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ABSTRACT

Folded protein hydrogels are generating significant interest for their potential as functional biomaterials with
tuneable properties. A detailed understanding of the relationship between their mechanics and structure would
reveal their hierarchical design principles and provide rich opportunities for the design of biomaterials for
specific medical and healthcare applications. Inspired by theories from soft matter physics, we have investigated
the scaling behaviour of the protein volume fraction (¢) and its relationship to the underlying structure and
mechanics of the protein network through a combination of rheology and small-angle neutron scattering (SANS).
Using the globular protein bovine serum albumin (BSA) as a model system and photoactivated chemical cross-
linking to retain the colloid-like folded protein structure, we have identified a two-regime behaviour in the
storage moduli as a function of ¢, reminiscent of the strong- and weak- link regimes in a colloidal flocculated
model. SANS reveals a heterogeneous protein network structure with fractal-like clusters connected by inter-
cluster regions. Network parameters such as the number of proteins in an average cluster and correlation length
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scale with ¢, in line with predictions from the de Gennes blob model. Such distinction between the mechanical
and structural scaling relationships provides evidence of a cross-length scale behaviour where intercluster links
are important in defining the macroscopic shear response of the system. Insights gained from our integrated
structural and mechanical approach will support the future development of novel biomaterials which exploit the
folded and functional properties of the protein building block and its responsiveness to mechanical and

biochemical cues.

1. Introduction

Folded protein hydrogels are an emerging class of biomaterials with
attractive viscoelastic properties and inherent biological functionality
[1-4]. Previous studies have demonstrated that folded protein hydrogels
can mimic the mechanical properties of cartilage and muscle [5,6],
resembling dynamic and tunable elastic properties [7], and can be
coupled with polymers to achieve enhanced mechanical function [8],
thus lending themselves as attractive materials in bioengineering and
healthcare applications. The hierarchical structure of folded protein
hydrogels offers opportunities to build-by-design different macroscale
systems with customised architectures for a specific need. In a recent
example, a functional enzyme has been exploited as a hydrogel building
block, allowing for the creation of a nanomachine network which is
responsive to specific biochemical cues [2]. The geometry has been
exploited to evolve and program biological materials [9-11] and recent
work has shown that the morphology (shape) of the hydrogel building
block is essential for efficient self-assembly [12]. Indeed, this has been
explored in engineered protein networks comprised of repeating chains
of protein building blocks of defined number and increasing aspect ratio,
revealing their impact on protein network formation, architecture and
mechanics [10]. In addition to geometry, photochemically crosslinked
folded protein hydrogel systems offer a large design space for tuning
biomaterial production, including protein volume fraction, crosslinking
reaction rate, and choice of natural or synthetic protein building block.
At the nanoscale protein level, the mechanical response of the protein
can be manipulated to favour protein unfolding through the addition of
chemical reducing reagents to break specific strong intramolecular co-
valent bonds within the protein and/or the addition of protein de-
naturants [5,8,13]. Protein unfolding can be manipulated to create an
entangled protein network and bulk gel mechanics which are three times
stronger than the folded protein network equivalent [14]. The me-
chanical properties of the protein network can also be manipulated
through an increase in the stability of proteins [13,15]. The crosslinking

reaction rate which triggers the formation of the protein hydrogel
network can be tuned, for example, through the magnitude of the
photoactivated light intensity, to achieve diffusion- and reaction-limited
protein network assemblies [3,16]. The structure and mechanics of the
folded protein hydrogels can be further tuned through control of the
number of crosslinking sites, i.e., valency on the protein building block
or the number of protein domains in the polyprotein chain [17-19]. If
we consider the structural architecture of folded protein hydrogels,
studies using small-angle X-ray and neutron scattering have proposed a
mesoscale network structure made up of heterogeneous regions of more
densely packed fractal-like clusters interconnected by more sparsely
populated chains of proteins [14,20], as illustrated in Fig. 1(A). More
recently, cryo-scanning electron microscopy (cryoSEM) on folded pro-
tein hydrogels has revealed a heterogeneous network with nanoscale
porosity surrounded by high secondary emission regions interconnected
by narrower, lower emission regions [4]. Such networks are created
through photo-initiated crosslinking between folded globular proteins,
through the formation of irreversible, covalent dityrosine bonds on
surface-accessible sites of the protein [3,14-16,20,21]. The application
of a fractal structure factor model to scattering data [22] provides access
to parameters such as fractal dimension (D) and correlation length, &. D
is a measure of the geometric complexity of a self-similar object, and ¢ is
the maximum length scale above which clusters no longer appear
fractal. By removing intramolecular protein nanostaples (covalent
disulphide bonds) the protein becomes more force labile (more
responsive to an applied force), resulting in protein unfolding and the
formation of a different protein network topology. This includes more
densely packed clusters (higher D) interconnected by a larger proportion
of unfolded proteins [14], as confirmed by SANS and cryoSEM [4]. The
network structure can be further manipulated by embedding micro-
bubbles inside the crosslinked protein hydrogel, resulting in a network
structure with reduced connections between fractal-like clusters [21].
Additionally, by tuning the protein building block aspect ratio the
hydrogel network forms sparser clusters [10]. Indeed, as experimental
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Fig. 1. Schematic to illustrate the analogy between folded protein hydrogels’ structure and scaling laws in the literature. (A) The proposed structure of folded protein
hydrogels. Globular BSA hydrogel forms denser areas that are fractal-like clusters linked via chains of particles. (B) Blob scaling theory initially proposed by de
Gennes where polymer chains become entangled. The chain part between two entanglement points could be perceived as blob spheres and continue this process to fill
up the whole network of blobs. (C) Aggregate of colloidal particles form fractal flocs that are interconnected via interfloc links.
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tools continue to develop, the diversity of protein network properties
increases [23].

While protein engineering [23-25], chemical crosslinking and
composite systems [1,5,6,10] have successfully been employed to create
a diversity of folded hydrogel networks with distinct viscoelastic prop-
erties, a simple method for tuning hydrogel mechanics is by changing
the building block volume fraction, ¢ (the ratio of the volume of protein
to the total volume of the solution, Supplementary Eq. (1)). This
approach has been well utilised for a range of polymer and colloidal
network systems and important theories have been developed to explain
the observed scaling law dependencies. In soft matter physics, macro-
molecular conformations in equilibrium can be described by universal
scaling laws [26,27] and are key for understanding structure, dynamics
[28] and function of soft and biological matter [29,30]. Scaling laws are
important in providing predictions of the behaviour of biopolymers
under certain conditions and can provide valuable insights [31,32]. It is
interesting to consider how the heterogenous network structures of
folded protein hydrogels are related to colloidal and polymer assem-
blies. Indeed, adopting colloidal network theories for understanding
protein assemblies has gained significant interest [33], for example in
the application of the floc model to denatured (heat-induced or pH-
induced crosslinking) protein hydrogels [34-36]. However, the appli-
cability of colloidal network theories to chemically crosslinked folded
protein hydrogels remains relatively unexplored.

The heterogeneous structural model of folded protein hydrogels is
analogous to a number of theoretical models describing polymeric and
colloidal flocculated systems (Fig. 1(B) and (C)) which relate the ¢ of the
network building block to structural and mechanical properties of the
network. One such model is the de Gennes’ blob model [31] where, in
the semidilute regime, chains of polymers overlap and form entangle-
ment points (black filled circles in Fig. 1(B)). One can superimpose
spheres on the distance between two adjacent entanglement points on
the same chain called ‘blobs’ and continue to build up the whole sys-
tem’s structure, shown as circles surrounding the part of the chains of
polymers in Fig. 1(B). The size of the blob, &, is defined as the distance
over which the density of monomers is higher than average. The region
of the chain within a blob can take a convoluted fractal form with D > 1
even for a smooth curve. In the context of the blob model, the inter-
connected clusters of folded proteins in protein hydrogel networks
(hatched area in Fig. 1(A)) could be interpreted as connected blobs
which are more complex than a chain line [31,32]. Another model to
consider is that of aggregated colloidal gels. Here, instead of entangled
chains, particles aggregate into fractal flocs of size & (ie., ramified
clusters of building block particles, depicted as dotted circles in Fig. 1
(C)) that are interconnected into a network that spans space (hatched
area in Fig. 1(C)) [37]. There is a similarity between the floc model and
the mesoscale structure of folded protein hydrogels. The interconnected
clusters of folded protein (Fig. 1(A)) could be equated to connected flocs
(Fig. 1(C)) and the intercluster region to the interfloc links. Models
described above relate structural and mechanical properties of the sys-
tem’s ¢ in a power law fashion known as scaling laws.

Polymer gels [38-42], colloidal gels [43-46], aggregated protein
gels [34-36,47-51], capillary suspensions [37], and micellar systems
[52,53] have demonstrated that a characteristic elastic constant K scales
with the ¢ as:

K~ ¢! (€Y

with an exponent y which is system-dependent; and is known to vary
depending on the model used to describe the structure of the system. For
example, for a network composed of elastic beams, the exponent is ex-
pected to be y = 2 [54], and the blob model predicts it to be u = 2.25
[311, while for worm-like chain polymers this is reported to be either
i =3 or y =1 depending on whether it is a dense network or highly
entangled, respectively [55]. For fractal colloids, this exponent is known
to be a function of D [36,45,50].
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Shih et al. developed a scaling theory for flocculated colloids in
which the intrafloc and interfloc connective regions both had stiffnesses
that scaled in different ways with ¢ [43]. Since disordered materials
primarily deform in regions where the stiffness is low, they identified
two regimes of mechanical response. A strong link (ie., weak floc)
regime at low ¢, where the material response is controlled by defor-
mation in the large, sparse flocs; and a weak link (strong floc) regime at
high ¢ where the response is instead controlled by the linkages between
flocs. To distinguish between the different regimes, a parameter termed
as the limit of linearity (y,) was introduced [43,56], defined as the first
shear strain above which the system behaves non-linearly due to the
breakage of bonds as the strain increases such that:

Yo ™~ 45/1 (2
This equation defines a new scaling exponent A for y, which is
dependent on the weak- and strong- link regime. In the strong link

regime (low ¢), the mechanical response of the system is dominated by
large flocs and showing a steeper power law:

3+x
Hss =3 p 3
1+x
/‘LSL*_S_D “4)

where x, jig; , Agy, are the fractal dimension of the load-carrying backbone
of the flocs (Fig. 1(C)), the scaling law exponent of elastic modulus, and
the power law exponent of the limit of linearity, respectively. Increasing
the number of particles, i.e., larger ¢, causes a more gradual increase in
the mechanics of the gels composed of weaker interfloc links, namely the
weak link regime:

1

Hw=3_p 5)

1

=31 ©

Awr

In the equations above, y,,; and Ay, are the weak link exponents of
the scaling law defined in Egs. (1) and (2), respectively. Thus, in a ¢
dependent study, the slope of a logarithmic plot of the limit of linearity
versus ¢ can reveal the appropriate weak and or strong link regime and
guide the choice of using either Eq. (3) or Eq. (5) to obtain D. Hydrogels
formed by aggregation of denatured proteins are reported to successfully
follow the floc and interfloc link scaling model (Fig. 1(C))
[34,35,47-49,57,58]. However, the applicability of such models to
covalently bound folded protein hydrogels is unknown.

Given the rich information now available on photochemically
crosslinked folded protein hydrogels and the observed mesoscale
structure [10,14,15,20,21] it is timely to consider their scaling behav-
iour. Such insight will improve our understanding of this emerging class
of biomaterials [5,59-61] and help towards the development of theories
to predict their properties. Here, we present a ¢-dependent study of
photochemically crosslinked BSA protein hydrogels using rheology and
small angle scattering to obtain mechanical and structural information
on the hydrogel networks. The scaling laws are identified in both the
mechanics and structure of the system and considered in relation to
current scaling theories.

2. Materials and methods
2.1. Materials

Ruthenium-tris(2,2"-bipyridyl) dichloride (Ru(BPY)s3), sodium per-
oxodisulfate (sodium persulphate), BSA (Heat shock fraction, protease-
free, essentially globulin free, >98%), sodium phosphate monobasic,
and sodium phosphate dibasic were purchased from Sigma Aldrich
(Gillingham, UK). 10 mm path length match-paired Hellma quartz
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cuvettes (104-10-K-40) were obtained from Scientific Laboratory Sup-
plies (Nottingham, UK).

2.2. Hydrogel preparation

BSA was resuspended in sodium phosphate buffer (pH = 7.4) to make
200 mg/ml stocks. The BSA resuspension’s concentration was measured
after a 300x dilution in a cuvette-based UV/Vis/NIR spectrophotometer
(Agilent Technologies Cary 5000 spectrophotometer) at 279 nm. To
make the maximum volume fraction that is ¢ = 7.4% (100 mg/ml), the
crosslinker reagents contained 0.2 mM Ru(BPY)3; and 100 mM sodium
persulphate. The gel was made by 1:1 mixing of reagents and BSA stock
solution. In order to make other ¢ samples, 200 mg/ml BSA stock so-
lutions were diluted to the double value of the desired concentration,
and mixed 1:1 with the reagents. For these samples, the sodium per-
sulphate concentration in the reagent solution was changed to keep the
molar ratio of sodium persulphate to BSA equal to that of the ¢ = 7.4%
sample (Supplementary Table 1). This approach keeps the molar ratio
between protein tyrosine residues (crosslinking sites) and sodium per-
sulphate constant for all samples and ensures the prevention of sodium
persulphate overabundance (which can denature proteins) in low ¢ and
incomplete crosslinking in higher ¢.

Photoactivated chemically crosslinked hydrogels were formed using
a protocol in which a lamp with an intensity and wavelength of 35.1 W/
cm? of 452 nm was illuminated on the sample for 5 min to trigger
network formation. For each experiment, the BSA stock solutions were
made fresh.

2.3. Rheometry

Rheological measurements were conducted using an Anton Paar
MCR 302 stress-controlled rheometer (Anton Paar GmbH, Austria). The
lower plate was replaced by a custom-built in situ blue light LED lamp
[16] and an upper 8 mm parallel plate geometry was used to ensure light
reaches the samples with uniform intensity. First, the pre-gel solution
(containing resuspended BSA and reagents) was added to the lower plate
and then the gap size was set to 0.7 mm. To avoid evaporation of sam-
ples, silicon oil (5 cst) was added around the gel. At the beginning of the
test, the lamp was kept off for 1 min and after that, it was turned on for 5
min. The measurements of shear and loss modulus as a function of time
were done using a 0.5% shear rate and frequency of 1 Hz. Frequency
dependency studies were done in the range of 0.1 to 1.33 Hz. All ex-
periments were repeated in triplicates using fresh samples.

2.4. Small angle neutron scattering

SANS measurements were performed at the ISIS Neutron and Muon
Source facility, on the Sans2d instrument with a collimation length of 12
m and a sample-to-detector distance of 5 and 12 m for the front and rear
detector, respectively, achieving a scattering vector, q-range of
0.0015-0.5 A~!, with a g-resolution varying from ca. 2% at the highest
g-values to ca. 19% with decreasing g-values, calculated using the
Mildner Carpenter equation [62]. Samples were loaded into 2 mm
quartz cuvettes and crosslinked using a 452 nm lamp. The remaining
volume of the cuvettes was filled with buffer to prevent evaporation. The
temperature of the sample holder was regulated to be at 20 °C, using
circulating water baths. Supplementary Fig. 1 shows the gels in cuvettes.
All the samples were prepared in a 100% D50 buffer. 2D raw images
were radially averaged and corrected from the scattering of the empty
cell and the scaled DO buffer. Detector efficiency corrections and ab-
solute scaling of the data using a polymer standard were done using
MANTID [63].

2.5. SANS data analysis

Shape-independent analysis was conducted using Guinier-Porod
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analysis in SasView 5.0.6 (http://www.sasview.org/). To obtain Porod
exponents the whole range of data was used for fitting while only the g-
range 0.0128 to 0.1074 A~ (for objects bigger than single protein
molecule) was analysed. Fitting for the chosen range is shown in Sup-
plementary Fig. 2. For the radius of gyration (R,) a q-range of 0.0015,
0.05 A~! was defined by the upper limit of the Guinier approximation,
gR, < 1 1.5 (Supplementary Fig. 3) [64]. Guinier Porod analysis of ¢ =
2.2% (30 mg/ml solution of BSA) is shown in Supplementary Fig. 4 using
the whole range for this fitting.

A fractal model was used to fit the whole gq-range of the SANS data
[14]. Briefly, this model uses an ellipsoid form factor (F(q)) to model
BSA proteins and a structure factor (S(q)) describing fractal clustering of
particles as:

Flq) = (B(Sin(qre)q—rezrcos(qre))) e
S(q) = 2= ;}o.s-Sin[(D _(qln?ot()lgil (49)] ®
1+

where r,, Ro, and I' are a radius term related to the polar radius and
equatorial radius of the ellipsoid, the minimum cut-off length scale
defined by the ellipsoid form factor, and the gamma function, respec-
tively. Then, the scattering curve can be fitted by:

I(q) = ¢pViok AP*F(q)[(1 — P.) 4 P.S(q) | + background 9

where ¢, Vpiock, Ap, and P, are volume fraction of BSA protein, volume of
the BSA as building block, contrast difference between protein and
buffer, and proportion of proteins inside clusters, respectively. All fit-
tings are provided in Supplementary Fig. 5. Example fitting parameters
with their definitions are included in Supplementary Table 2.

A radial distribution function initially proposed by Sow-Hsin Chen
and Teixeira [22] to describe the fractal structure factor was used to
extract further network parameters:

_ P o3t
g(r) = 47r¢r0DrD ec (10)

where r is the minimum cut-off distance of the fractal cluster and p; is
the maximum packing density of the system. This equation is used
[14,21] to express the number of building block particles in a sphere of
radius, r, from the centre of a cluster:

D
N(r) = pD (%) 7<D, g) an

where, y denotes the lower incomplete gamma function.
3. Results
3.1. Selection of a folded protein hydrogel model system

In this study, we chose BSA as the model building block due to its
mechanical robustness with 17 covalent disulphide bonds. Folded BSA
hydrogels were made by photoactivated crosslinking of BSA proteins
using a method initially introduced by Fancy et al. [65] and depicted in
Fig. 2. Briefly, the chemical reagents are added to the protein solution
including a donor (Ru(BPY)3) and an oxidizer (sodium persulphate)
compound (Fig. 2(A) and (B)). Blue light (Wavelength = 452 nm) is
illuminated on the pre-gel solution to excite Ru(BPY)3 resulting in the
formation of permanent dityrosine bonds (Fig. 2(C), (D), and (E))
through tautomerization of tyrosine residues on the surface of the folded
BSA proteins. This chemical crosslinking continues until a system-
spanning percolated network is formed with a measured storage
modulus on the order of kPa. A previous study investigated the
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Hydrogel

© (E)

Fig. 2. Schematic showing folded protein hydrogels from nano to macro scales. (A) The crystal structure of BSA protein (PDB Code: 3 V03) depicted with tyrosine
residues (crosslinking sites) highlighted in grey. (B) Globular BSA proteins resuspended in solution (plus the crosslinking reagents) (C) will become covalently bound
to make a hydrogel initiated by 452 nm blue light. (D and E). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

secondary structure of BSA proteins in photochemically crosslinked BSA
hydrogels with circular dichroism using short path cuvettes and found
the majority of BSA proteins (around 90% for ¢ = 7.4%) remain folded
in photochemically crosslinked BSA hydrogels [14]. Thus, we assume
proteins similarly remain predominantly folded in this study.

3.2. Rheology reveals a two-regime scaling behaviour for folded protein
hydrogels

In situ gelation, using a custom-built lamp on the rheometer provides
a time sweep of protein network formation and relaxation [16]. An
example time sweep of the storage modulus is shown in Fig. 3(A) for a
BSA hydrogel at ¢ = 3.7%. After a period of one minute, the lamp is
switched on and the pre-gel solution begins to form crosslinks and
percolate, resulting in an increase in the shear modulus. After 5 min, the
lamp is switched off and the network relaxes, observed as a decay in the
shear modulus with time reaching a plateau storage modulus, denoted
G (t = o). The gel formation and relaxation for different ¢ are shown in
Fig. 3(B). This indicates a successful manipulation of hydrogel me-
chanics with G (t = o) ranging from 0.07 kPa to 3.3 kPa by varying ¢
from low to high concentrations (light to dark shading respectively in
the figure). Moreover, two different trends can be observed in this
figure. Starting from ¢ = 1.5%, a rapid growth in the plateau storage
modulus occurs when the concentration is slightly increased, and this
growth slows down (as will become clearer in Fig. 4 below) from ¢ =
3.0% to the maximum concentration value i.e., ¢ = 7.4% showing a
scaling behaviour between G (t = o) and ¢.

Such behaviour was also observed in the storage modulus of BSA

(A)

2.0¢ ¢ Storage Modulus/]

< Loss Modulus

KRR KRR
0 10 20 30 40 50 60 70
Time (min)

F?no

0.0k

(B) ¢

protein hydrogels as a function of frequency for different protein ¢
(Fig. 4(A)). Each sample displays a weak positive power law which is
characteristic of gel-like behaviour; plus, the scaling-like behaviour is
preserved across the measured frequency range signifying it is not a
frequency-dependent feature of the gels.

The above mechanical scaling findings are summarized in a double
logarithmic plot of plateau storage modulus against ¢ (Fig. 4(B)).
Initially, with increasing ¢, significantly stronger gels are observed in
the power law dependency (Eq. (1)) with the exponent u; =
5.08 £ 0.73. At ¢ = 3.0% and above, the mechanical enhancement be-
comes more gradual with a slope of the line in a log-log plot of u, =
1.02 + 0.09. Such two regime dependency of G'(t = o) to ¢ is remi-
niscent of the flocculated theory described by Shih et al. [43] which will
be discussed in detail later in this article.

Furthermore, to understand the viscoelastic behaviour of folded BSA
hydrogels, the loss factor (tan (5)) of these hydrogels is shown against ¢
in Supplementary Fig. 6. In this figure, tan (§) progressively decreases as
a result of increasing the concentration of BSA. Such behaviour implies
that hydrogels with higher ¢ dissipate the energy less. This behaviour
might be expected as the amount of solid particles (mainly BSA protein
as the building block) is higher in more concentrated hydrogels thereby
enhancing the elastic contribution to the gels viscoelastic behaviour.

3.3. Mesoscale structure of folded protein hydrogels using small angle
neutron scattering

SANS is a powerful method to study the structure of protein hydro-
gels and gain mesoscale structural information [56,66,67]. The
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Fig. 3. Time sweep rheology of folded protein hydrogels in a concentration dependent study. (A) An example of the shear rheology of gel at ¢ = 3.7%, frequency =
1 Hz, and 0.5% shear rate showing G’ and G” as a function of time. After one minute, the in-situ lamp is switched on causing a significant enhancement in shear
response of the gel. This rapid formation is followed by a slow relaxation until the system approaches a plateau storage modulus. The blue rectangular region shows
the time range when the lamp was on. (B) The time dependency of BSA hydrogels is displayed for all the tested ¢ in this study from lowest ¢ shown (light shading) to
dark shading for higher ¢. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Mechanical scaling of folded BSA gels. (A) The frequency dependence of each ¢ for folded BSA hydrogel shows a weak power law which implies a gel-like
rheological response. Importantly, the same trend of growth of G’ can be seen as Fig. 3(B) consistent for the whole range of frequencies. (B) Scaling of G'(t = =) as a
function of ¢ resembles two power laws with exponents y; = 5.08 +0.73 and p, = 1.02 + 0.09.

scattering data for BSA hydrogels of varying ¢ are shown in Fig. 5(A) and
(B). For the maximum BSA concentration (¢ = 7.4%), the scattering
curve shows a plateau region at low q (also known as Guinier region,

~0.002 to 0.008 Afl) followed by a power law reduction in the mid q

(~0.100 to 0.5 Afl). As the concentration of BSA in the gel decreases,
the curves’ shape changes where the low q flat region shifts to lower g-
values until it is completely outside of the g-range of the instrument
(meaning we are unable to capture the Guinier region as the curves no
longer show a plateau region at low q) and its intensity increases. Such

region (~0.008 to 0.100 10\71) until the curve flattens again at high q
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Fig. 5. SANS data obtained for different BSA ¢ and model-independent analysis. (A) A 3D graph showing the SANS curves for different volume fractions of BSA
protein from ¢ = 1.5% to 7.4%. (B) Scattering intensity versus q for three chosen volume fractions (¢ = 1.5%, 3.7%, and 7.4%) to highlight the differences between
structures. (C) Plot of radius of gyration,R,, extracted from SANS curves (subfigure (A)) as a function of ¢ resembles a power law decay with slope of m,, =
—1.48 £ 0.13 (the data points of ¢ = 1.5% and 1.8% are omitted as the plateau region is too narrow to reliably fit). (D) Porod exponent shown as a function of ¢. A
stable fluctuation of Porod exponent is visible around ~ 2.4 and from ¢ = 5.2% is shown to decrease reaching a value of 2.0. Note that error bars are smaller than the

symbols in (C) and (D).
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observation shows that the size of the largest mass assemblies inside the
mesoscale network is increasing as the BSA ¢ is reduced. In addition,
lowering ¢ results in a gradual increase in the slope of the mid q region
which ceases around ¢ = 4.4%.

To understand the observed differences in network structure by
varying ¢, we perform Guinier-Porod fits to the SANS data to extract the
radius of gyration (Rg) of the largest scattering objects (in this case,
assemblies of proteins not the individual proteins) and the Porod
exponent in the low and mid q regions, respectively. Fig. 5(C) shows R
as a function of the building block concentration following a power law
decay. Such continual reduction of the largest assemblies in the hydrogel
network demonstrates these objects continue to decrease in size with
increasing ¢, a characteristic scaling behaviour anticipated by the blob
and floc models which will be discussed later.

Further, the evolution of the Porod exponent with ¢ (Fig. 5(D)) gives
information on how the geometry of the largest structure in the network
changes with building block concentration. At lower ¢, the exponent
fluctuates around a constant value, then undergoes a continuous decay
for ¢ > 5.2%. Porod exponents between 1 and 3 can be interpreted as a
measure of the level of space-filling (which can be thought of as struc-
ture compactness), with larger values being indicative of greater space-
filling (e.g., a densely packed polymer has a Porod exponent of 3, while
an extended Gaussian chain has a Porod exponent of 1.67). In folded
protein hydrogels, this exponent is indicative of the complexity of the
largest assemblies in the gel, related to D. Here, the value of Porod
exponent from ¢ = 1.5% to 4.4% is ~ 2.4 which suggests the largest
scattering objects share the same complexity of filling the space, while
gels with higher volume fraction (5.2% < ¢ < 7.4%) form less ramified
assemblies. Thus, these results demonstrate that, at higher concentra-
tions, folded protein hydrogels form smaller and less dense structures. In
addition, the scattering curve of a BSA solution at ¢ = 2.2% (30 mg/ml
BSA solution) is provided in Supplementary Fig. 4. Performing a Guinier
Porod fitting on this curve yields a Ry of 26.01 4+ 0.06 A in agreement
with previous studies [68] which reported Ry = 29 +1 Aat4 mg/ml.

To further explore the details of the structure of folded protein
hydrogels as a function of ¢, we apply a previously presented [14,20,21]
fractal structure factor model (Materials and Methods) which de-
scribes the protein network as fractal-like clusters of folded proteins
linked together by an intercluster region. We extract the evolution of key
structural parameters with increasing ¢: the correlation length, &, which
is related to the size of the clusters; the proportion of proteins in fractal-
like clusters, P.; and fractal dimension, D.

Fig. 6(A) shows a log-log graph of & versus ¢. The maximum value of
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the correlation length is ¢ = 2266.30 + 373.02 A at ¢ = 2.2% and de-

creases in a power law fashion to reach & =127.08 +0.98 A at the
highest BSA concentration ¢ = 7.4%. This inverse power law growth is
consistent with Guinier analysis (Fig. 5(C)) and suggests that the cluster
size inversely scales with the concentration of the building block. In
addition, plotting P, and D as a function of protein ¢ can reveal more
about the network structure (Fig. 6(B)). To understand the behaviour of
P, better, it was fitted by a quadratic function. By doing so, the ¢ cor-
responding to the minimum value in P, could be determined as ¢y =
4.4%. For ¢ < ¢oiica» the proportion of proteins occupying clusters
decreases with ¢, suggesting that increasing the concentration of BSA
leads to a larger proportion of proteins in the intercluster region.
However, this decay is reversed for gels with a protein concentration of
> Periricar @S they display an up-turn in P, which suggests a change in the
properties of the intercluster region. The fractal dimension from ¢ =
1.5% to 4.4% fluctuates around a constant value (D ~ 2.35). Further
increase of ¢ lead to a progressive reduction in the fractal dimension
reaching D = 2.06 + 0.01. Indeed, a similar pattern for the Porod
exponent was observed (Fig. 5(D)), which confirms the validity of D
calculated using the fractal structure factor. It is interesting that the
trend for both D and P, alter at the same value of BSA ¢.

By assuming a fractal structure factor model and extracting a number
radial distribution function (Materials and Methods), we can extract
more structural information about the protein network. The first
parameter is defined as the number of proteins inside an average-sized
cluster (Ngy) and is plotted in Fig. 7(A). Ngy. displays a power law
decay which is independent of P,’s sudden increase (Fig. 6(B)) and again
follows a scaling behaviour. From this, the radius of an average cluster
(r.) is obtained and plotted in Supplementary Fig. 7. We observe that r,
follows a similar power law behaviour in agreement with R, and ¢&.
Finally, the number density of average clusters (N.) or simply the
number of clusters in a unit volume was obtained and plotted in Fig. 7
(B). N, displays a power law growth against BSA ¢. It is apparent that,

increasing BSA ¢ from 2.2% to 7.4% (gggjg = 3A63> can result in scaling

of the population of clusters around 5000-fold more in a specific volume.

3.4. Scaling laws applied to folded protein hydrogels

Next, we consider the data in the context of scaling relationships
based on the blob (polymers) and floc (colloids) models. Colloidal sys-
tems are formed by transient physical aggregation of globular particles
while polymer systems which are composed of large and long building
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Fig. 6. Results from fitting SANS curves by a network of fractal clusters. (A) The power law decay of correlation length, £ as a function of ¢. Correlation length ¢ is a
characteristic length to determine the upper limit above which the fractality starts to drop and is closely related to the size of clusters. The trend of £ closely follows Ry
(Fig. 5(C)) with a power law exponent of m; = —2.21 + 0.20. (B) The evolution of D and P, with ¢ shows D is fluctuating around a constant value for ¢ < 4.4% and
declines for more concentrated gels. P, is fitted by a quadratic function and the concentration increase leads to a reduction in its value until ¢ = ¢iica = 4.4%, after
this, the pattern alters, and the clusters begin to get more proteins in them as ¢ gets closer to its maximum value. ¢ = 1.5% and 1.8% are not included in ¢ correlation

length fittings due to lack of data in the Guinier region.
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Fig. 7. Calculations of the fractal-like cluster network model assuming a radial distribution function. (A) The number of proteins in an average-sized cluster (Ngy.)
decreases in a power law fashion against ¢ (B) The number density of average-sized clusters (N.) versus ¢ shows an increase in the number of clusters in a specific

volume of space.

block chains with less convoluted structures are often made by chemical
crosslinking. Since folded BSA hydrogels are composed of globular
proteins (the geometry of the building block is similar to colloids), and
they are made by permanent chemical crosslinking; they may be
considered as an intermediate class of material which shares features of
both polymer and colloidal gels and as a result, both polymer and
colloidal scaling laws may be applicable.

As shown in Fig. 4(B), the scaling of the G'(t = o) of folded protein
hydrogels with ¢ exhibited two power laws. A two-power law de-
pendency has previously been suggested for flocculated colloidal gel
theory where at low ¢, flocs are large and are more liable to bend thus
defining- or dominating- the shear response while interflocs are harder
to bend. A regime of strong interflocs is called the strong link and a
higher value of y (Eq. (3)) is expected. As the particle ¢ is increased, the
flocs grow smaller and the interfloc links can bend more easily compared
to the flocs. Thus, the interconnecting links are weaker in this regime
called the weak link, with lower y (Eq. (5)). To determine such regimes,
one can take advantage of the difference between the sign of y, in Egs.
(4) and (6). Inspired by this, we have extracted y, and shown it in a
double-logarithmic plot in Supplementary Fig. 8. Ideally, if the two re-
gimes are present, first, a power law reduction for 1 would occur (Eq.
(4)) representative of the strong link followed by a discontinuity in the
trend that is an increase in y, representative of the weak link (Eq. (6)).
However, despite seeing two power laws for the storage modulus (Fig. 4
(B)), no meaningful trend is observed for y,. The y, is the shear rate
above which the crosslinks break. Originally this was defined by Shih
et al. as the point where in a rheology shear strain sweep test, a 5%
deviation from the linear regime occurs. However, with BSA as the
building block, the nonlinear regime may be the result of protein
unfolding rather than the breakage of the bonds between the protein
particles. Indeed, this may explain why such hydrogels show a shear-
stiffening behaviour in a shear amplitude sweep study (Supplementary
Fig. 9) and y, does not follow the expected power law trends. Similar
challenges associated with y, can be found in the literature for dena-
tured BSA protein hydrogels where only the increase (or the decrease) in
7o’s trend is considered to define the regime. In addition, when Wu and
Morbidelli were attempting to test their modified scaling model
(including a transition regime) [56] using Hagiwara et al.’s data [34], a
data point was omitted in order to obtain a realistic value for y,. Here
due to the complication with y,, possibly due to having folded proteins
building up the gel, we cannot distinguish the regimes with certainty.
Nonetheless, the existence of two distinct power laws with expected
exponent values, in addition to the similarity between the structural
models, can be regarded as having both regimes in the rather wide range
of concentrations used in this paper. Hence, we chose 1.5% < ¢ < 2.6%
as the strong link regime and ¢ > 3.0% as the weak link regime as they

yield power laws with expected exponents.

Having defined the two concentration regimes, it is possible to
extract D by fitting the scaling expressions in Egs. (3) and (5) to the low
and high concentration data, respectively. For the strong link regime,
and given 4 could not be reliably estimated, it is necessary to estimate
the fractal dimension of the load-bearing backbone of the clusters, x. In
general, x can vary, reaching a value close to D, yet, in the literature a
narrow range of x (1 < x < 1.3) has been used [56] and we have
adopted the same approach. Choosing both limits of this range for y; =
5.08 £0.73 yields a fractal dimension of
2.15+0.11 < D < 2.21 £ 0.12. For the weak link regime, Eq. (5) is
enough to extract D, thus y, = 1.02 £ 0.09 gives D = 2.02 £ 0.09 which
is surprisingly lower than the strong link regime. Rather unusually, these
values are lower compared to the D obtained from the SANS data
(~2.35, in the range where D is stable) (Fig. 6(B)). This suggests that
there is some mechanism which supresses the system’s mechanical
growth with BSA concentration (causing a smaller power law exponent)
resulting in a smaller fractality compared to scattering.

Egs. (3), (4), (5), and (6) share the fundamental assumption that all
gels have the same fractality, D. While previous studies have explored
the different regimes, little is known about considering an upper limit
for the weak link’s regime. Perhaps, the general expectation is once the
fractality drops, signatures would be visible in the mechanical mea-
surements. This appears not to be the case for folded protein hydrogels.
In fact, SANS has shown that D for ¢ > 4.4% continuously decreases.
This, however, does not disrupt the presence of a shallow power law as a
sign of the weak link regime (Fig. 4(B)). If we choose ¢ = 4.4% as an
upper limit for the weak link i.e., choosing the volume fraction range in
which the fractal dimension from SANS fluctuates around a constant
value, (3.0% < ¢ < 4.4%), a slightly steeper scaling exponent is ob-
tained which is p; = 1.30 £ 0.08 (Supplementary Fig. 10). Re-calcu-
lating the weak link’s D leads to a value of D = 2.23 4+ 0.21. This is
rather significantly bigger than D of the weak link with the wider ¢
range and very close to the higher end of the strong link regimes’ D.
Thus, care must be taken particularly in the weak link regime as the
upper limit is difficult to ascertain for folded protein hydrogels without
SANS knowledge.

Additionally, plotting the ratio of correlation length to the radius of
protein (ro ~ 3.5 nm) in Supplementary Fig. 11 reveals that at ¢y = 7.4%
the distance where a cluster possesses the same fractality decreases to
only roughly four times the protein’s radius. This may explain why D
cannot be preserved for high BSA ¢ as clusters are not capable of pro-
ducing the same convoluted assembly. The effect of this on rheological
measurements, as explained above, was a weaker power law for the
weak link regime.

Fig. 5(C) and 6(A) show that R, and ¢ both exhibit similar scaling
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with ¢. Such scaling decay is expected for the blob [32] and floc models
[69] where

Y= a2

&~ ¢,ﬁ 13)

where the subscripts b and f denote the blob and floc model, respec-
tively. The number of monomeric units inside a blob is related to v which
is equal to § [26,70,71], by applying this to Eq. (12), both above
equations become the same.

The same approach could be taken for the number of proteins inside
an average cluster. The blob model predicts the number of monomers in

a blob (gy) to decrease in a scaling power law as [32]:

=1
av ~ ¢3v-1 14)

In Eq. (14), gy stands for the number of monomers making up a blob.
Replacing v as  and gy by Ng.:

_D_
Noye ~ ¢pp-3 (15)

One can equate these exponents to the slope of £ and N, to calculate
D. This approach assumes that D remains constant, which is not
observed in the SANS data (Fig. 6(B)). Nevertheless, despite the differ-
ences between the proposed model for protein hydrogels (simple chains
in the intercluster region) with the blob model and the change of D
beyond ¢ = 4.4%, power law scaling behaviours remain valid over the
total range of ¢.

While Egs. (12), (13), and (15) show fractality-dependent relation-
ships in a concentration study, scaling behaviours seen in the mesoscale
structure of the system persist irrespective of the change in D. It might be
expected that mechanical measurements are more affected by the
change in D. Therefore, we can conclude the structural scaling re-
lationships follow the same trend although the protein network space is
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confined, and the fractal-like clusters are unable to grow within the
confined space to form the same fractality. On the other hand, the slope
of the weak link (Fig. 4(B)) is affected by the drop in D, resulting in a
smaller value of D in the region (3.0% < ¢ < 7.4%).

4. Conclusion

We have presented a volume fraction, ¢, dependent study of the
mechanics and mesoscale structure of photochemically crosslinked fol-
ded BSA hydrogels reavealing scaling relationships in the measured
range of ¢. Rheological measurements confirm the existence of a two-
regime power law scaling behaviour between shear storage modulus
and ¢. Using a fractal-like connected cluster model, we obtain infor-
mation about the system’s mesoscale network structure as a function of
¢. Based on the trends of D and P,, the ¢ dependence could be divided
into two ranges. From ¢ = 1.5% to 4.4% (Fig. 8 (A)-(C)), higher
numbers of clusters (Fig. 8(1)) are formed with similar fractality (Fig. 8
(2)) which become continuously smaller as ¢ increases (Fig. 8(3));
consequently, the number of proteins inside a cluster decreases (Fig. 7
(A)). The proteins which are not in the clusters may result in longer
chains of monomers in the intercluster region (Fig. 8(4)). Secondly, in
gels with ¢ higher than 4.4% (Fig. 8 (C)—(D)), the number of proteins
inside an average cluster decreases (Fig. 7(A)), more clusters are formed
in a unit of volume (Fig. 8(1)), and clusters continue to reduce in size
(Fig. 8(3)), as was seen for 1.5% < ¢ < 4.4%. However, the reduced
number of particles per cluster limits the scope for branching in the
protein network, leading to a reduction in D (Fig. 8(2)). In addition, P,
increases (Fig. 8(4)).

Such observations can be interpreted as in the range of ¢ > 4.4% the
system is highly concentrated meaning the clusters —which tend to grow
in number with ¢- fill up the space logarithmically (Fig. 8(1)) and their
size decreases following a power law decay (Fig. 8(3)). The confinement
of space prevents the formation of mature clusters with the same frac-
tality (Fig. 8(2)), and proteins populate the clusters (Fig. 8(4)). In other
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Fig. 8. A full understanding of the key parameters to depict the behaviour of protein hydrogels by varying the concentration of the building block. Parts (1)-(4)
display N, D, &, and P, as a function of ¢, respectively. (A)-(D) shows the suggested schematic mesoscale representation of folded BSA hydrogels as ¢ increases. In the
range of 1.5% < ¢ < 4.4% ((A)-(C)), N, increases in a power law fashion (1), D shows approximately a stable value (2), ¢ decays logarithmically (3), and P, reduces
(4) all as a function of increasing ¢. However, for ¢ > 4.4% ((D)), D begins to decrease (2) P, grows (4), with bigger population of clusters (1) which are sparser and
smaller (3). This shows that further increase in the ¢ leads to a population of small clusters which do not share the same D and the intercluster proteins decrease.
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words, at high ¢, there is a finite amount of building block materials for
clusters to absorb, grow, and mature. This is supported by Supplemen-
tary Fig. 11 where it is demonstrated that protein hydrogels with ¢ >
4.4% have % < 10 meaning that the correlation length is on the order of

the radius of the proteins. Such observation provides more evidence that
at higher ¢ there is less space for proteins to assemble into more complex
clusters and consequently, they will lose their ability to form the same
fractality as lower ¢. Such interpretation of the system’s behaviour
implies that the heterogeneity of the gels is decreasing towards ¢ =
7.4%.

Encouraged by the analogies between the mesoscale structure of
folded protein networks and the blob and floc models, we determined
scaling laws. For the mechanics of the BSA gels [43] a strong link regime
(1.5% < ¢ <3.0%) was identified with a protein network
(4= 5.08 + 0.73) composed of large clusters with a fractal dimension
range of 2.15+0.11 < D < 2.21 +0.12, which are interconnected by
strong links. In 3.0% < ¢ < 7.4%, a weak link regime was observed with
a power law of y, =1.02 £ 0.09 yielding D = 2.02 & 0.09. Neverthe-
less, SANS data indicates D is constant only in the range of
1.5% < ¢ < 4.4%. If this is considered, i.e. assuming an upper limit for
the weak link’s regime that is 3.0% < ¢ < 4.4%, the slope of the weak
link increases to 5 = 1.30 + 0.08 yielding D = 2.23 £+ 0.21. Such value
is close to the upper end value estimated from the strong link i.e., 2.21+
0.12. So, it appears that the fall in D does not disrupt the existence of a
power law in the weak link regime, but it will decrease the slope value.
Therefore, one should be cautious of using scaling relationships solely
based on rheology. Another observation is that Shih’s model provides D
lower than what we determine from SANS (D ~ 2.35).

The power law behaviours extracted from the SANS data yield
structural parameters such as & (Fig. 6(A)), Ny, N. (Fig. 7), and r,
(Supplementary Fig. 7). The blob and floc models predict such scaling
relationships in Egs. (12), (13), and (15). It is worth noting that the
scaling models assume that the flocs/blobs are connected directly to
each other (no inter floc/blob region is explicitly defined in these
models), unlike the structural model of the protein network which
points to the importance of an intercluster region between the fractal-
like clusters. The structural model provided in this paper assumes
some of the proteins reside outside of the fractal-like clusters defined as
intercluster proteins. This may be the reason the floc model, which di-
vides the mechanical behaviour into two regimes, is a better choice to
model the mechanical response of the system. Whereas, the blob model
predicts one power law for the mechanics of the system. The intercluster
region therefore appears to be decisive for the mechanics of the folded
protein hydrogels for higher ¢. In addition, it is challenging to picture
polymeric chains forming a convoluted pattern with D > 2. However,
the scaling relationships (floc model for the mechanics and blob model
for the structure) seem to be valid despite these differences, meaning the
same predictions could be made for folded protein hydrogels cluster-
related parameters to scale with ¢. Another point to consider while
using these models for folded protein hydrogels is that D will change at
¢ > 4.4% while both models assume a constant value for D. So, one
should be cautious of this drop in D while using them. This interesting
observation might mean that the assembly of the clusters inside the
network for ¢ > 4.4% follows the same pattern as the more dilute
hydrogels, however, the confinement of the space does not allow them to
reach the same level of fractality. Modelling that explicitly represents
the intercluster regions, while allowing mass transfer from clusters to
intercluster regions and vice versa, may be necessary to establish scaling
laws for folded protein hydrogel networks.

Lastly, we have shown that the structural data is well described by
the blob model, while the rheological measurements follow the floc
model. Such distinction between the structure and mechanics of the
system can be related to previous work which has attempted to ratio-
nalize the origin of the mechanics of colloidal systems based on the
microscopic and mesoscopic network heterogeneity [72-75]. For
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example, Zaccone et al., showed intercluster contributions are critical to
define the shear response of a structurally heterogenous system which is
different to a homogenous glass system by orders of magnitude [73].
Here, we have highlighted this difference by demonstrating a cross-
length scale behaviour of folded protein hydrogels in which clusters
dominate the structure of the network while the intercluster region —in
the weak link regime— plays a role in the mechanics. Further, the
presence of repeating mesoscopic units in the heterogeneous structure of
the system namely clusters enables the possibility of finding scaling
relationships [72]. Such scaling relationships are invaluable for the
development of applied biomaterials as the predictability of the me-
chanical and structural properties enables the development of tailored
hydrogels with specific desired properties for drug delivery and other
specialised biomedical applications.
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