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The fundamental understanding of the gelation kinetics, stress relaxation and temporal evolution in
colloidal filamentous gels is central to many aspects of soft and biological matter, yet a complete
description of the inherent complex dynamics of these systems is still missing. By means of photon
correlation imaging (PCl), we studied the gelation of amyloid fibril solutions, chosen as a model
filamentous colloid with immediate significance to biology and nanotechnology, upon passage of ions
through a semi-permeable membrane. We observed a linear-in-time evolution of the gelation front and
rich rearrangement dynamics of the gels, the magnitude and the spatial propagation of which depend
on how effectively electrostatic interactions are screened by different ionic strengths. Our analysis
confirms the pivotal role of salt concentration in tuning the properties of amyloid gels, and suggests
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1 Introduction

Gels are, for decades, under the spotlight of both fundamental
research and application advances.'™ Their widespread use is
favoured by the possibility of gelating a wide range of colloidal
systems through diverse mechanisms. At the same time,
sustainability concerns call for narrowing the virtually infinite
range of synthesis routes, towards ecological sources and
processes.® In this scenario, food sources can play a huge role,
as they are both renewable and largely available.” Polysaccharides
and proteins can, in fact, gel through modification of three
main key parameters: temperature, pH or ionic strength of the
initial dispersions.® For instance, one can think about the
percolation of TEMPO-oxidized CNFs (cellulose nanofibrils),
upon decrease of pH towards the pK, of the carboxylic surface
groups,’ the network formation of starch upon cooling’® and
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potential routes for explaining the physical mechanisms behind the linear advance of the salt ions.

the morphological transitions (both at the intra- and inter-chain
levels) of k-carrageenan upon the addition of specific ions.""

Among food gels, the ones made out of proteins are being
increasingly studied in many research fields. One class of
proteinaceous aggregates of high relevance is amyloid fibrils;'>
synthesized in vitro from food sources, amyloid fibrils can form
liquid-crystalline phases'® and can be used to build innovative
materials with multiple functionalities (such as heavy metal
removal from water," iron fortification'> and sensing'®).
Amyloid fibrils can also originate in vivo from proteins or
peptides that play a physiological role;'” an enhanced under-
standing of this amyloidogenesis process would enable better
treatment protocols for neuro-degenerative diseases correlated
with the presence of amyloid-plaques (such as Alzheimer’s and
Parkinson’s)."® In both the described scenarios, advances in
understanding of how amyloid fibrils interact and entangle are
pivotal for further steps in research and application.

An excellent model food protein for synthesising and studying
amyloid fibrils is B-lactoglobulin (BLG), which constitutes the
main protein fraction of whey (a valuable side-stream of cheese
production). High temperature and low pH conditions drive the
unfolding and hydrolysis of PLG monomers; the formed shor-
tened peptides, then, self-assemble into amyloid fibrils."**°
The resulting elongated colloidal objects (few nm in thickness
and up to several pm in contour length) have a semi-flexible
nature and an IsoElectric Point (IEP) close to 5.>' At the
synthesis pH (which usually ranges between 2 and 3) PLG
amyloid fibrils are, therefore, positively charged and form a

This journal is © The Royal Society of Chemistry 2022
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viscous suspension stabilized by electrostatic repulsion. Gelation
is promoted by supplying ions, the role of which is to screen the
surface charges and to consequently decrease the repulsive forces
among the considered polyelectrolytes.”> The shear elastic
modulus (G) of amyloid gels was found to scale with the
concentration of fibrils (¢) and with the ionic strength (1),
respectively, as G ~ ¢>> and G ~ I**. The strong dependence
of the shear modulus on I could be rationalised through DLVO
theory: the mechanical strength of the gel is related to the
probability (p) of transforming entanglement points into long-
lived physical cross-links (p ~ I'"!, where the scaling exponent
is very close to 4.4).”*> Another recent study showed the possi-
bility of correlating the plateau value of the intermediate
scattering function of amyloid gels (extracted through a non-
ergodic treatment of dynamic light scattering data) to their
mesh size (¢,,).>* However, despite the mentioned major
advances in the understanding of the static properties of the
already-formed amyloid gels, many unanswered questions on
their dynamics still remain. How amyloid gels form and how
frozen-in stresses relax in time are still open points in the
current literature.

By means of photon correlation imaging (PCI), a light
scattering technique able to follow dynamic phenomena with
both spatial and temporal resolution, we followed the gelation
of two amyloid fibril suspensions upon the supply of mono-
valent ions (Na" and Cl7) from salt reservoirs at different ionic
strengths. We found that the gelation front, in both cases,
evolved linearly in time (y ~ t): such observation is in marked
contrast with the expected diffusive behaviour (y ~ /7). This
phenomenon was already observed in the case of a poly-
saccharide hydrogel;> its physical explanation is hypothesized
to be related to a combination of the Donnan effect and
osmotic pressure unbalances. Besides the interesting beha-
viour of the gelation front, we found out that the two gels
formed at different ionic strengths exhibited sudden rearrange-
ment phenomena, the behaviour of which was a function of the
salt concentration. In more detail, higher salt concentrations
are associated with decorrelation events which are lower in
magnitude, but more homogeneous in space (as a consequence
of the higher elastic modulus of the material).

The collected pieces of evidence and the performed analysis
shed light on the complex physical mechanisms that underlie
amyloid gel formation, with valuable benefits for enhancing the
synthesis of innovative materials in vitro. In fact, as amyloid fibrils
are highly functional in a wide range of applications, a deeper
understanding of the gelation kinetics of amyloid solutions would
allow scientists and industrial researchers to optimize the synth-
esis parameters of materials based on amyloid arrested states.

2 Materials and methods
2.1 BLG monomer purification

BLG monomers were purified from WPI (whey protein isolate,
Fonterra, New Zealand) according to an already published
protocol.*® To avoid the presence of residual salts during
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fibrillization, LG monomers were further purified through
the following steps. 10 g of purified powder was dissolved in
90 g of Milli-Q water at neutral pH and, after complete
dissolution, the pH of the solution was adjusted to 1.9 with a
concentrated HCI solution (VWR Switzerland). Nylon syringe
filters (FilterBio®, (& 0.22 um) were used to remove the
eventual aggregates and to pour the solution into dialysis
membranes (Spectra/Por® Standard RC Tubing, MWCO
6-8 kDa, D = 32 mm, Spectrum Laboratories Inc.), which were
afterwards closed with clips and put in 5 L of deionized water at
pH 3. The equilibration bath was changed six further times
with 5 L of Milli-Q water at neutral pH; the filled membranes
were left in each bath for a minimum time of 6 hours. The used
succession of the pH values of the equilibration baths (3 for the
first, and neutral for the six following ones) enabled keeping
the pH of the LG monomer solutions to values lower than the
IEP of the protein, and allowed avoiding therefore undesired
aggregation phenomena. After purification, the pH of the fLG
monomer solution was adjusted to 2 with a concentrated HCI
solution. The mass fraction of monomers was determined
through gravimetric analysis, by taking aliquots of 400 pL
and letting them evaporate in a 60 °C oven; as a consequence
of dilution over the dialysis process, the weight fraction was
determined to be 3.8 wt%. 120 mL of the solution were kept for
preparing amyloid fibrils, while the rest was freeze-dried for
further usage.

2.2 PLG amyloid fibril synthesis and characterization

108 mL of Milli-Q at pH 2 were used to dilute the above-
mentioned 120 mL of the LG monomer solution, to reach a
final weight fraction of 2 wt%. The resulting solution was
transferred to a Schott bottle and heated up at 90 °C for 5 hours,
while stirring with a 5 x J 0.75 cm Teflon-coated magnetic
stirrer. The solution was stirred at 100 RPM for the first 1 h and
20 min of the process; successively, the Schott bottle was
manually shaken to break the gel layer at the interface, and
the stirring speed was increased to 120 RPM until the end of the
process. After 5 hours, the system was quenched with ice. The
resulting solution of amyloid fibrils was centrifuged in 50 mL
tubes to remove macroscopic aggregates, two times at 5000 g
for 10 minutes, and one time at 20000 g for 15 minutes. The
solution was stored in a 200 mL plastic beaker and, before
further usage, was newly centrifuged in plastic vials at 10000 g
for 10 minutes (to remove the aggregates formed over the
storing process). The experiments presented in this work were
performed out of a single batch of BLG amyloid fibrils, prepared
as outlined above.

The formed amyloid fibrils were characterized through AFM
(atomic force microscopy) imaging. For the preparation of the
AFM sample, a 0.01 wt% solution of PLG amyloid fibrils was
prepared through dilution with Milli-Q at pH 2. Afterwards,
20 uL of the mentioned dispersion was deposited on the surface
of freshly cleaved mica and subsequently rinsed with 1 mL
of pH 2 Milli-Q, after incubation for 2 minutes. Gentle drying
with airflow completed the sample preparation, which was
afterwards characterized under ambient conditions with a

Soft Matter, 2022, 18, 5632-5644 | 5633


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sm01578h

Open Access Article. Published on 11 July 2022. Downloaded on 7/23/2025 12:52:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

Dimension FastScan Bio scanning probe microscope (Bruker,
USA), using a commercial cantilever (Bruker, USA) working in
the tapping mode.

The amyloid fibrils, together with a statistical analysis
performed using the open-source software FiberApp,”” are
shown in Fig. S1 (ESIT).

2.3 BLG amyloid fibril gel preparation

As stated in the introductory section, this work focuses on
perfusion-induced amyloid fibril gels. The gels were prepared
in PS cuvettes (with external dimensions of 12 x 12 x 45 mm
and an optical path of 10 mm) with 4 optical windows (Kartell,
Italy), by pouring 2 mL of 2 wt% amyloid fibril solutions.
Successively, the piston of a 2.5 mL syringe (Terumo Europe)
was removed and the remaining plastic part was transversely
cut with a scissor, with the aim of creating a cylindrical
reservoir for the salt solution. One side of the cylindrical
reservoir was sealed (using Parafilm®) with a dialysis
membrane, obtained from one side of a dialysis tube (MWCO
12 kDa, D-9777, lot. 10B049777, Sigma-Aldrich Chemie GmbH)
which had previously been washed with deionized water.
1.5 mL of pH 2 NaCl solutions (at either 150 or 300 mM,
depending on the performed experiment) was poured into the
sealed cylindrical reservoir, which had previously been put in
contact with the BLG amyloid fibril dispersion in the plastic
cuvette. In this way, the salt could pass through the dialysis
membrane into the amyloid fibril dispersion. Before carrying
out the experiments, the density of the used solutions (300 mM
NaCl at pH 2, 150 mM NacCl at pH 2 and 2 wt% amyloid fibrils
in pH 2 Milli-Q water) was determined by measuring the weight
of volumetric aliquots. This analysis confirmed the higher
density of the amyloid dispersion; considering that such a
solution was placed in the bottom part of the cuvette, there
were no inverse density gradients which could enhance the
diffusion of salt through the creation of convective rolls.>® The
final system, before starting the measurement, was sealed with
Parafilm®™ to avoid evaporation. We tested the appropriateness
and robustness of the used perfusion setup by measuring and
analysing potential samples of interest at different ionic
strengths: the considerations that emerged from such a pre-
liminary phase, and that lead to the choice of the two above-
mentioned ionic strengths for the reservoir, are reported in
Section 2 of the ESI.f The characterisation studies of the
samples at either high or low salt molarity were then performed
as single experiments.

To show the gel nature of the prepared samples, three
systems prepared with a 300 mM NaCl solution were character-
ized through oscillatory sweeps. A AR 2000 stress-controlled
rheometer (TA Instruments) was used in a plate-plate (40 mm)
geometry: after setting the temperature control to 20 °C, the
upper reservoir containing the salt solution was removed from
the cuvettes and ~ 500 pL of the formed gel was sampled with
the use of a plastic spatula and deposited on the rheometer.
After reaching the geometry gap of 400 pm, a solvent trap was
put on the rheometer and oscillatory sweep measurements at
1% strain between 0.0628 and 157.8 rad s~ ' were performed.
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The results of the statistical analysis of the three independent
measurements are presented in Fig. S3 (ESIt).

2.4 Photon correlation imaging (PCI)

Before detailing the experimental setup and the image analysis
approach used in our study, we find it beneficial to share key
information on the used technique.

Photon correlation imaging measures the intensity time-
correlation function of the light scattered by the studied
sample, with both temporal and spatial resolution; this enables
probing the local dynamics within the scattering volume,
with an eye open to temporally heterogeneous events.

In PCI experiments, a speckled image of the scattering
volume at a given angle 0 is formed on a multipixel detector.
The imaging optics consist of a lens and a diaphragm placed
at the focal distance, which select a precise scattering wave
vector g, and cause in parallel the “speckled” appearance of
the collected images. The intensity at each given point on the
image plane originates from the interference of the light
scattered by a finite-size region in the sample plane. Quantita-
tively, the detected speckle patterns, made by N pixels, are first
divided into regions of interest (ROIs). Then, the space-time
degree of correlation c/(r,t,7) is computed as:

S L QL Gl k) P (1)
(B (1) (1 + 7)),
The notation (- - -), indicates the ensemble spatial average of a
ROI centered in r. To minimize the influence of imaging/
analysis procedures,?® it is often useful to define a normalized
version of the space-time degree of correlation ¢(r,t,t) by
introducing ¢,(r,t,0), the relative variance of the intensity mea-
sured in r at time ¢.>°> The normalized space-time degree of
correlation will be referred to, hereinafter, as correlation index:

e, 4,1) @)

(}1(1‘7 t7T) 761(1‘ ¢ O)

The multi-speckle and the near-field scattering natures of
the technique allow it to keep a parametric dependence on time
from the beginning of the experiments (¢) and on the position r,
respectively. One key consequence of this is the possibility of
catching both temporally and spatially heterogeneous phenom-
ena. In more detail, decorrelation bursts can be highlighted by
means of the so-called “dynamic activity maps” (DAMs),>®
without losing the possibility of averaging ¢,(r,¢,7) over time to
locally quantify the dynamics of the colloidal objects through
the intensity correlation function g®)(r,t,7) — 1 = (¢(r,t,7))s.. The
time-span &¢, over which the correlation index is averaged, has
to be shorter than the characteristic timescale of the evolution
of the system. This is favoured, in practice, by the multi-speckle
nature of the technique that promotes a faster averaging
compared to other correlation techniques that employ single-
speckle detectors (like the majority of dynamic light scattering
setups).

PCI belongs to a broader family of recently established
optical techniques, based on near field scattering (NFS).*%*"
Another powerful technique in the mentioned family is DDM

This journal is © The Royal Society of Chemistry 2022
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(differential dynamic microscopy),*> which blends scattering
and imaging by analysing data acquired using a microscope in
the Fourier domain. Although the mentioned technique is
suitable for a broad range of purposes, that range from the
characterisation of polymeric systems®® to the one of bio-
logical media,** we chose to use PCI as the detection angle
and optics allowed us the choice of a precise wave-vector,
diversely from the case of DDM where the collected images
result from the convolution of information at different char-
acteristic length-scales; this focuses the analysis on a single
length-scale, compatible with the microscopic features of the
system.

For details about the PCI equipment used in this study, we
refer to a recently published article where the same experi-
mental configuration was used.>® The cuvette containing the
amyloid fibril solution was inserted into the thermostatic
holder of the setup, which was connected to a recirculating
bath. The temperature was kept constant at 25 °C over the
course of the entire experiment, with oscillations that did not
exceed & 0.1 °C. The sample was illuminated by a vertical laser
sheet (A = 532 nm, Ventus Diode-Pumped Solid State) and the
scattering volume was imaged on a CMOS camera (Hamamatsu
Orca Flash 4.0, 2048 x 2048 square pixels of size 6.5 um, 16-bit
depth), by an achromatic doublet set at § = 90° with respect
to the illumination plane. The mutual distances between the
optical elements in the imaging segment set the magnification
close to 1 (with a magnified pixel having a size of 6.7 um). The
diaphragm placed in the focus of the imaging lens precisely

Speckle field

~13.4 mm
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selects a specific scattering wave vector g = (4n/A)nsin(0/2) ~
22 um ™', and sets the speckle size to ~13 x 13 um, which
corresponds to 2 x 2 pixels. The choice of g was operated on the
base of a two-fold set of criteria. From a geometrical perspec-
tive, a measuring angle of 6 = 90° is optimal for the used
cuvettes, which have a squared section with four clear sides.
In parallel, the length-scale associated with the probed g-vector
(0 = 2m/g ~ 300 nm) is compatible with the characterisation of
the microscopic dynamics of the network forming units, as it is
only a few times larger than the estimated mesh size of the
amyloid fibril network (which will be computed later on in the
manuscript).

Images of 2048 (V) x 1000 (H) pixels (successively cropped to
2000 x 900 pixels to exclude areas that were external to
the cuvettes) were acquired with the above-mentioned CMOS
camera, with an exposure time of 10 ms and a frame rate of
1/60 fps. The imaged area is shown in Fig. 1, with a color-code
that evolves from wine purple to yellow as the distance from the
dialysis membrane increases; such a colour scheme will be
thoroughly used in the upcoming sections. More precisely, the
imaged area starts roughly 4 mm below the dialysis membrane,
to let the gelation front properly adapt from the cylindrical
reservoir to the squared cross-section of the cuvette. The
speckled appearance of the images, once corrected for noise
and non uniform illumination, is shown in Fig. S4 in the ESI{
and in the magnification in Fig. 1.

The correlation index ¢,(r,t,r) was then computed for each
ROI using a custom-made code running on Marras®.

GEL

VISCOUs
DISPERSION

Images analysis (ROls)

y

Fig. 1 Schematic of the cuvette where the gelation is induced. The gelation front is considered to start from the dialysis membrane (dashed black line in
the proximity of the syringe), and to evolve in the positive y direction. The 0 value of the y axis is taken in correspondence to the beginning of the imaged
area: a progressive increment of the distance from the 0 value is color-coded with a shift from wine purple to bright yellow (as represented on the y axis
itself). The probed area has a size of around 13.4 x 6 mm and creates on the CMOS camera an image with a speckled appearance (as shown by
magnification in the figure). The acquired images, after post-processing (as outlined in Fig. S4 and Sub-section 4.1 in the ESI¥), were divided into regions
of interest (ROIs) and analysed through the computation of the correlation index (defined by Eq. 2). As an example, the right hand side of the figure shows
&/(r,t = 300 min, T = 1 min) for the sample at a higher molarity, after the images were divided into ROIs each containing 20 x 20 pixels. The values of the
correlation index (from 0 to 1) are associated with a color scale (from red to blue) that symbolizes the evolution of the amyloid fibril suspension from a
viscous dispersion (¢, ~ 0) to a gel (&, ~ 1).

This journal is © The Royal Society of Chemistry 2022 Soft Matter, 2022, 18, 5632-5644 | 5635
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3 Results & discussion
3.1 General considerations on sample gelation

The 2 wt% amyloid fibril suspensions were gelled with two
NacCl salt solutions at pH 2, having a molarity of 300 mM and
150 mM, respectively. In the following, we will refer to the first
mentioned sample as the one with a higher salt molarity
(HSM), and to the second as the one with a lower salt molarity
(LSM). Due to the finite size of the reservoir, for both samples,
the concentration of the salt lowers as the ions pass through the
semi-permeable membrane. Considering the ratio between
the volumes of the BLG and the salt solutions (respectively,
2 mL and 1.5 mL), a homogeneous diffusion of the salt would
lead to final concentrations of ~ 129 mM (for HSM) and of
~ 65 mM (for LSM). According to previous studies,”>*® the
mentioned values of ionic strength transform 2 wt% PBLG
amyloid fibril solutions into gels. To explain the different
dynamics of, respectively, the solution and gelled states, and
to understand the consequent changes in the values of the
computed values of ¢, it is beneficial to dig into the motion of
semi-flexible polymers. Before doing so, it is useful to extract
further static parameters of the network of interest. The
cubic lattice (I.) model gives an estimation of the mesh size
(¢m) of the network at the studied concentration (¢, ~ 2 wt%
~ 20 mg mL ") of protein; assuming the conversion of mono-
mers into amyloids (¢) to be roughly 40%, a radius of the
fibers (a) of 1.5 nm (Fig. S1, ESIT) and a fiber density (p) of
1300 mg mL " we obtain:**

3d’mp
l. = ~ 60 nm 3
Ve ()

It can be noted that the length-scale probed by the optical
apparatus (0 = 2n/q ~ 300 nm) is five times larger than the
estimated mesh size, and is therefore sensitive to the charac-
teristic dynamics of multiple filaments. Before the solution
transforms into a gel, the single fibrils can bend, rotate or
translate. All the mentioned typologies of motion are con-
strained by the surrounding objects, due to the presence of
entanglement points;*® however, the labile nature of such
entanglements allows motions whose magnitude makes the
correlation index fully decay. When the local concentration of
salt gets higher, the probability of transforming entanglements
into long-lived crosslinks increases, due to the concomitant
screening of electrostatic repulsive forces.>* As a consequence,
the rotational and translational degrees of freedom are further
hindered and the fibrils only express bending fluctuations,”
whose magnitude is small compared to the probed length-
scale. As a consequence, close-to-one values of ¢; are observed.
For the statements above to be met, we base the computation of
the correlation index on a time delay value (7) equal to 1 min.
This value is aligned with the aim we wanted to achieve, as it
lies between the characteristic relaxation times of the fibrillar
network constituting units (in the order of 107*-107> s, at the
probed wavevector) and the one of the formed gels (in the order
of 10"-10? s); the reader can obtain more insights on the two

5636 | Soft Matter, 2022,18, 5632-5644
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mentioned time-scales, in Section 5 of the ESI.f The value of the
chosen lag-time (1 min) drives the observation of full decorrela-
tion (; ~ 0) in areas where the gel has not formed yet, and
correlation (¢; ~ 1) in areas where the gel has already formed.

For the HSM sample (whose gel state was confirmed by
rheology experiments, Fig. S3, ESIt), there was actually the
potential risk of the salt driving local agglomeration, and
increasing therefore the turbidity of the sample; in the phase
diagram shown by Bolisetty and co-workers, gels approach the
state of translucent solutions, as the molarity increases.”?
However, it has to be considered that the mentioned phase
diagram refers to materials prepared by mixing. In Fig. S6
(ESIt) it is possible to appreciate the transparency of the
HSM gel prepared by perfusion: we attribute the difference to
the lower quantity of agglomerates created with a gentle supply
of salt, compared to the rapid local increase of salt molarity that
accompanies the mixing method.

Another indication of the limited agglomeration of amyloid
fibrils, over the duration of the whole experiment, can be
appreciated by analysing the temporal evolution of the scat-
tered intensity of both HSM and LSM samples. Since, during
the gelation kinetics, the scattered intensity and the correlation
index are expected to depend only on the vertical position y, the
speckle pattern images were each subdivided into 40 ROIs with
a height of 50 pixels and laterally extending over the whole
width of the investigated sample region (900 pixels). Each ROI
contains therefore about 11250 speckles, a value which was
found to yield a good vertical resolution with a limited statis-
tical noise in the correlation function.

The time evolution of the scattered intensities ({Ip(£))+/(I(0))r)
for ROIs located at the bottom part of the cuvettes, for both HSM
and LSM samples, are presented in Fig. S7 (ESIt); the reader is
referred to Section 7 of the ESLt for a detailed analysis on the
influence of background contributions and on the relationship
between the evolution of the scattered intensity and the one of the
correlation index. Here, we focus on the main piece of informa-
tion: the scattered intensity, for both samples, increases by a
factor slightly larger than 2, which is moderate compared to the
ones detected in other food gels. In fact, in alginate dispersions, it
was possible to observe an increase of the scattered intensity by a
factor of 20, upon diffusion of divalent cations.”® The observed
difference can be attributed to the different gelation mechanisms
of the two considered bio-polymer dispersions. In the case of BLG
amyloid fibrils, the colloidal units undergo limited changes as a
consequence of gelation: the effect of the diffusing ions is to
convert labile entanglements into long-lived cross-links, and
therefore the scattering pattern that arises from intra-colloidal
properties changes only slightly. In the case of alginate, instead,
the observed drastic change in scattered intensity is related to
profound modifications of the morphology of the network-
forming units.

3.2 Evolution of the gelation front

Fig. 2 shows the behaviour of the gelation front for both HSM
and LSM, studied upon the division of the images (background-
corrected as explained in Section 4 of the ESIT) in ROIs with the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Color maps representing the behaviour of the correlation index calculated at a fixed t = 1 min, as a function of the distance from the first ROI
(y axis) and of the time from the beginning of the observation (x axis), for HSM (panel A) and LSM (panel B), respectively. For this analysis, the images were
divided into ROIs with a height of 50 pixels and a lateral extension of 900 pixels (that encompasses the entire width of the imaged area). In each panel, the
linear-in-time evolution of the gelation front is highlighted by black dashed lines, which are a guide to the eye.

same properties as the ones used for analysing the temporal
change in scattered intensity (height = 50 pixels, width =
900 pixels). This choice takes into account the expected hori-
zontal spatial homogeneity of the studied system, and has the
further advantage of enabling the description of the studied
area (at a fixed ¢) with an array of ¢; values, rather than with a
matrix. As a consequence, it is possible to plot the values of
¢/(y,t,r = 1 min) as a color map, with y being the distance from
the first ROI and ¢ being the time from the beginning of the
observation (Fig. 2A and B): a colour shift from red (¢; ~ 0) to
blue (¢; ~ 1) suggests a slowing down of the dynamics. For
HSM (panel A), after a time-scale of 1000 minutes, the whole
imaged area gets fully arrested. In the case of LSM (panel B),
double the time is needed to gel the same area. It can be
noticed that, in panel A, the upper 3 cm of the imaged area are
already in an arrested state at the beginning of the observation,
while this does not hold true for panel B. Some considerations
on this point are shared in Fig. S8 and Section 8 of the ESL

As the gelation front evolves progressively, the higher the
distance of the ROIs from the membrane, the higher the
characteristic time at which the dynamics shift from totally
decorrelated (red colour) to arrested (dark blue color). If a
characteristic value of ¢; is considered as a benchmark for
gelation, it is possible to compute the gelation time (¢, calcu-
lated as the instant when ¢; gets larger than 0.4) as a function of
the distance from the first ROL In both panels it can be
appreciated how t, scales linearly with time (dashed black
lines), with a speed of v = 1.47 x 107> mm min "' and v =
7.77 x 107° mm min " for HSM and LSM, respectively. The
mentioned values of the speed were extracted through linear
fits of ¢, vs. y. Approaching the bottom of the cell, the front
velocity increases: this acceleration is more evident in LSM and
is symbolized by a change in slope of the orange-to-green
transition region.

This journal is © The Royal Society of Chemistry 2022

As already pointed out, BLG gelation is caused by the local
increase of ionic strength, which lowers the electrostatic repul-
sion between fibrils and allows the formation of physical
bonds. Assuming that gelation takes place instantaneously
when the local ion concentration c(y,t) reaches a threshold
value c¢*, we can suppose that the gel front kinetics resembles
the one of the aforementioned threshold concentration.
A simple diffusive behaviour of salt ions, which predicts an
increase of the gel thickness as the square root of time
(y ~ \/E), is clearly not able to account for the initial constant
velocity. The observed linear evolution might indicate the
existence of a net force that causes an advective behaviour.
Indeed, we may consider the solution of the generalized 1D
diffusion equation c(y,t)/0t = —vdc(y,t)/dy + Dd*c(y,t)/dy> for the
ion concentration ¢(y,t), under zero-flux boundary conditions.
If we set a particular threshold concentration ¢ = ¢* for gelation,
the solution of the differential equation predicts an initial
linear advance of ¢* with time, followed by a speed up close
to the boundary caused by the impossibility of the ions to
migrate beyond the impermeable wall, as can be shown analy-
tically in the case of simple diffusion close to a wall.*®

Further hints to address the puzzling linear-in-time evolu-
tion of the gelation front can be taken from previous studies on
food gels. Secchi and co-workers, while studying the evolution
of the gelation front of alginate gels, also noted a linear
advance.”® Alginate has a negative surface charge at pH 7 and
its gelation is driven by providing specific, divalent ions (Ca**),
which act through the egg-box model (aggregation of single
chains). Therefore, the morphology of the network forming
units changes because of gelation, by forming thicker strands
that afterwards build the network up. On the side of this, the
divalent cations that promote gelation get locally trapped; the
behaviour of the ions therefore cannot be described with a
simple diffusion-advection model, as also a negative reaction
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term (that accounts for the transition of the ions from a free to
a bound state) is necessary.*>*° In the case of this polysaccharide,
the observed linear advance was attributed to a depletion layer in
front of the gel, deduced from a minimum of the scattered
intensity; the existence of such a layer was explained through a
combination of the spatial advance of the gel with a concomitant
shrinkage, the consequence of which was the creation of an
alginate-free zone. The inverted density profile presumably caused
natural micro-convective rolls, which are known to influence the
diffusive behaviour by speeding up its dynamics. The mentioned
mechanisms, in our case, may hardly account for the observed
phenomenon: in fact, shrinkage phenomena in LG amyloid fibril
gels are very limited (as confirmed in Fig. S6, ESIT). As an example
of this statement, we observed that gels keep being transparent
and without observable macroscopic shrinkage even weeks after
they have been prepared with the protocol mentioned in this
manuscript (data not shown). Moreover, the gelation mechanism
of BLG amyloid fibril gels is strikingly different from that in the
case of alginate: the conversion of entanglements into cross-links
does not alter significantly the morphological properties of the
network-forming units, and is promoted by non-specific salt ions
that do not get locally trapped. The ions only have a charge
screening role, and can therefore diffuse further: consequently,
the description of their behaviour does not need to take into
account a negative reaction term.

A hypothesis that better aligns with the observed gelation
dynamics of amyloid gels relies on the electrostatic effects. In a
former study, the ionic strength of a pectin dispersion was
increased through dissolution of monovalent ions (which are
non-specific for pectin, and therefore did not induce gelation);
afterwards, a structural arrest was induced by perfusion of
divalent cations.*’ In such an experimental configuration the
gelation front was observed to advance diffusively, in contrast
to the linear advance observed in the case of alginate (where
the ionic strength of the medium had not been previously
increased). The authors hypothesized that the Donnan effect
might be thought as responsible for what was observed.*” In
more detail, in systems where confinement or energetic con-
tributions influence the entropy-driven spatial configuration of
charged colloids, the electroneutrality of the whole system can
be kept with a concomitant generation of an electrostatic
potential (named the Donnan potential). This further energetic
term has an additional influence on the spatial configuration of
the charged species present in the system. This is the case, as
an example, if two compartments containing ionic species are
separated by a selectively permeable membrane.**** Further
pieces of evidence of the mentioned phenomenon can be
observed in the barometric density profile of charged colloids,
where an electrostatic potential difference was both theoreti-
cally hypothesized and measured.*>™’ In our case (a filamen-
tous colloidal gel), the crosslinks bind the chains together,
hindering their free diffusion and then in fact confining them.
The whole gel region behaves therefore as an “extended osmo-
tic membrane” for the BLG fibrils, and since BLG is charged,
this membrane is subjected to a Donnan equilibrium. In a
nutshell, this means that, because one species (the protein)
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cannot diffuse through the membrane (in this case, escape
from the gel), while the product of the concentrations of the
mobile ions will be the same in and out of the gel, the
concentration of each ionic species may instead be different.
In practice, this means that, during the gelation kinetics, the
concentration of ions with a sign opposite to that of BLG (which
are also those responsible for chain aggregation) is higher just
outside the gel moving boundary, leading to a faster aggrega-
tion of those chains that are close to this interface. We assumed
that this introduces a time-linear propagation, rather than a
diffusive, term in the kinetic equations because it is in fact
equivalent to an electric field (related to the Donnan potential)
“pulling” the gel.

On the side of the electric force that stems from the Donnan
potential, changes in the electrostatic screening length in the
polyelectrolyte system as the salt advances might further
encourage the described phenomenon.*® When a polyelectro-
Iyte solution evolves from an entangled state to a physically
cross-linked one, the osmotic pressure exerted by the charged
amyloid fibrils varies; in particular the reduction in the osmotic
pressure associated with the sol-gel transition (arising from the
newly forming intermolecular contacts) is expected to lead
an acceleration to the migration of the ions and thus of the
gelation front.

All these effects are thought to contribute to the observed
behavior of the moving gel front. Despite the fact that our
explanation is just qualitative, it can be used as a base for
performing a further quantitative evaluation; as this is far from
being trivial, it would require further extensive experiments on
different systems.

3.3 Gel restructuring events

We focus now on analysing in more detail the behaviour of the
normalized correlation index, for HSM and LSM.

In Fig. 3A, the behaviour of ¢; at © = 1 min for HSM, at
different distances from the first ROI (same color-code as in
Fig. 1), can be appreciated. Despite this being a different plot
format than the one in Fig. 2A, more information can actually
be visualized, especially in terms of decorrelation events. The
four arrows in panel A of Fig. 3 refer to the other panels, with a
color-scheme that relates the colours of the arrows to the ones
of the frames of the panels. The mentioned panels consist
of dynamic activity maps, where the spatial distribution of the
correlation index is represented by a color map. In order to
better identify the temporal heterogeneities within the sample
in both the horizontal and vertical directions, we performed the
DAM analysis upon redefining the ROIs as squares of 20 x
20 pixels.

After 50 minutes from the beginning of the observation (B),
only the top part of the area is arrested (dark blue color), while
the rest of the solution exhibits a totally decorrelated state
(at the shortest computable delay, T = 1 min). As the gelation
front proceeds, progressively more ROIs get arrested: panel C
shows a situation where half of the area is arrested, and the
other half still shows fully expressed decorrelation dynamics.
After a time-scale of 1000 minutes (panel D), the entire

This journal is © The Royal Society of Chemistry 2022
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(A) Normalized correlation index (&) of HSM, computed at a constant delay time t = 1 min, as a function of the time from the beginning of the

observation (t). The different curves, in accordance with the color-scheme in Fig. 1, represent ROIs at different distances from the membrane.
The coloured arrows refer to the other panels that compose the figure, in accordance with the colour of the frames by which they are surrounded.
(B) Dynamic activity map (DAM) at tg = 50 min. (C) DAM at tc = 400 min. (D) The fully arrested state of the solution, which has transformed into a gel
(tp = 1000 min). (E-G) DAM sequence that shows the occurrence of a rearrangement event of moderate magnitude. The three DAMs are at tg g = 3856,

3857 and 3858 min, respectively.

examined area is arrested. However, biological and colloidal
gels are often not truly fully arrested once formed. As a function
of the underlying aggregation kinetics, stresses might freeze
inside the structure, and subsequently release through time-
intermittent rearrangement phenomena.”>**~>* A piece of evi-
dence that supports the given picture is presented in panels E,
F and G, where the evolution of the most pronounced rearran-
gement event over the entire measurement is represented. The
occurrence of the mentioned event is indicated with the grey
arrow in Fig. 3A. At 3856 minutes the structure is fully arrested
(E); then, a rearrangement event that spans the entire illumi-
nated area happens and causes the correlation index to drop to
lower values (F). One minute later, the structure is again fully
arrested in the new, less stressed configuration assumed
after the rearrangement (G). The moderate magnitude of the
re-configuration event is appreciable by the fact that ¢; locally
drops, at maximum, to values close to 0.5.

We now shift our focus on the sample gelled with a lower
ionic strength (Fig. 4). The arrows in Fig. 4A refer to the other
panels, in accordance with the used color code. As already
pointed out for the HSM sample, reconfiguration events mostly
occur after the full evolution of the gelation front. After the

This journal is © The Royal Society of Chemistry 2022

gelation front had encompassed the entire probed area, within
the first 2500 min of observation (panels B, C and D), the
behaviour of the correlation index from ~ 2500 min onward is
characterized by a high number of sudden drops, of which the
largest is displayed in the sequence (E-G). A fully arrested
structure (E) suddenly exhibits correlation drops that propagate
over the entire upper part of the cuvette (F), with the successive
acquisition of a new arrested state over the timescale of few
minutes (G). The first point of comparison between the men-
tioned event and the one of the HSM sample (discussed above)
regards their magnitude and spatial propagation. While, in the
case of HSM, ¢; dropped to minimum values of ~ 0.5 in the
whole imaged area, in LSM the correlation index drops to 0 in
some areas. The second point lies, instead, in the time needed
for the system to again reach high correlation. While, in the
case of the HSM sample, 1 minute was sufficient to bring ¢;
back to close-to-one values, the same statement does not hold
true for the LSM sample. In the latter, more than 5 minutes are
needed for ¢; to rise to pre-rearrangements values.

More details on the differences between the HSM and
LSM samples can be gained by a quantitative, statistical analy-
sis of the decorrelation events, which is presented in Fig. 5.

Soft Matter, 2022, 18, 5632-5644 | 5639
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occurrence of a rearrangement event in the upper part of the cuvette (tg = 3720 min, tg = 3721 min and tg = 3730 min).

To perform this analysis, the images were divided into ROIs
with dimensions of 50 x 50 pixels, which were then used to
compute the value of the correlation index ¢jr,,7). This
resulted in 40 lines of ROIs (at different y coordinates), each
comprising 18 ROIs that covered the full width of the imaged
area. For each sample, among the 40 lines of ROIs, we choose to
analyze the ones at three different heights: line 1 (y ~ 0 mm),
line 20 (y ~ 6.7 mm) and line 40 (y ~ 13.4 mm). In order to
decouple the kinetics of the gelation of the samples from the
decorrelation events, for each value of ¢ between 3000 and
4000 min, the 18 ¢; values (computed at t = 1 min) in each line
were averaged; then, the so-obtained x-averaged correlation
indices were smoothed using a moving average filter based
on the Maras®™ smooth function (method: rloess, span: 0.2), to
obtain the quantity (¢;)smooth- FOr each t and each line, the
obtained quantity was then subtracted from the 18 local values
of the correlation indices computed from the 50 x 50 pixels
ROIs. In this way, for each horizontal line that was considered,
it was possible to obtain the deviation of 18000 values of the
local correlation index from their x-averaged, time-smoothed
counterpart (considering the entire time window of 1000 min).

The probability density function (pdf) of the quantity
¢r — {C)smooth 1S presented in Fig. 5A and C, respectively, for
the HSM and the LSM samples. Different colours and shapes of

5640 | Soft Matter, 2022, 18, 5632-5644

the symbols are associated with the different y coordinates, as
highlighted in the legends. Panels B and D represent instead
the time evolution of ¢; — (¢;)smooth fOr an arbitrary ROI in each
considered line (in fact, plotting the data of all the 18 ROIs
would have made the reading and interpretation of the graph
less straightforward); the used colour code is the same as
in panels A and C, and they also, respectively, refer to HSM
and LSM.

In panels A and C, for each plotted pdf, the data that
respected the condition ¢; — (¢))smootn > O were fitted using
Gaussian functions with a null mean (u = 0), with the aim of
extracting the standard deviation (o, considered as a fitting
parameter) of the distributions. In fact, when no decorrelation
events are present, the correlation index is expected to perform
Gaussian fluctuations around an average value.>® The values of
o extracted from the fitting are reported in the legends of
panels A and C. This procedure allowed us to establish a
consistent and robust definition of the de-correlation events;
we considered as such all data-points that fulfilled the condi-
tion ¢; — (¢/)smooth < —50, and we highlighted them in all the
panels of Fig. 5 using a red-pink colour.

The first point to be noted is that the two samples are
characterised by different values of g; in other words, the corre-
lation index of the LSM samples performs larger excursions

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Statistical analysis of the decorrelation events, for both the HSM (panels A and B) and LSM samples (panels C and D). Panels A and C represent the
probability density function of the difference between the ¢&; values and (&))smootn in the considered ROIs, as discussed in the text. Panels B and D
represent the time-dependence of the just mentioned quantity, for specific ROls located at three different heights in the sample (y ~ 0 mm, wine purple
circles; y ~ 6.7 mm, brown squares; and y ~ 13.4 mm, light yellow triangles).

around its time-smoothed and x-averaged counterpart. In fact,
the ¢ values for the HSM sample are roughly half of those of the
LSM sample. The second point to be highlighted, which also
emerged in the previous analysis, is the different absolute

This journal is © The Royal Society of Chemistry 2022

magnitude of the decorrelation events. In panel C, we can
appreciate the decorrelation events at ¢; — (C;)smootn Values that
are smaller than —0.6; on the other hand, in panel A no
decorrelation events are smaller than —0.35. This can be
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explained by the difference in ionic strength. On the one hand,
in HSM the gelation is promoted faster than in LSM; conse-
quently, frozen in stresses are more likely to be present in the
initial configuration. On the other hand, the factor 2 in the
ratio between the final ionic strengths translates into a factor
larger than 10 in the ratio between the probabilities of
the transforming entanglements into physical cross-links
(Pusm/Prsm ~ (Tusm/Ism)™* ~ 16).%* This determines, in the
HSM case, a higher number of constraints for a single fibril; a
more formal way to express such a concept is by affirming that
the cross-linking length approaches the entanglement one.”*
In such a state, the relaxation of stresses is made more difficult
by the high number of long-lived cross-links; heterogeneous
phenomena are expected, as a consequence, to be not pro-
nounced in magnitude. The third point to be discussed, is
actually related to the just-mentioned fact that higher mola-
rities convert more effectively entanglements into cross-links,
and therefore enhance the elastic modulus of the material
(G ~ I**). In HSM, the higher elastic modulus allows a better
propagation of the relaxation events, with the consequence that
they have only small degrees of spatial heterogeneity. This is
confirmed by the fact that, in panel A, the decorrelation events
related to the three different heights overlap well; panel B
confirms this view, as only the top panel (related to y ~ 0)
shows a slightly larger number of decorrelation events. This last
observation can also be attributed to the fact that the gel
formed at y ~ 0 mm is “older” than the one formed aty ~
6.7 mm andy ~ 13.4 mm, and is characterised by a lower value
of o (and therefore by a lower threshold for defining an event as
a decorrelation one). On the other hand, the lower G value of
the LSM sample makes the decorrelation events more hetero-
geneous in space. From panel C, it can be appreciated that
the decorrelation event population is dominated by circles
(y ~ 0 mm), followed by squares (y ~ 6.7 mm) and triangles
(y ~ 13.4 mm). This can be even better appreciated in panel D,
where the top sub-panel (y ~ 0 mm) is the one that presents
larger amounts of decorrelation events, with a larger magni-
tude. The middle sub-panel (y ~ 6.7 mm) shows fewer decorr-
elation events, with lower absolute magnitude, and this state-
ment holds even truer for the bottom sub-panel (y ~ 13.4 mm);
this suggests that the region affected by the reconfigurations in
the LSM gel is the most aged one, where the gel first forms,
in contrast to what happens in alginate gels where the decorr-
elation always starts from the sol-gel interface.”® The hypo-
thesised picture, in which a lower salt concentration is less effective
in driving the conversion of entanglements into long-lived cross-
links, is confirmed also by the aforementioned time to reach again
high correlation, that is longer in the LSM sample.

The same considerations shared above hold true also for the
rearrangement events occurring during the gelation (Fig. S9
and Section 9 therein, ESIT), although it is not possible to reach
clear conclusions on the spatial propagation of the stress-
release events (due to the limited size of the region where the
gel had already formed). In more detail, a higher ionic strength
is correlated with less enhanced drops of the correlation index
and to a faster regain of pre-reconfiguration values.
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4 Conclusions

The performed analysis gives precious hints on the dynamic
properties of amyloid fibril gels, prepared by ion permeation
into entangled networks. The first, pivotal point to be high-
lighted is the observed linearity of the advance of the gelation
front; although such a phenomenon had already been observed
in other systems, the discrepancy with an expected diffusive
behaviour is, at first, confusing. We shared the hypothesis that
the observed behaviour might be related to the Donnan effect
and to electrostatic screening heterogeneity; we are currently
working on developing a physical model to describe the men-
tioned observation. Another relevant point to be highlighted is
the role of the salt concentration in tuning both the velocity of
the gelation front and the magnitude of rearrangement events.
A higher salt concentration not only allows the gelation front to
proceed faster, but also has a role in converting many entangle-
ment points into physical cross-links. As a consequence, the
gel has a more fixed structure and is less sensitive to stress-
releasing events, which happen locally but easily propagate to
larger areas due to the high elastic modulus of the material. On
the other hand, a lower salt concentration makes the gelation
front evolve slower; the parallel, lower conversion of entangle-
ments into cross-links allows wide and drastic reconfigurations
both during gelation and after an arrested structure is formed.
In the case of lower salt molarity, more time is needed for the
normalised correlation index to rise back to pre-stress release
events values and the reconfigurations are more heterogeneous
in space (and mostly happening in the aged parts of the
sample).

The highlighted phenomena might be a common feature to
all those systems that form arrested structures because of the
screening of electrostatic repulsive forces, and have therefore
an ionic strength-dependent cross-link length. Particularly
promising approaches to further investigate these systems
would be to blend a microrheology analysis with time-cure
superposition (TCS),>® to extract the gel point and the critical
scaling exponents of the systems.>®® However, care has to be
taken, so that the surface chemistry and the size of the added
tracers do not influence the extracted properties.’>®® Another
very interesting possibility, would be the analysis of rearrange-
ment events or relaxation phenomena during shearing. Setups
for performing scattering and microscopy experiments while
shearing samples of interest have already been reported in the
literature,®' and applied to model systems for extracting non-
affine displacements with the help of a rigorous theoretical
framework.®>%3

We believe that the shared observations and explanations
widen the understanding of amyloid networks and set a more
solid background for future studies and analyses.
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