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ABSTRACT

Amyloids are elongated supramolecular protein self-assemblies. Their formation is a non-covalent assembly process and as such is fully
reversible. Amyloid formation is associated with several neurodegenerative diseases, and the reversibility is key to maintaining the healthy
state. Reversibility is also key to the performance of fibril-based biomaterials and functional amyloids. The reversibility can be observed by a
range of spectroscopic, calorimetric, or surface-based techniques using as a starting state either a supersaturated monomer solution or diluted
fibrils. Amyloid formation has the characteristics of a phase transition, and we provide some basic formalism for the reversibility and the der-
ivation of the solubility/critical concentration. We also discuss conditions under which the dissociation of amyloids may be so slow that the
process can be viewed as practically irreversible, for example, because it is slow relative to the experimental time frame or because the system
at hand contains a source for constant monomer addition.
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Significance statement: Reversibility of amyloid formation is an
often ignored but fundamental physicochemical property, like in all
non-covalent assembly processes. Reversibility is key to maintaining
the healthy state in body fluids and cells with a plethora of
aggregation-prone peptides and proteins. Reversibility is also key to
the performance of fibril-based biomaterials and functional amyloids.

I. INTRODUCTION

Amyloid fibrils are highly stable supramolecular protein self-
assemblies, which can be formed from many different types of peptide
and proteins and which are involved in both biological function and
malfunction. One of the main structural characteristics of amyloids are
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their ordered fibril core, consisting of b-strands arranged perpendicu-
lar to the fibril axis (Eanes and Glenner, 1968; Jahn et al., 2010; Colvin
et al., 2016; Iadanza et al., 2018; and Ke et al., 2020). The misfolding
and self-assembly of proteins into amyloid fibrils is linked to many
pathological conditions, such as Alzheimer, Parkinson, Hungtingon’s,
Prion diseases, and type II diabetes (Jarrett et al., 1993; Selkoe, 2004;
Chiti and Dobson, 2006; Lansbury and Lashuel, 2006; Sipe et al., 2012;
Chiti and Dobson, 2017; and Ke et al., 2020). We expect amyloids to
follow the same physicochemical principles as for self-assembly in gen-
eral, including all peptide and protein fibrils assembled as extended
b-sheets, and the principles discussed in this work refer to all such
assemblies. Like other non-covalent self-assembly processes, protein
amyloid formation is reversible. Reversibility in self-assembly is well
established through equilibrium phase diagrams in a range of systems,
including surfactant and lipid self-assembly (Laughlin, 1994; Evans
and Wennerstr€om, 1999). It is also fundamentally linked to thermody-
namic equilibrium (Tolman, 1925). Examples from reversible protein
and peptide self-assembly include the formation of virus capsid shells
(Comas-Garcia et al., 2014) and peptide nanotubes (Narayanan et al.,
2021). More generally, from a statistical mechanics point of view, for
any forward process, there has to exist, in principle, also a reverse pro-
cess. At equilibrium, the rates of both the forward and reverse transfor-
mation are equal; out of equilibrium, however, their rates can be
dramatically different. The question of reversibility, therefore, at a fun-
damental level, relates to the question of whether, in a given transfor-
mation, the reverse rate is relevant and observable. However, due to
the common description of the amyloid formation process as

irreversible, we discuss here under what conditions the reverse process,
amyloid disassembly is relevant. Specifically, we ask under what cir-
cumstances the reversibility of amyloid formation is readily observable
and under what conditions the situation can be viewed as practically
irreversible, although the underlying amyloid-formation process is of
course still reversible.

A distinction, which can be helpful in practice, is to consider
whether the amyloid formation process is thermodynamically or kinet-
ically controlled. Under thermodynamic control, the system reaches
the same end point, the (local) thermodynamic equilibrium regardless
of its starting state (Fig. 1). By contrast, under kinetic control, the final
equilibrium state is not reached on the timescale of the experiment,
and thus, the long-time state can vary depending on preparation route,
over some defined time-frame.

A. Amyloid formation as a phase separation process

Molecular self-assembly transforms elementary building blocks
into organized structures and exhibits features of true phase transitions
as structure size increases (N ! 1). This behavior, seen in systems
like self-assembling amphiphiles, leads to abrupt changes in solution
properties at critical concentrations. Linear self-assembling systems,
including amyloid, show similar behavior under conditions favoring
large aggregates; amyloid fibrils may contain thousands of monomers.
Such assembly processes are typically characterized by a critical aggre-
gation concentration (cc) equal to the solubility (S). Even at finite
aggregate sizes, these transformations have many features in common

FIG. 1. Reversible amyloid formation
under thermodynamic control. Irrespective
of the starting state having a surplus of
monomers (above the solubility limit) (a)
or fibrils (below the solubility limit) (b), the
same end state is reached over time,
where the monomer concentration equals
the solubility (S) (the critical concentration)
of the protein (c), although it may take
more time to reach state (c) from (b) than
from (a). In all panels, free monomers are
drawn as curved red lines and monomers
in fibrils as blue ellipsoids.
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with true thermodynamic phase transitions and become physical phase
transitions for infinitely large aggregates. (Hellstrand et al., 2010;
Michaels et al., 2023; and Goto et al., 2024). Under such conditions,
the critical concentration, cc, is the ratio of the rate constant of mono-
mer addition to the aggregates, kþ and the rate constant of the inverse
process of monomer detachment from aggregates koff,

cc ¼
koff
kþ

: (1)

Interestingly, Eq. (1) has a simple interpretation in terms of mass bal-
ance for the equilibrium F � Fþm, where m is a free monomer and
F is a fibril end when assuming that the chemical potential of the
monomers in fibrils is concentration independent, as would be
expected for a molecule in a pure solid phase (Fig. 2). This observation
further highlights the analogies between amyloid formation and con-
ventional phase transitions. The equilibrium parameter of interest is
the solubility S, i.e., the monomer concentration that coexists with
aggregates at equilibrium (Evans andWennerstr€om, 1999).

S ¼ exp
loa � lom

RT

� �
: (2)

Here, loa is the protein standard chemical potential in aggregates and
lom is its standard chemical potential as free monomers in solution.
The solubility S is equal to the critical concentration cc.

Equation (2) is obtained by considering that a dilute monomer
solution of concentration [m], has a chemical potential lm ¼ l0m
þRT ln½m�, while in the aggregated “solid” the corresponding chemical
potential is constant, la ¼ l0a, because there is no entropy of mixing.
In an equilibrium with the coexistence of monomer and aggregates,
la ¼ lm, leading to Eq. (2) where ½m� ¼ S.

It is important to note that the chemical potential in the mono-
meric state depends on the concentration [m�, with thermodynamic
coexistence between monomers and fibrils being characterized by
½m� ¼ S. Amyloid formation displays an abrupt shift where most mol-
ecules end up in aggregates once the critical concentration (solubility)

is surpassed. In a supersaturated solution [m� > S, and fibrils may
form and grow. In undersaturated solutions, on the other hand, where
½m� < S, existing fibrils are expected to dissolve (see Fig. 1). It is, there-
fore, important to specify also the total protein concentration when
comparing monomer and aggregate chemical potentials or free energy
states in a free energy landscape (Balchin et al., 2016; Adamcik and
Mezzenga, 2018; Ke et al., 2020; and Frey et al., 2024). In Fig. 2, we
illustrate the simplest example of a chemical potential diagram, where
we compare free monomers and monomers in aggregates for an amy-
loid protein that is unfolded in its free state. As can be seen, the fibrils
have a concentration-independent chemical potential, while the free
monomer chemical potential increases with concentration, and the
two curves cross at the solubility.

B. Assembly pathway

If we consider the assembly pathway, the simultaneous condensa-
tion of very many monomers is highly unlikely, and instead, the pro-
cess may occur by monomer addition to existing aggregates of various
sizes. In addition to the aggregation number, the aggregates have inter-
nal degrees of freedom associated with the structure. Indeed, high
molecular weight amyloid aggregates are highly ordered and b-sheet
rich, while the smaller aggregates, often referred to as oligomers, are
structurally distinct from the amyloid fibril structure, relatively less
structured, less b-sheet rich, less stable, and often with more hydro-
phobic surfaces (Lendel et al., 2014; Kjaergaard et al., 2018; Lee et al.,
2018; and Dear et al., 2020). It is typically only the highly ordered
b-sheet rich aggregates that are able to grow through monomer elon-
gation to very large sizes. Aggregates that have not undergone this
structural conversion to the amyloid form remain in the solution phase
(Frackowiak et al., 1994). Oligomers have lower growth rate compared
to aggregates after nucleation (Dear et al., 2020) but may undergo this
structural conversion step at which the aggregate structure abruptly
changes into a structure that can be called a critical nucleus (the small-
est subunit of the aggregated phase) (Michaels et al., 2020) (Fig. 3).
Critical nuclei can further grow into large amyloid fibril structures,
forming a separate discontinuous phase that may precipitate or remain
in colloidal suspension for at least some time.

Investigations of the amyloid formation processes have revealed
in many cases a double nucleation mechanism, i.e., with primary
nucleation from monomers only as well as secondary nucleation in the
presence of aggregates (Fig. 3). Examples include the peptides and pro-
teins IAPP, Ab42, Ab40, a-synuclein, and tau (Padrick and Miranker,
2002; Rodriguez Camargo et al., 2021a; Cohen et al., 2013; Meisl et al.,
2014; Buell et al., 2014; Rodriguez Camargo et al., 2021b; Ruschak and
Miranker, 2007; Foder�a et al., 2008, and Gaspar et al., 2017). As for
any nucleated process, the free energy barrier for elongation (growth)
is lower than the free energy barrier for nucleation (Zimm and Bragg,
1959; Lifson and Roig, 1961). Temperature-dependent studies have
been performed to quantify this difference as well as the difference
between the barriers for primary and secondary nucleation in the case
of Ab42 (Cohen et al., 2018) and IAPP (Ruschak and Miranker, 2007).

Aggregation curves typically display a lag phase, a steep transi-
tion, and a final plateau (Jarrett and Lansbury, 1993; Arosio et al.,
2015). During the lag phase, the concentration of fibrils, ½mf �, grows
almost exponentially, according to (Arosio et al., 2014)

½mf � ¼ A cosh jtð Þ � 1
� �

: (3)

FIG. 2. Chemical potential. The concentration-dependent chemical potential of free
monomers (black) is equal to the concentration-invariant chemical potential of
monomers in aggregates (red) at the solubility (S), sometimes also referred to as
the critical concentration (cc).
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For a typical 100ll sample of low lM concentration of Ab42, the
first fibrils form within a few ms (Arosio et al., 2015) and can be
detected after a few minutes, using cryo-TEM and filter trap methods
(Arosio et al., 2014). The length of the lag phase may be defined in sev-
eral ways, but a practical approach is to define the end of the lag phase
as the point in time at which the fibril concentration has reached a
high enough value to be detected by bulk methods, which is typically
around 1% of the final fibril concentration (Cohen et al., 2013).
Importantly, all microscopic processes, i.e., all nucleation and growth
processes, occur during all stages of the process and with full reversibil-
ity, albeit with different net rates during different stages of the process,
with nucleation rate approaching zero at long times (Arosio et al.,
2015).

Although the detailed aggregation process occurs through multi-
ple steps (Fig. 3), all steps proceed at balanced rates at equilibrium
such that the net flux is zero. In other words, the reaction is fully
reversible and if an equilibrium is reached, there is no longer a net con-
sumption of monomers. At equilibrium, the rate of monomers going
from solution to aggregates is the same as the rate of monomers going
from aggregates back into solution, and the process is ongoing all the
time with full reversibility. To measure the forward or backward rate,
the system needs, however, to be taken out of equilibrium. This can be
achieved through dilution of fibrils or through the creation of a super-
saturated monomer solution (Fig. 1). The approach to equilibrium can
then be followed by methods that measure the monomer or fibril con-
centration, or both, e.g., by optical or NMR spectroscopy, quartz crys-
tal microbalance or surface plasmon resonance techniques, scattering
or filter-trap methods (Wetzel, 2006; White et al., 2009; Buell et al.,
2012; Buell, 2019; Buell, 2022; Arosio et al., 2014; Gaspar et al., 2017;
Br€annstr€om et al., 2018; and Eves et al., 2021), or methods monitoring

the process of formation or dissociation, e.g., isothermal titration calo-
rimetry (Kardos et al., 2004; Koder Hamid et al., 2020) and differential
scanning calorimetry (Morel et al., 2010). While the forward rates of
monomer consumption and fibril formation are relatively easy to
quantify, measurements of the backward rates may face a formidable
experimental challenge under conditions of slow dissociation.

C. Modeling reversible self-assembly

Although there are most often more than one monomer per
plane in a fibril, the elongation and shrinkage of fibrillar aggregates are
well-described by monomer addition and monomer dissociation,
respectively. The same can be assumed for oligomeric aggregates and a
model can be built as an infinite number of equilibria as follows:

f jð Þ þm�
Ko

f jþ 1ð Þ; (4)

where f jð Þ is the number concentration of j-mers. The equilibrium
constant,

Ko ¼ ½f jþ 1ð Þ�=½f jð Þ�½m� ¼ kþ;o=koff ;o ¼ e�DGo=kBT ; (5)

where kþ;o is the association rate constant and koff ;o is the dissociation
rate constant of monomers to and from the oligomer [m� is the free
monomer concentration, DGo is the standard free energy difference
between free monomer and monomer in an oligomer, kB is the
Boltzmann constant, and T is temperature. The oligomer mass con-
centration ½mo� summed over all oligomer sizes, j, starting from j¼ 2
equals

mo½ � ¼
X

j¼2
j f jð Þ� � ¼ m½ �

1� Ko m½ �ð Þ2 � m½ �: (6)

FIG. 3. Schematic description of reversible amyloid formation. (a) An amyloid formation process with primary nucleation and elongation steps. (b) An amyloid formation process
with primary nucleation, secondary nucleation, and elongation steps. In both panels, free monomers are drawn as curved red lines, monomers in non-nucleated aggregates as
purple spheres, and monomers in nucleated fibrils as blue ellipsoids. In the second case, it is not resolved whether conversion from non-nucleated to nucleated aggregates hap-
pens on the fibril surface or in solution, or both, and we, therefore, depict both options in this cartoon.

Biophysics Reviews REVIEW pubs.aip.org/aip/bpr

Biophysics Rev. 6, 011303 (2025); doi: 10.1063/5.0236947 6, 011303-4

VC Author(s) 2025

pubs.aip.org/aip/bpr


In the isodesmic model, all Ko values are identical. However, for amy-
loid proteins, at least two classes of aggregates are formed. In addition
to the small aggregates, oligomers, with a lower stability, there are
larger ones, fibrils, with a higher stability. We can, thus, assume a
higher value of the equilibrium constant for the large compared to
small aggregates, i.e., the system displays positive cooperativity as the
aggregate grows. This behavior can, in the simplest case, be described
using two equilibrium constants, Kf and Ko, where Kf ¼ e�DGo

f =KBT is
the monomer binding constant for the fibril ends, and Ko is the mono-
mer binding constant for the oligomers, with Kf > Ko. For the nucleus
size nc, the fibril mass concentration summed over all fibril sizes, j
� nc, equals

½mf � ¼
X

j�nc
j½f jð Þ�: (7)

The total monomer concentration takes the following form:

½m�tot ¼ m½ � þ ½mo� þ ½mf �

¼ m½ �= 1� Ko½m�ð Þ2 þ r
Kf ½m�� 	nc

1� Kf ½m�� 	2
� ncK

�1
f þ 1� ncð Þ½m�

h i
; (8)

where r ¼ c Ko=Kf
� 	2 � 1 and c is related to the structure of poly-

mer. A value of c ¼ 0:01 represent an aggregate with high aspect ratio
and significant persistence length.

When Kf > Ko and r � 1, the critical monomer concentration
becomes

cc ¼ ½m� 1ð Þ ¼ koff =kþ ¼ K�1
f : (9)

Equation (8) is plotted with different values of Kf =Ko in Fig. 4(a).
Although amyloid oligomers may grow relatively large before they
nucleate into a fibrillar structure (Fig. 3), all the relevant behaviors of
the system can still be captured by setting nc¼2. It appears that as the
ratio Kf =Ko grows, the behavior of the system attains the characteris-
tics of a phase transition with the free monomer concentration having
a constant value irrespective of total concentration above ½m�tot ¼ cc in
agreement with experimental observations for amyloid systems

[Fig. 4(b), Hellstrand et al., 2010; Lattanzi et al., 2021; and Lindberg
et al., 2024].

In the supplementary material, we include the opposite limit,
with aggregate size is capped at two and both monomer and dimer
remaining in the solution phase.

II. THERMODYNAMIC CONTROL IN A SYSTEMWITH
CONSTANT TOTAL COMPOSITION

In many in vitro systems, the total concentration of amyloid pro-
tein monomers and all other components remain constant and known.
Experiments are typically set up to start out-of-equilibrium with a sur-
plus of monomers or fibrils. In the first case, care is taken to prepare
monomers in a supersaturated state, i.e., at a concentration above their
solubility limit, and the time evolution of the system or its end state is
monitored (Fig. 1) (Cellmer et al., 2016). The purpose of monitoring
the time evolution may be to gain information on the self-assembly
mechanism, in which case samples at multiple initial concentrations
are typically followed, with and without a defined fraction of pre-
formed fibrils (seeds) at time zero (Jarrett and Lansbury, 1993; Jarrett
et al., 1993; Cohen et al., 2012; and Cohen et al., 2013). The purpose of
monitoring the end state may be to gain information on the solubility
of the amyloid protein, in which case the experiments need to be con-
tinued until no further change is seen in the concentration of free
monomers [Fig. 4(b)] (Cellmer et al., 2016; Sawada et al., 2020;
Lattanzi et al., 2021; and Lindberg et al., 2024). An equilibrium state
should be reachable from either end, so the same solubility should be
observable upon starting from monomer-dominated and fibril-
dominated samples (O’Nuallain et al., 2005) (Fig. 1).

Examples of solubility investigations starting from fibril domi-
nated samples are clear manifestations of reversibility. (Jarrett et al.,
1994; O’Nuallain et al., 2005; Wetzel, 2006; Qiang et al., 2013; and
Iljina et al., 2016). In these studies, fibril samples are diluted such that
the free monomer concentration ends up below the solubility and a
dissociation of fibrils and an increase in free monomer concentration
over time is observed until equilibrium is reestablished.

Examples of solubility studies starting from monomer-dominated
samples reveal how a metastable zone can be observed and can be
found to shrink over a timescale of days as equilibrium is reached in
more and more samples, for which the free concentration is constant

FIG. 4. Free vs total monomer concentration. (a) Numerical plot of Eq. (6) with different values of Kf =Ko. c ¼ 0:01, nc ¼ 2, and Kf ¼ 0:5lM�1. (b) Examples of experimental
data for free vs total Ab40 peptide concentration, illustrating how the system approaches equilibrium (red line) as time progresses. Data taken from Lattanzi et al. (2021).
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irrespective of the total concentration, signifying a phase transition
[Fig. 4(b); Lattanzi et al., 2021; Lindberg et al., 2024].

In principle, a pure system under thermodynamic control should
end up in the same equilibrium state each time a reaction is setup,
both in terms of the structure/morphology of the formed aggregates
and the final monomer concentration. Examples of such systems are
Ab42 from AD, in which case identical ssNMR spectra were observed
on multiple occasions in independently prepared samples (Colvin
et al., 2016).

III. KINETIC CONTROL IN A CLOSED SYSTEM

A pure system under kinetic control may end up in a state that is
out of equilibrium because the energy barrier for forming the non-
equilibrium state is lower or similar to the energy barrier for forming
the equilibrium state (Fig. 5). A pure system under kinetic control may
end up in different states each time a reaction is set up, both in terms
of the structure (morphology) of the formed aggregates and the final
monomer concentration (Abelein et al., 2016; De Giorgi et al., 2020;
and P�almad�ottir et al., 2023). For solutions of the a-synuclein from
Parkinsons’ disease, the splitting of a sample at neutral pH into multi-
ple identical aliquots lead to initial formation of distinct samples

consisting of chemically identical but morphologically different fibrils
(P�almad�ottir et al., 2023). The different morphologies were shown to
have different solubility, different ultra-structure, and different surface
properties. This was observed using NMR, CD and ThT-fluorescence
spectroscopy as well as cryo-TEM. A gradual conversion from the less
stable and more soluble morphology to the more stable and less soluble
morphology took place over the timescale of several days. This further
highlights the reversible nature of the amyloid fibrils. In this case,
based on the similar frequency of initial occurrence of the two mor-
phologies, the initial state appears to be kinetically favored due to simi-
lar nucleation barriers for the two different morphologies (Fig. 5). The
end state, observed after about a week, was identified as the thermody-
namically favored state (P�almad�ottir et al., 2023).

Replication of the different morphologies and formation of
monomorphic samples were found to be possible by adding preformed
fibrils (seeds) of different morphologies to different samples. This can
be explained by the energy barriers for primary nucleation being
higher than the energy barriers for secondary nucleation and elonga-
tion (Cohen et al., 2018), making the event of de novo nucleation less
likely than the secondary nucleation and elongation of the added pre-
formed fibrils (seeds). Primary nucleation of a-synuclein is a rare event
(Campioni et al., 2014; Pronchik et al., 2010), and the propagation of
an already existing fibril morphology is, therefore, kinetically favored
(P�almad�ottir et al., 2023). Despite that, at longer times, the sample will
be dominated by the most stable morphology.

Similar findings have been reported for the peptide IAPP and the
tau protein, in which case transient fibril morphologies were detected
using cryo-EM during the amyloid formation process (Wilkinson
et al., 2023; L€ovestam et al., 2024). In both these cases, monomer disso-
ciation and reformation of the more stable morphology through nucle-
ation and growth may be more likely than the simultaneous structural
conversion of an entire aggregate from one morphology to another
(Fig. 5).

An illustrative example of this phenomenon is the observation of
disappearing morphologies in crystallography. This refers to the emer-
gence of a thermodynamically more stable crystal form, leading to the
disappearance of the less stable crystal form (Bu�car et al., 2015). The
antiviral compound Ritonavir provides an example of this phenome-
non. In mid-1998, it encountered serious manufacturing problems
when a new crystallized form (Form II) emerged with lower solubility.
(Bauer et al., 2001). Due to this new morphology, being the thermody-
namically stable one, and its strong seeding capabilities, the production
of the original crystal was rendered impossible in laboratories (Bu�car
et al., 2015).

IV. PRACTICAL IRREVERSIBILITY IN CLOSED SYSTEMS
DUE TO EXPERIMENTALLY INACCESSIBLE TIME
SCALES

In some cases, the reverse reaction is too slow to be monitored
within a practical laboratory time-frame. Studies in closed systems will
fail to detect fibril dissociation upon dilution if the observation time is
short relative to the inverse of the dissociation rate constant. This has
led to the interpretation in some literature as the process being irre-
versible although a correct interpretation would rather be that the rate
constant for fibril dissociation is very low. In vivo, another reason for
the lack of observation of the reversibility may be the constant genera-
tion of more monomers (cf. below, Sec. VI).

FIG. 5. Schematic illustration of the free energy landscape of two different morphol-
ogies forming at identical conditions. Fibrils of morphology A have higher solubility
and are thermodynamically less stable than fibrils of morphology B, which have
lower solubility (P�almad�ottir et al., 2023). The free energy barriers for forming mor-
phology A and B from monomers are of similar height, and therefore, the likelihood
of forming morphology A and B is similar. As soon as a critical nucleus has been
formed (or preformed fibrils added to monomeric solution), replication of the fibrils
by secondary nucleation and elongation is favored over primary nucleation. A sam-
ple can, therefore, be kinetically stable, consisting of fibrils of morphology A.
However, with time, the sample will always be dominated by the thermodynamically
most stable fibril morphology. The formation of morphology B from a sample con-
taining fibrils of morphology A is more likely to happen through dissociation of the
less stable morphology through monomers and re-creation of the more stable mor-
phology through nucleation and growth. Structural conversion of morphology A to B
may be associated with a higher barrier (dashed lines).
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When analyzing amyloid formation kinetics, it may or may not
be necessary to include the reverse reaction at some or all steps. When
the rate constant for monomer dissociation from fibrils is of the same
order of magnitude as the inverse of the experimental time frame, it is
of course necessary to include also this parameter in the analysis to
faithfully evaluate the forward rate constants. However, in situations
where the reverse reaction rate is orders of magnitude lower than the
inverse of the experimental time frame, the forward rate constants can
be reliably determined even if the back reaction is ignored. Despite the
backward rate not being zero, it is difficult to observe the reversibility
in situations where the net flux goes toward the build up of more and
more fibrils.

As discussed earlier (Secs. I A and IC), the rate constant for
monomer dissociation from fibril ends can be estimated using Eq. (1)
or Eq. (9). Using published values of S¼ cc and kþ for Ab40 (in
20mM NaP, pH 7.4, 37 �C) and Ab42 (in 20mM NaP, pH 8, 37 �C)
(Hellstrand et al., 2010; Cohen et al., 2013; Meisl et al., 2014; Lattanzi
et al., 2021; and Lindberg et al., 2024), we arrive at koff¼ 3� 105

M�1s�1 � 5� 10�7 M¼ 0.15 s�1 for Ab40 and koff¼ 3� 106 M�1s�1 �
3� 10�8 M¼ 0.09 s�1 for Ab42. While the association rate depends
on kþ, free monomer concentration, and the concentration of fibril
ends, the dissociation rate depends on koff and the concentration of
fibril ends. Thus, if fibrils are diluted from higher to lower concentra-
tions, the dissociation rate remains relatively constant over time
because the concentration of ends decreases only slowly. This is in con-
trast to the case of aggregates capped at the dimer (see the supplemen-
tary material), where each dissociation event eliminates one dimer,
and the dissociation rate declines more rapidly over time.

If, for example, equilibrated Ab42 fibril sample is diluted from
5lM to 20nM (below S), under which condition fibrils will eventually
fully dissolve, the concentration of ends will initially be on the order of
4–40 pM, assuming 1000–10 000 monomers per fibril, and the dissoci-
ation rate will be on the order of 0.4–4 pM s�1. The monomer

concentration after dilution will be ca. 100 pM, and the association
rate will be on the order of 1–10 fM s�1.

V. APPARENT REVERSIBILITY UPON SYSTEM CHANGE

The reversibility of amyloid formation is apparent under system
change, for example, when the temperature (L€owik et al., 2005; van
den Heuvel et al., 2008; Arora et al., 2004; Morel et al., 2010; Kardos
et al., 2011; Ikenoue et al., 2014; Sudhakar and Mani, 2019; Norrild
et al., 2021; Takeda and Klimov, 2008; and Andr�yskov�a et al., 2023),
pH (Fig. 6) (Tipping et al., 2015; Shammas et al., 2011; Shimanovich
et al., 2021; and R€oder et al., 2019), ionic strength (Raman et al., 2005;
Abelein et al., 2016; and Shukla et al., 2017), pressure (Foguel et al.,
2003; Torrent et al., 2006; and Rezaei-Ghaleh et al., 2016), denaturant
concentration (Narimoto et al., 2004; Sneideris et al., 2015; Sil et al.,
2018; Vettore and Buell, 2019; and Farzadfard et al., 2024) or solvent
(Hirota-Nakaoka et al., 2003) is altered, or upon the addition of chap-
erones (Parsell et al., 1994; Glover and Lindquist, 1998; Shorter, 2011;
Nillegoda et al., 2015; Gao et al., 2015; Ferrari et al., 2018; Kannaian
et al., 2019; and Wentink et al., 2020). If the most stable morphology is
not altered due to the system change, this is a convenient way to mani-
fest and quantify thermodynamic reversibility. Fibril formation reac-
tions are typically studied after a temperature jump from for example
0 to 37 �C, and conversely the higher solubility at lower and higher
temperatures allows the backward reaction to be studied upon cooling
or heating (Kardos et al., 2011; Ikenoue et al., 2014; and Norrild et al.,
2021). Pressure changes is another convenient way to promote or
reverse amyloid fibril formation (Foguel et al., 2003; Torrent et al.,
2006).

Conditions may change so much that the initial fibril structure
becomes unstable and another structure is governed. Such more dras-
tic perturbations of the environment may allow for easy experimental
observation of amyloid fibril dissociation. For example, when a fibril
structure is governed by disulfide bonds, their reduction may lead to

FIG. 6. Dissolution of a-synuclein fibrils upon pH change. (a) Fibrils were formed at pH 6 (20 lM a-synuclein, 10 mM MES, 1% seeds, pH 6.0) and titrated with 1M NaOH and
changes in secondary structure were monitored by recording circular dichroism spectra. At the lower pH values (6–6.7), the sample showed b-sheet structure, confirming the
presence of amyloid fibrils. At pH 7.3, the structure started dissolving into random coil, indicating dissociation of the fibrils into monomers (b) The intensity at 198 and 217 nm
vs pH. The time between pH change and CD measurement is within minutes. These results imply the importance of exploring the pH stability of the amyloid structures of inter-
est, to study dissociation upon pH change.

Biophysics Reviews REVIEW pubs.aip.org/aip/bpr

Biophysics Rev. 6, 011303 (2025); doi: 10.1063/5.0236947 6, 011303-7

VC Author(s) 2025

https://doi.org/10.60893/figshare.bpr.c.7605047
https://doi.org/10.60893/figshare.bpr.c.7605047
pubs.aip.org/aip/bpr


fibril dissociation (Heath et al., 2024). A striking example is provided
by a-synuclein, the fibril structure of which is highly dependent on
solution conditions (Gath et al., 2014; Bousset et al., 2023). For this
protein, changes in, for example, pH leads to rapid dissociation of
fibrils to establish a new equilibrium as exemplified in Fig. 6.

The human lysozyme and its homolog from hen egg white are
examples of proteins that have been found to form different amyloid
fibril morphologies, depending on the folding path. The different mor-
phologies showed different heat tolerance and either dissolved, show-
ing clear signs of reversibility upon system change or did not dissolve
(Cao et al., 2021). This highlights that the apparent reversibility is
highly dependent on the solution conditions, which may change the
heights of the kinetic barriers for fibril formation and dissolution.
Different folds will naturally possess individual stabilities and barriers
and be differentially susceptible to dissolution and, thus, may or may
not display reversibility over a practical laboratory time frame.

VI. PRACTICAL IRREVERSIBILITY IN SYSTEMSWITH
CONTINUOUS MONOMER PRODUCTION

While the systems described above provide fundamental insight
into the amyloid formation process and its reversibility, a very different
situation arises in amyloid diseases where monomers are continuously
being produced and added to the system after the first aggregates
deposits have precipitated. Proteostasis in vivo keeps proteins at a rela-
tively constant (and often low) monomer concentration. Thus, after
the emergence of the first aggregates, the amount of precipitated aggre-
gates may be continuously growing while the monomer concentration
remains relatively constant. An amyloid disease may in such situation
be viewed as having reached a state of no return, which may be tempt-
ing to interpret as the underlying process being irreversible. However,
even if the systemic effect may be practically irreversible, both mono-
mer addition and monomer dissociation continue all the time in a
reversible manner, and the underlying process is reversible even if the
microscopic rates are not balanced in this situation. Under continuous
production of monomers, the fibrils will never dissociate, and the sys-
tem may be practically viewed as in an irreversible state although it is
more correctly viewed as constantly out of equilibrium and drifting
toward more and more precipitated monomers. One way to model
such a situation is to add a source term to the kinetic equation (Wei
et al., 2024). Additionally, in living systems, amyloid aggregate clear-
ance processes are also present but may not balance the production,
which adds complexity to the kinetics of amyloid aggregation (Dear
et al., 2024).

VII. PRACTICAL IRREVERSIBILITY IN SYSTEMS WITH
MONOMER CHEMICAL MODIFICATIONS

Yet, another situation arises in amyloid systems where monomers
are chemically modified after fibril formation, e.g., through chemical
cross-linking (Al-Hilaly et al., 2013; W€ordehoff et al., 2017), oxidation
(Binger et al., 2008), phosphorylation (Anderson et al., 2006; Rezaei-
Ghaleh et al., 2016), ubiquitination (Hasegawa et al., 2002; Anderson
et al., 2006), deamidation (Nilsson and Dobson, 2003), as well as
through degradation or truncation of monomers (Anderson et al.,
2006; Ariesandi et al., 2013; and Ortigosa-Pascual et al., 2023). For
example, high temperature treatments of a-synuclein have been found
to result in truncation within the C-terminal tail, at Asp119 (Ariesandi
et al., 2013). Truncation at the same position has also been observed at
physiological temperatures in vitro, after prolonged incubation time as

well as in connection with fibril formation (Ortigosa-Pascual et al.,
2023). Variant dimer bands were detected at the end of an aggregation
reaction and only in the fractions containing fibrils that had been sepa-
rated from monomers through centrifugation (Ortigosa-Pascual et al.,
2023). The Asp 119 truncation has also been detected in vivo
(Anderson et al., 2006). Such modifications could possibly result in
other morphologies being more favorable, and thus, affect the stability
as well as the reversibility relative to the initial structure. Additionally,
dityrosine cross-linking of a-synuclein fibrils has been shown to stabi-
lize their structure and increase their resistance to chemical denatur-
ation (W€ordehoff et al., 2017). Another example is the formation of
cross-linked Ab dimers (Brinkmalm et al., 2019; Al-Hilaly et al., 2013),
which may affect the fibril dissociation rate.

VIII. REGULATION OF FUNCTIONAL AMYLOIDS IN IN
VIVO SYSTEMS BY ENVIRONMENTAL CHANGES

In addition to pathological amyloids, there are functional amy-
loids that have various biological roles (Maji et al., 2009; Otzen and
Riek, 2019; Ke et al., 2020). Functional amyloids are an example of
how nature has taken advantage of the amyloid structure and its
reversibility, with growth and dissociation regulated by various factors,
such as temperature, pH, nutrient availability, and developmental stage
of the organism (Nespovitaya et al., 2016; Dharmadana et al., 2019;
McGlinchey and Lee, 2017; Saad et al., 2017; Cereghetti et al., 2018;
Liu et al., 2021; and Cereghetti et al., 2024). One example is the devel-
opmentally regulated co-aggregation of the RNA-binding protein
Rim4 and mRNA during meiosis stage I in yeast. At the onset of meio-
sis stage II, these aggregates disassemble, allowing mRNA translation
to resume and thereby promoting and facilitating the cell cycle pro-
gression (Cereghetti et al., 2018). Another example is the reversible
fibril formation of peptide hormones, such as, e.g., b-endorphin and
gonadotropin-releasing hormone, which is highly dependent on envi-
ronmental factors, such as pH and polyprotic acids. (Liu et al., 2021;
Nespovitaya et al., 2016; and Dharmadana et al., 2019). Another exam-
ple is the aggregation of the yeast pyruvate kinase Cdc19 upon glucose
starvation and heat shock. This is a highly regulated preventive mecha-
nism against stress, where the aggregates dissolve within minutes upon
the addition of glucose (Saad et al., 2017). It has been shown that both
the yeast and the human pyruvate kinase have a pH sensitive core
resulting in either amyloid formation or dissociation depending on the
pH changes (Cereghetti et al., 2024). The pH regulated disaggregation
of the repeat domains of the functional amyloid Pmel17, involved in
melanin biosynthesis is yet another example of reversibility of a func-
tional amyloid (McGlinchey and Lee, 2017). Studies of functional amy-
loids have indicated that the presence of low complexity regions
(LCRs) containing phosphorylation sites might be crucial for the regu-
lation of the reversibility (Saad et al., 2017; Cereghetti et al., 2018).

IX. REVERSIBILITY OF SYNTHETIC PEPTIDES

The development of solid-phase peptide synthesis (Merrifield,
1963; Howl, 2005) paved the way for systematic studies of short (of the
order of ten residues) peptides’ self-assembly (Zhang, 2017). An area
that has grown extensively in recent years. Most work in this area has
concerned peptide based materials science (Fairman and Åkerfeldt,
2005; Gazit, 2007; Ulijn and Smith, 2008; and Guler, 2021), typically
for various biomedical applications (Matson et al., 2011; Sun et al.,
2016; and Fichman et al., 2021), but there has also been studies on the
thermodynamics and kinetics of peptide self-assembly (Nyrkova et al.,
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2000; Semenov and Subbotin, 2010; R€uter et al., 2019; and R€uter et al.,
2020). Within the aim to understand protein amyloid formation and
the properties of amyloid fibrils, one may possibly learn from these
studies of short synthetic peptides. The most common morphology of
short peptide assemblies are, in fact, long fibrils, with intermolecular
b-sheets in the fibril direction, thus sharing similarities with amyloid
fibrils. As for the amyloid proteins, the driving force for self-assembly
of short peptides is dominated by hydrophobic interactions. With
designed synthesis, the hydrophobic peptide–peptide interactions can
be tuned in a controlled way and systematically investigated. For
example, monomer solubility can be tuned to be in the mM range,
where it can be accurately measured by simple light scattering experi-
ment (Çenker et al., 2014), and where aggregation (Çenker et al.,
2012) and dissolution (Koder Hamid et al., 2020) kinetics are easily
investigated, allowing for an easy and clear demonstration of that
pepide self-assembly being reversible.

X. UTILIZING AMYLOID FIBRIL REVERSIBILITY FOR
FUNCTIONAL BIOMATERIALS

The understanding of the formation of amyloid fibrils and their
unique properties has already served as a foundation for the design of
different biomaterials (Cherny and Gazit, 2008; Romero et al., 2010;
Wei et al., 2017; Knowles and Buehler, 2011; and Jacob et al., 2019)
and for development within the field of drug delivery (Ping et al.,
2017). Increased knowledge of the reversibility of the amyloid struc-
tures can further enhance the innovative design process (Wang et al.,
2016). The fact that charged fibrils readily form hydrogels may be uti-
lized within materials science, nanotechnology, and drug delivery,
where the reversibility would serve as the key for tuning a system and/
or changing the materials’ properties (e.g., forming or dissolving the
fibrils and the hydrogel) upon systems change. This phenomenon has
been found within a system containing the Sg38-48 peptide, named
the KD peptide, which self-assembles into amyloid fibrils and dissoci-
ates back to its monomeric form as a function of pH (Shimanovich
et al., 2021). Oat globulin from the oat plant has been found to form
reversible amyloid fibrils that can be used for water membranes, elec-
trodes, aerogels, and sensors (Zhou et al., 2022). The reversibility of
amyloid structures could also be important within the field of drug
delivery. Studies of gonadotropin-releasing hormone analogs have
shown that the monomer-fibril equilibrium (reversibility) can be lever-
aged for the development of long-acting drugs (Maji et al., 2008).

Reversibility also provides a healing process ensuring that the
most stable assembly forms more quickly. On average, “correctly asso-
ciated”monomers will display slower dissociation than “wrongly asso-
ciated” ones. Thus, monomers that have not adopted the more stable
fold and nearest-neighbor contacts of the final assembly will dissociate
quickly allowing for new monomers to associate in a more productive
manner.

XI. REVERSIBILITY IN AMYLOID DISORDERS IN VIVO

Many protein misfolding disease are characterized by the aber-
rant deposition in different parts of the body of proteins with appar-
ently higher solubility in the healthy state. Notably, this is the case for
Alzheimer’s disease, which is driven by amyloid aggregation of the Ab
peptide in the extracellular space in the central nervous system and the
tau protein in the intracellular space; and Parkinson’s disease which is
associated with the aggregation of a-synuclein. It has become increas-
ingly clear that a gain of dysfunction (toxicity) from the aggregated

form of the proteins is a key driver of the disease and, thus, significant
efforts have focused on therapeutic strategies which can reduce the
aggregate burden. Therapeutics may harness the key feature of amyloid
formation as a reversible process to shift the equilibrium through solu-
bilization or clearance (Figs. 1 and 7).

Such therapeutics include the antibodies aducanumab (Sevigny
et al., 2016), lecanemab (van Dyck et al., 2023), and donanemab (Sims
et al., 2023), which bind to aggregated forms of Ab, and which increase
the clearance of amyloid plaques in Alzheimer’s disease. A concern
with clearance-based therapies that do not simply promote monomer
dissociation may be the increased appearance of toxic oligomeric spe-
cies. Another mechanism of therapeutics involves the stabilization of
the protein species in solution. The small molecule tafamidis is an
example of an established therapeutic molecule, which is found to sta-
bilize the transthyretin tetramer in the solution phase (Coelho et al.,
2016), thus driving the reversible amyloid system away from the fibril-
lar state and lowering the risk of transthyretin amyloidosis.

A particularly interesting recent set of approaches have focused
on reducing the production of the aggregating protein, for instance,
tau (Vemula et al., 2023). Remarkably, clinical data have shown that
simply inhibiting the production of the monomeric protein is enough
to reverse the amyloid assembly process, and significantly decreased
aggregate loads have been demonstrated in patients treated with such
modalities. Although different active clearance mechanisms are likely
to contribute to this disassembly reaction, it is likely that the simple

FIG. 7. Therapeutic strategies. Clearance (top) or solubilization (bottom) are two
potential therapeutic routes based on the reversible nature of amyloid formation.
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reversibility discussed in this review can lead to the reversal of the
assembly process once the monomer concentration decreases below
the critical concentration.

XII. CONCLUSIONS

Amyloid formation is a non-covalent assembly process, and its
reversibility is well documented by experimental studies, as exempli-
fied in the current perspective. As reviewed, the reversibility can be
observed upon dilution of fibrils under otherwise constant solution
conditions or under changes in the solution conditions that increases
the solubility of the amyloid system at hand. The dissociation may,
however, be so slow that the process can be viewed as practically irre-
versible over a given time frame or because the system at hand con-
tains a source for constant monomer addition, leading to net buildup
of amyloid even if both growth and dissociation occur at all times.
Reversibility is also a key to the performance of fibril-based biomateri-
als and functional amyloid.

SUPPLEMENTARY MATERIAL

See the supplementary material for the modeling of reversible
amyloid formation.
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