s) were applied. These frequencies correspond to different time scales of the 

system. At high frequencies the modulus increases and for low applied frequencies it 

decreases.  

 

Figure 5.5. Rejuvenation via dynamic strain sweep experiments, elastic (G’) and viscous (G’’) 

modulus as a function of strain (γ) on four different concentrations at ω=1rad/s and at T=20oC. 

Graphs: (a) 6 wt. % at 0.1rad/s, 1rad/s, 10rad/s; (b) 10wt. % at frequency 0.1rad/s; (c) 12.3wt. % at 

0.1rad/s, 1rad/s and 10rad/s and (d) 17wt. % at 1rad/s. 

Figure 5.6 depicts a dynamic time sweep test for the 6wt. % at 20oC. The strain was 

chosen in the linear regime, 1% and after a few seconds system was at steady state. 

Here, after roughly at 1000s we proceeded with measuring the relaxation time 

spectrum via frequency sweep experiments. 
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Figure 5.6. System equilibration protocol via 

dynamic time sweep experiment, elastic (G’) 

and viscous (G’’) modulus as a function of 

time (t) for 6 wt. % at 1% of strain for 20oC. 



-70- 
 

5.4. Linear viscoelasticity of PNIPAM microgels 

A strain amplitude in the LVE regime was chosen, γo=1% and frequency sweeps at 

different temperatures were performed. In the following plots we show the same 

concentrations as in figure 5.5, at 20oC. The material is predominantly elastic since 

G’>G’’ (full symbols).  

 

Figure 5.7. Dynamic frequency sweep experiments, (G’) and (G’’) against (ω) for different 

concentrations at 20oC at a constant strain of 1%. Graphs: (a) 6wt. %; (b) 10wt. % ;(c) 12.3wt. % and 

(d) 17wt. % 

As already mentioned in the introduction, concentrated soft colloidal suspensions 

undergo kinetic arrest (glass transition) and particles are caged due to the 

neighboring particles [82]. Caging is characterized by two different time scales: i) the 

slow relaxation time, τα (α-relaxation) which corresponds to frequency ωα (or ωc, the 

crossover frequency) and indicates the out of cage motion (cage escape) and ii) the 

fast relaxation time, τβ (β-relaxation) which corresponds to frequency ωβ and 

ω
α

 ωβ 
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indicates the in-cage motion. In figure 5.6b, ωα is the cross-over frequency and ωβ is 

the frequency at which the G’’ exhibits a minimum.  

As the concentration increases the size of the cage becomes smaller and the out-of-

cage time slower, see figure 5.7d. At lower concentrations, there is a small upturn of 

the G’’ at low frequencies which denotes a terminal possible crossover of G’ and G’’ 

(particle escape). At larger strains (in the nonlinear regime) the cage structure is 

strongly affected from the applied strain and the induced out-of-cage motion 

becomes faster[83]. 

In figure 5.8 we show the LVE spectra of the microgel suspensions at a 

concentration of 10wt. % at different temperatures. At low temperatures 10oC and 

15oC moduli are the same due to similar particle sizes. By increasing the 

temperature, the moduli decrease due to reduction of particle size. Further increase 

of the temperature, still below the system LCST, weakens the material. Once the 

suspension reaches T=35oC>TLCST the moduli strongly increase due to particle 

aggregation and the formed gel’s heterogeneities.  

 

Figure 5.8. Dynamic frequency sweep tests for 10wt. % at different temperatures at strain of 1%. As 

the temperature increases modulus reduces its value and above the LCST, the moduli strongly 

increase due particles aggregation. 
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5.5. Glass and jamming transitions 

We can now detect the same mechanical properties by using different mass 

concentrations at different temperatures but at the effective same volume fraction. In 

this way, we compare the LVE response with two different paths. The governing 

expression is: linking concentration and temperature. 

𝑐1(𝑇1)𝑅3(𝑇1) = 𝑐2(𝑇2)𝑅3(𝑇2) Eq.5.1 

and it originates from the volume fraction calculation 𝜑 =
𝑐

𝑐∗ where 𝑐∗ =
3𝑀𝑤

4𝜋𝑅3𝑁𝐴
 is the 

overlap concentration, R is the particle’s hydrodynamic radius, Mw is the average 

molecular weight and NA is the Avogadro’s number (6.023*1023mol-1). For our 

microgels RH (15oC) = 243nm and RH (20oC) = 241nm. 

In the following graph 5.9a, we show two concentrations at two different 

temperatures. The higher concentration, 8.2wt. % is measured at 20oC and the lower 

concentration, 6.8wt. % at 15oC. The higher former exhibits higher moduli and 

smaller out-of-cage relaxation time. The system at small times appears as weak gel 

and as time passes it flows. By using a simple normalization factor for both vertical 

and horizontal axe we reach the same mechanical response. In the y axis of figure 

5.9b, the moduli, normalized with the thermal energy per particle which is kBT/R3 and 

the x axis with the a-relaxation time as shown with the arrow in the left plot 5.9a 

below. This is the: glassy regime[21]. 

 

Figure 5.9. (G’) and (G’’) modulus as a function of (ω) for two different concentrations: 6.8 wt.% at 

15oC and 8.2 wt.% at 20oC for strain of 1%. (a) The higher the concentration the higher the moduli; (b) 

the vertical axis normalized with the thermal energy per particle (R3/kBT) and the horizontal axis 

normalized with the out of cage relaxation time, τα. Data after normalization superimpose well. 
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The same procedure was followed at two higher concentrations for 10wt. % at 15oC 

and for 12.3wt. % at 20oC. Figure 5.10a shows the solid-like behavior. The 

characteristic minimum in G’’ is the β-relaxation process. Figure 5.10b, the vertical 

axis normalized in the same way as before and the horizontal axis with the in-cage 

relaxation time τβ. In the accessible experimental window, ωα is not detectable and 

for this reason we did not use it. This frequency could be reached with theoretical 

predictions which could provide values of G’ and G’’ at much longer times, or by 

means of long-time creep measurements. It is remarkable that the elastic and the 

viscous moduli which correspond to different concentrations do not collapse as 

before. 

 

Figure 5.10. (G’) and (G’’) modulus as a function of (ω) for two different concentrations: 10 wt. % at 

15oC and 12.3 wt. % at 20oC for strain of 1%.(a) The higher the concentration the much stronger the 

material; (b) The vertical axis normalized with the thermal energy per particle (R3/kBT) and the 

horizontal axis normalized with the out of cage relaxation time, τβ. Data after normalization shifted but 

they do not match. 

In the jamming regime [21], [84], [85] the normalization factor fails because here the 

particles are deformed and squeezed. Hence it is particle contact rather than thermal 

motion that dictates their dynamics. It is very challenging at this point to define a 

shrinkage parameter in order to remove the effect of the reduced size and the 

particle deformability. 

In figure 5.11 we show the concentration at which the transition from glass to 

jamming state occurs. We compare the elastic plateau modulus and the viscosity as 

concentration increases. The left vertical axis (Gp) is the plateau modulus from the 

frequency sweep experiments. This value extracted from G’ when the corresponding 



-74- 
 

G’’ exhibits a minimum (values presented in table 5.1). The right vertical axis is the 

zero-shear viscosity and the horizontal axis shows the range of measured 

concentrations. It is unambiguous that a transition from low to high concentration 

regimes take place at 9wt. %. 

Table 5.1 Different concentrations with the corresponding plateau modulus estimated from the 

dynamic frequency sweep tests, Gp=G’ when the G’’ shows its minimum. Bold concentration marks 

the jamming transition. 

Concentration (wt. %) ω (G’’min) (rad/s) Gp (Pa) 

6.0 0.100 11 

6.8 51.00 56 

8.2 10.00 74 

9.0 10.00 96 

10.0 1.00 121 

12.3 0.05 395 

17.0 0.30 865 

 

In the glassy regime the particles repel each other and are trapped within a virtual 

metastable cage as referred above. In this region, the plateau modulus remains 

relatively constant. As the concentration, increases the modulus starts to deviate and 

the particles interact with the neighbors by creating contacts (shown in the inset – 

figure 5.11). Further increase of concentration strongly increases the modulus and 

this is due to the increase of both the number of contacts and the compression of the 

particles via osmotic pressure[21]. The linear dependence of Gp with concentration 

seems to characterize this regime for microgel pastes[21]. 
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Figure 5.11. Elastic plateau modulus (left axis), blue and viscosity (right axis), black against 

concentration. Data shown at 20oC and strain 1%. The transition from glass to jamming region occurs 

at 9wt. %. The insets from left to the right show the structure of an entropic glass with the yellow 

particle to be “caged” from the neighbors, the transition where particles start to touch each other and 

create contacts and the very dense regime where particles are compressed and shrinked. 

To conclude, we summarize the different regions, starting from the left (low c) to the 

right (high c): 

1) Very dilute regime (viscosity measurements, G’’>G’) 

2) Dilute regime (G’>G’’) 

3) Colloidal glass regime (amorphous and frozen colloidal suspension) 

4) Transition from glass to jammed state (particles start to be packed and shape 

deformation occurs) 

5) Colloidal jamming regime (particle shrinkage and friction forces dominate due 

to particle contacts) 

A similar phase diagram is built in figure 5.12 where we compare the elastic plateau 

modulus and the zero shear viscosity, both in normalized form; the first with the 

modulus Go=11 Pa (Go is the plateau modulus a the lowest concentration at 

reference temperature, 20oC) and latter with viscosity, against polymer concentration 
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for different temperatures. In the lowest concentration, 4wt. % viscosity 

measurements performed because the system was liquid with G’’>G’. 

The key points to be highlighted in this plot are the following: i) at a constant 

temperature (below the LCST) G’ increases with concentration ii) at the highest 

temperature (35oC) G’ at low concentrations (repulsive glassy regime) strongly 

increases due to the attractive interactions in the system and iii) at high 

concentrations (jammed glass) the elastic modulus vanishes and viscosity dominates 

(flow curves measured-shear thinning type of flow).  

The latter one can be explained through the system heterogeneities. If we consider a 

very dense particle suspension where particles are completely packed and attractive 

interactions dominate then small cavities possibly created and through them the 

initial system which is melted flows. 
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Figure 5.12. Elastic plateau modulus normalized with the lowest modulus (full symbols) at a reference 

temperature at 20oC and viscosity normalized with the zero shear viscosity (empty symbols) against 

concentration. Different colors correspond to different temperatures. 
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5.6. Discussion and summary 

The cross-linked PNIPAM particles (2.5wt. %) were first characterized in the dilute 

regime. The variation of size is a typical behavior of such thermoresponsive 

(PNIPAM) particles with the transition to take place at 32.5oC.  

The effect of mass concentration and temperature were tested in terms of oscillatory 

shear rheology. The question addressed in the beginning of the present chapter 

concerns determining the dynamics in systems at the same volume fraction achieved 

by different means (either with increasing c or reducing the T); this yields the same 

mechanical properties at relatively lower concentrations (the so-called: glassy 

regime) whereas at higher concentrations, the system is deformed due to the 

shrinkage of the particles which is caused due to the osmotic pressure (the so-

called: jamming regime). In the following summarize we highlight the major points of 

this chapter. 

i) At concentrations below the transition (9wt. %) the size “controls” 

(normalization factor) the viscoelastic behavior by including the variation 

with temperature (figure 5.11). Under these conditions the system reaches 

terminal crossover and the material flows. 

ii) At concentrations above the transition (9wt. %) the size is unknown since 

particles due to the large concentration are shrinked (figure 5.11). Here, 

we are not able to reach terminal crossover as in the whole range of 

frequencies G’>G’’. 

iii) Up to 5wt. % the system has an elastic-like response since G’>G’’. 

iv) The increase of temperature reduces the size and this causes a decrease 

in the modulus; above 32.5oC the colloidal suspension undergoes a 

transition and becomes attractive. First, we detect this from the light 

scattering characterization (RH against temperature) in figure 4.6 and from 

rheology in figure 5.8 where the modulus has a rapid increase at 35oC 

(strong aggregation results in such stiffening of the network). 
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Chapter 6: Structure of hagfish mucins 

This chapter focuses on the investigation of the dynamic structure of mucin-like 

protein via dynamic light scattering, DLS. We studied different concentrations of 

mucins in a salt-free environment, in nanopure water, at 20oC. The main goal was to 

decode the complex multi-mode dynamics and determine the size of such proteins. 

To this end, we used different data analysis strategies. Additional measurements 

were performed in a saline environment and we shall discuss the influence of salt at 

some of the concentrations. 

6.1 Interpretation of light scattering data 

The system characterization starts in the very dilute regime, where 

particles/macromolecules supposed to be isolated. The hydrodynamic size is 

calculated from the Stokes-Einstein-Sutherland equation (eq. 3.7). In this case, we 

assumed that the mucin-like glycoprotein is a hypothetical sphere which diffuses 

freely. Higher concentrations were investigated as well, around and beyond the 

entanglement concentration. The measured time autocorrelation functions of the 

scattered intensity were analyzed by three common techniques: i) a regularization 

method known as CONTIN algorithm[86]; ii) a cumulant method based on Taylor 

series[2] and iii) a non-linear cumulant analysis[88]. In the next two paragraphs, we 

present a brief introduction, theoretical background, comparison and some 

examples. 

6.1.1. Basics of CONTIN analysis 

The CONTIN method is also termed as non-monomodal distribution method; 

because it typically involves analysis of multi-mode distribution[48]. In order to gain 

information about the particle/macromolecule distribution we need to determine the 

distribution function of the measured decay rate, G(Γ). The electric field correlation 

function g1(τ), measured in DLS experiments, is obtained by Laplace transform of 

G(Γ): 

𝑔1(𝜏) = ∫ 𝐺(𝛤)𝑒−𝛤𝜏 𝑑𝛤
∞

0

 
      Eq.6.1 
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Where, Γ is the decay rate and τ is the relaxation time (or delay time) of the 

measured object. The relation between these two parameters, g1(τ) and G(Γ) is not 

trivial. The decay rate distribution is given by 𝐺(𝛤) = ∑ 𝑎𝑘𝐺𝑘(𝛤)𝑘 , i.e., a summation of 

several exponential decay functions that decay at different rates; this is the main 

reason why CONTIN is particularly useful for highly polydisperse systems. 

The main point is to use CONTIN and to invert the decay rate distribution for different 

values of α which is the so-called regularization parameter. Larger values of α 

translated into a large residual normalization, whereas smaller values signal larger 

side constrains and broader distribution (i.e. more modes due aggregations). The 

quality of fitting depends on the curvature of the distribution. The proper selection of 

α is a very difficult task because the very tiny differences in the selection of α 

changes dramatically the result.  

In figure 6.1 below we show a typical example (at low concentration, c=0.156mg/ml 

and a scattering angle of θ=75o, q=0.01915nm-1) of a correlation function analyzed 

with CONTIN. The red fitting line is the result of the CONTIN algorithm which 

indicates mainly one relaxation time where the peak appears. The green line in the 

bottom (baseline) is the so-called residuals and it provides information about the 

fitting quality. The smother the residual line the better the data treatment.  

The inset represents the normalized distribution function against the logarithm of the 

time. The distribution function is normalized by the corresponding average scattering 

intensity and the solvent intensity (here toluene) for each angle as: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 =
𝐼𝑎𝑣 ∗ 𝐺(𝛤) ∗ sin(𝜃)

𝐼𝑡𝑜𝑙𝑢𝑒𝑛𝑒
 

         Eq.6.2 

 

Where Iav is the average scattering intensity (raw intensity), Itoluene the intensity of the 

solvent (toluene) and the G(Γ) is the distribution obtained by CONTIN. 

The distribution of eq. 6.2 was fitted with a Gaussian function (eq. 6.3, below) for one 

or more peaks, depending on the concentration and the system polydispersity. 
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Figure 6.1. Typical example of a correlation function analyzed with CONTIN regularization method. 

The red curve indicates the fitting of the data and the blue distribution curve represents the size 

distribution. Inset: we show the normalized distribution against the logarithm of time. The Gaussian 

fitting of the present distribution provide information about the relaxation time of the measured object.  

 

𝑦 = 𝑦𝑜 +
𝐴

𝑤√
𝜋
2

𝑒
−

2(𝑥−𝑥𝑐)2

𝑤2  
          Eq. 6.3 

 

Where yo is the offset, A is the area under the peak, w is the width and xc is the value 

of the x axis at the center of the peak. The relaxation time used is a fit parameter 

xc=τ.  

Normalized scattering intensity:  

The scattering intensity is extracted from the normalized distribution function. By 

applying the Gaussian fitting, the area under the peak corresponds to the normalized 

scattering intensity. A typical example of its q-dependence is shown in the figure 6.2 

below. This power-law dependence is characterized by an exponent (slope) of about 

-3. The slope indicates the value of the dimensionless parameter df (the fractal 

dimension). As provided by table 3.2 discussed in chapter 3 the topology under 

investigation seems to be a 3D object with fractal or smooth surfaces. 
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Figure 6.2. Normalized (dynamic) scattering intensity for a concentration of c=0.22mg/ml.  

6.1.2. Basics of cumulant analysis 

Cumulant analysis it is also known as a monomodal distribution. It is a quantitative, 

easy and reliable way to calculate the average diffusion coefficient. It is based on a 

series expansion and it is valid for relatively low polydispersities. The error in the 

measured quantities, say hydrodynamic radius RH, has to be  
ΔRH

𝑅𝐻
≤ 20%. The 

pioneering work of Koppel et al. introduced the idea of cumulants [87]. The relevant 

equation is 𝐾(−𝜏, 𝛤) = 𝑙𝑛𝑔1(𝜏), which is analyzed in Taylor expansion series as: 

𝐾(−𝜏, 𝛤) = 𝑙𝑛𝑔1(𝜏) = ∑
𝑘𝑚

𝑚!
(−𝜏)𝑚 =∞

𝑚=1 −𝑘1𝜏 +
𝑘2

2!
𝜏2 −

𝑘3

3!
  𝜏3 + ⋯                         Eq.6.4                              

 

where 

-k1 is the first cumulant which yields the diffusion coefficient Ds and is given by  𝑘1 =

< 𝐷𝑠 > 𝑞2 . This method provides mean values for the diffusion coefficient and not 

the decay distribution. 

-k2 is the second cumulant which provides information about the polydispersity of the 

system due to the diffusion coefficient distribution function σ𝐷 =
√(<𝐷𝑠

2>−<𝐷𝑠>2)

<𝐷𝑠>
= √

𝑘2

𝑘1
2.  
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It is defined as  

𝑘2 = (< 𝐷𝑠
2 > −< 𝐷𝑠 >2)𝑞4  . 

-Higher order cumulants such as k3 are typically not needed[89]. 

In figure 6.3 we show a correlation function of a very dilute solution (c=0.08mg/ml) 

at a scattering angle of θ=75o (q=0.01915nm-1). Figure 6.3a depicts a typical 

autocorrelation function (lin-log representation). The dashed line represents the 

region where the exponential decay exhibits its initial slope. The biggest advantage 

of cumulant analysis is that we avoid the presence of aggregates/clusters which 

provide a very large slow mode at longer times(the polyelectrolyte effect [32], [33]). 

For this reason, this method is required mainly for the definition of the fast modes. 

This is also the reason for which we term this method as a monomodal distribution. 

However the “length” at which we apply the fit is very small in comparison to other 

analysis strategies. This can be easily understood by considering figure 6.3b which 

depicts the autocorrelation function as function of time in a log-lin representation. It 

shows the very short fitting region associated with the initial slope (dashed region in 

figure 6.3a). The target is to detect this slope in the correlation function in order to 

extract a trustable and reliable value for the diffusion coefficient.  

 

Figure 6.3. Low concentration of mucus, 0.08mg/ml at 75o: (a) we show a lin-log representation of the 

correlation function with the dashed lines to note the initial slope of the exponential decay; (b) we 

show a log-lin representation of the correlation function where the fitting line is the triple polynomial 

fitting of the data.  

The data were fitted with a triple polynomial equation, eq. 6.5. Below, we explain in 

brief the exact steps followed for the estimation of the mucus diffusion.   
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𝑦 = 𝐴 + 𝐵𝑥 + 𝐶𝑥2 + 𝐷𝑥3       Eq.6.5 

  

Here, A is the intercept, B is the first cumulant (k1), C is the second cumulant (k2) 

and D is the third cumulant (k3). For each concentration, five different fits were 

performed in order to obtain good statistics. The average value of k1 with its standard 

deviation were further used for extracting the average value of the diffusion 

coefficient, <Ds>=k1/q2. In this work, we focus on the first cumulant.  

Normalized scattering intensity: 

The scattering intensity values normalized with the toluene intensity for the low 

concentration of c=0.08mg/ml are shown as functions of the scattering wavevector q 

in figure 6.4. The power-law slope is -3, 3D fractal of smooth surfaces as mentioned 

in figure 6.2 from CONTIN analysis. 

 

Figure 6.4. Normalized (dynamic) scattering intensity against scattering wavevector for concentration 

of 0.08mg/ml. 
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Table 6.1.Summarizes the main features of CONTIN and the cumulant methods of analysis. 

CONTIN (Provenquer, 1982) Cumulant (Koppel et al., 1972) 

Distribution function of Γ, τ, D Average values of diffusion, <Ds> 

PDI>0.7 (broad polydispersity index) PDI<0.7(narrow polydispersity index) 

Contribution of all modes (decay 

rates)-large fitting region 

Contribution of fast modes (e.g. 

avoid the presence of aggregates; 

the slow modes)-small fitting region 

 

6.1.2.1. Nonlinear cumulant analysis (NLCA) 

The third method tested is the so-called nonlinear cumulant analysis (NLCA). Based 

on the work of Mailer et. al., the third moment cumulant was used (equation 6.4) had 

no justification. On the other hand, the non-linear fitting procedure of equation 6.6 is 

very stable in respect to the values of the fitted parameters. NLCA has many 

advantages in comparison to the linear cumulant analysis and or CONTIN 

(paragraph 6.1.1) and cumulant analysis (paragraph 6.1.2). The following equation 

explained as a more robust procedure as well explained from Mailer et al. The non-

linear fit is: 

                     g2(τ) = B + β {exp(Γ̅τ) [1 +
1

2
μ2τ2 −

1

3!
μ3τ3 +

1

4!
μ4τ4 − ⋯ ]}

2

         Eq.6.6 

where the baseline B is 1 for ideal conditions, μ2, μ3 etc. represent the order of 

cumulants with  μ2 being the second cumulant.  

Results in figures 6.10, 6.11, 6.12, 6.13, 6.14, 6.15, 6.18, 6.19 are the ultimate 

results based on equation 6.6. In the appendix II, we show an example of the fitting 

curve based on equation 6.6. and we illustrate all the existing data on the apparent 

diffusion coefficient and intensity profile.  

6.1.3. Polydispersity and slow modes 

The investigated mucus exhibits a very broad distribution of relaxation times (see 

also detailed discussion below). This can be quantified with the PDI (polydispersity 

index), which is defined as the square of the standard deviation of the polydispersity 

over its mean value within such cases, the CONTIN analysis is necessary. We note 

that mucins are charged biopolymers (with sulfonate groups) and this provides a big 
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slow mode, which is characteristic of polyelectrolyte systems independently of 

concentration. Aggregation due to inter- or intra-mucin interactions provide additional 

slow mode(s). The slow relaxation due to clusters is more pronounced at higher 

concentrations. For this reason, cumulant analysis used where there is the need to 

avoid the contribution of the slow mode. 

We discuss the analysis of a relatively low concentration, c=0.22mg/ml. CONTIN 

results are shown in figure 6.5 with the time autocorrelation functions at different 

scattering angles in figure 6.5a and the corresponding distributions of relaxation 

times in figure 6.5b. For each angle, we show the distribution where there is a 

characteristic peak (assigned to the relaxation time). For each angle the measuring 

time in the instrument was up to 1000s. The distribution is fitted with a Gaussian 

function for each peak. The main peak is used for extracting the diffusion coefficient.  

In addition one can observe the fast mode (shown in figure 6.5b as a shoulder on the 

left side of the distribution) and the slow mode (indicated in figure6.5b as a second 

peak or a shoulder on the right side of the distribution). The fast mode, describes the 

motion of smaller particles (i.e. DNA, lipids, proteins and cells as mucus 

components).Counterions have typical rates which are ultra-fast (~10-6s) in respect 

to [32]; whereas in case of figure 6.5 and 6.1 the fast diffusion seems to be at (~5*10-

4s). For these roughly two decades difference, we do not believe that this first peak 

corresponds to the movement of ions presented in the solution. The slow mode is 

the motion of mucin aggregates. 

The slow relaxation process is complex, depends on many factors (interactions, 

system, sample treatment during solvent evaporation to increase concentration) and 

as a result it is uncontrollable, hence it will not be further investigated. Example of 

the strong slow mode presented in figure 6.8 below (yellow box at large times). 



-87- 
 

 

Figure 6.5. (a) Correlation function of a low concentration of 0.22mg/ml at four different scattering 

angles. The fitting curves provided by CONTIN; (b): Normalized distribution function fitted with a 

Gauss equation.  

In figure 6.6 we compare results from the CONTIN analysis (figure6.6a) and the 

cumulant analysis (figure 6.6b). In the graphs: the term “low concentration” refers to 

the beginning of entanglement regime whereas the term “high concentration” refers 

to a concentration deep in the entanglement regime. The values of the apparent 

diffusion coefficient and consequently the hydrodynamic radii are very similar: 

375nm (CONTIN) and 396nm (cumulant). However, we can note the q-dependence 

of mucin diffusion which is a signature of a polydisperse sample. Nevertheless, we 

found that at low concentrations the different interpretation methods show similar 

results. 

 

Figure 6.6. Apparent diffusion coefficient (Γ/q2) against q2: (a): CONTIN analysis and the size 

calculated is 375nm; (b): Cumulant analysis and the size calculated is 396nm.  
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The same comparison was performed at a higher concentration, c=0.9mg/ml and the 

results are now briefly discussed. In figure 6.7 we depict the time-autocorrelation 

functions (figure 6.7a) and their corresponding distribution (figure 6.7b). We observe 

that the slow mode is much greater and there is absence of baseline. For each 

angle, the measuring time in the instrument was up to 2000s. More than one random 

peaks appear in the distribution, which do not show any consistent trend with the 

scattering angle, in contrast to the lower concentration (figure 6.5b).  

 

Figure 6.7. (a) Correlation function of higher concentration, 0.9mg/ml at four different scattering 

angles. The fitting curves provided by CONTIN; (b) Normalized distribution function fitted with a 

Gauss equation. 

Figure 6.8a depicts the results of the CONTIN analysis and figure 6.8b the 

respective results of the cumulant analysis. In this case of higher concentration, 

CONTIN fails (the dashed box in figure 6.8a shows how scattered the data are). The 

values of the apparent diffusion coefficient and consequently the hydrodynamic size 

(which at this concentration is a correlation length rather than single mucin size) 

differ: 1000nm (CONTIN) and 552nm (cumulant). We found in general that at high 

concentrations the different analysis methods show different result. This can be 

appreciated by means of the analysis with the CONTIN algorithm (which is an ill-

posed inversion problem). The increase of Γ/q2 versus q2 signs the presence of large 

and polydisperse objects in the solution, even if the increase is relatively smooth 

(figure 6.8b). 
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Figure 6.8. Apparent diffusion coefficient (Γ/q2) against q2: (a) CONTIN analysis and the size 

calculated is 1000nm; (b) Cumulant analysis and the size calculated is 552nm. 

The effect of concentration on the slow mode is appreciated by observing the 

changing shape of the correlation function, as typically seen in figure 6.9. As the 

concentration increases from very low to intermediate and finally very high, the slow 

mode increases. This is also an evidence that at low concentration where the 

(relative weak) slow mode is present due to the polyelectrolyte effect, both CONTIN 

and the cumulant work equally well and give virtually the same results. At higher 

concentrations where the slow mode is much larger, CONTIN fails and cumulant 

provides information only on the faster dynamic process. At this point, it is important 

to note that the presence of the slow modes can be measured more accurately with 

the multi-speckle dynamic light scattering (MSDLS) technique [90]. 

Failure of CONTIN: the slope of -3 shown in figure 6.4 signs the presence of possible 

scattering from surfaces [50]. Thus surfaces in addition to internal modes within 

polymer network at large concentrations strongly influence the distribution function. 

For this reason, CONTIN at high concentrations gives a solution with many peaks 

originated from the complexes being in the system. In comparison to low 

concentrations where aggregates are less and slow mode is smoother. Cumulant 

“success”: this is due to the proper collection of the initial slope which has the 

consequence of including only modes at short times.  
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Figure 6.9. Correlation functions at 30o for different concentrations of mucins with the slow mode at 

long times (yellow box). 

Intensity profile: 

For all measured concentrations the power-law slope of I(q) is -3. The intensity 

profiles do not include the plateau region (Guinier plateau) at low q. Mucin proteins 

are very large and in order to explore the low-q region we need the small-angle light 

scattering (SALS) which is challenging for further investigations. In our setup the 

lowest angle used is θ=25o (q=0.00681nm-1) whereas for SALS the minimum 

measurement can be done at θ=5o (q=0.00137nm-1). Hence, the maximum angle 

used is θ=150o (q=0.03039nm-1) whereas for SALS the maximum measurement can 

be done at θ=25o (q=0.00681nm-1).Note that we measured, some static intensities 

via static light scattering (SLS) and they confirm the slope of -3. The range of angles 

we measured in SLS is: 25o<θ<150o with step of θ=5o for t=10s in each angle. The 

protocol applied three times. Hereafter, we shall concentrate on the dynamic 

intensities and properties. 
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6.2 Diffusion dynamics and scattering intensity in salt-

free environment 

In this section, we address the dynamic microstructure of mucins at different 

concentrations. For each one, the apparent diffusion coefficient was obtained (via 

CONTIN, cumulant and NLCA) and normalized with the apparent diffusion coefficient 

which corresponds to the lowest measured concentration, c→0 (limit of zero 

concentration). In figure 6.10 all presented data are originated from the NLCA 

analysis. The ratio was plotted against concentration in order to define the onset 

concentration for interactions (considering them only in the presence of interaction 

the diffusion coefficient becomes concentration dependent). This onset concentration 

marks the beginning of the entanglement regime (region III). For polyelectrolytes, the 

dilute (region I) and the semidilute regime (region II) cover many decades of 

concentrations [29]. 
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Figure 6.10. Apparent diffusion coefficient normalized with the apparent diffusion coefficient when 

c→0 against mucin concentration for different batches: A, B and D. 

As the concentration increases, the diffusion remains constant (for roughly three 

decades in time). This is expected since we deal with polyelectrolytes. The vertical 

line indicates the concentration of c=0.2mg/ml which marks the onset of 

concentration-dependent diffusion. Different batches contain the same material 

(mucin vesicles in stock CP buffer solutions) and the difference between them is the 
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amount of vesicles (cvesicles). The protocol for their concentration determination is 

discussed in chapter 4, paragraph 4.2.3. 

In the following table we summarize some characteristic mucus concentrations. The 

c (entanglement) is the concentration where mucins make entanglements. The c 

(reference) is the concentration which was chosen as reference in order to study the 

effect of salt. The c (dilute) is the lowest concentration measured in light scattering 

and c (slime) is the natural concentration of hagfish slime where mucins and threads 

coincides. 

Table 6.2. Characteristic values of mucin concentrations.  

code concentration 

(mg/ml) 

c (entanglement), ce 0.2 

c (reference) 0.08 

c (dilute)=co 0.0002 

c (slime) 0.02 

 

The concentration dependence of the diffusion coefficient (D~c0 in the dilute and the 

semidilute unentangled and D~c-0.5 for the entanglement regime[29]) is consistent 

with observations reported in the literature. As mentioned in chapter 2, for 

polyelectrolyte solutions in a salt-free environment the slowing-down of the diffusion 

above the entanglement concentration follows a c-0.5 dependence [29]. However, the 

work of M. Sedlák and E.J. Amis [32]reported different scaling of c-0.8 and c-0.35 for a 

high molecular weight polyelectrolyte and two distinct concentration regimes.  

A clear concentration dependence was also followed by the intensity. We plot the 

reduced intensity, i.e., the intensity when q→0 over the concentration, against mucin 

concentration. At low and intermediate concentrations, the intensity is independent of 

concentration, but at ce=0.2mg/ml it decreases. This cross-over concentration which 

corresponds to the entanglement concentration ce is very well in agreement for both 

dynamic (diffusion in figure 6.10) and static properties (intensity in figure 6.11). The 

diffusion dynamics as well as the intensity profile provided from DLS. 
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In the previous paragraph, we explained that we cannot extract the low-q region, 

which means that we do not know an exact determination of Io(q→0) value. For this 

reason, we explain in figure 6.12 how we extract Io(q→0) by means of the Debye plot 

[91]. 
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Figure 6.11. Reduced intensity (intensity over mucin concentration) against mucin concentration. 

6.2.1. Intensity extrapolation at q0 

In order to estimate the value of the intensity at zero-q, we used the Debye plot, 

which is depicted in figure 6.12. In particular, we plot 1/Io
0.5 against q2 for a low 

concentration of c=0.08mg/ml as an example; the same procedure performed for all 

the concentrations but is not shown. The linear fit of the data, y=ax+b, provides 

information about Io and ξ, which is an apparent size (could be termed correlation 

length). More precisely, ξ=(a/b)0.5 and Io=1/b2, where a is the slope and b is the 

intercept (see arrow in the plot, b=0.11). 
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Figure 6.12. Debye plot, the inverse of the square root of the scattering intensity against q2 for low 

mucin concentration of 0.08mg/ml. The arrow in the graph shows the intercept of 1/Io
2and through this 

we define Io 

The (static) correlation length was extracted and its values at different mucin 

concentrations are presented in figure 6.13, along with the hydrodynamic radius. 

Both ξ and RH are concentration-independent up to a threshold value of about 

c=0.2mg/ml (same as that observed in the diffusion coefficient, figure 6.9) beyond 

which they exhibit a change with concentration: The hydrodynamic radius increases 

above the threshold concentration, ce=0.2mg/ml. The correlation length decreases 

above the critical concentration.  
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Figure 6.13. Apparent hydrodynamic size, RH and correlation length, ξ, (static size) against mucin 

concentration. The vertical line indicates the critical concentration at 0.2mg/ml. 

 



-96- 
 

6.3 Saline environment 

We investigated various salts at different concentrations. The reference 

concentration was c=0.08mg/ml (which is the same concentration was chosen in 

CABER experiments for studying the effects of salts and compare the system by 

using different methods, discussed in chapter 7). Artificial seawater was properly 

prepared in nanopure water by using four salts and the recipe of Kester et al. [92]. In 

order to mimic the natural environment we showed in table 6.4, the artificial seawater 

recipe by using different salts [92]. The pH has to be roughly 7-8. To address the role 

of each salt on viscoelastic properties, we used three different salts (bold letters in 

table 6.4) at different concentrations, including the natural one.  

Table 6.4.Recipe for artificial seawater by using six different salts. 

Salts Natural 

Concentration 1 

(mM) 

NaCl 409 

Na2SO4 28 

KCl 9 

MgCl2 53 

CaCl2 10 

NaHCO3 23 

1 concentration of salt in seawater [92]. 

We focus in particular on calcium chloride, CaCl2 and propose our hypothesis for its 

ability to swell the vesicles. Some results of measurements performed with sodium 

chloride, NaCl in combination with CaCl2 are also presented and discussed. 

6.3.1. Artificial seawater 

The time autocorrelation functions in figure 6.14a exhibit a slow mode at all 

scattering angles. From the diffusion coefficient we extract a dynamic size (radius) of 

400 nm (see figure 6.14b) which is similar to the size in the salt-free environment 

(455nm) by considering only the NLCA analysis. It appears that the different salts in 
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appear in nanopure seawater act synergistic and each one has its own functionality 

into the mucus behavior, but to now appreciably alter to overall dynamic size. 

 

Figure 6.14. (a)  Correlation functions in the reference concentration at 0.08mg/ml for different 

scattering angles in artificial seawater (pH=8); (b) Apparent diffusion coefficient against q2 and size 

estimated at 400nm. 

6.3.2. Diffusion coefficient 

In figure 6.15a we show the concentration dependence of the diffusion coefficient. At 

c=0.08mg/ml (within the CABER working regime) various salts were tested and the 

diffusion dynamics does not change appreciably. Their values lie within the range of 

the respective values in salt-free environment. This observation can be explained by 

considering the following: 

6.3.2.1. Effects of buffer solution 

The reference concentration (c=0.08mg/ml) is taken as a salt-free environment since 

there is no added salt. For this reason, the ionic strength or the salt concentration 

ideally is equal to zero but actually, it is not. Ions from the citrate-pipes buffer 

solution during sample preparation influence the mucins interactions. The very low 

ionic strength provided from the buffer ions induces a screening effect (counterions). 

Hence, the addition of salt provides an environment in terms of ionic strength similar 

to that of nominally salt-free conditions. It seems that the amount of salt has not 

reached the needed threshold in order to strongly influence the size of mucins. 



-98- 
 

6.3.2.2. Slow mode 

In our study, we focused on the fast dynamics of the system. In this region the 

presence of salt does not affect the microstructure, mucins are resistant to the ionic 

strength (considering the fast dynamic process). Here, is important to highlight that 

mucins are very strong polyelectrolytes and the ionic strength (provided by 

counterions which originated from buffer solution) is likely not enough to screen all 

interactions (especially in the slow mode). However, the effect of additional salt 

(monovalent/divalent) becomes more pronounced in these slow modes, which is 

discussed in detail in the next section. 

 

Figure 6.15. Left, a: Apparent diffusion coefficient normalized with the apparent diffusion coefficient 

when c→0 against mucin concentrations. The region (II) indicates the CABER working regime and the 

the reference concentration (c=0.08mg/ml) tested at different saline environments (different colors). 

Right, b: Apparent diffusion coefficient for different salts at their natural concentrations for reference 

concentration (c=0.08mg/ml). 

Figure 6.15b depicts the ratio Γ/q2 as function of q2 of the mucin solutions for 

different salts under natural conditions. The mucus solutions (with and without added 

salt) exhibit a linear increase of the apparent diffusion coefficient, reflecting large 

objects, likely clusters. However, the saline mucus solutions exhibit a decrease of 

Γ/q2 at large-q. In this regime, the more pronounced reduction is that associated with 

CaCl2. An open question is whether we can link this decrease to an internal cross-

linking of the mucin-like proteins. Actually, there is a well-documented work which 

supports this idea, by L. Böni et al. [12]. According to their measurements, Ca2+ has 

three distinct roles: i) the mucins condensation within vesicles, ii) the mucins 

decondensate via Ca2+ activated transporters in the vesicles membrane at high ionic 
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strength environments and iii) the mucins ionic gelation in the cold seawater. We 

discuss this in some detail in the next section. 

Figure 6.16 shows the q-dependent intensity data both for static and dynamic 

measurements, DLS and SLS consequently. The static intensity discussed here was 

normalized according to the expression below. The intensity of sample, water and 

toluene were measured at different angles. 

𝐼∗ =
𝐼𝑠𝑡𝑎𝑡𝑖𝑐

𝐼𝑡𝑜𝑙𝑢𝑒𝑛𝑒
 

 

       Eq.6.7 

For all solutions (with and without salt), the slope of I(q) is practically identical, equal 

to -3, either for static (full symbols) or for dynamic (empty symbols) measurements. 

The lowest concentration indicated as “no salt” in the plot is about c=0.03mg/ml and 

exhibits the lowest scattering intensity, whereas on the other hand the concentration 

of c=0.08mg/ml which indicated as cref in the plot, exhibits larger scattering intensity 

by one order of magnitude. The addition of ASW, CaCl2 (0.01M) and NaCl-CaCl2 

(0.5M-0.01M) yields exactly the same response of mucus solution. We conclude that 

the amount of salt is not enough to strongly change the static/dynamic properties.  

Remarkably, the presence of NaCl (0.5M) only yields a much larger scattering 

intensity. A tentative interpretation of this suggests that under these conditions we 

have predominance of closed vesicles in the solution. Aggregations of closed 

vesicles in the solution can be responsible for this rapid increase of the scattering 

intensity. At the same conditions (c=0.08 mg/ml mucin solution with 0.5M NaCl), the 

addition of 0.01M (natural concentration) of CaCl2 reduces the scattering intensity 

(green data). This could be attributed to the divalent ions of Ca2+ and whose function 

is to swell (open-up) the vesicles. In the next section, we present some dynamic 

microstructural properties of mucus solutions affected by Ca2+. 
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Figure 6.16. Normalized static and dynamic intensities against scattering wavevector, q. The left 

vertical axis represents the static intensity (full symbols) and the right vertical axis represents the 

dynamic intensity (empty symbols). 

6.3.3. Impact of CaCl2 

The crucial role of CaCl2 is studied separately from the rest of the salts. We provide 

some evidence about its role on the vesicles swelling. First, we tested it, at a 

reference concentration of mucin solution (c=0.08 mg/ml) by using various 

concentrations of CaCl2. These results are presented in figure 6.17a where we 

observe the largest slow mode in the nominally salt-free environment (which is not 

100% salt-free but contains ions from the buffer solution-low ionic strength, as 

already mentioned).  

This slow mode tends to become smaller due to the addition of 5 mM of CaCl2 which 

corresponds to a concentration lower than the natural concentration. A larger (than 

the natural) concentration of 100 mM CaCl2 reduces the slow mode, whereas the 

natural concentration at 10 mM completely eliminates it. It is tempting to speculate 

that under natural conditions for CaCl2 all vesicles swell and form a well-

characterized, homogeneous network. 
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To further elucidate this scenario we compare in figure 6.17b the results of a similar 

test which includes a salt-free environment, CaCl2 and a combination of two salts 

CaCl2 and NaCl, all in their natural concentrations. We observe the presence of slow 

mode in the absence of salt whereas the two salts reduce the slow mode, apparently 

because of the screening effects and possibly to the swelling and opening-up of the 

vesicles. However, the last experiment using CaCl2 only indicates (figure 6.17b) 

vanishing complete elimination of the slow mode. 

 

Figure 6.17. Correlation functions of mucins at a reference concentration of 0.08mg/ml. Left, a: 

Calcium chloride (CaCl2) at different concentration at 30o. Right, b: Sodium chloride (NaCl) and 

calcium chloride (CaCl2) effect at 30o. 

The extracted (from the analysis of the correlation functions in figure 6.17a at 

different angles) apparent diffusion coefficients are plotted against q2 in figure 6.18. 

The vertical arrow marks the threshold q-value, beyond which a decrease of Γ/q2 at 

large-q in case we add CaCl2 independently of concentration. Could we hypothesize 

again that this behavior originated from some possible internal cross-linking (via 

charges) for the mucin proteins? With the term cross-linking we are referring to the 

possible local aggregations (since diffusion drops at large q-values, at small length 

scales) within the mucin proteins via Ca2+ bonding. The same observation holds for 

figure 6.15 and for all salts at large q values, but for CaCl2 the effect is more 

pronounced, as already discussed. However, the apparent size does not strongly 

change (it remains roughly the same, about 488 nm, average size), which reinforces 

that idea that the overall network/mucus dimension is not affected in this range of 

ionic strength. 
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Regarding figure 6.18, an additional comment refers to the way of measuring the 

solution. In case of a salt-free environment (black data) we measured up to 2000s, 

whereas in case of salt we performed averaging of shorter-duration measurements 

(100s for 20runs).  
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Figure 6.18. Apparent diffusion coefficient against q2 at a reference concentration of c=0.08mg/ml for 

different concentration of calcium chloride (CaCl2). The vertical arrow indicates the decrease of the 

diffusion at large-q when Ca2+added, which is connected to locally created aggregates within mucin 

network. 

The last analysis concerns the scattering intensities I(q) in the reference 

concentration (c=0.08mg/ml) at various CaCl2 concentrations, below and above the 

natural value of 0.01M. As already mentioned, the power-law exponent remains -3 

and the static and the dynamic intensity values coincide, whereas the difference in 

ionic strength of these three concentrations does not yield any appreciable change. 
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Figure 6.19. Normalized static (empty symbols) and dynamic (full symbols) intensities against 

scattering wavevector for a reference concentration of c=0.08mg/ml; (a) Dynamic intensity; (b) 

dynamic and static intensity. 

The effects of adding 0.01M Ca2+[12], [43] can be summarized as follows: 

1) Vesicles condensation: Mucin proteins are packed into the vesicles via Ca2+ 

bonding. 

2) The opening of the vesicles (through a complete swelling) is realized via Ca2+-

activated transporters in the vesicle membrane at high ionic strength [43]. This is 

consistent with the absence of slow mode and higher viscoelasticity (discussed in 

the context of CABER experiments). 

3) Possible cross-linking at large q-values (small length scales) via Ca2+ 

bonding: structure collapses (via local aggregation) at high salt concentrations. 

Aggregations lead to ionic gelation and the diffusion slows down. 

In figure 6.20, we show results from Böni et al. [12] which indicate the crucial role of 

Ca2+ on the swelling and opening of vesicles in comparison to the monovalent ions 

of Na+ via turbidimetric measurements, for the entire hagfish exudate (mucin vesicles 

and protein skeins together, not simply isolated mucin as in the present work). In the 

absence of CaCl2 higher absorption values are reported, which is attributed to some 

remaining condensed vesicles. The condensation of the vesicles vanishes once 

0.01M of CaCl2 are added, as judged by the decreased absorption values. Even if 

the ionic strength is high, in the absence of CaCl2 some vesicles remain condensed 

and affect microscopic properties but also bulk properties such as viscoelasticity (to 

be discussed in Chapter 7). Even if this system (entire hagfish exudate) differs from 
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the isolated mucin, we believe that the findings are relevant to (and consistent with) 

the present work. 

 

Figure 6.20 Hagfish slime exudate under UV-VIS turbidimetric measurements. The presence of NaCl 

shows some remained condensed vesicles (grey full symbols in the orange area) due to the larger 

absorption. The presence of NaCl with 0.01M of CaCl2 (natural concentration) swells these 

condensed vesicles (green open symbols in the blue area) and this is indicated due to the decrease in 

the absorption values [12] . 

6.4 Discussion and Summary 

Here we summarize the main results in a salt-free environment as well as in the 

saline one. The technique used in order to characterize and investigate dynamics of 

mucin glycoproteins is dynamic light scattering technique with three different 

methods of analysis, CONTIN, cumulant and non-linear cumulant analysis (NLCA). 

The last method used (NLCA) provides the proper apparent hydrodynamic size and 

these results shown as finals in the present thesis because seem to be the most 

appropriate for the investigated system. 

Salt-free environment: 

1) Increasing concentration yields the presence of the slow mode and this is 

illustrated in figure 6.9 (yellow box) due to possible non-ergodicity. In this 

case, as it is written in that paragraph, another more appropriate technique is 

required, multi-speckle dynamic light scattering (MSDLS)[90]. 

2) The diffusion dynamics seems to reveal similar behavior with that of 

polyelectrolytes (with dilute and semidilute regimes spanning several 

decades) and the so-called entanglement concentration to be at about 
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0.2mg/ml. A qualitative biological implication is discussed in chapter 8, 

general conclusions. 

Saline environment: 

1) The microscopic properties from light scattering indicate that the diffusion 

dynamics are not strongly influenced by the addition of salt (figure 6.15a). If 

we consider very strongly charged mucins it is expected that the amount of 

salt added is not enough to influence the diffusion appreciably, even if there is 

also small amount of buffer solution in the sample. 

2) The q-dependent static and the dynamic intensities exhibit a power-law I(q)~q-

3 at high q’s, and an absence of Guinier plateau region at lower q-values. As 

mentioned above, SALS and X-rays can provide access to these regions. 

3) The divalent cation of Ca2+ seems to play a very crucial role on this system. 

Different effects have been investigated such as: i) vesicles condensation ii) 

opening of the vesicles, iii) physical cross-links at the microscopic scale. 

Section 6.3.3 addresses this topic extensively. 
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Chapter 7: Rheology of hagfish mucins 

In this chapter we discuss the rheological response of hagfish mucins under two 

aspects: i) the extensional deformation (stretching) and ii) the oscillatory shear 

deformation (SAOS). Concerning the former, first we focus on the concentration 

effect in a salt-free environment, and then we examine the impact of salt on the 

extensional properties. Regarding the latter, we investigate the linear viscoelastic 

properties. We explain the sample preparation procedure which differs from the 

normal protocol used (reported in chapter 6) and discuss the analysis of the SAOS 

measurements. 

7.1. Extensional rheology 

Stretching tests were performed with the HAAKE Caber rheometer at different mucin 

concentrations. Experiments were conducted at room temperature (typically 23oC) 

and the diameters of the upper and the lower plate were 6 mm. The gap was set to 

roughly 12 mm (chosen empirically). It corresponds to the plates distance after the 

step-stretch. 

The strike time was selected to be 50 ms and in this period, the top and the bottom 

plates reached this gap. 20 ms corresponds to the lowest trustable strike time, 

whereas times below 20 ms were not needed since the plates separation is very 

rapid and the thinning not very clearly detected with a laser micrometer [93].  

We did not have to consider evaporation issues with water during the measurement 

since the experiment was very fast. For each sample we prepared three loadings 

and for each loading the thinning of the diameter was measured three times. This 

allowed testing reproducibility of the measurements and extracting reasonable 

averages. The solution (80μl) was placed at the bottom plate with a micropipette of 

100μl. 

CABER samples were prepared with protocol B (see section 4.2.2, network 

formation). The ionic strength is one of the most crucial parameters because of the 

polyelectrolyte nature of mucins. Here, the ionic strength is due to the buffer solution 

(stabilized vesicles), as discussed in Chapter 6. The following coding was used for 

protocol A : i) “salt free environment”: only presence of ions from buffer and ii) “saline 
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environment”: ions from buffer solution plus additional ions under investigation (e.g. 

NaCl or KCl etc.) 

7.1.1. Impact of concentration  

The effect of concentration (figure 7.1) is discussed in the context of diameter of the 

mucin filament which decreases with time. Different curves correspond to different 

concentrations (figure 7.1b), whereas the values next to the curves correspond to the 

exact value of concentration in mg/ml. The dashed arrow indicates the direction of 

increasing concentration. 

Figure 7.1a depicts a typical example of extensional measurement (a relatively high 

concentration of mucins). The vertical axis represents the diameter of the filament 

which decreases with time and it is normalized with the diameter of the plate, Do. 

The horizontal axis represents the experimental time, once the plates are separated 

until the sample breaks. The dirn mection of increasing concentration in figure 7.1.b 

can be identified by: i) the break-up time in the horizontal axis, and ii) the range of 

the viscoelastic plateau (a short emerging plateau which becomes more evident 

when the material is more viscoelastic). The line in the graph is the exponential fitting 

of the data using eq. 3.12:
𝐷(𝑡)

𝐷𝑜
= (

𝐺𝐷𝑜

4𝜎
)

1/3

exp (−
𝑡

3𝜆
). The adjustable parameters are 

the relaxation time, λ, and the apparent modulus, Gapp.   

 

Figure 7.1. Diameter of the filament normalized with the diameter of the plate against time: (a) data for 

a concentration of 0.08 mg/ml is shown and the red line represents the exponential fitting of the data; 

(b) Different concentrations from low to high in the direction of the arrow. 
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These parameters are plotted against mucin concentration in figure 7.2. In the plot of 

figure 7.2a we show the relaxation time (full symbols) and the break-up time (empty 

symbols) as functions of concentration. The dashed line represents the 

concentration limit in the CABER working regime, the so-called “beads-on-a-string” 

(BOAS) effect (see inset photo). Beyond this limit, the system forms connected drops 

which reflect the presence of instabilities [60]–[62]. The relaxation time as well as the 

break-up time increase with concentration, apparently because the filament thins 

(decrease its diameter) at a slower pace when the amount of mucin is larger. 

 

Figure 7.2. (a) Relaxation time (filled symbols) of mucin proteins against polymer concentration on the 

left vertical axis and break-up time (empty symbols) of mucins on the vertical right axis. The dashed 

like shows the concentration limit on such extensional tests (see inset photo); (b) Apparent elastic 

modulus against biopolymer concentration. The relaxation time and the apparent modulus are 

extracted from the exponential fit to the data. The break-up time is the point in Figure 7.1 where the 

diameter stopped thinning.  
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Figure 7.2.b depicts the apparent elastic modulus against mucin concentration. At 

the lowest concentration the value of Gapp is about half that at the higher 

concentrations where it remains constant (about 1.6 Pa) within experimental error. 

Moduli values of other mucus are in the range of 0.1<G<100 Pa and the 

corresponding table 7.3 is discussed in paragraph 7.2.2 below [35]. Mucin-like 

glycoproteins exhibit strong repulsions within the protein chain due to the charged 

side sulfonate groups (SO3
-). The small amount of buffer solution (with ionic strength 

of about 0.08M) in the sample plays the role of counteriors (possibly small screening 

effect), as discussed in Chapter 6.  

Even if this an apparent modulus, its trend is in the right direction as it increases with 

concentration in virtually salt-free environment (i.e., strong stretching regime), as 

also predicted [94]  

7.1.2. Impact of salt 

Now we examine the rheological response of mucins at a chosen reference 

concentration of c=0.08 mg/ml, in presence of different added salts. The question we 

wish to address is why we use different salts (monovalent and divalent ions) in order 

to test the mechanical stretching response. The general biological answer is that 

hagfish slime exhibits its unique properties in seawater (discussed in Chapter 4). The 

effects of salts on mucins in different saline environments are discussed below. We 

want to remind to the reader that in our comparison and arguments we do not 

include the concentration of the buffer solution (with ionic strength being 0.08M) 

which is very low and does not affect mucin properties appreciably. The salts we 

used are bolded in table 6.4 (recipe of ASW). 

7.1.2.1. Monovalent ions: sodium chloride (NaCl) and potassium chloride 

(KCl) 

 

In figure 7.3 we show the normalized diameter of the filament against time. Figure 

7.3a depicts results for NaCl and figure 7.3b for KCl. In both cases, measurements 

were performed at a reference mucins concentration of c=0.08 mg/ml. The natural 

concentration (in seawater) of NaCl corresponds to 0.5 M and for KCl to 0.01M. 
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Figure 7.3. Diameter of the filament normalized with the diameter of the plate against time: (a) 

Different concentrations of NaCl -monovalent ions-; (b) Different concentrations of KCl monovalent 

ions-. The reference concentration of mucins was 0.08mg/ml. 

In figure 7.4 results for both NaCl and KCl solutions are shown with respect to their 

relaxation and break-up time. For NaCl both characteristic times remain relatively 

constant whereas for KCl they decrease as the concentration of salt increases. To 

interpret this result we conjecture that the higher the relaxation time, the more 

viscous and ‘coherent’ is the viscoelastic mucin network. 

 

Figure 7.4. Relaxation time λ (filled symbols) on the left vertical axis and break-up time tB (empty 

symbols) on the right vertical axis against salt concentration: (a) monovalent ions of NaCl at a 

reference concentration of mucins of 0.08mg/ml; (b): monovalent ions of KCl at the same reference 

concentration. Natural concentration of salt in the seawater indicated with the vertical arrow.  

The extracted apparent modulus provides an estimate of the apparent elastic 

contribution in the material response, as already mentioned. The two salts examined 
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here exhibit a similar concentration dependence of Gapp (figure 7.5). The vertical 

arrow indicates the natural concentration of the specific salt in natural seawater. For 

NaCl we observe slightly reduced elastic contribution in the seawater mucin 

properties whereas for KCl, the largest elastic contribution in the network is reached 

at natural conditions. We can clearly observe that, unlike the predictions of weak 

increase of plateau modulus with solution concentration [94] here the apparent 

modulus decreases. 

 

Figure 7.5. Apparent modulus, Gapp, against salt concentration, at a reference concentration of mucins 

of 0.08mg/ml: (a) NaCl; (b) KCl. Natural concentration of salt in the seawater indicated with the 

vertical arrow.  

7.1.2.2. Divalent ions: CaCl2 

In seawater we can find many divalent ions, predominantly Mg2+ and Ca2+. In the 

present work we investigated the divalent ion of Ca2+. It is believed that it affects 

substantially mucus function and consequently the final hydrogel properties, more 

than other divalent ions such as the Mg2+ [43]. One key characteristic of Ca2+ is the 

opening of vesicles in the suspension which is still under investigation [12], [43]. As 

already mentioned in chapter 4, vesicles swell and open-up (release of mucin-like 

proteins) in water. What remains uncontrollable, yet crucially important for properties, 

is the amount of vesicles which swell in a salt-free environment. In seawater, all 

vesicles are supposed to be opened due to the synergistic effects of all salts.  

Figure 7.6 shows the effect of CaCl2 on the extensional properties, at different 

concentrations. The thinning of filament diameter is depicted in figure 7.6a and the 
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relaxation time and the break-up time against salt concentration in figure 7.6b. We 

observe a non-monotonic behavior compared to the monovalent ions above (NaCl 

and KCl).  

 

Figure 7.6. (a) Diameter of the filament normalized with the diameter of the plate against time for 

different concentrations of CaCl2 at a reference concentration of mucins of 0.08mg/ml; (b) Relaxation 

time λ (filled symbols) on the vertical left axis and break-up time tB (empty symbols) on the right 

vertical axis against concentration of CaCl2 at the same reference concentration. The vertical arrow 

shows the natural concentration of salt in the seawater. 

The characteristic times (figure 7.6b) follow three distinct types of concentration 

dependence: 

Region I: times increase up to a point where the natural concentration is reached 

(0.01M). This behavior could be linked to the network enhancement where more and 

more vesicles swell and open-up. The maximum time corresponds to the natural 

environment and appears to reflect the fully developed hydrogel due to the complete 

swelling of all vesicles. 

Region II: The peak is proceeded by a decrease of the characteristic times. This 

possibly happens due to the collapse of the structure formed by the mucin molecules 

and eventual attractions with increasing ionic strength. 

Region III: The characteristic times remain constant even if the concentration of salt 

increases at very large ionic strength. This is attributed to a saturation of 

counterions.  
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Figure 7.7 represents the Gapp as function of salt concentration. A change in 

concentration dependence (albeit weak) can be observed at the same (natural) salt 

concentration and we may distinguish the same three regions as above.  

 

Figure 7.7. Apparent modulus Gapp against concentration of CaCl2 at a reference mucins 

concentration of 0.08mg/ml, with the vertical arrow showing the natural concentration of CaCl2 in 

seawater. 

7.1.2.3. Artificial seawater 

In this section we focus on the artificial seawater’s influence on mucus stretching. 

The ionic strength of pure (100%) seawater (recipe in table 6.4) is 0.7M for the use 

of four salts and 1M for all salts presented. Figure 7.8a shows the time-thinning 

normalized diameter of the filament and figure 7.8b the viscoelastic relaxation time 

and the break-up time versus concentration. At 100% seawater which corresponds 

to the natural conditions, we note the weakest viscoelasticity, attributed to screening 

of interactions.  
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Figure 7.8. (a) Diameter of the filament normalized with the diameter of the plate against time for 

different concentrations of artificial seawater at a reference concentration of mucins of 0.08mg/ml; (b) 

Relaxation time λ (filled symbols), on the vertical left axis and break-up time tB (empty symbols) on the 

right vertical axis against concentration of artificial seawater at the same reference concentration. The 

pure seawater concentration corresponds to the natural environment. 

Similar remarks hold for the apparent modulus as function of seawater concentration 

(figure 7.9). The screening effect slightly weakens the viscoelastic behavior. Gapp 

decreases with concentration of ASW (i.e., addition of salt), unlike expectations from 

scaling theory on simple polyelectrolyte gels[94]. 

 

Figure 7.9. Apparent modulus Gapp against concentration of artificial seawater at a reference 

concentration of mucins of c=0.08mg/ml. The pure artificial seawater corresponds to the natural 

environment of mucins. 
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7.1.3. Summary of extensional results 

Monovalent ions exhibit a monotonic behavior as the concentration of the salt 

increases. Despite the small differences between salts for both λ and Gapp, it seems 

that, NaCl has weaker contribution on the viscoelastic properties at the natural 

concentration in comparison to KCl. This effect is probably due to the amount of salt 

which needed to screen the inter- and intra- molecular interactions: cNaCl (0.5M)>cKCl 

(0.01M). The relaxation time (figure 7.10a) and the apparent modulus (figure 7.10b) 

for the more saline environment are lower due to the screening of the interactions.  

 

Figure 7.10. Reference concentration of c=0.08mg/ml at different salts. (a) Relaxation time against 

salt concentration; (b) apparent modulus against salt concentration. Both the relaxation time and the 

apparent modulus decrease as the salt concentration increases due to the screening effects. 

7.2. Oscillatory rheology 

Mucus systems such as hagfish mucins are known to be very soft viscoelastic 

systems with very low elastic modulus (e.g. 0.01 Pa) [11], [45]. Measuring oscillatory 

shear rheology is challenging in these cases due to the complex sample handling 

and weak signal. Here, we address two challenges: i) the sample preparation, which 

is important to provide appropriate signal (torque) and ii) the rheological protocol for 

assessing the system and for long-time measurements.  
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7.2.1. Sample preparation and rheological protocol 

i) Sample preparation (Protocol B) 

The sample preparation discussed in section 4.2.2. follows protocol A. Protocols A 

and protocol B yield hydrogel mucus networks with different viscoelastic properties. 

A comparison is summarized in table 7.1.  

 

Table 7.1 Sample preparation protocols 

Protocol A  

(Non-dialyzed mucins) 

Protocol B  

(Dialyzed mucins) 

Ions only from buffer solution Ions-free environment 

Low ionic strength, (0.08M) Absence of ionic 

strength, ideally (0M) 

Some vesicles possibly remain 

closed (packed mucins) 

All vesicles are swollen 

(mucin released) 

 

Figure 7.11 illustrates the dialysis procedure where day 1 on the left is the first day of 

dialysis and on the right is the last day of dialysis (usually dialysis lasts 3 days). In 

order to prepare the samples we used dialysis tubes (with the molecular weight of 

tube pores 25kDa), two plastic clumps in order to close the tubes (top and bottom), 

fresh nanopure water and the initial material (here mucin vesicles).  
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Figure 7.11. Cartoon illustration of sample preparation protocol B for the dialyzed mucins. On the left 

we show the beginning of dialysis (DAY 1) and on the right the end of dialysis (DAY 3).  

Dialysis steps: 

1) A big glass vial (1-2l) was filled with fresh nanopure water. 

2) A dialysis tube was used with the one side closed (with the plastic clump). 

3) A small amount of stabilized mucin vesicles (100-200μl) was added.  

4) The other top side was closed with the plastic clump and the tube was placed in 

fresh nanopure water environment. 

5) The sample was kept in the fridge (4oC) for 3 days and water was changed five 

times per day. 

Thus, we can prepare relatively large amounts of sample in a truly salt-free 

environment. The sample after dialysis was removed from the tube gently and was 

placed in a new vial with known mass (see figure 7.12). In this way we estimated 

the water content, hence the mucus concentration. We explain this simply by 

means of the following example. 

Figure 7.12 Mucus after dialysis 

The mass of mucin and water (mucin+water=mucus) 

weights 1.6 g (assuming water density 1 g/ml). In the 

dialysis bag we added 100 μl of buffer solution with 

stabilized mucin vesicles. The vesicles concentration was 

27 mg/ml in the buffer (initial batch). Hence, the mucus 

concentration was 2.7 mg/1.6 ml =1.68 mg/ml.  
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ii) Rheological protocol 

Measurements were conducted with a stress-controlled rheometer MCR501 from 

Anton-Paar (Austria). Two different stainless steel cone-plate geometries were used. 

For low concentrations a diameter of 50 mm with cone angle of 1o (truncation of 102 

μm), and for high concentrations a diameter of 25 mm with angle of 2o (truncation of 

50 μm). The minimum torque was 0.1 μN.m. Measurements were performed mainly 

at 20oC whereas some tests were conducted at 5oC which corresponds to the natural 

mucin environment in seawater. The measurements protocol involved: i) system 

rejuvenation via dynamic strain sweep experiments at different frequencies, which 

also provides the limits of linear viscoelasticity; ii) dynamic frequency sweep tests in 

order to explore the linear viscoelastic response at small strains ; iii) creep and 

recovery experiments at different stresses. 

It is important to note that water-based systems are prone to evaporation. This 

strongly influences the system concentration and consequently its mechanical 

response. For this reason, we developed an “evaporation protocol based on olive 

oil”. A metal ring with a Teflon ring in its bottom was placed at the perimeter of the 

bottom stationary plate and sealed with grease. The sample was loaded on the 

rheometer and the top plate was moved down in order to reach the trimming 

position. Dialyzed mucins were properly and carefully trimmed by means of a scalpel 

and the area between the sandwiched sample and the ring was filled with olive oil for 

effective sealing. The cartoon of figure 7.13 illustrates this protocol. 

 

Figure 7.13. Cartoon illustration of the rheological protocol used in order to eliminate evaporation.  
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By following this protocol, we have the ability to measure for many hours at the same 

concentration since we completely avoid water evaporation. Olive oil does not diffuse 

into the sample and does not interact with mucin. Below, in figure 7.14 we show the 

real setup after the measurement was completed and the top cone moved up, where 

the viscoelastic mucin solution is also shown (kept with a spatula, forming a thread 

resembling egg white).  

 

Figure 7.14. Dialyzed mucus after measurement in a stress-control rheometer with the solvent trap 

setup. The olive oil shown in the bottom plate along with the containing ring. 

7.2.2. Small amplitude oscillatory shear (SAOS) 

Different concentrations of mucus were measured under small amplitude oscillatory 

shear in order to determine the linear and the nonlinear regimes. Concentrations 

ranging from c=0.07mg/ml to 3.3mg/ml were measured at three frequencies (0.1, 1, 

10rad/s). In figure 7.15, we show typical data at 1rad/s and 20oC. The elastic 

modulus (G’) does not exceed the value of 10Pa for all measured concentrations. 

Figure 7.15a depicts data for the lowest concentration of mucus where the crossover 

is at 100% strain amplitude, whereas at larger concentrations the complete melting 

of the system is not detected. An indication of a possible crossover appears at very 

large strain amplitudes above 1000%. This type of behavior is similar to other mucus 

systems such as the mammalian lung mucus [41] and the cystic fibrosis sputum [35].  

Figure 7.15c is the highest concentration measured and we show two sets of data at 

the same concentration (3.3mg/ml). The black circles represent the salt-free 

environment (as also shown for the other two concentrations); on the other hand, the 
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light blue squares represent the artificial seawater environment of mucus. In the 

latter case, the modulus drops by one order of magnitude and the vertical arrow 

indicates this direction. The decrease of both elastic (G’) and the viscous (G’’) moduli 

is due to the electrostatic screening of the interactions within mucin proteins. Next, 

we explain briefly the procedure follower in order to prepare the saline mucus 

sample. 

 

Figure 7.15. Dynamic strain sweep (DSS) tests performed at different concentrations, frequency of 

1rad/s and T=20oC: (a) c=0.07mg/ml, low mucus concentration; (b) c=1.5mg/ml, intermediate mucus 

concentration; (c) c=3.3mg/ml, high mucus concentration, in nanopure water (black circles) and in 

artificial seawater (light blue squares). 

In paragraph 7.2.1 and figure 7.11, we explain and show the second sample 

preparation procedure (protocol B) for the dialyzed mucus. In the case of the artificial 

seawater, we followed exactly the same procedure with the only difference that the 

dialysis was performed in the artificial seawater. More precisely, instead of using 

nanopure water (step 5) we used saline water with the recipe described in table 6.4 

[92]. 

The goal of these measurements was to accurately probe the viscoelastic properties. 

Mucus is characterized by a very soft nature which is translated to a very low elastic 

and viscous moduli in comparison to other synthetic or biological polymers in 

semidilute and concentrated solutions (e.g. polystyrene). In the following table, which 

is taken from the literature [35], we show typical moduli values of such systems 

(eventually animal mucus) which are in agreement with our findings. 
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Table 7.2. Typical values of viscosity, elastic and viscous modulus of various animal mucus which 

taken from [35]. 

 

7.2.2.1. Yield strain 

The yield strain and stress mark the transition from solid-like to liquid-like response 

of the system but we note that the nonlinearity in the system appears before yielding. 

In a DSS experiment, there are different characteristic values of strain (and 

corresponding stress) that can be determined: i) onset of nonlinearity, ii) the change 

of slope with strain in the stress-strain curve, iii) the crossover point where G’=G’’, 

and iv) the strain at which the G’’ has its maximum. Below we explain for each one 

the way we use. 

i) Onset of nonlinearity 

We use as example the lowest concentration measured (c=0.07mg/ml). The onset of 

nonlinearity in this case is a strain amplitude of 10% at 1rad/s. We observe that at 

the same concentration in figure 7.15a (G’~0.1Pa) and figure 7.16 (G’~0.04Pa) 

moduli are slightly different. This small deviation is due to the fact that the first value 

corresponds to the first rejuvenation performed and the second one to the second 

rejuvenation test. We explain this below in the discussion part (v). 

In section 7.2.1 in the second part (ii) of the rheological protocol, we noted that 

measurements were performed at 20oC whereas the natural environment is at 5oC. 

Once the measurements at 20oC were finished the temperature was cooled down at 

5oC and new set of measurements performed. After these tests, the temperature 

was fixed again to 20oC in order to test the consistency of the sample rejuvenation. 

For this reason the second set of measurements at 20oC was called “second 

rejuvenation” (written in the legend of figure 7.16).  
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Figure 7.16. Dynamic frequency sweep test at 0.07mg/ml, 20oC and 1rad/s. The two lines show the 

linear regime of G’ and the nonlinear regime. The vertical arrow indicates the strain value at 10% for 

G’ and G’’. 

Differences in moduli are within experimental error (see part v, figure 7.18, 1st and 

2nd rejuvenation) and it is important to highlight that at low concentrations the 

frequency sweeps (discussed in the next paragraph) exhibit the same behavior (data 

superimpose) whereas for larger concentrations they differ. This phenomenon can 

be explained via the time needed for the system to equilibrate while reaching 20oC 

after cooling (low concentration needs smaller equilibration time after the strain 

sweep). In our case the waiting time after strain sweep tests was the same and this 

is the main cause for the observed difference in the moduli. 

ii) Stress-strain curve 

This is discussed for two concentrations, c=0.07mg/ml and c=3.3mg/ml). The 

respective elastic moduli extracted from the slope of the linear regime are 0.06Pa 

and 5.6Pa, the same within experimental error as those extracted from the moduli, 

e.g. figure 7.16.The stress-strain curve is based on: 

                                      𝜎 = 𝐺∗𝛾 = (√𝐺′2 + 𝐺′′2) . (𝛾/100)  Eq. 7.1 

where σ is the stress, γ is the strain unit, G* is the complex modulus. 
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Figure 7.17. Stress-strain curves for two concentrations at 20oC and constant frequency 1rad/s: (a) 

c=0.07mg/ml with yield strain at 100%; (b) c=3.3mg/ml with yield strain at 110%. The vertical arrow 

indicates the change in slope, which is assigned to the yield point. 

The linear fitting used for both the linear and the nonlinear regime (y=ax+b) and the 

yield strain up to the slope-change is roughly at 100%. For denser solutions, the 

change in slope is more pronounced. 

iii) Moduli crossover point 

The crossover value indicates the exact point beyond which G’’ overcomes G’ and 

the system flows (melting point). As already mentioned, for some concentrations this 

point is not detectable on figure 7.15b.The maximum strain measured was to 1000%.  

iv) Maximum of G’’ 

Sometimes the yield strain of a material is associated with the strain at which the G’’ 

exhibits the maximum. The analogy to this is that at the yielding the maximum 

energy dissipation is expected to take place. In our results, this point is not 

pronounced and for this reason, we do not use it. 

v) Discussion and summary 

In this paragraph, we discuss cases (i) and (ii) for the various concentrations. In 

figure 7.18, we show three sets of data where the full symbols correspond to the 

nanopure water conditions (salt-free) and the empty symbols to the artificial 

seawater environment (saline).  
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Figure 7.18. Yield strain amplitude (%) against concentration for nanopure (filled symbols) and 

artificial seawater, ASW (empty symbols) environment. The squares represent the second way of 

extracting this value (ii), the stars represent the first way (i) and the first rejuvenation; the circles 

represent the first way (i) and the second rejuvenation. 

1st rejuvenation: The yield strain within experimental error takes a value of 10% in 

the salt-free environment and in a saline environment as well.  

2nd rejuvenation: The yield strain at low concentrations is similar to that in 

comparison to higher ones (10%). The saline environment as before does not 

significantly affect its yielding value.  

Stress-strain curve: In case, (ii) the yield strain seems to be constant as the 

concentration increases. The two ways (i) and (ii) of extracting yield strain differ by 

one order of magnitude, but both methods represent a constant yield strain. The 

constant yield strain values suggest the same characteristic average length scale 

involved in the system but do not imply that the nature of the gradual yielding 

process is the same at different concentrations. 

Differences in the yield strain in figure 7.18 are attributed to different regions for the 

estimated yield strain. In case (i) the yield strain corresponds to the onset of 

nonlinearity whereas in case (ii) the slope change in the stress-strain curve indicates 

the region already being in the nonlinear regime where system flows. For this 

reason, yyield from stress-strain curve is one order of magnitude larger. 
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7.2.3. Linear viscoelasticity 

The mechanical properties of the mucus gel were characterized with SAOS for a 

better understanding of its viscoelastic response. The experiments were performed 

in the linear viscoelastic regime with strains below the onset of nonlinearity. We 

report the flow behavior at different concentrations and we show the effect of 

temperature (5oC and 20oC).  

7.2.3.1. Dynamic frequency sweep test (DFST) 

In figure 7.19 we depict the behavior of the gel-like mucus for different angular 

frequencies for a constant strain amplitude (10%) for two concentrations. The plot on 

the left, figure 7.19a, indicates the lowest concentration (c=0.07mg/ml) and the data 

superimpose for the two different temperatures; moduli do not depend on 

temperature in this case. The plot on the right, figure 7.19b, indicates an 

intermediate concentration (c=1.5mg/ml) where the viscoelastic behavior deviates 

(stronger gel) when the temperature decreases; moduli depend on temperature.  

 

Figure 7.19. Dynamic frequency sweep experiments at a constant strain amplitude of 10% for 5oC 

(black cycles) and 20oC (blue stars): (a) low concentration c=0.07mg/ml; (b) intermediate 

concentration, c=1.5mg/ml. 

To explain this distinct behavior at different concentrations, we propose a hypothesis 

based on the natural environment of mucins. Hagfish slime (mucin and thread 

proteins) has a natural concentration up to c=0.01 wt.% [11] and the amount of 

mucins in the whole slime is c=0.02mg/ml [44]. In the present work, we deal with 

higher concentrations in comparison to the natural ones. Our findings may indicate 
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that as soon as we increase the amount of mucins and concomitantly reduce the 

temperature (to mimic seawater), the formed the network has a complicated 

structure (dense and interpenetrating, which we call stronger) even in presence of 

electrostatic interactions where mucins repel each other. The overlap concentration 

determined with DLS is ce=0.2mg/ml (chapter 6) with protocol A instead of B used for 

shear experiments. 

At low concentrations (dilute mucus, below ce), it seems that the temperature 

variation is not enough to change the microstructure and consequently the 

rheological response (figure 7.19a). On the other hand, at high concentrations the 

modulus increases with decreasing temperature. Above ce (figure 7.19b) the plateau 

modulus reflects interactions which dominate the mucins network (entanglement 

regime).  

An additional effect, that of salt on the mucus is shown in figure 7.20 for two similar 

concentrations (c=3.3mg/ml) in salt-free and in a saline environment, respectively. 

Measurements were performed in the linear viscoelastic regime (strains of 2%, 

nanopure and 10%, artificial seawater). The addition of salt in mucus decreases the 

elastic plateau modulus due to the electrostatic screening (changes the configuration 

of the chain). 
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Figure 7.20. Dynamic frequency sweep experiments at strain of 10% for the saline environment and 

2% for the salt-free environment, and temperature of 20oC. The vertical arrow indicates the direction 

of screening of the interactions. 

The value of the elastic modulus in ASW is about 2Pa, in agreement with the 

findings from CABER. In case of ions-free environment mucins seem to promote 

stronger repulsions, yielding larger modulus. Three remaining questions are: i) Being 

strong polyelectrolytes due to the dense charged groups within the polymer chain, 

how are mucin protein able to create this physical network?; ii) How do the charges 

change the conformation of the chains and correspondingly the hydrogel (e.g. how 

do strong repulsive chains overlap)?; iii) what is the role of temperature?  

7.2.3.2. Creep and recovery 

Creep experiments were performed in order to extend the linear viscoelastic regime 

to lower frequencies. The creep compliance, J(t), was measured. Recovery tests 

followed the creeps in order to assess the relaxation of the sample. The main idea of 

such tests is illustrated in figure 7.21 and explained in a simple way. In this type of 

experiments, the strain is monitored as a function of time while a constant stress 

(e.g. here 0.2Pa) is applied for a certain amount of time (e.g. 300s). The ratio of the 

time-dependent strain to the applied constant stress defines the shear creep 

compliance, J(t). The creep compliance is the inverse of the relaxation modulus G(t). 

10
-2

10
-1

10
0

10
1

10
-1

10
0

10
1

 

 

G
',
 G

'' 
(P

a
)

 (rad/s)

=2%(Nanopure)

=10%(ASW)

Interactions

screening

c=3.3mg/ml



-129- 
 

𝐽(𝑡) =
𝛾(𝑡)

𝜎
=

1

𝐺(𝑡)
 

Eq. 7.2 

The measured compliance through appropriate conversion of the data yields the 

elastic and the viscous moduli shown in figure 7.22a. We do not focus on details of 

this method which can be found in reference [95], [96].  

 

Figure 7.21. Typical creep and recovery test in terms of strain (%) against time. 

The stress is chosen from strain sweep test (DSS). More precisely, below the onset 

of the nonlinearity a strain is selected and it is multiplied with the corresponding 

modulus. This stress value is the maximum one for using within the range of the 

linear regime. Two major parameters were tested: i) the flow behavior at very long 

times and ii) the recovery at fast creep-recovery tests.  

i) Flow behavior (long time creep) 

As discussed above, mucus is a very soft and elastic biomaterial where the elastic 

contribution is always large. At very high concentrations of mucins (example here) G’ 

exhibits a plateau. In this respect, the absence of detectable low-frequency 

crossover makes it be very interesting to be examined under creep over long time. In 

the step stress measurement (creep) of c=3.3mg/ml at T=20oC, a stress of σ=0.2Pa 

was applied for a certain time (here 21h). Evaporation was not a concern, as 

discussed (figure 7.13). Below, in figure 7.22a the extent of linear regime indicates 

that hagfish mucins seem to start to flow at ω=10-5rad/s or about 21h, the duration of 

the test. The sample exhibits a behavior similar to that of colloidal glass or strong 

gel. It shows a plateau value for the elastic contribution, which is the signature of a 
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physical network and a minimum in the viscous contribution, which could be, 

attributed to caged situation of interacting mucin proteins. This is the evidence, which 

makes this hagfish mucins being very challenging: a very weak hydrogel with slow 

terminal flow. 

 

Figure 7.22. Creep experiment in the linear regime at 20oC for a high concentration of 3.3mg/ml: (a) 

G’ and G’’ against frequency; (b) complex viscosity against frequency. Full symbols: G’, empty 

symbols: G’’, line: G’ from creep, dashed line: G’’ from creep and red line: Carreau empirical fitting of 

the data. 

The complex viscosity in figure 7.22b was obtained from:  

|𝜂∗| = √(
𝐺′′

ω
)

2

+ (
𝐺′

ω
)

2

 

 

     Eq. 7.3 

in order to extract the zero shear viscosity value, we used the empirical fitting of 

Carreau [97]: 

𝜂∗ = 𝜂∞ +
 𝜂𝜊 − 𝜂∞

[1 + (𝜆𝑐𝜔)2]𝑁
  

Eq. 7.4 

where 𝜂∗ is the complex viscosity, 𝜂∞ is the infinite viscosity, 𝜂𝜊 is the zero shear 

viscosity, λc shows the time constants related to the polymer relaxation times and N 

is a dimensionless exponent. By using this model, we determined the zero-shear 

viscosity (105Pa.s).   

ii) Creep-recovery test 

Two different constant stresses were applied, σ=0.2Pa and σ=0.5Pa (both in the 

linear regime) for 300s. The stress was then removed and the recovered strain was 
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measured for 300s. Figure 7.23 depicts a typical example of an intermediate 

concentration of mucin, 1.5mg/ml. The resulting strain of mucus was increased once 

the stress applied was higher. It seems that the recovery is fast and within the range 

of 300s the sample approaches to reach a constant strain. 
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Figure 7.23. Strain (%) against time for two different stresses: σ=0.2Pa, σ=0.5Pa for an intermediate 

concentration of c=1.5mg/ml at Τ=20oC. Both creep and recovery is shown. 

Based on figure 7.21, we estimated the recovered (γr) and unrecovered (γun) strains 

for an initially (t<0) applied stress of 0.2Pa at 20oC and results are shown in figure 

7.24. The former is within error at 10%. The latter varies in a more pronounced way 

with concentration, starting from 1000% and reaching less than 1% (we do not 

consider the blue box which is artificial seawater environment). The very large 

unrecovered strain (1000%) at low concentration identifies the predominantly liquid-

like behavior. When the concentration increases, the value of the unrecovered strain 

reduces to ~1% due to the increase in modulus (more elastic). 
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Figure 7.24. Recovered and unrecovered strain against mucin concentration for stress of 0.2Pa (at 

time t<0) and T=20oC. 

7.2.4. Impact of concentration 

Many parameters affect the viscoelasticity of polyelectrolytes such as charges, chain 

conformation and concentration. We are particularly interested in mucin 

concentration effects. In figure 7.25 both extensional and shear data are plotted 

against mucus concentration. The red circles represent the extensional apparent 

modulus (extracted from eq. 3.12) while the black squares the elastic modulus 

measured at ω=0.1rad/s. The line is a power-law fit (G=a.ck) with an exponent k=0.5. 

The two dashed lines highlight two important concentrations: i) c=0.2mg/ml which is 

the critical concentration (c*) estimated from DLS and ii) c=2.4mg/ml where the 

modulus deviates from linearity and rapidly increases. The point included in the blue 

box is the measured modulus in saline artificial seawater environment. 
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Figure 7.25. Apparent (in extension) and elastic (in shear) plateau modulus as function of mucin 

concentration. Circles represent the extensional data and squares the shear rheological data. The 

point in the blue box reflects the artificial seawater environment. The power-law fit gives an exponent 

of 0.45 

The range of the measured moduli from both techniques is 0.01<G<10 Pa which is 

expected for such biomaterials (table 7.2). They have different values and we 

attribute this variation due to the following points:  

i) The sample preparation was not the same, extensional data originate from 

protocol A and shear data originate from protocol B. This means that in the 

first case a few counterions were present due to the buffer solution, 

whereas in the latter case there was absence of ions. 

ii) The two techniques have different origin with respect to the type of flow. In 

CABER, chains are stretched (nonlinear flow) for a certain amount of time 

in the vertical direction (coil to stretch transition) and in shear chains are 

deformed at different strains and at various frequencies in the linear 

regime, i.e., they remain in equilibrium. The latter experiments gives the 

elastic plateau modulus. The former determines the thinning of diameter 

and the respective time is analyzed with a Maxwell-type of model, by 

invoking an apparent modulus which should relate to the elastic plateau 

modulus. 
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Further, we show in figure 7.26 the loss angle, tanδ=G’’/G’ as function of frequency 

for the various concentrations. The point at which this curve exhibits a minimum was 

used to define the elastic plateau modulus G’ (0.1rad/s, vertical arrow). 

 

Figure 7.26. Tanδ against frequency ω for different mucin concentrations. The vertical arrow indicates 

the 0.1rad/s frequency at the minimum tanδ value, used to extract the plateau modulus. 

Equivalently, the plateau modulus can be extracted graphically when data allow, as 

shown in figure 7.27a. In figure 7.27b we present the data extracted in this way. The 

data follow the trend which is represented in figure 7.25 where the moduli was 

extracted from the minimum of tand (ω=0.1rad/s). 

 

Figure 7.27. (a) Elastic and viscous moduli against angular frequency for a low concentration of 

0.07mg/ml. The horizontal arrow indicates the estimated plateau value, Gp=0.025Pa; (b) Gp against 

mucin concentration in salt free environment and in the blue box we represent the saline artificial 

seawater measured point. 
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7.3. Discussion and summary 

The strong increase of the elastic modulus at high concentrations of mucus suggests 

that the gel is resistant to shear deformation. Above the critical concentration of 

c=2.4mg/ml (second dashed line in figure 7.25) we have a signature of a transition. 

For this transition to be well-established, more concentrations need to be measured 

in the future. The change in slope could be connected to some extend with the 

regime deeply within mucin entanglements, and certainly reflects the mucin network 

properties. Based on our DLS measurements, above a concentration of ce=0.2mg/ml 

we are deeply into the semidilute regime and mucins are interacting topologically 

(entanglement region).  

A challenging point is that of understanding the reason why, based on the extracted 

values of the apparent modulus, mucins below ce=0.2mg/ml appear to create a 

stronger network in extension in comparison to linear shear rheology (figure 7.25). 

Besides the two points listed above, another explanation calls for the role of charges. 

As already mentioned, the samples used in extensional measurements contain some 

charges due to the buffer solution. These charges are mainly sulfonate groups of 

mucins (SO3-) which play the role of counterions. We conjecture that mucins are 

better associated in this way (in comparison to a totally salt-free environment in the 

case of DFS tests) and this results in the difference in moduli. 

At this point, a number of open questions exists. Many parameters, functionalities 

and properties are unknown on such hagfish mucins. The ways by which mucins 

associate and relate the microscopic properties (investigated via DLS) and bulk 

properties (extensional and shear rheology) remain unresolved. However, the effects 

of charges (due to the difference in the sample preparation protocols) in the 

macroscopic view seem to have a strong influence on mucus. This is in contrast to 

the microscopic structure discussed in chapter 6. Our finding based on diffusion data 

suggest that internal chain configurations are not appreciably affected by the 

presence of a heavily saline environment. 

In the case of extension, the presence of buffer ions seems to lead to larger modulus 

even at lower concentration, in comparison to salt-free environment in shear. 

Instead, in the case of shear the presence of buffer ions seems to collapse the 
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structure to the degree that we are not able to detect viscoelasticity. The structure 

becomes like water within seconds-minutes. When mucins appear in ASW, both the 

extensional and shear rheology provide the same modulus, G~2Pa. For all systems, 

the electrostatic screening effects take place but the strength of the interactions 

differs.  

The different origin of ions affects the attraction strength (e.g. role of Ca2+ discussed 

for ability to create physical better associations in comparison to Mg2+), they have 

different functionalities which are discussed extensively in [43]. In order to facilitate 

the key findings from the above discussion, we built a summary table 7.3., where we 

list the parameters affecting the mucus properties: sample preparation protocol 

which translated to ions in solution, origin of ions and mucins concentration. 

Table 7.3. Summary of shear, extension and DLS findings: roles of ions, modulus and mucin 

concentration. 

Ions Shear Extension DLS 

Buffer 

(protocol A) 

Torque issues 

(structure 

collapses) 

Gapp~1Pa (below 

c*=0.2mg/ml) 

Ergodic 

Artificial 

seawater 

G’~2Pa 

(highest 

concentration, 

3.3mg/ml) 

G’~2Pa (at 100% ASW) 

and decreases with 

ASW concentration 

Ergodic (same 

diffusion as in 

presence only 

of buffer ions) 

Salt free 

(protocol B) 

G’~0.025Pa 

(lowest 

concentration 

0.07mg/ml) 

 

G’~4Pa 

(highest 

concentration, 

3.3mg/ml) 

Did not tested (future 

work) 

Non-ergodic 
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Chapter 8: Conclusions and Outlook 

In this chapter, we try to provide general picture emerging from this thesis with some 

perspectives. The three main techniques utilized are listed in figure 8.1, where we 

summarized the major observables and findings. Light scattering provides 

microscopic details such as the diffusion dynamics and the structure of the 

measured object (here both PNIPAM colloidal microgels and mucins glycoproteins in 

water).Shear and extensional rheology reveal the bulk properties. Under shear flow 

both colloids and biopolymers were measured in linear and nonlinear regime at 

different concentrations. Under extensional flow only the biological hydrogel was 

investigated, in order to test the thinning of the filament under various concentrations 

and salts.  

 

Figure 8.1. Summary illustration diagram about light scattering (blue boxes), shear rheology (red 

boxes) and extension (green boxes).  

We extensively discussed and explained the phenomena observed. Here, we 

summarize our interpretations and briefly describe the work in progress and possible 

future directions. 

Colloidal microgel particles: We tried to understand if we can control the rheology of 

the same material at the same volume fraction achieved by independent variation of 

concentration and temperature. This could be helpful practically for instance in terms 

of economy; less material at lower temperature but same properties. Moreover, it 

may provide insights into the understanding of glass and jamming transitions in soft 
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particles. At very large concentrations, the concentration-temperature equivalence 

(in terms of reaching the same volume fraction) becomes complicated and invalid 

because the shrinkage of the particles dominates. As discussed in chapter 5 in 

scientific terms, in the glassy regime, properties are the same at the same volume 

fraction reached by two different paths while in the jammed regime this is not the 

case. Two things are important to note here: i) the need of a new parameter, for 

example a shrinkage parameter that will provide much help in order to reach same 

properties even at very large concentrations by using a proper scaling; ii) the need 

for more experiments over a wider range of concentrations in the jamming regime in 

order to gain information for the jamming regime. The first (i) can be materialized via 

measurements of particle elasticity and the latter (ii) one with rheometry. 

Biological mucus hydrogel: Mucus systems are biological systems with different 

functionalities by means of their structural characteristics. The two major 

characteristics are the i) protection and lubrication in human organs and ii) the 

defense mechanism in hagfishes. Here, we focused on the latter (ii) and by using the 

one of the two components of hagfish slime we tried to understand its crucial role in 

slime functionality. Mucin glycoproteins being the second component, provide a very 

challenging system under investigation, because of their unknown properties and the 

need to comprehension the mechanisms provided by the Mother Nature.  

Figure 8.2 illustrates the hagfish slime which becomes secreted upon hagfish attack 

from a predator. The cartoon shows the simplified network structure, the microscope 

image which provides details about the size and the shape of the initial structure of 

slime and the last picture shows how the slime is in the reality.  
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Figure 8.2. Hagfish slime: i) cartoon representation; ii) microscope image and iii) true slime. 

In figure 8.3, we show the two components separately, in order to briefly summarize 

the hagfish slime behavior. The dynamics of mucin glycoproteins were investigated 

and based on the results we provide a hypothesis for the biological implications on 

the action of such bioinspired materials. 

 

Figure 8.3. Hagfish slime components: mucin vesicles and skeins; cartoon representation, 

microscope images and typical sizes. Microscope images provided by L. Bӧni. 

Hagfish slime is a cohesive and stiff network with very weak viscoelastic properties 

(modulus of about 0.01Pa). The cohesiveness is provided by threads made of 
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intermediate filaments[98] which constitute a flexible network whereas the 

viscoelasticity originates from mucin proteins. The natural concentration in seawater 

which makes this network functional (for the defense mechanism) is about 

0.02mg/ml as shown in the table in figure 8.4a (the light red row) [13].  

The diffusion dynamics suggests an entanglement concentration of mucin: 

ce≈0.2mg/ml. The special properties of slime (in the presence of threads) in natural 

conditions are due to mucins at 0.02mg/ml, whereas in the absence of threads the 

network exhibits these properties at much higher concentration ce=0.2mg/ml (figure 

8.4b). The biological implication is that of a super economic material. The fiber 

network enables functional properties at much lower concentrations, below the 

entanglement concentration of mucin alone. 

 

Figure 8.4. (a) Table with concentration of mucins for various origin secretion, taken from [13]; (b) 

Apparent diffusion coefficient normalized with the apparent diffusion coefficient when c→0 against 

mucin concentration. 

Another important point which has to be highlighted concerns the sample preparation 

and the influence on its dynamic properties. In paragraph 7.2.1 we showed and 

compared the two ways of sample preparation, protocols A and B. Dialyzed samples 

(protocol B) were measured by means of shear rheology and non-dialyzed samples 

(protocol A) by means of light scattering and extensional rheology. The dynamic 

structure of dialyzed samples by DLS is summarized in the graphs shown below 

(figure 8.5).  
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Figure 8.5. Intermediate scattering functions at different concentrations measured with two protocols 

(non-dialyzed: protocol A and dialyzed: protocol B; (a,b) concentrations in the beginning of the 

entanglement regime; (c,d) concentrations deeply into the entanglement regime. The arrows show the 

increase of the scattering angle and the double arrow indicates the absence of consistent trend with 

scattering angle variation. 

It is crucial to note that more measurements and different concentrations have to be 

performed in order to establish or not the observed trends, listed below: 

-dialyzed/protocol B= no counterions present= strong repulsive network=seems to be 

non-ergodic 

-non-dialyzed/protocol A=counterions present= “smooth” dynamics (largest C(q,t) at 

short times, trend with scattering angle) due to the counter balance of the 

interactions=screening=seems to be ergodic 

-a small amount of buffer added to the non-dialyzed seems to “smoothen” the C(q,t) 

and the dynamics-this phenomenon is shown in figure 8.6. Starting from protocol B 
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we tried to mimic protocol A by adding small amounts of salts. The reduction of the 

non-ergodicity seems linked to buffer ions 

 

Figure 8.6. Intermediate scattering function at a concentration of 1.2mg/ml where the sample is 

dialyzed and small amount of buffer (50μl) was added to reduce non-ergodicity. The arrow indicates 

the decrease of the fast dynamics. 

To complement to above discussion, techniques such as fluorescence microscopy, 

cryo-TEM, cryo-SEM, AFM could provide further insights. For instance, images of 

samples prepared with the two different protocols or images of the dialyzed samples 

(e.g. sample in figure 8.5) before and after the addition of buffer solution (figure 8.6). 

Concerning figures 8.5 and 8.6, the multi-speckle dynamic light scattering (MSDLS) 

is the most reliable approach for measuring non-ergodic systems; density 

fluctuations are frozen and the dynamics are slow. In such a case modification of the 

standard DLS setup by replacing the photomultiplier tube by a charge-coupled 

device (CCD) camera is necessary. A systematic work on the slow mode could 

provide information about mucin dynamics. 

Microrheology also could provide an additional tool for studying the rheological 

response of mucus. A comparison with oscillatory shear rheological data would be 

important. A very recent work of Chaudhary et al. [15] discusses the modulus (G’) 

dependence concentration for various biomaterials. Especially, for hagfish slime the 

power law dependence for the linear viscoelasticity is G’~c1.12.In our case (figure 

7.25) the moduli has a power law dependence of 0.5 with concentration, G’~c.0.5. We 

have to highlight here that in the case of hagfish slime (table 8.1) there is the 

presence of threads plus mucins whereas in our investigation there is only the 
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presence of mucins. This could be a possible explanation for the k power-law 

exponent (with concentration) difference shown between the hagfish slime and the 

isolated mucin proteins.  

Table 8.1. Biomaterials and the concentration dependence of modulus G’ ~ck. Taken from [15]. 

 

A more general and fundamental question stemming from this work is how do the 

remarkable properties of the present biomaterials (structure as well as bulk 

dynamics) fit into the complex landscape of polyelectrolytes? How can the available 

models which explain polyelectrolyte dynamics provide a way to understand the 

complex behavior of mucins (from different origin and ill-defined) which leads to 

interesting properties? Novel applications can emerge from mucus systems and 

especially from hagfish slime (very economic as referred above) in order to improve 

the efficiency and to make the final product cheaper. Hence, there is lots of 

excitement in this field of research. 

As a final perspective of this thesis, we wish to share a very interesting and attractive 

work from the Naval Surface Warfare Center Panama City Division (NSWC PCD). 

They succeeded in reforming the hagfish slime for military purposes. More details 

about this impressive discovery presented in an article which is available in:  

https://www.ibtimes.co.in/us-navy-creates-hagfish-inspired-military-grade-slime-trap-

enemy-boats-water-778206 

 

 

 

https://www.ibtimes.co.in/us-navy-creates-hagfish-inspired-military-grade-slime-trap-enemy-boats-water-778206
https://www.ibtimes.co.in/us-navy-creates-hagfish-inspired-military-grade-slime-trap-enemy-boats-water-778206
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Appendix I: PNIPAM microgel particles 

Effective volume fraction determination 

The volume fraction of PNIPAM colloidal microgels is similar based on the simplistic 

calculation shown in chapter 5. The whole results discussed in respect to mass 

concentration because the exact volume fraction did not determined. A way to 

estimate the volume fraction is illustrated below and we briefly explain the procedure. 

We need more concentrations to be measured for the calculation of the effective 

volume fraction, φeff, in the following figure 1, we show the Batchelor fitting which 

provides the information. 

𝜂

𝜂𝜊
= 2.5𝜑𝑒𝑓𝑓 + 5.9𝜑𝑒𝑓𝑓

2  

 

Eq. 1 

Where η is the viscosity of the system, ηo is the viscosity of the solvent and φeff=kc 

where k is a proportionality constant and c is the solution concentration.  

 

Figure 1. Apparent viscosity against PNIPAM solution concentration, data fitted with Bachelor 

equation. 

In the table below, we present the values of φeff for T=15oC for k=44. 
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Table 1. Concentration of PNIPAM solution with the corresponding volume fraction for k=44 

(Batchelor fitting). 

Concentration (g/ml) Volume Fraction (-) 

9.78*10-4 0.043 

0.00696 0.3 

0.0158 0.7 

0.046 2 

 

By using k value for the apparent and qualitative estimation (due to the little amount 

of concentrations measured in the viscometer) we show another table with the 

volume fractions at T=15oC. More measurements and also at different temperatures 

are required for a well-establish φeff value. 

Table 2. Concentrations (measured in rheology) and the corresponding volume fraction for k=44 at 

T=15oC. The bold values correspond to the comparison in figures 5.9 and 5.10. 

Concentration (wt. %) Volume Fraction (-) 

6 2.64 

6.8 3.08 

8.2 3.52 

9 3.96 

10 4.4 

12.3 5.41 

17 7.48 
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Since particles are electrostatically stabilized, they have charged on their surface. 

 

Figure 2. Debye length k-1 of PNIPAM microgel particles against different temperatures. 
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Appendix II: Hagfish mucins 

 

 

Figure 3. Apparent viscosity (η* is the complex viscosity and ηo is the solvent viscosity) against 

frequency for two temperatures, 5oC and 20oC for two concentrations (low: 0.07mg/ml and 

intermediate: 1.5mg/ml) 

 

. 

Figure 4. Hagfish mucins in CABER at different concentrations (0.25%, 0.5% and 1%). 
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Figure 5. Zeta potential and hydrodynamic radius of hagfish mucins as the ionic strength increases. 

Measurements performed from L. Bӧni. 

The following figures show DLS data based on NLCA analysis (eq. 6.6). 
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Equation y = b+v*(exp(-g*x)*(1+0.5*m2*x^2-m3*x^3/6+m4*
x^4/24))^2

Adj. R-Square 0.99994

Value Standard Error

D b 1.04555 3.16172E-4

D v 0.27215 3.3638E-4

D g 101.631 0.58505

D m2 12827.73395 374.39117

D m3 1.47104E6 82149.70785

D m4 1.55025E8 8.55122E6

 

Figure 6. Typical example of a correlation function analyzed with NLCA. The red curve indicates the 

fitting of the data and in the table we show all the fitting details. 
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Figure 7. Dynamic and static apparent sizes of mucin molecules plotted for various salt 

concentrations for a reference concentration of c=0.08mg/ml. We note that the variability of salts and 

their ionic strength do not affect the present sizes at 0.2mg/ml 

 

Figure 8. Apparent diffusion coefficient (Γ/q2) against q2 for all measured mucin concentrations. All 

data exhibit a dependence of q2, conforming to large sizes and possible aggregates 
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Figure 9. Total scattering dynamic intensity (I*) against scattering wavevector (q) for all measured 

mucin concentrations. The slope of -3 indicates the topology (fractal dimension) of the measured 

object 
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