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Morphology, energetics and growth kinetics
of diphenylalanine fibresf

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,

2021, 23, 4597 Phillip Mark Rodger,” Caroline Montgomery,® Giovanni Costantini (2 ** and

Alison Rodger (2 *°

Diphenylalanine (FF) has been shown to self-assemble from water into heterogeneous fibres that are
among the stiffest biomaterials known. How and why the fibres form has, however, not been clear. In
this work, the nucleation and growth of FF fibres was investigated in a combined experimental and
theoretical study. Scanning electron microscopy and optical microscopy showed FF fibre morphology to
be hollow tubes of varying widths with occasional endcaps. Molecular dynamics simulations of FF
nanostructures based on the bulk crystalline geometry demonstrated that axial growth stablilises the
fibres and that structures with different widths show similar stabilities, in accord with the wide range of
fibre widths observed experimentally. Linear dichroism (LD) spectroscopy was used to determine the
thermal stability of the fibres, showing that FF solutions are fully monomeric at 70 °C and that fibres
begin to form at ~40 °C upon cooling. The LD kinetic studies indicated a nucleation-driven assembly
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Introduction

Peptides represent a unique group of functional biomolecules
that can be used to create a variety of nanostructures. They are
inherently biocompatible, with tuneable functionalities and
often readily self-assemble. Structures that have been created
include fibres, ribbons, micelles and vesicles.”® Dipeptides are
the smallest possible units and hydrophobic dipeptide assemblies
have been well studied. As a general rule, peptide fibres are
formed by linear peptide chains that are stacked perpendicular
to the long axis of the fibre with hydrogen bonds parallel to the
fibre axis stabilising the fibre. Extended structures are formed by
lateral associations.

Recent work by Thacker et al.® explored the role of hydro-
phobic interactions in the multiplication and propagation of
peptide aggregates (or assemblies). The authors explored the
concept of the primary nucleation (of monomeric amyloid-f,
AB, peptides) to produce surfaces that catalyse the formation of
fibres by monomers joining pre-existing aggregates. Thacker
et al. focus is on the residues either side of the Ap diphenyla-
lanine (FF) which are on the surface of a fibril facilitating
assembly of higher order aggregates whereas the FFs contribute
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with subsequent fibre growth, but a secondary nucleation process is required to explain the data.

to the assembly of the fibril. Their observed aggregation curves
have a sigmoidal appearance, comprising a lag phase, an expo-
nential phase, and a final plateau, characteristic of nucleated
polymerisation reactions. Their kinetic modelling required pri-
mary nucleation, elongation, and what they refer to as surface-
catalysed secondary nucleation.

Reches and Gazit discovered that FF dissolved in hexafluoroi-
sopropanol (HFIP) and assembled into amyloid fibres when diluted
with water.’®!" They were then able to cast the fibres into metal
nano wires. Ishikawa et al.'” used Raman spectroscopy to study the
initial stages of FF assembly into what they refer to a micro/
nanotubes. They observed a change from monomeric FF to a
structure they suggest is composed of 2-5 FF’s over 1 s, followed
by the formation of micro/nanotubes by 8-10 s after which no
spectra change was observed on the timescale of their experiments.
GoOrbitz found that FF has an unusual crystal structure when
compared with other hydrophobic dipeptide assemblies, revealing
a remarkable 3D mn-stacked network with cylindrical hydrophilic
pores of 1 nm in diameter which are parallel and aligned with the
long axis of the fibre."*'* This work also showed that, contrary to
what had been previously been thought, the fibres were large and
had a wide range of sizes."* Song et al. made important progress by
preparing a hot solution of FF in water at 65 °C and then cooling it,
leading to fibres forming." This eliminates the requirement for an
expensive, toxic, fluorinated solvent such as HFIP.

FF fibres are among the stiffest biomaterials known, with a
Young’s modulus of 27 GPa.'® This is similar to that of cortical
bone, which has a Young’s modulus ranging from 7 to 30 GPa."®
They also show notable chemical and thermal stability.’” Since
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their discovery, there has been a variety of work studying the
properties of FF fibres as well as their applications. For example,
modified fibres have been used to improve the performance of
electrodes for enzyme-biosensor applications.'® FF fibres are
piezoelectric and Krylov et al. have demonstrated piezoelectrically
driven mechanical resonators based on them."

However, despite the applications developed for FF fibres,
very little is currently known about their formation process,
which means that rationally tuning them for future applica-
tions is not currently possible. Some theoretical work suggests
that small oligomers first associate by hydrophobic interactions
between side chains and then electrostatic interactions steer
the peptide backbones into an ordered state.>* There have also
been suggestions that the peptides first assemble into a sheet
and then curl up into a tube.'’ Attempts in the literature to
follow the self-assembly of FF into fibres by molecular
dynamics (MD) simulations have been unsuccessful due to
the very large systems needed, and the long timescale of self-
assembly.>?> On the other hand, coarse graining has not
replicated structures formed in experiments.>® For example,
Song’s Monte Carlo simulations of coarse-grained FF molecules,
showed FF behaving like a surfactant, assembling into unilamellar
tubes or vesicles, which do not resemble the observed fibre
structure.’

The self-assembly of other amyloid disease-related proteins
and peptides has been studied successfully. Xue et al. monitored
the self-assembly of B2-microglobulin, which is a protein that
can assemble into amyloid deposits in joints, and is found in
dialysis-related amyloidosis.>* They concluded that nucleation is
the primary process for the assembly of the protein into fibrils
which is followed by fragmentation of fibril that go on to seed
further fibril growth. They suggest that this mechanism may be
applicable to other amyloid systems. Indeed, it has been shown
by Cohen et al.* that this nucleation and fragmentation mechanism
applies also to A, the Alzheimer’s-related polypeptide which has FF
as its central recognition motif.

The reason for the lack of understanding of FF fibre assembly
is in part due to the difficulties faced when working with this
system. The fibres have proved to be heterogeneous, which
means that relying solely on a bulk technique which averages
over many fibres is not adequate. Also, the phenylalanine
chromophore has particularly weak absorbance signals in the
near UV relative to other aromatic amino acids.>® Further, the
fibres’ shape is not spherical so, when using techniques involving
light scattering, the interpretation of the data is challenging. In this
work we have integrated experiment and modelling to characterise
the assembly of FF fibres in a quantitative way, using spectroscopic
kinetics experiments, microscopy and molecular dynamics simula-
tions. Electron and optical microscopy allow us to observe the
range of sizes the fibres span at different stages of assembly.
Atomistic molecular dynamics simulations of relatively small FF
assemblies give an insight into the reasons for the high aspect ratio
exhibited by the fibres. Linear dichroism (LD), a spectroscopic
technique which that has been shown to be a valuable tool for
investigating the kinetics of fibre formation,”>* has been used to
monitor the assembly of the FF fibres and their thermal stability.
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Our motivation throughout has been that it is important to
understand the assembly of the elongated FF fibres in order to
be able to control it for the variety of applications that have been
proposed.

Materials and methods

FF was obtained from Sigma-Aldrich and used without further
purification. For every experiment, a 2 mg mL ™" solution of FF
in deionised water was used. Fibres were grown according to
the method described by Song et al.' They found 2 mg mL "
was required to ensure fibres rather than a mixture of fibres
and vesicles form.

Scanning electron microscopy

FF was suspended in water at 70 °C for 1 hour. This solution
was left to cool at room temperature overnight and then 10 pL
were deposited onto a silicon substrate with a pipette. The
solvent was left to evaporate in a fume hood until it was
completely dry. This was coated in carbon by sputter coating
before being put into a Zeiss SUPRA 55VP field emission gun
scanning electron microscope (SEM). Fibre diameters were
measured with Image] software from the SEM images. Other
SEM samples were extracted from kinetic experiments.

Molecular dynamics

The FF crystal structure was obtained from the Cambridge
Structural Database.®® Atomistic simulations were performed
using the CHARMM?27 force field, including TIP3P for water.
Calculations were implemented with NAMD and used the NVT
ensemble with a Langevin heat bath, with a 1 fs timestep. Initial
structures were built using Chimera,**~** and contained 54-750
FF molecules and of the order of 8,000 TIP3P water molecules
in a simulation box of size 5.4 x 6.9 x 11.9 nm®. All simulations
were conducted at 300 K. The root-mean-square deviation
(RMSD) of the atomic positions of all FF molecules from their
initial configuration was calculated as a function of time and
was minimised through a rotation and translation fit; the
resulting value was used as a measure of the stability of the
structures (see ESIt).

The CHARMM?27 force field is designed for simulating
proteins and peptides and contains within it parameters for
the naturally occurring amino acids. To test that it provided an
accurate description of the FF system, an infinite crystal was
first simulated. The simulation cell had periodic boundary
conditions in three dimensions in a parallelepiped shape and
the simulation was run for 0.4 ns with a 0.5 fs time step. An NPT
(constant number, pressure and temperature) ensemble was
used with a Nosé-Hoover Langevin piston method to control
the pressure with an oscillation period of 100 fs and an
oscillation decay time of 50 fs. A Langevin thermostat was used
to control the temperature with a damping coefficient of 1 ps~ .
The particle mesh Ewald method was used for calculating
electrostatics with a grid spacing of 1.0. There were 750 FF
molecules in the simulation. The initial size of the cell was

This journal is © the Owner Societies 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp05477a

Open Access Article. Published on 05 February 2021. Downloaded on 1/10/2026 9:16:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

defined by 3 cell basis vectors which are as follows, (121, 0, 0)
(—61, 105, 0) (0, 0, 28). There was almost no change between the
first and last frames of the simulation. The RMSD of every atom
in the simulation compared with the crystal structure equili-
brated by about 50 ps, and thereafter gave an average value of
0.81 + 0.02 A, much smaller than the size of the simulation cell
which had a maximum dimension of 121 A. Another measure of
physical stability is the dihedral angle of the peptide. The
average dihedral angle was 150° + 2° with no distinct change
in structure from the original crystal, which had a dihedral
angle of 147°. We therefore concluded that CHARMM27
provides a reliable set of parameters for the atomistic simula-
tion of FF.

Linear dichroism

Linear dichroism is a spectroscopic technique which allows for
information about the orientation of a sample to be obtained.
The dichroic signal is the difference in the absorbance of two
beams of perpendicularly linearly polarised light of the same
intensity shone onto the sample. Net alignment of molecules in
the sample is essential for a non-zero dichroic signal. The LD
signal increases with the number of chromophores that are
aligned and with the degree of alignment. Therefore, a larger
LD signal indicates more and/or longer FF fibres. Here, Couette
flow between two concentric cylinders (outer spinning capillary,
inner static rod) is used to orientate the fibres in a Peltier
temperature-controlled cell from Crystal Precision Optics,
Rugby UK.***" Individual molecules, small oligomers and any
low aspect ratio assemblies/aggregates are not aligned by the
flow and are thus invisible, meaning that LD can be used to
monitor the assembly of fibres without any background monomer
signal. See the ESIf for more information about LD and a diagram
of the setup.

In all LD experiments a solution of FF was heated to 70 °C
for 20 minutes so that all of the FF was dissolved as monomers.
This solution was transferred to a hot capillary for the LD
measurements performed in a purposely adapted Jasco J-815
CD spectrometer. A background measurement was acquired at
the start of the experiment, before any fibres had formed, and
used for plotting all spectra. See ESIt for more detail. The fibres
were cooled at 1 °C min~* (1 °C min~ " and 0.5 °C min~" gave
SEM pictures that looked the same). Quantitative analysis
showed fibres from the higher cooling rate had a mean width
of 0.7 um, with a standard deviation of 0.32 pm, and the slower
cooling resulted in fibres with a mean diameter of 0.5 pm
and standard deviation of 0.36 um. Attempts to control-cool at
2 °C min~ " resulted in no fibres, simply a precipitate.

Widefield deconvolution microscopy

An FF solution was held at 70 °C for 20 minutes. 1.5 mL was
deposited into a microscope dish with a lid. The dish was
placed into a Deltavision 1 widefield deconvolution microscope
with a weather control system to keep the sample at 40 °C. The
experiment was started as soon as the sample was transferred
to the 40 °C environment.

This journal is © the Owner Societies 2021
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Results and discussion
Morphology of the fibres

Previous work showed FF fibres to be heterogeneous,™ so we
began by quantifying their size distribution. By the naked eye it
is apparent that the fibres exist up to millimetres in length
(Fig. 1a). Images were taken in water by optical microscopy
(Fig. 1b) and of dried fibres by SEM (Fig. 1c). It is impossible to
assess the full extent of their elongation as they extend beyond
the field of view of the microscopes, yet are too small to be
measured accurately by eye. SEM enables the width of all of the
fibres to be viewed and shows that they span from the nm to the
pm range (Fig. 1c) with a heterogeneous, approximately Poisson
distribution (Fig. 1d, obtained from 38 SEM images) and by a
small number of very large fibres. The fibres are mostly
hexagonal and hollow (Fig. 1e), however, we observed that
some are closed over at the ends (Fig. 1f).

Stability of small assemblies from molecular dynamics

A key feature of the FF fibres of Fig. 1 is their high aspect ratio
but variable widths. In order to understand the intermolecular
interactions responsible for this, MD simulations were per-
formed. If the reason for the high aspect ratio of the fibres is
thermodynamic then the surface energy of the face sides of the
fibres must be much lower than that perpendicular to the fibre
axis. One way to investigate this surface energy is to analyse the
stability of different FF assemblies versus time from an MD
simulation. Due to finite computational power, these assem-
blies must be small if the simulation is to be done on the
atomistic level—which previous coarse-grained modelling
attempts suggest is essential, as noted above. The cross section
of our fibres (Fig. 1e) is entirely consistent with the FF crystal
structure wherein 6 FFs are arranged in hexagonal units."*"*
We therefore performed MD simulations of small FF assemblies
based on layers created from the available crystal data.>® We first

)
0123456789101
Diameter / um

Fig. 1 Representative images of FF fibres formed from slowly cooling
FF solutions (2 mg mL™Y) heated to 70 °C (method by Song et all).
(a) Photograph; (b) optical microscope image; (c) SEM image; (d) histogram
of fibre diameters from 38 SEM images; (e) SEM image showing a hollow
fibre with an hexagonal shape; (f) SEM images of a FF fibre with a closed
end.
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tested our simulation method (including parameters) on an
infinite crystal system of FF as outlined in the Methods section.
This proved to be stable, demonstrating that the CHARMM?27
force field was a suitable choice for FF.

In order to probe independently lateral and axial growth, we
then chose two sets of assemblies: the first set had 4-hexagonal
cylinder assemblies of varying length/layers (Fig. 2a), and the
second set had 3-layers of differing widths (Fig. 2c). The 3-layer
4-hexagon simulation is common to both sets. Explicit water
molecules surrounded the peptide molecules and the simula-
tions were run for half a nanosecond. The movement of the
molecules in these simulations was quantified using the RMSD
of the peptide atoms along the simulation trajectory. The RMSD
represents the average movement of each atom from its starting
position and small RMSD values indicate that a structure is
stable over time. The RMSD of the atoms in structure 1 (Fig. 2a
and b) corresponds to the molecules completely abandoning
their original layout and moving into a disordered state (dissolving).
The significantly smaller RMSD values for structures 2-6 are a
consequence of all molecules largely retaining their original
assembly (with small rearrangements at the surfaces); the small
differences between the RMSDs reflect the decrease in the
proportion (yet constant number) of surface molecules in each
structure.

Next, the lateral extension of an assembly of FF molecules
was varied and the number of layers kept constant at 3 (Fig. 2¢
and d). A visual inspection of the simulations indicated a
similar stability for all the examined structures. In accord with
this, the RMSDs of the larger structures are essentially identical
with the 1 and 2 hexagon structures (A and B, respectively)
being slightly more mobile.

The differences in stability in these two sets of simulations is
consistent with the high aspect ratio of the fibres: the RMSD
dramatically decreases when the small assembly increases in
length, which is not the case when the assembly is extended

(a) (b) 1=

RMSD /A

0 50 100 150 200 250 300 350 400 450

Time / ps

moow»

RMSD / A

0 50 100 150 200 250 300 350 400 450
E Time / ps

Fig. 2 Diphenylalanine structures used in the MD simulations and their
RMSDs in solvated atomistic molecular dynamics simulations. (a) Structures
with increasing number of FF layers from 1 to 6 (water omitted for clarity).
(b) Time dependence of the RMSDs of the structures in (a). (c) Structures with
increasing lateral extension from A to E. (d) Time dependence of the RMSDs
of the structures in (c).
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laterally. This means that these structures become much more
stable upon elongation as opposed to lateral extension, so the
structure will preferentially grow longer instead of wider. This
difference in surface energy is a reflection of the different types
of intermolecular interactions that stabilise the FF fibres. The
layers of molecules in the FF fibres are held together by
hydrogen bonding and electrostatic interactions between the
termini of the peptides. According to Gorbitz,"® relatively
weaker three-dimensional stacking between aromatic moieties
keeps the hexagonal cylinders together (the lateral packing).
This results in the molecules preferentially adsorbing onto the
ends of a growing structure rather than on its sides, causing the
observed high aspect ratio of the fibres.

Temperature stability of FF fibres

FF fibres assemble when they are cooled with the Song
method." Therefore, the stability of fibres is clearly a function
of temperature. Although there has been previous work on the
thermal stability of FF fibres,'” it has not been done in the
solution phase. We therefore decided to investigate the tempera-
ture dependence of fibre formation and stability using spectro-
scopic methods, as they display precise real-time responses to
any temperature-induced changes in the fibres and hence allow
us to analyse the fibres in situ within their growing environment.
This eliminates the need to remove the fibres from solution for
analysis, a procedure that has significant practical disadvantages
and can change the observed characteristics.*® In particular, we
chose to use flow LD because it requires molecules to be aligned
in order to detect them, so it only detects fibres: individual
molecules, small oligomers and any low aspect ratio assembly/
aggregate are invisible. Although there are size limitations with
our LD set up due to the annular gap and circumference of the
Couette cell, we were able to use it to monitor fibres shorter than
~1 mm (ESL¥ Fig. S2).

At the highest starting temperature of 70 °C, a solution of FF
molecules stays as such without assembly for at least 4 hours
(ESL, Fig. S4). Thermal stability measurements were performed
by collecting LD spectra while a sample, initially at 70 °C, was
cooled in 5 °C steps at a rate of 1 °C min~ ' until it reached
20 °C. The sample was then heated back up to 70 °C at the same
rate and a spectrum was measured every 5 minutes (i.e. at 5 °C
intervals). Data from typical cooling and heating experiments
are shown in Fig. 3a and b, respectively, with the spectra offset
for clarity (an example of original spectra can be found in Fig. S3
of the ESL{ displayed over a wider wavelength interval). The
peaks observed around 265 nm correspond to n-n* transitions in
the aromatic part of the molecule and are red-shifted relative to
the monomer absorbance (ESL,T Fig. S1) as a result of n-stacking
interactions. The phenyl LD signals start to appear when the
sample temperature has reached 40 °C (Fig. 3a), indicating that
the fibres have become long enough to align in shear flow. The
change in baseline as a function of time is due to the increase in
light scattering as the fibres become larger, since scattering is a
function of wavelength as well as particle size.*’” When the
solution is heated back up, the dichroic signal decreases, which
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Fig. 3 LD signal of fibres forming from 2 mg mL~* FF monomer solutions as the sample is (a) cooled from 70 °C to 20 °C with a 1 °C min~* rate and then
(b) heated back again to 70 °C at the same rate. LD spectra have been offset for clarity. (c) Plot of the areas under the LD curves of (a) fibres formation
(blue, cooling) and (b) fibre dissolution (red, heating) normalised to a maximum value of 1.

shows that the fibres do disassemble upon heating with the
process being completed by 70 °C (Fig. 3b).

In order to appreciate the temperature dependence in a
more quantitative way, Fig. 3c shows a plot of the integrated
intensity of the 250-270 nm peaks versus temperature (the area
under the peaks was evaluated after subtracting the baseline for
each spectrum, as shown in ESIT Fig. S5). Fig. 3c shows a clear
difference between formation and dissolution for these fibres
(the experiment was undertaken slowly enough to ensure that
the sample had equilibrated at each temperature). When cooling
from 70°C (blue curve in Fig. 3c), no fibres develop until a
threshold temperature of about 40 °C is reached, after which
they form quickly. This suggests that a nucleation-driven assembly
is taking place (see below) with nucleation happening when the
system is supersaturated (achieved by heating a sample to 70 °C
and then cooling). However, there is no such equivalent for the
disassembly process (red curve in Fig. 3c), as dissolution is
accompanied by a slower and steady decrease in signal from
20 °C.

The cooling-heating experiment was repeated several times
with comparable results (within experimental error), showing
that ~40 °C is indeed the threshold temperature that allows
fibres to start assembling when they are cooled from a hot
solution. Interestingly, a similar threshold temperature was
also found by repeating the experiment at half the cooling rate
(and thus double the time), although in this case the integrated
LD signal reached it maximum value earlier (35 °C, ESIt
Fig. S6). This is a clear indication that kinetic aspects play an
important role in the fibre formation.

Kinetics of assembly

Many modelling studies of the kinetics of fibre assembly have
been undertaken, most, e.g. ref. 38, including nucleation of a
primary fibre — deemed to be the smallest fibre growth unit -
followed by fibre growth by monomer addition. Typically
experimental data prove more complex than this, requiring
secondary nucleation mechanisms such as fibre fragmentation
to increase the number of growing ends or the use of one fibre
as a template for a second to start growing. Rates of growth as a

This journal is © the Owner Societies 2021

function of monomer concentration are a key variable in such
studies. Unfortunately as noted above, FF fibre formation is
crucially concentration dependent, with even a 50% dilution
resulting in vesicles and nanotubes forming." We therefore
approached our kinetic studies by using multiple repeats of a
single concentration with LD to probe lag times for nucleation
and kinetics of fibre growth and optical microscopy to give
snapshots.

Linear dichroism. If the initial stage of fibre assembly
requires a nucleation event, then it should introduce a strong
stochastic element into the time dependence of otherwise
equivalent (i.e. repeat) experiments. Accordingly, flow LD was
used to monitor the kinetics of assembly in a series of experi-
ments where the Couette cell was initially loaded and held at
70 °C for a background spectrum to be taken, the sample was
then rapidly cooled to 40 °C, and a spectrum was measured
every 5 minutes for 4 hours. Fig. 4a shows typical results from
such an experiment. Three stages are apparent: an induction
period, lasting about 80 minutes in this case, during which
there are no LD-detectable fibres; a second stage during which
the phenyl LD peaks appear and then grow rapidly (linearly) in
intensity; and a third stage, commencing at about 100 minutes
in this case, for which the signal fluctuates about an apparent
plateau.

This experiment was repeated 18 times and the same
qualitative pattern was always observed, although the timing
of the transitions (particularly between stages 1 and 2) varied as
summarised in Fig. 4b. The approximately linear increase in
the LD signal observed in stage 2 is consistent with a constant
population of fibres (i.e. nucleation of new fibres is much
slower than growth), constant orientation parameter S (see
ESIY), and the addition of FF to the fibre ends at a constant rate.

The duration of the first stage, and the rapid transition to
growth in the second stage, is well explained by nucleation.
Nucleation is a stochastic process that has been shown to
follow Poisson statistics,®® and so gives rise to an exponential
distribution of waiting times for the nucleation event to occur.
In the current experiment, however, the nucleation of a single
crystal is not coincident with detection. Instead, following a
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formation was detected. (c) Fraction of experiments (cumulative distribution) in which fibres have been detected within time t (black circles). The blue line

is the fit to eqn (1) with 2 = 0.03 min~* and t; = 8 min.

nucleation event, an additional delay, t,, occurs while the fibres
grow long enough to orient sufficiently well under shear to give
a detectable LD signal.*® Moreover, the nucleation of n fibres
might be required before the density of fibres is large enough to
be detected. Based on these two considerations it is possible to
derive a theoretical cumulative distribution function F(¢) (CDF,
see ESIT) that can be compared with the fraction of experiments
in which fibres have been detected within time ¢ (Fig. 4c). The
data show an excellent fit to eqn (1)

Ff)=1— e *® 1)

corresponding to the case of a single nucleation event occurring
at a rate /4 and with a growth time ¢, prior to detection (see
ESIT).*" The best fit (Fig. 4c) is for physically reasonable
parameters, 4 = 0.03 min ’, t, = 8 min. The nucleation rate
(on average, one event every 30 minutes) is entirely consistent
with Fig. 4b.

However, microscopy images (Fig. 1) clearly show the formation
of many fibres during stages 2 and 3 - probably too many to be
explained by a nucleation rate of just 0.03 min~'. We therefore
conclude that the appearance of multiple fibres during stage 2
must be a consequence of secondary nucleation; this is an auto-
catalytic nucleation mechanism, and so is consistent with obser-
ving many fibres from a small (initial) nucleation rate. Secondary
nucleation requires that fibres easily break and the pieces act as
nuclei to seed the growth of several fibres. ESIt Fig. S8 shows a
fibre which has branched out into many fibres and has a break.
This is similar to the secondary nucleation growth of amyloid-p.*®

Finally, we observe that the noisy data after 100 min in
Fig. 4a (stage 3) is an experimental limitation due to the size of
the Couette cell (ESI,t Fig. S2). Once fibres grow to a length that
is comparable with the gap between inner and outer walls of
the cell, they no longer align with the shear flow—sometimes
getting stuck and subsequently breaking. Therefore, only the
first two stages of the fibre growth generate useful quantitative
LD data. The onset of stage 3 also allows an approximate rate
of fibre growth to be determined. In fact, the Couette cell
annular gap is 0.25 mm and the fibres take about 28 minutes
(ty + length of stage 2) to get stuck. A fibre of length a bit more

4602 | Phys. Chem. Chem. Phys., 2021, 23, 4597—4604

than 1 mm fits along the annular gap, so we estimate the fibre
growth rate to be about 2 mm h™" (~0.6 £ 0.1 pm s~ ).

Optical microscopy. The LD technique averages over the
whole sample, while the SEM images of Fig. 1 show a range of
different fibre sizes but no indication of how they grew to that
size. In order to observe the growth of individual fibres, we used
a widefield deconvolution optical microscope. The sample was
prepared under conditions similar to those used for the
spectroscopy experiments (FF solution heated to 70 °C and
then rapidly cooled to 40 °C) and was held at 40 °C for the
entirety of the optical microscopy measurements. In this
experiment, the fibres first appeared at around 5 minutes after
the time at which the fibres were cooled to 40 °C. Fig. 5 shows
the growth of one fibre over a period of 100 seconds, starting
360 seconds after the beginning of the experiment. It was not
possible to measure the full length of the fibres, as they were
longer than the field of view of the microscope; however, from a
series of images it was possible to measure the speed of growth.
It is evident from Fig. 5 that the width of this fibre does not vary
much during the experiment (at least once they are long
enough to be viewed under the microscope). The length of
the fibre in Fig. 5 grows at an initial rate of about 0.6 pm s~
(in excellent accord with the ~0.6 um s~ " from the LD).

Fig. 5 Six frames of a fibre assembling as observed by optical microscopy.
The first image was taken 360 seconds after the start of the experiments
and the subsequent images were taken at 20 seconds intervals. The scale
bar correspond to 25 um.
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Conclusions

The aim of this work was to achieve a better understanding of
the growth of FF fibres. A range of complementary experiments
and calculations have been performed to that end. SEM images
showed that fibres prepared by the method of Song et al." have
a hexagonal cross-section, are mostly hollow and display a large
range of widths (up to tens of microns) and a high aspect ratio.
MD simulations demonstrated that the FF assemblies become
much more stable if molecules are added to the ends of a fibre
than if they are added to the sides, implying that the fibre
growth occurs preferentially along its axis. This is most pro-
bably caused by the electrostatic interactions between planes of
FF perpendicular to the fibre axis, which are stronger than the
lateral stacking interactions between FF molecules within these
planes. Therefore, we conclude that thermodynamics plays a
large role in determining the large aspect ratio observed in the
fibres.

Temperature-dependent LD experiments showed that fibre
formation in water did not occur above 40 °C and demonstrated
a difference between the formation and the dissolution of the
fibres. Kinetic LD studies indicated a slow nucleation followed
by a faster growth of fibres with the possibility of secondary
nucleation following the fragmentation into smaller initial
fibres causing an autocatalytic cascade of growth. It is interesting
to note that the nucleation process mentioned by Ishikawa
et al.'® occurs in the dead time of our experiment and presumably
relates to a reorganisation of the monomers occurring in the very
early stages of what we referred to as the induction period. Their
data are therefore not on fibres but on a smaller structure that
cannot be flow-oriented. In this work we quantified the Poisson
distribution of lag times that occurred and modelled the process
to account for the extra delay before detection of fibres by LD.
Optical microscopy measurements allowed the direct visualisa-
tion of individual growing fibres and showed that the width of a
fibre did not change quickly (if at all) during assembly. Micro-
scopy and LD both gave an initial growth rate of fibres to be

about 0.6 um s~ .
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