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Abstract

Hierarchical networks of semi-flexible biopolymers are ubiquitous in nature and are

fascinating for their paradoxical combination of extraordinary mechanical strength and

ability to grow, reshape and adapt to their environment. These biological hierarchical

networks serve as inspiration for novel bio-mimic/bio-inspired materials. However, de-

spite the ubiquity of these systems in nature it remains a fundamental challenge in soft

matter physics and network theory to relate the properties of an individual building

block to the collective response of a network of building blocks. Here, we utilise folded

globular protein-based hydrogels constructed from maltose binding protein (MBP) and

bovine serum albumin (BSA) to investigate the translation of single molecule stabil-

ity and force lability, respectively, to the architectural and mechanical properties of a

protein network. To achieve this, we employ a multi-modal cross length-scale character-

isation approach, combining circular dichroism (CD), small-angle scattering (SAS), and

rheology. Using this combined approach, we show that the single molecule stability of

the building block translates to the mechanical strength of the network and that in situ

force-induced unfolding is crucial in defining the architecture of folded protein networks.

Furthermore, we have deconvoluted the contributions of building block thermodynamic

and mechanical stabilities, illustrating that different types of stability have distinct roles

in defining network properties.

This thesis has demonstrated the importance of the building block stability on net-

work structural and mechanical properties and the necessity of a multi-modal cross-

length scale approach. Furthermore, our work has shown that consideration of only the

cross-linking network is not sufficient to produce a complete theory connecting the be-

haviour of a single building block to the collective behaviour of a network of building

blocks. This is an important step in understanding, providing insight into fundamental

hierarchical mechanics and a novel route to develop and tune new biomaterials for future

applications.
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Chapter 1

Introduction

This thesis presents structural and mechanical evaluations of novel folded protein based-

hydrogel networks to investigate their design rules and possible translation of single

molecule properties to the bulk properties of a hierarchical network. Hierarchical net-

works are composed of structural elements that themselves have structure, resulting in

structure at multiple length-scales [1]. A fantastic example is the Eiffel tower.

Figure 1.0.0.1: Schematic depicting the levels of structural hierarchy present in the
Eiffel tower. Reproduced with permission from the Bone Biology and Mechanics Lab
at IUPUI [2].

Figure 1.0.0.1 shows the different structures present in the Eiffel tower; from the

lattice of iron and carbon atoms at the Ångstrom scale in the wrought iron girders, to

the shape of the girders on the centimetre scale, to the welded scaffold of girders on the
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metre scale, which then combine to construct the whole tower. The multi length-scale

structure of the tower allows it to remain structurally sound even though less than 1%

of the volume is made of wrought iron, which is weaker than structural steel used to

construct most skyscrapers of similar height [1]. Furthermore the hierarchical structure

allows small subunits of girders to be used for ease of construction. This is a macro-

scale example of a hierarchically structured network, such hierarchy of structure on the

multiple length scales is prevalent in soft materials and in biological systems.

This chapter will discuss the prevalence of hierarchical networks in living systems

as well as several well-studied examples, before covering the background on hierarchical

bio-systems on the nano-scale in particular focusing on protein structure and stability.

Section 1.3 introduces the hierarchically structured soft material - hydrogels, and dis-

cusses methods that have been used to tune the properties of such materials. This is

followed by the introduction of a relatively new novel bio-material: folded protein based

hydrogels and the studies that have been conducted to try and determine their design

parameters. Finally the chapter will end by outlining the aims and objectives of this

project as well as the methods taken to achieve these.

1.1 Hierarchical networks in living systems

Hierarchical assemblies of semi-flexible bio-polymers are crucial to all living systems [3–

5], and are fascinating because they paradoxically demonstrate extraordinary mechanical

strength and resilience, while also being able to grow, change and adapt to environment

changes as the organism requires [6]. These hierarchical assemblies are ubiquitous in

living systems. The reasons for this ubiquity are two-fold; i) they allow smaller molecules

(e.g. proteins [7] and polysaccharides [8]) to be used in the construction of large scale

biological structures that are on the order of cells or larger (e.g. cell cytoskeletons and

bones), and ii) they are crucial for the translation of properties across length-scales

and time-scales, leading to a diverse range of behaviour including, but not limited to,

reversible softening under compression [9], as well as both stiffening [10] and negative

normal stress under shear [11].
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Numerous examples of such hierarchical biopolymer assemblies are found in all do-

mains of life, from the staggered architecture of collagen in the tendons of animals [12],

to the regular structure of peptidoglycan in the cell walls of bacteria [13, 14], to the den-

dritic branching network of fibrin blood clots [15]. Two of these examples are explained

in more detail below.

1.1.1 Collagen fibrils

Collagen is a fibrous structural protein that is found in tissue that is exposed to high ten-

sile or compressive loads including tendons, bone, cartilage and teeth [16–19]. Collagen’s

prevalence in such load bearing tissues is the result of the superior mechanical properties

of collagen, with collagen molecules observed to withstand up to 50% tensile strain and

stresses of several gigapascals [20]. Molecular collagen consists of 3 helical tropocollagen

(TC) molecules that are twisted together to form ‘nano-ropes’ with lengths on the order

of 300 nm [21, 22].

Figure 1.1.1.1: Schematic depicting the cross length-scale structural hierarchy in
collagen fibrils. Reproduce from ref [23] with permission from National Academy of
Sciences, ©(2006).

Figure 1.1.1.1 shows the staggered hierarchical architecture of these ‘nano-ropes’
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of collagen fibrils on the order of micrometres. In 2006, Buehler [23] investigated the

mechanical strength and energy dissipation behaviour of a single assembly of two stag-

gered TC molecules. Buehler found that the length of the TC molecules and strength

of inter-molecule interactions governed the regime of mechanical behaviour, i.e. short

TC molecules correspond to a molecular shear-dominated regime, while long TC with

weak intermolecular interactions correspond to an intermolecular slippage-dominated

regime (however if the intermolecular interactions are strong then the assembly under-

goes brittle-like rupture). Demonstrating that the staggered architecture of collagen is

crucial in increasing the toughness and energy dissipation behaviour of load-bearing tis-

sues, as it allows the force to be dissipated by molecular slipping within the structure

rather than by the rupture of bonds between the TC ‘nano-ropes’ [23, 24]. This study

and others [17, 25] have shown that due to this staggered architecture the properties of

collagen are scale dependent. Single TC molecules exhibit a Young’s modulus and frac-

ture strength of ∼7 GPa and 11.2 GPa, respectively, whereas the Young’s modulus and

fracture strength of a collagen fibril are ∼5 GPa and 0.5 GPa respectively [17, 23]. It has

been suggested, specifically for bones, that the observed length scales at each hierarchical

level (Fig. 1.1.1.1) are the result of structural evolutionary adaptations towards max-

imising the particular tissues properties (such as strength or energy dissipation) through

geometric size effects [26]. The specific hierarchical architecture of collagen demonstrates

the importance of the overall hierarchical arrangements formed at different characteristic

length-scales as it allows the translation of mechanical properties across length scales.

1.1.2 Fibrin blood clots

Blood clots consist of a dendritic gel-like mesh of branching fibers composed of the

protein fibrinogen, which can form spontaneously at the site of trauma in order to stem

the flow of blood from a wound [27]. This is a stark contrast to collagen rich tissues

(e.g. tendons) in which contain collagen fibrils in parallel with one another and are

purposefully constructed by organisms to build up tissues. In order for fibrin networks

to perform their biological function effectively they must have suitable levels of stiffness

and plasticity to block the flow of blood through the network, while also being permeable
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enough to allow enzymes into the network to lyse it once the wound is repaired [28].

Blood clots have been observed to exhibit a wide range of elastic moduli from 0.1 Pa to

up to 1500 Pa, dependant upon the branching structure of the clot and the physiological

environment [29].

Figure 1.1.2.1: Schematic depicting the structural hierarchy in fibrin fibers. At
the lowest level of hierarchy is the fibrogen molecule consisting of a central globular,
E, (with two associated α domains) connected by α-helical coiled-coil connector to
globular end nodes, D, (which each consist of an β and γ domain). At the next level of
hierarchy are the protofibrils which are formed from a staggered architecture of fibrogen
due to associated of the D end nodes and the E central domain. Formation of the
protofibrils releases the α domains, which facilitie the lateral aggregation of protofibrils
to form fibrin fibers.1 Reproduced from ref [15] with permission from American Heart
Association, Inc. ©2011

The hierarchical structure of fibrin fibers, that branch and connect to the form the

clot network, is shown in figure 1.1.2.1. The fibrinogen molecule has a rod-like shape

approximately 45 nm in length and 2-5 nm in width, consisting of a central globular

node (labelled E in Fig. 1.1.2.1) connected to two globular end nodes (labelled D in Fig.

1.1.2.1) by 17 nm long triple α-helical coiled-coil connectors [30, 31]. The globular nodes

in the protein structure are crucial for the formation of fibrin protofibrils1. Similar to col-

lagen fibrils a staggered architecture is observed in the structure of the protofibrils that

are formed from approximately 2 dozen fibrinogen monomers with lengths between 0.5-

0.6 µm [32, 33]. These protofibrils then aggregate laterally to form thick fibers. As these

1A detailed description of this formation process can be found in references [15, 27]
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fibers thicken and increase in length, via lateral aggregation, they also branch and con-

tinue to laterally aggregate from the branch points, eventually yielding a self-supporting

space-filling 3D network [34]. It is the difference in this branching 3D structure that leads

to the wide range of elastic moduli exhibited by fibrin networks. It has been suggested

that the stiffness of fibrin networks originates from the bending of fibers as opposed the

to the stretch of fibers seen in collagen networks [35]. Part of the basis for this hypoth-

esis is that the fibers are likely to be stiffer when stretched along their axis rather than

bent. Recent work [28, 36, 37] on the interesting non-linear properties of fibrin networks,

has shown that upon compression the fibrin network exhibits strain softening, which is

attributed to the buckling and bending of fibers in the network, before being followed by

dramatic strain stiffening as a result of densification of the network [37]. This suggests

that the mechanical behaviour of blood clots are controlled more by the bending of fibrin

fibers than by their extension.

1.1.3 Relating the behaviour of an individual to the properties of a

network of individuals

The examples above show that despite both networks having similar fibrous building

blocks and staggered architecture at one level of hierarchy, the mechanical properties of

the overall networks differ. This demonstrates that small changes in the structure at one

characteristic length scale (in the cases above the inter-fiber length scale) can lead to

remarkably different properties of the network. Predicting the outcome of changes to the

building block or the structure of the network on the properties of the overall network is

extremely non-trival (i.e. not a simplistic scaling from single building block properties

to network properties). In fact despite the prevalence of these hierarchical systems in

nature and the growing literature in this area [38–43], it remains a fundamental challenge

in soft matter physics to relate the properties of an individual polymer building block to

the collective response of a network of such building blocks [44]. New insight into this

fundamental problem would both further our understanding of biopolymer assemblies

ubiquitous in living systems and allow for the development of novel bio-mimetic and

bio-inspired materials [45–48].
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1.2 Hierarchical systems in biology at the nano-scale

In the previous section the prevalence and importance of hierarchical assemblies was

discussed, including macro-scale examples of such network. However structural hierarchy

also exists in living systems on the nano-scale. A powerful example of this nano-scale

hierarchy in living systems is proteins. This section will cover the levels of structure

within proteins and discuss both the thermodynamic and mechanical stability of these

folded 3D structures.

1.2.1 Proteins: from amino acids to folded structure

Proteins are fundamental to all life on Earth and are observed in all living systems

currently known [49]. This is due the their involvement in a plethora of biological

functions from enzymatic activity to force mediation to catalysis, or put more colloquially

if a process occurs in a living system it almost certainly involves a protein. These crucial

bio-polymers are long poly-peptide chains and have a hierarchy of structure starting

on the Ångstrom level with single amino acids building up to complex 3-dimensional

structures that are crucial to their in vivo functional ranging from several to hundreds

of nanometres in size.

Figure 1.2.1.1: The structure of an amino acid, consisting of a common backbone
structure and a side chain or R-group (R) that is unique to a given amino acid.

The small sub-unit monomers that construct proteins are called amino acids, and are

connected together covalently via peptide bonds [50]. Amino acids are organic molecules

consisting of a central carbon atom that is covalently bonded to a carboxylic acid group
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(-COOH), an amino group (-NH2), a hydrogen atom and a side chain group that is

unique to any given amino acid. Figure 1.2.1.1 shows the generic structure of an amino

acid, where the R-group is the side chain group.

Figure 1.2.1.2: The 20 naturally occurring amino acids that are encoded by DNA.
Each amino acid structure is shown with its three-letter and one-letter in addition to
the full name.

There are 20 naturally occurring amino acids that are encoded for by DNA2 each with

a unique side chain conferring different physical and chemical properties. These amino

acids are shown in figure 1.2.1.2 grouped according to similar chemical properties of their

side chain R-group [53]. Their functional groups vary in terms of polarity, hydrophilicity

2The encoding and transcription processes of DNA to amino acids are not described in this thesis,
however many references are available dedicated to describing this, including [51, 52].
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(positive interaction with water), and charge. The order of these amino acids in the

polypeptide chain is referred to as the protein sequence and forms the primary structure

of a protein. This is the first level of hierarchy within the protein structure and the

particular sequence of the amino acids at this level determines the higher order folded

structure of the protein by defining the intra-chain interactions.

Figure 1.2.1.3: The hierarchy of protein folded structure. Primary Structure is
the particular sequence of amino acids (residues) that are joined by peptide bonds. Sec-
ondary Structure consists of α-helices and β-sheets (both parallel and anti-parallel),
which are formed by hydrogen bonding interactions between the residues in the pri-
mary structure. Tertiary Structure is the 3D folded structure of polypeptide chain
and secondary structure elements and is formed via multiple intra-chain interactions
including hydrophobic interactions, ionic bonds and disulphide bridges. The example
protein shown here is ubiquitin (PDB code: 1UBQ [54])

Figure 1.2.1.3 shows the hierarchy of protein structure from a single amino acid

through to folded structure. The functional groups, i.e. the amide group, and side

chains of the residues in the primary structure are able to interact with one another

non-covalently to form the higher order secondary and tertiary structures. The amide

9



groups in the backbone of the polypeptide chain can participate in intra-chain hydro-

gen bonding, which can result in the formation of secondary structure elements. These

structures are α-helices and β-sheets, the latter of which is formed from multiple β-

strands. This is the secondary level of hierarchy beyond the simple chain of amino acids.

Non-covalent interactions between the residues of the primary structure and the sec-

ondary structure elements allow the protein to take a unique 3-D structure. The 3D

configuration of the polypeptide chain and secondary structure elements is called the

tertiary structure and is often referred to as the protein fold and is intimately linked to

the biological function of the protein. Another level of hierarchy exist above the protein

fold, known as the quaternary structure, which refers to complexes formed by multi-

ple folded protein domains (e.g. hemoglobin [55]), for simplicity we shall focus on the

single protein tertiary structure. The interactions that hold the 3D tertiary folded struc-

ture together include; i) hydrophobic interactions, where residues with ‘water-hating’

hydrophobic side chains are packed into the core of the protein fold and ‘water-loving’

hydrophilic residues are decorated on the surface (assuming the protein’s native environ-

ment is aqueous), ii) hydrogen bonds, where partially charged polar side chains interact

weakly with partially charged hydrogen atoms in other side chains and in the hydrating

water (the interaction is weak compared to ionic bonding due to small partial charges

involved), iii) ionic bonds, where protonated basic and deprotonated acidic residues in-

teract strongly (more strongly than hydrogen bonds due to the larger charges involved)

via electrostatic Coulomb attraction, and iv) covalent disulphide bonds, where the thiol

(-SH) side chains of two cysteine residues are oxidised forming a covalent bond between

the two sulfur atoms [56–58]. All of these interaction work in conjunction to produce

the unique and specific folded structure of a functional protein.

1.2.2 Protein stability

These interactions make folded proteins robust nano-building blocks with intrinsic prop-

erties, such as thermodynamic and mechanical stability as well as chemical functionality

such as catalysis or enzymatic activity. The specific folded structure of proteins is cru-

cial for proteins to be able to perform their biological functions, as such it is typically
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important for the protein to maintain its folded state [59]. As stated in the last section

a combination of non-covalent (and one covalent) interactions are involved in forming

the folded structures of functional proteins, however these interactions are extremely

sensitive to small changes in the environment. Understanding how a protein maintains

its folded state in a range of physiological conditions is important to understanding their

roles in vivo.

1.2.2.1 Thermodynamic stability and the Gibbs free energy

One method to quantify the stability of a protein fold is as a thermodynamic process

from a folded state to an unfolded state and consider the free energy change associated

with this kinetic change. The absolute free energy of a system is a measure of how

favourable a state is, where states with the lowest free energy are the most favourable

[59]. For a thermodynamic process, if the change in free energy from the initial state

to the final state is negative the process will occur spontaneously, conversely if the free

energy change is positive then the process will require energy to occur. The free energy

change is a measure of the work done on a system to transfer it from one to state to

another, while the system exchanges heat with its environment [50]. Considering an

isobaric (constant pressure) and isothermal (constant temperature) process, the change

in the Gibbs free energy can be defined as [50]:

∆G = ∆H − T∆S (1.2.2.1)

Where ∆H and ∆S are the change in enthalpy and entropy, respectively. The change

in enthalpy is defined as [50]:

∆H = ∆E + P∆V (1.2.2.2)

Where ∆E is the change in internal energy of the system and P∆V is the work done

on the system at constant pressure. The change in entropy of a system is a measure of
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the change in the number of available conformational states between the initial and final

systems. The entropy of a system is defined as [50]:

S = kb
∑
i

Pi lnPi (1.2.2.3)

Where Pi is the probability of a single particle occupying the ith state. If it is assumed

that probability of a single particle occupying all states is equal (i.e. Pi = 1
Ω) then

equation 1.2.2.3 reduces to:

S = kblnΩ (1.2.2.4)

Where Ω is the number of accessible states of a single particle. Each accessible state

has an associated energy, so the greater the number of states, the higher the entropy

because the energy dispersion is greater.

If we instead consider an isochoric (constant volume) and isothermal process a similar

free energy expression exists:

∆U = ∆E − T∆S (1.2.2.5)

This expression is known as the Helmholtz free energy, and only differs from the Gibbs

free energy by PV. For liquids PV is negligible as both the volume and pressure are small,

meaning the value is less than the thermal energy, kbT, of the system. Therefore in the

case of liquids there is a negligible difference between the Helmholtz and Gibbs free

energy [50]. In this thesis the change in free energy refers to the change in the Gibbs

free energy of the system. The parity of the Gibbs free energy (Eqn. 1.2.2.1) gives

information on whether a process is energetically favourable or unfavourable (i.e. if ∆G

is negative (positive) the process is energetically favourable (unfavourable)). Keeping

the importance of the parity in mind equation 1.2.2.1 demonstrates 2 key points;
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• A large decrease in entropy (i.e. a large reduction in the number of accessible

states available in a system) is unfavourable,

• A large increase in enthalpy (i.e. a large amount of energy is required for the

process to take place) is unfavourable.

In the context of protein fold stability the free energy change discussed above is the

difference between the free energies of folded state and the unfolded state, as depicted by

∆Gun in figure 1.2.2.1. ∆Gun is is commonly referred to as the thermodynamic stability

of the protein folded structure.

Figure 1.2.2.1: Top: The equilibrium reaction between the folded state (F) and the
unfolded state (U), where ku and kf are the rate of unfolding and folding, respectively.
Bottom: Schematic of a two-state energy landscape of protein, where the free energy
of the system is plotted against the reaction coordinate beign followed. The reaction is
the parameter being probed when the protein system is being perturbed, for example in
a chemical denaturation experiment the solvent accessible surface area is the reaction
coordinate. Where ∆Gun is the the free energy change between the folded state and
the unfolded state, and ∆GTS is the free energy change from the folded state to the
transition state (TS).

Figure 1.2.2.1 shows an example of a two state energy landscape, where the thermo-

dynamically stable folded state is separated, by a transition state energy barrier, from
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the less thermodynamically stable unfolded state. If a single barrier to unfolding exists

then the folding/unfolding of the protein is known as a two-state process. In general

proteins have more complex landscapes with multiple stable intermediate between the

folded and the unfolded state, due to multiple energy barriers along the reaction coor-

dinate [60]. In fact it has been hypothesised that the energy landscapes of proteins is

funnel shaped (Fig. 1.2.2.2) [60, 61].

Figure 1.2.2.2: Schematic of the 3-D (right) and 2-D (left) energy landscape profile,
where the z-axis (y-axis in 2-D) is the free energy of the particular configuration and
the y and x axes (only x-axis in 2D) map the configuration space. Reproduced from
ref [62] Nature Springer Ltd: Scientific Reports, ©2009.

At the top of the folding funnel the protein is in the unfolded state and has a large

amount of conformational freedom. As the protein begins to fold and moves down

through the funnel the number of conformational states available to the poly-peptide

chain are restricted. The protein can explore many conformations between the unfolded

and folded states, resulting a rough surface with multiple local minima corresponding to

intermediate states [63]. The folded state has the lowest level of conformational freedom

but is the global free energy minima of the system.

For a protein fold to be stable the Gibbs free energy of unfolding must be positive to

make spontaneous unfolding unfavourable. As shown in figure 1.2.2.2 the unfolded state

has the largest conformational freedom (high entropy), while the folded state has the

smallest conformational space (low entropy) [59, 63]. This means that there is a large

increase in the entropy of the system going from the folded to the unfolded state. In
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accordance with equation 1.2.2.1, for the folded state to be stable (i.e. the Gibbs free

energy of unfolding needs to be positive) the change in enthalpy from the folded to the

unfolded state must be positive and larger than the T∆S term. In order for a protein

to unfold the non-covalent interactions, predominately hydrogen bonds, that hold the

protein fold together need to be broken. This breakage of bonds requires energy to

be input into the system resulting in an increase in the enthalpy of the system upon

unfolding [50, 59, 64]. Interestingly, the hydrophobic interactions do not contribute

to the enthalpy of the system but instead increase the entropy of the system in the

folded state, reducing the absolute magnitude of -T∆S term [63, 64]. This is due to

the fact that in folded proteins the hydrophobic side chains are packed into the core of

the protein, allowing the water molecules hydrating the protein surface to occupy more

conformational states. In contrast in the unfolded state the hydrophobic residues of the

protein are exposed to the solvent and the water molecules form a specific ‘cage’ structure

around them. This cage structure of water restricts the number of conformational states

the water molecules in the cage can take, hence lowering the entropy of the unfolded

system [63, 64]. Hence, the hydrophobic interactions lower the magnitude of the T∆S

term. If these interactions within the protein molecule are sufficiently strong, such that

∆H > T∆S, then the Gibbs free energy of unfolding will be positive and the protein fold

will be stable. So, these interaction are crucial to the stability of the protein’s structure

and by extension crucial to their biological function [65, 66].

By considering the interactions within the protein poly-peptide chain and the dif-

ference in entropy between the folded and unfolded states, the Gibbs free energy of

unfolding, ∆Gun, gives a measure of the thermodynamic stability of the protein’s folded

structure. It is worth noting that this is a global measurement of stability over the entire

folded structure, rather than a measure of the local stability in specific regions of the

protein fold.
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1.2.2.2 Mechanical stability of protein fold domains

Another method to characterise the stability of proteins, that probes the specific local

interactions within the folded structure is through force-induced mechanical denatu-

ration. Single molecule force spectroscopy (SMFS) techniques, including atomic force

microscopy (AFM), and magnetic/laser tweezers, allow for the probing of the mechanical

stability of the proteins folded structure, and are in principle no different than classical

stretching experiments performed in high school (though the equipment is much more

sophisticated due to the low forces (order of 1-100 pN) and small length scales (order of

nanometres) involved). Over the last few decades a diverse range of proteins have been

mechanically unfolded; some proteins have been found to be completely mechanically

labile presenting no resistance to the applied force, while others have been found to be

mechanically robust withstanding forces ranging from tens to hundreds of piconewtons

[67, 68]. The reason for this range of mechanical stabilities, as determined by higher

unfolding force, lies in the bonding network that forms as a result of the structural hier-

archy of proteins. The most mechanically stable proteins have been those that have an

all β secondary structure, followed by proteins with α/β structures and the most me-

chanically liable proteins being those with all α structures [69, 70] This unfolding force

corresponds to breaking of bonds, predominately hydrogen bonds, in the backbone of

the protein [71]. All α-helical proteins (those that lack intra-strand covalent bonds e.g.

disulphide bonds), in which the helices are predominately held together by hydrophobic

interactions with few intra-strand hydrogen bonds, readily unfold to force. This suggests

that the hydrogen bonds between β-strands in a β-sheet conformation provide more me-

chanical stability than the hydrophobic interactions holding α-helices together in all-α

proteins.

While the general trend suggesting the secondary structure of a protein is the key

determinant of its mechanical stability, it does not explain the range of unfolding forces

observed for proteins with similar secondary and tertiary structures. For example the

protein TmCSP unfolds at a force of 60 pN (at a pulling speed of 600 nm/s) [72], while

a similarly structured protein, I27 unfolds at a force of 204 pN (at a pulling speed of 600
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nm/s) [73]. It was suggested that this difference arose as a result of different hydrogen

bond geometries [71, 74, 75] in proteins, though this was challenging to directly measure

due to difference in the protein sequence and stabilites. In 2003 a study by Brockwell et

al. [76] on the protein E2lip3 addressed this challenge. In this study the protein could

be immobilised on a surface in two different positions, which enabled the bonds in the

protein to be either ‘peeled’ or ‘sheared’ (depicted in Fig. 1.2.2.3).

Figure 1.2.2.3: Illustration of the a) peeling and b) shear geometries of hydrogen
bonded β-strands upon the application of applied force.

In the shear geometry E2lip3 was observed to unfolded at a force of 177 pN (at a

pulling speed of 700 nm/s), conversely in peeling geometry no measurable force was

observed. This striking difference in unfolding forces is explained by considering the

pulling geometries. In the shear geometry the hydrogen bonds are perpendicular to the

applied force, while in the peeling geometry they are parallel. This means that in the

shear geometry all the hydrogen bonds must be broken simultaneously to allow sepa-

ration of the β-strands, while in the peeling geometry they can be broken sequentially

allowing for easier separation of the strands. Since this study, many experimental [77–84]

and theoretical [85–88] investigations have been conducted to determine the importance
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of pulling direction on mechanical stability. The results of these studies, in particular

a theoretical study [89] of coarse grained unfolding simulations of over 17000 proteins

structures from the Protein Data Bank, have lead to the identification of different me-

chanical clamps with protein tertiary structures. These identified mechanical clamps are

shown in figure 1.2.2.4. A mechanical clamp is defined as a localised force bearing region

within a protein that results in the largest force response of the protein (i.e. the peak

unfolding force, as measured by SMFS techniques) [89–91].

Figure 1.2.2.4: (Left) Mechanical clamp motifs described by ref [89], where S is
a shear clamp, SA a shearing anti-parallel, Z is a zipper or peeling, SD1 is a shear
disconnected clamp, SD2 is a shear disconnected clamp 2, SS is a shear clamp supported
by other strands, T is a torsional clamp and D is shear delocalised. (Right) The
relationship between the distance from the folded state to the transition state, ∆xu,
and the unfolded force of the protein, Fu, (at a pulling speed of 600 nm/s). Adapted
from Ref. [92] with permission from the PCCP Owner Societies.

A paper by Hoffmann et al.[92] in 2013 showed that there is a correlation between

the type of clamp in a protein and its mechanical properties, such as the distance from

the folded state to the transition state, ∆xu, and the unfolding force (Fig. 1.2.2.4). The

authors showed that there was a reciprocal dependence between xu and the unfolding

force for the 25 proteins included in this study. Furthermore they observed clustering of

data points based on the mechanical clamp motifs present in the proteins, demonstrating

that similarities in the tertiary structure between proteins results in similar energy land-

scapes. This study also showed that subtle changes in the organisation of the secondary
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structure elements within a protein can result in significant changes in the mechanical

behaviour.

This section has discussed the mechanical characterisation of proteins as a method

to investigate their stability. SMFS techniques have shown that proteins possess a wide

range of mechanical stabilities; from proteins that are completely labile to force to pro-

teins that extremely robust resisting unfolding until high forces are applied. Furthermore

mechanical characterisation of proteins is far more effectively able to probe the local sta-

bility of a protein more effectively than thermodynamic techniques, with large variations

in mechanical stability observed due to changes in the axis of applied force and subtle

changes in the tertiary structure of proteins. Similar to what is observed in hierarchical

networks of proteins, subtle changes in structure lead to large changes in the mechanical

behaviour however, while on the single molecular level the motifs that govern the me-

chanics of the whole protein are understood, this same understanding is not present for

hierarchical assemblies of proteins.
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1.3 Hydrogels: synthetic hierachical networks

Hydrogels are three-dimensional hygroscopic networks formed from cross-linked (either

chemically or physically) hydrophilic building blocks, such as synthetic polymers and

short peptide chains, and are swollen by relatively large volumes of water (Fig. 1.3.0.1).

By definition, for a material to be classed as a hydrogel it must be a gel in which the

swelling agent is water [93]. Due to the significant water content hydrogels often possess

a degree of flexibility and elasticity similar to that of natural tissue.

Figure 1.3.0.1: Schematic of a simple cross-linked polymer hydrogel network both
(left) pre- and (right) post-gelation. Where the black lines and red dots represent the
polymer building blocks and cross-linking points, respectively.

Hydrogels were first proposed for biological use by Wichterle et al. in 1960, with a gel

constructed from co-polymers of glycolmonomothacrylate [94]. They found that glycol-

monomothacrylate gels formed a porous network, with adjustable mechanical properties,

and that these gels could be embedded in living organisms with no irritation reactions

observed. Since this initial report in the later half of the 20th century hydrogels have

become an extremely popular engineered material, due in large part to their high bio-

compatibility which makes them ideal for biomedical applications such as stitches and

wound dressings [95, 96]. Compared to the simple structures of crystalline materials

such as metals and some plastics, hydrogels have more complex porous structures, some-

times containing multiple levels of structural hierarchy [97–99]. This complex hierarchy

of structure that is possible in hydrogels makes them ideal model systems to investigate

and understand the collective response of a network of polymers, allowing for the design

of novel hydrogels with tailored properties.
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Figure 1.3.1.1: Schematic of a composite hydrogel system. Reproduced from ref
[103] with permission from Springer Nature Ltd: Journal of Materials Science. ©2016.

1.3.1 Tailoring the properties of hydrogel networks

In order to design hydrogels for a specific purpose it is necessary to understand how

to tune and tailor the mechanical properties of the hydrogel to its application. The

mechanical properties of hydrogel network structures have previously been modulated

using various different methods, some key examples are outlined below.

1.3.1.1 Filling voids in the hydrogel network

One approach employs so-called “fillers” to occupy the void space between the connected

building blocks in the hydrogel network, and in doing so restrict the movement of the

overall network [100, 101]. These systems are known as composite gel systems, where

rigid or viscoelastic particles (the filler) are embedded in a continuous viscoelastic matrix

[102].

It has been demonstrated that the mechanical properties of composite gels depend

on the rigidity of the gel matrix, the rigidity and volume fraction of the filler particle,

and the interaction or affinity between the filler and the gel matrix [104]. In 1988, using

a composite system of polyvinyl alcohol (PVA) - Congo red (CR) gels, van Vliet showed

21



that if a non-interacting filler particle (in this case natural milk fat globules) was added

to the hydrogel matrix then there was a decrease in the shear modulus of the composite

gel as the volume fraction of the filler is increased (where a volume fraction of milk fat

globules of 0.5 results in a 50% decrease in the shear modulus of the gel) [101]. It was also

demonstrated that if the filler particle interacts with the gel matrix (in this case PVA

stabilised paraffin droplets) then there is an increase in the storage modulus of the system

as a function of filler volume fraction (where a volume fraction of milk fat globules of 0.5

results in a 3-fold increase in the shear modulus of the gel) [101]. Furthermore it should be

noted that the trend with interacting particles is inverted if the filler particle is softer than

the gel matrix [100]. Recently, cellulose has been used as a filler [105, 106] to reinforce

synthetic hydrogel networks such as poly(N,N-dimethylacrylamide) gels, some yielding

an order of magnitude increase in storage modulus with the addition of 0.8wt% cellulose

nanocrystals [105]. These systems also exhibit enhanced shear-stiffening behaviour, up

to 2-fold increase in the degree of shear stiffening in the presence of 0.8 wt% cellulose

nanocrystal [105] and up to 6-fold increase in the presence of 8wt% cellulose [106].

1.3.1.2 Inclusion of an interwoven secondary network

An alternative method of altering hydrogel mechanical behaviour involves the inclusion

of a secondary network in the hydrogel (either permanent [107] or stimuli-responsive

[108]) to act as a scaffold for the original network. These “double-network” hydrogels

[109–111] can be carefully selected to create networks which are ‘inter-woven’, resulting

in gels with unique mechanical properties [112, 113]. Double network hydrogels typically

include a rigid network within a softer, more flexible network. The resulting hydrogel can

be imbued with the desirable properties of both networks, including the high mechanical

stability of the rigid network and the repetitive elasticity (i.e. the ability of the system to

be deformed multiple without change in it’s mechanical characteristics, such as weaken)

of the flexible network.
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Figure 1.3.1.2: A schematic of a double network hydrogel constructed from an
Ca2+ ionically cross-linked alginate networks (top right) and a chemically cross-linked
polyacrylamide network (bottom right). Reproduced from ref [110] with permission
from Springer Nature Ltd: Nature ©2018.

This was demonstrated in a pioneering study [111] with two intertwined networks; an

Ca2+ ionically cross-linked alginate network and a covalently cross-linked polyacrylamide

(PAAm) network. Both of these networks individually form gels, where the alginate

gel exhibits high energy dissipation and a low fracture energy of 10 Jm−2 due to the

transient ionic cross-linking scheme, and the polyacrylamide gel exhibits low energy

dissipation and a higher fracture energy of 250 Jm−2 due to the chemically permanent

cross-links. When these networks were combined into a Ca2+-alginate-PAAm hybrid

gel, the resulting daughter gel had a level of energy dissipation between the two parent

systems and a fracture energy of ∼8700 Jm−2, far larger than either of the parent gel

systems. These hybrid gels also exhibited extremely high stretch-ability (over 2-fold

larger) and toughness with a rupture stress far in excess (a factor of ten) of either of

the individual networks. These enhanced behaviours resulted from the synergy of the

two networks cross-linking mechanisms, such that the ionic bonds break first under load,

dissipating energy, while the covalent bonded network retains memory of the initial state

allowing for healing upon unloading. The two networks are therefore suitably coupled

to compensate for each of the individual network weaknesses, resulting in a gel that is

more than the sum of its parts. This study demonstrated that in principle interweaving

of networks is an effective way to tailor and tune the properties of hydrogels.
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1.3.1.3 Altering the strength of the inter-building block self-assembly inter-

actions

In contrast, unstructured short chain peptides, alpha helices and beta strands have

been utilised to investigate how the inter-peptide interactions of the network at the

molecular level affects the self-assembly of the fibrous microstructure and subsequent

mechanics of the hydrogel. Multiple investigations have focused on tuning the structure

and mechanics of the hydrogels through precise control of the amino acid composition

of these structurally simple, short peptide chain building blocks [114–117].

Figure 1.3.1.3: A schematic showing the formation of filaments from beta-sheet form-
ing peptides and the subsequent network formed. Reprinted (adapted) with permission
from [115]. Copyright (2017) American Chemical Society.

An example of such a study, by Gao et al., investigated the importance of altering

the hydrophobic interaction between the self assembling peptide, on the structure and

mechanical properties of the self assembled hydrogel. To do this the authors utilised two

short beta-strand forming octa-peptides, each with an alternating series of 8 hydrophobic

and hydrophilic residues, the key difference between these peptides is the replacement of

a lysine residue with a highly interacting hydrophilic residue arginine. These peptides

form gels by lateral self-assembly into fibers which then associate/bundle to form a self

supporting 3D network. The gels formed by the arginine containing peptide exhibit a

shear modulus that is on the order of 100-fold stronger than gels formed from the other

peptide. This dramatic change in the strength of the network was attributed to an

alteration of the network topology, with the gel moving from a branched to associated

structure which was due to an increase in the fiber-fiber interaction. This study and

others have demonstrated that control of the hydrophobic interactions of the peptide

building block, and the resulting fibers they form, yields significant shifts in the network
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morphology, increases in the shear moduli ranging from to 10-fold [116] to 100-fold [115],

and fibrous hydrogels with novel thermo-mechanical properties [117].

1.4 Folded protein-based hydrogels

The previous section discussed multiple methods to alter the mechanical behaviour of

hydrogel networks. Both the filler method and the double network method involve the

alteration of the hydrogel at the network level, whereas studies on peptide hydrogels

have demonstrated that the mechanical and structural properties of a hydrogel can be

tuned by altering the interactions between the monomeric building blocks. The recent

studies on peptide-based hydrogels highlight the critical role of molecular level interac-

tions on the structure and mechanics of the hydrogel. However these hydrogel systems

use either unstructured synthetic polymers or simplistically structured peptide chains

as hydrogel building blocks, with changes in the mechanical behaviour occurring as a

result of changes to cross-linking in the network. This limited or lack of inherent ther-

modynamic stability and chemical or mechanical functionality in the hydrogel building

block severely limits the range of functionality and tunablity of hydrogels. In the last

decade, folded globular proteins have been utilised as hydrogel building blocks due to

their evolutionarily optimised and highly specialised molecular functions, well defined

structures and thermodynamic/mechanical stability [92, 118, 119] (section 1.2.1). The

mechanically robust folded structures of globular proteins provide the unique opportu-

nity to investigate the translation of mechanical stability of individual building blocks

to assemblies of building blocks, all while retaining the inherent biological functionality

of the protein.

1.4.1 Folded proteins as hydrogel building block

An initial study by Li et al. [120] involved an engineered protein construct containing

the mechanically robust GB1 domain and the flexible resilin domain (Fig. 1.4.1.1a), in

order to replicate the hierarchical mechanical properties of the giant muscle protein titin.
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Figure 1.4.1.1: Schematic depicting A) GB1 (red boxes) - resilin (blue lines, R)
polyprotein construct and B) a cast GB1-resilin hydrogel ring with a magnification of
the imagined internal network structure. Reproduced (adapted) from ref [121] with
permission from Wiley-VCH Verlag GmbH & Co. ©(2016).

In this case, the mechanical properties of the component proteins were determined

by single molecule unfolding experiments in which GB1 was found to unfold at forces

>100 pN, while resilin displayed no measurable unfolding force but led to an increase

in extensibility before unfolding occurred [120]. By chemically cross-linking GB1 to

form a hydrogel (Fig. 1.4.1.1b), the authors produced a material with properties simi-

lar to that of muscle tissue. This pioneering study demonstrated that, in principle, by

understanding and mimicking the molecular mechanical properties of modular protein

building blocks of a complex material such as tissue, it is possible to replicate the me-

chanical properties of the bulk material artificially. Importantly, since functionality is

encoded in the folded protein building block, the subsequent gels are imbued with func-

tionality. Since this initial study, protein-based hydrogels have emerged as a new class

of biomaterial, exhibiting rich properties such as mimicking the mechanical properties of

tissues [120, 122], forming highly elastic and stimuli-responsive materials [123–125], and

dynamically regulating their properties and shape [126–128]. Such gels include those

that have been constructed from an engineered pair of mutually exclusive folded pro-

teins (containing two proteins of which only one can be folded at any one time). Here

the folded:unfolded ratio of each protein was controlled by the presence of Ni2+ ions
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[123]. By controlling the folded:unfolded ratio of each protein domain the stiffness of

the network as well as the level of energy dissipation can be tuned. Another exam-

ple of such a gel, is BSA-polyelectrolyte gels, which exhibit shape memory. These gels

lose their casting shape when soaked in guanidinium hydrochloride (a powerful protein

denature) due partial unfolding of the BSA domains, however upon soaking in buffer

(to remove the guanidinium hydrochloride) the casting shape of the gel returns. This

shape memory is as result of the polyelectrolyte providing a scaffold for the refolding

BSA, allowing the system to return to its pre-unfolded configuration and hence retain its

casting shape [129]. These studies demonstrated that chemical stimuli and changes on

the molecular scale can be used to modulate the mechanical properties of the hydrogel,

however a complete understanding of the translation of molecular properties to multi-

molecular networks, which will allow for the rational design of hydrogels with predictable

and tuneable properties, remains a fundamental challenge.

1.4.2 Determining design rules for protein based hydrogels

Several recent studies have sought to address this challenge. For example Wu et al. [130]

examined the interplay between the mechanical stability of the folded protein building

block and the mechanical strength of the cross-linker. To do this they utilised a hydrogel

network constructed from four-armed polyethylene glycol (PEG) linker molecules where

the ends were functionalised with a C-terminal tail peptide (denoted as Kir) and an

ABA protein block consisting of the load bearing molecule and Tax-interacting protein

1 (TIP-1), which binds to the Kir peptide, on both ends (Fig. 1.4.2.1).
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Figure 1.4.2.1: A schematic of a folded protein hydrogel network to explore the
interplay between cross-linker and load bearing molecule stability. Reproduced from
ref [130] with permission from Springer Nature Ltd: Nature Communications ©2018.

Hydrogel Load-bearing

molecule

Designed

Mechanical

hierarchies

Expected

hydrogel

properties

Gel 1 GB1 (Fun = 25

pN)

Fb < Fun Rigid and brittle

Gel 2 SH3 (Fb = 25

pN)

Fun < Fb Rigid, extensible

and tough

Table 1.4.2.2: Molecular level mechanical hierarchy and the expected mechanical
behaviour of the resultant hydrogels. Where Fb and Fun are the rupture force of the
cross-link and the unfolding force of the load bearing molecule. Note: all unfolding
forces were quoted for a pulling speed of 400nm/s the rupture force of the cross-link is
≈ 50 pN. Reproduced from ref[130] with permission from Springer Nature Ltd: Nature
Communications ©2018.

By selecting the load bearing protein (termed in ref[130] the load bearing molecule),

such that the unfolding force of the protein is greater or less than the rupture force

of the TIP-1:Kir cross-link complex, the authors were able to investigate the interplay

between the mechancial stability of the building block bearing the load or the system

and the cross-links holding the network together. Doing this they demonstrated that

there were two different regimes of hydrogel mechanical behaviour based on the interplay
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between the mechanical strength of the load-bearing molecule and the cross-linker (Tab.

1.4.2.2). The first regime, where the cross-linker is less mechanically stable than the fold

of the load bearing protein, produces gels that are rigid but brittle, exhibiting limited

extensiblity. This is as a result of the rupture of the cross-links holding the network

together before the unfolding of the protein. Conversely the second regime, where cross-

linker is more mechanically stable than the fold of the load bearing protein, produces

gels that are rigid and extensible, due to the protein unfolds before the cross-links break.

This unfolding leads to an increase in contour length of the load bearing molecule and

hence more extensiblity in the gel. So, the authors demonstrated that the building block

and cross-linker selection and specifically the mechanical hierarchy between them are

crucial in defining the mechanical regime of the hydrogel.

Another study which attempts to address the challenge of rational design of hydro-

gels, by Kim et al. [131], investigated the role of rigidity and flexibility in hydrogels

by exploiting protein engineering to make constructs contain both folded proteins and

unstructured peptide chains, as approximations of rigid rods and flexible chains respec-

tively. They found that hydrogels with the rigid poly-protein linkers were approximately

twice as mechanically strong as those with flexible unstructured peptide linkers of the

same length, with distinct relaxation mechanics. This result demonstrated the impor-

tance of the rigidity and flexibility of the building block on the mechanical strength of

the network.

These studies have given an insight into the underlying design rules of hierarchical

networks and have shown the importance of considering the building block properties

as an important parameter to control the mechanical properties of a network. However,

these studies do not investigate the direct translation of the intrinsic single molecule

properties of the building block, such as the thermodynamic stability or force lability,

to the structural and mechanical properties of the network.
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1.5 Aims and objectives

In this chapter the properties of folded proteins were introduced, in particular their

thermodynamically stable and mechanical robust folded structure. Their exploitation as

novel hydrogel building blocks was discussed as well as recent studies seeking to under-

stand the underlying design principles of protein hydrogels and by extension hierarchical

protein networks. It was also noted that while these studies showed the importance

of building block properties on the mechanical behaviour, they did not investigate the

translation of the inherent single molecule properties of the building block to the bulk

properties of the network.

It is the aim of this thesis to investigate the direct translation of single molecule

properties to the architectural and mechanical properties of multi-molecular hierarchical

networks. Folded protein based hydrogels offer the unique opportunity to explore this

direct cross-length scale translation of single molecule properties, furthermore folded pro-

tein based hydrogels provide good analogues for hierarchical networks observed in living

systems. To achieve our aim we utilise a combined structural and mechanical experi-

mental approach that allows for the characterisation of folded protein hydrogel systems

across multiple length scales, from the single protein level to the bulk mechanical level.

This approach of in-depth analyses of hydrogels, constructed from synthetic polymers

and peptides, using combined experiment modalities is common in the literature, in

particular through the use of structural techniques in conjunction with bulk mechanical

characterisation [115, 116, 132]. This same style of analysis has not yet been applied to

folded globular protein hydrogels, in particular the structural characterisation of folded

globular protein hydrogels is lacking, with many works presenting structural schematics

with no supporting structural data.

Utilising the combined structural and mechanical approach described above, this

thesis seeks to answer three main questions:

i) How, if at all, does the stability of the protein building block translate across

length-scales to the bulk properties of the hierarchical protein network?
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ii) What are the effects of the differing thermodynamic and mechanical stabilities

of the protein building block on the structural and mechanical properties of the

hierarchical protein network?

iii) What role does in situ protein unfolding play in defining the architecture and

subsequent mechanics of protein hierarchical networks?

The first two questions are addressed in chapters 3 and 5, with data presented on

a novel hydrogel system constructed from the globular maltose binding protein (MBP)

which exploits the well-documented [81, 82, 133] increase in protein stability upon the

binding of maltose. The final question is answered in chapter 4 by toggling the force

lability of the bovine serum albumin (BSA) building block in situ in the well characterised

BSA based hydrogel system [128, 129, 134].
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Chapter 2

Materials and methods

In the hydrogel field, it is common to utilise a multi-technique approach to gain in-

sight and understanding of the underlying science techniques such as rheology, small

angle scattering, microscopy and computational modelling. A multi-modality approach

is crucial for characterising systems over a wide range of length-scales, and while such

approaches have been applied to peptide hydrogels [115, 116], they have only recently

been applied to hydrogels constructed from folded proteins [135, 136]. This chapter

outlines the methods and techniques of our combined experimental approach to charac-

terise folded protein hydrogels over a wide range of length-scales; from the single molecule

properties to network architecture to bulk mechanics.

2.1 Materials, buffers and stocks

2.1.1 Materials

A detailed list of apparatus, chemicals and manufacturers is given in the appendix (Chap-

ter A). All buffers and media were made with Purite 18.2 MΩ distilled (Milli-Q) water

unless otherwise stated.
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2.1.2 Growth Media

This section describes the growth media used for the production of maltose binding

protein (MBP) used in this work (full procedure of the expression and purification is de-

scribed in section 2.2). All components of growth media were dissolved before autoclave

sterilisation.

Growth Media Components

Lysogeny Broth (LB) 25g of premix dissolved in 1l

of Milli-Q. Premix: 40% bacto-

tryptone, 20% yeast extract,

40% NaCl.

Auto-induction media (500ml) 5g Yeast Extract, 10g Bacto-

tryptone, 25ml 20x NPSC, 10ml

50x LAC, 1ml 1M MgSO4

20x NPSC (1L) 53.52g NH4Cl, 32.2g Na2SO4,

68g KH2PO4, 70g Na2HPO4

50x LAC (500ml) 125g Glycerol, 12.5g Glucose,

50g Lactose

Agar Plates 15g/l agar suspended in LB me-

dia, with 100µg/ml carbenicillin

added

Table 2.1.2.2: Table listing the components and proportions of auto-induction media
growth media used in this project.

2.1.3 Buffers

This section describes the buffer used for all measurements, protein resuspensions and

reagent stocks, and outlines the buffers used during the purification of MBP. The powder

components of the sodium phosphate buffer (PB) are dissolved in distilled water and the

pH of the resulting solution adjusted using high concentration HCl or NaOH.
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Buffer Components

25 mM Sodium Phosphate

Buffer pH 7.4

5.65mM sodium monobasic

phosphate and 19.35mM sodium

dibasic phosophate

Table 2.1.3.2: Table listing the components of the sodium phosphate buffer used in
this project.

Additional buffers were needed in the purification of MBP these are outlined in

table 2.1.3.4 with their corresponding components. All purification buffers were vacuum

filtered through a 0.22 µm filter to ensure sterility and to de-gas the buffers.

Purification buffers Components

x100 Protease inhibitor cocktail 100mM PMSF, 200mM benza-

midine dissolved in ethanol

Lysis buffer 300mM NaCl, 20mM Tris.HCl,

10mM Imidazole. 0.5ml (per 1l

of lysis buffer) 100% Triton-X-

100, 1mM PMSF, 2mM Benza-

midine, pH 8.0

Wash buffer 300mM NaCl, 20mM Tris.HCl,

10 mM Imidazole, pH 8.0

Elution buffer 300mM NaCl, 20mM Tris.HCl,

500mM Imidazole, pH 8.0

Table 2.1.3.4: Table listing the components of the buffers used for the extraction and
purification of MBP used in this project.

2.1.4 Reagent Stocks

The reagents needed for the photo-chemical crosslinking reaction (section 2.3.3), namely

sodium persulfate (NaPS) and tris-bipyridylruthenium(II) (Ru(II)bpy 2+
3 ), are sus-
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pended in PB, mixed together and diluted to the desired concentration to form stocks

before being frozen and stored at -80oC. Additional chemicals including D-maltose, Urea

and dithiothreitol (DTT), are also mixed into the reagent stocks before freezing and stor-

age.

Reagent stock Components

MBP HG crosslinking x2 reagent

stock with maltose

60mM NaPS, 200µM

Ru(II)bpy 2+
3 and varying

concentration of D-maltose

between 0mM and 20 mM

MBP HG crosslinking x2 reagent

stock with urea

60mM NaPS, 200µM

Ru(II)bpy 2+
3 , either 0mM

or 20mM D-maltose and varying

concentration of urea between

0M and 2M

BSA HG crosslinking x2 reagent

stock with DTT

100mM NaPS, 200µM

Ru(II)bpy 2+
3 and either 0mM

or 3mM DTT

Table 2.1.4.2: Table listing the components of the cross-linking reagent stocks used
in this project.

2.2 Protein expression, purification, storage and resuspen-

sion

The expression and purification of MBP was predominately conducted by research tech-

nician Sophie Cussons. For completeness this section outlines the method of protein

production that was employed.
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2.2.1 Transformation of cells

To begin expression of MBP, a pMal-c5x1 expression vector plasmid [137, 138], with a

stop codon inserted at position 378 by Q5 mutagenesis [139], was transformed into the

expression host Escherichia coli (E.coli). This process involves heat shocking competent

cells2 to induce uptake of the DNA plasmid.

Initially, competent E.coli BL21 (DE3) pLysS cells were defrosted on ice. 50µl of the

defrosted cells were transferred to a sterile 0.5ml centrifuge tube whereupon 2-4µl of the

pMal-c5x plasmid (stock concentration of 100µg/µl) was added, before being left on ice.

Once the bacteria and DNA had incubated for 20 minutes on ice, the cells were heat

shocked at 42oC in a water bath for 45s before immediately being returned to the ice.

This step is crucial as the heat shock treatment increases the permeability of the cell

membrane allowing for the diffusion of the DNA plasmid into the cell. 400µl of sterile

LB was added to the 0.5ml centrifuge tube, after 10 minutes of incubation on ice, and

the bacteria was grown 1 hour at 37oC, 200rpm. This growth step allows the bacteria to

express the antibiotic resistant protein (found in the expression vector plasmid) to make

the E.coli resistant to carbenicillin.

Once the bacteria has grown for 1 hour it is plated on to an agar plate containing

100µg/ml carbenicillin (Tab 2.1.2.2). Plating the bacteria involves pipetting 100µl of the

bacteria onto one side of the agar plate and then spread across the plate using a sterile

glass rod. The agar plates were then incubated overnight at 37oC. Two controls plates

were run in parallel to determine the success of the transformation, the first involved

repeating the above procedure but with the addition of water instead of DNA. The

second control was the untransformed cells. If both control plates were clear then the

transformation was deemed to have been successful.

Once the transformation was shown to be successful, colonies were selected and grown

overnight in 10ml of LB (Tab 2.1.2.2) at 37oC, 200rpm to form starter cultures. 0.5ml of

1The pMal-c5x expression vector contain all correct inserts was generously donated to the POI in this
project by Dr David Brockwell

2Cell competence refers to a cell’s ability to uptake extracellular DNA from its environment
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these starter cultures were mixed with 0.5ml of sterile glycerol, before being snap frozen

in liquid nitrogen and stored at -80oC, to form glycerol stocks. These glycerol stocks are

used to form future starter cultures for full-scale protein expression without the need to

perform another transformation of the same expression vector.

2.2.2 Full-scale Expression

To begin full-scale expression of MBP ∼50µl of glycerol stock (see section 2.2.1) was

added to 20ml of sterile LB (see table 2.1.2.2) containing 50µg/ml carbenicillin and

incubated at 37oC, 200rpm the night preceding the full-scale growth, in order to from

starter cultures. 2ml of these starter cultures was used to inoculate 0.5l of auto-induction

media (Tab 2.1.2.2) in 2.5l baffled conical flasks, these cultures were incubated for 48

hours at 37oC, 200rpm. Auto-induction media contains both glucose and an inducing

sugar (in this case lactose) as the cells have exhausted the supply of glucose (this is

E.coli ’s preferred food source), they start to uptake the inducing sugar [140]. This

uptake causes induction of certain genes, in particular the gene in the expression vector

corresponding to the protein of interest, in this case MBP. The advantage of using

auto-induction media is that cell cultures do not need to be monitored for manual gene

induction and higher cell densities can be achieved potentially leading to higher yields

of expressed protein. After the expression cultures were incubated for 48 hours, the

cells were harvested by centrifugation (Avanti J-E centrifuge, JLA-8.1 rotor, Beckman

Coulter, UK) at 5000rpm for 20 minutes at 4oC. After centrifugation, the supernatant

was removed and the cell pellet recovered and stored at -20oC overnight before the

protein is extracted and purified.

2.2.3 Cell Lysis

In order to extract the MBP from the E.coli expression host, the cells were first lysed.

To achieve lysis, protease inhibitor cocktail (Tab 2.1.3.4) was added to lysis buffer (Tab

2.1.3.4) to give a final concentration of 1mM PMSF and 2mM benzamidine3. The har-

3PMSF and benzamide both inhibit proteases, which are responsible for breaking down proteins
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vested cell pellets (section 2.2.2) were each defrosted and resuspended in ∼200 ml of

this lysis buffer, after which small amounts of DNAase4 was added. To encourage com-

plete lysis of the E.coli , cell solutions were homogenised using an electronic disperser

before being passed through a cell disruptor (30Kpsi, 25oC). The solution was then cen-

trifuged at 25,000rpm for 25 minutes to seperate and pellet the cell debris from the

MBP-containing supernatant (lysate).

2.2.4 Purification

To purify the MBP from the lysate, Nickel-nitrilotriacetic acid (Ni2+-NTA) protein pu-

rification was employed. Ni2+-NTA purification is a type of immobilised metal-affinity

chromatography [141, 142], in which Ni2+ (other transition metals can be used) is im-

mobilised in a resin matrix but is importantly still able to bind chemical groups such

as imidizole. The MBP used in this study had previously been engineered to include

a hexa-histidine tag5 at the N-terminus of the protein. Histidine has a high affinity of

binding to Ni2+ ions due to the electron donor of the imidizole side chain, this affinity

is boosted by the inclusion of six hisitidine, allowing for strong binding to the column

matrix. Introduction of large quantities of imidizole or changing the pH can disrupt this

interaction and unbind the protein, allowing for controlled elution of the bound protein

from the column.

The Ni2+-NTA column was attached to an ÄKTA prime6 in order to allow monitoring

of the absorption at 280nm (A280)7. This monitoring allows accurate determination of

the concentration of proteins with known extinction coefficients and enables protein

peaks to be distinguished during the elution stage of purification.

The purification column was primed by washing with ∼10x column volume of filtered

de-gassed milli-Q, after which they were equilibrated into lysis buffer, until the A280 re-

mained constant (this was recorded as the baseline absorption). The purification process

4Breaks down DNA molecules
5A chain of six histidines, an amino acid with an imidizole side chain
6An automated pump system for buffers and sample
7Proteins absorb light with a wavelength of 280nm when they contain tryptophan, tyrosine or cystiene

disulphide bonds
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was performed in three stages: loading, washing and elution, each of which is outlined

below.

Loading: The MBP containing lysate was cyclically loaded onto the equilibrated

column at a flow rate of 2ml/min overnight to ensure maximum binding of the hexa-

histidine-tagged MBP.

Washing: Once the lysate had been loaded onto the Ni2+-NTA column, the column

was flushed with wash buffer (Tab 2.1.3.4), until the A280 returned to approximately the

baseline value.

Elution: In order to elute and collect the MBP from the Ni2+ column, elution buffer

(Tab 2.1.3.4) was run through the column in a ratio of 1:3 to the wash buffer. The mixing

was automated using the ÄKTA prime. During this step, the solution exiting the column

is collected in 5ml fractions. A peak in the A280 is presumed to correspond to the elution

of MBP. Fractions corresponding to the elution peak were pooled together, and the A280

measured to estimate the yields of MBP after growth and purification. Average yields

of MBP were ∼250 mg per litre of growth culture. The collected eluted solutions were

then dialysed and freeze-dried for long term storage (see section 2.2.5).

2.2.5 Storage of Protein

After the purification process the extracted MBP solution was dialysed out of elution

buffer and into Milli-Q before being rapidly frozen using liquid nitrogen. Dialysis is a

necessary step in order to remove the salts from the elution buffer, this was achieved

by placing ∼ 100ml of the protein/elution buffer solution into Snakeskin dialysis tubing

(3kDa MWCO) and submerging the tubing in 5l of Milli-Q. The semi-permeable tubing

allows small molecules to pass through by osmosis whilst keeping large molecules inside.

The dialysis Milli-Q in which the tubing is submerged was repeatedly changed, removing

essentially all of the salt from the protein solution, at which point it was recovered and

rapidly frozen. The frozen samples were then lyophilised on a vacuum freeze drier. It

is important to note that protein should be freeze-dried in large bulb flasks to optimise
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the resuspension of the protein to high concentrations. The freeze dried protein powder

was stored at -20oC.

2.3 Hydrogel sample preparation and photochemical gela-

tion

This section will cover the preparation of folded protein hydrogels used in this project,

from the resuspension of the lyophilised protein building block, to the mix of protein

and reagent stock, to the details of the photo-chemical cross-linking reaction.

2.3.1 Resuspension of high concentration protein stock

To resuspend protein to the high concentrations used in this project (∼ 100-200mg/ml)

an iterative method was used, where lyophilised protein powder was ‘gently’ packed into

multiple centrifuge tubes and 25mM PB (pH 7.4) was added and transferred from tube

to tube until all the lyophilised powder was resuspended. To resuspend the powder in

each tube, they are rotated until all the powder is dissolved. Once all the powder in

one tube is dissolved the protein-containing PB is transferred to the next tube and is

repeated until the powder in all the centrifuge tubes is resuspended. Once the lyophilised

protein is resuspended, the high concentrated protein solution is centrifuged at 5000g for

1 minute in order to pellet out any denatured and aggregated protein. The supernatant

is transferred to a fresh centrifuge tube and the concentration of the resulting protein

solution is determined using UV absorbance at 280nm and the Beer-Lambert Law [143].

A280 = cε∆L (2.3.1.1)

Where A280 is the absorption of the sample (minus the absorption of 25 mM PB pH

7.4), c is the concentration of the protein, ε is the extinction coefficient of the protein at

40



280nm8, and ∆L is the path length of the sample. In order to accurately experimentally

measure the concentration of the protein stock, the stock must be diluted (200-300x)

to ensure the level of absorbance does not saturate the UV absorbance spectrometer

detector. Once the concentration of the supernatant is determined, it is diluted to the

desired concentration, and in this project the concentration of all protein stock solutions

was 200 mg/ml. It is important to note that the volume of the centrifuge tubes used

should be comparably sized when compared to the final volume of protein stock desired,

in order to limit the size of the air/water interface during resuspension which could lead

to unfolding and aggregation of the protein being resuspended.

2.3.2 Preparation of pre-gelation hydrogel solution

Hydrogel samples are prepared by mixing in a 1:1 ratio a 200 mg/ml stock of the relevant

building block protein (in this work either MBP or BSA) and defrosted 2x concentrated

cross-link reagent stock (Tab 2.1.4.2) for a final protein concentration of 100 mg/ml. As

described in section 2.1.4, additional chemicals, such as D-maltose or DTT, were added

to the reagent stocks in order to investigate the effects on the hydrogel properties.

2.3.3 Photo-chemical cross-linking reaction

The hydrogels used in this project were formed using a tyrosine-targeted, ruthenium-

catalysed photo-activated chemical reaction (mechanism shown in Fig. 2.3.3.1).

8Extintion coefficents of MBP and bovine serum albumin (BSA) are 66350 M−1cm−1 and
42925M−1cm−1 respectively
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Figure 2.3.3.1: Reaction mechanism of a photo-initiated protein cross-linking reac-
tion. a) Schematic showing the electron flow when Ru(II)bpy 2+

3 (structure shown in
b) is photolyzed in the presence of a persulfate, generating Ru(III) and sulfate radical.
Ru(III) would be expected to oxidise residues such as tyrosine due to being a potent
one-electron oxidant. c) Two possible reaction mechanisms of cross-linking two associ-
ated proteins via radicalised tyrosine (oxidased by Ru(III)). (Right) If another tyrosine
residue is nearby, then arene coupling would be expected. (Left) alternatively a nearby
cysteine group could attack the tyrosine radical to produce a heteroatom-arene linkage.
In both these cases, a hydrogen atom must be lost in order to form stable products and
it is likely the sulfate radical produced during Ru(III) formation plays a key role in this
step. This figure represents only the mechanistic hypothesis on which the authors de-
signed the reaction, though the true mechanism of Ru(II)bpy 2+

3 /persulfate-mediated
cross-linking remains to be experimentally determined. Adapted from ref [144] with
permission from PNAS ©1999.
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The suggested mechanism of photo-chemical tyrosine-tyrosine cross-linking is shown

in Fig. 2.3.3.1. The proposed mechanism, as suggested by Fancy et al. [144], involves

the photo-oxidation of Ru(II) to Ru(III) in the presence of persulfate ions (see Fig.

2.3.3.1a). The resulting Ru(III) is a potent one-electron acceptor and is expected to

oxidise aromatic residues residues, in particular tyrosine. In the presence of Ru(III) and

H+ ions, tyrosine is oxidised to form highly reactive tyrosine free radicals, with a free

electron on the carbon atoms adjacent to the hydroxyl carbon in the benzene ring (see

Fig. 2.3.3.1). This free radical tyrosine attacks the aromatic ring of other non-radicalised

tyrosine residues to form a covalent carbon-carbon bond between the carbon atoms that

are adjacent to the hydroxyl group.

An additional route considers cysteine side chains interacting and cross-linking with

the tyrosine free radical. Previous work [145] has shown that free cysteine quenches

the reaction by a similar amount as free tyrosine, demonstrating that both tyrosine and

cysteine are equally likely to react with the initial free radical. It is for this reason that

the protein selected in this project either contain no cysteine residues (MBP) or cysteine

residues that are already bonded in disulphide bridges (BSA).

In order to perform the reaction and gelate the samples in situ on the rheometer,

a custom lighting rig was designed and constructed in collaboration with the School of

Physics and Astronomy’s electronic and mechanical workshops. Figure 2.3.3.2 shows an

image of the lighting rig used in this project.
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Figure 2.3.3.2: Image of the in situ rheometer lighting rig used to initiate the photo-
chemical cross-linking reaction and gelate the sample.

The lighting apparatus consists of 3 main parts: the retention collar, the LED element

and enclosure, and raised glass base plate.

Retention collar: The retention collar was designed to fit over the existing base

plate of an Anton Paar MCR502 rheometer, and tightened down using Teflon screws to

ensure the lighting rig does not move during measurements. The retention collar was

designed this way to allow easy attachment and removal from the rheometer without

causing damage to the equipment.

LED element and enclosure: An LED element with a emission spectrum centred

around a wavelength of 460nm was chosen as this wavelength closely matches the excita-

tion wavelength of Ru(II)bpy 2+
3 (452nm, see Fig. 2.3.3.1a). The blue LED was encased

in an aluminium frame with a glass top. The frame was made from aluminium due to its

high thermal conductance allowing it to act as a heat-sink and avoid overheating of the

LED. The LED was connected in parallel with a 30Ω resistor to a variable DC current

power supply supplying a current of 0.48Amps.

Raised glass base plate: A transparent glass base plate (on which the sample is
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placed) was set into an aluminium frame and raised on aluminium struts 5cm above

the LED element were the sample was placed for measurement and in situ gelation on

the rheometer. Initially the design did not include a raised base plate and the sample

was placed directly on the glass encasing the LED element. However, this initial design

resulted in significant heating of the sample during gelation, hence a separate base plate

was included and raised on struts to distance the sample from the heat source and allow

passive cooling to keep the sample at room temperature.

2.4 Characterisation of the protein building block

For the work presented in this thesis, it is crucial to be able to characterise the molecular-

level structure and stability. This was done using 2 techniques: i) circular dichroism (CD)

and ii) differential scanning calorimetry (DSC).

2.4.1 Circular Dichroism Spectroscopy

CD spectroscopy was developed in the later half of the 20th century [146] as a method to

investigate the structure of chiral molecules. Chirality is prevalent in nature, as evidenced

by the fact that all amino acids (with the exception of glycine) are chiral. A molecule is

said to be chiral if it cannot be superimposed upon its own mirror image by any Euclidean

transformation. The most common cause of chirality in a molecule is an asymmetric

carbon atom that is bonded to 4 different groups in the chemical structure. Examples of

these systems include amino acids (excluding glycine), sugars and other small biological

molecules. Importantly for the study of proteins and other biomacromolecules chirality

can also be the consequence of a 3-D structure adopted by the molecule, in the case of

proteins this could be α-helices and β-sheets. CD spectroscopy utilises the differential

absorption of left- (anti-clockwise) and right-handed (clockwise) circularly polarised light

by different isomers, when it is passed through a sample, to investigate the structure of

chiral molecules. Circularly polarised light is produced when a monochromatic light

source is linearly polarised and then passed through a quarter-wave plate (QWP).
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Figure 2.4.1.1: Schematic illustrating the production of circularly polarised light. In
linearly or plane polarised light the resultant vectors of the light wave oscillate in a
single plane, however upon passing through a QWP the light is circularly polarised
with the vector continuously rotating transverse to the direction of travel. Adapted
from ref [147].

Linearly polarised light is light where the oscillations in the electric field are in a single

plane (this electric field will be comprised of two orthogonal vector components with

equal phase and amplitude). As linearly polarised light passes through the birefringent

QWP, the two vector component of the electric field are de-phased to be 45o out of phase

with one another. This phase difference between the electric field components results in

a constantly changing electric field giving rise to circularly polarised light. If the left- and

right-handed circularly polarised light incident on the sample are not absorbed or are

absorbed in equal proportions, then the same circularly polarised light that was incident

on the sample will be emitted (though the amplitude maybe be decreased depending on

absorption). However, chiral molecules will absorb the left- and right-handed circularly

polarised light in different amounts, and therefore will emit light that has a different

polarisation than was incident. This change is typically reported by CD instruments

as ellipticity, θ, of a sample where θ = arctan(a/b), where a and b are the minor and

major axis of the elliptical light, respectively. The ellipticity can be calculated using

θ = 32.98∆A, where ∆A = AL-AR [146]. CD spectra are obtained, by measuring the

ellipticity of the sample as a function of incident wavelength.
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Figure 2.4.1.2: Examples of CD spectra for different secondary structure elements
and model protiens. (left) CD spectra of poly-L-lysine in the α-helical (1, black), anti-
parallel β-sheet (2, red) and extended disordered confomrations (3, green) as controlled
by pH [148], and collagen in both its native triple-helical (5, cyan) and denatured (5,
cyan) forms. (right) CD spectra of exemplar model proteins with varying secondary
structure elements, demonstrating the sensitivity of the technique to different molecular
level structures. Reprinted by permission from Macmillan Publishers Ltd: Nature
Protocols ([149]), copyright (2006).

Peptide bonds and aromatic amino acids absorb electromagnetic radiation in the

wavelength range 260-329 nm, while disulphide bonds absorb below 240 nm [150]. The

absorption characteristic of peptide bonds and the chirality of secondary structure ele-

ments formed by protein peptide backbones make ultraviolet (UV) CD spectroscopy an

ideal technique to study the structure of proteins in solution. Figure 2.4.1.2 shows the

exemplar CD spectra of different protein secondary structural features and model pro-

teins including myoglobin (globular α-helical protein), collagen(triple twisted α-helical

protein), and chymotrypsin (α,β-protein). The characteristic spectra of three distinct

structure elements namely α-helices (characterised by two negative peaks at ∼209 nm

and ∼222 nm and a positive peak at ∼190 nm), β-sheets (characterised by less intense

negative and positive peaks at ∼215 nm and ∼195 nm, respectively) and disordered coil-

coil (characterised by a strong negative peak at ∼195 nm) are shown in figure 2.4.1.2.

By considering these characteristic spectra and their relative intensities the proportions

of each secondary structure element in a protein can be determined from its CD spectra.
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2.4.1.1 Determination of in situ folded protein proportion using circular

dichroism spectroscopy

CD spectroscopy was used in this project to investigate the proportion of protein that

remains folded in situ in photo-chemically cross-linked hydrogels. CD experiments were

performed on MBP and BSA hydrogels, using a Chirascan plus circular dichroism spec-

trometer (Applied PhotoPhysics). Gels were loaded into a 10µm path length cuvette.

The path length is reduced in order to account for the larger level of UV absorption due

to the high concentration of protein (100 mg/ml). Additionally while the CD spectra

were recorded over the same wavelength range (178-260 nm) and 1 nm interval, the band-

width was increased to 2 nm to increase the flux of incident light and improve the signal

to noise ratio of the recorded signal. In order to determine the proportion of protein

that unfolded due to gelation, the spectra of protein samples in pre-gelation solution

was recorded before the sample was photo-chemically cross-linked (see section 2.3.3).

Once the sample had been photo-chemically cross-linked, the CD spectra was repeatedly

recorded over the course of 10 hours. To give a measure of the proportion of unfolded

protein over time, the ellipticity value at 222nm of each spectra was normalised by the

value at 222 nm of the pre-gelation spectra. Since it is the same protein (either BSA or

MBP) under consideration the ‘intensity’ of the spectra can be assumed to be dependent

on only the folded protein concentration and the path length9, the latter of which does

not change over the course of the measurement, this results in a record of proportion

of folded protein over time. Important to note that over the course measure (approx.

10 hours) dehydration is significant factor, this was corrected for by fitting the natural

log of the data at large t (>6 hours to ensure that protein unfolding due to gelation

has reached a steady state) to determine the rate of dehydration. Using this rate the

whole data set was fit with a double exponential decay function (with the rate of one

exponential fixed as the measured dehydration rate). The exponential corresponding to

the dehydration was then removed from the data set.

9It is assumed that the secondary structure of the protein of interest (either BSA or MBP) which
remains folded is not altered, i.e. Folded BSA will remain all α-helical and folded MBP will remain the
same proportion of α-helices and β-sheets
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2.4.2 Differential Scanning Calorimetry

DSC is a technique which involves measurement of the differential heat flow between a

sample and an appropriate reference as a function of temperature, and has been used

since the mid-1960s as a method to study the stability, unfolding and refolding of pro-

teins [150]. In a simple DSC experiment a sample (e.g. protein suspended in buffer)

and a reference (e.g. suspension buffer) are heated (or cooled) at a constant rate and

the difference in heat flow between the sample and the reference is recorded. When se-

lecting a reference it is important that it is comparable to the sample that is measured,

for example if a protein in buffer is measured, then the reference should be the same

weight of buffer within the sample not the same volume as the sample. Studying the heat

flow into a material as function of temperature allows for the investigation of first order

thermodynamic transitions within the material including melting and crystallisation, as

well as second order transitions, such as glass transitions [151]. The rest of this section

will discuss DSC data analysis in terms of the ‘melting’ of protein domains, which is the

focus of the DSC experimental work presented in this thesis, before outlining the experi-

mental parameters used in each study. Melting is an endothermic process which involves

the breaking of bonds at a critical temperature i.e. the melting temperature. In the

case of proteins this refers to the breaking of the intra-molecular bonds (predominately

hydrogen bonds, but can also consist of salt bridges, disulphide bonds, etc) holding the

protein domain fold together and allowing the melting of the domain from the folded

state to the unfolded state [150].

Figure 2.4.2.1a shows the expected profile heat flow10 of a protein unfolding melt

peak. The two key features of this curve are: i) a linear decrease in the heat flow, as a

result of more energy being needed to heat the sample to temperature compared to the

reference, and ii) a negative peak corresponding to a large amount of energy needed to

break bonds and melt11 the sample (a similar trend is noted for any first order phase

transition that involves breaking bonds). Fitting the peak of the melting curve allows

10Heat flow is commonly defined as exothermic in the positive direction and endothermic in the negative
direction

11Note: this trend is reversed for the formation of bonds and the solidifying of samples, i.e. a positive
peak is observed as energy is given out to form bonds.
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Figure 2.4.2.1: Expected a) heat flow and b) specific heat capacity profiles of melting
obtainable from a DSC experiment. Where Tonset and Tm are the onset temperature of
melting and the midpoint temperature of melting referred to as the melting temperature,
respectively. cfoldedp and cunfoldedp are the specific heat capacity of the folded and unfolded
state respectively, and ∆Hun is the enthalpy change due to unfolding.

for the extraction of the melting temperature of the sample, Tm. In addition fitting the

linear decrease and the highest rate of increase in the melting peak (Fig. 2.4.2.1a) and

determining the intercept, the temperature of onset of melting, Tonset, can be found.

To gain more information on the free energy change associated with the melt-

ing/unfolding of protein, the specific molar heat capacity, cp, can be determined as

a ratio of the heat flow per mole of sample, dQ
dt , and the heating rate, dT

dt .

cp =
dQ

dt

/
dT

dt
(2.4.2.1)

Figure 2.4.2.1b shows the expected profile of the change in cp as a function of tem-

perature during the melting of a sample. There is a peak in cp centred at Tm which is

due to the ‘melting’ transition of the protein sample from its ‘solid’ folded state to its

‘liquid’ unfolded state. Additionally, there is an increase in the cp of the protein between

the folded to the unfolded state, this is due to an increase in the degree of freedom of
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the more flexible unfolded protein chain compared to the specific structure of the folded

protein. By fitting a sigmoid (where the midpoint of the sigmoid is Tm) the change

from the cp of the folded state to the cp the unfolded state can be modelled. The area

bounded by the fitted sigmoid and the cp profile is equal to the enthalpy change, ∆H of

the thermodynamic process; in the case of protein melting this is the enthalpy change

associated with unfolding [152]. By considering the definition of the Gibbs free energy,

∆G,

∆G = ∆H − T∆S, (2.4.2.2)

and that at the melting temperature ∆G=0, the change in entropy of the protein

upon melting/unfolding, ∆S, can be calculated as,

∆S =
∆H

Tm
(2.4.2.3)

Once the values for the change in both enthalpy and entropy as a result of melt-

ing/unfolding are known they can be used to calculate the Gibbs free energy of unfolding

at any experimentally relevant temperatures.

2.4.2.1 Determination of protein molecular-level properties using DSC

DSC was utilised in this thesis exclusively to characterise MBP. Melting experiments

were performed on MBP pre-gel solutions and chemically cross-linked to determine two

key properties of MBP: i) the ligand binding affinity of the ligand maltose in highly

concentrated solutions of MBP and ii) the Gibbs free energy of unfolding in varying

chemical conditions (i.e. urea and maltose). Experiments were completed between 30oC

to 90oC according to the temperature profile shown in figure 2.4.2.2.
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Figure 2.4.2.2: The temperature profile of the DSC melt experiments conducted in this
thesis, where the system is held isothermally at 30oC for 3min before increasing in temper-
ature at a rate of 10oC/min up to 90oC. The system is held at 90oC for 5min before cooling
back down to 30oC at a rate of 10oC/min.

The sections below outline the details of the ligand binding affinity measurements and

the Gibbs free energy determination measurements were conducted.

2.4.2.1.1 Ligand binding affinity measurements 10 µl of both MBP pre-gelation

solution and cross-linked hydrogel samples, which contained varying concentrations of

maltose were loaded into Tzero hermetically sealed pans. 9.26 µl of PB buffer was

used as a reference for each sample. The melting experiments were performed on a TA

Instruments Q20 DSC with an autosampler. Melting temperatures were extracted using

the method shown in figure 2.4.2.1a.

2.4.2.1.2 MBP Urea stabilty measurements Similarly 10ul of MBP pre-gelation

solution and hydrogel samples were loaded into Tzero hermetically sealed pans and 9.26

µl of PB buffer was used as a reference. In these measurements the samples contained

varying concentration of urea and either 0 or 10 mM maltose. The measurements were

performed on a TA Instruments Q2000 DSC, which was calibrated with a sapphire
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standard of known heat capacity to ensure accurate determination of the protein heat

capacity. Values of the melting temperature and the enthalpy change were extracted

as shown in figure 2.4.2.1b and values for the entropy change calculated using equation

2.4.2.3.

2.5 Characterisation of the network architecture

The network structures of protein based hydrogels in this thesis were probed and analysed

in this thesis using small-angle scattering (SAS) techniques, including small-angle x-

ray scattering (SAXS) and small-angle neutron scattering (SANS). These techniques

provide structural information over the length-scales of tens to hundreds of Ångstroms

and rely on the diffraction of elastically scattered coherent radiation. It is not possible to

cover all of the aspects of diffraction and scattering in detail12, however this section will

cover the basic theory behind elastic scattering and using diffraction to probe distances.

The section will also outline the analysis of scattering patterns by breaking down the

measured profile into the form and structure factors before finally describing the details

of the scattering experiments performed in this thesis.

2.5.1 Theory of scattering

2.5.1.1 Diffraction as a method to probe structure

Diffraction is a physical phenomenon where a wave apparently bends around or spreads

out when encountering an obstacle or aperture respectively e.g. ripples on the sea en-

tering through the narrow inlet of a bay. A key principle in diffraction and diffraction

patterns is the Principle of Superposition (Fig. 2.5.1.1), which defines the interference

between waves. When waves interfere, the resultant wave has an amplitude that is some

proportion of the sum of the amplitudes of the constituent waves that were superimposed.

12Many references are available that are dedicated to explaining these phenomena in further detail,
including references (153–155)
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Figure 2.5.1.1: The two key cases of the principle of superposition: a) Constructive
interference, where the two coherent waves are in phase and superimpose such that
the resultant wave has an amplitude that is the sum of the amplitudes of the two
constituent waves. b) Destructive interference, where the two coherent waves are out
of phase and superimpose such that the the amplitudes of the two constituent waves
cancel out.

Figure 2.5.1.1 shows the two key cases of interference between two waves. The am-

plitude in each case is dependant on the phase difference between the two superimposed

coherent waves. The first case (Fig. 2.5.1.1a), where the constituent waves are in-phase,

the resultant superimposed wave has an amplitude that is equal to the sum of the am-

plitudes, known as constructive interference. In contrast, if the constituent waves are

completely out of phase with one another, then the amplitudes of the constituent waves

cancel each other, termed destructive interference. Both of the scenarios can be more

formally described as;

Constructive Interference nλ = X, (2.5.1.1)

Destructive Interference nλ = X +
λ

2
, (2.5.1.2)

where λ is the wavelength, n is an integer, and X is a derivable quantity e.g. the path

length difference. A particular combination of constructive and destructive interference

leads to particular interference pattern depending upon the structure that the waves

were diffracted on. A prime example of this is Young’s double slit experiment, where the

interference of the diffracted waves from both each slit interfere to produce a pattern of
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light and dark fringes, where the distance between the fridges, ∆y,

∆Y =
Lλ

a
(2.5.1.3)

is inversely proportional to the separation of the slits, a (where L is the distance

from the slits to the detector). This example demonstrates that there is a dependency

of the diffraction pattern on the object the incident waves are scattered from and in

principle demonstrates the power of diffraction and scattering as a structural technique.

However, in the example of Young’s double slits, the distance between the slits is more

easily determined through direct measurement i.e. with a ruler. In order to be able to

use scattering as an effective probe of the internal meso-scale structure of materials, the

slits we considered in Young’s experiment are replaced with planes of atoms in a lattice

separated by a distance, d.

Figure 2.5.1.2: Visualisation of Bragg diffraction from planes of atoms in a crystal
lattice. Where θ is the angle of incidence and the red line depicts the path difference
between the two waves.

Figure 2.5.1.2 shows the diffraction of two waves incident on planes of atoms. The

path difference between the two waves can be found via trigonometry (i.e. half the path

length is equal to d·sinθ). By considering X in equation 2.5.1.1, as the path difference

between the two waves, we arrive at the following equation:
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nλ = 2dsinθ (2.5.1.4)

where θ is the scattering angle. This equation is known as Bragg’s Law and is arguably

one of the most important laws determined in history, and highlights that diffraction

can be used to find distances within a system [156]. In a diffraction experiment the

angle subtended between the incident and scattered wave is measured, which is termed

2θ. Diffractometers are classified by the angular range they are able to probe, i.e.

small-angle or wide-angle. Bragg’s Law (Eqn. 2.5.1.4) shows that there is an inverse

relationship between the distance of interest, d, and the scattering angle, θ meaning that

in order to study large structures, scattering events with a small scattering angle should

be investigated, while the converse is true for small length scales (i.e larger angles should

be studied to probe the short length scales).

It is important to note that in order to perform a diffraction experiment and extract

meaningful information about the length-scales in the system, the wavelength incident

upon the sample must be known. Furthermore the wavelength must be tailored to be

comparable to the sizes within the sample in order for diffraction to occur.

2.5.1.2 An idealised scattering experiment and elastic scattering

The previous section discussed the use of diffraction and scattering as a tool to probe

distances in a system. In this section some of the key concepts involved in a scattering

experiment will be covered. Consider an ideal scattering experiment (Fig. 2.5.1.3), where

a particle13 or wave of wavevector k̄i is incident upon a sample and is scattered emerging

with some final wavevector k̄f .

13The wave-particle duality of matter, in which it is possible for particles to behave as waves and vice
versa
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Figure 2.5.1.3: A schematic representation of a particle being scattered by a sample

The conservation of momentum enables the momentum to be expressed as:

P̄ = ~k̄i − ~k̄f = ~q̄ (2.5.1.5)

where ~ is Planck’s constant divided by 2π and q̄ is

q̄ = k̄i − k̄f (2.5.1.6)

For simplicity and relevance14 we shall only discuss the special case when the system

scatters elastically (i.e. the energy of the scattered wave particle/wave is equivalent to

the energy of the incident particle/wave) which can be expressed as:

|k̄i| = |k̄f | =
2π

λ
(2.5.1.7)

From equation 2.5.1.6 it can be seen that q̄ is the difference between the wavevectors.

q is a quantity used regularly in scattering experiments and can be further defined by

considering the geometry of the scattering.

14All scattering data presented in this work is based on elastic scattering
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Figure 2.5.1.4: Vector diagram for elastic scattering, through an angle of 2θ

Figure 2.5.1.4 shows the vector diagram for an elastic scattering, where an incident

particle is scattered through an angle 2θ, such that |k̄i| = |k̄f |. Given the identity in

equation 2.5.1.7 and that the angle between k̄i and k̄f is 2θ, q can be expressed as:

q = 2

(
2πsinθ

λ

)
=

4πsinθ

λ
(2.5.1.8)

Equation 2.5.1.8 shows that q links the magnitude of the momentum transfer to the

wavelength and the scattering angle, furthermore by incorporating Bragg’s law (Eqn.

2.5.1.4) in to 2.5.1.8,

q =
2π

d
, (2.5.1.9)

it can be shown that q is inversely related to d. This inverse relation means that

q gives a measure of the real-space distances in reciprocal space. Obtaining results in

reciprocal space is a more convenient way to extract structural information, as the real-

space distances probed in experiments are on the order of 10−8 to 10−10 m, making them

extremely difficult to access in real-space. It is important to note at this point, that it
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can be shown [155] that the length-scales that characterise a function and the Fourier

transform of a function are inversely related, i.e. reciprocal space (q-space) is related

to the Fourier transform of real-space. This relation between reciprocal space and the

Fourier transform of real-space means that extracting information from the reciprocal

space (i.e. scattering data) is the same as extracting information from the Fourier domain

(i.e. transformations of real-space functions).

2.5.1.3 X-rays and neutrons as diffraction probes

In the previous section an ideal scattering experiment considering an arbitrary scattering

particle was discussed. In this section the properties of two well-used scattering probes

will be discussed, namely X-rays and neutrons.

Property X-rays Neutrons

Charge 0 0

Mass 0 1.675x10−27 kg

Spin 1 1
2

Magnetic Moment 0 1.913µN

Energy ~ω = hc
λ

1
2mν

2 = ~2k2
2m

Table 2.5.1.2: Properties of x-rays and neutrons

Table 2.5.1.2 compares some of the key properties of X-rays and neutrons. While

both probes are uncharged it can be seen that the main differences are that the neutron

has a mass, a half integer spin and a magnetic moment compared to the massless, non-

magnetic x-ray photon with integer spin. The origin of this difference is that the photon

is an elementary particle belonging to the boson family15, in contrast the neutron is an

atomic composite particle made up of 3 subatomic quarks which belong to the fermion

family16. These differences make X-rays and neutrons fantastic complimentary scattering

15In the standard model of the universe bosons are the force carrying particles that obey Bose-Einstein
statistics i.e. particles are able to occupy the same quantum state.

16In the standard model, fermions are the ’mass’ particles that obey Fermi-Dirac statistics i.e. two
fermions are forbidden from occupying the same quantum state as each other.
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probes, as the X-ray photons interact strongly with, and are scattered by, the negatively

charged electron cloud surrounding atoms and molecules (due to the fact that photons

are the mediating particle for the electromagnetic force), while neutrons do not interact

with the electron cloud due to their lack of charge. Neutrons instead interact weakly

with matter, only scattering off the nuclei of atoms (due to strong force interactions with

the protons and neutrons in the nucleus). This means that X-rays are able to capture

the shape of the electron cloud of a scattering object, while neutrons are sensitive to the

arrangement of the atomic nuclei. Using both these particles to probe structure allows

for the detection of subtle structure motifs by comparing the different patterns derived

from scattering off the electron clouds or atomic nuclei with X-rays or neutrons.

2.5.2 Analysis of scattering data - the form and structure factor

This section has so far discussed the basic theory of scattering and the different structural

probes, now the section will move on to discuss how useful information can be extracted

from scattering curves. If we consider a collection of scattering objects of some arbitrary

shape and distribution then the overall structure of the the system in real space can be

formulated as;

S(r) ∝ P (r) ∗ g(r), (2.5.2.1)

where P(r) is the pair-pair distribution function (i.e. a function that describes the

distances between pairs of particles in a given volume) of the shape and g(r) is the radial

distribution function (i.e. a function that describes the variation in density of objects

in a system as a function of distance from some reference point). The expression (the

proportionality stems from the fact that the right hand side has not been normalised, by

number, mass or volume as the choice of normalisation varies across discipline) for the

structure of the system in real space (2.5.2.1) shows that P(r) (which describes the shape

of a single scattering object) and g(r) (which describes the distributions of a collection

of scattering objects) are convoluted together. Convolution is a mathematical operation
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acted on 2 functions (f and g) in order to produce a third function (f ∗g) that expressed,

how the profile of one function is altered by the other [157]. This definition explains

why it makes sense that P(r) and g(r) are convoluted together as one would expect the

structural profile of an arbitrary shape to be altered as the distribution of objects was

changed, and altered shape would describe the structure of the system. When investi-

gating structure of a system, one is usually interested in extracting information about

both the shape of the individual scattering object and the distribution of these scattering

objects. However, convolution is quite an intimate process making the separation of the

shape information, P(r), and the organisational information, g(r), extremely difficult.

Fortunately the convolution theorem

F{f(x) ∗ g(x)} = F{f(x)} ·F{g(x)} = f̂(t) · ĝ(t) (2.5.2.2)

states that the Fourier transform of the convulsion of two functions is equivalent to the

product of the individual Fourier transform of each function (Eqn. 2.5.2.2). Applying

this theorem to equation 2.5.2.1 yields

Ŝ(q) = I(q) ∝ P (q) · S(q), (2.5.2.3)

Recall that in section 2.5.1.2 it was stated that the Fourier transform of real-space

distances were equal to the ‘distances’ in reciprocal space or q-space. By taking the

Fourier transform of the real-space structure, S(r), and applying the convolution theo-

rem, the structure of the system in q-space is found and is proportional to the product

of two factors, P(q) and S(q), termed the form and structure factor, respectively. The

form factor, P(q), is a function that describes the shape or form of the scattering object

in reciprocal space, while the structure factor, S(q), is a function in reciprocal space

that describes the organisation of the scattering objects and is ultimately controlled by

the interaction between scattering objects. Equation 2.5.2.3 shows that these two func-

tions are multiplied together in reciprocal space (as opposed to the convolution seen in

real-space) which makes them significantly easier to separate them and gain information

61



about the shape and organisation of the scattering objects in the system. Furthermore

since both of these factors are described in reciprocal space (q-space) it is easy to probe

them directly via diffraction and scattering. While this description lacks the in-depth

mathematical rigour of a full derivation, it still demonstrates the important point that

by analysing scattering data in reciprocal space it is possible to separate and extract

information about the shape of the scattering object and how these objects are arranged

in real space. In chapters 3 and 4 the selection of the form and structure factor to fit

the scattering curves and extract real space information about the structure of folded

protein hydrogel is discussed.

2.5.3 Small-angle scattering experiments

This section outlines the details of the SAXS and SANS experiments performed in this

thesis. All SAS curves obtained, via either technique, were fitted with SasView17.

2.5.3.1 SAXS

SAXS measurements were conducted in the Materials Characterisation Laboratory of

the ISIS Neutron and Muon Source, on the Nano-inXider instrument using a micro-focus

sealed-tube Cu 30 W/30µm X-ray source (Cu Kα, λ=1.54 Å). Samples were loaded and

gelled in 1 mm path length glass capillary tubes. The q-range investigated was 0.0045

- 0.37Å−1, and measurements were made at room temperature. Frame acquisitions of

samples were taken with an acquisition time of 30 mins. A number of frames were

taken depending on the samples protein concentration. High concentration samples

(>100mg/ml) were measured for 4 frames (total measure time of 2 hours), while low

concentration samples (<10mg/ml) were measured for 20 frames (total measure time

of 10 hours). Multiple frames were taken and averaged to ensure good statistics the

difference in measurement time is as a result of the reduction in the scattering power of

lower concentration solutions.

17http://www.sasview.org
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2.5.3.2 SANS

SANS measurements were conducted at the ISIS Neutron and Muon Spallation Source

(STFC Rutherford Appleton Laboratory, Didcot, UK). All samples were loaded and

gelled in 1 mm path length quartz cuvettes and measured at room temperature. Con-

sistent temperatures were ensured by an external circulating thermal bath. All raw

SANS data was processed using the Mantid framework following the standard proce-

dures for the instrument (detector efficiencies, measured sample transmissions, absolute

scale using the scattering from a standard polymer, etc) [158].

Samples of MBP in solution and MBP hydrogels discussed in chapter 3, were mea-

sured on the time-of-flight diffractometer instruments LOQ and ZOOM, respectively.

The Q ranges explored on the LOQ and ZOOM instruments18 are 0.006–0.24 Å−1 and

0.0025–0.43 Å−1 respectively.

SANS measurements on samples of BSA hydrogel discussed in chapter 4 were con-

ducted on the time-of-flight instrument Sans2d19. Sans2d front and rear detectors were

set up at 5 and 12m, respectively, from the sample, defining the accessible q-range as

0.002 - 0.5Å−1.

2.6 Bulk mechanical characterisation via rheology

Rheology is the study of the flow of matter, primarily on visco-elastic fluids and solids.

Varying rheological properties of matter are apparent in nature: from water, which flows

freely exhibiting only viscous behaviour, to iron, which deforms upon the constant ap-

plication of force, behaving only elastically. Purely elastic materials store the energy

input, in contrast viscous materials dissipate the energy input. These examples are

the extreme cases of rheological behaviour, visco-elastic materials are materials that are

somewhere between these two extremes, i.e. these are materials that exhibit both elastic

and viscous properties [159]. The properties of visco-elastic materials arise directly as

18experiment number RB1820509
19experiment number RB1920289
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a result of interactions between the atoms or molecules within the material, hence rhe-

ological characterisation of materials can give information on the microscopic structure

and dynamics of materials.

In this section, the basic principles of shear rheology will be outlined as well as how

the storage and loss moduli of a material are determined. Along with this, the rheological

equipment and testing methods will be discussed.

2.6.1 Shear Rheology and the shear modulus

A shear deformation is a deformation in which parallel internal surfaces slide past one

another as depicted in figure 2.6.1.1.

Figure 2.6.1.1: Visualisation of a shear deformation as the result of an applied shear
force, F.

From figure 2.6.1.1 key quantities can be defined, namely:

• Shear stress, σ, which is the ratio of the shear force, F to the perpendicular cross-

ectional area, A, i.e. σ = F
A .

• Shear strain, γ, is the normalised deformation of the material, defined as γ = L
h .

• Shear rate, γ̇, is the rate of change of shear strain, defined as γ̇ = dγ
dt .
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The modulus of this deformation is the shear modulus, G, and is a measure of the

material’s resistance to shear, while the viscosity, η, of the deformation is a measure of

the materials resistance to flow. Both are defined in equation 2.6.1.1 and 2.6.1.2.

σ = Gγ (2.6.1.1)

σ = ηγ̇ (2.6.1.2)

These equations represent the basic definitions of a Hookean solid (Eqn. 2.6.1.1)

and a Newtonian fluid (Eqn. 2.6.1.2), and describe the behaviour of an ideally elastic

and ideally viscous sample, respectively. These equations hold for a linearly applied

shear strain field, so would require linear shear experiments to be able extract useful

information about the mechanics of the system such as traditional stress-strain curves.

What if instead of a linear strain an oscillatory strain (γ(t) = γ0sin(ωt), where γ0 is

the amplitude of the oscillatory strain) is applied to the system? If this is the case then

equations 2.6.1.1 and 2.6.1.2 can be rewritten as

σ = Gγ(t) = Gγ0sin(ωt) (2.6.1.3)

σ = ηγ̇(t) = ηγ0ωcos(ωt) = ηγ0ωsin
(
ωt+

π

2

)
(2.6.1.4)

The choice of applying an oscillatory strain can be understood by comparing equa-

tions 2.6.1.3 and 2.6.1.4 to the oscillatory strain (γ(t) = γ0sin(ωt)). It can be seen that

Hookean solids (Eqn. 2.6.1.3) respond instantaneous or in-phase to the applied strain

i.e. the stress-strain phase difference, δ=0. In contrast ideally viscous materials exhibit

a stress response (Eqn. 2.6.1.4) that is out of phase with the applied strain by δ=π/2.

Viscoelastic materials exhibit both elastic and viscous behaviour and as such have a

phase difference in their stress response between 0 and π/2.
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Figure 2.6.1.2: An applied oscillatory strain, γ, resulting in a stress response, σ,
which is δ degrees out of phase.

Figure 2.6.1.2 show an example of the stress-strain behaviour of a viscoelastic ma-

terial, where upon the application of an oscillatory strain there is a lag in the stress

response of the material by some phase angle, δ. From this behaviour we can define the

complex shear modulus of the material as

G∗ =
|σ0|
|γ0|

eiδ = G′ + iG′′ (2.6.1.5)

Where σ0 and γ0 are the amplitudes of the oscillatory stress and strain respectively.

Using Euler’s relation (eiδ = cos(δ) + isin(δ)), the storage modulus, G’, (the real com-

ponent of G∗ and gives a measure of the energy stored during deformation which returns

the material to its original shape once unloaded) and loss modulus, G”, (the imaginary

component of G∗, and gives a measure of the energy lost during deformation)[159] can

be expressed as,

G′ =
|σ0|
|γ0|

cos(δ) (2.6.1.6)
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G′′ =
|σ0|
|γ0|

sin(δ) (2.6.1.7)

These quantities help characterise the elastic and viscous behaviours of the materials.

Additionally it can be helpful to calculate the loss ratio

tanδ =
G′′

G′
, (2.6.1.8)

which describes whether a material is elastically dominated (tanδ <1) or viscously

dominated (tanδ >1).

2.6.2 Anton Paar pseudo-strain controlled rheometer

In order to measure the storage and loss moduli of the protein hydrogels investigated

in this thesis, an Anton Paar MCR 302 stress-controlled rheometer in pseudo-strain

controlled mode was used. This rheometer was used in conjunction with the lighting

apparatus shown in figure 2.3.3.2, to allow for the measurement of protein hydrogel from

pre-gel solution to fully cross-linked gel. The schematic in figure 2.6.1.1 shows a simple

rectangular deformation, however the MCR 502 rheometer deforms the sample rotation-

ally (Fig. 2.6.2.1), using a rotary actuator with a torque and an angular frequency range

of 0.5 × 10−7 < M < 0.2 Nm and 10−9 < ω < 3.14 × 102 rad/s, respectively. Different

geometries, including cone-plate and concentric cylinder, allow for the probing of a wide

range of viscosities and shear moduli. In this project, a parallel plate geometry consist-

ing of a circular top plate of radius, r, and a glass base plate separate by a gap height, h,

was used. A basic schematic of the sample between these two plates is shown in figure

2.6.2.1.
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Figure 2.6.2.1: Parallel plate sample of height, h, and radius, r. A torque, M, is
applied which shears the sample, resulting in an angular deformation, θ.

A parallel plate geometry was selected over a cone-plate geometry, to ensure a uniform

light field across the cross-section of the sample. For a parallel plate geometry the applied

shear stress and strain can be calculated using equations 2.6.2.1 and 2.6.2.2.

σ =
2M

πr3
(2.6.2.1)

γ =
rθ

h
(2.6.2.2)

Where, r, h, θ and M are the radius of sample, gap height of the sample, angular

deformation of the rotary actuator and the necessary transducer torque to achieve the

deformation, respectively. As equation 2.6.2.2 shows the strain field in the sample is

inhomogeneous i.e. the strain is zero at the centre of the plate and maximum as the

plate perimeter. However this is not an issue due to the fact that the majority of the

measurements and analysis performed within this work are in the linear viscoelastic
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region, in which the stress-strain response is approximately constant as a function of

applied strain. By combining equations 2.6.2.1 and 2.6.2.2 the complex shear modulus

can be defined as

G∗ =
σ∗

γ∗
=

2M∗h

πθ∗r4
(2.6.2.3)

Where M* and θ* are the complex torque and angular deformation respectively.

The r4 dependency makes it clear that a small error in the radius of the samples leads

to a large error in the measured values of G’ and G”, highlighting the importance of

maintaining a consistent sample shape throughout experiments and between samples.

The procedures below outline the specific parameters used in each test and shows

exemplar data set for folded protein-based hydrogels obtained from each procedure. In

all tests a 8mm diameter plate was used with a constant gap height between 0.65 to 0.75

mm, and to avoid dehydration of the sample low-viscosity silicone oil (≈ 5ct) was placed

around the geometry.
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2.6.2.1 Time-dependant gelation curves of protein hydrogels

To probe the gelation kinetics of the folded protein hydrogels pre-gel solutions of samples

were loaded on to the rheometer. Experiments were conducted over a period of 1 hour

and 6 minutes at a frequency and shear strain of 1Hz and 0.5%, respectively. At time

t=60s the samples were illuminated with blue light for 5 mins to ensure complete cross-

linking.

Figure 2.6.2.2: Exemplar gelation curve of folded protein hydrogels, showing the
evolution of storage (closed), G’, and loss (open), G”, moduli with time. The blue
transparency signifies when the sample is illuminated with blue light (from t= 60 s to t=
360 s) and the photo-activated cross-linking reaction is taking place. The key features
to note from the exemplar gelation curve are the rapid increase in G’ and G” during
the photo-chemical cross-linking as a result of cross-link and network formation, and
the long relaxation post-photo-chemical cross-linking, the origins of which are explored
later in this thesis. (inset) A magnification of the gelation curve to highlight the early
stages of gelation.
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2.6.2.2 Frequency-dependant mechanical spectra of protein hydrogels

Once the gelation measurements were completed, the frequency dependant mechanical

spectra of the samples were measured at a shear strain of 0.5% and a frequency range

of 0.01 to 10Hz.

Figure 2.6.2.3: Exemplar frequency dependency of the storage (closed), G’, and loss
(open), G”, moduli of a folded protein-based hydrogel. Where above a fundamental
frequency of 2Hz there is a large increase in the G’ and G” this is due to a common
artefact with rheometers where the torque contribution needed to move the the geom-
etry at high frequencies is not removed from the signal accurately. Note the diverging
relationship between the linear sections of the frequency dependencies as the frequency
approaches zero of G’ and G” implying that the system behaves as a solid even over
long time scales.
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2.6.2.3 Stress-strain curves of protein hydrogels

The load and unload characteristics of protein hydrogels were investigated by repeatedly

loading the samples to a max strain and then unloading back to zero strain. Initially

samples were loaded up to a strain of 10% at a rate of 1%/s before being unloaded at

the same rate. After the samples were un-strained for 5 mins (to ensure relaxation of

the system), the gels were loaded up to 30% at a rate of 1%/s before being unloaded

at the same rate. This process was repeated for samples loaded up to 50% and in some

cases 75%.

Figure 2.6.2.4: Exemplar load-unload stress strain curve of a folded protein-based
hydrogel, loaded up to a strain of 50% at a rate of 1%/s, before being unloaded to
a strain of 0% at the same rate. The linear section can be fitted to give the storage
modulus of the system, while the hysteresis area is a measure of the level of energy
dissipated per unit volume of the system upon loading and unloading.
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2.6.2.4 Non-linear behaviour of protein hydrogels

Despite the inhomogeneous strain fields present due to the parallel plate geometry, pre-

liminary measurements to investigate the non-linear behaviour of folded protein based

hydrogels were conducted by oscillator rheological measurements at a frequency of 1Hz

and an increasing shear strain from 1% to 1000%.

Figure 2.6.2.5: Exemplar strain dependency of the storage (closed), G’, and loss
(open), G”, moduli of a folded protein-based hydrogel. Three key features from this
curve are; i) The reasonable invariance of G’ and G” at low strain values which corre-
sponds to the linear mechanical response of the hydrogel; ii) the stiffening of the sample
with increasing strain at high strain values corresponding to the non-linear mechanical
response of the hydrogel; and iii) the sharp decrease in both G’ and G” at very high
strain values which corresponds to fracture of the sample.
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Chapter 3

Single Molecule Protein

Stabilisation Translates to

Macromolecular Mechanics of a

Protein Network

To begin to address the challenge of relating the properties of an individual building

block to the collective properties of a network of individuals, the first experimental

study of this work will investigate the cross length-scale translation of single molecule

stability. The goal of this study was to determine if the molecular-level properties scale

up to the network level or scale out (i.e. the bulk properties of the network are invariant

of the building block properties). To achieve this goal a novel folded protein hydrogel

constructed from maltose binding protein (MBP) is mechanically and structurally char-

acterised in the absence and presence of the ligand maltose. This chapter will begin by

outlining the selection of MBP as a model protein and the novel hydrogel system. The

effects of protein building block stability on hydrogel bulk mechanics and relaxation be-

haviour will be then explored and discussed. This chapter will also introduce a structural

model of folded MBP protein hydrogels through a combination of structural techniques.
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3.1 Selection of hydrogel building block and model system

To perform this study a model protein building block was needed, this section will outline

the desired properties of such a model protein hydrogel building block. Furthermore the

section will discuss why MBP was selected as the model protein of choice and the design

of the hydrogel model system constructed via photo-chemical cross-linking.

3.1.1 Desired properties of a model protein hydrogel building block

Three key properties were identified as essential in a protein hydrogel building block for

this study. These properties are:

i) Contain at least 4 solvent-accessible, cross-linking, tyrosine residues (this is a geo-

metric requirement [160] for the formation of a network via residue specific photo-

chemical cross-linking (section 2.3.3)).

ii) The protein must be obtainable in high quantities, either high expression yields or

easily purifiable, in order to obtain the large quantities necessary for full structural

and mechanical characterisation of the protein hydrogels.

iii) Finally and most importantly the protein must have a simple and controllable

mechanism in which to tune/alter the stability of the protein’s folded structure.

3.1.2 Maltose binding protein

MBP was selected as a model system to investigate the relationship between building

block stability and the macroscopic properties of a cross-linked MBP protein network.

MBP is a 370 residue globular protein that is part the maltose/maltodextrin system of

E.coli, and is responsible for the uptake and catabolism of maltodextrins [161].
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Figure 3.1.2.1: Crystal structures of MBP in the a) absence (light blue, PDB code:
1JW5) and b) presence (dark blue, PDB code: 1Y4C) of maltose. The cross-linking
tyrosine residues are coloured red and the bound maltose is coloured magenta, for
clarity.

Figure 3.1.2.1 shows the structure of MBP in both its apo state and with maltose

bound as determined by x-ray crystallography [162, 163]. The structures show that

MBP is an α-β protein with an approximately ’Pac-Man’-like shape [164], furthermore

the crystal structures show no significant change in the size or shape upon the binding

of maltose (root mean square difference (RMSD) = 4 Å). This is also confirmed by

SAXS measurements of MBP in solution in the absence and presence of maltose (Fig.

C.2.0.1). The primary structure of MBP contains 15 tyrosine residues and analysis of

the solvent accessible surface area (using the calculate solvent accessible area function

in USCF Chimera 1.14) shows that 14 out of the 15 tyrosines are solvent accessible

(i.e. >1Å2 solvent accessible surface area of the residue side chain). This fulfils the first

condition in section 3.1.1. MBP is both a highly soluble and a highly expressing protein

(in the host system E.coli), this makes MBP a valuable protein in molecular biology as

an solubility/expression tag for insoluble/difficult to express proteins [165]. This high

expression level of MBP (∼250mg per litre of growth culture, see section 2.2.2) fulfils

the second condition required for a model protein outlined in section 3.1.1. The final

criterion for a model protein is the ability to change the inherent stability of the folded

structure of the protein. This is possible for MBP upon the binding of maltose.
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3.1.2.1 Effect of Maltose Binding on MBP stabilty

The ligand maltose is a disaccharide formed from two units of glucose, that binds in the

‘mouth’ (as depicted in Fig. 3.1.2.2a and b) of the ‘Pac-Man’-like MBP, between the

hydrophobic cores of the protein. Upon the binding of the ligand maltose an increase

in the thermal stability of MBP is observed, as measured by an enhancement in the

melting temperature of MBP by 8–14oC, depending on pH [133]. This increase in thermal

stability is attributed to additional hydrogen bonds introduced by the maltose leading to

an increase in the enthalpy of unfolding. In addition to the increase in thermal stability

the bind of maltose also modulates the mechanical stability of MBP. A number of SMFS

studies have successfully demonstrated that the mechanical stability of single proteins

can be modulated upon ligand binding.[166–171]

Figure 3.1.2.2: (a) Crystal structure (b) simplified schematic representation of MBP
(PDB code: 1Y4C) with residue 53 and 141 highlighted orange to denote the pulling
axis across the lobes of MBP. The binding site of maltose is denoted by the black arrow.
(c) The number of MBP unfolding events recorded as a function of the measured peak
force applied to MBP in the 53-141 pulling direction depicted in (a) and (b), in the
absence (orange point with black line) and presence (blue curve) of the ligand maltose.
Taken from [82]

In the case of MBP binding maltose, the ‘mouth’ motif, consisting of two structural

lobes connected by a hinge region, changes from an open to closed confirmation (Fig.
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3.1.2.2). Bertz and Rief demonstrated that when stretched from its N–C termini, the

binding of maltose did not change the mechanical stability of MBP [81]. However,

utilising protein engineering to control the pulling direction, such that the two lobes of

MBP are forced to move apart along the hinge axis (specifically extended via residues 53

and 141, Fig. 3.1.2.2a and b), the binding of maltose enhanced the mechanical stability

of MBP by 12% (from ≈120pN to ≈135pN, Fig. 3.1.2.2c)[82]. The measured increase

in mechanical stability was attributed to 11 additional hydrogen bonds in the maltose

binding site upon ligand binding [172]. This study demonstrates the importance of

hydrogen bonding for the mechanical stability of proteins [82, 167, 173, 174]. The

opposing results between the two pulling directions tested on MBP highlight the

importance of considering pulling direction when predicting if an enhancement in the

mechanical stability will be measured. For MBP the majority of cross-linking tyrosine

residues (9 out of 14) are located either side of the hinge region (Fig. 3.1.2.1), consistent

with the hinge axis reported by Rief et al.(these tyrosine are all within 26Å of the

maltose binding site in agreement with residues 53 (25 Å from binding site) and 141 (35

Å from binding site)). Given the prior work of Rief et al., we would expect cross-linking

of tyrosines across the hinge region and the presence of maltose to result in an increase

in the mechanical stability of chemically cross-linked MBP. These properties make MBP

an suitable candidate protein to investigate the effects of molecular level stability on

the mechanical properties of a hierarchically structured macroscopic system. However,

an important caveat of the third criterion (section 3.1.1) to consider is that the change

in stability of the building block must be controllable.

Ligand binding is an equilibrium between the apo and bound state of a protein [175].

The binding of a ligand is governed by the association constant, ka, while the unbinding

is governed by the dissociation constant, kd, shown for MBP in figure 3.1.2.3.
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Figure 3.1.2.3: Equilibrium reaction of apo-MBP with maltose to form bound
MBP:maltose, where ka and kd are the association constant and dissociation constant
respectively.

By varying the concentration of the ligand, in this case maltose, the equilibrium

can be shifted between the apo- and bound-state according to the binding affinity of

the ligand which is governed by kd. For MBP binding maltose maltose the kd value is

(1.20 ±0.05)µM [176, 177]. By considering the definition of kd and making the relevant

substitutions (see full derivation in section B.1) the proportion of MBP occupied by

maltose, Pocc, can be expressed in terms of terms of known quantities, namely the total

concentration of MBP, [MBP], the total concentration of maltose, [maltose], and kd.

Pocc =
([MBP ] + [maltose] + kd)−

√
([MBP ] + [maltose] + kd)2 − 4[MBP ][maltose]

2[MBP ]
(3.1.2.1)

Equation 3.1.2.1 shows that the proportion of ’occupied’ MBP can be controlled by

varying the maltose concentration. By controlling the proportion of more stable and

robust ligand bound MBP, the ensemble molecular stability can be tuned. This control

combined with the other properties discussed above makes MBP an ideal model protein

to construct a novel protein hydrogel to investigate the effects of single molecule thermal

and mechanical stabilisation on the mechanical properties of a hierarchically structured

macroscopic system.
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3.1.3 Model system to investigate the effects of building block stability

on bulk mechanics of protein networks

Figure 3.1.3.1: Schematic representation of the MBP hydrogel model system with a
proportion of maltose ’occupied’ MBP, Pocc, demonstrating the translation from the
nanoscale to the marcoscale.

The model hydrogel system used in this chapter, consists of folded MBP monomers

cross-linked together via photo-chemical cross-linking (section 2.3.3), in the presence of

varying concentrations of maltose (Fig. 3.1.3.1). As discussed in the previous section by

varying the concentration of maltose present in the solution pre-gelation the ensemble

building block stability can be tuned. So, in principle the molecular-level stability can

be controlled and the translation to a bulk network investigated using rheology.

3.2 Modulation of Hydrogel Mechanics

3.2.1 Characterisation of the Linear Mechanics of MBP Hydrogels

To investigate whether an increase in the stability of MBP changes the macroscopic

properties of a cross-linked MBP hydrogel, concentrated solutions of MBP (100mg/ml,

7.4% vol fraction) were photo-chemically cross-linked (see section 2.3.3) in the presence

of 0mM to 10mM maltose (Fig. 3.2.1.1a). The frequency sweep curves (Fig. 3.2.1.1a)

of MBP hydrogels, as determined by applied shear rheology, show how the storage, G’,
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and loss, G”, moduli (which are the real and imaginary component of the complex shear

modulus and are a measure of hydrogel elasticity and in-elasticity, respectively) vary as

a function of both applied frequency and maltose concentration.

Figure 3.2.1.1: (a) Frequency sweeps showing the (filled) storage, G’, and (open) loss
moduli, G”, of chemically cross-linked MBP hydrogels (final concentrations: 100 mg/ml
MBP, 30mM NaPS, 100µM Ru(II)bpy 2+

3 ) as a function of maltose concentration. An
oscillatory strain of 0.5% was applied to each sample. (b) G’, G” at an oscillator
frequency of 1 Hz as a function of maltose concentration. Dashed lines added as a
guide for the eye. (c) Ratio of G” to G’ (tan(δ)) at 1 Hz as a function of maltose
concentration.

Both moduli decrease as the frequency decreases and decrease linearly below 2Hz,

the slopes of this region differ between the storage and loss moduli and appear to diverge

implying that the elastic behaviour is dominant even over long timescales. Fitting the

linear region between 0.1 and 2Hz allows for the determination of the storage and loss

modulus at 1Hz (Fig. 3.2.1.1b) and by extension tan(δ) (defined as G”/G’) shown in

figure 3.2.1.1c as a function of maltose concentration. In addition, the exponent of the

power law dependence of the storage and loss moduli can be extracted as a function

of maltose concentration (Fig. C.1.0.1), and shows little variation between maltose

concentrations. The storage and loss moduli appear to increase sharply as a function

of maltose concentration, with the former reaching an upper plateau at just over 2mM

maltose, and the latter at approximately 1mM. It is interesting to consider what sets the
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critical concentration of 2mM maltose for the storage modulus beyond which mechanical

properties are insensitive to maltose content. One possibility is that the saturation point

of the system is reached, and all the MBP building blocks have maltose bound. This

seems intuitive given the MBP protein concentration is approximately 2mM, and we

revisit this explanation later in the paper. While the addition of maltose increases the

storage and loss moduli of the hydrogels, the ratio of loss to storage modulus remains

relatively unchanged (approximately 0.125) suggesting that the degree of elasticity is the

same in the presence and absence of maltose.

3.2.2 Characterisation of the Load-Unload Behaviour of MBP Hydro-

gels

The initial results show that the addition of maltose increases mechanical stability of the

MBP hydrogels without changing the relative elasticity, to further investigate the effects

of maltose on the hydrogels mechanical properties the hydrogels were investigated under

load.

Figure 3.2.2.1a shows shear stress-strain loading curves up to 50% strain of MBP hy-

drogels from applied rotational rheology. A maximum strain of 50% was chosen as this

corresponds to the beginning of the strain stiffening region as determined by strain am-

plitude ramp experiments (Fig. C.1.0.2). Additional stress-strain curves for maximum

load strains of 10% and 30% were also performed (Fig. C.1.0.3). For all measured mal-

tose concentrations, the stress-strain curves in figure 3.2.2.1a show clear linear elasticity

up to shear strains of at least 15% (Fig. C.1.0.4). In this work the behaviour of hydro-

gels in the linear regime is focused on, but it is important to note that biopolymer gels

exhibit rich non-linear [178–180] and delayed yielding behaviour [181–183], which would

warrant subsequent studies and future work. Fitting the linear region of the stress-strain

curves (Fig. C.1.0.4) and extracting the gradient yields a measurement of the storage

modulus, G’. The storage modulus appears to increase sharply as a function of maltose

concentration, reaching an upper plateau at just over 2mM maltose, in good agreement

with the values extracted from the frequency sweep data (Fig. 3.2.1.1). The stress-strain
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Figure 3.2.2.1: (a) Stress–strain curves of chemically crosslinked MBP hydrogels (fi-
nal concentrations: 100 mg/ml MBP, 30 mM NaPS, 100µMRu(II)bpy 2+

3 ) as a function
of maltose concentration. Samples were strained to 50% at a rate of 1%/s and then
unloaded down to 0% at the same rate. (b) Energy dissipation during load–unload
cycle of MBP hydrogels as a function of maltose concentration. Solid line shows fit to
Langmuir type model (Eqn. B.2.0.1)

curves all show some level of residual strain at 0Pa suggesting the gels have not yet fully

recovered from the applied force, this residual strain appears to show no trend with

maltose concentration (Fig. C.1.0.5). To determine that this residual strain was not

indicative of permanent damage to the gels progressive strain loads were performed on

the same sample (with appropriate time between to wait for relaxation of the sample).

This showed that the sample followed the same load path each time demonstrating, that

no permanent damage was caused (Fig. C.1.0.6).

In addition, the stress-strain curves (Fig. 3.2.2.1a) display more prominent hystere-

sis behaviour in the presence of increasing maltose concentrations. This hysteresis is

indicative of the energy dissipated during loading and unloading and suggests that MBP

hydrogels formed in the presence of higher concentrations of maltose dissipate more

energy upon straining and relaxing. The area enclosed by the stress-strain provides a

quantitative measure of the energy dissipated to the internal energy of the material. Cal-

culating the energy dissipated from the curves in figure 3.2.2.1a as a function of maltose
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concentration, generates the graph in figure 3.2.2.1b. The energy dissipation, like the

storage modulus, increases and plateaus with maltose concentration. In folded protein

hydrogels, the main source of energy dissipation is believed to be force-induced unfolding

[120, 129], where more energy is required to unfold the more robust ligand bound MBP.

Thus, increasing the maltose concentration results in stiffer gels with increased energy

dissipation. Interestingly, using equation 3.2.2.1,

Efficiency = 1− EnergyDissipated

StrainMax · StressMax
, (3.2.2.1)

the efficiency can be calculated from the curves in figure 3.2.2.1a and is shown in figure

3.2.2.2.

Figure 3.2.2.2: The efficiency of MBP based hydrogels extracted from stress-strain
curves in figure 3.2.2.1 as a function of both maltose concentration and max strain.

The efficiency gives a measure of the proportion of the energy stored in the system

that is returned upon unloading of the system. The invariance of the hydrogel efficiency

with maltose concentration suggests that the same number of protein domains are un-

folded irrespective of maltose concentration in order to accommodate the 50% strain
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on the system. The invariance of the hydrogel efficiency with maltose is consistent be-

tween other measured load strains, even with lower energy dissipation measured at lower

strains (Fig. C.1.0.7) suggesting that the number of protein domains being unfolded is

invariant of maltose concentration but is dependent on the maximum applied strain.

3.2.2.1 Quantification of the Proportion of Folded MBP

To quantify the proportion of folded MBP in our cross-linked hydrogels we performed CD

experiments of MBP in solution and in the cross-linked hydrogel, both in the presence

and absence of maltose.

Figure 3.2.2.3: (a) Circular dichroism spectra of MBP hydrogels samples pre-, im-
mediately post- and 1 hour post-gelation. (b) Comparison of the percentage of folded
protein estimated using circular dichroism spectroscopy in the presence and absence of
maltose, and as a function of time after gelation.

CD allows for measurement of the secondary structure of MBP and figure 3.2.2.3

shows the mean residue ellipticity spectra of MBP pre- and post-gelation, in the absence

of maltose. In both the MBP solution and the hydrogel, the spectra exhibit the expected

secondary structure profile for the α-β protein MBP, with negative peaks at 222nm

and 209nm signalling α-helices and a positive peak at 195nm signalling the presence

of β-sheets. The small shift in magnitude of the peaks in the mean residue ellipticity

signal post gelation shows that there is a reduction in the amount of folded protein

present, both immediately following gelation and 1-hour post-gelation. The spectra

can be used to extract the relative folded fraction of MBP protein post-gelation in the

absence and presence of maltose (Fig. 3.2.2.3b), at times that are comparable to the
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rheology experiments. In both samples the relative folded fraction shows an initial

reduction of approximately 10%, and a further reduction of 15% after 1 hour. These

experiments show that while gelation results in unfolding of a proportion of the MBP

protein, the folded population dominates and is relatively unchanged with increasing

maltose concentration ((74±3)% folded MBP in the absence, and (77±3)% in presence,

of maltose). This insignificant difference is unlikely to account for the over (1.7±0.2)-fold

increase in storage modulus (Fig. 3.2.2.3b), as if we consider the proteins as springs in

parallel we would expect the sample with 10mM maltose to have 1.7x as much folded

protein in situ, compared to the sample with 0mM maltose.

3.2.3 Determination of MBP thermal stability and MBP:maltose dis-

sociation constant

Figure 3.2.3.1: Melting temperature of MBP at 100mg/ml both in pre-gelation
solution, and in situ in a hydrogel, as a function of maltose concentration. Error bars
are the standard deviation determined from asymmetric Gaussian fitting.

Previous studies have demonstrated that maltose bound MBP is more thermodynam-

ically stable[133]. To determine if enhanced thermal stabilisation is still present in a
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cross-linked hydrogel, differential scanning calorimetry was used, a technique which mea-

sures the heat flow in and out of a material upon heating and cooling. We first measured

the melting temperature, Tm, of MBP in solution in the absence of maltose, obtaining a

value of 58oC in good agreement with published literature.[133] We then measured Tm

as a function of maltose concentration and observed an increasing Tm with increasing

maltose concentration (Fig. 3.2.3.1). The same DSC experiments were also completed

for the MBP hydrogels, showing similar results. The increase in Tmm in the hydrogels

shows a slower rate of increase to the max Tm, compared to the solution data (Fig.

3.2.3.1), suggesting a lower apparent Kd value.

T [maltose]
m =

∆T · [maltose]
Kd + [maltose]

+ T 0
m (3.2.3.1)

Using the DSC data and applying the Langmuir thermal shift equation[184] (Eqn.

3.2.3.1), we extracted the apparent Kd values of maltose to MBP both in pre-gelation

solution (290±90)µM and in situ in the gel (800±200)µM. The values obtained are

larger than previously determined in literature (1.20±0.05)µM [176, 177] likely due to

comparable protein (2.4mM) and ligand (0-10mM) concentrations in the present study

causing high depletion of ligands, which is not consistent with the assumptions in binding

assays that the change in ligand concentration due to binding is negligible. The apparent

binding affinity allows us to calculate the number of maltose bound MBP, or ‘occupied

protein’ as a function of concentration (Fig. 3.2.4.1, insert).

3.2.4 Occupation model of Hydrogel mechanical modulation

By combining the rheology (Fig. 3.2.1.1), CD (Fig. 3.2.2.3a, b) and DSC (Fig. 3.2.3.1)

results we propose an ‘occupation model’ to describe the observed modulation of the

mechanical properties of MBP hydrogels. With increased maltose concentration the

probability of MBP binding to maltose increases. We expect that this would result in a

greater number of mechanically more robust maltose bound MBP, or ‘occupied’ MBP.

This enhancement of the mechanical stability of the folded protein building block trans-
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lates to the cross-linked folded protein hydrogel, which exhibits increased mechanical

strength (Fig. 3.2.4.1).

Figure 3.2.4.1: Final storage modulus as a function of proportion of ligand oc-
cupied MBP. Fitted using equation 3.2.4.1 and 3.2.4.2. Where the concentration of
MBP, ∆G’ and G0’ are taken to be 2.4mM, 2.25kPa and 3.16kPa respectively. (inset)
The proportion of occupied MBP as a function of maltose concentration as modelled
by equation 3.2.4.2 using the values 2.4mM and 800µM for MBP concentration and
apparent MBP: maltose dissociation constant (as extracted from DSC data in figure
3.2.3.1), respectively.

From figure 3.2.4.1 it is clear that the trend of storage modulus with the proportion

of more stable ‘occupied MBP’ is not linear (as would be expected from a simple springs

in parallel model), increasing rapidly at low proportion and slower at higher proportions

(>0.2). This result demonstrates that the translation of stability across length scales

in hierarchically structure network is highly non-trivial. Since the storage modulus

increases as the proportion of ‘occupied’ MBP increases, we are able to fit figure 3.2.4.1

with a modified form of the Langmuir binding equation (Eqn. 3.2.4.1) and extract the

apparent Kd value.
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G′[maltose] =
∆G′ · [maltose]
Kd + [maltose]

+G′0 (3.2.4.1)

where

[maltose] =
Kd · Pocc
(1− Pocc)

+ Pocc[MBP ] (3.2.4.2)

The Kd value extracted from the rheology data (3.2.4.1) was found to be

(300±100)µM, compared to (290±90)µM (in pre-gel solution) and (800±200)µM (in

situ in the gel) extracted from the DSC data (Fig. 3.2.3.1). A similar value for apparent

Kd of (400±200)µM was extracted from the rheology data in Fig 3.2.1.1b. While these

value do not match exactly with those found in the DSC experiments it is of the correct

order of magnitude and is still over two-orders of magnitude larger than that previously

determined in low concentration MBP solutions.

In figure 3.2.1.1 it was noted that above a critical concentration of 2 mM maltose the

storage modulus was insensitive to maltose content, suggesting a saturation of the MBP

binding sites. However, figure 3.2.4.1(inset) shows that the proportion of occupied MBP

is only 0.6 at 2 mM maltose concentration, implying the critical concentration is not a

saturation point of available protein–ligand binding sites. Instead, it suggests that the

network mechanics plateaus when a 0.6 proportion of MBP is occupied, implying a 0.4

proportion of MBP makes little contribution to the mechanical properties of the network.

We examine this further in figure 3.2.4.1 which shows the steepest rate of increase in final

storage modulus between 0 and 0.2 occupation, implying the mechanics of the protein

network can be dominated by relatively few (1 in 5) protein building blocks. So we have

shown that by controlling the proportion of mechanically robust ‘occupied’ MBP we

are able to tune the storage modulus of hydrogels constructed from MBP. In addition

our results imply that only a small proportion of the protein building blocks contribute

to the mechanical stability of the network and approximately 40% effectively may not

contribute at all.
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3.3 Modulation of Hydrogel Structure

We have shown that the mechanical strength of a protein network is determined by the

stability of the protein building block. This increase in the shear modulus of the network

could, however, also arise due to an alteration of the mesoscopic structure. In order to

investigate this possibility small angle neutron (SANS) and x-ray (SAXS) scattering

measurements were employed, (Fig. 3.3.0.1).

Figure 3.3.0.1: SANS curves (a) and SAXS curves (b) of folded MBP hydrogels, (final
concentrations: MBP 100 mg/ml, NaPS 30mM, Ru 100µm) in the absence (grey) and
presence (blue) of 10mM Maltose. Solid lines show fits to equation 3.3.0.1.

Figure 3.3.0.1a, b show the scattering curves of MBP hydrogels, in the absence and

presence of maltose (illuminated by neutron and x-ray beams respectively). In both

graphs very little difference can be seen between samples, suggesting that the differences

in the mechanical properties of the gel are not due to a mesoscopic structural change.

However, it is important to note that there is a difference in the gels at lower Q values

of the SANS measurements, representing differences between the gels at larger length

scales, highlighting the need for lower Q value measurements in order to structurally

characterise protein-based hydrogels. To facilitate fitting of the data, SANS and SAXS

measurements were also performed on 5-10mg/ml MBP in solution (Fig. C.2.0.1) to

determine the form factor of the MBP building block. Analysis of these data sets show

that there is negligible change in the form between samples in the presence and absence

of maltose. Fitting the data in figure 3.3.0.1 using equations 3.3.0.1 and 3.3.0.2, allows us

to extract quantitative information about the structure of folded protein-based hydrogels

(Table 3.3.0.2).
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I(q) = φVblock∆ρ
2P (q) ·

[
(1− pc) + pcS(q)

]
(3.3.0.1)

Where φ is the volume fraction of protein, Vblock is the volume of the protein building

block, ∆ρ is the contrast difference between the building block and the solvent and pc

is the proportion of protein in fractal-like clusters within the gel network. P(q) is the

form factor of the MBP protein monomer, which from both crystallography structures

and low concentration SAS measurements (Fig. C.2.0.1) is determined to effectively

modelled by a ellipsoid form factor with a radius of gyration of (24±1)Å and (23±1)Å

in the absence and presence of maltose. And S(q);

S(q) =
DfΓ(Df − 1)[
1 + 1

(qξ)2

]Df−1

2

·
sin
[
(Df − 1)tan−1(qξ)

]
(qR0)Df

(3.3.0.2)

is the fractal structure factor [185, 186] (see derivation B.3) to model the geometry of

the clustering of objects of the form F(q). Df , ξ and R0 are defined as the mass fractal

dimension, correlation length and minimum cut-off length scale defined by the ellipsoid

form factor. Previous structural characterisation of folded protein based hydrogel, (using

a two-lorentzian function) suggested the presence of clusters of cross-linked folded protein

with fractal-like nature in the gel [134]. Based on these findings a fractal structure factor

is used to model the scattering in this work (Eqn. 3.3.0.2). Three key parameters can

be extracted from the data. The first two are; the correlation length representing the

size of the clusters of cross-linked proteins and the fractal dimension of these clusters.

Df can be defined as the space-filling capacity of a fractal object which can (and often

does) differ from the dimension of the topological space in which the object is embedded.

Df can also be interpreted as measure of how the structural detail in an object changes

with the scale at which the object is measured [187]. Sometimes called the mass fractal

dimension, it gives a measure of how the ‘mass’ (an intrinsic property) of an object scales

with its size (and extrinsic property). For example, if size of the object increased by a

factor of 2, then the ‘mass’ of the object would increase by a factor 2Df . For our system

Df can be thought of intuitively as related to the density of the clusters of cross-linked
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folded protein. ξ, then, is an imposed parameter representing the upper limit length-

scale over which Df is a valid measure of hierarchical structure. We interpret this as

indicative of the size of the fractal clusters within the network, with the associated lower

limit of fractal behaviour being the size of an individual protein building block.

Matlose Conc. (mM) Correlation

length (Å)

Fractal di-

mension

’Kiessig’

length (Å)

SANS (Fig. 3.3.0.1a)

0 250±30 2.41±0.05 1000±300

10mM 340±40 2.33±0.04 1000±300

SAXS (Fig. 3.3.0.1b)

0 230±1 2.60±0.03 N/A

10mM 250±2 2.58±0.03 N/A

Table 3.3.0.2: The results of the two fitted parameters, correlation length and frac-
tal dimension extracted using equation 3.3.0.1, and the ‘Kiessig’ length extracted by
performing peak to peak analysis of the Kiessig fringes.

The correlation length is over 10x larger than the radius of gyration of the MBP

subunit unit (≈ 23Å), this decade of separation between relevant length scales gives

confidence in the validity of the fractal fit used. The third parameter here termed

‘Kiessig’ length is one that is only present in our SANS data and is extracted through

peak to peak analysis of the Kiessig fringes (Fig. C.2.0.2). Kiessig fringes are the result

of an interference effect due to the scattering from two separated interfaces (where the

separation is much larger than the incident wavelength) such that the Bragg condition is

satisfied [188, 189]. So the emergence of such fringes implies the existence of a repeating

length scale of approximately 1000 Å in the system. The lack of definition in these

fringes is what leads to the large error in these values but also is indicative that the

length scale is not well defined in the system i.e has a large standard deviation. The

only parameter that genuinely varies between samples is the correlation length of the

clusters, which increases in the presence of maltose, however this increase in length is not

very significant (two MBP diameters). The invariance of the fractal dimension and the
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small change in the cluster size implies that the structure of the hydrogel is reasonably

the same in the absence and presence of maltose. The consistency of the gel network’s

structural motifs (in the presence and absence of 10mM maltose) demonstrates that

the increase in shear modulus of the network is due to the increase in stability of the

protein building block, not a change in the mesoscopic structure caused by this increased

stability. Together, the parameters extracted from the scattering data shows that folded

MBP hydrogels contain fractal-like clusters (Df≈2.4 for SANS, and ≈2.6 for SAXS) that

vary in size from 250Å to 340Å with an additional preserved length scale of 1000Å, and

that this structure is unchanged by the addition of maltose.

Figure 3.3.0.2: Schematic representation of the predicted structure MBP hydrogels.
Where fractal-like clusters (highlighted by red rings) of folded protein (solid blue circles)
are connected by unfolded protein (blue lines). Stripped blue circles represent folded
protein not contained within clusters.

Combining the results of the scattering measurements with CD spectroscopy exper-

iments, which demonstrate that there is a population of unfolded protein present in the

gels, we propose a structural model of our hydrogels (Fig. 3.3.0.2). Our proposed struc-

ture consists of fractal-like clusters of cross-linked folded MBP proteins linked together

by an inter-cluster region of predominantly unfolded protein giving rise to an inter-cluster

distance of 1000Å. It is worth noting at this point that the Kiessig fringes we see in

our data are not well defined and since these fringes arise due to Bragg interference this

suggests that the length scale, we extract is also not well defined i.e. has a large distri-
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bution of sizes. We speculate that this structure is critically regulated by the rupture

force of the protein building block, instead of other mechanisms such as diffusion limited

cluster aggregation (DLCA). In DLCA the size of a cluster formed is only dependant on

the diffusion rate and volume fraction of the monomer units[190, 191], and since these

are equivalent between samples in the absence and presence of maltose it would be ex-

pected that the size of clusters formed would be the same. However, observed cluster

sizes are larger in hydrogels construct from the more stable bound-MBP, leading us to

suggest that force and force-induced unfolding plays a crucial role in the formation of

the hydrogel architecture.

3.4 Modulation of Hydrogel Dynamics

Stabilisation of the protein building block through ligand binding leads to an enhance-

ment in the storage modulus of the gels, however analysis of the kinetics of gel formation

performed by rheology concurrently during light induced gel formation reveals other

effects of ligand binding.

Figure 3.4.0.1: (a) Gelation curves (showing storage modulus vs. time) of chemical
crosslinked MBP hydrogels (final concentrations: 100 mg/ml MBP, 30mM NaPS, 100
µM Ru(II)bpy 2+

3 ) as a function of maltose concentration. Illuminated at t = 60 s till
t = 360 s. (inset) Magnification of the boxed section in figure 3.4.0.1a, with the error
bar ribbon removed for clarity. (b) Relaxation time constant of the first and second
relaxation mode, τ1 (black) and τ2 (blue) as a function of maltose concentration.
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The gelation curves in figure 3.4.0.1a, show the evolution of the storage modulus

with time as a function of maltose concentration. The gelation curves all have the

same general shape i.e during illumination they increase to a maximum value before

relaxing to a final value (G’∞), which increases as a function of maltose concentration in

agreement with end point rheology data (Fig. 3.2.1.1b and 3.2.2.1b). While the presence

of maltose increases the storage modulus of the gel, the gelation time remains the same

in the presence and absence of maltose (Fig. C.1.0.8). In previously literature[192] it has

been noted that such overshoot behaviour during gelation can be due to deswelling of

the gel causing slipping between the sample and the rheometer plate. To investigate this

possibility we consider the measured force normal to the plane of shear during gelation

(Fig. C.1.0.9) and calculate a maximum negative (downwards) stress of -1kPa, several

times small than previously reported (-3.2kPa) [193]. Here, a possible explanation for

the gelation behaviour is speculated on. In order to analyse these relatively complex

kinetic profiles in more detail we fitted an empirical function to these data sets (Eqn.

3.4.0.1, Example of fit shown in Fig. C.1.0.10)

G′t =
1

(1 + e−C(t−t0))
·
(
G′∞ +B1e

t−t0
τ1 +B1e

t−t0
τ2

)
+G′0 (3.4.0.1)

Equation 3.4.0.1 shows the functional form of the gelation curves and contains two

key components. The first is the sigmoidal component, which models the initial increase

in the storage modulus up to the final value G’∞, where C is the rate of increase and

t0 the midpoint position of the increase to the maximum in the storage modulus. The

second are the two exponential terms that model the relaxation (with coefficents B1

and B2 and time constants of τ1 and τ2, respectively) of the gels from the maximum

value to the final value G’∞. Two exponential terms are required to adequately fit the

gelation curves, implying that there are two distinct relaxation modes for the hydrogels

during formation, one modelled by the time constant τ1 and the other by τ2. The two

time constants differ by approximately a factor of 10 from each other and figure 3.4.0.1b

shows how these time constants vary as a function of maltose concentration. The two

time constants show inverse relationships to one another. Two possible mechanisms that
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could be attributed to these relaxation modes are the relaxation of the newly percolated

cross-linked network into a lower energy state, and the unfolding of the MBP domains.

Figure 3.4.0.2: (a) Proportion of folded protein in the gel as a function of time
post illumination, in the absence (black) and presence (blue) of maltose. (b) Second
relaxation mode and (c) predicted internal gelation forces in the absence (grey) and
presence (blue) and the measurement method (empty columns for CD and shaded for
rheology).

We employed CD to measure the evolution of the secondary structure of MBP so-

lutions and hydrogels over the course of 10 hours, shown in figure 3.4.0.2a. (Note that

these curves were corrected for dehydration in the samples over the long course of the

measurements, see section 2.4.1). The normalised CD curves show a decaying relation-

ship that plateaus to the same value of approximately 67% folded protein, taking a

different amount of time to reach this plateau. The time constants of this decay (Fig.

3.4.0.2b) are approximately (2900±50)s and (4000±50)s in the absence and presence of

10mM maltose, respectively. These values are almost exactly a factor of two larger than

those determined from rheology, implying that the longer τ2 relaxation is due to the

unfolding of the MBP building block. The factor of two difference may be due to the

application of external strain on the system during gelation on the rheometer that is

not present in the CD measurements. Interestingly we can use these time constants to
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predict the forces present in the gel during gelation, [194] shown in figure 3.4.0.2c. The

applied force during gelation lowers the energy barrier of unfolding in a linear manner.

The energy being defined as F·xu at force, F, where xu is the measure of the distance to

the unfolded state in the energy landscape, previously determine by Rief et al. [81, 82].

The expression for the rate constant of unfolding at force, F, ku,F is defined as:

ku,F = ku,0e
−F ·xu
kbT (3.4.0.2)

rearranging this equation gives the expression,

F = ln

(
ku,F
ku,0

)
· kbT
xu

(3.4.0.3)

where ku,0 is the unfolding rate constant in the absence of an applied force, and

has been previously measured in literature [195], and other symbols have their usual

meanings. Equation 3.4.0.3 allows for the prediction of the internal forces present in

the gel in the post-gelation relaxation process. The results in figure 3.4.0.2b show good

correlation between rheology and CD as both time constant and predicted force increase

in the presence of the ligand. The predicted gelation forces (Fig. 3.4.0.2c) are higher in

samples measured by rheology, as expected due to the additional external strain on the

system. There is also an increase in the predicted gelation force in samples containing

maltose, possibly suggesting that the final structure by the gels is reasonably invariant

and as a result of this invariance there is a high gelation force due to the increased

stability of bound MBP.

3.5 Discussion

We have demonstrated that increasing the stability of MBP through ligand binding

results in enhanced mechanical characteristics of the hydrogels. Using both SANS and

SAXS we have shown that the addition of maltose does not affect the mesoscale structure
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of our hydrogel adding further evidence that the enhancement in protein stability at the

molecular level scales directly to the macroscale. We propose an occupation model

of this modulation, due to increased probability of more robust ligand bound MBP

with increasing maltose concentration. A wealth of literature on the reinforcement of

gels using so-called ‘fillers’ exists, in which large particles are added to fill space in

the gel matrix leading to reinforcement of the gel and an increase mechanical strength

[100, 101, 105, 106, 196]. Other methods, discussed in section 1.3.1, which have been

used to reinforce hydrogel networks: include the interweaving of a secondary network

to act as a scaffold to the first [110, 111]; and strengthening the self-assembly cross-

linking interaction [114, 115, 117]. All of these methods rely in principle on altering the

cross-linking network. By contrast in this study, rather than filling the space within gel

network pores or altering the cross-linking network, we modify the molecular building

block stability, namely MBP, and demonstrate the translation of increased stability to

the mechanical stability of the gel network. Interestingly, our data suggests that by

stabilising only 20% of the folded protein blocks the mechanical properties of the protein

network can be significantly increased. While the underlying mechanism is not known it

is likely heavily related to the hierarchical structure of the network and warrants future

in-depth investigation. Furthermore, this study demonstrates that in order to construct

a complete theory linking the building block and network mechanical properties, the

stability of the building block must be considered.

We use our scattering data and combine it with the results of CD to postulate

a structure of folded protein-based hydrogels, where there are fractal-like clusters of

cross-linked folded MBP proteins linked together by strands of unfolded proteins, due

to the stresses of gelation. With this structural model in place we speculate that the

architecture of networks formed by mechanically labile folded proteins is critically limited

and regulated by the rupture force of the protein building block. We also investigated

the effect of maltose stabilisation on the kinetics of hydrogel formation. During gel

formation, post the initial cross-linking reaction there is a relaxation to a final plateau

shear modulus, by fitting these gelation curves with a bespoke empirical function we

find that there is an increase in the time constant of this relaxation. Using CD, we are
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able to demonstrate that this increase in relaxation time is also due to the stabilising

effect of maltose on the MBP domain. These results are interesting and warrant further

investigation, in particular into the presence of contraction of the gel during gelation

and its effect on the measured gelation behaviour. Other further work would include

the modulation of the relaxation behaviour under permanent strain, which would be

important and relevant for biomedical and bio-mechanical applications.

By controlling the proportion of building block subunits with enhanced stability it is

possible to tune the mechanical and dynamical behaviour of a network of such subunits.

Furthermore, this tuning of the mechanical and dynamical properties of the hydrogel

network does not come at the expense of altering the mesoscopic structure. This is an

important step in understanding and, in future, exploiting the translation of building

block stability on network behaviour and opening the door to environmentally responsive

hydrogels with many broad applications.
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Chapter 4

Unravelling Nature’s Networks:

In situ protein unfolding defines

network architecture and

mechanics of protein hydrogels

In chapter 3 a structural model for the architecture of folded globular protein hydrogels

was proposed (Fig. 3.3.0.2). This proposed structural model consisted of fractal-like

clusters of cross-linked folded protein connected by an inter-cluster region populated by

predominately unfolded protein. The observed dimensionality of the clusters in MBP

hydrogels was unaffected by an increase in the thermodynamic and mechanical stability

of the MBP building block upon the binding of maltose. Interestingly, while the internal

structure of the clusters was unaffected by an increase in the building block stability,

an increase was observed in the cluster size. This result lead to the speculation that

the hydrogel structure is crucially regulated by force and force-induced unfolding of

the protein building block. This speculation inspired the question that this chapter will

address; what is the functional role of in situ protein building block unfolding in defining

the structural and mechanical properties of a protein network?
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Recent studies [197–199] have attempted to address the role of protein unfolding in

vivo including studies on the giant muscle protein titin [198, 200] and bacterial adhesion

proteins [201]. These studies demonstrate that protein unfolding plays an important

role in regulating bio-polymer properties for specific in vivo biological functions. For

example, unfolding of the Ig-domains in titin allows for the fine tuning of the energy

storage and dissipation behaviour allowing the protein to tailor itself (and by extension

the tissue) to the current situation e.g. running, lifting, writing a thesis etc. In 2002 Li

et al. [198] presented a study which related the single molecule mechanical properties of

the I band region1 of N2B titin2 to the physiological properties of muscle tissue. Using

SMFS techniques the authors showed that over a physiological range the majority of

titin elasticity is described by an entropic model due to extension of the PEVK region3.

However at higher extensions the behaviour of titin deviates significantly from an entropic

model, with only small changes in applied force observed for large increases in protein

extension. This is departure from the entropic model is attributed to the unfolding of

several of the Immunogloblin (Ig) domains in titin. These results suggest that unfolding

of protein domains acts as a buffer to protect muscle fiber from becoming damage when

exposed to very high strain. This study demonstrates the in vivo mechanical role of

protein unfolding in human muscles and that unfolding is a crucial method to regulate the

mechanics of a hierarchical protein network (in this case muscle tissue). However these

studies do not directly measure how the transition of a protein from the rigid folded state

to the flexible unfolded state defines the architecture of a hierarchical protein network

and how the alteration of network structure translates to the mechanical behaviour. The

study presented in this chapter aims to address this gap in understanding by controlling

the ability of a protein building block to undergo force-induced unfolding, via intra-

molecular covalent stapling, and investigating the subsequent effects on the structural

and mechanical properties of a protein hydrogel network.

This chapter starts by discussing the selection of bovine serum albumin (BSA) as a

model protein, before presenting results confirming the rationale of the selection. Next

1The region of titin that has been identified to be functionally elastic
2The shortest isoform of titin found in cardiac muscle tissue
3Large unstructured region in titin, rich in proline(P), glutamate(E), valine(V) and lysine(K)
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the alteration of the hydrogel architecture due to modulation of the protein building

block’s force lability is explored using a newly developed analysis to extract additional

structural information, in particular regarding the inter-cluster region. In addition to

the structural characterisation, the effects of protein unfolding on the linear and non-

linear mechanics of the hydrogels are presented and discussed before finally summarising

the defining role of in situ protein unfolding on hierarchical network architecture and

mechanics.

4.1 Selection of model protein and design of model system

to investigate the role of in situ protein unfolding in

network architecture and mechanics

The desired properties of a model protein hydrogel building block needed to study the

higher order effects of in situ protein unfolding on a hierarchical protein network will

be outlined in this section, before discussing why BSA was selected as an ideal model

protein.

4.1.1 Selection of BSA as a model protein

Similar to the study presented in chapter 3 (see section 3.1.1) a model protein hydrogel

building block requires at least 4 surface exposed tyrosine residues (to allow for network

formation through photo-chemical cross-linking) and must be easily obtainable in large

quantities (to allow for the samples sizes necessary for complete characterisation). In

addition to these two criteria, which are generic to any of the hydrogels used in this

work, there is a third criteria of the model protein specific to this study i.e. there is

an external method to toggle the force liability of the model protein building block.

This requirement is essential to restrict or permit the in situ unfolding of the protein

building block and hence, allowing for the direct investigation of protein unfolding on

the architecture and mechanics or protein hydrogel networks.
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Figure 4.1.1.1: a) Crystal structures (PDB code: 3v03) and b) 2D topograph of BSA,
where disulphide bonded cysteine residues and tyrosine (only show in 3D structure)
residues are coloured yellow and green respectively.

BSA was selected as a model protein to investigate effects of unfolding of the protein

building block in situ on the properties of a cross-linked hydrogel network. BSA is the

bovine variant of serum albumin, a family of all α-helical (Fig. 4.1.1.1) blood proteins

which one of the most abundant in the blood of humans (3.5 g/dl to 5 g/dl) and other

animals, and functions predominatly as a carrier protein of steroids, fatty acids and thy-

roid hormones [202]. In 1946 Edwin J. Cohn developed the Cohn process to fractionate

blood serum and extract serum albumin using organic solvents [203], modern versions of

this process instead use heat-shock to allow the safe and cheap extraction of reasonably

pure serum albumins (>98%). Heat-shock fractionation means that BSA is readily pur-

chasable in large quantities (>10g). BSA is an ideal model globular protein as it contains

over 4 solvent exposed tyrosine cross-linking residues (18 residues with accessibility of

greater than 1Å2 determined from the PDB structure in USCF Chimera 1.14). In addi-

tion previous work in literature [128, 134, 136] has demonstrated that BSA is an effective

hydrogel building block, forming robust gels via the same photo-chemical cross-linking

process used in this work (section 2.3.3). However, most importantly for this study BSA

contains 17 structural disulphide bonds (Fig. 4.1.1.1a and b). Disulphide bonds are

prevalent in many protein families that function in an extracellular environment includ-

ing serum albumins, defensins and insulins and have been shown through SMFS studies

to be essentially mechanically resistant[204] withstanding forces significantly higher than
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20-100pN [135, 205](Fig. 3.4.0.2), forces thought to be generated during photo-chemical

gelation. This robustness means that the 17 structural disulphide bonds in BSA ef-

fectively ‘staple’ the folded structure together, however despite the relative mechanical

robustness of disulphide bonds they can be rapidly removed by reducing agents such as

dithiothreitol (DTT) used in this study.

Figure 4.1.1.2: Schematic representation of the BSA (light red), BSA:DTT (dark
red) model hydrogel, where the presence and absence of disulphide bonds (yellow)
controlled by the addition of DTT, is expected to restrict or allow the unfolding of the
BSA building block, respectively.

Figure 4.1.1.2 shows a schematic of the BSA hydrogel system used in this study, and

illustrates what is believed to be the effect of the disulfide staples and their removal upon

photo-chemical gelation. The schematic shows, in principle, that the intra-molecular

disulphide staples prevent the protein from undergoing force-induced unfolding due to

gelation, however with the addition of DTT the staples can be removed and allow the

protein to unfold. This toggling of the protein force lability by the addition of reducing

agent makes BSA-based hydrogel an ideal model system to study the importance of in

situ protein unfolding on network architecture and mechanics.
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4.2 Modulation of structure on the molecular scale

In order to confirm the rationale of the selection of BSA as a model protein (section

4.1.1), circular dichroism (CD) spectroscopy was employed to investigate the structure

of the BSA protein in the presence and absence of disulphide bonds (i.e. absence and

presence of DTT, respectively) both in solution and in situ in the hydrogel.

Figure 4.2.0.1: Normalised circular dichroism spectra of BSA hydrogels (final con-
centrations: 100mg/ml BSA, 50mM NaPS, 100µMRu(II)bpy 2+

3 ) in the absence (top)
and presence (bottom) of 3mM DTT, before gelation, immediately post gelation and
one-hour post gelation.

Figures 4.2.0.1a and b show the spectra of BSA hydrogels in the absence and pres-

ence of DTT respectively in the pre-gelation solution, in the hydrogel immediately after

gelation and one hour after gelation. The spectra in all cases show a negative peak at

≈209 nm and ≈222 nm, indicative of α-helices and what would be expected for an all

α-helical protein [206] such as BSA. It should be noted that the comparative intensities

between the peaks (i.e. the peak at 209 nm less intense than the peak at 222 nm) does

not agree with previous CD measurements of BSA in literature [207] (where the peak

at 209 nm is more intense than the peak at 222 nm), this discrepancy is attributed

to the very high protein concentration used here leading to a reduction in the signal
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to noise ratio at lower wavelengths as indicated by the high tension of the CD spec-

trometer (Fig. D.0.0.1). The spectra show a reduction in the protein’s CD signal at

222 nm between the pre- to post-gelation measurements, which can be interpreted as a

reduction in the amount of folded protein in the hydrogel network (α-helix secondary

structure in this case). In the absence of DTT (i.e. the intra-protein disulphide bonds

are present) this reduction is observed to be much smaller than in the presence of DTT

(i.e. the intra-protein disulphide bonds are broken), suggesting that there is a lower

degree of unfolding present in hydrogel constructed from BSA in the absence of DTT

compared to those in the presence. This indicates that the rationale discussed in section

4.1.1 is correct i.e. that the intra-protein disulphide staples restricts the ability of the

BSA to unfold and that reduction of the disulphide bonds with DTT makes the BSA

building block force-labile. To further investigate the effects of the disulphide staples on

the molecular level structure of BSA a quantitative measure of the proportion of folded

protein was extracted from the spectra in figure 4.2.0.1.

Figure 4.2.0.2: a) Normalised CD signal at 222nm of BSA (light red) and BSA:DTT
(dark red) hydrogels, which can be interpreted as the proportion of folded protein in
situ in the hydrogel, as a function of time post gelation, with data on an apo-MBP
hydrogel (grey) taken from figure 3.4.0.2 and added for reference. b) Percentage of
folded protein remaining in each hydrogel system, pre-gelation (open), post-gelation
(striped), and post-relaxation (cross-hatched). Y-Axis begins at 60% for clarity of the
difference between BSA, BSA:DTT and MBP systems.

A time-course of CD signal at 222 nm, which is a measure of the proportion of folded

protein remaining in the system, recorded in situ for hydrogel maturation over 6 hours

(Fig. 4.2.0.2a) shows that the proportion of folded protein in each hydrogel decays over

time, approaching end point values after 6 hours. For BSA, there is a striking difference
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between the proportion of folded protein in the absence and presence of DTT. While

in both chemical conditions there is a reduction in the amount of folded protein after

gelation, the extent and rate of reduction is far greater in the presence of DTT (expo-

nential fits to the curves in figure 4.2.0.2a extract end point values of 9% and 28% signal

reduction in the absence and presence of DTT respectively). These results imply that

removal of these structural staples increases the extent of the gelation-induced unfolding,

consistent with the spectra in figure 4.2.0.1 and the view that structural disulphide bonds

provide molecular reinforcement in the BSA folded structure and prevent unfolding of

the building block protein. In accordance with this hypothesis, another folded globular

protein tested in this work which lacks any disulphide bonds [163] and so is also labile

to force (MBP [81, 82]) showed behaviour similar to disulphide-reduced, unreinforced

BSA (Fig. 4.2.0.2a,b). These results show that the intra-molecular disulphide bonds

act as molecular staples, reinforcing the BSA building block against force induced un-

folding due to gelation, which leads to the low degree of unfolding observed in situ. In

contrast, the unstapled BSA in the presence of DTT show higher degree of unfolding in

situ due to their force labile structures. To eliminate the possibility that the difference

in proportion of folded protein is not caused simply by the addition of DTT in solu-

tion, the CD solution spectra (Fig. D.1.0.1a) and solution SAXS profile of BSA in the

absence and presence of DTT are compared and no significant difference is observed.

The comparison of the solution CD and SAXS data and of the three protein systems

(i.e. BSA, BSA:DTT and MBP) demonstrates that force induced unfolding occurs as a

consequence of gelation. It has been demonstrated in this section that in situ protein

unfolding occurs in folded protein based hydrogels and that restricting or allowing the

building block to unfold changes the molecular level structure of the hydrogel network.
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4.3 Modulation of structure on the network scale

4.3.1 Characterisation of BSA hydrogel network architecture via

small-angle scattering

To investigate and understand whether the in situ gelation-induced unfolding observed

by CD (Fig. 4.2.0.1 and 4.2.0.2) affected the structure of the cross-linked BSA network,

we used SANS and SAXS.

Figure 4.3.1.1: a) SANS curves and b) SAXS curves of folded BSA hydrogels (final
concentrations: 100mg/ml BSA, 50mM NaPS, 100µMRu(II)bpy 2+

3 ) in the absence
(light red) and presence (dark red) of DTT.

The SANS and SAXS curves of the BSA hydrogels in the absence and presence of

DTT are shown in figures 4.3.1.1 a and b, respectively. A qualitative assessment of

the scattering curves suggests there are significant structural differences between BSA

hydrogels in the absence and presence of DTT, as shown by the reduced intensity at low

q values, and the shallower slope in the mid q range in the absence of DTT. Interestingly,

the BSA hydrogels with DTT show markedly similar profiles to MBP hydrogels (Fig.

3.3.0.1 and D.1.0.2), which one might reasonably expect considering the CD results

showing that both protein systems are force labile. Previous SAS characterisation of

folded globular protein hydrogels constructed from MBP (Fig. 3.3.0.1) has shown the

presence of discrete fractal-like clusters of cross-linked folded protein in the network

structure (Fig. 3.3.0.2).[135]
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With this model in mind, the same fitting (Eqn. 3.3.0.1) is used to extract similar

quantitative structural information from the SAS curves of BSA hydrogels in figures

4.3.1.1a and b:

Figure 4.3.1.2: The a) fractal dimension and d) correlation length of cross-linked
clusters of folded protein present in BSA hydrogels, extracted from the SANS (solid)
and SAXS (striped) curves using equation 3.3.0.1 in the absence (light red) and presence
(dark red) of DTT. The results of similar structural analysis on an apo-MBP hydrogel
(grey) are included for reference (taken from 3.3.0.2).

Similar to the structural analysis in chapter 3 (section 3.3) two key parameters of

interest are extracted from the SAS data, namely the fractal dimension of the fractal-like

cluster of cross-linked folded protein, Df , and the correlation of these clusters, ξ. The re-

sults in figure 4.3.1.2a show that the measured fractal dimension of a cross-linked cluster

is significantly larger in BSA hydrogels formed in the presence of DTT, (Df = 2.66±0.01

and 2.17±0.01 in the presence and absence of DTT, respectively), while the correlation

length increases in the presence of DTT (ξ = 130±1Å and 123±1Å in the presence and

absence of DTT, respectively) it is not a large increase (Fig. 4.3.1.2b). This suggests

that hydrogels made from force-labile reduced BSA form ‘denser’ fractal-like clusters of

a slightly larger size compared to the relatively ‘sparser’ clusters present in hydrogels

in the absence of DTT. These results suggest that while the cluster size is unchanged

with and without molecular reinforcement, the dimensionality or ‘density’ of the clusters

is increased in BSA hydrogels in the presence of DTT. Previously characterised MBP

(which has no disulphide bonds) is shown for reference (Fig. 3.3.0.2), and is again similar

to the BSA hydrogels in the presence of DTT, exhibiting clusters of protein with similar

dimensionality (Df = 2.60±0.01) and the same order of size.
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To gain more insight into hydrogel cluster size and morphology we consider the

radial distribution function, g(r), determined by Teixeira[185, 186] to derive the fractal

structure factor (Eqn. 3.3.0.2, see derivation B.3):

g(r) =
ρkDf

4πφr
Df
0

rDf−3e
− r
ξ , (4.3.1.1)

where ρk is the maximum packing density of the system i.e. for randomly assembled

spheres 0.637, and r0 is the minimum cut-off distance of the fractal cluster i.e. the

effective radius of the building block, which for BSA is 33Å(as determined from the

crystal structure in figure 4.1.1.1 and previous SAXS characterisation of the form factor

[136]). The exponential term is introduced with the parameter ξ to act as a cut-off

distance[185], imposing a maximum size on the fractal cluster (as discussed in derivation

B.3). Multiplying the radial distribution function by the volume fraction of the system

and integrating over r, gives an expression for the number of individual building blocks

in a sphere of radius, R, from the centre of the cluster (Eqn. 4.3.1.2, for full derivation

see section B.4):

N(r) = ρkDf

(
ξ

r0

)Df
γ

(
Df ,

R

ξ

)
(4.3.1.2)

where γ(Df , R/ξ) is the lower incomplete gamma function. Figure 4.3.1.3a shows

how the number of protein building blocks varies as a function of distance from the

centre of a fractal-like cluster in units of the building block radius.
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Figure 4.3.1.3: The number of protein monomers in a cluster for BSA hydrogels in
the absence (light red) and presence (dark red) of 3mM DTT as a function of distance
from the centre of the cluster, as predicted by equation 4.3.1.2 using the extracted
values in figure 4.3.1.2.

In all cases the curves increase at a rate related to the fractal dimension of the

cluster and plateau at large distances from the cluster centre. This is expected given

the exponential term in equation 4.3.1.1, giving a measure of the maximum number

(plateau value of the curve) and radius (point of turnover to plateau) of building blocks

in a cluster. We find that BSA hydrogels have approximately 7 times more protein in

each cluster in the presence of DTT, suggesting an extremely important role of protein

unfolding in determining the cross-linked cluster density. There is also an increase in

the cluster size in the presence of DTT, consistent with the same increase observed in

the correlation length, which is to be expected as the distance at which N(r) plateaus

(Fig. 4.3.1.3) is completely dependent upon the correlation length. From the calculated

curves in figure 4.3.1.3 we can extract an estimate of number of protein monomers in a

fractal-like cluster as well as the radius of said clusters (Fig. D.1.0.3). Using estimates

of the cluster size and proportion of protein in the fractal-like clusters, we can calculate

the volume fraction of a fractal-like cluster in isolation (φc), using equation 4.3.1.3, and
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the associated inter-cluster space (φic) using equation 4.3.1.4 (Fig. 4.3.1.4).

φc = N c
tot

(
RMBP

Rcluster

)3

(4.3.1.3)

φic =
φsystem − pcV ol

1− pcV ol
(4.3.1.4)

where Nc
tot is the total number of protein monomers in a cluster, φsystem is the overall

volume fraction of protein in the whole system and pcV ol is the proportion of the total

volume of the system that is occupied by clusters, defined as,

pcV ol =
4

3
πR3

cluster ·
pc · n system

d

N c
tot

(4.3.1.5)

with n system
d being the over number density of protein in the system.
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Figure 4.3.1.4: Volume fraction of a cluster (solid colour) and the inter-cluster
space (red and white striped) for each hydrogel system (BSA in light red, BSA:DTT in
dark red and apo-MBP added for reference and comparison in grey) determined using
equations 4.3.1.3 and 4.3.1.4. Line added at 7.4% to denote the initial volume fraction
of the system pre-gelation, φinitial.

In both the absence and presence of DTT, φc is larger than φic, suggesting a hetero-

geneous hydrogel network dominated by clusters of proteins. The volume fractions of

clusters and inter-cluster regions change upon addition of DTT, with denser clusters and

a sparser inter-cluster space, suggesting a more heterogeneous network. Interestingly, for

BSA the clusters formed in the absence of DTT have a volume fraction remarkably close

to the initial volume fraction pre-gel solution (7.89±0.08% versus 7.4%). This result

is consistent with what is expected from diffusion limited cluster aggregation theory

[208, 209], in which individual particles undergoing Brownian motion aggregate together

to form clusters of such particles. A consequence of this theory is that clusters will con-

tinue to grow in size, until their volume fraction is equal to the initial volume fraction

of the solution. This result implies that the predominate mechanism in the formation

of BSA hydrogels in the absence of DTT is diffusion limited cluster aggregation, as

opposed to reaction limited aggregation [210, 211]. In the presence of DTT however,
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the volume fraction of BSA clusters (13.6±0.1%) differs significantly from the initial

pre-gel volume fraction, suggesting an additional mechanism involved in the formation

of these hydrogels. For reference, this new method of analysis to extract the volume

fractions of an individual cluster and the inter-cluster space was performed on the pre-

viously obtained SAS data on apo-MBP hydrogels (Fig. 3.3.0.1). The results of this

new analysis on apo-MBP hydrogels has been included in figures 4.3.1.2 and 4.3.1.4, and

show similarly large levels of heterogeneity in the network comparable to that of BSA

hydrogels in the presence of DTT. All the data therefore suggests that both BSA in the

presence of DTT and native MBP will yield and unfold to applied force, whereas native

stapled BSA does not yield to applied force. Combining the force liability of the protein

building block, CD and SAS structural analysis, we propose a model of the network

structure of folded globular protein hydrogels, shown in figure 4.3.1.5. Folded proteins

with covalent intra-molecular disulphide bonds are unyielding to force and form hydro-

gel networks with fractal-like clusters made up of proteins connected by inter-molecular

di-tyrosine cross-links, with clusters linked together by multiple folded proteins (Fig.

4.3.1.5a). Breakage of the intra-molecular disulphide bonds, yields a force labile protein

and denser fractal-like clusters are formed, with clusters connected by unfolded protein

(Fig. 4.3.1.5b). The force lability of the protein is crucial in modulating the structure

of the hydrogel networks. This section demonstrates the power of SAS techniques and

the wealth of structural information that can be obtain about the end point structures

of these hydrogel systems, however the SAS measurements in this work are unable to

give information about the formation of these structures.
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Figure 4.3.1.5: Schematic representation of the predicted structures of the BSA
hydrogel networks in the a) absence (light red) and b) presence (dark red) of 3mM DTT.
Networks consist of cross-linked fractal-like clusters with a cluster volume fraction of
φc (represented by solid circles and highlighted by light blue rings) connected by an
inter-cluster region of protein with a cluster volume fraction of φic (represented by
white striped circles). Solid dark red lines represent unfolded BSA protein strands in
the inter-cluster region in the presence of DTT.
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4.3.2 Computational modelling of BSA hydrogel network formation

In order to gain insight into the evolution of the structure from mono-dispersed solution

to a self-supported network, we employ a previously used dynamic computational model;

BioNet [212, 213]. BioNet can model individual folded protein monomers by representing

them as freely diffusing and rotating, pseudo-deformable (soft-core potential) spheres

with explicit cross-linking sites defined at the sphere surface. When within 3 Å of

one another, a rigid bond will form between these sites to represent the cross-linking

mechanism. To approximately model the BSA subunit, each sphere was given a radius of

33 Å with 14 evenly spaced cross-linking sites defined (representing the tyrosine residues

in BSA), and another 4 randomly placed in the remaining space. These spheres then

undergo a Brownian dynamics protocol with a local drag on each sphere. We are also

able to model unfolded BSA as a chain of interacting binding sites connected by Hookean

springs. These Hookean springs represent the end-to-end fluctuations expected of the

worm-like chain polymer model, specifically where the length of the overall polymer is

significantly greater than its persistence length as is the case for fully unfolded protein.

To ensure the relative diffusion timescales of the unfolded protein components were

appropriate, we assigned a local drag to each point-like binding site to approximately

match the drag on each segment of amino-acid chain between binding sites. We consider

two key cases; one where the simulation is initialised with 91% of the monomers in a

“folded” state and one initialised where 72% of the monomers are in the “folded” state.

These were chosen as close approximations of BSA hydrogel in the absence and presence

of DTT respectively (Fig. 4.2.0.2b). The simulations were robustly initialised with

periodic boundary conditions applied and continued until the networks were sufficiently

percolated. We emphasise that in these simulations, the explicit unfolding of protein

monomers during the “gelation” process is not modelled as protein unfolding is highly

non-trivial due to the complexity of the pulling direction [76], and also crowding [214].

Once the simulations are complete, a box counting method was employed to extract an

explicit value for the fractal dimension from each of the simulated cross-linked clusters

(Fig. D.1.0.4).
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Figure 4.3.2.1: a,b) Schematics representing the explicit structures calculated us-
ing BioNet simulations[212, 213], where the blue spheres represent folded protein and
the lines represent connections made by unfolded protein. c) Fractal dimensions of
cross-linked clusters extracted from both BioNet simulations of a “single cluster” (cal-
culated using a box counting method) and experimental SAS data (Fig. 4.3.1.2). The
proportion of unfolded protein for the experimental results are the post-relaxation end
point values taken from figure 4.2.0.2. In contrast for the simulations the proportions
of folded protein represents the fixed amount of unfolded present in the simulation box
over the course of the simulation. Simulations and analysis of the computational mod-
elling was performed by Dr Benjamin Hanson and graciously provided for use in this
work.

The fractal dimensions extracted from both the simulations and experimental data

are shown in figure 4.3.2.1. The fractal dimension extracted from the simulation with

91% folded monomers (2.28±0.01) is in good agreement with experimentally measured
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BSA hydrogels in the absence of DTT (2.16±0.01). However, the fractal dimension

extracted from simulations containing only 72% folded monomers (2.13±0.01), is signifi-

cantly different to the comparable experimental results of BSA hydrogel in the presence

of DTT (2.66±0.01). Hence, comparison of the simulation and experimental results (Fig.

4.3.2.1) indicates that a general, homogenous presence of unfolded protein throughout

the system during gelation is not sufficient to cause the large structural changes in the

hydrogel architecture observed in our experimental SAS data (Fig. 4.3.1.1, 4.3.1.2 and

4.3.1.4). The combination of these computational results with the experimental results

in section 4.3.1 therefore suggests that it is the act of unfolding of specific force labile

protein building blocks during gelation itself that is crucial in defining the hydrogel ar-

chitecture. To confirm this hypothesis, further investigation beyond the scope of this

work would be required, including rapid frame acquisition SAXS and computational

modelling that accurately models dynamic unfolding during gelation.
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4.4 Modulation of Mechanics on the Bulk Scale

The results above show that removal of disulphide cross-links within BSA monomers

affects the resulting hydrogel structure at the molecular and network level, due to the

force-induced unfolding of the BSA building block that occurs in the absence of disul-

phide “staples”.

4.4.1 Effects of in situ unfolding on the linear mechanical response of

BSA hydrogels

To investigate the effects of these observed structural changes on the macroscopic me-

chanics, rheology experiments were performed on BSA hydrogels in the absence and

presence of DTT.

Figure 4.4.1.1: a) Frequency sweeps showing the (filled) storage, G’, and (open) loss
moduli, G”, of chemically cross-linked BSA hydrogels (final concentrations: 100mg/ml
BSA, 50mM NaPS, 100µMRu(II)bpy 2+

3 ) in the absence and presence of 3mM DTT.
An oscillatory strain of 0.5% was applied to each sample. b) Loss ratio, tan(δ), of BSA
hydrogels as a function of applied frequency in the absence and presence of DTT. An
oscillatory strain of 0.5% was applied to each sample.
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Figure 4.4.1.1a and b show how G’ and G” (storage and loss moduli respectively),

and the loss ratio, tan(δ), of BSA hydrogels vary with applied oscillatory frequency in

the absence and presence of DTT. The storage modulus, which is a measure of the hy-

drogel elasticity, is approximately 3-fold higher in the presence of DTT, while the loss

modulus, which is a measure of the hydrogel viscosity, is approximately 5-fold larger.

Fitting a linear function to the storage modulus allows for the extraction of the power

law exponent giving an insight into the dynamics of the system. The extracted exponents

are 0.027±0.002 and 0.061±0.001 in the absence and presence of DTT respectively. The

increase in exponent in the presence of DTT suggests that these hydrogels have a greater

increase in their solid-like behaviour as the time-scale of measurement is shortened com-

pared to hydrogels in the absence of DTT. This trend in the exponent is likely due to the

increased proportion of unfolded protein present in the hydrogel (Fig. 4.2.0.2), leading

to more ’collisions’ between unfolded protein strands that cannot be resolved within the

time scale of the measurement. This is also consistent with the results in figure 4.4.1.1b

in which tan(δ) is higher in the presence of DTT, showing a higher level of viscosity in

BSA hydrogels in the presence of DTT. In addition to the enhancement of the storage

modulus in the presence of DTT there is also an increase in the viscous behaviour of

the hydrogel as denoted by an increase in the loss ratio, which is consistent with the

increased amount of unfolded protein in system in the presence of DTT as confirmed by

CD (Fig. 4.2.0.2). This increase in the storage modulus of BSA hydrogels gelated in the

presence of DTT may be due to additional cross-links in the inter-cluster region, either

physical or chemical, between the force unfolded protein chains. To explore this further,

a BSA hydrogel formed in the absence of DTT (i.e. the building block is restricted from

unfolding) was soaked in situ on the rheometer in a 3mM DTT solution post-gelation

(Fig. 4.4.1.2a), which resulted in a decrease in the storage modulus (Fig. 4.4.1.2b).
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Figure 4.4.1.2: (a) Gelation curve of BSA hydrogel in the absence of DTT, showing
storage (closed symbols) and loss moduli (open symbols) vs time of a BSA hydrogel,
where a DTT soak is added at t= 3960 s. Red lines denote fits to extrapolate and
extract the storage modulus and the relaxation timescales of the gel. (b) Extrapolated
G’ values with and without the DTT soak extract from the fits in (a). (c) Loss ratio of
a BSA hydrogel as a function of time, where DTT soak is added at t=3960 s, denoted
by the red arrow.

This decrease in storage modulus can be attributed to the force induced unfolding

of load bearing BSA building blocks as the DTT diffuses into the gel. Upon soaking

of the BSA hydrogel in DTT an increase in the loss ratio (Fig. 4.4.1.2c) is noted,

demonstrating an increase in the viscous behaviour, which is consistent with an increase

in the amount of unfolded protein in the gel. This decrease in the storage modulus

(and simultaneous increase in the viscous behaviour) upon soaking suggests that no

additional physical cross-links are being formed between the unfolded protein chains,

as we would expect this to increase the value of G’. The enhancement to the storage

modulus of BSA hydrogels in the presence of DTT (Fig. 4.4.1.1a) is therefore a result of

additional chemical cross-links formed by the force unfolded protein chains during the

photo-chemical gelation process.

To further investigate the molecular reinforcement of the protein and its impact on

hydrogel formation, we analysed the changes in storage (G’) and loss (G”) moduli of
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BSA hydrogels in the absence and presence of DTT during gelation, as a function of

time, again using rheology (Fig. 4.4.1.3).

Figure 4.4.1.3: a) Gelation curves, showing storage (closed symbols) and loss moduli
(open symbols) vs time of chemically cross-linked BSA hydrogels (final concentrations:
100mg/ml BSA, 50mM NaPS, 100µMRu(II)bpy 2+

3 ) in the absence (light red) and
presence (dark red) of DTT. Illuminated with blue light of wavelength λ ≈452 nm (see
section 2.3.3 at t=60 s till t=360 s. d) Timescales of the relaxation modes in BSA
hydrogels, extracted by fitting equation 3.4.0.1 to the gelation curves. Time constants
for the relaxation of an apo-MBP hydrogel (grey) added for reference and comparison
(Values taken from figure 3.4.0.1)

Both cases exhibit the previously observed gelation profile for photo-chemically cross-

linked [134–136] (Fig. 3.4.0.1) namely; the curves initially show a dramatic increase in G’

during the photochemical cross-linking process, which is then followed by a large relax-

ation to a final value of G’. The gelation curves show that the value of G’ in the presence

of DTT is ≈ 3-fold larger than gels in the absence of DTT, similarly a larger G” is also

observed in the presence of DTT, these observations are consistent with the results of

the frequency sweep experiments (Fig. 4.4.1.1a). Additionally, it could be qualitatively

argued that there is a slight difference in the relaxation behaviour in the absence and

presence of DTT. In order to determine if there is indeed a difference in the relaxaton

122



behaviour of the two different systems these curves were fitted with a previously used

empirical function (Eqn. 3.4.0.1) allowing for the extraction of quantitative information

on the relaxation behaviour of the system. Figure 4.4.1.3b shows the extracted time

constants of relaxation of the system, τ1 and τ2. The difference between the relaxation

behaviour of BSA hydrogels in the absence and presence of DTT is striking, with the

former having one mode of relaxation (τ1 = 1290±30 s) while the later has two distinct

relaxation mode s(τDTT1 = 480±10 s, τDTT2 = 3800±200 s). The study of MBP hy-

drogels in varying concentrations of maltose in the previous chapter, also measured two

modes of relaxation post-photo-chemical cross-linking. A fast relaxation was attributed

to the formation of a percolated hydrogel network, and a second, slower relaxation was

attributed to the unfolding of the protein building block. Interestingly, BSA in the ab-

sence of DTT displays one relaxation mode, while in the presence of DTT we see two

(exemplar fits shown in Fig. D.2.0.2). The τDTT2 values extracted from the gelation

curves in the presence of DTT are similar to the timescale of unfolding observed in CD

and in our previous work [135]. In combination with CD data (Fig. 4.2.0.2a) this sug-

gests that the emergence of two-relaxation modes is inherently linked to force lability of

the protein during gelation. Note, this same behaviour is observed for hydrogels formed

from stapled BSA which are then soaked in DTT solution (Fig. D.2.0.1). Therefore, it

has been demonstrated that the relaxation behaviour of folded protein-based hydrogels is

intimately linked to the force lability of the protein building block. Furthermore in situ

unfolding of the protein building block results in significant changes to linear mechanical

response of the network, however for a more complete understanding of the cross-length

effects on hydrogel mechanics the load and non-linear behaviour of the gels needs to be

explored.

4.4.2 Effects of in situ unfolding on the behaviour of BSA hydrogels

under load

To provide a great insight into the effects of in situ unfolding on the load-unload be-

haviour of folded protein hydrogels, stress-strain measurements were performed on BSA

hydrogels in the absence and presence of DTT.
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Figure 4.4.2.1: a) Stress-Strain curves of chemically cross-linked BSA hydrogels (fi-
nal concentrations: 100mg/ml BSA, 50mM NaPS, 100µMRu(II)bpy 2+

3 ) in the absence
and presence of 3mM DTT. Samples were strained to 50% at a rate of 1%/s and then
unloaded down to 0% at the same rate. b) Energy dissipation (open) and efficiency
(striped) during load-unload cycle of BSA hydrogels in the absence (light red) and pres-
ence (dark red) of DTT. Data on an apo-MBP hydrogels (grey) added for comparison
and reference.

Figure 4.4.2.1a shows shear stress-strain loading curves of BSA hydrogels from ap-

plied rotational rheology in the absence and presence of DTT. In either condition, the

stress-strain curves show linear elasticity at shear strains of less than 25%. Fitting this

linear region yields storage moduli (G’) of 2.6±0.3 kPa and 6.3±0.2 kPa (in the absence

and presence of DTT, respectively) in good agreement with the values obtained from

the frequency sweeps (Fig. 4.4.1.1). Similar to the MBP hydrogels measured in chap-

ter 3.2.2.1, the stress-strain curves of BSA hydrogels also display hysteresis behaviour

upon unloading of the sample and is particularly prominent in BSA hydrogels in the

presence of DTT. As stated in the previous chapter the hysteresis area enclosed by the

stress-strain curves is a quantitative measure of the energy dissipated to the internal

energy of the system. Integrating the stress-strain curves allows for the extraction and

calculation of the energy dissipated and efficiency (Eqn. 3.2.2.1) of the hydrogels (shown

in Fig. 4.4.2.1b). In the presence of DTT there is an over 4-fold increase in the energy

dissipated, while there is only a 3% reduction in the efficiency of the gels from 97% in

the absence and 94% in the presence of DTT. This increase in energy dissipation is likely

due to larger amounts of unfolded protein in samples in the presence of DTT which is

consistent with the CD results (Fig. 4.2.0.2) and our structural model (Fig. 4.3.1.5).
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4.4.3 Effects of in situ unfolding on the non-linear behaviour of BSA

hydrogels

Finally, the non-linear mechanical behaviour of the BSA hydrogels was investigated, the

shear moduli and loss ratio of the hydrogels under increasing strain are shown in figure

4.4.3.1 respectively.

Figure 4.4.3.1: The a) storage, G’, and loss, G”, moduli and b) the loss ra-
tio, tan(δ), of BSA hydrogels (final concentrations: 100mg/ml BSA, 50mM NaPS,
100µMRu(II)bpy 2+

3 ) in the absence (light red) and presence (dark red) of 3mM DTT
as a function of applied oscillation strain at a frequency of 1 Hz. (insert) Enlargement
of the strain-stiffening regime, plotted without error bar ribbon for clarity.

The graphs show a linear trend up to strains of approximately 40%, after which

there is a stiffening region until rupture at strains of approximately 300%. Interestingly

a far larger degree of strain stiffening is noted in the reinforced BSA hydrogels than

in hydrogels in the presence of DTT. This difference is likely due to the difference in

structures (Fig. 4.3.1.5), in which the native BSA gels has many folded domains that will

act as load bearing molecules as the strain is increased, whereas gels in the presence of

DTT have a large proportion of unfolded proteins which uncoil towards their full contour

length under strain meaning very little change would be seen in the shear moduli.
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4.5 Discussion

We have demonstrated that control of protein force lability has an important role in

defining the architecture and mechanics of cross-linked protein hydrogels. We show that

a network made from an internally stapled protein building block retains 91% of its

protein in the folded state compared to 72% folded protein in a network made from un-

reinforced protein (Fig. 4.2.0.2). This result implies protein reinforcement reduces the

probability of force induced protein unfolding during gelation. The network structure

formed from a disulphide-protected folded protein, that is unyielding to force, consists

of fractal-like clusters made up of cross-linked protein, with the linking inter-cluster re-

gion populated by folded proteins (Fig. 4.3.1.5a). Without molecular reinforcement, the

protein building block is force labile and denser fractal-like clusters are formed, with

the connecting inter-cluster region populated by unfolded protein (Fig. 4.3.1.5b). By

complementing our experimental work with computational modelling (Fig. 4.3.2.1), we

deduce that it is the act of unfolding of specific force labile protein building blocks dur-

ing gelation, rather than the presence of unfolded protein, that is crucial in defining

the hydrogel architecture. To confirm this hypothesis, further investigation beyond the

scope of this work would be needed including rapid frame acquisition SAXS and com-

putational modelling that accurately models unfolding during gelation. Controlling the

force lability of the protein building block also has a significant impact on the mechanics

as well as the architecture of the protein hydrogel network. Networks formed from force

labile protein exhibit a higher elasticity (storage modulus approximately 3-fold higher),

enhanced viscous behaviour and energy dissipation, relative to the networks formed from

internally stapled protein. We suggest that this increase in viscous behaviour is due to a

higher prevalence of unfolded protein in the inter-cluster region of the hydrogel network

constructed from the force labile protein building block. The increase in the elasticity

of the network is attributed to additional chemical cross-links in the inter-cluster region

of the network, formed between the strands of force-induced unfolded protein in the

inter-cluster region of the network. These results suggest that controlling the building

block unfolding and cross-link density in the inter-cluster region is key in regulating and

defining the mechanics of the network. Interestingly, the dominance of the inter-cluster
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region on the mechanical response of a network has been observed by other groups in col-

loidal systems. Del Gado et al. and Frust et al. have found that the connections between

clusters in the inter-cluster region, termed the ‘rigidity percolation network’, are key in

regulating the mechanics of colloidal networks both theoretically [215, 216] and experi-

mentally [217]. These studies similarly found that heterogeneity in the network structure

was crucial in governing the mechanical response of the network. Conversely, studies on

peptide-based hydrogels have shown that as the network becomes more homogeneous

[115, 116] the mechanical strength is enhanced. We speculate that this difference is due

to the contrasting structures between the two systems, with inter-connected clusters and

web-like fibrous structures exhibited by folded protein and peptide gels, respectively.

Restriction of unfolding of the protein building block also has a significant impact on

the relaxation behaviour of the hydrogels. While a single mode of relaxation describes

the networks formed from reinforced protein, a dual relaxation mode is necessary for

networks formed from the unreinforced protein. We propose the additional mode of

relaxation in unreinforced protein network corresponds to unfolding of the force labile

protein. Additionally, the relaxation mode corresponding to unfolding is observed in hy-

drogels constructed from reinforced protein soaked in DTT post-gelation accompanied by

an approximate factor of 2 reduction in the storage modulus, consistent with previously

published literature [131] comparing rigid and flexible building blocks. The modulation

the force lability of the building block plays a fundamental role in defining the network

architecture and mechanics. The transition of building block from a rigid folded state to

a flexible unfolded state emerges as a powerful method for controlling the inter-cluster

region of the network structure and the subsequent mechanical response. This study

has demonstrated the necessity of combined structural and mechanical characterisation

to understand the translation of complex molecular properties across length scales. By

understanding the crucial role of building block unfolding on hierarchical networks, we

demonstrate the importance of in situ unfolding in defining the structural and mechan-

ical behaviour of the network and reveal building block unfolding as a method for the

design of novel biomimetic and bioinspired materials.
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Chapter 5

A Tale of Two Stabilities:

Deconvoluting the Roles of

Protein Thermodynamic and

Mechanical Stability in

Hierarchical Networks

5.1 Introduction

Previous work [135] shown in chapter 3 demonstrated that a simultaneous increase in

both the thermodynamic and mechanical stability of the protein building block, via

ligand mediated stabilisation, translates across length-scales to the mechanical strength

of the protein network. However, this study was unable to determine the contributing

role of each type of stability in the increase in network strength. As discussed in chapter

1 the thermodynamic and mechanical stability of a protein fold are not equivalent [218].

The thermodynamic stability of a protein originating from the enthalpic contributions

of a number of different non-covalent interactions, and the entropic contributions due
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to the hydrophobic interactions [50, 59, 64]. In contrast the mechanical stability of a

protein is due to the hydrogen bonding network between secondary structure elements

and in particular the orientation of the applied force to this network [76, 92, 219]. So, it is

possible for two proteins to have similar thermodynamic stabilities but strikingly different

mechanical characteristics. This chapter seeks to address the shortcoming of our previous

study [135] (chapter 3) by determining how protein building block stability governs the

structural and mechanical properties of the network. More broadly, we investigate the

relative importance of local molecular stability compared to global molecular stability,

and how this relates to the structural and mechanical properties of multi-molecular

hierarchical networks. To achieve these aims, MBP-based hydrogels are utilised as a

model system. To independently control and vary stability, measurements are completed

on MBP hydrogels in the absence and presence of maltose, with the addition of varying

concentrations of the denaturant urea.

Initially in this chapter, the rationale behind the selection of MBP as the model

hydrogel building block for this study will be discussed. The design of the model system

of MBP hydrogels in the absence and presence of urea will also be outlined to show

that urea is the ideal protein denaturant to use in this study. The chapter will go on to

discuss the molecular level characterisation of the MBP building block’s thermodynamic

stability, before going into detail on the effects of the thermodynamic and mechanical

stability of the building block on the structural properties of the hydrogel network,

investigated via SAXS. The core of this chapter will cover the results of bulk mechanical

characterisation of MBP hydrogels and the effects of each type of molecular level stability

on the bulk mechanical behaviour of the network. Finally, the chapter will end by

summarising the roles of the thermodynamic and mechanical stability of the building

block in governing the properties of a hierarchical network, and will suggest a possible

underlying mechanism for these distinct roles.
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5.2 Selection of model protein building block and design

of model system

In order to investigate the differential effects of building block thermodynamic and me-

chanical stability on the structure, we require a model protein building block with similar

properties as discussed in chapter 3 (section 3.1.1). MBP stands out as an ideal protein

building block to determine the distinct roles of thermodynamic and mechanical stabil-

ities in protein hierarchical networks, for two key reasons: firstly, MBP has been previ-

ously characterised [135] in chapter 3 as an effective hydrogel building block; secondly,

upon the binding of maltose to MBP there is an increase in both the thermodynamic

[133] and mechanical [81, 82] stability of the protein. In order to be able to deconvolute

the effects of these two types of stability on the overall network properties, they need

to be controlled and varied independently of one another. This can be achieved for the

thermodynamic stability of the MBP building block via the addition of small amounts

of the denaturant urea to the system, in the presence and absence of maltose.

5.2.1 Effects of urea on folded proteins

Urea is an uncharged organic compound, with two amide groups (-NH2) connected by

a carbonyl (C=O) functional group, that is highly soluble in water and is neither acidic

or basic. Importantly, urea acts as a strong denaturant of folded globular proteins [220].

Figure 5.2.1.1b shows the energy landscape of a simple two-state unfolding transition

from the folded state (F) to the unfolded state (U) through a transition state (TS).

A similar figure shown in chapter 1 (section 1.2.2.1), defines the free energy difference

between the folded and unfolded states, ∆Gun, as the thermodynamic stability of the

protein fold; likewise the free energy difference between the folded and transition state,

∆GTS , is defined as the energy barrier to unfolding [221]. The schematic in figure 5.2.1.1

depicts the transition in the absence and presence of urea.
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Figure 5.2.1.1: a)Skeletal formula showing the molecular structure of the denaturant
urea. b) Schematic of a two-state unfolding process from the folded state (F) to the
unfolded state (U) through the transition state (TS) in the absence (solid line) and
presence of urea (dashed line). Where ∆Gun and ∆Gurea

un are the difference in free
energy between the folded and the unfolded state in the absence and presence of maltose,
respectively. Similarly ∆GTS and ∆Gurea

TS are the difference in free energy between the
folded and the transition state in the presence and absence of urea, respectively.

The addition of urea to a protein results in a reduction in both the thermodynamic

stability of the protein, ∆Gun, and the energy barrier to unfolding, ∆GTS , meaning

protein will more readily unfold in the presence of urea as would be expected from a

denaturant. The underlying mechanism of this alteration to the energy landscape in the

presence of urea stems from the preferential interaction of urea with the protein peptide

backbone [220, 222–224]. In water the intra-protein-protein interaction is more stable

than the protein-water interaction, however this condition is inverted when considering

urea, i.e. the intra-protein-protein interaction is less stable compared to the protein-urea

interaction [225]. The comparative increased stability of the protein-urea interaction is

what leads to the decrease in ∆Gun in the presence of urea. The relationship between

thermodynamic stability and the concentration of urea is known [226].

∆G[urea]
un = ∆Gun −m · [urea] (5.2.1.1)

Where m is the protein dependant strength of urea destabilisation, which is related
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to the solvent accessible surface area of the protein [226]. Therefore, in high enough

concentrations of urea the thermodynamic stability is lowered such that ∆Gun <0, the

protein readily unfolds to maximise the urea exposure of the peptide backbone. This

means the urea promotes and stabilises the unfolded state rather than directly weakening

the bonds of the folded state. The mechanism of urea-mediated protein destabilisation

shows why urea is an ideal denaturant for the study of the effect of changing the ther-

modynamic stability of the building block on the overall network properties. In principle

small concentrations of urea ([urea]<< ∆Gun
m ) are able to alter the thermodynamic sta-

bility of the protein building block without significantly affecting the native state of the

protein e.g. by breaking bonds in the folded protein structure. Importantly, unlike other

popular protein denaturants e.g. guanidinium chloride, urea is not charged and when

dissolved in water it is neither acidic nor basic, so will not affect the ionic strength or

pH of the system.

5.3 Characterisation of building block stability

Initially DSC was employed to determine the melting point and enthalpy change associ-

ated with the ‘melting’ of MBP in the absence (apo state) and presence (bound state) of

maltose at relevant concentrations (100mg/ml) in varying concentrations of urea. From

these results it was possible to calculate the change in the Gibbs free energy due to un-

folding (∆Gun) as a function of urea concentration (Fig. 5.3.0.1), and hence determine

the change of thermodynamic stability of both apo and bound MBP.
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Figure 5.3.0.1: Gibbs free energy of unfolding of MBP in the absence (light blue)
and presence (dark blue) of maltose as determined by DSC, at varying concentrations
of urea. Solid lines represent linear fits consistent with established linear relationship
between ∆Gun and urea concentration. Black horizontal line represents the fitted value
of thermodynamic stability of MBP in the apo state.

Figure 5.3.0.1 shows the decrease in ∆Gun of MBP as the concentration of the de-

naturant urea is increased, both in the presence and absence of the stabilising ligand.

As expected, in the absence of denaturants, MBP has a higher thermodynamic stability

(characterised by an increased ∆Gun) when the ligand maltose is bound (48±2 kJ/mol)

compared to the apo (39±1 kJ/mol), this corroborates the stabilising effect of the ligand

maltose on MBP. The destabilising effect of urea is observed to be linear with concen-

tration, with a destabilising coefficient of 16±2 kJ· mol−1M−1 and 18±3 kJ· mol−1M−1

in the absence and presence of maltose, respectively. The destabilisation coefficient is

understood to be related to the solvent-accessible surface area of the globular protein,

and so these DSC results imply that there is a slight increase in the solvent accessible

surface area upon the binding of maltose, despite small-angle x-ray scattering (SAXS)

data showing no significant differences in form between the apo and bound state (Fig.

E.0.0.1). However, the values for the destabilising coefficient are within error of each
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other so this difference could be simply due to experimental error. It is important to

note that at an approximate concentration of 0.5M urea and 10mM maltose the ther-

modynamic stability of MBP is equivalent to its apo state in the absence of urea. This

is a crucial comparison as while the thermodynamic stability is equivalent, there is a

difference in the mechanical stability due to the bound maltose molecule.

So, by controlling the concentration of urea and presence of maltose in the system,

it is possible to tune the thermodynamic stability of the network building block, while

simultaneously modulating its mechanical stability. This molecular level characterisa-

tion is both crucial in understanding resultant higher order changes in the network and

demonstrates that MBP is a model system to investigate the distinct roles played by

building block thermodynamic and mechanical stability in hierarchical networks.

5.4 Effect of thermodynamic and mechanical stability on

hydrogel network architecture

To study and determine the differential effects of the global thermodynamic and the

local mechanical stability of the hydrogel building block on the network architecture, we

perform SAXS measurements on MBP hydrogels with varying concentrations of urea in

the absence and presence of maltose (Fig. 5.4.0.1).
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Figure 5.4.0.1: SAXS curves of chemically crosslinked folded MBP hydrogels (final
concentrations: 100mg/ml MBP, 30mM NaPS, 100mM Ru(II)bpy 2+

3 ) as a function of
urea concentration in the a) absence and b) presence of maltose.

Figure 5.4.0.1a and b show the scattering curves of MBP hydrogel in varying concen-

trations of urea (illuminated by an X-ray beam) in the absence and presence of maltose

respectively. In both the apo and bound MBP hydrogels very little change is observed in

the curves as the concentration of urea is increased. Broadly speaking this suggests that

the general architecture of the gels remains similar in all samples. Some subtle differences

are noted in the curves: i) the turnover to plateau at low Q (Guinier region) is shifted to

higher Q values as urea concentration is increased, and ii) in the absence of maltose the

gradient of the mid-Q region steepens with increasing urea concentration. The former

of these changes suggests that the size of the largest scattering object decreases with

increasing urea concentration, while the latter observation suggests some change in the

geometry of this large scattering object occurs with increasing urea concentration but

only in the absence of maltose. Previous structural characterisation of MBP (section

3.3) and other folded protein hydrogels [134, 136] has shown the presence of fractal-like

clusters of cross-linked fold protein linked together by an inter-cluster region populated

by unfolded protein. By applying the same model used in our previous studies, and

fitting the curves in figure 5.4.0.1 with equation 3.3.0.1 we can extract key parameters
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of the system in a similar fashion to SAS curves in chapters 3 and 4. Fitting the SAXS

curves in figure 5.4.0.1 allows for the extraction of the fractal dimension, Df , and the

correlation length/characteristic length-scale, ξ, of the fractal-like cross-linked clusters

(Fig. 5.4.0.2).

Figure 5.4.0.2: a) fractal dimension and b) correlation length values extracted from
fitting equation 3.3.0.1 to the SAXS curves in figure 5.4.0.1 as a function of the ther-
modynamic stability (determined by DSC (Fig. 5.3.0.1)) in the absence and presence
of 10mM maltose. The error bars here show the standard error for measurements taken
in duplicate. Dashed lines are added as a guide to the eye.

As previously described (see section 3.3) Df in our system can be thought of

intuitively as related to the density of the cluster of cross-linked folded protein, while ξ

is an imposed parameter representing the upper-limit of fractal behaviour and can be

interpreted as related to the size of the fractal clusters. By combining these extracted

parameters with the results of our DSC building block stability results (Fig. 5.3.0.1) we

obtain figure 5.4.0.2a and b, which shows how Df and ξ vary as a function of ∆Gun in

both the absence and presence of maltose, respectively. There is a striking difference in

the ∆Gun dependency of the fractal dimension in the presence and absence of maltose

(Fig. 5.4.0.2a). In the presence of maltose, Df of the clusters remains fairly constant

over all values of ∆Gun, however in the absence of maltose there is an approximately
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linear increase in Df with decreasing ∆Gun. This difference in trend suggests that the

density of the fractal-like clusters increases as the thermodynamic stability of MBP

decreases, unless the protein building block has increased local mechanical stability (in

the presence of its ligand maltose), in which case the cluster density is unaffected by a

change in the thermodynamic stability of the MBP building block. ξ also varies as a

function of ∆Gun, exhibiting a decrease in cluster size as the thermodynamic stability

is decreased, however the trend is consistent in both apo- and bound-MBP hydrogels.

The consistency of the ∆Gun dependency of ξ in the presence and absence of maltose

suggests that the size of the fractal-like clusters of folded protein is governed by the

global thermodynamic stability of the protein rather than any enhanced local mechanical

stability. It can be seen from these results that there are distinct roles played by both

the thermodynamic and mechanical stabilities of the building block in governing the

structural properties of the network. In particular the global thermodynamic stability

of MBP governs the geometry and size of the fractal-like clusters of cross-linked folded

protein, while the local mechanical stability plays a more conservative role in preserving

the morphology of the cross-linked fractal-like cluster.

We can extract additional information about the structure of the hydrogel network,

including information about the connecting inter-cluster region, by performing the anal-

ysis [136] previously detailed in chapter 4 (section 4.3.1). This analysis makes use of

these extracted parameters (Df and ξ) to determine the number of protein monomers in

a cluster as a function of distance from the centre of the cluster. From this the cluster

size and the total number of monomers can be determined and used to calculate volume

fractions of both the clusters and the inter-cluster space.
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Figure 5.4.0.3: Number of protein monomers in a cluster as a function of distance
from the centre of a cluster in the a) absence and b) presence of maltose. Every tenth
point is shown for clarity. (insets) Magnification of the boxed section in figures 5.4.0.3a
and b, for clarity.

The curves in figure 5.4.0.3 show how the number of the proteins in a cluster vary

with the normalised distance from the centre of the fractal-like cluster (normalised by

the radius of the MBP). Similar to the N(r) curves in chapter 4 (Fig. 4.3.1.3) these

curves in figure 5.4.0.3 initially increase at a rate that is related to the fractal dimension

of the system before plateauing at some value N for large r. As expected, the gradient of

the linear section in the absence of maltose increases with increasing urea concentration

(decreasing ∆Gun) while in bound-MBP hydrogels it remains unchanged with urea

concentration, mirroring the trends observed in the fractal dimension. In the absence of

maltose the curves show no strong trend of the plateau value with urea concentration.

Conversely in the presence of maltose a weak negative correlation of decreasing plateau

value with increasing urea concentration (decreasing ∆Gun) is observed, meaning that

the number of protein monomers in a cluster is only dependant on the thermodynamic

stability of the building block with the addition of enhanced mechanical stability. There

is also a subtle trend in the position of the turnover to plateau (i.e. the turnover occurs
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at lower r in the presence of urea) indicating smaller clusters in the presence of urea in

both the absence and presence of maltose. This is consistent with the trend observed

from the correlation length (Fig. 5.4.0.2b). We would expect this to be the case as the

exponential term containing ξ in the radial distribution function governs the size of the

cluster predicted by the model. A larger variance for the plateau values are observed in

samples that contain maltose compared to hydrogel samples contracted from the apo

protein. This larger range of values for the number of monomers in a cluster could be

a consequence of the invariance of the fractal dimension with ∆Gun and the shrinking

cluster size with increasing urea concentration in the presence of maltose, leading to

less protein in each cluster in order to preserve the cluster morphology.

In order to gain more insight into the effects of building block thermodynamic and

mechanical stabilities we calculate the volume fractions of the fractal-like clusters, φc,

and the inter-cluster region, φic. This calculation is achieved by first extracting the total

number of protein monomers in a cluster (by fitting the plateau value of the curves) and

the average cluster size (exemplar graph shown in Fig. D.1.0.3) from the curves in figure

5.4.0.3 and then applying equations 4.3.1.3 and 4.3.1.4 (as detailed in section 4.3.1).
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Figure 5.4.0.4: Average volume fraction of folded protein a) in a single fractal-like
cross-linked cluster and b) in the connecting inter-cluster space in MBP-based hydrogels
as a function of thermodynamic stability the MBP building block, in the absence and
presence of maltose. Error bars are standard error from samples measured in duplicate.
Dashed lines are added as guide to the eye.

Combining our DSC stability results (Fig. 5.3.0.1) with our scattering results and

analysis the volume fractions of folded protein in fractal-like clusters and inter-cluster

region can be shown as a function of the ∆Gun in the presence and absence of mal-

tose (Fig. 5.4.0.4). Immediately a striking difference in the volume fraction of single

clusters can be seen, where in the absence of maltose an increase in volume fraction of

a cluster is observed with decreasing ∆Gun, in contrast to samples in the presence of

maltose which exhibit no significant change in the cluster volume fraction as the ∆Gun is

changed. These trends mirror those observed in the fractal dimension i.e. an increase in

cluster density with decreasing global thermodynamic stability, except in the presence

of enhanced local mechanical stability. This supports our suggestion that the global

thermodynamic stability plays a key role in governing the architecture of the fractal-

like clusters of chemically cross-linked folded protein. In juxtaposition to this the local

mechanical stability of the building block plays a more conservative role, preserving the

morphology of the fractal-like clusters.
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These distinct roles of each stability are clear to see from figure 5.4.0.4a, especially

if we consider the points at ∆Gun ≈ 38 kJ/mol, 35 kJ/mol and 30 kJ/mol. At

38 kJ/mol the cluster volume fractions are approximately equal in the absence and

presence of maltose, however as ∆Gun is lowered they begin to diverge: at 35 kJ/mol

the volume fraction of the clusters in both cases remain within error of each other;

once ∆Gun drops to 30 kJ/mol the volume fraction of clusters in the absence and

presence of maltose completely diverge from one another, with clusters becoming denser

in the absence of maltose and remaining the same density in the presence of maltose.

These results demonstrate the preservation effect that local mechanical stability has

on the architecture of the fractal-like clusters of cross-linked folded protein against the

morphology changes caused by the building block thermodynamic stability.

Interestingly, the preservation effect of enhanced mechanically stability is not

observed in the architecture of the connecting inter-cluster region. Figure 5.4.0.4b shows

how the volume fraction of folded protein in the inter-cluster region varies as a function

of ∆Gun in the presence and absence of maltose. As the thermodynamic stability of

the building block is reduced the volume fraction of the inter-cluster region increases,

however a larger increase is observed in the presence (increase of 0.8% from 2.5% at

∆Gun ≈ 48 kJ/mol to 3.3% at ∆Gun ≈ 30 kJ/mol) than in the absence (increase of

0.3% from 1.8% at ∆Gun ≈ 38 kJ/mol to 2.1% at ∆Gun ≈ 22 kJ/mol) of maltose,

meaning that the conservative effect of enhanced mechanical stability on preserving

the cluster architecture is not also exhibited in architecture of the inter-cluster region.

These results also show that samples in the presence of maltose have a more dense

inter-cluster region compared with equivalent samples in the absence of maltose (e.g.

at ∆Gun ≈ 38 kJ/mol φic= 2.95±0.07% in presence and φic= 1.8±0.3% in the absence

of maltose), which is likely due to the enhanced mechanical stability of MBP in the

presence of maltose allowing the protein in the inter-cluster region to resist the internal

gelation force originating from swelling of the system. This result is consistent with the

results of the structural study in chapter 4, which found that hydrogels formed from

the natively mechanically reinforced BSA had denser inter-cluster regions compared
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with hydrogels constructed from the unreinforced BSA. The increase in the density

of the inter-cluster region with decreasing ∆Gun could be driven by the morphology,

density and size of the fractal-like cluster i.e. as the cluster size shrinks more protein

is required to cross the inter-cluster region and link the clusters together, leading to

an increase in the volume fraction of the inter cluster region. If this explanation is the

case then the invariance of the cluster density in the presence of maltose, along with

the shrinking cluster size with decreasing ∆Gun, could explain why gels in the presence

of maltose exhibit a larger increase in φic with decreasing ∆Gun. As the cluster size is

reduced, more protein must be excluded from clusters in order to preserve the cluster

density, hence leaving more protein in the inter-cluster space compared to hydrogels

in the absence of maltose in which the cluster density increases with decreasing ∆Gun

leading to comparatively less protein in the inter-cluster space. The results of this

analysis are consistent with the suggestion that ∆Gun governs the morphology and size

of the fractal-like clusters while the enhanced mechanical stability helps to preserve

the morphology of the clusters in the protein network. Furthermore, this volume

fraction analysis show that this control on the fractal-like cluster’s morphology and

properties has knock-on effect and leads to changes in the architecture of the connecting

inter-cluster region. By combining our structural analysis in this study with previous

observations [135, 136] (Fig. 3.3.0.2 and 4.3.1.5) we are able to construct a model for

how the structural properties of folded protein hydrogel networks are affected by both

building block thermodynamic and mechanical stabilities.
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Figure 5.4.0.5: Schematics showing the predicted structural model of MBP hydro-
gels in the absence (light blue) and presence of maltose (dark blue) and the structural
changes that occur as the thermodynamic and mechanical stabilities of the MBP build-
ing block are altered. Where solid circles represent folded protein in fractal-like clusters
(highlighted by red rings) of volume fraction, φc, and striped circles represent folded
protein in the connecting inter-cluster region of volume fration, φic. Blue lines represent
unfolded protein in the system as a results of force-induced unfolding during gelation.

Previously we have proposed a structure for folded protein hydrogels constructed

from MBP and other force labile proteins (Fig. 3.3.0.2) which consists of fractal-like

clusters of chemically cross-linked folded protein connected by an inter-cluster region

populated by folded and unfolded protein. By considering this previously determined

model as a base, it is possible to construct a new model which accounts for the

individual roles and importance of the different building block stabilities which have

been demonstrated in this study (Fig. 5.4.0.5).

In this section the global thermodynamic and local mechanical stability of the build-

ing block have both been shown to play key but distinct roles in governing the structural

properties of protein networks. The thermodynamic stability of the network building

block has a more dominant role in governing the architecture, density and size of the

fractal-like clusters of folded protein, where decreases in the thermodynamic stability

lead to smaller, denser clusters. In contrast, the local mechanical stability of the building

block does not change the architecture of the clusters but rather preserves the architec-

ture against alterations due to changes in the thermodynamic stability of the building
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block i.e. clusters constructed from mechanically enhanced building blocks do not in-

crease in density upon the lowering of the building block’ thermodynamic stability, but

still reduce in size. The inter-cluster region architecture is defined as a knock-on effect of

the alteration/preservation of the cluster architecture. Although lowering the thermo-

dynamic stability of the building block results in increased density of the inter-cluster

region within the hydrogel network, the largest increase in the density of the inter-cluster

region is observed in samples with increased building block mechanical stability. This is

concurrent with our previous finds in BSA hydrogels (see section 4.3.1.5). Thus, both

the thermodynamic and mechanical stability of the network building block play crucial

but distinct roles in defining the network architecture from the morphology and size of

the clusters of building blocks to the architecture of the inter-cluster region.

5.5 Differential effects of building block thermodynamic

and mechanical stability on network bulk mechanics

5.5.1 Effects on linear mechanical behaviour

To investigate the differential effects of protein building block thermodynamic and me-

chanical stability on the bulk mechanical properties of a cross-linked networks of protein,

we employed shear rheology. Pseudo-strain controlled rheology experiments were per-

formed on photo-chemically cross-linked MBP at various concentrations of urea in the

presence and absence of maltose.
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Figure 5.5.1.1: Frequency sweeps showing the (filled) storage, G’, and (open)
loss moduli, G” of chemically cross-linked MBP hydrogels (final concentrations: 100
mg/ml−1 MBP, 30mM NaPS, 100µM Ru(II)bpy 2+

3 ) in the a) absence (left) and b)
presence of maltose, as a function of urea concentration. Bottom panels show the loss
ratio of MBP hydrogels in the c) absence and d) presence of maltose

Figure 5.5.1.1a,b shows the variation with frequency of the storage, G’, and loss, G”,

modulus, which are the real and imaginary components of the complex shear modulus

and describe elasticity and inelasticity of MBP hydrogels, respectively. Both moduli

decrease linearly below 1Hz in all samples as the measurement frequency is decreased.

The loss ratio for all samples is below 0.1 at all measured frequencies and decreases

as frequency approaches zero, demonstrating that the elastic behaviour of the MBP

hydrogels is dominant over the viscous behaviour at all relevant time scales. The loss

ratio is slightly lower in the presence of maltose indicating an increase in the dominance

of elastic behaviour. This is similar to results obtained from BSA hydrogels, where this

behaviour was attributed to an increase in the amount of folded protein in the system

(see section 4.4.1). Fitting the linear section of the frequency sweeps in figures 5.5.1.1

allows for the extraction of the storage modulus at a frequency of 1Hz. By combining the

results of the frequency sweep data with our DSC results (Fig. 5.3.0.1) figure 5.5.1.2 is

obtained, showing how G’ at 1 Hz varies with the thermodynamic stability of the MBP

building block, ∆Gun, in the absence and presence of maltose.
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Figure 5.5.1.2: Shear moduli of cross-linked MBP hydrogels extracted from the fre-
quency sweep data in figure 5.5.1.1 at frequency of 1Hz as a function of MBP thermo-
dynamic stability in the absence and presence of 10mM maltose. Dashed lines shown
as a guide for the eye.

The curves in figure 5.5.1.2 show that in general, as the thermodynamic stability of

the building block is reduced there is a reduction in the storage moduli of MBP hydrogel,

in both the absence and presence of maltose, however there is a difference in the trends.

In the presence of maltose the G’ values decrease continuously with decreasing ∆Gun,

seemingly down to a plateau (not in the measured range); conversely in the absence of

maltose G’ does not continue to decrease with ∆Gun, but instead inflects (at ∆Gun ≈ 35

kJ/mol) and increases to a plateau value at G’ ≈ 3 kPa. Furthermore, in the presence

of maltose, lower G’ values are observed when compared to hydrogels constructed from

building blocks of comparable thermodynamic stability (e.g. at ∆Gun ≈ 38 kJ/mol G’

= 4.3±0.3 kPa and 2.46±0.08 kPa in the absence and presence of maltose, respectively).

The reduction in G’ with decreasing ∆Gun suggests that the thermodynamic stability of

the building block governs the overall strength of the network, i.e. as the thermodynamic

stability of the building block is reduced so is the storage modulus of the hydrogel

network. In contrast, the reduction in G’ in the presence of maltose suggests that

increased mechanical stability of the building block results in a mechanically weaker
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network overall. This interpretation initially appears counter-intuitive, as previous work

has suggested that increasing the stability of the building block results in a more rigid

network (chapter 3). However this behaviour is similar to that observed in BSA hydrogels

in the absence and presence of DTT (Fig. 4.4.1.1) in which hydrogels constructed from

the natively mechanically reinforced BSA exhibited lower storage moduli when compared

to hydrogels constructed from unreinforced BSA. This result was attributed to a decrease

in the amount of unfolded protein in the inter-cluster region of the network and by

extension a reduction in the number of cross-links formed between unfolded protein

strands. The CD data confirms that there is a 3% increase in the amount of folded MBP

in hydrogels containing 10 mM maltose (Fig. 3.2.2.3) implying that the reduction in

G’ as a result of increased building block mechanical stability is likely due to a similar

mechanism as observed in BSA hydrogels. So the results in figure 5.5.1.2 suggest that

the thermodynamic stability plays a direct role in governing the mechanical strength

of the overall network, while the mechanical stability plays a more conservative role in

preserving the integrity of the folded protein building block thereby indirectly affecting

the mechanical properties of the network e.g. by altering the unfolding of protein in

the network. This role of building block mechanical stability was similarly observed in

the structural data presented in this study. The difference in trends of G’ with building

block thermodynamic stability in the absence and presence of maltose can be explained

by considering these distinct roles of each type of stability. In the absence of maltose

the structural integrity of the folded protein building block is not as strongly preserved

due to the lack of enhanced mechanical stability. In turn, this could lead to more rapid

unfolding of the building block during the early stages of gelation, as ∆Gun is decreased

and less energy is needed to unfold the building block. This more rapid unfolding of the

building block protein during the early stages of gelation, could result in protein unfolding

occurring in unfavourable positions early in the network formation thus resulting in an

increase in entanglement of unfolded protein strands and by extension an increase in the

storage moduli. To investigate the possibility that more rapid unfolding of the building

block occurs in the absence of maltose occurs and causes excessive entanglement in the

system, the gelation curves of MBP hydrogels are analysed at varying urea concentrations

in the absence and presence of maltose.
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Figure 5.5.1.3: Gelation curves of MBP hydrogels (100mg/ml MBP, 30mM NaPS
and 100µM Ru(II)bpy 2+

3 ), depicting the evolution of G’ as a function of time in the
absence (left) and presence (right) of maltose at various urea concentrations. (insert)
Magnification of the boxed section, with the error bar ribbon removed for clarity. G’
values were recorded every 3s at 0.5% strain and a frequency of 1Hz.

The gelation curves (Fig. 5.5.1.3) show the evolution of the shear modulus (G’)

during the formation of MBP hydrogels at various urea concentrations in the absence and

presence of maltose. Without the addition of urea, the gelation curves show the expected

profile of initial sharp increase in G’ followed by slow relaxation down to a plateau

value, with great values of G’ observed in the presence of maltose, in agreement with

our previous work on MBP hydrogels [135]. The end point G’ values observed from the

gelation curves are consistent with those observed from frequency sweep measurements

(Fig. 5.5.1.2). Interestingly, in the absence of maltose the gelation profile deviates from

the standard profile (i.e. initial sharp increase followed by slow relaxation) to a more

complex profile, as the concentration of urea is increased. This deviation in the gelation

profile in the absence of maltose is greatest at 1M urea and can be described as a sharp

increase followed by a more rapid relaxation and ending with slow exponential increase

up to the final plateau value of G’. In contrast, though a decrease in G’ values is observed

with increasing urea concentration, the gelation of MBP in the presence of maltose shows
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no significant alteration of the gelation curve profile regardless of urea concentration. The

change in the relaxation behaviour with increasing urea concentration in the absence of

maltose, from reducing G’ with time to increasing G’ with time, is indicative of additional

cross-links forming over time. This change in gelation profile is what would be expected

if the relaxation mechanism shifted to being dominated by entanglement of unfolded

protein, with additional physical cross-links forming overtime. In order to analyse these

complex kinetic profiles in more detail we fitted a previously used empirical equation to

these data sets (Eqn 3.4.0.1).

Figure 5.5.1.4: Relaxation time constants of the first and second relaxation mode, τ1 (top)
and τ2 (bottom) extracted from the gelation curves in figure 5.5.1.3 as a function of MBP
thermodynamic stability, in the absence (light blue) and presence (dark blue) of maltose.
Dashed lines shown as a guide for the eye.

Fitting the gelation curves with this function allows the extraction of several key

parameters related to the relaxation behaviour including the time constants of the re-

laxation modes, τ1 and τ2 and the relaxation coefficients of these modes, B1 and B2. In

previous work [135] we have attributed the shorter, first relaxation mode to the rearrange-

ment of the network immediately post-photo-chemical cross-linking and demonstrated

that the longer second relaxation mode is due to the unfolding of the protein building

block. Figure 5.5.1.4 shows how these time constants vary with ∆Gun: in both the
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absence and presence of maltose a reduction in τ1 is observed with decreasing thermo-

dynamic stability. This reduction suggests faster network rearrangement, possibly due

to a softer overall network as a result of the less thermodynamic stable building block,

allowing for easier relaxation of the network. This interpretation is consistent with the

shear moduli values observed in figure 5.5.1.2 i.e. weaker hydrogels exhibit faster network

rearrangement timescales.

Similar to τ1 a reduction in τ2 is observed for decreasing ∆Gun suggesting an in-

creased rate of protein building block unfolding, but importantly only for hydrogels in

the presence of maltose (i.e. enchanced building block mechanical stability). Samples in

the absence of maltose exhibit a more complex ∆Gun dependency for τ2, where initially a

reduction in τ2 with decreasing ∆Gun is observed, with τ2 values in good agreement with

those observed in the presence of maltose (i.e. at ∆Gun ≈ 38 kJ/mol τ2 = 2100±500 s

(absence) and 1900±100 s (presence) and at ∆Gun ≈ 34 kJ/mol τ2 = 1400±200 s (ab-

sence) and 1700±100 s (presence)). This indicates that it is the thermodynamic stability

that governs the unfolding rate of the protein building block. However, this consistency

of τ2 in the absence and presence of maltose is broken: as ∆Gun continues to decrease a

large drop down to τ2 ≈ 5 s at ∆Gun = 30.4 kJ/mol is observed in the absence of maltose;

followed by a sharp increase up to ≈ 3000 s as ∆Gun is further reduced. This inflection

in the ∆Gun dependancy of τ2 in hydrogels constructed from MBP with lower mechani-

cal stability (i.e. in the absence of maltose) is suggestive of two regime behaviour: one

regime where the post-cross-linking behaviour is dominated by unfolding of the building

block and the other where it is dominated by the entanglement of unfolded protein.

These results suggest that the thermodynamic stability of the building block governs the

unfolding time-scale of the protein building, while the preservation effects of the building

block mechanical stability on the protein fold integrity controls the relaxation regime of

the system i.e. unfolding dominated or entanglement dominated. If there were such two

regime behaviour we would expect to see an inversion of the parity of the coefficient of

the second relaxation at low ∆GMBP
un .
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Figure 5.5.1.5: MBP thermodynamic stability dependency of the relaxation coefficient
of the second relaxation mode, B2, from Eqn. 3.4.0.1, which characterises the reduction in
storage modulus as the MBP building block unfolds post-photo-chemical gelation. Dashed
lines shown as a guide for the eye.

Figure 5.5.1.5 shows the value for the coefficient of the second relaxation mode,

B2, which characterises the loss in the storage modulus due to folding of the protein

building block post-photo-chemical cross-linking. A reduction in B2 can be interpreted

as a reduction in the amount of protein unfolding the occurs after photo-chemical

cross-linking is complete and a simultaneous increase in the amount of protein that

unfolds during photo-chemical cross-linking. Initially, it can be seen in both the presence

and absence of maltose that B2 decreases with decreasing ∆Gun. This suggests that the

loss in G’ post-gelation is reduced as the thermodynamic stability of the building block

is reduced. Importantly, in the absence of maltose the value of B2 dips below zero at low

∆Gun i.e. the value changes parity. This is what we would expect if the post-gelation

relaxation behaviour were to change from being dominated by the unfolding of the

MBP building block to be dominated by entanglement of unfolded protein, as suggested

by the profile of the gelation curves (Fig. 5.5.1.3) and the analysis of τ2 (Fig. 5.5.1.4).

These results support the interpretation that there is a regime change in the post-
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photo-chemical cross-linking reaction from an unfolding dominated to an entanglement

dominated regime. Furthermore these results demonstrate that the regime change is

driven in part by the thermodynamic stability of the building block but is ultimately

controlled by the mechanical stability of the building block. However, this interpretation

relies on the assumption that the level of unfolded protein remains constant in the

hydrogels as the thermodynamic stability of the protein building block is varied. Our

rheology results imply that this assumption holds true, namely the invariance of the

loss ratio determined from frequency sweep experiment (Fig. 5.5.1.1c and d) with urea

concentration, suggesting no significant change in the unfolded population between

samples. In order to support this interpretation further and eliminate the possibility

of a reduction in the amount of unfolded protein in the system, load-unload measure-

ments on the MBP hydrogel samples were performed and the efficiency of them analysed.

Figure 5.5.1.6: Stress–strain curves of chemically cross-linked MBP hydrogels (fi-
nal concentrations: 100mg/ml−1 MBP, 30mM NaPS, 100µM Ru(II)bpy 2+

3 ) in the a)
absence and b) presence of maltose as a function of urea concentration. Samples were
strained to 50% at a rate of 1%/s and then unloaded down to 0% at the same rate.

All MBP hydrogels exposed to loading up to 50% exhibit linear behaviour up to≈30%

followed by slight shear stiffening up to 50% strain regardless of urea concentration or
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the presence of maltose. Fitting this linear region and extracting the gradient allows

for determination of the storage moduli of the hydrogel samples. The storage moduli

extracted via this method are in good agreement with the shear moduli determined by

frequency sweep measurements (Fig. 5.5.1.1 and 5.5.1.2) showing similar values and

trends with respect to ∆Gun in the presence and absence of maltose. Upon unloading

back to 0% strain, all samples display prominent hysteresis behaviour, the area of which

is indicative of the energy dissipated to the internal energy of the system. Figure 5.5.1.6

shows that the hysteresis decreases with increasing urea concentration regardless of the

presence of maltose, This suggests a reduction in the energy dissipated in all hydrogels

in the presence of increasing urea. The area enclosed by the hysteresis can be extracted

and gives quantitative measure of the energy dissipated by the hydrogel system in the

load-unload cycle (Fig. 5.5.1.7a).

Figure 5.5.1.7: a) Energy dissipation and b) efficiency during load–unload cycle
of MBP hydrogels in the absence (light blue) and presence (dark blue) of maltose as
a function of MBP thermodynamic stability. Solid lines represent average fits to the
efficiency data in the absence and presence of maltose. Dashed lines shown as a guide
for the eye.

Once again by combining the rheology and DSC results (Fig. 5.3.0.1) we obtain

the extracted values for the energy dissipation of MBP hydrogels, as a function of the

153



thermodynamic stability in the absence and presence of maltose (Fig. 5.5.1.7). In

the absence of maltose a decrease in the energy dissipated down to a plateau value of

approximately 14 J/m3 is observed with decreasing thermodynamic stability. Similarly

in the presence of maltose there is a decrease in the energy dissipated as ∆Gun is reduced,

except that a plateau value is not observed in the measured range. As stated previously,

in folded protein hydrogels the main source of energy dissipation is thought to be force-

induced unfolding of the protein building block [120, 129], where less energy is required

to unfold the less thermodynamically stable MBP building block. In chapter 4 another

source of energy dissipation in folded protein hydrogels was identified, namely the level

of unfolded protein present in the hydrogel network. It is important to consider each of

these sources of energy dissipation as both are relevant in explaining the changes in the

energy dissipation behaviour observed in MBP hydrogels when the thermodynamic and

mechanical stability of the building block are altered. The energy dissipated by MBP

hydrogels in both the absence and presence of maltose is reduced as the thermodynamic

stability of the MBP building block is reduced (Fig. 5.5.1.7a) likely due to a decrease

in the energy necessary to unfold individual protein building blocks. In the presence of

maltose lower energy dissipation is observed, this is likely due to a lower level of unfolded

protein present in the network when the mechanical stability of the building block is

enhanced (consistent with observations of BSA hydrogels made in chapter 4 of this work).

A plateau is observed in the absence of maltose (Fig. 5.5.1.7a), possibly be due to the

shift of the post-gelation relaxation behaviour from the unfolding-dominated region to

the entanglement-dominated regime, leading to larger losses of internal energy to the

unfolded protein strands due to the additional physical cross-links from entanglements.

In general, decreasing the thermodynamic stability of the building block results in protein

networks with reduced energy dissipation due to a lower amount of energy required to

unfold the protein building block. Similarly enhancing the mechanical stability results

in lower energy dissipation due to a reduction in the level of unfolded protein present in

the network.

As well as giving information on the energy dissipation, the hysteresis area, combined

with the max stress values of the stress-strain curves (Fig. 5.5.1.6), can be used to
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determine the efficiency of the MBP hydrogels using equation 3.2.2.1, shown as a func-

tion of ∆Gun in the presence and absence of maltose in figure 5.5.1.7b. As previously

stated, the efficiency is a measure of the ability of the folded protein based hydrogel

to return the energy input in straining it and is inhibited by two main mechanisms:

i) the number of force-induced unfolding events of the protein building block taking

place to accommodate the strain and ii) the level of unfolded protein in the system.

The efficiency of MBP hydrogels in the absence and presence of maltose are fairly

consistent across all ∆Gun values. It should be noted that hydrogels in the presence of

maltose exhibit a higher level of efficiency than those in the absence, suggesting a higher

level of folded protein, which is consistent with previous CD measurements on MBP

hydrogels (Fig. 3.2.2.3) showing that there is approximately 3% more folded protein in

the presence of 10 mM maltose. The invariance of the efficiency within each subset (i.e.

in the absence and presence of maltose) suggests that the number of protein unfolding

events that are occurring to accommodate strain and the level of unfolded protein are

both not changing with respect to the ∆Gun. This result suggests that the level of

unfolded protein remains constant as ∆Gun is changed. This supports the interpretation

that the observed reduction in the level of post-photo-chemical cross-linking relaxation

is not due to a lower the amount of unfolded protein in the system. Instead rapid

unfolding of the protein building block during the photo-chemical cross-linking process,

which in turn leads to increased entanglement of the unfolded protein strands and a

regime change in the post-cross-linking relaxation behaviour.

Characterisation of the linear mechanics of MBP hydrogels in varying concentrations

of urea and in the absence and presence of maltose, has given insight into the roles of the

building block thermodynamic and mechanical stabilities. Both the thermodynamic and

mechanical stabilities play key but distinct roles in governing the strength, energy stor-

age and relaxation behaviours of folded protein hydrogels. The global thermodynamic

stability of the building block plays a direct role in governing the rigidity and energy

dissipation behaviour of the hydrogel network, i.e. lower building block thermodynamic

stability results in hydrogels with lower storage moduli and decreased energy dissipation.
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Furthermore, the thermodynamic stability of the building block governs the post-photo-

chemical cross-linking rate of relaxation due to the unfolding of the protein building block

and drives the regime change in the relaxation from an unfolding-dominated regime to

a entanglement-dominated regime.

In contrast, the local mechanical stability of the building block protein plays a more

indirect role in defining the networks mechanical properties, This indirect role is a con-

sequence of the local mechanical stability preserving the integrity of the folded protein

building block during gelation. Hydrogels, constructed from building blocks with en-

hanced mechanical stability, exhibit lower mechanical rigidity and energy dissipation

behaviour compared to hydrogels constructed from building blocks that lack enhanced

mechanical stability but equivalent thermodynamic stabilty. This counter-intuitive re-

sult is attributed to a reduction in the amount of folded protein in the system and by

extension a reduction in the number of cross-links between unfolded protein strands in

the inter-cluster region of the network, similar to the what is observed in BSA hydrogels

in the presence and absence of DTT (chapter 4). Interestingly, while the mechanical

stability of the building block does not alter the rate of relaxation due to unfolding, it is

the limiting factor in the relaxation regime switching from being dominated by protein

unfolding to being dominated by the entanglement of unfolded protein strands.

5.5.2 Effects on non-linear mechanical behaviour

Finally, as biological hierarchical networks are well-documented to exhibit interesting

non-linear mechanical characteristics, we also investigate the effects of global thermo-

dynamic and local mechanical stability on the non-linear behaviour of photo-chemically

cross-linked MBP hydrogels at varying urea concentrations in the absence and presence

of maltose.
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Figure 5.5.2.1: Strain amplitude ramps showing the normalised storage moduli of
MBP hydrogel in the a) absence and b) presence of maltose as a function of urea con-
centration. The measurement frequency was set to 1 Hz. Values are normalised to the
G’ values extracted from the frequency sweep data (Fig. 5.5.1.2). (inset) Magnification
of the boxed region with the error ribbon removed for clarity, solid lines added as guide
to the eye.

Figure 5.5.2.1 shows strain amplitude ramps of MBP hydrogels as a function of urea

concentration in the absence and presence of maltose. The curves show that these gels

exhibit linear mechanical behaviour up to≈ 30% strain, before beginning to strain stiffen,

in good agreement with the results of the stress-strain measurements (Fig. 5.5.1.6).

At strains in excess of 50% interesting, non-linear mechanical behaviour is exhibited

by MBP hydrogels in the both the absence and presence of maltose. The curves also

show that all hydrogels exhibit rupture at high strain values, with hydrogels in the

presence of maltose exhibiting higher rupture strain values (≈ 600%), compared to those

in the absence (≈ 350%). Hydrogels in the absence of maltose show a maximum strain

stiffening in the range of ≈ 1.5x to 2x G’(0) as the concentration of urea is varied;

with a similar range of maximum strain stiffening observed in the presence of maltose

(1.5x to 2.5x G’(0)). Furthermore, the profiles of shear stiffening are reasonably similar

without the addition of urea, exhibiting strain stiffening up to ≈ 1.5x before breakage.

Notably, while samples in the absence of maltose and urea shear stiffen continuously
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until rupture, the addition of maltose causes the hydrogels to instead undergo shear

softening before rupture. This is an interesting difference between apo- and bound-MBP

hydrogels which was overlooked in our initial study using MBP hydrogels (chapter 3).

This strain-weakening at high strains is possibly due to the unbinding of maltose from

MBP. Under high strain the additional hydrogen bonds across the ‘mouth’ of MBP

(Fig. 3.1.2.1 and 3.1.2.2) could break, leading to the unbind of maltose. Once the

maltose unbinds the mechanical and thermodynamic stability of MBP is reduced back

to its apo-state, which results in a decrease in the rigidity of the work and the apparent

shear weakening behaviour in MBP hydrogels in the presence of maltose at high strains.

Another possible mechanism for the shear softening before rupture stems from structural

differences in the inter-cluster region between MBP hydrogels in the absence and presence

of maltose i.e. MBP hydrogels exhibit denser inter-cluster regions in the presence of

maltose compared to those in the absence. This increased population of folded protein

in the inter-cluster region of MBP hydrogels will likely unfold in order to accommodate

the high strain placed on the system. As the protein in the connecting inter-cluster

region unfolds, it reduces the number of rigid building blocks connecting the clusters

which will eventually result in a weakening of the hydrogel. While this is also likely to

happen in hydrogels in the absence of maltose, the reduced density of folded protein

in the inter-cluster region of these gels and increase level of unfolded protein in the

system means less protein will undergo unfolding to accommodate the strain and so its

effects are less likely to be measurable before rupture. Experimentally it is difficult to

determine between these two possible mechanism. It would be possible to investigate

these mechanisms using combined rheology SAXS (rheo-SAXS) experiments and cross

length-scale computational modelling that accurately captured binding kinetics and the

unfolding of protein domains.

Upon addition of urea to these systems the similarities seen between the strain pro-

files is removed. Figure 5.5.2.1a shows the difference in strain profiles of MBP in the

absence of maltose when urea is added to the system. The addition of urea to apo-MBP

hydrogels (in the absence of maltose) results in a almost binary switch from the strain

profile described above to a profile more similar to a power law increase in G’ until
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rupture. This profile is exhibited by all apo-MBP hydrogels that contain urea, with

no discernible trend in gradient or rupture strain. This change in the strain profiles

suggests some threshold thermodynamic stability below which there is a regime change.

This regime change could be similar to the regime change observed in the linear mechan-

ical characterisation (see section 5.5.1), where the relaxation behaviour switches from

being dominated by unfolding of the protein building block to dominated by the entan-

glement of the unfolded protein strands. If this is the case then, similar to the linear

mechanical measurements, we would expect very different non-linear behaviour exhibited

from MBP hydrogels as the urea concentration is increased in the presence of maltose

compared to those in the absence. Indeed, strikingly different non-linear behaviour is

observed as the urea concentration is increased. In the presence of maltose the general

shape of the strain profile of the hydrogel is preserved, however there is still an increase

in the level of shear stiffening of the network as the urea concentration is increased.

The increase in the level of shear stiffening suggests that the thermodynamic stability of

the building block plays a rather counter-intuitive role in governing the shear stiffening

behaviour, i.e. as the thermodynamic stability is decreased the level of shear stiffening

is increased. However, a more likely explanation is obtained by considering the volume

fraction of folded protein in the inter-cluster region. Figure 5.4.0.4b shows that as the

thermodynamic stability of MBP decreases in the presence of maltose, the density of the

inter-cluster region increases, meaning there is more folded protein linking the clusters

together. This can be interpreted as more ‘springs’ in the system that are pulled on as

the slack in the system is removed under strain, resulting in higher levels of strain stiffen-

ing. So, lower thermodynamic stability of the protein building block results in hydrogels

with increased levels of shear stiffening. On the other hand, enhanced building block

mechanical stability leads to hydrogels with interesting non-linear strain profiles, with

gels exhibiting both strain stiffening, then strain weakening before rupture. These re-

sults show that folded protein-based hydrogels exhibit interesting non-linear mechanical

behaviour and demonstrate that by controlling the thermodynamic and mechanical sta-

bility of the building block it is possible to tune the non-linear mechanical properties of

the hydrogel network. We have suggested mechanisms to explain the dependencies of the

non-linear properties of the hydrogel on the thermodynamic and mechanical stabilities
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of the building block (Fig. 5.5.2.1). However, further experimentation beyond the scope

of this work is required, in particular Rheo-SAXS and cross-length scale computational

modelling to understand how the structure is altered at high strains.

5.6 Conclusion

Utilising MBP-based hydrogels, this chapter has demonstrated that both the thermo-

dynamic and mechanical stability of the network building block have key but distinct

roles in governing the structural and mechanical properties of the network. The study in

this chapter shows that the global thermodynamic stability of the building block trans-

lates more directly to the mechanical and structural properties of the network; while

the local mechanical stability of the building block preserves the integrity of the folded

protein building block which causes knock-on effects that indirectly lead to changes in

the structural and mechanical properties of the network.

The thermodynamic stability of the building block directly governs the overall

strength of the hydrogel network and the energy dissipation behaviour, i.e. reduced

thermodynamic stability of the building block results in a network with reduced me-

chanical strength (lower storage moduli) and lower energy dissipation. This dependency

is attributed to a lower amount of energy needed to strain or unfold the protein block,

which would result in a softer network and less energy dissipated due to unfolding. Fur-

thermore, the thermodynamic stability governs the relaxation behaviour due to protein

unfolding, with hydrogels constructed from thermodynamically less stable protein ex-

hibiting faster relaxation behaviour. This faster relaxation is due to unfolding becoming

more likely because less energy is required to unfold the protein building block. In-

terestingly, the thermodynamic stability of the building block drives the post-gelation

regime change from an unfolding dominated regime to an entanglement dominated one.

This regime change is likely due to large amounts of protein unfolding occurring during

the photo-chemical cross-linking process, leading to large amount of unfolded protein

distributed more randomly throughout the network resulting in entanglements forming

during the relaxation of the network. Though this interpretation relies on the assumption
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that the level of unfolded protein in hydrogels in the absence and presence of maltose does

not vary as a function of thermodynamic stability. While no direct evidence of the level

of unfolded protein in hydrogels has been taken, there is plenty of suggestive evidence

(i.e. the invariance of the loss ratio and efficiency of the hydrogels as the thermodynamic

stability of the building block is altered) that supports the assumption that the level of

unfolded protein in the apo- and bound- MBP gels is constant as the thermodynamic

stability is lowered. In order to eliminate the possibility of a larger amount of unfolded

protein in the hydrogels as the thermodynamic stability is lowered, CD measurements

should be performed on the apo- and bound-MBP hydrogels.

The mechanical stability of the building block plays a more indirect role in governing

the mechanical properties of the hydrogel network, often producing counter-intuitive

results. These effects seem to stem from the apparent conservation effect of enhanced

mechanical stability on preserving the integrity of the folded protein building block. For

example, hydrogels constructed from protein with increased local mechanical stability

exhibit lower storage moduli than those constructed from protein lacking mechanical

enhancement. This result is similar to what has been observed in BSA hydrogels in

the absence and presence of DTT. In fact, many of the results of hydrogels constructed

from MBP with enhance mechanical stability (i.e. in the presence of maltose) are

similar to the results of BSA hydrogels (chapter 4). The similarity between these two

systems suggests that the root cause of the behaviour is the same in both cases. In

chapter 4 the difference in behaviour is attributed to a lower level of unfolded protein,

forming cross-links in the inter-cluster region. CD results in chapter 3 (Fig. 3.2.2.3)

show that there is a 3% decrease in the level of unfolded protein in MBP hydrogels

in the presence of maltose, suggesting that this is the right interpretation of the data

presented here. So it can be seen that the change in hydrogel properties was not a

direct result of the increased mechanical stability of the building block but rather a

downstream consequence of such an enhancement of the building block i.e. a change

in the level of unfolded protein and cross-linking in the inter-cluster region. Another

example of this mechanism is the relaxation behaviour of MBP hydrogels. While it is

the thermodynamic stability that drives the regime change in the relaxation behaviour
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it is ultimately limited by the local mechanical stability. Building blocks with enhanced

mechanical stabilities (in the presence of maltose) do not exhibit this two-regime

behaviour, due to the conservative effects of enhanced mechanical stability has on

preserving the integrity of the protein folded structure.

The structural results in this chapter concur with previous structural characterisation

of MBP hydrogels, suggesting that MBP hydrogels are constructed from fractal-like clus-

ters of cross-linked folded protein which are linked together by a connecting inter-cluster

region populated by folded and unfolded protein. The thermodynamic and mechanical

stabilities of the building block have crucial roles in altering and defining the structure

of folded protein hydrogels. The thermodynamic stability of the network building block

affects the morphology, density and size of the fractal-like cluster, with lower thermo-

dynamically stable building blocks leading to smaller denser clusters. This could be

due to the fact that protein on the edges of the clusters more readily unfold, shrink-

ing the cluster radius and leaving the denser core of the fractal-like cluster. Conversely

the mechanical stability plays a role in preserving the morphology of the fractal-like

clusters i.e. the density and morphology of clusters constructed from building blocks

with enhanced mechanical stability is invariant with respect to thermodynamic stability.

Although the cluster size still decreases with decreasing thermodynamic stability. In-

terestingly, bound-MBP hydrogels exhibited increase density of the inter-cluster region

as the thermodynamic stability of the building block is reduced. Previously published

work by Del Gado et al. [215, 216] and Furst et al. [217], demonstrated theoretically

and experimentally, that the arrangement and linking between clusters in colloidal glass

systems, is the dominant factor in defining the mechanics of the network. The work of

Del Gado et al. and Furst et al. suggests that hydrogels with higher density of protein

in the inter-cluster region should exhibit a higher storage moduli, however the opposite

is observed. Bound-MBP hydrogels show decreasing G’ values with decreasing thermo-

dynamic stability, despite an increase in the density of folded protein in the inter-cluster

region of the network. The results of this chapter suggests that the view that only the

architecture of the inter-cluster region governs the mechanical behaviour of the network
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may be too simplistic to describe networks constructed from complex building blocks

with intrinsic properties and stabilities, such as folded protein networks.

In order to understand how the thermodynamic and mechanical stabilities of the

building block lead to alterations in the hydrogel network structures observed in this

chapter, the formation process of folded protein hydrogels must be understood. To gain

insight into the hydrogel network formation, multiple additional experiments would

be required including: rapid frame acquisition SAXS and computational modelling of

hydrogel formation that accurately captures the unfolding process in situ. Such addi-

tional measurements would also help to elucidate the regime change in the relaxation

behaviour from unfolding dominated to entanglement observed in apo-MBP hydrogels

with reduced thermodynamic stability.

Figure 5.6.0.1: Schematics of an energy landscape of a two-state unfolding pathway
of MBP (in both its apo-state (solid light blue) and in its bound-state in the presence
of urea (dashed dark blue)) from the folded state (F) to the unfolded state (U) through
a transition state (TS). Where ∆Gun is the difference in free energy between the folded
and the unfolded state. Similarly ∆Gapo

TS and ∆Gmalt−urea
TS are the difference in free

energy between the folded and the transition state in the absence of maltose and urea
and the other in the presence of both.
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Finally, based on the results and analysis of our combined structure and mechanical

characterisation approach, we propose a model for the underlying mechanism by which

the thermodynamic and mechanical stabilities of the network building block exhibit such

distant defining roles on network properties. Figure 5.6.0.1 shows a schematic of a free

energy landscape, of a simple two-state unfolding transition from the folded state (F)

and to the unfolded state (U), of apo-MBP and bound-MBP in the presence of urea. For

the purposes of simplicity it is being assumed that MBP undergoes two-state unfolding.

From the schematic it can be seen that bound-MBP in the presence of urea has the same

thermodynamic stability, ∆Gun, (the urea concentration necessary to achieve this effect

is ≈0.5M (Fig. 5.3.0.1) implying that the same amount of energy is required to unfold

either protein, so it would be expected that networks constructed from MBP in both

these chemical environments would exhibit the same properties. However, this is not

what is observed experimentally when apo- and bound-MBP hydrogels have the same

∆Gun value, which could be because while ∆Gun values are equal, the values for ∆GTS is

higher in the presence of maltose. This would suggest a higher energy barrier to overcome

in order to unfold, which would slow the rate at which bound-MBP would deform and

unfold even compared to apo-MBP of the same thermodynamic stability. This is the

proposed origin of the differential effects of the protein building block’s thermodynamic

and mechanical stability on the properties of the overall network i.e. it is likely that

the direct translation of thermodynamic stability to the mechanical properties of the

network would be better described as the energy required to deform and/or unfolded the

folded protein building block. Likewise, the preservation effects caused by enhanced local

mechanical stability, would be more accurately described as an increase in the energy

barrier to unfolding. For example, if a single location in the building block is made

more stable such that it affects the transition of the building block from a folded to an

unfolded state then this would result in an increase in the energy barrier to unfolding

rather than a change in the Gibbs free energy of the transition. Na et al. [195] showed

that bound-MBP in 0.5M urea had a lower unfolding rate than in the apo state in the

absence of urea (kun = (2.2±0.8)×10−8 s−1 in the bound state in 0.5M urea compared to

kun = (6.0±1.6)×10−7 s−1 in the apo state in 0M urea). This suggests that despite the

equivalent thermodynamic stability there is a higher energy barrier in the bound MBP
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than the apo mbp, supporting our proposed model. However in spite of this supportive

literature this model remains speculative and further measurements beyond the scope

of this work would be necessary to prove it. To confirm this model more work beyond

single molecule force spectroscopy of MBP in the presence of both urea and maltose

would be required. Additionally experiments performed in this chapter should also be

completed with engineered mutant variants of MBP with disulphide staples to provide

enhanced local mechanical stability in different areas of the building block and thereby

effect the transition pathway in different ways.
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Chapter 6

Discussion and Future Work

The results of this thesis, as presented in chapters 3 - 5, have demonstrated that the

properties of an individual building block not only effect the collective properties of a

network but crucially, define them. In particular this body of work has demonstrated,

through a combined structural and mechanical approach, that the intrinsic properties of

the building block have significant effects on the architecture and mechanics of hierarchi-

cal networks. Furthermore our results suggest that the simplistic view that the properties

of a network emerge entirely as result of the density and geometry of cross-linking [215–

217, 227–230] is not sufficient to describe the complete behaviour of hierarchical networks

in both living systems and novel bio-materials [123, 128, 129, 198, 200]. All of the studies

in this thesis have relied upon a combined structural and mechanical characterisation

approach and have demonstrated that in order to draw meaningful conclusions about

the underlying design principles these techniques must probe multiple length-scales from

the nano to the macro. Finally the results of this thesis serve as the basis for powerful

design principles to design and construct novel bio-mimetic and bio-inspired materials.

This final chapter summarises the main conclusions and the impact of these results on

the understanding of biological hierarchical networks and the development of novel bio-

mimetic/bio-inspired materials. The results demonstrating the translation of molecular-

level stability to the macro-level mechanics of multi-molecular network are discussed
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in section 6.1. The section also highlights the distinct roles of thermodynamic and

mechanical stability of the building block on the structural and mechanical properties

of the network (section 6.1.1). Section 6.2 details the results that demonstrate the

importance of in situ unfolding of the protein building block on defining the overall

architecture and mechanics of protein hierarchical network. Finally section 6.3 outlines

the possible future directions that could be taken in order to expand and extend upon

the work presented in this thesis.

6.1 The translation of intrinsic stability of the network

building block to the structural and mechanical prop-

erties of the network

In chapter 3 the stabilising effect of ligand binding was exploited in MBP-based hydrogels

to explore the translation of molecular level stability to the bulk mechanics of a network.

Upon the binding of maltose, MBP increases in both thermodynamic and mechanical

stability, rheological characterisation of MBP-based hydrogels showed increased storage

moduli and energy dissipation with increasing maltose concentration up to a plateau.

This result demonstrated that an increase in the molecular-level stability of the building

block translates across length scales to the bulk mechanical properties of a hydrogel

network. Structural analysis of MBP hydrogels using SAXS and SANS showed that the

structure of MBP hydrogels consists of fractal-like clusters connected by an inter-cluster

region populated by unfolded protein observed via CD spectroscopy. The measured

structure and level of unfolded protein is not observed to change in the presence and

absence of maltose providing further evidence that the enhancement of protein stability

at the molecular level scales directly to the macroscale.
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Figure 6.1.0.1: Summary figure of the main results of chapter 3. (left) Combination
of mechanical characterisation of MBP-based hydrogels in varying concentrations of
maltose (Fig. 3.2.1.1b), protein fold stability measurements (Fig. 3.2.2.3) and ligand
binding assays (Fig. 3.2.3.1 and 3.2.4.1(inset)) of MBP in situ in varying concentrations
of maltose to determine (right) the change in storage moduli of MBP-based hydrogels
as a function of proportion of stable and robust maltose ‘occupied’ MBP (Fig. 3.2.4.1).

Combining the rheological mechanical characterisation, structural measurements and

DSC ligand binding assays we proposed an occupation model to describe the modula-

tion of the mechanical strength (storage modulus) of the hydrogel network (Fig. 6.1.0.1).

In this model the increased concentration of maltose promotes an increase in the pro-

portion of more robust ligand bound MBP which directly correlates to an increase in

the storage modulus and energy dissipation of the hydrogel network. Interestingly this

modulation of the storage modulus is highly non-trivial, and shows that stabilising only

one fifth of the total number of building blocks leads to most significant enhancement in

mechanical properties of the network. This result suggests that only a small fraction of

the monomers are involved in governing the mechanical properties of the network, the

underlying mechanism for this is likely heavily tied into the hierarchical structure of the

network. In work by Del Gado et al. [215, 216], on colloidal gels, the mechanics of a
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network was demonstrated to emerge as a consequence of connections in the inter-cluster

region. Since the structures (and by extension the connections in the inter-cluster) do

not change in the presence and absence of maltose, this implies that simply considering

the connections in the inter-cluster region is not sufficient to completely describe the

emergence of mechanics in a hierarchical network. Furthermore this offers a potential

explanation of the non-trivial relationship of the storage modulus with the proportion

of ‘occupied’ MBP, namely that the more mechanical robust ‘occupied’ MBP monomers

are more likely to be located in the inter-cluster region which results in the significant

enhancement of bulk mechanical behaviour are low proportions of occupation (<20%).

The process during network formation which promotes more robust ligand MBP to be

in the inter-cluster space is as yet unknown and requires investigation, involving both

rapid frame acquisition SAXS and computational modelling, to determine and confirm

this speculation.

In addition the effects of ligand-mediated molecular-level stabilisation on the ki-

netic behaviour of hydrogels during formation was investigated. The gelation curves

of MBP hydrogels in varying concentrations of maltose showed that there was a post-

photo-chemical cross-linking relaxation of the storage modulus. Analysis of these curves

with a bespoke empirical equation showed that the relaxation of the hydrogel network

consists of two relaxation modes, with one taking approximately 10x longer than the

other. Comparing the time constants extracted from rheology to those observed via

CD spectroscopy of MBP in situ we attributed the faster relaxation mode (τ ∼100s)

to network rearrangement, and the longer relaxation mode (τ ∼1000s) to the unfolding

of the protein building block due to the stresses of gelation. As the concentration of

maltose is increased i.e. the proportion of more robust ligand-bound MBP is increased,

the time constant related to relaxation due to unfolding is also increased, once again

demonstrating the translation of molecular-level stability of the building block to the

bulk properties of the overall network. It would not be possible to draw these conclu-

sions about the translation of molecular level stability to the bulk mechanical properties

without the intense CD characterisation presented in this study. Such characterisation

of the folded state of the protein in situ is not commonly performed on folded protein
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hydrogels reported in the literature, apart from some exceptions[123, 134].

The results presented in chapter 3 show that a simultaneous increase in the ther-

modynamic and mechanical stability of the protein hydrogel building block results in

an enhancement of the mechanical behaviour of the protein network, and reveal that

controlling the molecular-level stability of the building block as novel method to tun-

ing the rigidity of a hydrogel network. In contrast, previous methods to modulate

the behaviour of hydrogels discussed in section 1.3.1, including using filler particles

[100, 101, 105, 106, 196], interweaving a secondary scaffold network [110, 111], etc, all

in principle rely on altering the cross-link network with in the hydrogel (e.g. altering

the density, geometry or strength of cross-links). In classical network theory the shear

modulus of a network is proportional to the cross-link density, µ, and thermal energy,

kbT, such that: [231]

G = C0µkbT (6.1.0.1)

Where C0 is a prefactor that depends on the network structure (i.e. dangling ends,

trappped entanglements, etc.) which in Flory’s affine network model is equal to 1 [227,

228], and equal to 1
2 in James and Guth’s phantom network model [230]. Importantly

in these models the mechanical strength of the network is completely dependant on

the upon the number of cross-links and their structure. These models imply that any

change in the stability of the building block that does not alter the cross-linking network

should not result in a change in the mechanical strength of the network. However in

this study it has been shown that the shear modulus can be modulated without any

alteration to the cross-linking and network structure. Similarly work by Kim et al.[131]

demonstrated larger discrepancies between theoretical models and experimental result

with hydrogels constructed from rigid building blocks compared to those constructed

from flexible building blocks. These results suggest that in order to construct a complete

theory linking the building block and network mechanical properties, the stability of the

building block must be considered. This is an important step in understanding and, in

future, exploiting the translation of building block stability on network behaviour and
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opening the door to environmentally responsive hydrogels with many broad applications.

6.1.1 Deconvolution of the distinct roles of building block thermody-

namic and mechanical stability in hierarchical protein networks

Despite the important step in understanding presented in chapter 3, the study was un-

able to determine whether the change in thermodynamic stability or a change mechanical

stability of the building block was responsible for the changes observed in the bulk me-

chanical properties of the network. To address the convolution of the effects of the

thermodynamic and mechanical stability of the building block on hierarchical network

properties the study presented in chapter 5 characterised the structural and mechanical

properties of both apo- and bound-MBP hydrogels in varying concentrations of the de-

naturant urea. The rationale was that the thermodynamic stability of the building block

could be varied by urea concentration, while the mechanical stability was independently

toggled by the addition of maltose.

Hydrogels constructed from thermodynamically less stable building blocks exhibit

lower storage moduli (Fig. 6.1.1.1) and energy dissipation, as shown by rheology. The

modulation of the storage modulus and energy dissipated is attributed to a direct de-

crease in the amount of energy needed to deform or unfold the protein building block.

In addition to the change in network rigidity altering the thermodynamic stability of

the building block, it also changes the post-photo-chemical relaxation behaviour of the

network, with networks constructed from less thermodynamic stable building blocks ex-

hibiting more rapid relaxation due to unfolding. Similar to the change in network rigidity

and energy dissipation, the reduction in the relaxation time constant due to unfolding,

is attributed to a reduction in the amount of energy needed to unfold, promoting more

rapid unfolding of the protein building block. Interestingly, in the absence of enhanced

mechanical stability the change in thermodynamic stability drives a regime change in

the relaxation behaviour from unfolding-dominated to entanglement-dominated i.e. hy-

drogels constructed from thermodynamically less stable building blocks do not exhibit

a reduction in rigidity at long times but instead exhibit an increase to a plateau due
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Figure 6.1.1.1: Summary figure of the main results of chapter 5. Storage modulus
of MBP hydrogels as a function of thermodynamic stability of the MBP building block
in the absence and presence of maltose (Fig. 5.5.1.2). (Insets) The predicted hydrogel
architectures (Fig. 5.4.0.5) of the associated circled data points.

to entanglement of the unfolded protein. However the same regime change is not ob-

served in hydrogels constructed from building block with enhanced mechanical stability,

indicating the preserving effect of mechanical stability on the integrity of the protein

fold. This is an example of the more indirect role of mechanical stability in defining

the structural and mechanical properties of a hierarchical protein network. Another

example of this indirect role is the reduced strength (storage modulus) of hydrogels con-

structed from more mechanically stable building blocks, compared to those constructed

from buildings block of comparable thermodynamic stability but without mechanically

enhancement. This reduction is attributed to the slight increase in the proportions of
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folded protein, which has the knock-on effect of reducing the level of physical cross-links

due to entanglement, hence reducing the rigidity of the network. So, rather then directly

altering the mechanics of the network the mechanical stability of the building block al-

ters the state and properties of the building block on the molecule-level (e.g. changing

the proportion of folded protein in situ) which indirectly effects the bulk mechanics of

the network. These observations suggest that the translation of building block stability

to the marco-level mechanics observed in chapter 3 is due to an increase in the thermo-

dynamic stability of MBP, rather than an increase in the mechanical stability. Indeed

many of the results of the initial study on MBP hydrogels (chapter 3) agree with the

interpretation that increased thermodynamic stability more directly governs hydrogel

mechanical properties, including increased storage moduli and energy dissipation when

the ensemble thermodynamic stability is increased (i.e. the proportion of bound- or

‘occupied’ MBP is increased).

Similar roles of building block thermodynamic and mechanical stability are observed

in the determination of the hydrogels network architecture, where the thermodynamic

stability governs the structure of protein networks. Hydrogels constructed from less ther-

modynamically stable building blocks exhibited significantly denser, smaller, fractal-like

clusters of chemically cross-linked folded protein connected by inter-cluster regions pop-

ulated with folded and unfolded protein. The change in the density and structure of

the fractal-like clusters is likely driven by the more rapid unfolding of the protein ob-

served by theological measurements of the gelation. However, these structural changes

are ultimately limited by the mechanical stability of the protein building block, as the

network structure is largely unaffected by a change in the building block thermodynamic

stability in hydrogels constructed from mechanically enhanced protein monomers. Once

again demonstrating the preserving role of the mechanical stability of the building block.

To confirm the underlying processes that lead to the change/preservation of the hydrogel

structure, the formation of the protein hydrogels should be probed using both rapid ac-

quisition SAXS to capture to the transition from a mono-dispersed solution of monomers

to a fully formed network.

Many works [127, 134, 205, 232] in the folded protein hydrogel field select proteins
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based on the mechanical stability of the folded protein, determined from SMFS studies

[194, 233, 234]. However, we have demonstrated here that the building block mechanical

stability is only a single piece of the puzzle for the translation of single molecule prop-

erties to the bulk mechanical properties of the network. In fact our results demonstrate

that the thermodynamic stability of the protein building block plays a more direct role

in the defining the mechanical properties of the network, compared to the mechanical

stability. To explain the origin of the differential and distinct roles of building block

thermodynamic and mechanical stability, we proposed an energy landscape model. In

this model the direct effects on the structure and mechanics of the network due to ther-

modynamic stability (e.g. change in the cluster density or modulation of the network

storage) are described by a change in the difference in free energy between the folded

and unfolded state. Whereas the indirect effects of mechanical stabilisation (e.g. limiting

the regime change in the relaxation behaviour) originate from a change in the transition

state of the protein’s unfolding pathway i.e. resulting in a higher energy barrier to un-

folding. While this model is able to explain the observed effects of manipulating the two

stabilises of MBP on the subsequent hydrogel network, further work beyond the scope of

this thesis is necessary to confirm the legitimacy of this model including SMFS studies

on MBP and mutant MBP with specifically located disulphide bonds.

The crucial and distinct roles of building block thermodynamic and mechanical sta-

bility on the properties of hierarchical protien networks have been demonstrated in this

work and a model to explain the route of these differential effects has been proposed (be-

yond the scope of this project is necessary to confirm this proposed model). This chapter

also demonstrates the importance of intensive characterisation and selectivity of the net-

work building block to produce a network with precisely tailored mechanical properties

for applications, whether these applications are naturally derived [24, 27, 28, 42, 43, 179],

e.g. the actin cytoskelton or for in vitro use [95, 235, 236] e.g. hydrogel wound dressings.

Understanding and tuning the thermodynamic and mechanical stabilities of the build

block emerges as a novel way to tune not just the mechanical strength of a network but

a whole host of properties including the relaxation behaviour, energy dissipation and

structural properties of the network.
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6.2 The defining role of in situ unfolding on hierarchical

network architecture and subsequent mechanics

The structural characterisation of MBP-based hydrogels presented in chapter 3 specu-

lated that the proposed structure of folded protein hydrogels was critically limited by the

unfolding of the protein building. By toggling the force liability of the naively disulphide

stapled protein BSA via the addition of DTT and effectively restricting or permitting un-

folding, the defining role of in situ unfolding on the network’s structure and mechanical

properties was demonstrated.

Figure 6.2.0.1: Summary figure of the main results of chapter 4. (left) Predicted
network architectures of BSA hydrogels in the (top) absence and (bottom) presence of
DTT. (right) Gelation curves showing storage and loss moduli as a function of gelation
time and the extracted time constants of post-photo-chemical cross-linking relaxation
(where τ1 and τ2 are attributed to the relaxation due to network rearrangement and
unfolding of the hydrogel building block respectively) of BSA hydrogels in the (top)
absence and (bottom) presence of DTT.

Measurement of BSA hydrogels in the absence and presence of DTT using SAXS

and SANS that there is a significant difference in the architecture of the BSA hydrogels

when the disulphide staples, restricting the unfolding of BSA, are removed. Analysis of

the curves with a fractal structure model suggested the presence of fractal-like clusters of

cross-linked folded protein connected by an inter-cluster region populated by either folded
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or unfolded protein (in the absence and presence of DTT, respectively), in agreement

with the previously determined structure in MBP hydrogels. Using a new analysis the

density of folded protein in a fractal-like cluster and the connecting inter-cluster region

can be determined. This analysis showed that allowing the protein building block to

unfold, leads to a more heterogeneous network with dense fractal-like clusters connected

by an inter-cluster region populated by unfolded protein and sparely by folded BSA.

While restricting unfolding leads to the formation of more heterogeneous networks with

comparatively sparser fractal joined by a connecting inter-cluster more densely populated

by folded protein. The significant alteration in network architecture demonstrates that

in situ unfolding is crucial in defining the structure of protein network. To complimented

this structural analysis with computational modelling (courtesy of Dr Benjamin Hanson)

to investigate hydrogel network formation, which showed that a homogeneous presence

of unfolded protein during gelation was not sufficient to cause the significant change

in the fractal dimension of the cross-linked cluster that is observed in our experimental.

From this we deduce that it is the act of unfolding of specific force labile protein building

blocks during gelation, rather than the presence of unfolded protein, that is crucial in

defining the hydrogel architecture. To confirm this hypothesis, further investigation

beyond the scope of this work would be needed including rapid frame acquisition SAXS

and computational modelling that accurately models unfolding during gelation.

The unfolding of proteins has been utilised in folded protein hydrogels to imbue them

with interesting properties such as shape memory [129] and stimuli-responsive mechanical

behaviour [123], demonstrating the interesting applications that in situ unfolding can

give rise to. However, these studies do not perform structural analysis on the hydrogel

network architecture, nor the effects building block unfolding has on it. This study

has performed the most in-depth analysis and characterisation folded protein hydrogel

architectures to-date, to the best of our knowledge. And has shown that in order to gain

complete understanding of the role of protein unfolding in hierarchical networks, intense

structural characterisation is required.

The architecture changes that arise from the regulation the ability of the protein

building block to unfold has significant effects on the bulk mechanics of the network.
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Networks formed from force labile protein exhibit storage moduli that are 3-fold higher

than those formed from disulphide reinforced protein, as well as enhanced viscous and

energy dissipation behaviour. The increased viscous behaviour was attributed to the

higher prevalence of unfolded protein in the connecting inter-cluster region of hydrogels

constructed from the force labile building block. The increase in the elasticity of the

network was attributed to additional chemical cross-links formed between the force-

induced unfolded protein strand in the inter-cluster region, suggesting that building

block unfolding and cross-link density in the inter-cluster region is key in modulating

the mechanics of the network. Indeed the governing role of connections in the inter-

cluster region has been observed in other soft matter systems such as colloidal gels.

Del Gado et al. [215, 216] and Frust et al. [217] observed that the so called ‘rigidity

percolation network’ was key in regulating the mechanical properties of the network

and similarly found that heterogeneity in the network structure crucial in governing the

mechanical response of the network. We have shown similar behaviour in hydrogels of

significantly lower volume fraction (≈7%) than the previously published colloidal gels

(≈40-50%), suggesting that the dependency of the mechanics on the inter-cluster region

is independent of the volume fraction of the system.

The difference in relaxation behaviour of BSA hydrogels constructed from disulphide

reinforced and force labile protein is striking. To describe the post-photo-chemical cross-

linking relaxation of networks formed from reinforced protein a single relaxation mode is

required. In contrast networks formed from force labile protein required two relaxation

modes in order to adequately describe the relaxation behaviour. By utilising CD spec-

troscopy and recording the change in the proportion of folded protein in the gel over time

post-photo-chemical gelation, this additional relaxation mode is proposed to be due to

the unfolding of the force labile building block protein post-photo-chemical cross-linking.

Demonstrating the direct translation of a change in the structure at the molecular-level

to an alteration of the mechanics at the macro-level. Additionally, BSA hydrogels soaked

in DTT post-formation exhibit the additional relaxation mode as well as a factor of 2

reduce in the storage modulus. The reduction in storage modulus upon soaking of the

network is consistent with previous measurements of protein based hydrogels by Kim et
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al., who demonstrated that by replacing a rigid connecting building block with similarly

sized flexible one results in a 2-fold decrease in network rigidity [131].

In situ unfolding of the protein network plays a fundamental role in defining the

network architecture and mechanics of the network. While all studies demonstrate the

necessity for combined structural and mechanical characterisation at multiple length

scales, it is most effectively shown in this study where conclusions could only be effectively

drawn by understanding what was happening at each level of hierarchy within the system.

Toggling the transition of the protein building block from a rigid folded state to a flexible

unfolded state emerges as a powerful method for controlling the inter-cluster region of the

network structure and the subsequent mechanical response, and is significantly important

in the development of novel bio-mimetic and bio-inspired materials.

6.3 Future Work

The work detailed in this thesis has attempted to address the difficulty of predicting the

translation of the properties of an individual building block to the collective properties

of a network of such individuals. Although significant progress was made, particularly

in understanding the cross-length scale translation of building block stability, many

questions still remain. Some examples generated as a direct result of this work are:

i) What is the underlying mechanism behind the non-trival dependancy of storage

modulus vs proportion of more mechanically robust ligand? And why only 20% of

the building block needs to be made more robust to lead to the most significant

increase in network mechanic?

ii) During the gelation process which proteins undergo unfolding? And what is the

underlying mechanism? When during the gelation process does unfolding occur

and how are protein building blocks ‘selected’?

iii) The work in this thesis focuses on networks constructed from globular folded pro-

teins, while many naturally derived protein networks are constructed from fibrous
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proteins. So, how will the results presented in this work map to fibrous protein

networks?

6.3.1 Determination of the formation process of photo-chemically

cross-linked protein networks

The majority of work in this thesis focus on the end point mechanics and structure of

folded protein hydrogels, however to allow greater understanding of the translation of

molecular stability and the formation process of folded protein based hydrogels need to

be investigated in detail. In order to do this two key techniques are required: rapid

frame acquisition SAXS and computational modelling that is able to accurately capture

the unfolding kinetics of proteins in situ.

Rapid acquisition SAXS measurements would allow for the tracking and structural

characterisation at each stage as the system transitions from a mono-dispersed solution

of monomers to a fully formed cross-linked network. These scattering measurements

would also serve as benchmarks for simulations able to simultaneously model the photo-

chemical cross-linking process and the complex kinetics of in situ protein unfolding.

The combination of both these techniques would aid understanding of how more robust

building block affect the formation process (i.e. are they preferentially found in specific

areas of the structure such as the inter-cluster region) and which proteins are most

likely to unfold and lead to the interesting structural changes we have observed in folded

protein hydrogels.

6.3.2 Crossover from globular to fibrous protein networks

While the results of this project focus on protein network constructed folded globular

protein, many hierarchical protein networks found in nature are fibrous in nature in-

cluding α-lamins [43], the actin cytoskelton [7] and collagen [42]. It is unclear how the

relationships and dependencies observed and determined from folded globular protein

networks map on to networks constructed from more fibrous proteins. One of the major
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difference between these systems is one of geometry i.e. in fibrous hydrogels the building

block monomer is many times longer than it is wide, whereas globular proteins have

comparatively similar lengths and widths. This difference in aspect ratio could be the

source of any discrepancies between globular and fibrous protein networks.

To investigate this and determine the crossover from globular to fibrous protein net-

works, engineered polyprotein constructs of varying lengths should be used to construct

protein hydrogels. Using the methods and analyses in this project, the structural and

mechanical properties of protein networks could be determined as a function of build-

ing block aspect ratio. Furthermore if the correct protein is selected to include in the

polyprotien construct, for example MBP, the effects of changing building block stability

as function of aspect ratio could also be determined. This would allow for the mapping

of the results measured on globular protein networks to fibrous protein networks and

vice versa, which would be extremely useful in the development of novel bio-inspired

materials.
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Appendix A

List of chemicals and

experimental apparatus

This section gives a list of thew apparatus, kits and manufacturers used in this project.

AKTAprime plus GE Healthcare, UK

Avanti J-26 XP Centrifuge Beckman Coulter, USA

Autoclave Prestiage Medical, UK

BUCHI Vac V-500 vacuum pump Sigma Aldrich, USA

Cell disruptor Constant Cell Disruption Systems, UK

Chirascan CD Spectrometer Applied photophysics, UK

GenFuge 24D Centrifuge Progen Scientific, UK

HANNA pH 20 pH Meter HANNA Instruments Ltd, UK

HisTrap HP 5 ml column GE Healthcare, UK

Modular Compact Rheometer 302 Anton Parr Ltd, Austria

Nano-inXider SAXS/WAXS instrument Xenocs, France

Snakeskin Pleated Dialysis Tubing, 3’500

MWCO

Thermo Scientific, UK

UltroSpec 2100 Pro UV/Visible Spectropho-

tometer

GE Healthcare, UK
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A.1 List of Chemicals

This section lists the chemical used in this project and the corresponding suppliers. The

buffers and media in this project were all made with Purite 18MΩ distilled (Milli-Q)

water.

Chemical name Company

A

Agar Melford Laboratories, UK

B

Benzamidine Sigma Aldrich, USA

BSA heat shock fraction, protease free, es-

sentially globulin free, pH 7, >98%

Sigma Aldrich, USA

C

Carbenicillin disodium salt Formedium, UK

Deoxyribonuclease, DNAase Sigma Aldrich, UK

1,2-Dithiothretol, DTT Formedium, UK

E

Ethanol Fisher scientific, UK

G

Glycerol Fischer scientific, UK

H

Hydrochloric acid/HCl Fischer scientific, UK

I Imidazole Sigma Aldrich, UK

L

Luria-Bertani Broth, LB broth (ready

mixed)

Melford Laboratories, UK

M

Magnesium sulphate/MgSO4 Sigma Aldrich, USA

D-(+)-Maltose

monohydrate/C12H22O11·H2O

Sigma Aldrich, USA

P
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Phenylmethylsulphonyl fluoride, PMSF Sigma Aldrich, USA

S

Sodium chloride/NaCl Fischer scientific, UK

Sodium hydroxide/NaOH Fisher scientific, UK

Sodium Persulfate/Na2S2O8 Sigma Aldrich, USA

Sodium phosphate dibasic/Na2HPO4 Sigma Aldrich, USA

Sodium phosphate monobasic/NaH2PO4 Sigma Aldrich, USA

T

Tris(2,2’-bipyridyl)ruthenium(II) dichloride

hexahydrate/ C30H24Cl2N6Ru·6H2O

Sigma Aldrich, USA

Tris-(hydroxymethyl)-aminomethane,Tris Fisher scientific, UK

Triton-X VWR (USA)

U

Urea/CO(NH2)2 Sigma Life Science, USA
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Appendix B

Additional Formulae and

Derivations

B.1 Derivation of the proportion of bound-MBP

By considering the definition of the dissociation constant,Kd of the apo-, bound-MBP

equilibrium reaction

Kd =
[MBPapo] · [maltoseunbound]

[MBPbound]
(B.1.0.1)

Substituting

[MBPapo] = [MBP ]− [MBPbound] (B.1.0.2)

[maltoseunbound] = [maltose]− [maltosebound] (B.1.0.3)

[MBPbound] = Pocc[MBP ] (B.1.0.4)

into equation B.1.0.1 and rearranging for Pocc gives
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Pocc =
([MBP ] + [maltose] +Kd)−

√
([MBP ] + [maltose] +Kd)2 − 4[MBP ][maltose]

2[MBP ]
(B.1.0.5)

B.2 Langmuir-type equation

X[maltose] =
∆X[maltose]

Kd + [maltose]
+X0 (B.2.0.1)

Where X study is substituted for either melting temperature, shear moduli or energy

dissipated.

B.3 Derivation of fractal structure factor

Start by considering the N of monomers of size, r0, in a fractal of radius, r,

N(r) = ρk

(
r

r0

)Df
(B.3.0.1)

where ρk is the packing fraction (which for randomly packed spheres is≈0.639). Equation

B.3.0.1 can be used to determine the radial number density of a fractal,

ρ(r) =
dN(r)

dV
=
ρk ·Df

4πr
Df
0

· rDf−3 (B.3.0.2)

The radial number density,ρ(r), can be written in radial distribution function, g(r),

ρ(r) = φ0g(r) (B.3.0.3)
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where φ is the mean volume fraction of the monomers over the whole system. Rearrang-

ing equation B.3.0.3 and substituting in equation B.3.0.2 gives

g(r) =
ρk ·Df

4πφr
Df
0

· rDf−3 (B.3.0.4)

Fractal systems in reality are not ideal mathematical fractals and as such do not

continue ad infinitum, so in order to model the finite size of real-world fractal aggregates

an exponential term, e
− r
ξ , is introduced into g(r) where ξ is the cut-off length of fractal

behaviour (i.e. the mass of the system scales with respect to the fractal dimension)

g(r) =
ρk ·Df

4πφr
Df
0

· rDf−3e
− r
ξ (B.3.0.5)

The structure factor is defined as the Fourier transformation of g(r)

S(q) =

∫ ∞
0

g(r) · e−iq̂r̂ d3r (B.3.0.6)

Assuming that the fractal object is radial symmetric S(q) becomes

S(q) =

∫ ∞
0

g(r) · 4πr2 · sin(qr)

qr
dr (B.3.0.7)

Subbing equation B.3.0.5, cancelling out and rearranging gives

S(q) =
ρk ·Df

qφr
Df
0

∫ ∞
0

rDf−2e
− r
ξ · sin(qr) dr (B.3.0.8)

Completing the integral and rearranging gives the functional of the fractal structure

factor used in this work.

S(q) =
DfΓ(Df − 1)[
1 + 1

(qξ)2

]Df−1

2

·
sin
[
(Df − 1)tan−1(qξ)

]
(qR0)Df

(B.3.0.9)
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B.4 Derivation of the number of monomers in a finite-sized

fractal

Considering the formula which describes g(r) given in previous derivation (section B.3)

ρ(r) = φ0g(r) (B.3.0.3)

rearranging, substituting ρ(r) = dN(r)
dV and assuming radial symmetry of the system

(i.e. dV = 4πr2dr) gives

dN(r) = φ0g(r)4πr2dr (B.4.0.1)

Substituting in g(r) for finite-sized fractal aggregates of monomers (Eqn B.3.0.5) and

cancelling down results in

dN(r) =
ρk ·Df

r
Df
0

· rDf−1dr (B.4.0.2)

By integrating with substitution (where u = r/ξ) equation B.4.0.2 with respect to r

from 0 to a radius, R, from the centre of the fractal aggregate

dN(r) =

∫ R

0

ρk ·Df

r
Df
0

· rDf−1dr (B.4.0.3)

gives an expression for the total number of monomers in a sphere of radius, R, from

the centre of the fractal cluster

N(r) = ρk ·Df ·
(
ξ

r0

)Df
γ

(
Df ,

R

ξ

)
(B.4.0.4)
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where γ
(
R
ξ

)
is the lower incomplete gamma function, which is defined as

γ

(
Df ,

R

ξ

)
=

∫ R
ξ

0
xDf−1e−xdx (B.4.0.5)
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Appendix C

Supplementary info for chapter 3

C.1 Additional rheological measurements of MBP hydro-

gels

Figure C.1.0.1: The value of the power law exponent, extracted from the frequency depen-
dence of the storage and loss moduli in Fig. 3.2.1.1, as a function of maltose concentration.
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Figure C.1.0.2: Strain amplitude ramps showing the (a) storage and (b) loss moduli of
chemically cross-linked MBP hydrogels as a function of the maltose concentration. The large
drop occurring at approx. 300 ± 60% in both moduli is attributed to rupture of the gel
and shows no statistically significant trend with maltose concentration. (c) Ratio of loss to
storage modulus as a function of strain and maltose concentration, an upturn is noted at
strains of approx. 300% after which tan(δ) becomes larger than one, meaning the viscous
forces now dominate the system, demonstrating rupture of the gel network.
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Figure C.1.0.3: Stress-Strain curves of chemically cross-linked MBP hydrogels as a func-
tion of maltose concentration. Samples were strained to (a) 10% and (b) 30% at a rate of
1%/s and then unloaded down to 0% at the same rate. Similar trends are seen in these
curves as shown in the main text (Fig. 3.2.2.1).

Figure C.1.0.4: Exemplar stress-strain curves of chemically cross-linked MBP hydrogels.
Red lines show linear fit below 15% strain, the gradient of which is interpreted as the storage
modulus of the hydrogel in the linear regime.
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Figure C.1.0.5: Residual strain at 0 Pa extracted from the strain-strain curves in fig-
ure 3.2.2.1 upon unloading of MBP hydrogels strained to 50% as a function of maltose
concentration in the hydrogel.
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Figure C.1.0.6: Exemplar stress-strain load curves of MBP based hydrogels as a function
of maximum strain. All strain loading was performed at a rate of 1%/s up to the maximum
strain before unloading and restraining. Note that all curves overlay i.e. follow the same
strain path, demonstrating that at strains up to 75% the gel is not damaged or permanently
deformed.
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Figure C.1.0.7: Energy dissipated of MBP hydrogels extracted from stress-strain curves
as a function of maximum applied strain in the presence and absence of 10mM maltose.

Figure C.1.0.8: Gelation time, tgel, of photo-chemcially crosslinked MBP hydrogels (fi-
nal concentrations: 100mg/ml MBP, 30mM NaPS, 100µM Ru(II)bpy 2+

3 ), illuminated at
t=60s till t=360s, as a function of maltose concentration. (insert) Exemplar gelation curve
demonstrating the definition of tgel used in this work.
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Figure C.1.0.9: (a) Exemplar gelation curve (showing storage and loss moduli vs time) of
photo-chemical cross-linked MBP hydrogels (final concentrations: 100mg/ml MBP, 30mM
NaPS, 100µM Ru(II)bpy 2+

3 ). Illuminated at t=60s till t=360s. (b) Measured force normal
to the plane of shear (The positive direction is defined as upwards) during gelation of a
MBP-based hydrogel.
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Figure C.1.0.10: Exemplar gelation curve (showing storage modulus vs time) of chemical
cross-linked MBP hydrogels (final concentrations: 100mg/ml MBP, 30mM NaPS, 100µM
Ru(II)bpy 2+

3 ). Red line shows fit of empirical fitting function (eqn 3.4.0.1) to the gelation
curve data.
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C.2 SAS form factor measurements of MBP and exemplar

SAS fitting

Figure C.2.0.1: (a) SANS scattering curve of MBP in 25mM sodium phosphate buffer
pH 7.4, at a concentration of 10mg/ml. (b) P(r) inversion analysis of the data in figure
C.2.0.1a, extracting an Rg value of ≈21Å(c) Guinier plot of the data in figure C.2.0.1a,
fitting this curve with a linear fit extracts a value for Rg of (20±1)Å. (d) SAXS scattering
curves of MBP in 25mM sodium phosphate buffer pH 7.4, at a concentration of 10mg/ml.
Experiments performed in the presence and absence of 10mM maltose. (e) P(r) inversion
analysis of the data in figure C.2.0.1d, extracting a Rg value of ≈24Å(absence of maltose)
and ≈23Å(presence of maltose). (f) Guinier plot of the data in figure C.2.0.1d, fitting this
curve with a linear fit extracts a value for Rg of (24±1)Åin the absence and (23±1)Åin the
presence of maltose.
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Figure C.2.0.2: SANS curve of MBP hydrogel in the presence of 10mM maltose, taken
on the time-of-flight diffractometer instruments ZOOM the ISIS Spallation Source (Did-
cot, UK). The red line showing the fit from equation 3.3.0.1. Insert: Magnification of the
scattering curve to clearly show the presence of Kiessig fringes and the peak to peak analysis
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Appendix D

Supplementary info for chapter 4

maybe white text will fix the issue

Figure D.0.0.1: High tension (HT) of the CD spectrometer as a function of wavelength
when measuring BSA at high (100mg/ml) and low (∼ 0.2mg/ml) concentrations. As the
signal from the sample is reduced the detector must increase its sensitivity, so a high HT
signal indicates a low signal-to-noise ratio of the signal form the sample. At 1000V the
sensitivity of the detector is saturated.

199



D.1 Additional structural information for the modulation

of architecture due to in situ protein unfolding

Figure D.1.0.1: (a) Normalised circular dichroism spectra of BSA in solution (100mg/ml)
in the absence (light red) and presence (dark red) of 3mM DTT. (b) SAXS curves of
100mg/ml BSA solutions in the absence (light red) and presence (dark red) of 3mM DTT.

Figure D.1.0.2: a) SAXS curves and b) SANS curves of folded BSA hydrogels (final
concentrations: 100mg/ml BSA, 50mM NaPS, 100µMRu(II)bpy 2+

3 ) in the absence (light
red) and presence (dark red) of DTT. Where SAS data from an apo-MBP is included in
grey (Taken from figure 3.3.0.1).
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Figure D.1.0.3: Exemplar plot of the number of protein monomers in a cluster as a function
of distance from the centre of the cluster, determined by equation 4.3.1.2 and the extracted
scattering parameters in figure 4.3.1.2. Intersection of the red fitted lines (red dot) used to
extract the number of proteins per cluster and estimate the cluster radius (dashed line).
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Figure D.1.0.4: Number of boxes ‘filled’ as a function of total number of boxes, in the
BioNet simulations with periodic boundary conditions. Using a two-segment piecewise fit,
the first has gradient of three, the fractal dimension of cross-linked clusters in BioNet is
given by the second gradient. “ff” is the folded-fraction. This analysis was performed by Dr
Benjamin Hanson and gratuitously given to be used in this work.
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D.2 Additional information regarding the mechanical

characterisation of BSA hydrogels

Figure D.2.0.1: Timescales of relaxation extracted from the fits in figure 4.4.1.2, where
the filled column is the time constant of the network relaxation and the striped column is
the time constant of the protein unfolding relaxation mode.

Figure D.2.0.2: Gelation curves, showing storage (closed symbols) vs time of a BSA
hydrogel in the absence (left) and presence (right) of DTT. The red lines shows fits where
only one relaxation mode is included in the model (i.e. B2 in equation 3.4.0.1 is set to zero),
and the green lines show the fit when two relaxation modes are included in the model. Tables
of fit values are included to demonstrate non-sensical values obtained when fitting BSA in
the absence of DTT with two relaxation mode model.
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Appendix E

Supplementary info for chapter 5

Figure E.0.0.1: SAXS curves of 100mg/ml BSA solutions in the absence (light blue) and
presence (dark blue) of 10mM maltose.
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