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Folded globular proteins are attractive building blocks for biopolymer-based materials, as their mechanically
resistant structures carry out diverse biological functionality. While much is now understood about the
mechanical response of single folded proteins, a major challenge is to understand and predictably control
how single protein mechanics translates to the collective response of a network of connected folded
proteins. Here, by utilising the binding of maltose to hydrogels constructed from photo-chemically cross-
linked maltose binding protein (MBP), we investigate the effects of protein stabilisation at the molecular level
on the macroscopic mechanical and structural properties of a protein-based hydrogel. Rheological
measurements show an enhancement in the mechanical strength and energy dissipation of MBP hydrogels
in the presence of maltose. Circular dichroism spectroscopy and differential scanning calorimetry
measurements show that MBP remains both folded and functional in situ. By coupling these mechanical
measurements with mesoscopic structural information obtained by small angle scattering, we propose an
occupation model in which higher proportions of stabilised, ligand occupied, protein building blocks
translate their increased stability to the macroscopic properties of the hydrogel network. This provides
powerful opportunities to exploit environmentally responsive folded protein-based biomaterials for many
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1. Introduction

Folded proteins are nanoscale machines responsible for a vast
array of sophisticated biological functions. Acting in isolation
or as part of larger, often complex machinery, proteins perform
their function through structural and mechanical changes.'™
Harnessing this diverse functionality within a programmable
structural and mechanical hydrogel would create a transforma-
tive and innovative technology. Hierarchical structure and
mechanics are crucial to biological systems™® as they allow
for smaller molecules (e.g. proteins® and polysaccharide”) to be
used in the construction of large scale biological structures
(e.g: cell cytoskeletons) with properties such as structural support
and repetitive energy dissipation.® ™ For example, a-helical lamin
protein domains that define the lattice-like network of the cell’s
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nucleus, provide both crucial structural support, as well as aiding
in the coupling of mechanical signals to complex biochemical
processes in the cell."* The staggered architecture in a collagen
microfibril permits energy dissipation through molecular sliding,
rather than snapping and can withstand GPa of pressure. While
as yet less understand than their synthetic and flexible
counterparts,” hierarchical biopolymer networks show diverse
behaviour including reversible softening under compression,*?
as well as both stiffening’® and negative normal stress under
shear.'” This richness of behaviour can serve as inspiration for
new functional materials. However, a predictive framework for
biopolymer networks has proven to be a significant challenge.
A fundamental goal in this field is to bridge the gap between
the mechanical properties of a single biopolymer and the
collective response of a network of such polymers.®

With the development of single molecule force spectroscopy
(SMFS) techniques, we now have a wealth of information about
the mechanical properties of individual proteins."*>* This
includes proteins which exhibit mechanical properties, which
can be finely tuned through ligand binding.>**° These studies
have shown that the native, folded state of protein molecules
display a wide range of mechanical stabilities (pNs to nNs).'***
Hydrogels formed of cross-linked folded proteins thus offer
the opportunity to design novel smart materials that exploit
the protein’s intrinsic properties and functions, resulting in
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hydrogel networks that are inherently functional with unique
properties. In the last decade folded protein-based networks
have emerged as an exciting new class of biomaterial motivated
by the work of Li et al.,>*** which demonstrates their ability to
mimic the mechanical properties of muscle, form highly elastic
and stimuli-responsive materials, and dynamically regulate
their properties. However, the ability to rationally design pro-
tein hydrogels with predictable and tuneable structural and
mechanical properties remains a fundamental challenge. A
notable exception is the recent study of Wu et al.,, which
examined the balance between protein building blocks and
cross-linker.>® However, it is critical that we progress our
understanding of the translation of mechanical properties
from single protein to crosslinked network. Here we report a
novel, rationally designed protein hydrogel that translates
the nanoscale function of a single protein ligand binding to
the macroscopic mechanical properties of a cross-linked*”
protein network.

2. Experimental section
2.1 Materials

Tris(2,2'-bipyridyl)dichlororuthenium(u) hexahydrate (Ru(BiPy);),
sodium persulfate (NaPS), p-(+)Maltose monohydrate, sodium
phosphate dibasic, and sodium phosphate monobasic were
obtained from Sigma-Aldrich and used without further treatment.
N-Terminal hexa-histidine tagged MBP was expressed and purified
as described below.

2.2 Protein preparation

A pMal-c5x vector, with a stop codon inserted at position 378 by
Q5 mutagenesis, was transformed into the expression host
Escherichia coli BL21 (DE3) pLysS competent cells. Selected
colonies were grown overnight in Lysogeny Broth (LB) at
37 °C, 200 rpm to form starter cultures. 2 ml of these starter
cultures were used to inoculate 0.5 1 of auto-induction media*®
in 2.5 1 conical flasks, these cultures were incubated for
48 hours at 37 °C, 200 rpm. Cells were harvested at 8000 rpm
for 45 minutes, and the pellet resuspended in lysis buffer (0.1%
Triton X-100, 1 mM PMSF, 20 mM benzamidine, 20 mM Tris,
300 mM NaCl, 10 mM imidazole, pH 8), homogenised and
incubated for 1 hour in the presence of DNAase. To ensure
complete lysis, cell solutions were passed through a cell dis-
ruptor (30 kpsi, 25 °C) before centrifuging at 25000 rpm for
25 min to pellet the cell debris and collect the lysate.

To purify the MBP from the lysate, it was loaded onto a
Ni-NTA resin column over night at 2 ml min™" to ensure maximum
binding of the hexa-histidine-tagged MBP. The column was then
equilibrated in wash buffer (20 mM Tris, 300 mM NacCl, 10 mM
imidazole, pH 8), before the protein was eluted with elution
buffer (20 mM Tris, 300 mM NacCl, 500 mM imidazole, pH 8) in a
ratio of 1:3 to wash buffer. The purified protein was dialysed
into water and freeze dried for storage at —20 °C. Average MBP
yields of 250 mg 17"
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2.3 Sample preparation

Hydrogel samples are prepared by mixing in a 1:1 ratio a
200 mg ml~" stock of MBP protein and 2x crosslink reagent
stock for final protein and reagent concentrations of 100 mg ml "
MBP, 30 mM NaPS, 100 uM Ru(BiPY). Maltose and NaCl are
added to the protein stock and reagent stock at concentrations of
20 mM and 400 mM for final hydrogel concentrations of 10 mM
and 200 mM respectively. All stocks were dissolved in 25 mM
phosphate bulffer.

2.4 Rheometry

The mechanical properties of hydrogels were determined using
an Anton Parr MCR 502 stress controlled rheometer (Anton Parr
GmbH, Austria) in parallel plate configuration (with a plate
diameter of 8 mm). Time sweep measurements were conducted
at a frequency and shear strain of 1 Hz and 0.5%, respectively.
All samples were gelated under a blue LED (peak emission at
452 nm) run at a current of 0.48 A. To prevent evaporation,
during this process low viscosity silicone oil (approx. 5 ct) was
placed around the geometry. The silicone oil should present no
schematic error on rheometric data as this is below the rheo-
meter’s torque range. All measurements were performed at
room temperature. The modified form of the Langmuir equa-
tion is defined as:

+ AG' - [Maltose] ,
G = 1 G 1
Maltose] = " [Maltose] " ®
where
Ky - P,
[Maltose] = ———2_ 1 P [MBPo] (2)
(1 - POcc)

And Gpmattose]’s Go'y Ka, Pocc and AG are defined as the storage
modulus as a function of maltose concentration, storage mod-
ulus in the absence of maltose, the apparent binding affinity of
maltose to MBP, the proportion of occupied MBP and max
change in storage modulus of the gel between 0 mM and a vast
molar excess of maltose respectively.

2.5 Differential scanning calorimetry

DSC scans were performed on a TA Q20 DSC with a refrigerated
cooling system (RCS90, TA Inst.) Hermetically seal aluminium
sample pans (Tzero pans, TA inst.) were used to hold 10 mg of
each sample. An empty pan was used as a reference. Samples
were heated from 30 to 95 °C at 10 °C min . To determine the
bind affinity of maltose the curves are fit with the Langmuir
thermal shift equation:

s ATulMaltosel |,
" Kq + [Maltose] = ™

(3)

where AT, is the increase in melting temperature of the
molecule upon binding, Ky is the binding affinity, and T, is
the melting temperature in the absence of ligand.

2.6 Circular dichroism (CD)

Far-UV circular dichroism spectra of MBP hydrogels were
acquired on a Chirascan plus circular dichroism spectrometer

This journal is © The Royal Society of Chemistry 2020
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(Applied PhotoPhysics) with a bandwidth of 2 nm, a step size of
1 nm, and a path length of 10 pm. The samples contain
different concentrations of maltose from 0 to 10 mM and were
measured at temperatures: 23 °C. The mean residue ellipticity
(MRE) at each wavelength was obtained by:

M.6,,

0N — 1yde (4)

OMRE =

where M, is the molecular mass of protein in Daltons, N is the
number of amino acids it contains, 6, is the measured ellipti-
city at a particular wavelength, d is the path length in cm, and
c is the concentration in g ml~". Over long measurements
(approx. 10 hours) dehydration is significant factor, this was
corrected for by fitting the natural log of the data at large ¢
(> 6 hours) to determine the rate if dehydration. Using this rate
the whole data set was fit with a double exponential decay
function (with the rate of one exponential fixed as the measured
dehydration rate). The exponential corresponding to the dehy-
dration is then removed from the data set.

2.7 Small angle scattering (SAS)
SAS curves were fitted using SASview in accordance with
eqn (5).

1(Q) = Voiock AP [PB10c1P(Q) + PcrusterP(Q)S(Q)] + background
(5)

DiI(Dy—1)  sin[(Dp — 1) tan~'(Q¢)]
1 : szfl (QRO)Df
B

S(0) = (6)

where P(Q) is an ellipsoidal form factor,*® and S(Q) is a fractal
structure factor to model the geometry of the clustering of
objects of the form P(Q).***' Dy, ¢ and R, are defined as the
mass fractal dimension, correlation length and minimum cut-
off length scale defined by the ellipsoid form factor.

2.8 Small angle neutron scattering (SANS)

SANS measurements were conducted on the time-of-flight
diffractometer instruments ZOOM and LOQ at ISIS Spallation
Source (Didcot, UK). The Q ranges explored on the LOQ and
ZOOM instruments are 0.006-0.24 A" and 0.0025-0.43 A"
respectively. Temperatures were controlled by an external cir-
culating thermal bath. Samples were loaded and gelled in 1 mm
path length quartz cuvettes.

2.9 Small angle X-ray scattering (SAXS)

SAXS measurements were conducted in the Materials Charac-
terisation Laboratory of the ISIS Spallation Source, on the
Nano-inXider SAXS equipment. Samples were loaded and gelled
in 1 mm path length glass capillary tubes. The Q range
investigated was 0.0045-0.37 A™*, and measurements were
made at room temperature.

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion
3.1 Selection of hydrogel building block

Maltose binding protein was selected as a model system to
investigate the relationship between building block stability
and the macroscopic properties of a cross-linked MBP hydrogel.
This 370 residue protein from E. coli is highly expressing
(250 mg 1" of cell culture (Methods)), has 14 solvent-exposed
tyrosine residues (allowing formation gel network* via residue
specific photo-chemical crosslinking) and binds the sugar maltose
with a dissociation constant (Kg) of (1.20 + 0.05) pM.**** The
crystal structure of MBP have been determined by X-ray crystal-
lography in the presence® and absence*® of maltose (Fig. 1) and
no significant difference is seen in the size or shape of the protein
(RMSD = 4 A).

An increase in the thermal stability of MBP of 8-14 °C,
depending on pH, is noted upon the binding of maltose.”” A
number of SMFS studies have successfully demonstrated that
the mechanical stability of single proteins can be modulated
upon ligand binding.?”*8~>> A previous study showed that the
mechanical stability of MBP is modulated upon ligand binding
of maltose. In the case of MBP, in the structure two lobes are
connected by a hinge region that changes from an open to close
state upon binding of maltose (Fig. 1). Bertz and Rief demon-
strated that when stretched from its N-C termini, binding of
maltose to MBP did not change the mechanical stability of
MBP.”®> When protein engineering was used to control the
pulling direction such that the two lobes of MBP are forced to
move apart along the hinge axis upon stretching, the binding of
maltose enhanced the mechanical stability of MBP by 12%
(specifically extended via residues 53 and 141).>* The measured
increase in mechanical stability was attributed to 11 additional
hydrogen bonds in the maltose binding site upon ligand
binding.*® This study highlighted the importance of hydrogen
bonding for the mechanical stability of proteins.*3*°%>” The
majority of crosslinking tyrosine residues (9 out of 14) are
located either side of the hinge region of MBP (Fig. 1), con-
sistent with the hinge axis reported by Rief et al. (these tyrosine
are all within 26 A of the maltose binding site in agreement
with residues 53 (25 A from binding site) and 141 (35 A from
binding site)). Given the prior work of Rief et al. which
demonstrated the importance of pulling direction and

Fig. 1 Crystal structures of MBP both apo (a) (PDB code: 1JW5) and with
maltose bound (b) (PDB code: 1Y4C). Where tyrosine residues are
coloured red and the bound maltose is coloured magenta, for clarity.

Soft Matter, 2020, 16, 6389-6399 | 6391
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insertion of the ligand in the binding site of MBP, we would
expect cross-linking of tyrosines across the hinge region and
the presence of maltose to result in an increase in the mechanical
stability of chemically cross-linked MBP. These properties make
MBP an ideal protein to investigate the effects of mechanical
stabilisation at the molecular level on the mechanical properties
of a hierarchically structured macroscopic system.

3.2 Modulation of hydrogel mechanics

To investigate whether an increase in the stability of MBP
changes the macroscopic properties of a cross-linked MBP
hydrogel, concentrated solutions of MBP (100 mg ml ™", 7.4%
vol frac.) were photochemically crosslinked (Methods) in the
presence of 0 mM to 10 mM maltose (Fig. 2a).

The frequency sweep curves (Fig. 2a) of MBP hydrogels as
determined by applied shear rheology show how the storage,
G', and loss, G”, moduli which are the real and imaginary
component of the complex shear modulus and are a measure of
hydrogel elasticity and inelasticity respectively. Both moduli
decrease as the frequency decreases and decrease linearly
below 2 Hz, the slopes of this region differ between the storage
and loss moduli and appear to diverge implying that the elastic
behaviour is dominant even over long timescales. Fitting the
linear region between 0.1 and 2 Hz allows for the determination
of the storage and loss modulus at 1 Hz (Fig. 2b) and by
extension tan(d) (Fig. 2c) as a function of maltose concen-
tration. In addition, the exponent of the power law dependence
of the storage and loss moduli can be extracted as a function of
maltose concentration (Fig. S1, ESIt), and show little variation
between maltose concentrations. The storage and loss moduli
appear to increase sharply as a function of maltose concen-
tration, with the former reaching an upper plateau at just over
2 mM maltose, and the latter at approximately 1 mM. It is
interesting to consider what sets the critical concentration of
2 mM maltose for the storage modulus beyond which mechan-
ical properties are insensitive to maltose content. One possibility
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Fig. 2 (a) Frequency sweeps showing the (filled) storage, G’, and (open)

loss moduli, G”, of chemically crosslinked MBP hydrogels (final concen-
trations: 100 mg ml~* MBP, 30 mM NaPS, 100 uM Ru) as a function of
maltose concentration. An oscillatory strain of 0.5% was applied to each
sample. (b) G, G” at an oscillator frequency of 1 Hz as a function of
maltose concentration. Dashed lines added as a guide for the eye. (c) Ratio
of G” to G’ (tan(d)) at 1 Hz as a function of maltose concentration.
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Fig. 3 (a) Stress—strain curves of chemically crosslinked MBP hydrogels
(final concentrations: 100 mg ml~* MBP, 30 mM NaPS, 100 uM Ru) as a
function of maltose concentration. Samples were strained to 50% at a rate
of 1%/s and then unloaded down to 0% at the same rate. (b) Energy
dissipation during load—unload cycle of MBP hydrogels as a function of
maltose concentration. Solid line shows fit to Langmuir type model
(egn (S1), ESIY).

is that the saturation point of the system is reached, and all the
MBP building blocks have maltose bound. This seems intuitive
given the MBP protein concentration is approximately 2 mM, and
we revisit this explanation later in the paper. While the addition of
maltose increases the storage and loss moduli of the hydrogels,
the ratio of loss to storage modulus remains relatively unchanged
(approximately 0.125) suggesting that the degree of elasticity is the
same in the presence and absence of maltose. The initial results
show that the addition of maltose increases mechanical stability
of the MBP hydrogels without changing the relative elasticity. To
further investigate the effects of maltose on the hydrogels mechanical
properties the hydrogels are next investigated under load.

Fig. 3a shows shear stress-strain loading curves up to 50%
strain of MBP hydrogels from applied rotational rheology.
A maximum strain of 50% was chosen as this corresponds to
the beginning of the strain stiffening region as determined by
strain amplitude ramp experiments (Fig. S2, ESIT). Additional
stress—strain curves for maximum load strains of 10% and 30%
were also performed (Fig. S3, ESIT). For all measured maltose
concentrations, the stress-strain curves in Fig. 3a show
clear linear elasticity up to shear strains of at least 15%
(Fig. S4, ESIT). In this work the behaviour of hydrogels in the
linear regime is focused on, but it is important to note that
biopolymer gels exhibit rich non-linear’®*° and delayed yielding
behaviour,**"** which would warrant subsequent studies and
future work. Fitting the linear region of the stress-strain curves
(Fig. S4, ESIt) and extracting the gradient yields a measurement
of the storage modulus, G'. The storage modulus appears
to increase sharply as a function of maltose concentration,
reaching an upper plateau at just over 2 mM maltose, in good
agreement with the values extracted from the frequency sweep
data (Fig. 2). The stress-strain curves all show some level of
residual strain at 0 Pa suggesting the gels have not yet fully
recovered from the applied force, this residual strain appears to
show no trend with maltose concentration (Fig. S5, ESIt). To
determine that this residual strain was not indicative of

This journal is © The Royal Society of Chemistry 2020
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permanent damage to the gels progressive strain loads were
performed on the same sample (with appropriate time between
to wait for relaxation of the sample). This showed that the
sample followed the same load path each time demonstrating,
that no permanent damage was caused (Fig. S6, ESIT).

In addition, the stress-strain curves (Fig. 3a) display more
prominent hysteresis behaviour in the presence of increasing
maltose concentrations. This hysteresis is indicative of the
energy dissipated during loading and unloading and suggests
that MBP hydrogels formed in the presence of higher concen-
trations of maltose dissipate more energy upon straining and
relaxing. The area enclosed by the stress-strain provides a
quantitative measure of the energy dissipated to the internal
energy of the material. Calculating the energy dissipated from
the curves in Fig. 3a as a function of maltose concentration,
generates the graph in Fig. 3b. The energy dissipation, like the
storage modulus, increases and plateaus with maltose concen-
tration. In folded protein hydrogels, the main source of energy
dissipation is believed to be force-induced unfolding,3*°*
where more energy is required to unfold the more robust ligand
bound MBP. Thus, increasing the maltose concentration
results in stiffer gels with increased energy dissipation. Inter-
estingly the efficiency can be measured from the curves in
Fig. 3a and suggests that the same number of protein domains
are unfolded irrespective of maltose concentration in order to
accommodate the 50% strain on the system (Fig. S7a, ESIT).

View Article Online

Paper

The invariance of the hydrogel efficiency with maltose is
consistent between other measured load strains (Fig. S7a, ESIT),
even with lower energy dissipation measured at lower strains
(Fig. S7b, ESIT) suggesting that the number of protein domains
being unfolded is invariant of maltose concentration but is
dependent on the maximum applied strain.

To quantify the proportion of folded MBP in our cross-
linked hydrogels we performed CD experiments of MBP in
solution and in the cross-linked hydrogel, both in the presence
and absence of maltose. CD allows for measurement of the
secondary structure of MBP and Fig. 4a shows the mean residue
ellipticity spectra of MBP pre- and post-gelation, in the absence
of maltose. In both the MBP solution and the hydrogel, the
spectra exhibit the expected secondary structure profile for the
a—f protein MBP, with negative peaks at 222 nm and 209 nm
signalling o-helices and a positive peak at 195 nm signalling the
presence of B-sheets. The small shift in magnitude of the peaks
in the mean residue ellipticity signal post gelation shows that
there is a reduction in the amount of folded protein present,
both immediately following gelation and 1 hour post-gelation.
The spectra can be used to extract the relative folded fraction of
MBP protein post-gelation in the absence and presence of
maltose (Fig. 4b), at times that are comparable to the rheology
experiments. In both samples the relative folded fraction shows
an initial reduction of approximately 10%, and a further
reduction of ~15% after 1 hour. These experiments show that
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Fig. 4

(a) Circular dichroism spectra of MBP hydrogels samples before and after gelation. (b) Comparison of the percentage of folded protein estimated

using circular dichroism spectroscopy in the presence and absence of maltose, and as a function of time after gelation. (c) Melting temperature of MBP as
a function of maltose concentration. Error bars are the standard deviation determined from asymmetric Gaussian fitting.
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while gelation results in unfolding of a proportion of the MBP
protein, the folded population dominates and is relatively
unchanged with increasing maltose concentration ((74 + 3)%
folded MBP in the absence, and (77 + 3)% in presence, of
maltose). This insignificant difference is unlikely to account for
the over (1.7 £ 0.2)-fold increase in storage modulus (Fig. 2b),
as if we consider the proteins as springs in parallel we would
expect the sample with 10 mM maltose to have 1.7x as much
folded protein in situ, compared to the sample with 0 mM
maltose.

Previous studies have demonstrated that maltose bound
MBP is more thermodynamically stable.*” To determine if
enhanced thermal stabilisation is still present in a cross-
linked hydrogel, we used differential scanning calorimetry, a
technique which measures the heat flow in and out of a
material upon heating and cooling. We first measured the
melting temperature, T,,, of MBP in solution in the absence
of maltose, obtaining a value of 58 °C in good agreement with
published literature.*” We then measured T}, as a function of
maltose concentration and observed an increasing T, with
increasing maltose concentration (Fig. 4c). The same DSC
experiments were also completed for the MBP hydrogels, show-
ing similar results. The increase in T, in the hydrogels shows a
slower rate of increase to the max T,,, compared to the solution
data (Fig. 4c), suggesting a lower apparent K4 value. Using the
DSC data and applying the Langmuir thermal shift equation
(Methods), we extracted the apparent Ky values of maltose to
MBP both in pre-gelation solution (290 £ 90) uM and i situ in
the gel (800 + 200) uM. The values obtained are larger than
previously determined in literature (1.20 + 0.05) uM,*>** likely
due to comparable protein (2.4 mM) and ligand (0-10 mM)
concentrations in the present study causing high depletion of
ligands, which is not consistent with the assumptions in
binding assays that the change in ligand concentration due to
binding is negligible. The apparent binding affinity allows us to
calculate the number of maltose bound MBP, or ‘occupied
protein’ as a function of concentration (Fig. 5, inset). By combining
the rheology (Fig. 2 and 3), CD (Fig. 4a and b) and DSC (Fig. 4c)
results we propose an ‘occupation model’ to describe the observed
modulation of the mechanical properties of MBP hydrogels. With
increased maltose concentration the probability of MBP binding to
maltose increases. We expect that this would result in a greater
number of mechanically more robust maltose bound MBP, or
‘occupied’ MBP. This enhancement of the mechanical stability of
the folded protein building block translates to the cross-linked
folded protein hydrogel, which exhibits increased mechanical
strength (Fig. 5).

From Fig. 5 it is clear that the trend of storage modulus with
the proportion of more stable ‘occupied MBP’ is not linear (as
would be expected from a simple springs in parallel model),
increasing rapidly at low proportion and slower at higher
proportions (>0.2). This result demonstrates that the transla-
tion of stability across length scales in hierarchically structure
network is highly non-trivial. Since the storage modulus
increases as the proportion of ‘occupied’ MBP increases, we
are able to fit Fig. 5 with a modified form of the Langmuir
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1.0

binding equation (Methods) and extract the apparent K4 value.
The Ky value extracted from the rheology data (Fig. 5) was found
to be (300 + 100) pM, compared to (290 £+ 90) uM (in pre-gel
solution) and (800 £ 200) uM (in situ in the gel) extracted from
the DSC data (Fig. 4c). A similar value for apparent Ky of (400 +
200) UM was extracted from the rheology data in Fig. 3b. While
these value do not match exactly with those found in the DSC
experiments it is of the correct order of magnitude and is still
over two-orders of magnitude larger than that previously deter-
mined in low concentration MBP solutions.

In Fig. 2b it was noted that above a critical concentration of
2 mM maltose the storage modulus was insensitive to maltose
content, suggesting a saturation of the MBP binding sites.
However, Fig. 5 (inset) shows that the proportion of occupied
MBP is only 0.6 at 2 mM maltose concentration, implying the
critical concentration is not a saturation point of available
protein-ligand binding sites. Instead, it suggests that the net-
work mechanics plateaus when a 0.6 proportion of MBP is occupied,
implying a 0.4 proportion of MBP makes little contribution to the
mechanical properties of the network. We examine this further in
Fig. 5 which shows the steepest rate of increase in final storage
modulus between 0 and 0.2 occupation, implying the mechanics of
the protein network can be dominated by relatively few (1 in 5)
protein building blocks. So we have shown that by controlling the
proportion of mechanically robust ‘occupied’ MBP we are able to
tune the storage modulus of hydrogels constructed from MBP. In
addition our results imply that only a small proportion of the protein
building blocks contribute to the mechanical stability of the network
and approximately 40% effectively may not contribute at all.

3.3 Modulation of hydrogel structure

We have shown that the mechanical strength of a protein
network is determined by the stability of the protein building

This journal is © The Royal Society of Chemistry 2020
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block. This increase in the shear modulus of the network could,
however, also arise due to an alteration of the mesoscopic
structure. In order to investigate this possibility small angle
neutron (SANS) and X-ray (SAXS) scattering measurements were
employed, (Fig. 6a and b).

Fig. 6a and b show the scattering curves of MBP hydrogels,
in the absence and presence of maltose (illuminated by neutron
and X-ray beams respectively). In both graphs very little differ-
ence can be seen between samples, suggesting that the differ-
ences in the mechanical properties of the gel are not due to a
mesoscopic structural change. However, it is important to note
that there is a difference in the gels at lower Q values of the
SANS measurements, representing differences between the gels
at larger length scales, highlighting the need for lower Q value
measurements in order to structurally characterise protein-
based hydrogels. To facilitate fitting of the data, SANS and
SAXS measurements were also performed on 5-10 mg ml™"
MBP in solution (Fig. S8, ESIt) to determine the form factor of
the MBP building block. Analysis of these data sets show that
there is negligible change in the form between samples in the
presence and absence of maltose. Fitting the data in Fig. 6a and
b (see Methods) allows us to extract quantitative information
about the structure of folded protein-based hydrogels (Table 1).

Previous structural characterisation of folded protein based
hydrogel, (using a two-Lorentzian function) suggested the
presence of clusters of crosslinked folded protein with fractal-
like nature in the gel.*” Based on these findings a fractal
structure factor is used to model the scattering in this work
(see Methods). Three key parameters can be extracted from the
data. The first two are; the correlation length representing the
size of the clusters of crosslinked proteins and the fractal

View Article Online
Paper
Table 1 The results of the two fitted parameters, correlation length and

fractal dimension extracted using eqn (5), and the ‘Kiessig’ length extracted
by performing peak to peak analysis of the Kiessig fringes (Fig. S9, ESI)

Maltose conc. Correlation length Fractal ‘Kiessig’ length

(mM) A dimension (A)

SANS (Fig. 6a)

0 250 £ 30 2.41 £ 0.05 1000 £ 300
10 mM 340 £ 40 2.33 £ 0.04 1000 £ 300
SAXS (Fig. 6b)

0 230 £1 2.60 £ 0.03 N/A

10 mM 250 £ 2 2.58 £+ 0.03 N/A

dimension of these clusters. The correlation length is over
10x larger than the radius of gyration of the MBP subunit unit
(approx. 21 A), this decade of separation between relevant
length scales gives confidence in the validity of the fractal fit
used. The third parameter here termed ‘Kiessig’ length is one
that is only present in our SANS data and is extracted through
peak to peak analysis of the Kiessig fringes (Fig. S9, ESIf).
Kiessig fringes are the result of an interference effect due to the
scattering from two separated interfaces (where the separation
is much larger than the incident wavelength) such that the
Bragg condition is satisfied.°*®” So the emergence of such
fringes implies the existence of a repeating length scale of
approximately 1000 A in the system. The lack of definition in
these fringes is what leads to the large error in these values but
also is indicative that the length scale is not well defined in the
system i.e. has a large standard deviation. The only parameter
that genuinely varies between samples is the correlation length
of the clusters, which increases in the presence of maltose,
however this increase in length is not very significant (two MBP

O Absence of Maltose
O Presence of Maltose

Intensity (cm™)

10-3_

= Absence of Maltose
e Presence of Maltose| | 10"

.100
107

_10-2

Intensity (cm™)

 10°

104

Fig. 6 SANS curves (a) and SAXS curves (b) of folded MBP hydrogels, (final

concentrations: MBP 100 mg ml™, NaPS 30 mM, Ru 100 um) in the absence

(grey) and presence (blue) of 10 mM Maltose. Solid lines show fits to eqn (5). (c) Schematic representation of the predicted structure MBP hydrogels.
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diameters). The invariance of the fractal dimension and the
small change in the cluster size implies that the structure of the
hydrogel is approximately the same in the absence and
presence of maltose. The consistency of the gel network’s
structural motifs (in the presence and absence of 10 mM
maltose) demonstrates that the increase in shear modulus of
the network is due to the increase in stability of the protein
building block, not a change in the mesoscopic structure
caused by this increased stability.

Together, the parameters extracted from the scattering data
shows that folded MBP hydrogels contain fractal-like clusters
(D¢ ~ 2.4 for SANS, 2.6 for SAXS) that vary in size from 250 A to
340 A with an additional preserved length scale of ~1000 A,
and that this structure is unchanged by the addition of maltose.
Combining the results of the scattering measurements with CD
spectroscopy experiments, which demonstrate that there is a
population of unfolded protein present in the gels, we propose
a structural model of our hydrogels (Fig. 6¢). Our proposed
structure consists of fractal-like clusters of crosslinked folded
MBP proteins linked together by strands of unfolded protein
giving rise to an inter-cluster distance of ~1000 A. It is worth
noting at this point that the Kiessig fringes we see in our data
are not well defined and since these fringes arise due to Bragg
interference this suggests that the length scale, we extract is
also not well defined, i.e., has a large distribution of sizes. We
speculate that this structure is critically regulated by the
rupture force of the protein building block, instead of other
mechanisms such as diffusion limited cluster aggregation, as
increasing the stability of the building block appears to lead to
a larger cluster size, suggesting force plays a crucial role in the
formation of this architecture.

3.4 Modulation of hydrogel dynamics

Stabilisation of the protein building block through ligand
binding leads to an enhancement in the storage modulus of
the gels, however analysis of the kinetics of gel formation
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performed by rheology concurrently during light induced gel
formation reveals other effects of ligand binding.

The gelation curves in Fig. 7a, show the evolution of the
storage modulus with time as a function of maltose concen-
tration. The gelation curves all have the same general shape,
i.e., during illumination they increase to a maximum value
before relaxing to a final value (G, '), which increases as a
function of maltose concentration in agreement with end point
rheology data (Fig. 2b). While the presence of maltose increases
the storage modulus of the gel, the gelation time remains the
same in the presence and absence of maltose (Fig. S10, ESIT). In
previously literature®® it has been noted that such overshoot
behaviour during gelation can be due to deswelling of the gel
causing slipping between the sample and the rheometer plate.
To investigate this possibility we consider the measured force
normal to the plane of shear during gelation (Fig. S11, ESIY)
and calculate a maximum negative (downwards) stress of —1
kPa, several times small than previously reported (—3.2 kPa).*’
Nonetheless they are of the same order, so the possibility of
slippage due to contraction may be present and will be the
subject of further investigation. Assuming slippage is not
present, here we present an explanation for the gelation beha-
viour.

’ 1

,L ,L ,
G = (t—tg))’ (Gloo + Bie o + Bse Tz) + Gy 7)

(14e€

In order to analyse these relatively complex kinetic profiles
in more detail we fitted an empirical function to these data sets
(shown in eqn (7). Example of fit shown in Fig. S12, ESIt).

Eqn (7) shows the functional form of the gelation curves and
contains two key components. The first is the sigmoidal com-
ponent, which models the initial increase in the storage mod-
ulus up to the final value G.,’, where C is the rate of increase
and ¢, the midpoint position of the increase to the maximum in
the storage modulus. The second are the two exponential terms

12 2200
6
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Fig. 7 (a) Gelation curves (showing storage modulus vs. time) of chemical crosslinked MBP hydrogels (final concentrations: 100 mg ml~* MBP, 30 mM
NaPS, 100 uM Ru) as a function of maltose concentration. Illuminated at t = 60 s till t = 360 s. (inset) Magnification of the boxed section in Fig. 7a, with the
error bar ribbon removed for clarity. (b) Relaxation time constant of the first and second relaxation mode, 1 (black) and 7, (blue) as a function of maltose

concentration.
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that model the relaxation of the gels from the maximum value
to the final value G,.,’. Two exponential terms are required to
adequately fit the gelation curves, implying that there are two
distinct relaxation modes for the hydrogels during formation,
one modelled by the time constant t; and the other by 7,. The
two time constants differ by approximately a factor of 10 from
each other and Fig. 7b shows how these time constants vary as a
function of maltose concentration. The two time constants
show inverse relationships to one another. Two possible
mechanisms that could be attributed to these relaxation modes
are the relaxation of the newly percolated crosslinked network
into a lower energy state, and the unfolding of the MBP
domains.

We employed CD to measure the evolution of the secondary
structure of MBP solutions and hydrogels over the course of
10 hours, shown in Fig. 8a. (Note that these curves were corrected
for dehydration in the samples over the long course of the
measurements.) The normalised CD curves show a decaying
relationship that plateaus to the same value of approximately
67% folded protein, taking a different amount of time to reach
this plateau. The time constants of this decay (Fig. 8b) are
approximately (2900 =+ 50) s and (4000 + 50) s in the absence
and presence of 10 mM maltose, respectively. These values are
almost exactly a factor of two larger than those determined
from rheology, implying that the longer 7, relaxation is due to
the unfolding of the MBP building block. The factor of two
difference may be due to the application of external strain on
the system during gelation on the rheometer that is not present
in the CD measurements. Interestingly we can use these time
constants to predict the forces present in the gel during
gelation,”® shown in Fig. 8c. The applied force during gelation
lowers the energy barrier of unfolding in a linear manner. The

This journal is © The Royal Society of Chemistry 2020

energy being defined as Fx, at force, F where x, is the measure
of the distance to the unfolded state in the energy landscape.
The expression for the rate constant of unfolding at force,
F (ky ) is defined as:

F-x,
ku,F = ku,Oe ka (8)
ky p) kT
F=1In — - 9
(ku.O Xy ( )

where k, ¢ is the unfolding rate constant in the absence of an
applied force, and other symbols have their usual meanings.
The results in Fig. 8b show good correlation between rheology
and CD as both time constant and predicted force increase
in the presence of the ligand. The predicted gelation forces
(Fig. 8c) are higher in samples measured by rheology, as
expected due to the additional external strain on the system.
There is also an increase in the predicted gelation force in
samples containing maltose, possibly suggesting that the final
structure by the gels is reasonably invariant and as a result of
this invariance there is a high gelation force due to the
increased stability of bound MBP.

4. Conclusions

We have demonstrated that increasing the stability of MBP
through ligand binding results in enhanced mechanical char-
acteristics of the hydrogels. Using both SANS and SAXS we have
shown that the addition of maltose does not affect the meso-
scale structure of our hydrogel adding further evidence that the
enhancement in protein stability at the molecular level scales
directly to the macroscale. We propose an occupation model of
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this modulation, due to increased probability of more robust
ligand bound MBP with increasing maltose concentration. A
wealth of literature on the reinforcement of gels using so-called
“fillers’ exists, in which large particles are added to fill space in
the gel matrix leading to reinforcement of the gel and an
increase mechanical strength.”"”> By contrast in the present
study, rather than filling the space within gel network pores, we
modify the molecular building block stability, namely MBP,
and demonstrate the translation of increased stability to the
mechanical stability of the gel network. In addition our data
suggests that by stabilising only 20% of the folded protein
blocks the mechanical properties of the protein network can be
significantly increased. While the underlying mechanism is not
known it is likely heavily related to the hierarchical structure of
the network.

We use our scattering data and combine it with the results of
CD to postulate a structure of folded protein-based hydrogels,
where there are fractal-like clusters of crosslinked folded MBP
proteins linked together by strands of unfolded proteins, due to
the stresses of gelation. With this structural model in place we
speculate that the architecture of networks formed by mechani-
cally labile folded proteins is critically limited and regulated by
the rupture force of the protein building block.

We also investigated the effect of maltose stabilisation on
the kinetics of hydrogel formation. During gel formation, after
the initial crosslinking reaction there is a relaxation to a final
plateau shear modulus. Assuming slippage is not present, by
fitting these gelation curves with a bespoke empirical function
we find that there is an increase in the time constant of this
relaxation. Using CD, we are able to demonstrate that this
increase in relaxation time is also due to the stabilising effect
of maltose on the MBP domain. These results are interesting
and warrant further investigation of the modulation of the
relaxation behaviour under permanent strain, which would be
important and relevant for biomedical and biomechanical
applications.

By controlling the proportion of building block subunits
with enhanced stability it is possible to tune the mechanical
and dynamical behaviour of a network of such subunits.
Furthermore, this tuning of the mechanical and dynamical
properties of the hydrogel network does not come at the
expense of altering the mesoscopic structure. This is an impor-
tant step in understanding and, in future, exploiting the
translation of building block stability on network behaviour
and opening the door to environmentally responsive hydrogels
with many broad applications.
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