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Abstract

Folded protein-based hydrogels are a novel class of biomaterials which combine
the useful viscoelastic properties of individual proteins together with the prospect of
rational design principles. Whilst the macroscopic properties of these materials have
been well-studied, there is a paucity of understanding of their mesoscopic formation
mechanisms, especially given the differences in building block compared to biopolymer
hydrogels.

We present the results of a simulation study into the growth of polymeric networks
of chemically cross-linked folded proteins that form the structural backbone of these
hydrogels, observing how experimentally controllable parameters affect the resultant
network growth and structural characteristics. We show that the initial volume fraction
emerges as the dominant parameter at the network level, but that the properties of the
single protein remain important. We ultimately show that we can tune the properties of
a monodisperse protein hydrogel network only within limits which are dictated primarily

by implicit diffusion time scales.



Introduction

In recent years there has been a push throughout the life sciences, soft matter sciences
and bio/nano-sciences to design so-called ‘smart’ biomaterials. This somewhat umbrella
terminology refers to a general class of idealised materials which would respond in some
way to either external physical or chemical stimuli, or directly to human intervention, and
subsequently alter their behaviour in such a way as to optimise their performance in their
designed task. Amongst these materials are biological hydrogels,'™ which are usually formed
when some type of hydrophilic biopolymer is induced into forming a cross-linked, percolating
network.*® The hydrophilicity of the network draws in relatively large quantities of water
and causes significant expansion, whereas the subsequent elastic response of the network
(whether entropic or enthalpic in origin) counters the expansion. The result is a stable,
viscoelastic equilibrium state; a hydrogel. 57

Due to the high water content?®?’

and the underlying components from which they are
formed, these objects are often intrinsically biocompatible and therefore have a diverse ar-
ray of biomedical applications.!®1® Due to their structural and mechanical similarity to the
extra-cellular matrix environment, the clinical applications of hydrogels often focus on mim-
icking this either internal to the body, such as for tissue engineering or drug delivery 416718
or external to the body, such as for wound healing.'® 2! Proteins, then, as the functional
units of the body, are also an attractive structural subunit if one wishes to develop a diverse
class of smart materials within an ECM-like environment. Proteins have unique nanoscale
viscoelastic properties in that they can elastically deform up to a certain point with an
enthalpic response from the intra-protein bonds, but once these bonds break, the protein
will begin to unfold and respond entropically as an amino-acid chain.?? Nevertheless, both
prior to and following unfolding, connected proteins (whether by cross-links or amino-acid
chains) exhibit a polymeric response akin to standard biopolymers.?* Additionally, folded

proteins have inherent biological functionality that, if preserved within the hydrogel net-

work, may be exploited in a controlled fashion. Although some clinical applications have



been suggested,?4%

significantly less is known about the generalised behaviour of protein
hydrogels.

Wu et al. showed that the qualitative properties of the protein building blocks (ductility,
toughness, stiffness etc) can be translated to the macroscale,?® indicating that rational design
is possible. Recently, using maltose binding protein (MBP) as the protein building block,
Hughes et al. were able to show that the intrinsic functionality of the individual proteins can
also be exploited as a part of this rational design process.?” By measuring the multi-scale
structural characteristics of MBP hydrogels in the presence of varying amounts of maltose,
they were able to show, using a variety of experimental techniques, that not only do most of
the proteins still exist in their folded state within the swelled network, but that mechanically
strengthening those proteins via binding maltose strengthens the overall hydrogel. They also
provide a novel structural justification for these observations. Earlier experiments by Da Silva
et al. further showed that the effect of having intermediate structure in the form of small
polyproteins also translates to the macroscale,?® and bespoke simulations by Shmilovich and
Popa confirm this,® going so far as to suggest that macroscopic behaviour could be used
to infer ensemble protein unfolding kinetics. Indeed, recent work has suggested that it is
the protein unfolding itself that leads to the emergent viscoelastic behaviour measured in
protein hydrogels.?”??3% For those interested in the full scope of research in this area, a
comprehensive review by Li et al. ! was recently published.

Importantly for this work, Grad et al. were recently able to design highly specific network
building blocks to show that in addition to the cross-linking kinetics, the network topology
of a hydrogel affects its stress relaxation capabilities.?! Whilst Grad et al. used intermedi-
ate coiled-coils as cross-links between polymer chains, other methods of cross-linking are
available such as direct covalent cross-links or physical interactions.??33 Nevertheless, their
work implies that microscopic connectivity limits on cross-linking can also translate to the
macroscale. Correspondingly, at the single protein level there are a variety of experimental

techniques that can be employed to engineer the specific properties of the protein building



blocks used to form these types of protein-based hydrogel.?23435 By choosing a base protein
sequence and using standard E.coli expression methods,?! we can effectively choose an initial
size, shape and mechanical type of building block.?® Protein engineering around this base
structure allows us to design specific residues which, if exposed to light, will radicalise, thus
making them candidates for covalent chemical cross-linking.! Ruthenium catalysed cross-
linking techniques®” are currently used in our group,?” where (primarily) surface-accessible
tyrosine residues are made able to form covalent bonds with one another on exposure to

light, but as with standard polymer hydrogels, other methods are available3233

and may be
sometimes be required.® Whichever the case, if these cross-links are sparse enough, such
alterations ought not to affect the secondary and tertiary structures of the proteins, giv-
ing us two nanoscale variables to alter when designing folded protein-based hydrogels: the
single-protein binding site distribution, and the size of the protein itself. Together with the
overall protein concentration / volume fraction, we have a rich, controllable parameter space
with which to alter the physical properties of folded protein-based hydrogels.

Currently missing from the wealth of research is a detailed structural and mechanical
understanding of these systems spanning the biological mesoscale. It has been previously
noted that whilst we can characterise the macroscopic properties of ECM mimicking materi-
als, it is difficult to predict what these properties will be given knowledge of only the singular
component structures.® With standard polymer hydrogels, in fact, the ‘fundamental unit’,
as we might define by the average pore size or amount of polymer between cross-links, re-
mains almost unknown until the hydrogel has formed. Whilst sophisticated models exist
which can model this swelling behaviour, they are often general, mathematically continuous
models which therefore do not explicitly refer to underlying structure, and can be empiri-
cally parameterised for almost any system.*%* With globular protein hydrogels on the other
hand, our fundamental unit must be the single globular protein, which can be engineered to
have a specific properties and is what subsequently unfolds upon swelling. For developing

rational design principles for protein hydrogels, then, it is necessary to investigate how these



nanoscale properties translate to the macroscale. For example, whilst we may be able to
infer a relationship between the system-wide cross-linking density and macroscopic proper-
ties of protein hydrogels, it is not yet clear how these densities emerge as a function of the
individual protein structure. Similarly, whilst we are starting to see that protein unfolding
can contribute towards mediating the elastic response throughout the hydrogel network,3°
is not yet clear which proteins unfold and why.*? Given that we have experimental control
over the single protein structure, these questions are vital in terms of rational design.

Here, we present our initial investigation into the formation mechanisms of folded protein-
based hydrogels and the subsequent hierarchical emergence of their mesoscopic properties.
Using bespoke coarse-grained mesoscale simulations, we observe how the specific size of the
individual monomeric protein subunits and the number of cross-link sites on each, together
with their overall concentration, affects the growth dynamics and resulting structural prop-
erties of folded protein-based hydrogels, prior to the onset of swelling and subsequent protein
unfolding. We then discuss how these structural characteristics will likely affect the distribu-
tion of force throughout the network and the resultant mechanical behaviour as the hydrogel

begins to swell.

Methods

BioNet - A Dynamic Simulation Model

To analyse the formation of folded protein-based hydrogel networks we utilised BioNet, a
simulation platform currently under development in our group. BioNet models a set of N
interacting proteins, each as an independent, spherical object with radius R. It also mod-
els explicit connections between the proteins (in our case, covalent chemical cross-links) as
Hookean springs with spring constant k. and equilibrium length [,;. These objects are sim-
ulated using a Brownian dynamics approach, where each sphere has an associated isotropic

drag A = 6mrpuR dependent upon the local background viscosity p, and is subject to thermal



noise consistent with the fluctuation-dissipation theorem.

As detailed in our previous work,?® BioNet objects have real, three-dimensional physical
structure and thus, the defined chemical cross-links connect proteins to one another at point-
like binding sites defined explicitly at the surface. Together with a soft-core steric potential,
this enables stiffness and percolation to hierarchically emerge as a function of the network

connectivity and individual subunit properties as the simulation progresses. This steric

1 (V,\?
v.= gk () )

where V, is the volume overlap between two spheres, A, is the cross-sectional area of each

potential, Uy, is of the form

sphere and hence, ks is a linear stiffness constant with units comparable to a Hookean
spring. However, because the potential is a function of the volume overlap, then U, scales
with 7%, where r is the distance between two spheres, and with R°. Hence, Eq. 1 allows us to
implicitly, but efficiently, capture the effects of intrinsic stiffness and volumetric deformation.
The parameters used in our simulation are given in Table 1.

As the binding sites are located explicitly at the surface of each protein, their local geo-
metric organisation on the surface of the protein is a parameter of importance. Therefore, in
addition to translational degrees of freedom, we include the rotational motion of each sphere
within our BioNet model, with associated rotational drag and thermal noise included.*?

As these simulations are primarily investigating the initial formation and structural char-
acteristics of the underlying networks of protein hydrogels, and not their mechanical response,
we have explicitly chosen not to include protein unfolding at this stage. Nevertheless, our
study provides evidence of the formation mechanisms which may lead to the distribution of

protein unfolding within a hydrogel network and will be the topic of future research.



Simulating Chemical Cross-linking

Within BioNet simulations, if cross-linking is enabled, then if two binding sites on two
different proteins come within a distance of 2l of one another and are not already bonded,
then a bond will form between them. These bonds are not perfectly representative of a real
carbon-carbon bond as the true stiffness of these bonds would severely limit our numerical
integration timestep.** Instead, we set the stiffness by letting the fluctuations about the
equilibrium length of this bond to be a factor of ten lower than the smallest radius used,
and therefore effectively negligible. We also assume that the energy well is so deep in these
bonds that, once formed, they cannot break. Whilst BioNet is also capable of introducing a
cross-linking reaction rate, such that each binding site has a probability of being ‘active’ or
not, we have not investigated that parameter in these simulations. Hence, our simulations
can be assumed to be within the regime of diffusion-limited aggregation.*> Nevertheless, the
explicit positioning of cross-links on the surface of each protein enables real three-dimensional
percolating networks to form, with structure determined by the specific cross-links that form
and with rigidity determined by some combination of the protein-protein bonds and the

soft-core steric potential.??

Simulation Suite and Protocols

Our simulations consist of a parameter sweep over a variety of different protein volume
fractions, f,, protein cross-linking / binding site topologies, which are labelled simply by the
number of sites per protein, N, and two protein sizes represented by their radius R. Table
1 gives the specific values used, and Figure 1 shows the structures of each of the protein
IMONOIMETS.

We chose our protein radii to represent some of the specific systems being considered
in our group,?” whereas the values of N, were chosen to give a range of rotational symme-
tries for each subunit. Finally, the volume fractions were chosen to cover much of the

range of existing experimental work throughout the literature concerning globular pro-
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Table 1: Left: The physical simulation parameters used that are constant across all simula-
tions. Right: The range of variable parameters investigated in this work.

Constant Variable
Parameter Value Parameter Values
Number of proteins, N 10000 Sites per protein, N, 4,6,8,14
Steric elastic constant, kg 1560 pN.nm || Volume fraction, f, 0.5%, 1%, 5%, 7%, 10%
Cross-link elastic constant k. 411 pN.nm Protein radius, R 1lnm,2.5nm
Cross-link equilibrium length, [ 0.15 nm
Background viscosity, u 0.001 Pa.s

tein hydrogels.!8:9:26:293046749 T hag been noted that many experiments involving globu-
lar protein hydrogels are performed at relatively high volume fractions, often close to the

solubility limit.?6%6 Assuming a protein density of 1.35g/cm3?

and taking the value of
100mg,/ml quoted by Wu et al. ,%¢ then protein hydrogels are usually experimentally formed
at f, >~ 0.07. With an approximate lower limit for the minimum gelation concentration
for bovine serum albumin (BSA) hydrogels of 0.7mM? (f, ~ 0.01), we wanted to both cover
this range, and observe the potential causes of this inability to form a gel at low f, as part
of this investigation.

For each of the possible combinations of variable parameters in Table 1, we performed
three independent simulations for statistical analysis. Due to the potential dependence on the
initial state of the subsequent network that forms for diffusion-limited aggregating systems,
rigorous thermodynamically consistent randomisation of the initial state was performed, as
detailed in the Supplementary Information. All results shown have been averaged over these
three repeats, with standard errors calculated by assuming normally distributed variations
between repeats. To achieve numerical stability and accuracy in the simulations, our nu-
merical integration timestep dt was set to be a factor of ten lower than the fastest estimated
time scale within the system. We assumed this to be the relaxation of the permanent chem-

ical cross-links due to them being the most rigid mechanical objects in the system. Hence,

dt = 4.59ps.



Figure 1: The structural components used and subsequent formation of a protein hydrogel
network within a BioNet simulation. a) The four types of building block (blue spheres) used,
defined by the different cross-link site topologies (smaller grey spheres). i) Ny = 4, sites in a
tetrahedral arrangement. ii) Ny = 6, sites in a cubic (face-centered) arrangement. iii) Ny = 8,
sites in a cubic (corners) arrangement. iv) Ny = 14, a combination of the Ny = 6 and N, = 8
topologies. b) A representative structure of a mechanically relaxed initial state of a BioNet
simulation before cross-linking is initiated. c¢) The final state of a simulation performed with
N, = 8 cross-link sites, volume fraction f, = 0.05 and protein radius R = 1Inm. Movies
showing the evolution of network formation are provided as Supplementary Information.



Results

Network Growth
The emergence of network coordination and spatial cross-link density

In standard biopolymer networks and hydrogels, the density of cross-links is related to the
resultant network elasticity.® We therefore begin our analysis by calculating the evolution
of both the average number of cross-links formed on each protein (the cross-link coordination
number), C, and the average spatial cross-link number density, ny,. Whilst these values
are directly related, differing only by a scaling factor, their individual interpretations with
respect to the overall hierarchical structural organisation is of vital importance.

Visual inspection of the simulations show that intermediate clusters form, which continue
to join until percolation is reached. We define a cluster as a mathematical network of nodes
and connections, such that two proteins are in the same cluster if they are connected in some
way by intermediate bonds and proteins. Thus, our definition of clusters has little to do with
how these objects geometrically pack in physical space, only by how they are connected by
mechanical components. Percolation was measured using a form of cluster analysis,? as
detailed in the Supplementary Information.

Figure 2 shows the evolution of C; over the course of a simulation at each of the values
of Ny, for two different values of f, and with R = 2.5nm. We can see that an increase in
f» appears to increase the rate at which C,. grows over the course of a simulation, whereas
altering N, radically alters the asymptotic value of the growth process. The n. traces,
differing only by a scaling factor, show equivalent behaviour in this regard. We also note
from Figure 2b that no matter the value of Ny, C. never reaches full saturation, showing
that there are some cross-link sites within the system that remain unoccupied.

To investigate this trend explicitly, to each of the curves in Figure 2, and to the related

ng curves, we fit an empirical function of the form
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Figure 2: The evolution of the average cross-link coordination number over the course of
simulations formed of proteins with radius R = 2.5nm, shown for multiple cross-link site
topologies, N, and two volume fractions, f,. Each trace has an empirical fitting function
overlaying the data. a) f, = 0.005. b) f, = 0.1.

Y= g;Ai (1 —exp (-%)) 2)

where each ¢ corresponds to some decaying growth process with an as yet unknown cause,

N,

» 1S the minimum number of growth processes required to accurately characterise the

data, and y corresponds to either Cy or ny. We found in all cases for N, > 2 that any
additional parameters became indeterminate under a least-square fitting protocol, meaning
that two distinct process can be resolved over these timescales. We hypothesise, based on
the parameters in Eq. 2 extracted and detailed in the Supplementary Information, that
these two time scales correspond to inter-cluster and intra-cluster cross-linking. Of most
importance here though is the value y., = ). A;, which corresponds to the extrapolated
final value of y as ¢ — oo. Figure 3 shows this value plotted as a function of f, and N as

applied to both the ' data and the associated n, data.
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Figure 3: The extrapolated value defining the expected final state of the network, and
calculated through fitting Eq. 2 to the relevant data for R = 2.5nm simulations. a) Cross-
link coordination number, C;. b) Spatial cross-link density, n.

We now see clearly from Figure 3a that f, has very little effect on the average cross-link
coordination number except, apparently, at very low f,. However, through inspection of these
lower f, simulations (f, = 0.005 and f, = 0.01), we actually observe that full percolation has
not occurred in these systems and so it may be the case that application of Eq. 2 (to the curve
in Figure 2a) will have underestimated the values defining a percolated network structure.
Indeed as previously mentioned, a recent study by Khoury et al. suggested that systems with
such a low volume fraction may not form a gel at all.? This is likely due to the fact that the
clusters collapse much too quickly in comparison to the diffusion time between clusters, and
thus cannot easily fill space. Nevertheless, we see that the number of available cross-link
sites is the determining factor in the overall average cross-link coordination throughout the
network. This qualitatively corresponds to experiments performed by Grad et al. 3! in that
our monomers can also be microscopically designed to alter the network topology to some

extent.
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On the other hand, by scaling each of the values in Figure 3a by the corresponding
spatial protein number density implicitly defined by f,, we obtain Figure 3b. Now we see
that whilst Ny determines the overall cross-link density per network object i.e. the cross-link
coordination number, f, alters the number of those objects distributed in physical space. We
therefore see that both f, and N, have comparable effects on the overall cross-link density
throughout physical space. Yet, that we can add additional proteins into the system (increase
f») whilst keeping the average cross-link coordination constant suggests that we may also be
keeping the overall network topology approximately constant, which is explored further in

later sections.

The protein size affects both the cross-link coordination and spatial cross-link

density via two distinct mechanisms

To investigate this interplay between cross-link coordination and spatial cross-link density
further, we performed the same analysis on the R = 1nm simulation set. Given that we
have the same relative diffusional dynamics, our initial assumption was that with all other
parameters unchanged, a reduction in the physical separation between cross-links (on the
same protein) would increase the overall spatial cross-link density whilst keeping the cross-

link coordination per protein constant. The results of this analysis are shown in Figure 4.

We observe the same overall trends in the curves, in that f, and N, have the same
qualitative dependences as in the R = 2.5nm simulations (albeit with faster relaxation, as
detailed in the Supplementary Information). However, we can clearly see that in Figure 4a,
each of the cross-link coordination values are higher than their equivalents in Figure 3a. We
also note that for the N, = 14 system, C},; increases beyond six, which one might expect to be
the maximum given geometric considerations. This phenomenon is due to the fact that for
such small objects, where cross-link sites are relatively close to one another on the surface

of each protein, multiple bonds have formed between the same two proteins (the specific
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Figure 4: The extrapolated value defining the expected final state of the network, and
calculated through fitting Eq. 2 to the relevant data for R = Inm simulations. a) Cross-link
coordination number, Cy;. b) Spatial cross-link density, n.

distributions of these multiple bonds and their radial distribution functions are shown in the
Supplementary Information). As the proteins are given three-dimensional structure from
their soft-core potentials, and the intrinsic stiffness k, is kept constant between the two sets
of simulations, then we find that it is easier to volumetrically ‘deform’ smaller proteins than
larger ones. Hence, whilst atomistic bonding geometries are not taken into account in these
coarse-grained simulations, we nevertheless see that for sufficiently soft proteins, higher levels
of cross-linking may be expected.

As such, the overall cross-link density shown in Figure 4b is higher both because the
proteins are smaller, leading to a higher density of cross-linking sites in space anyway, but
also because the protein is sufficiently soft at this scale as to deform and allow multiple
bonds to form. Thus we see the same qualitative pattern in both R = Inm and R = 2.5nm
simulations for the cross-link density, but a significantly higher absolute value in all cases

when R = lnm.
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The combination of these insights implies that increasing the volume fraction of a protein
hydrogel does not alter the local network structure, but simply provides additional protein
material to fill in the gaps in the network. This is comparable to the wealth of work on the
reinforcement of gels using so-called ‘fillers’, in which large particles are added to fill space in
the gel matrix leading to reinforcement of the gel and an increase mechanical strength.5354
Nevertheless, whilst an increase in either N or f, will increase the overall spatial cross-link
density, increasing f, homogeneously spreads these new cross-links through space together
with new proteins, whereas increasing N, must necessarily localise the new cross-links on the
same number of proteins. This has ramifications for the way in which the protein network
subsequently responds to both swelling and externally applied forces, and more locally,

which proteins in the network will unfold. However, questions involving protein folding

require additional models to be developed and so will not be addressed in this work.

Network Structure

From this point forward we will be considering the final frames of the simulations for struc-
tural analysis, not extrapolations. Thus it is important to keep in mind the percolation
analysis detailed in Supplementary Information, in that whilst we have indications of system
spanning clusters in each of our analysed systems, there are some simulations in which all

proteins are not connected into a single cluster.

The fractal dimension increases with volume fraction, but decreases with the

number of available cross-link sites

In the previous sections we calculated average single protein properties over the network
domain. We now begin to analyse our networks as single objects by calculating their volu-
metric fractal dimensions. The fractal dimension is a measure of how the volume of network
structure fills the physical space in which it exists.?® More colloquially, it is a measure of

how ‘branched’ the structure is. Figure 5 shows the fractal dimensions of the final states of

15



each simulation considered, calculated using the box counting algorithm as detailed in the
Supplementary Information. Whilst these fractal dimensions are strictly only valid up to
the maximum box size of each simulation, recent simulations of colloidal gels analysed using
the structure factor also yield similar fractal dimensions specifically at a volume fraction of
~ 0.05.%7 Additionally, whilst they are not percolated, we present analysis of the f, = 0.005

and f, = 0.01 simulation sets, as the fractal properties are of interest.
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Figure 5: The fractal dimensions of the final state of each simulation, for a range of volume
fractions of cross-link site topologies, calculated via the box counting algorithm detailed in
Supplementary Information. a) R = Inm. b) R = 2.5nm

We immediately see from Figure 5 that the volume fraction appears to be the dominant
factor in determining the fractal dimension. Although the fractal dimension is a measure of
how space is filled at different length scales, it is not necessarily true that it must increase
with volume fraction as packing effects must also be considered. Nevertheless, in light of
our previous observation that increasing f, does not alter the local cross-link coordination
i.e. the packing behaviour, then we indeed observe that as f, increases, so too does Dy.

However, we see that this increase may be tending towards a plateau which seems likely

16



to occur at a relatively low volume fraction, especially with respect to the glass transition
volume fraction.?® This shows that the formation of covalent cross-links, highly localised and
deep energy wells,** prevents the non-specific geometric minimisations one would expect in
comparable colloidal systems. 5960

We also note that as we increase the volume fraction we cross over from a value of
1 < Dy < 2, representing a fibrillar structure, to one of 2 < Dy < 3, representing a
rough surface-like structure, at some point between f, = 0.01 and f, = 0.05. We did not
achieve system-wide percolation for the f, < 0.01 simulations, and so it may be that these
two characteristics are related, as these measured surface-like fractal structures could be
envisaged as encapsulating the volume of the system. However, we merely wish to emphasise
that all of our percolated systems have Dy > 2.

The effect of variations in N, on Dy is smaller in magnitude over the entire range of f,
considered, but has the opposite effect to a change in f,. In other words, increases in N,
result in a slightly lower value of Dy, whereas an increase in f, results in a slightly higher
value of Dy. This shows that alterations in the local cross-link topology of each protein alters
the structure at the network level by making it slightly more branched, as a higher value of
N implies that there exist more potential paths between any two proteins in the network.
This has implications in how force is distributed around the network and will potentially
affect which, or even whether, proteins unfold upon swelling. %%

Finally, we note that the R = 2.5nm simulations have a slightly lower value of D than
their R = Inm counterparts, but retain the same qualitative trends. We believe that this is
due to the fact that the R = Inm systems are able to form multiple bonds (see Supplementary
Information), thus making them pack more efficiently as the proteins ‘deform’ i.e. overlap

to accommodate multiple bonds.
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Pore sizes decrease with volume fraction and the number of available binding

sites

To observe the negative space surrounding the network, we calculate the pore size distribu-
tion throughout the network as defined by the maximal-ball algorithm.®52 This algorithm
identifies pores by discretising space into a set of voxels (tessellating cubes) and calculating
the minimum distance from the center of each of these voxels to the nearest protein surface.
Following this, the pores are placed in a connected hierarchy where the locally largest of
these are isolated as representative of the empty space within the structure (see Figure 6).
Figure 7 shows the probability distributions of pore radii for each of the R = 1nm simula-
tions, overlayed the inter-quartile range (IQR) and median. Each probability distribution
was obtained from the combined set of pores from each of the three repeats. Due to the
computational complexity of this problem, results are shown only for the highest three vol-
ume fractions, representing the percolated systems, using a voxel of length 4R to discretise
space.

We see that all length scales associated with the pores (IQR, median and maximum)
show at least a slight tendency to decrease with volume fraction, with the exception of
the smallest pore measurable which remains constant at approximately 2R. However, this
minimum value is likely be constrained by our choice of voxel size. The maximum pore size
also represents a single extreme data point, and is thus less predictable. It is clear that
the IQR decreases most sharply with volume fraction, which corresponds to the contraction
of the distribution of pore sizes around the median value. The median itself reduces only
slightly with volume fraction, which may indicate that the median is more dependent upon
the size of the subunits themselves, rather than their overall population. This has a parallel
with our previous observations in Figure 3 of the volume fraction increasing the overall cross-
link density whilst keeping the local cross-link coordination approximately constant. Thus,
we can consider the reduction in the IQR with volume fraction to again be due to space

being filled by the additional protein subunits.
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Figure 6: Visualisations of the pores calculated by the maxima-ball algorithm for one of the
R = 2.5nm, f, = 0.05, Ny = 8 simulations. a) The network calculated by BioNet, with
protein spheres shown in blue. b) Pores, show in red, overlaying the same network. They
can exist ‘outside’ the simulation box slightly as periodic boundary conditions are taken into
account.
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Figure 7: A ‘violin’ plot showing the normalised probability distributions of pore radii,
calculated via performing the classical maximal ball algorithm on the final state of each of
the R = Inm simulations, for a range of volume fractions f, and cross-link site topologies
N,. Each Ny is represented by a different colour. Blue: N, = 4, Orange: N, = 6, Green:
N, =8, Red: N, =14
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Of most interest is how the IQR, and indeed all of these size parameters, are dependent
on number of binding sites N,. We see that an increase in Ny, for any given value of f,
and with the strange exception of N; = 4, reduces the value of each size parameter. With
reference to our fractal dimension calculations, we hypothesise that an increase in /N4 causes
a more branched structure to form. For the same volume fraction, those additional branches
must ‘cut through’ pores that would exist at lower values of N,, and hence reduce both the
expected size and, by eliminating larger pores, the IQR.

As a final note, the R = 2.5nm simulations showed similar trends in the parameters f,

and N,, but generated larger pores. This data is provided as Supplementary Information.

Discussion

Throughout this simulation study we have analysed a range of emergent structural com-
plexity of protein hydrogel networks as a function of various experimentally controllable
parameters. Given the timescales involved, we hypothesise that these networks represent
the state of the protein hydrogel network prior to the onset of swelling and subsequent pro-
tein unfolding. We have found that at the individual protein level, the volume fraction f,
has only a small effect on the cross-link coordination number C,. Instead, even though
saturation is never achieved, it is the binding site topology of each protein subunit (repre-
sented by N;) which dominates the local cross-linking. This feature scales up to the network
level, where a higher value of N, and thus a higher C},;, leads to a lower value of the fractal
dimension Dy. We can infer from this that specific design of the individual protein subunits
can lead to a more (or less) branched structure.

We have also seen that whilst not changing the local cross-link coordination, increasing
the volume fraction offsets a lowering of the fractal dimension simply by filling in the empty
space within the network. This comes with an associated increase in the overall spatial

cross-link density n.;, as each new protein can and will from additional cross-links, but also
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with a decrease in the expected pore size and a reduction in the range of pore sizes. As an
increase in Ny also slightly reduces the expected pore size, we can therefore infer that an
increased cross-link density must be traded off with a decrease in pore sizes. This behaviour
is also observed in standard biopolymer hydrogels” where it can be linked to stiffness,®" and
is likely a general phenomenon.

Finally, the effect of increasing the protein radius R is a reduction in the overall spatial
cross-link density whilst retaining the lack of dependence on the volume fraction for the
cross-link coordination number. In the limit of relatively small or soft proteins we may also
observe multiple cross-links forming between pairs of proteins but in general, by increasing
the size of a protein (whilst keeping the same volume fraction), we are effectively replacing
covalent cross-links with the intra-protein bonds between folded amino acid chains. As a
small side note, it has been known for the last decade in the field of colloidal glasses that
the effect of soft particles allows for novel types of mechanical behaviour to emerge at high
volume fractions, close to the glass transition.% % For example, where a hard colloid would
not be able to continue to diffuse past its closely packed neighbours, a soft colloid could
physically deform in order to continue to diffuse, albeit over much longer time scales, in
a phenomenon is known as cage-breaking.?®% Recent work on colloidal gels suggests that
elastic effect may begin to emerge at volume fractions much lower than the system-wide
glass transition volume fraction due to the effects of locally packed clusters.®® Here, it is
interesting to observe that microscopic fluctuations in the shape of nanoscale objects such as
globular proteins may also lead to deformation significant enough to cause non-equilibrium
effects, such as kinetic formation of new cross-links.

Various hypotheses may be drawn from these observations. First, the differences in
network topology coupled to the structure of individual protein subunits implies that we can
alter how force is distributed around the network simply by altering cross-link topology of
the protein subunit. In contrast to the examples given in the seminal work of Wu et al,?®

in which multiple types of protein building block with different intrinsic properties are given
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specific mechanical roles within the network, roles such as the ‘load-bearing modules’, our
simulations instead suggest that the network structure itself may be altered whilst retaining
the protein building block (albeit with a slightly different residue structure to alter the
binding site topology). Thus the role of load-bearing module in our systems would not be
decided by the intrinsic properties of the protein subunit, but instead by its location within
the network hierarchy. If we assume equipartition of thermal energy within each cross-link,
using our value of k., we find that the expected elastic force due to thermal fluctuations is
~ 40pN per cross-link, showing that the stresses these proteins are experiencing even in their
most relaxed state is relatively high, and even on the verge of unfolding already.?>S” Figure 8a
shows the distribution of these forces for one of our simulations, coloured by the instantaneous
forces they are experiencing, showing the complexity of force distribution throughout these
networks. And indeed, Figure 8b shows that the instantaneous force experienced by each
protein is approximately proportional to the coordination number. However, the proteins
at higher coordination numbers are clearly more deeply packed into the clusters, and so
there may be no space for them to unfold into. Entropy, and packing, are also factors. For

27,29.30:49 ¢ontrol over

hydrogels whose viscoelastic response is mediated by protein unfolding,
how this force and the forces of swelling and external stresses are distributed throughout the
system is therefore vital for rational design.5

Interestingly, Hughes et al. experimentally measure higher fractal dimensions than we
do for the clusters present in their globular MBP hydrogels, which are best represented
by our R = 2.5nm, f, = 0.1, Ny = 14 simulation set. Using box counting, we measure
Dy = 2.30 £ 0.02 whereas using SANS measurements they measure Dy = 2.41 £ 0.05, and
using SAXS 2.60+0.03. Given that the diffusion-limited connectivity will likely be conserved
upon unfolding, as proteins will unfold before the cross-links will break, this discrepancy
strongly suggests that the subsequent protein unfolding present in their gels causes denser

clusters to form (i.e. locally increases f,). We intend to explicitly model protein unfolding

in our future work, using these simulations as a starting point.
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Figure 8: The distribution of force around the network formed with proteins of radius R =
2.5nm, N, = 8 cross-linking sites and a volume fraction f, = 0.07. a) The network itself,
with proteins coloured to represent the instantaneous conservative force (magnitude) each is
experiencing. The maximum force, 150pN, represents the average unfolding force calculated
from the proteins listed by Brockwell et al. ,%" and any protein above this force is coloured at
this level. b) The actual distributions of force as a function of coordination number, plotted
as a ‘violin’ plot.
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We hypothesise that an increase in the overall cross-link density generated by an increase
in f, will provide new, homogeneously distributed load-bearing modules to compensate for
the additional energy density added when more cross-links form. On the other hand, if we
instead increase N then those new cross-links must be localised to the existing load-bearing
modules, further increasing the stress. Thus we might expect the internal stresses of each
protein induced by swelling to be greater for large N, than for large f,. Such a trend can
perhaps already be inferred from the recent work of Nguyen et al. , who in a similar vein
observed the rheological behaviour of patchy colloidal gels as a function of the number of
patches per colloid interaction potential of each patch.’” They found that the measured
low frequency storage modulus significantly increased at both higher interaction potentials
and with more patches on each colloid. The limiting case of their interaction potentials
correspond to the subunits used in our simulations, with unbreakable covalent bonds and
relatively stiff proteins. How these affect the resultant elasticities for protein hydrogels,
though, will likely depend upon the unfolding kinetics of the individual proteins.

Aside from the elastic response, our analysis of the pore size distributions as a function
of volume fraction suggests that after swelling, or even on the application of external forces
where the effective volume fraction will decrease, we may be able to increase the effective
diffusion constant of our material by opening up new pathways for transmission i.e. provid-
ing more space for diffusion to occur. For objects on the order of the pores themselves, such
as small nanobubbles, this may enable a transformation between porous and non-porous
states. Finally, because the volume fraction alters how much space is filled, it also directly
affects cluster diffusion and first-pass times. It is well known that diffusion-limited aggrega-
tion leads to a lower fractal dimension than reaction-limited aggregation does,® and so from
this point of view what we are seeing at higher volume fractions is our systems moving closer
to a reaction-limited aggregation regime by reducing the relative diffusion times between
intermediate clusters. However, as our reaction rate was set to be infinite, we could never

truly enter the reaction-limited regime and hence, as can be seen in Figure 5, our fractal
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dimensions and associated pore sizes eventually plateau. If we wish to surpass this fractal
dimension limit, and create denser gels, a significant reduction in the reaction rate may be
required to enter the reaction limited aggregation regime. As with biopolymer hydrogels,
control over the reaction kinetics of protein hydrogels is a further parameter to be inves-
tigated. Additional work, both experimental and computational, is required to investigate
these structural hypotheses.

To conclude, the simulations we have performed here and their resultant structures rep-
resent a potential starting point from which hydrodynamic swelling and protein unfolding
can begin. From this point, it is clear that insight from the colloidal gel community will be
vital moving forward. Whilst much work in this field occurs at ‘intermediate’ volume frac-
tions beyond the protein solubility limit,”® more recent work is concerned with lower volume
fractions.?”*"% With an initial protein structure of choice, the radius of which will likely
determine the average pore size, variations in the binding site topology and volume fraction
allows us to tune our overall cross-link density (at the cost of pore size variance), cross-link
coordination and fractal dimension. As the covalent cross-links are unlikely to break even
upon swelling, ™" the structures observed here will potentially dominate the resultant topo-
logical structure of the network, and limit the subsequent structural rearrangements that
can occur. For example, the higher the initial cross-link densities measured here, the shorter
the lengths of amino acid chain would be upon protein unfolding and hence, the subsequent
elastic response of the gel will likely have more of an enthalpic component than an entropic
one. Whilst further simulations will be performed to encompass these effects, we hope that
these mesoscopic structures provide new clarity on the hierarchical structural evolution of

these fascinating biological materials.
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link sites per protein, sphere radius R = Inm, and volume fraction f, = 0.005

2. “Sites08 Radiusl Rate VolFrac0.05.mp4” - A simulation with Ng = 8 cross-link

sites per protein, sphere radius R = Inm, and volume fraction f, = 0.05

3. “Sites08 Radiusl Rate VolFrac0.1.mp4” - A simulation with Ng = 8 cross-link

sites per protein, sphere radius R = 1nm, and volume fraction f, = 0.1
4. “Sites08 Radius2.5 Rate VolFrac0.005.mp4” - A simulation with Ng = 8 cross-
link sites per protein, sphere radius R = 2.5nm, and volume fraction f, = 0.005
5. “Sites08 Radius2.5 Rate VolFrac0.05.mp4” - A simulation with Ng = 8 cross-

link sites per protein, sphere radius R = 2.5nm, and volume fraction f, = 0.05
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6. “Sites08 Radius2.5 Rate VolFrac0O.l.mp4” - A simulation with Ng = 8 cross-

link sites per protein, sphere radius R = 2.5nm, and volume fraction f, = 0.1
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