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Introduction and motivation
• Protein self-assembly underlies key events in normal and

aberrant biology.

tive disorders, such as Alzheimer’s and Parkinson’s
• Amyloid formation is associated with over 50 neurodegenera-

curtail it for medical purposes we first need to understand
• To employ self-assembly for nanotechnological ends or 

in a quantitative manner the mechanisms through which these
structures form

length and time scales involved
• Challenge in the description arises from the wide range of

macroscopic realizations and microscopic steps of protein
• Application of physical methods to bridge the gap between

self-assembly



Chemical kinetics of filamentous growth
• What is a reaction mechanism?

• Chemical kinetics and rate laws (general recipe)

IUPAC: An acceptable mechanism of a specified reaction (and there may be a number of such
alternative mechanisms not excluded by the evidence) must be consistent with the reaction
stoichiometry, the rate law and with all other available experimental data.

• Differential rate law

• Integrated rate law

• Global quantities (half-time…)

Second order reaction:     A + A       B
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Master equation formalism for filamentous growth

• Microscopic-level mechanisms …
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Eq. (1), M(t) ∼ t2 for t → 0. These observations motivated
the formal extension of this model to include secondary
nucleation pathways36, 39, 40 which can contribute to the
increase in the number of polymers in addition to that pro-
duced by the straightforward homogeneous nucleation. In par-
ticular this seminal work established the role of monomer-
dependent secondary nucleation in the polymerization of
sickle hemoglobin. More recently, this process has also
been found to be active in amyloid growth.102 Furthermore,
monomer-independent secondary nucleation in the form of
filament fragmentation was identified in the polymerization of
actin37, 38 and has emerged as a key factor in the propagation
of yeast45–48 and mammalian prions26, 49–53 and the growth
of amyloid fibrils.35, 45, 46, 54, 55 Except for special cases, how-
ever, general analytical treatments analogous to Eq. (1) of
the classical nucleated growth problem in the presence of
fragmentation or secondary nucleation have been challeng-
ing to achieve. Much progress has instead been made with
numerical solutions37, 44, 56, 57 or perturbative treatments that
are highly accurate for early times in the reaction profile.36, 58

Here we derive analytical results for the full polymerisa-
tion timecourse analogous to Eq. (1) for the case when sec-
ondary nucleation pathways, in particular filament breakage,
are present. Building on our earlier work,59 we present a de-
tailed analysis of this growth problem over a three part se-
ries. In the first part, the general framework for obtaining
self-consistent solutions to the growth problem is derived. In
the second part, we discuss the accuracy of these solutions
and present higher order expressions which yield scaling be-
haviour in close agreement with exact numerical results. In
the final part we analyse the equilibrium behaviour of fila-
mentous systems in the limit of long time scales.

II. MASTER EQUATION AND PRINCIPAL MOMENTS

The general strategy for deriving analytical results to the
growth problem that generalises the Oosawa theory to include
secondary pathways follows that of the original treatment.10

The microscopic processes, as shown in Fig. 1, are described

through a master equation; the principal moments, which are
related to experimental observables, are obtained by summa-
tion of both sides of the master equation, resulting in a dif-
ferential equation system for the evolution of the moments.
These moment equations are non-linear and are not readily
integrable; to address this challenge, in Sec. III we obtain
self-consistent solutions through the use of linearized solu-
tions in an iterative fixed-point scheme.

The basic nucleation-elongation-fragmentation kinetics
of an ensemble of polymers is governed by the master
equation10, 51, 54, 56, 60–63 for the time evolution of the concen-
trations f (t, j ) of chains of length j :
⎧
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where the time evolution of the free monomer concentra-
tion, m(t), results from accounting for the monomer con-
sumed through growth. The part of the equation pertaining
to elongation (Fig. 1(b)), ∂

elong
t f (t, j ) = 2m(t)k+f (t, j − 1)

− 2m(t)k+f (t, j ) is that of Oosawa10, 11 except for the fac-
tor of 2 which denotes growth from both ends.64, 107–110 The
following two terms describe the possibility of depolymerisa-
tion from either end (Fig. 1(c)) to yield a polymer consist-
ing of one less monomer.10, 11 The breakage related term37

∂
frag
t f (t, j ) = 2k−

∑∞
i=j+1 f (t, i) is responsible for the cre-

ation of smaller fragments when a longer filament breaks
(Fig. 1(d)). Since in this formulation breakage operates also
for the bonds connecting the terminal monomers to the fibrils,
it contributes to the effective depolymerisation rate which is
given by koff + k−. We note that in our treatment we neglect
the association of filament fragments (the inverse process of

Fragmentation

Fibril
Soluble
form

ElongationPrimary
nucleation

Monomer-
dependent
secondary
nucleation

(e)(d)(c)(b)(a)

Dissociation

FIG. 1. Schema illustrating the microscopic processes of polymerisation with secondary pathways treated in this paper. Primary nucleation (a) leads to the
creation of a polymer of length nc from soluble monomer. Filaments grow linearly (b) from both ends in a reversible manner with monomers also able to
dissociate from the ends (c). The secondary pathways (d) and (e) lead to the creation of new fibril ends from pre-existing polymers; fragmentation (d) is
discussed in the first part of this paper, and monomer-dependent secondary nucleation (e) is discussed in the second part.
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• … are captured by master equation:

concentration of
aggregates of size j

monomer
concentration

Knowles et al, Science (2009);     Cohen et al, JCP (2011);      Michaels et al, JCP (2014).



Principal moments and moment equations
• Principal moments of aggregate distribution f(t,j) …

• … satisfy lower-dimensional set of moment equations:
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Hamiltonian structure of moment equations
• The moment equations …

• … have Hamiltonian structure:

Michaels, Cohen, Vendruscolo, Dobson, and Knowles, Phys. Rev. Lett. 116, 038101 (2016).
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energy of motion. This kinetic energy term measures the
propensity of the system to move in position coordinate q,
i.e., to consume monomer subunits and form aggregates. In
the next two sections, we associate the potential energy
term VðqÞ with the driving force for filamentous growth
(see Fig. 1).
Conservation of energy.—The nonlinear and coupled

nature of the moment equations (1) and (2) has made them
challenging to study [6,7], leading to a range of specialized
numerical and analytical approaches. Here, the reduction to
canonical form allows us, instead, to follow the samegeneral
program as in classical mechanics. The total energy of the
linearly assembling system is the sum of its kinetic and
potential energy terms,whereby the potential energy decom-
poses into single contributions from each of the active
nucleation pathways [29]. Because the Hamiltonian is time
translationally invariant, ∂H=∂t ¼ 0, the total energy of the
system is conserved: H ¼ Vð0Þ ¼ λ2=nc þ κ2θ2=2, where
θ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=½n2ðn2 þ 1Þ&

p
; by consequence, the generation of

new filaments growth ends through nucleation can be
interpreted as the conversion of potential energy into kinetic
energy [30]. The system, therefore, moves along the
orbits Hðp; qÞ ¼ Vð0Þ, revealing a simple relationship
between the number and the mass of fibrils: pðtÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½Vð0Þ − VðqÞ&

p
corresponding to the fact that, in a

linearly assembling system, aggregates grow in such a
way that their total number and mass obey the energy
conservation relationship at all times.
Euler-Lagrange equation.—The next step in our

program involves introducing the Lagrangian L ¼ _q2=2 −
VðqÞ by exchanging p for _q ¼ p, which leads to the Euler-
Lagrange (EL) equation q̈ ¼ −∂qV. Within the classical
mechanical analogy, the term −∂qV is interpreted, there-
fore, as the driving force of the assembly reaction, whose
form is defined by the specific dependence of the various
nucleation mechanisms on the concentrations of monomers
and aggregates (Fig. 1), leading, in the case of secondary
nucleation, to a nonmonotonic driving force. Interestingly,
the potential function, Eq. (3), reveals that the time
evolution of qðtÞ, as described by the EL equation, depends
on combinations of the rate constants, kþkn or kþk2, via the

parameters λ and κ for each active nucleation mechanism.
This conclusion is consistent with the observation that if a
specific primary or secondary mechanism is dominant, then
the reaction kinetics are dominated by the corresponding
combined rate parameter [1,13,15,18].
Scaling behaviors.—Integrating the EL equation once,

or equivalently combining the conservation of energy
relationship with the identification _q ¼ p, provides an
implicit solution for qðtÞ in terms of a single integral

t ¼
Z

q

0

dq0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½Vð0Þ − Vðq0Þ&

p : ð4Þ

Equation (4) provides additional insights into the scaling
behavior of the system. The key phenomenological observ-
able considered in the literature is the time τ at which a
certain fraction of the monomer has been consumed [e.g.,
the half-time where qðτÞ ¼ log 2]. When the rate of the
secondary process vanishes, Vð0Þ − VðqÞ ∼ λ2; thus,
Eq. (4) recovers the scaling law τ ∼ λ−1 ∼m−nc=2

tot derived
in the Oosawa theory [i.e., Eqs. (1) and (2) with k2 ¼ 0]
[1,2]. In the opposite limit, where the secondary pathway
dominates, Eq. (4) indicates a transition to an inverse scaling
of the half-time with κ such that τ ∼ κ−1 ∼m−ðn2þ1Þ=2

tot (see
the Supplemental Material [21]). It is interesting to note,
therefore, that the total energy of the system is closely
related to the sum of the relevant system time scales.
Integrated rate laws.—Integrated rate laws provide a

convenient means of establishing the values of the micro-
scopic rates for each step in the assembly pathway from
experimental measurements. Equation (4) makes it possible
to investigate the existence of such integrated rate laws for
filamentous growth processes. Previously, it has been
assumed in the literature that Eqs. (1) and (2) have no
exact closed form solutions in terms of elementary func-
tions when secondary pathways are active. Interestingly,
however, the reduction of the problem to quadrature,
Eq. (4), shows that for n2 ¼ 1 and nc ¼ 1 or nc ¼ 2,
Eqs. (1) and (2) admit an exact solution

e−qðtÞ ¼ mðtÞ
mtot
¼ ν2

λ2 coshðνtÞ þ ν2 − λ2
; ð5Þ

where ν ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 þ 2λ2
p

for nc ¼ 1 and ν ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 þ λ2
p

for
nc ¼ 2. Equation (5) is, to our knowledge, the first exact,
mass-conserving solution to be presented for filamentous
growth with secondary pathways. Strikingly, the effective
proliferation rate ν that emerges from Eq. (5) interpolates
between the combined rate constants for growth through by
primary, λ, and secondary, κ, pathways.
Sigmoidal-type kinetics result from many different

microscopic processes, perhaps the best known being the
case of simple autocatalytic processes, Aþ B → 2B.
Because of the similarity in overall shape, logistic and
other similar functions are commonly used to analyze
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FIG. 1. Potential energy terms and associated driving forces for
primary nucleation and secondary processes.

PRL 116, 038101 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

22 JANUARY 2016

038101-2
 =

q
2k

+

k
2

mn2+1

tot

� =
p
2k

+

knm
nc
tot



Hamiltonian structure of moment equations
• Conservation law:

with
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FIG. 2. Conservation relationships for filament systems growing through various secondary pathways. The systems, data sources, and
color coding are the same as in Table I: (a) yeast prion (Ure2p); (b) actin (with Arp 2=3þWASP); (c) IAPP. The solid lines in (a)–(c)
show the predicted energy relationships between the polymer number (see the Supplemental Material [21]) and monomer concentrations
that emerge from energy conservation: (a) 2kþPðtÞ=κ ¼ qðtÞ ¼ − log½mðtÞ=mtot&; (b), (c) PðtÞ=Pð∞Þ ¼ 1 − e−qðtÞ=θ ¼
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10
p

(c). (d) shows the Hamiltonian from Eq. (3) overlaid for all of the data, verifying
thatHðtÞ ¼ Hð0Þ is conserved. Data in (a)–(c) are plotted as a function of e−qðtÞ ¼ mðtÞ=mtot. The time values in (d) are normalized by
the time, tend, at which 1 −mðtÞ=mtot reaches a plateau. The scatter in the data for later times in (d) is due to increased experimental noise
for PðtÞ as the reaction profiles reach a plateau.
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Hamiltonian structure of moment equations
• Integrated rate-law in form of logistic functions:

Michaels, Cohen, Vendruscolo, Dobson, and Knowles, Phys. Rev. Lett. 116, 038101 (2016).

fragmentation and surface-catalysis dominated systems
show opposite asymmetries about the half-time, with the
aggregation of the yeast prion slowing down towards the end
of the reaction more rapidly than the acceleration at the
beginning of the reaction, and IAPP showing the opposite
asymmetry. These characteristic (a)symmetries are the
difference between Gompertz (n2 ¼ 0), logistic (n2 ¼ 1),
and Richards (n2 ≥ 2) autocatalytic behavior, and demon-
strate the need to use chemical kinetic analysis in order to
establish the correct functional form to describe a given
mechanism.
It is also important to note that fitting even the correct

functional form in an empirical manner does not reveal the
relationship between the fitting parameters and the true
microscopic rate constants, Table I. Moreover, without
knowledge of how the phenomenological parameters in a
fitting function depend on the monomer concentration, a
global analysis is not possible and the scaling behavior with
respect to the monomer concentration is not recovered (see
the Supplemental Material [21]).
Finally, from the analysis of the kinetic data, we can also

directly test the predictions that have emerged from
energy conservation for filamentous growth processes.
Figures 2(a)–2(c) show experimental data for the three
systems in Table I and the predicted relationships between

the polymer number and monomer concentrations that have
emerged as a consequence of conservation of energy,
Eq. (6). Moreover, overlaying all of the experimental data
and plotting, in Fig. 2(d), the Hamiltonian from Eq. (3) as a
function of time verifies that HðtÞ ¼ Hð0Þ is, indeed,
conserved in filamentous growth processes.
Summary and outlook.—Despite extensive study in the

literature over the past five decades, many advances in the
study of filamentous growth have been system dependent,
suggesting that each filament system requires a unique suite
of analytical and numerical tools to understand its behavior.
Here, by showing that the fundamental equations describing
filament formation possess canonical Hamiltonian structure,
we have, instead, been able to apply the general tools of
classical mechanics to provide a unified theoretical frame-
work for understanding the behavior of this system. Using
this approach, we have derived previously unsuggested
connections between the polymer number and monomer
concentrations and have established simple closed form
solutions that can be used to analyze experimental mea-
surements. Looking forward,with the increasing availability
of quantitative data, this approach could move us closer to
the construction of a general dynamical theory of self-
assembly processes, which represent some of the most
fundamental and inspiring aspects of biological systems.

TABLE I. Connection between filamentous growth dominated by a secondary pathway and autocatalytic processes [33]. The data for
the yeast prion (Ure2p) are from Ref. [37]; the data for actin are from Ref. [38] and have nc ¼ 3 [1,2]; the data for IAPP are from
Ref. [13] and have n2 ¼ 4 [13], nc ¼ 8. The reaction profiles shown for each protein system correspond to reactions beginning from
increasing initial concentrations of monomer: mtot: 20 μM [blue], 25 μM [orange], 38 μM [red] (yeast prion); 2 μM [green], 4 μM
[blue], 6 μM [orange], 10 μM [red] (actin); 700 μM [blue], 800 μM [orange], 1000 μM [red] (IAPP). The data sets are each fitted with
the two microscopic global parameters, kþk2 and kn=k2, that appear in the phenomenological parameter identifications for a, b. The
images are from Refs. [12,39], and [13]. Fit parameters: kþk2 ¼ 9.8 × 10−4 M−1 s−2, kn=k2 ¼ 103 M−1 (yeast prion);
kþk2 ¼ 1.8 × 107 M−2 s−2, kn=k2 ¼ 4.4 × 103 M−1 (actin); kþk2 ¼ 6.4 × 1010 M−5 s−2, kn=k2 ¼ 960 M−3 (IAPP).

Example system

Secondary nucleation exponent n2 ¼ 0 n2 ¼ 1 n2 ≥ 2
Corresponding mechanism Fragmentation Lateral branching Surface nucleation
Analogous system Gompertz Logistic Richards
Integrated rate law mðtÞ=mtot≈ exp ð−aebtÞ 1=ð1þ aebtÞ 1=½1þ aebt=c&c
Microscopic parameter identification a ¼ knm

nc−n2−1
tot =½2k2& b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kþk2m

n2þ1
tot

q
c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=½n2ðn2 þ 1Þ&

p

Global fit to data

Asymmetry about the time to
half-completion

Sharper approach to plateau
relative to early stage growth

Approximately
symmetric

Less sharp approach to
plateau relative to early
stage growth
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Aggregation mechanism
• Scaling behavior of half-time:
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Knowles et al, Science (2009);          Cohen et al, PNAS (2013).

    

  

Experimental data from the literature.



  

  

Aggregation mechanism
• Scaling behavior of half-time:

Meisl, Kirkegraad, Arosio, Michaels, Vendruscolo, […] and Knowles, Nature Protocols 11, 252 (2016).
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microscopic processes can be grouped into two classes, namely 
processes that change the aggregate mass and processes that 
change the aggregate number (Fig. 6). We consider three proc-
esses that affect the aggregate number: (i) Primary nucleation, 
which depends only on the concentration of free monomers, 
has a reaction order of nc and proceeds with rate constant kn. 
Homogeneous nucleation in solution is an example of this kind 
of process. (ii) Secondary nucleation, which depends both on 
the concentration of free monomers and on the concentration 
of aggregate mass, has a reaction order of n2 in monomer and 1 
in aggregate mass and proceeds with rate constant k2. Surface-
catalyzed nucleation on existing aggregates is an example of this 
process. (iii) Fragmentation, which depends only on the concen-
tration of aggregate mass and proceeds with rate constant k, has 
a reaction order of 1 in aggregate mass.

The change in aggregate mass by contrast is dominated by the 
elongation process, in which free monomers add to the growth 
competent ends of existing fibrils. Although nucleation processes 
also produce aggregate mass, this contribution is usually negligible 
in comparison with elongation; indeed, if nucleus formation was a 
significant contribution to the overall aggregate mass, the average 
fibril length would be expected to be close to the nucleus size.

These processes were initially all modeled as single-step  
reactions, but recent experiments have shown that their multi-
step nature may become apparent through saturation effects 
at high monomer concentrations, both in the case of second-
ary nucleation18 and elongation24,25. We therefore also include 
models that treat secondary nucleation and elongation as multi-
step reactions, with Michaelis-Menten–like kinetics: in a first 
monomer-dependent step, monomeric peptides bind to exist-
ing fibrils, and then in a second, monomer-independent step 
they rearrange and extend the fibril in the case of elongation,  
or rearrange and detach as a newly formed nucleus in the case  
of secondary nucleation. This generalized description intro-
duces a new parameter in the form of the Michaelis constant KM  
for secondary nucleation and KE for elongation, which deter-
mines the monomer concentration at which saturation effects 
become important.

Currently, the program brings together integrated rate laws  
for a range of general descriptions of filament formation  
derived from the classical models of linear polymerization10,26, 
through to the inclusion of secondary nucleation9, and  
recently derived rate laws valid for the full course of the  
reaction11,18,20 (Fig. 6).
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Figure 3 | The power of global fitting. Two models of distinct physical processes (primary nucleation, elongation and fragmentation on the one hand and 
primary nucleation, elongation and surface-catalyzed nucleation on the other hand) are fitted to the same data set (A 42, used in Cohen et al.28), first fitting 
each concentration individually, and then using global fitting. The fits of single concentrations are equivalent for the two models, and thus they do not allow 
one to distinguish which one is more viable. In contrast, the global fits clearly show that the aggregation is consistent with surface-catalyzed secondary 
nucleation, and not with fragmentation of fibrils.
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microscopic processes can be grouped into two classes, namely 
processes that change the aggregate mass and processes that 
change the aggregate number (Fig. 6). We consider three proc-
esses that affect the aggregate number: (i) Primary nucleation, 
which depends only on the concentration of free monomers, 
has a reaction order of nc and proceeds with rate constant kn. 
Homogeneous nucleation in solution is an example of this kind 
of process. (ii) Secondary nucleation, which depends both on 
the concentration of free monomers and on the concentration 
of aggregate mass, has a reaction order of n2 in monomer and 1 
in aggregate mass and proceeds with rate constant k2. Surface-
catalyzed nucleation on existing aggregates is an example of this 
process. (iii) Fragmentation, which depends only on the concen-
tration of aggregate mass and proceeds with rate constant k, has 
a reaction order of 1 in aggregate mass.

The change in aggregate mass by contrast is dominated by the 
elongation process, in which free monomers add to the growth 
competent ends of existing fibrils. Although nucleation processes 
also produce aggregate mass, this contribution is usually negligible 
in comparison with elongation; indeed, if nucleus formation was a 
significant contribution to the overall aggregate mass, the average 
fibril length would be expected to be close to the nucleus size.

These processes were initially all modeled as single-step  
reactions, but recent experiments have shown that their multi-
step nature may become apparent through saturation effects 
at high monomer concentrations, both in the case of second-
ary nucleation18 and elongation24,25. We therefore also include 
models that treat secondary nucleation and elongation as multi-
step reactions, with Michaelis-Menten–like kinetics: in a first 
monomer-dependent step, monomeric peptides bind to exist-
ing fibrils, and then in a second, monomer-independent step 
they rearrange and extend the fibril in the case of elongation,  
or rearrange and detach as a newly formed nucleus in the case  
of secondary nucleation. This generalized description intro-
duces a new parameter in the form of the Michaelis constant KM  
for secondary nucleation and KE for elongation, which deter-
mines the monomer concentration at which saturation effects 
become important.

Currently, the program brings together integrated rate laws  
for a range of general descriptions of filament formation  
derived from the classical models of linear polymerization10,26, 
through to the inclusion of secondary nucleation9, and  
recently derived rate laws valid for the full course of the  
reaction11,18,20 (Fig. 6).
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Figure 3 | The power of global fitting. Two models of distinct physical processes (primary nucleation, elongation and fragmentation on the one hand and 
primary nucleation, elongation and surface-catalyzed nucleation on the other hand) are fitted to the same data set (A 42, used in Cohen et al.28), first fitting 
each concentration individually, and then using global fitting. The fits of single concentrations are equivalent for the two models, and thus they do not allow 
one to distinguish which one is more viable. In contrast, the global fits clearly show that the aggregation is consistent with surface-catalyzed secondary 
nucleation, and not with fragmentation of fibrils.



Aggregation mechanism
• Mechanistic picture for Abeta aggregation (Alzheimer’s):

Saric, Buell, Meisl, Michaels, […], Knowles and Frenkel, Nature Physics 12, 874 (2016).
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c=0.15 mM.

into the intermediate form. The oligomer then detaches into the
solution, converts into the �-sheet protofibril, and grows further by
monomer addition (Fig. 1d).

To investigate possible scenarios for di�erent aggregating
proteins, under various solution conditions, we measured
the rates of primary and secondary nucleation at di�erent
protein concentrations and inter-protein interactions. From these
measurements we calculated the fraction of self-replication events
in the system for a given set of external conditions (Supplementary
Sections IA and IB), Fig. 2a. Clearly, self-replication dominates over
spontaneous fibril formation at low protein concentrations and low
inter-protein interactions. Indeed, proteins are typically below their
critical micelle concentration at physiological conditions, which
corresponds to the regime of low inter-protein interactions and low
protein concentrations, where self-replication can dominate.

The reason for the dramatic dominance of self-replication in
this regime is two-fold. The first contribution arises from the
aided collocation of proteins on the one-dimensional surface
of the fibril. This contribution is particularly important at low

protein concentrations, where the probability of proteins meeting in
solution and forming oligomers is very low. The second contribution
lies in the decreased barrier for the secondary nuclei formation
on the fibril surface, via the intermediate state (Supplementary
Section IC). Essentially, for self-replication to dominate, the
secondary nucleus has to be di�erent from the primary one.

Strong environmental bounds for self-replication
Modulating environmental conditions and introducing protein
mutations not only changes the properties of proteins interacting
in solution, but also the strength of the adsorption of proteins onto
the surface of fibrils, given by ✏sf in our simulations. We find that
changing the protein–fibril a�nity only by a few kT , the fraction
of self-replication events changes non-monotonically, exhibiting
a distinct region of optimal self-replication, Fig. 2b. This result
is in agreement with the high sensitivity of fibril self-replication
to solution composition, and can explain why it has so far been
observed only in a limited number of systems. Comparably, in a
recent simulation, secondary nucleation of Lennard-Jones particles
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Figure 1 | The coarse-grained model and the nucleation processes in the system. a, A protein is allowed to exist in three conformations. From top to
bottom: soluble state (‘s’), intermediate conformation (‘i’), and the �-sheet-prone state (‘� ’). b, Aggregated proteins. From top to bottom: oligomer made
of soluble proteins, oligomer made of proteins in the intermediate state, and the fibril made of proteins in the �-sheet-prone state. c, Primary nucleation
takes place in two steps. Soluble proteins form finite oligomers (top), which can convert into a nucleus rich in �-sheet (bottom) that continues growing.
d, Fibril self-replication (secondary nucleation). From top to bottom: soluble protein monomers adsorb onto the surface of a preformed fibril, locally
forming oligomers. Once protein molecules within an oligomer convert into the intermediate conformation (depicted with red attractive tips, accentuated
with the red arrow), they become more prone to self-aggregation, which in turn leads to oligomer detachment. Finally, the detached oligomer converts into
a nucleus of �-sheets, and continues growing. Snapshots were taken at ✏ss =4kT, ✏sf =8kT, and c=50µM.

modulated by controlling the fibril surface coverage. Through the
powerful combination of coarse-grained simulations and physical
measurements, our results o�er microscopic insights into the
mechanism of the autocatalytic replication of protein fibrils.

Computer model
As the basis for our model we take the aggregation of peptides and
proteins into amyloid fibrils, which have a common structure rich
in �-sheet content. Aminimalmodel that reproduces homogeneous
fibril nucleation allows an amyloidogenic protein to exist in two
states: a soluble state (denoted ‘s’) that can form finite oligomers,
and a state with higher free energy that can form the �-sheet
enriched fibrils (denoted ‘� ’)19,20. Simply considering the interaction
of soluble proteins with the surface of existing fibrils captures
the binding of monomers to the fibrils, but does not lower the
free energy barrier for nucleation, thus does not result in e�cient
catalysis. To achieve a self-replication rate that is significantly faster
than spontaneous formation, the structure and energy of the species
involved necessarily have to di�er from those observed in the
absence of fibrils (Supplementary Section IC). The self-replication
cycle in the A� system has been shown to generate predominately
small prefibrillar oligomers, whose structures di�er from that of
the mature fibrils (Methods, refs 10,21). Although an ensemble of
such intermediate structures could exist in reality, here we consider
the simplest possible case: we include one additional, intermediate
(‘i’), conformation, which can form on the fibril surface. This
conformation is in between the soluble and the �-state, and its self-
interaction is stronger than its interaction with the fibril, which
leads to detachment of oligomers from the parent fibril, as observed
in experiments.

Amyloidogenic protein molecules in our model are represented
as hard spherocylinders with attractive patches (Fig. 1). The
attractive interactions account for generic features of inter-protein
interactions, such as hydrophobic interactions, hydrogen bonding,
and screened electrostatic interactions. The soluble state of the

protein is modelled as a spherocylinder with an attractive tip
(Fig. 1a), whose self-attraction is given by the parameter ✏ss.
Such particles are able to generate finite oligomers (Fig. 1b)20.
The attractive tip can also adsorb onto the outer surface of the
fibril, with interaction strength ✏sf (Supplementary Fig. 1). The
intermediate conformation i is modelled with the same potential as
the soluble state, but possesses a stronger self-association parameter
✏ii and a vanishing adsorption onto the fibril (Supplementary
Fig. 1). The fibril-forming, �-sheet-prone, configuration is a
hard spherocylinder with an attractive side patch (Fig. 1a). The
�-prone proteins pack parallel to one another with the maximal
interaction strength ✏�� , leading to fibril-like aggregates (Fig. 1b).
We performed dynamic Monte Carlo (MC) simulations, allowing
for the interconversion between the three protein conformations
with a small probability at every MC step. The s ! i ! �
conversion is thermodynamically unfavourable, reflecting the loss
of the internal conformational entropy of the protein molecule22.
Throughout the text k denotes the Boltzmann’s constant and T is
the temperature; further details are given in the Methods.

Spontaneous formation versus self-replication
The first question we address involves the identification of those
conditions that lead to secondary nucleation being dramatically
dominant over spontaneous, primary, nucleation. We have
performed a series of computer experiments, in which a capped
preformed fibril (incapable of further growth) was inserted into
a solution of monomeric proteins, and nucleation processes were
monitored. Primary nucleation takes place in two steps, whereby
protein oligomers first form in solution, and then convert into
�-sheet nuclei, which continue growing by monomer addition
(Fig. 1c)20,23. In the secondary nucleation process, proteins first
adsorb onto the surface of the fibril, forming local clusters that
keep growing and shrinking while still being attached to the fibril
surface, as depicted in Fig. 1d. Once the oligomer of a critical
size is formed, the proteins within change their conformation
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• Physical determinants of fibril self-replication from simulations
Cohen et al. PNAS (2013).

confirming the formation of oligomers through secondary nucle-
ation in a fibril-dependent manner.
The combination of the kinetic experiments and the detailed

analysis of the chromatography fractions reveals that low mo-
lecular weight oligomers are formed in a pathway that involves
both the monomer and fibrils. A key question, however, is whether
the toxicity known to be associated with Aβ42 aggregation can
originate from this same pathway. To address this issue, we mea-
sured the reduction in viability (Fig. 4C) and the increase in cyto-
toxicity (Fig. S8) of SH-SY5Y human neuroblastoma cells when
exposed to oligomers formed as a result of secondary nucleation.
We studied two solutions with an identical monomer concentration
and, therefore, an identical population of oligomers generated by
primary nucleation; marked differences in the resulting toxicity are
evident, however, when a small concentration of preformed fibrils
was added to one of these solutions to trigger the production of
secondary oligomers as shown above. As the fibrils themselves are
observed not to give rise to a high level of toxicity, these observa-
tions identify specifically that the major source of cytotoxic
oligomers results from a process that involves both the monomeric
peptide and the fibrils, i.e., secondary nucleation.

Significance and Conclusions
These results establish a general picture for the self-assembly of
Aβ42 that brings together all of the species in the aggregation
cascade (Fig. 5). Initially, in the absence of fibrils, all oligomers
have to be generated through primary pathways because sec-
ondary nucleation requires the presence of fibrils. Once a critical
concentration of amyloid fibrils has formed, however, secondary
nucleation will overtake primary nucleation as the major source
of new oligomers and further proliferation becomes exponential
in nature (14, 16, 22) due to positive feedback (Fig. 5). The
identification of secondary nucleation underlines the importance
of elucidating the detailed structures of amyloid fibrils and their
surfaces, information that will motivate molecular simulations
to determine the origins of their surface-catalytic activity. The
critical concentration of fibrils, above which secondary nucle-
ation becomes the dominant mechanism generating new aggre-
gates, is given from the ratio of the primary to secondary
nucleation rate constants, M* = kn=k2; the parameters obtained
in Fig. 1D define this concentration to be of the order of 10 nM.
A survey of literature values (Tables S1 and S2) shows that the
aggregate loads in the brains of patients suffering from AD are
much greater than this critical concentration, and hence the
results suggest that secondary nucleation is likely to be active
under these conditions. It is therefore interesting to speculate
that the secondary nucleation process identified in this in vitro
study as the origin of the toxicity of Aβ42 aggregation could also
play a major role in vivo, even accounting for the fact that dif-
ferences in the morphological character and accessible surface
area of the amyloid fibrils may cause variations in the rate of
oligomer formation through secondary nucleation for different
plaque loads.
In agreement with this idea, clear signatures of secondary

nucleation are apparent in studies of living systems, as a halo of
oligomeric Aβ42 aggregates (38) is found to emanate from am-
yloid plaques; close to plaques, the primary nucleation rate is
unaffected, whereas the generation of oligomers through the
secondary nucleation pathway is by definition very significantly
enhanced. Furthermore, in the vicinity of plaques, dendritic
spines have been found to be disrupted in a manner that depends
on their distance from the plaques (39), an observation that
suggests that the latter structures are not toxic by themselves in
vivo but instead facilitate the generation of toxic oligomers by
surface catalysis. The molecular picture that emerges from the
present study, therefore, provides a mechanism by which the
accumulation of amyloid fibrils is coupled to the generation of
low molecular weight diffusive aggregates from monomeric
peptide, thereby connecting together all of the main components
in the Aβ cascade. This conclusion suggests that an important
approach for suppressing the production of neurotoxic Aβ42
oligomers could be to focus on altering the secondary, rather
than (or in addition to) the primary, nucleation pathway. Indeed,
once the critical concentration of fibrils is exceeded, further
perturbation of the primary nucleation pathway ceases to be
effective in reducing the overall profileration of oligomers, as
most new aggregates are not created via this mechanism.

Materials and Methods
Additional information can be found in SI Text.

Fig. 4. Direct measurement of oligomer populations, using radioactive
Aβ42 peptides. (A) Samples of monomer (light blue bar) or monomer mixed
with 1% preformed fibrils (dark blue bar and right bar) with selective
radiolabeling of monomer or fibrils, as indicated in red, were incubated
followed by size-exclusion chromatography and liquid scintillation counting.
The counts for the oligomer fractions are shown below the respective
samples. The monomer counts are shown in Fig. S7. (B) Probing the chro-
matography fractions with the 6E10 antibody confirms the dramatically
enhanced production of small oligomers in the presence of fibrils. Time
Δt1 = 24 min. (C) Reduction in cell viability (MTS) for reactions without (light
blue bars) and with (dark blue bars) a small concentration of added fibrils
under the same conditions as in A and after filtration through a 200-nm
filter. Values are averages over nine measurements at Δt2 = 5; 6; 7 min. Gray
bars are the initial (monomer) and end (fibril) reaction time points. (D)
Normalized kinetic time courses without (light blue) and with (dark blue)
added preformed fibrils that correspond to those in A–C. The rapid increase in
the slope of the assay with preformed fibrils (dark blue) after ca. 10min, before
the matched reaction without preformed fibrils (light blue) has generated
significant aggregate mass, indicates rapid creation of new aggregates
through secondary nucleation (30) (SI Text). The concentration of monomeric
Aβ42 was 4 μM and the mass concentration of added fibrils was 40 nM.

Fig. 5. Schematic showing the overall reaction pathway and the corre-
sponding rate constants identified in this paper. The approximate rates of the
elongation-related processes have been identified in previous work (33, 35, 36).
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Length distributions and oligomer generation
• Solution to full master equation to study inhibition mechanisms

Michaels et al JCP 143, 054901 (2015).            Michaels et al JCP 143, 164901 (2015).

054901-7 Michaels et al. J. Chem. Phys. 143, 054901 (2015)

FIG. 4. Schematic phase diagram in terms of the controlling parameters ⌫1
and ⌫2 illustrating model predictions for the scaling behaviour of the oligomer
peak time ⌧

o

and oligomer peak concentration c

o

. The relevant system
parameters are ⌫1= knm

n

c

�2
tot /(2k+), ⌫2= k2m

n2�1
tot /(2k+), " = 2k+mtot, and

 =
q

2k+k2m
n2+1
tot .

with time, leading to non-monotonic kinetic profiles for the
aggregate populations.

IV. SCALING BEHAVIOUR FOR THE TIME EVOLUTION
OF OLIGOMER POPULATIONS AND BIOLOGICAL
IMPLICATIONS

The derivation of analytical results for the size distribution
of linear protein aggregates in the present work provides us
with a convenient theoretical tool for analysing the dynamics
of aggregate populations. In particular, we can build on these
results to describe and predict changes in the aggregate distri-
bution upon modifications of external factors, which can inter-
fere with one or more of the microscopic reactions underly-
ing the aggregation process. We focus on the formation of
the smaller aggregate species, oligomers, because increasing
experimental evidence indicates that these species are likely
to contribute to neurotoxicity in the context of neurodegener-
ative disorders.10,19–23 Several factors have been put forward
that might contribute to the fact that smaller aggregates rather
than mature amyloid fibrils appear to have a more dramatic

FIG. 5. Time evolution of the concentration of oligomeric species defined by Eq. (24) by summing over j from j = n
c

= n2= 2 to j = jmax= 12 upon modification
of kinetic parameters describing the various aggregation mechanisms: (I) system dominated by secondary nucleation; (II) system dominated by primary
nucleation. Reference predictions (solid lines) are obtained using k+= 3⇥106 M�1 s�1, k

n

= 3⇥10�4 M�1 s�1, mtot= 10 µM, k2= 104 M�2 s�1 for (I) and
k2= 10�5 M�2 s�1 for (II). Predictions including modifications (dashed lines) are obtained with k

n

= 10�10 M�1 s�1, k+= 5⇥105 M�1 s�1, k2= 2⇥103 M�2 s�1

for (I) and k

n

= 3⇥10�5 M�1 s�1, k+= 5⇥105 M�1 s�1 for (II) for the inhibition of the respective mechanism.
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Diversity of microscopic mechanisms of chaperone action

• Chemical kinetics of molecular chaperone action
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constants kn, kþ , k" and k2, respectively2,26. The time evolution
of fibril formation can be described by a master equation that
includes the contributions of the various individual microscopic
processes (Supplementary Equations 1–3)21,29,30 Self-consistent
solutions of the master equation provide compact expressions
for the time evolution of the total fibril mass concentration (M)
of the type21,29,30:

M tð Þ
M 1ð Þ ¼ 1" exp" Cþ ekt þC" e" kt þDð Þ½ '; ð1Þ

where the kinetic parameters C±, D and k are functions
of a limited number of combinations of the microscopic
rate constants: knkþ , kn/k" and k2kþ (see Supplementary
Equation 4 for details). These expressions have been shown
to describe succesfully the kinetic profiles observed for
protein aggregation reactions under a wide range of conditions,
and to identify the relative contributions of the single microscopic
events to the global aggregation rate26.

In the presence of a molecular chaperone, the kinetics of
aggregation may be altered as a result of the interactions between
the molecular chaperone and one or more of the protein species
present in the system, which can lead to fundamental changes in
the microscopic events involved in the aggregation process.
In this work we build on the insight that Equation 1 can be used
to interpret the effects of inhibitors on the reaction kinetics and
thus to obtain information on such microscopic events from the
global aggregation profiles. The key to applying this approach is
to note that changes in different microscopic events result in
different characteristic changes in the macroscopic aggregation

profiles, as shown in the model simulations in Fig. 2a–c.
For example, a decrease in the primary nucleation rate will
simply increase the lag-time preceding the growth phase, but
decreases in the elongation rate or in the number of secondary
nucleation events will affect both the lag-phase and the growth
phase, but in a different and characteristic manner. We can
quantify in a semi-empirical way the effect of a molecular
chaperone on the different individual steps of the reaction by
describing the experimentally measured aggregation kinetic
curves using Equation 1, and perturbing in a systematic manner
the sets of microscopic kinetic rate constants, knkþ , kn/k" and
k2kþ , evaluated in the absence of the molecular chaperone.
In this way, the modification of the reaction rates induced by
the presence of a molecular chaperone can be described
by introducing suitable apparent reaction rate constants.
The comparison between the sets of kinetic rate constants
defined in the absence and presence of different concentrations of
each molecular chaperone provides quantitative information on
the microscopic processes that are affected by its presence.

We illustrate the potential of this analysis by considering
examples of the inhibition of specific molecular chaperones on
the aggregation kinetics of two different amyloidogenic systems
(Fig. 2). The first example refers to Ab42, a peptide whose
aggregation is linked to Alzheimer’s disease, in the presence of a
molecular chaperone belonging to the DNAJ family (DNAJB6)31.
As shown in Fig. 2d, in this system the analysis of the reaction
profiles at different chaperone concentrations reveals that under
these conditions the presence of the chaperone results mainly in
the inhibition of the primary nucleation process.
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Figure 2 | Molecular chaperones can affect individual microscopic steps in the aggregation process. (a–c) Numerical integration of the master
equations illustrates how perturbations of specific microscopic aggregation events modify in characteristic ways the global kinetic profiles. The analysis of
the changes in the macroscopic profiles provides quantitative information on the microscopic events altered by the molecular chaperones. (d–f) To
demonstrate the experimental consequences of the different mechanisms described in (a–c) we consider the aggregation kinetics of the Ab42 peptide and
the prion protein Ure2p of in the absence and presence of different molecular chaperones at increasing concentrations. (d) DNAJB6 inhibits strongly the
primary nucleation rate of unseeded 3mM Ab42 aggregation reactions in phosphate buffer pH 8.0 at 37 !C (ref. 31); (e) a member of the Hsp70 family
(Ssa1) suppresses specifically the fibril elongation rate in the aggregation process of 30mM Ure2p in Tris buffer pH 7.5 at 30 !C (ref. 32); (f) a molecular
chaperone belonging to the Brichos family (proSP-C Brichos) inhibits specifically the secondary nucleation rate in the aggregation of 3mM Ab42 in
phosphate buffer pH 8.0 at 37 !C (ref. 33). The molecular equivalents of chaperones as well as the microscopic rate constants as a function of molecular
chaperone concentration, evaluated by fitting the experimental data with Equation 1, are shown in the inserts. The continuous line in the inset in
(e) corresponds to the evaluation of the binding equilibrium constant according to Equation 4.
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For example, in the case of binding to fibril ends, the effective
elongation rates can be readily derived as (Supplementary
Equations 30–34):

kapp
þ =kþ ¼ 2þKeqCi

! "
= 2þ 2KeqCiþ 2K2

eqC2
i

# $
ð4Þ

where kþ is the elongation rate constant in the absence of
inhibitor, Keq the equilibrium binding constant and Ci the free
chaperone concentration, which can be approximated as the total
concentration of molecular chaperone in the case of a large excess
of the latter relative to the number of fibril ends. For the system
involving the prion Ure2p and the molecular chaperone Ssa1
(inset of Fig. 2e), we compare the apparent values of the
elongation rate constants estimated by the fits shown in Fig. 2
with those predicted by Equation 4. The two sets of values are in
exact agreement and, as expected, the value of Keq required to
describe the apparent elongation rate constants with Equation 4
is equal to the equilibrium constant evaluated by the integrated
rate laws shown in Fig. 2. This observation emphasizes the fact
that, in systems where the binding process can be considered to
be under equilibrium conditions, the apparent kinetic constants
evaluated by the semi-empirical approach based on Equation 1
can provide direct measures of the equilibrium binding constant
(Keq) and of the free energy of binding (DG0).

Discussion
Increasing evidence from in vitro and in vivo studies indicates
that, in addition to their role in assisting protein folding6–8,
molecular chaperones are able to influence very significantly
the specific formation and the kinetic stability of amyloid
fibrils8–13,15. In vitro studies suggest that these effects could
be the consequence of several possible interactions not only with
the monomeric species but also with the aggregated forms of the
misfolded proteins16–18. The identification of the specific
interactions occurring in the heterogeneous population of
protein species, however, has been proved to be challenging to
achieve using biochemical techniques. To address this problem, in
in this work we describe a framework based on chemical kinetic
analysis to elucidate the microscopic mechanisms underlying the
modulation of amyloid formation by molecular chaperones.
The key of this strategy is represented by the development of a
novel kinetic model that describes pairwise interactions between
molecular chaperones and the different protein species.
The comparison between model simulations and experimental
data acquired at different chaperone concentrations provides a
series of remarkable findings. First of all, the agreement between
simulated and experimental kinetic profiles indicates that the
interactions between molecular chaperones and the different
protein species modify the connectivity weights between
the different microscopic steps without affecting the topology of
the aggregation network observed under unperturbed conditions.
Moreover, the strategy allows the identification of both the
specific protein species that interact with a given molecular
chaperone and the microscopic aggregation steps that are affected
by such an interaction. In addition, we have identified limiting
situations where the evaluation of the apparent rate constants can
lead to the estimation of the equilibrium constant of binding, in
ways that are analogous to the well-established analysis of kinetics
of enzyme inhibition36.

By applying this analysis to a set of systems involving different
amyloidogenic proteins and molecular chaperones, we have
provided a detailed mechanistic description of a variety of the
modes of action through which molecular chaperones can
suppress amyloid fibril formation. The analysis has shown that
these naturally occurring inhibitors of protein aggregation are
able to exert a protective function through a variety of diverse

microscopic mechanisms, as summarized in Fig. 5. This analysis
has also revealed that some molecular chaperones interact rather
selectively with specific forms of the proteins and suppress
specific aggregation steps, while others affect simultaneously
different microscopic events by interacting with several species. In
some cases, as in the inhibition of Ab42 aggregation by DNAJB6,
large effects are evident even at highly low sub-stoichiometric
ratios of DNAJB6 to Ab42, because the molecular chaperone
interacts with small oligomeric species which are intermediates to
the fibril formation. This behaviour could reflect the ability that
molecular chaperones have developed to recognize specific
hydrophobic patches of particular misfolded species to allow
high efficiency at low concentrations.

The application of the approach described in this paper to
other systems will increasingly provide more insights into
the modes of action of molecular chaperones in suppressing the
formation of amyloid forms of proteins and its consequences for
the biological systems. These primary results, however, already
indicate that molecular chaperones have evolved to prevent the
formation of amyloid fibrils by developing the capacity to interact
with different misfolded protein species and hence to be able to
perturb all the microscopic steps of the aggregation process.
The identification of the microscopic mechanisms of the action of
molecular chaperones against amyloid formation is not only
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Figure 5 | Summary of the diverse modes of action. Overview of the
variety of diverse microscopic mechanisms through which molecular
chaperones can suppress amyloid formation, as revealed by the kinetic
analysis presented in this work. As we demonstrate, molecular chaperones
have evolved to exploit in a variety of ways the different opportunities to
modulate protein aggregation offered by the binding to different protein
species (Fig. 1).
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Figure 2.7: Bulk and stochastic aggregation. A In a large volume (left) many nucleation
events occur in a short period of time. The time at which aggregation is initiated, and therefore
also the lag time, are reproducible and do not depend on the size of the system. If this large
volume is partitioned into many small volumes, several of the droplets will not form a nucleus
in the same amount of time. The result is a distribution of lag times. B In a bulk experiment
the curves are reproducible and the lag-time is unchanged between repeats. In the stochastic
regime there is wider distribution of times at which the first nucleus is formed, resulting in a
significant spread of lag-times.

is independent in each droplet. Moreover we assume that the droplets are fully mixed
and that evaporation e�ects are negligible, hence the probability to nucleate in a certain
time interval is constant. If we therefore consider the fraction of droplets, f(t), that have
nucleated at time t, we can formulate the rate equation

df̄(t)
dt

= ≠k(S)f̄(t)

where f̄(t) is the fraction of un-nucleated droplets, f(t) = 1 ≠ f̄(t), and k(S) is a rate,
dependent on the size of the droplet S. This is a simple first order reaction, similar e.g.
to radioactive decay, and can be solved to give the fraction of nucleated droplets as

f(t) = 1 ≠ exp [≠k(S)t]

by using the initial condition that there are no nucleated droplets at t = 0, f(0) = 0.
Lets consider the specific dependence of the nucleation rate on the droplet size in

more detail: for a homogeneous reaction in solution, the rate of nucleus formation, or
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(iii) In the presence of secondary mechanisms, the fitting of
bulk data over the full time course is predominantly
constrained by the autocatalytic processes rather than the
primary nucleation step, contributing to uncertainties of
several orders of magnitude for the determined nucleation
rate [40]. Even if fitting is limited to the early times, the
exponential form of the fitting equation allows for sub-
stantial leeway in the values of the fitting parameters, as
numerous combinations of such parameters give rise to
fairly similar-looking curves. For example, changing the
best-fit value for kn by an order of magnitude would not
significantly affect the performance of the bulk analysis fit,
but would give rise to a dramatically poorer fit of hτi versus
1=V in a linear relationship [Figs. 2(a)–2(b)].
Connecting small-volume experiments of bovine insulin

fibrillization kinetics to bulk experiments.—We have
applied this technique to analyze data from microdroplet
experiments on bovine insulin [18] and obtained a value for

the rate of primary nucleation of c−1n ¼ð6#1Þ×106 s−1 l−1

[Fig. 2(a)]. We then carried out bulk experiments of insulin
aggregation (see the Supplemental Material [34]) and fitted
the data to a standard deterministic models, in conjunction
with our calculated value for the rate of primary nucleation
in microdroplets [Fig. 2(b)]. The resultant calculated rate of
elongation μ ¼ 2 × 105 s−1 agrees with those reported in
the literature, to within the levels of error expected from the
method of calculation [41]; this shows that the stochastic
analysis presented in this Letter allows small-volume
behavior to be related to conventional bulk experiments.
Moreover, the value of the nucleation rate constant is
constrained to within better than an order of magnitude, a
result that is very challenging to achieve with analysis of
bulk data [Fig. 2(b)].
Linking average number of nucleation events with

experimental observations.—Finally, we test our model
by predicting the number of individual nuclei formed in the
mean lag time using the extracted nucleation rate constant
[Fig. 2(c)]. Individual nuclei can be counted in micro-
droplet experiments; however, the fluorescence signal due
to fibril growth from previous nuclei is expected to obscure
signals from subsequent nucleation events, and thus only
some events are observed. In order to compare this
prediction with experiments, we therefore devised a prob-
abilistic model capable of quantifying this effect (see the
Supplemental Material [34] for details). Applying this
methodology to the analysis of 80 droplet images
[Figs. 2(d)–2(e)], we see overall good agreement between
the predicted and measured probabilities of observing more
than one nucleation event, given the limitations of our
measurement techniques. Thus, the system behavior results
from multiple nucleation sites even though naive visual
inspection would suggest single nucleation events.
Conclusions.—We have reported a theoretical study on

stochastic effects in nucleated polymerization phenomena in
small volumes. We have derived fully analytical results
describing the distribution of lag times that allows linking
the bulk parameters characterizing large-volume experi-
ments with the statistical properties of polymerization curves
in small volumes across the entire range of fluctuation
behavior. From the analysis of experimental data, we have
shown that small-volume microdroplet experiments of amy-
loid aggregation are typically characterized by multiple
nucleation events. Moreover, our results provide a practical
route towards an accurate determination of primary nucle-
ation rates, which represent a key event in the transition of
soluble proteins into their aggregated forms.
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(D. A.W.), the Harvard MRSEC Grant No. DMR-
1420570 (D. A.W.), BBSRC (T. P. J. K.), ERC (T. C. T.M.,
T. P. J. K.), and Frances and Augustus Newman Foundation
(T. P. J. K.) for financial support.

FIG. 2. (a) Analysis of small-volume experiments of bovine
insulin fibrillization kinetics from Ref. [18]. Dashed line: best fit
to hτi ∝ cn=V with c−1n ¼ 6 × 106 s−1 l−1; solid line: prediction
from Eq. (5); dotted lines: kn is decreased and increased by an
order of magnitude. hτi shows marked volume dependence despite
the presence of multiple nucleation sites, as demonstrated by the
plot of the number of nuclei formed on average during the mean
lag time against 1=V. (b) Kinetic analysis of insulin aggregation in
bulk. Solid line: best-fit curve to initial exponential growth; dotted
lines: kn is decreased and increased by an order of magnitude
relative to best fit. (c) Average number of nuclei formed in lag time.
(d) Predicted probability to observe more than one nucleation event
is compared with measurements from analysis of 80 microscopic
droplet images. (e) Fluorescence microscopy images of represen-
tative microdroplets of volumes A, B, and C in (c) and (d).
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method of calculation [41]; this shows that the stochastic
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Moreover, the value of the nucleation rate constant is
constrained to within better than an order of magnitude, a
result that is very challenging to achieve with analysis of
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experimental observations.—Finally, we test our model
by predicting the number of individual nuclei formed in the
mean lag time using the extracted nucleation rate constant
[Fig. 2(c)]. Individual nuclei can be counted in micro-
droplet experiments; however, the fluorescence signal due
to fibril growth from previous nuclei is expected to obscure
signals from subsequent nucleation events, and thus only
some events are observed. In order to compare this
prediction with experiments, we therefore devised a prob-
abilistic model capable of quantifying this effect (see the
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[Figs. 2(d)–2(e)], we see overall good agreement between
the predicted and measured probabilities of observing more
than one nucleation event, given the limitations of our
measurement techniques. Thus, the system behavior results
from multiple nucleation sites even though naive visual
inspection would suggest single nucleation events.
Conclusions.—We have reported a theoretical study on

stochastic effects in nucleated polymerization phenomena in
small volumes. We have derived fully analytical results
describing the distribution of lag times that allows linking
the bulk parameters characterizing large-volume experi-
ments with the statistical properties of polymerization curves
in small volumes across the entire range of fluctuation
behavior. From the analysis of experimental data, we have
shown that small-volume microdroplet experiments of amy-
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ation rates, which represent a key event in the transition of
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FIG. 2. (a) Analysis of small-volume experiments of bovine
insulin fibrillization kinetics from Ref. [18]. Dashed line: best fit
to hτi ∝ cn=V with c−1n ¼ 6 × 106 s−1 l−1; solid line: prediction
from Eq. (5); dotted lines: kn is decreased and increased by an
order of magnitude. hτi shows marked volume dependence despite
the presence of multiple nucleation sites, as demonstrated by the
plot of the number of nuclei formed on average during the mean
lag time against 1=V. (b) Kinetic analysis of insulin aggregation in
bulk. Solid line: best-fit curve to initial exponential growth; dotted
lines: kn is decreased and increased by an order of magnitude
relative to best fit. (c) Average number of nuclei formed in lag time.
(d) Predicted probability to observe more than one nucleation event
is compared with measurements from analysis of 80 microscopic
droplet images. (e) Fluorescence microscopy images of represen-
tative microdroplets of volumes A, B, and C in (c) and (d).
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Biological systems are characterized by compartmentalization from the subcellular to the tissue level,
and thus reactions in small volumes are ubiquitous in living systems. Under such conditions, statistical
number fluctuations, which are commonly negligible in bulk reactions, can become dominant and lead to
stochastic behavior. We present here a stochastic model of protein filament formation in small volumes. We
show that two principal regimes emerge for the system behavior, a small fluctuation regime close to bulk
behavior and a large fluctuation regime characterized by single rare events. Our analysis shows that in both
regimes the reaction lag-time scales inversely with the system volume, unlike in bulk. Finally, we use our
stochastic model to connect data from small-volume microdroplet experiments of amyloid formation to
bulk aggregation rates, and show that digital analysis of an ensemble of protein aggregation reactions
taking place under microconfinement provides an accurate measure of the rate of primary nucleation of
protein aggregates, a process that has been challenging to quantify from conventional bulk experiments.

DOI: 10.1103/PhysRevLett.116.258103

The formation of protein filaments is a process of central
importance for both normal [1,2] and aberrant biology [3,4],
as well as for the development of novel materials for
nanotechnology [5–8]. The fundamental kinetic equations
describing such processes in bulk are well established in
the literature and have been studied extensively over the
past 50 years [1,2,9–16]. These descriptions rely on the
mean-field assumption [9] and therefore neglect statistical
number fluctuations. Yet, protein aggregation processes in
typical cellular environments (fl–pl) involve significantly
smaller numbers ofmolecules than conventional bulk experi-
ments and, thus, stochastic variability is expected to play an
important role [14,15,17–19]. Moreover, recent experimen-
tal advances in microdroplet techniques [18,20] allow
volumes in the picoliter range (comparable to intracellular
volumes) to be probed for synthetic systems, creating the
need for a general theoretical framework capable of describ-
ing protein filament assembly in small volumes.
Current theoretical descriptions of protein filament for-

mation in small volumes focus on systems characterized by
aggregate propagation from a single primary nucleation
event [21]. A key question, however, is the nature of the full
fluctuation behavior bridging the gap between the limit of
classical nucleation theory and bulk behavior. In this Letter,
we study stochastic effects in filamentous growth processes
with secondary pathways [11–15,22–29] and derive closed-
form expressions for the distribution of lag times. Our
theoretical framework describes currently available micro-
droplet experimental data that are characterized by

aggregate proliferation from multiple nucleation sites.
Moreover, our results suggest a powerful method for
characterizing the primary nucleation step, which is typ-
ically difficult to access from current bulk methods. We
demonstrate the power of this approach by obtaining a
value for the rate of primary nucleation for bovine insulin
aggregation that is significantly better constrained than
results obtained from analysis of bulk data.
Stochastic moment equations.—We consider a system of

volume V containing a mixture of fibrillar aggregates and
monomeric proteins in solution. Since we are interested in
the early stages of the assembly process, we assume a
constant chemical potential for the available soluble pre-
cursor proteins [10–12]. We describe the state of the system
by a vector ðn;mÞ, where n is the number of fibrils andm is
the number of monomers incorporated into aggregates,
parameters that relate directly to experimental observables
[30]. The probability distribution function (PDF) Pðn;m; tÞ
of states ðn;mÞ evolves according to a master equation [21],

∂Pðn;m; tÞ
∂t ¼ α1Pðn − 1; m − nc; tÞ − α1Pðn;m; tÞ

þ μnPðn;m − 1; tÞ − μnPðn;m; tÞ
þ α2ðm − n2ÞPðn − 1; m − n2; tÞ
− α2mPðn;m; tÞ; ð1Þ

where α1, μ, and α2 are the transition rates (units s−1) for
primary nucleation, filament elongation, and secondary
mechanisms, respectively [Fig. 1(a)]. This description
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the correlation between n and m in Eq. (3). Figure 1(b)
shows that Eq. (3) is in agreement with numerical realiza-
tions of Eq. (1).
Lag times.—A common qualitative feature of filamen-

tous growth processes is the observation of a lag phase
before aggregation can be detected. A commonly used
measure of this polymerization delay is the lag time, τ,
defined as the time at which the aggregate mass concen-
tration mðtÞ=ðNAVÞ reaches an arbitrarily chosen concen-
tration threshold Mth. Although it is often the case that a
halfway point for the reaction is taken, this may fall outside
the realm over which our approximations are valid.
Therefore a 10% extent or the experimental limit for
aggregate detection [30] are simple choices for Mth more
in keeping with our solution. Because τ is a random
variable, the quantity of interest is the PDF of lag times,
i.e., the probability TðtÞ that τ equals t. According to the
theory of first passage times [33], TðtÞ is computed as
TðtÞ ¼ −dQðtÞ=dt, where QðtÞ is the probability that at
time t the process mðtÞ=ðNAVÞ has not yet reached Mth.
Using Eq. (3) we find

TðtÞ¼ κ2α1=κΓðnthþα1=κÞ
ΓðnthÞΓðα1=κÞ

e−½α1þðnth−1Þκ&tðeκt−2Þnth−1; ð4Þ

where nth ¼ α2NAVMth=κ. The average lag time is
obtained from Eq. (4) in analogy to [33] as:

hτi ¼ logð2Þ
κ
þ

Xnth−1

j¼0

1

α1 þ jκ
ð5Þ

and the extent of fluctuations is

σ2 ¼ hτ2i − hτi2 ¼
Xnth−1

j¼0

1

ðα1 þ jκÞ2
: ð6Þ

Limiting behavior of lag time in key regimes.—
Inspection of Eqs. (5) and (6) reveal that the level of
stochasticity in the system is controlled by the dimension-
less parameter γ ¼ κ=α1. Based on this parameter, we can
distinguish three natural regimes of stochastic behavior:
bulk (γ ¼ 0), onset of stochasticity (γ → 0), and single-
event controlled (γ → ∞). We now discuss how Eqs. (5)
and (6) can be simplified in these regimes. In bulk (γ ¼ 0),
the sum in Eq. (5) is replaced by an integral and Eq. (5) is
determined solely by the propagation time associated
with the secondary nucleation chain reaction, τbulk (see
the Supplemental Material [34]). Series approximation of
Eq. (5) around γ ¼ 0 allows us to explore the onset of
stochasticity and reveals that hτi approaches the bulk value
τbulk as hτi ¼ τbulk þ cn=ð2VÞ, where cn ¼ 1=ðknm

nc
totNAÞ

is the average time of forming nuclei in volume V (see the
Supplemental Material [34]). This system size expansion
shows, therefore, that in this regime, hτi approximatively
decomposes into a sum of the deterministic lag time and a

term proportional to 1=V. The extent of fluctuations in this
regime is approximatively given by σ2 ¼ cn=ðκVÞ (see the
Supplemental Material [34]). In the opposite limit of very
small volumes or slow nucleation (γ → ∞), the dominant
contribution to Eq. (5) is hτi ¼ cn=V [21]. In this regime, V
is small enough that eventually only a single nucleation
event occurs ahead of the threshold being reached, at which
point hτi is dominated by the waiting time for formation of
a single nucleus, which scales inversely proportional to
system volume as expected from classical nucleation theory
[38]. Furthermore, the extent of fluctuations is now con-
trolled by σ2 ¼ ðcn=VÞ2 (see the Supplemental Material
[34]). Equations (5) and (6) interpolate smoothly between
these limiting regimes. In particular, across the entire range
of system sizes hτi approximatively can be written as the
sum of the deterministic lag time and a nucleation term
proportional to 1=V, whereby the constant of proportion-
ality satisfies cn=2 ≤ dhτi=dð1=VÞ ≤ cn. The transition
between these two limiting regimes occurs approximatively
at the critical volume Vc ¼ κcn at which γ ¼ 1. This critical
volume corresponds to the radius of convergence of the
system size expansion of hτi around γ ¼ 0 and, hence,
marks the upper volume limit for the small fluctuation
result to be accurate.
Stochastic analysis provides strong constraints for

probing primary nucleation events.—Heretofore, rate con-
stants for protein aggregation have been determined by
carrying out kinetic experiments in bulk, in which the mass
concentration of fibrils over time is measured [30,39], and
by fitting such data to rate laws derived from deterministic
master equations [39]. Typically, however, the rate con-
stants characterizing the elementary processes of primary
and secondary nucleation and growth occur as combina-
tions, and thus it remains challenging to obtain accurate
values for the rates of these processes from experimental
data. In particular the process of primary nucleation has
proven challenging to quantify, in part as the major
experimental observables such as the lag-phase display
only a weak logarithmic dependence on this parameter.
Remarkably, however, our results suggest that a measure-
ment of the volume dependence of the lag time allows the
rate of primary nucleation to be determined directly from
the slope of a plot of hτi versus 1=V. This approach has
several advantages over attempting to characterize primary
nucleation from bulk polymerization fraction experiments:
(i) While fitting of bulk experiments fixes only the
combined rate parameter kþkn, the analysis of stochastic
data allows the rate of primary nucleation to be determined
directly, without the necessity of estimating the elongation
rate constant or the length of the aggregates from other
experimental techniques, factors which are intrinsically
sources of significant error. (ii) Microdroplet experiments
can be tightly controlled, and lag-time experiments are
digital in nature with the exact value of the threshold not
entering the gradient and thus not contributing to error.
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the realm over which our approximations are valid.
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i.e., the probability TðtÞ that τ equals t. According to the
theory of first passage times [33], TðtÞ is computed as
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Limiting behavior of lag time in key regimes.—
Inspection of Eqs. (5) and (6) reveal that the level of
stochasticity in the system is controlled by the dimension-
less parameter γ ¼ κ=α1. Based on this parameter, we can
distinguish three natural regimes of stochastic behavior:
bulk (γ ¼ 0), onset of stochasticity (γ → 0), and single-
event controlled (γ → ∞). We now discuss how Eqs. (5)
and (6) can be simplified in these regimes. In bulk (γ ¼ 0),
the sum in Eq. (5) is replaced by an integral and Eq. (5) is
determined solely by the propagation time associated
with the secondary nucleation chain reaction, τbulk (see
the Supplemental Material [34]). Series approximation of
Eq. (5) around γ ¼ 0 allows us to explore the onset of
stochasticity and reveals that hτi approaches the bulk value
τbulk as hτi ¼ τbulk þ cn=ð2VÞ, where cn ¼ 1=ðknm

nc
totNAÞ

is the average time of forming nuclei in volume V (see the
Supplemental Material [34]). This system size expansion
shows, therefore, that in this regime, hτi approximatively
decomposes into a sum of the deterministic lag time and a

term proportional to 1=V. The extent of fluctuations in this
regime is approximatively given by σ2 ¼ cn=ðκVÞ (see the
Supplemental Material [34]). In the opposite limit of very
small volumes or slow nucleation (γ → ∞), the dominant
contribution to Eq. (5) is hτi ¼ cn=V [21]. In this regime, V
is small enough that eventually only a single nucleation
event occurs ahead of the threshold being reached, at which
point hτi is dominated by the waiting time for formation of
a single nucleus, which scales inversely proportional to
system volume as expected from classical nucleation theory
[38]. Furthermore, the extent of fluctuations is now con-
trolled by σ2 ¼ ðcn=VÞ2 (see the Supplemental Material
[34]). Equations (5) and (6) interpolate smoothly between
these limiting regimes. In particular, across the entire range
of system sizes hτi approximatively can be written as the
sum of the deterministic lag time and a nucleation term
proportional to 1=V, whereby the constant of proportion-
ality satisfies cn=2 ≤ dhτi=dð1=VÞ ≤ cn. The transition
between these two limiting regimes occurs approximatively
at the critical volume Vc ¼ κcn at which γ ¼ 1. This critical
volume corresponds to the radius of convergence of the
system size expansion of hτi around γ ¼ 0 and, hence,
marks the upper volume limit for the small fluctuation
result to be accurate.
Stochastic analysis provides strong constraints for

probing primary nucleation events.—Heretofore, rate con-
stants for protein aggregation have been determined by
carrying out kinetic experiments in bulk, in which the mass
concentration of fibrils over time is measured [30,39], and
by fitting such data to rate laws derived from deterministic
master equations [39]. Typically, however, the rate con-
stants characterizing the elementary processes of primary
and secondary nucleation and growth occur as combina-
tions, and thus it remains challenging to obtain accurate
values for the rates of these processes from experimental
data. In particular the process of primary nucleation has
proven challenging to quantify, in part as the major
experimental observables such as the lag-phase display
only a weak logarithmic dependence on this parameter.
Remarkably, however, our results suggest that a measure-
ment of the volume dependence of the lag time allows the
rate of primary nucleation to be determined directly from
the slope of a plot of hτi versus 1=V. This approach has
several advantages over attempting to characterize primary
nucleation from bulk polymerization fraction experiments:
(i) While fitting of bulk experiments fixes only the
combined rate parameter kþkn, the analysis of stochastic
data allows the rate of primary nucleation to be determined
directly, without the necessity of estimating the elongation
rate constant or the length of the aggregates from other
experimental techniques, factors which are intrinsically
sources of significant error. (ii) Microdroplet experiments
can be tightly controlled, and lag-time experiments are
digital in nature with the exact value of the threshold not
entering the gradient and thus not contributing to error.
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• Volume dependence of lag time informs upon nucleation step



The lysozyme fibrils within the droplets were found to be ran-
domly oriented from the lack of polarization when the droplets
were placed between cross polarizers and a wave plate (compare
Figs. 3F and 2D) (25). For each droplet, the number of molecules at
the oil/water interface was calculated as described in Materials and
Methods (31). A lower bound for the force per filament can thus be
found from division of the total force for each droplet by the
number of filaments, yielding a value of 0.54± 0.2  pN per mono-
mer addition for the force generated by lysozyme aggregation and
an observed range of 0.3–0.9 pN (Fig. 3G).
Due to the random orientation of the amyloid fibrils, the

droplet assay did not provide the same level of information about

the fibril growth kinetics as did the microcantilever assay. The
bounds for the magnitude of forces that can be assessed through
this approach are defined by the force required to exceed the
level of thermal fluctuations of the interface as a lower limit (32).
The upper bound is set by the force that would disrupt the in-
tegrity of the droplet interface, or the opposing pressure, which
would induce morphological changes in the fibrils, for instance
through buckling. Adjusting the surface tension enables the
detection of different ranges of forces.

Discussion
The forces generated by the growth of amyloid fibrils, de-
termined here by different methods for two well-characterized
protein systems, are of a closely similar magnitude; 0.60± 0.2 pN
for insulin and 0.54± 0.2 pN for lysozyme. This similar level of
mechanical force generation is likely to reflect the generic fea-
tures of the amyloid structure, irrespective of the differences
between the proteins in their native states (13).
The results presented here demonstrate further that, under

the experimental conditions used, amyloid growth generates
sufficient forces to deform soft interfaces with elastic moduli
comparable to that of the cell membrane (33) and tissues with
low moduli, such as those of the brain (34). In the light of this
observation, it is interesting to note that the formation of large
quantities of aggregates, such as occurs in a number of systemic
amyloidoses, is associated with the deformation of the affected
tissues (35). The results from the present study suggest that the
buildup of mechanical forces during the growth process is a
factor that is likely to contribute to this phenomenon.
Amyloid-based structures are not exclusively found in nature in

the context of pathology, as a range of diverse functional materials,
including bacterial coatings and catalytic scaffolds, has been shown
to rely on the functional formation of amyloid. This observation has
provided inspiration for the development of artificial protein-based
nanomaterials (7, 9, 10). Such applications have to-date been
largely static, exploiting the highly stable amyloid structure as a
scaffold. However, the present results reveal that amyloid growth
has significant potential as an actuator on the nanometer and mi-
crometer scale. Indeed, the power density released as a result of the
growth of insulin amyloid fibrils is of the order of milliwatts per
kilogram (Supporting Information), a value comparable to high-
performance microactuators (36). The measured growth rates for
insulin spherulites in solution and within the microfluidic devices
are on the order of micrometer per minute (25). Amyloid fibril
growth possesses features that could make it well suited for actu-
ation in solution, for instance, within fluidic systems. Depending on
the protein involved and solution conditions used, the rates of
amyloid growth could be further optimized for faster actuation, the
rates of cantilever deflection by amyloid growth observed here are
already similar to those achieved by chemical actuators (36).
To compare the elongation of amyloid fibrils to engineered

chemomechanical force transducers, we calculated the surface stress
exerted by the insulin fibrils on the PDMS microcantilevers using
Stoney’s equation (Fig. 4) (see Supporting Information for the cal-
culation). We found amyloid growth to induce a similar surface
stress to engineered synthetic actuators (36–38). This result high-
lights the potential of amyloid structures for optimization as high-
performance microactuators. Force generation by fibril growth is
directional and, as demonstrated in this study, the combined force
of multiple fibrils can be exploited to generate a targeted force
several orders of magnitude larger than that of an individual fibril.
For native force-generating polymers, force generation on the
nanometer scale is exploited to perform mechanical work on the
macroscale, for instance, by actin and myosin in muscle cells (39).
As an active material, amyloid might therefore offer possibilities for
direct actuation on the nanometer or micrometer scales.
Finally, we consider the forces found here to result from the

propagation of the amyloid state in the context of forces generated
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Fig. 3. Forces from microdroplet deformation. (A) Diagram of aqueous ly-
sozyme droplets (blue) with radius, R, in a continuous phase of oil and sur-
factant (green). Red arrows illustrate the normal stress balance before
aggregation. (B) Diagram illustrating differences in the normal stress and
curvature of droplets deformed by lysozyme amyloid formation (Left).
Illustration of the random fibril orientation within the droplet (Right).
(C) Bright-field (Left) and ThT fluorescence (Right) images of lysozyme
droplets before aggregation. (D) Bright-field (Left) and ThT fluorescence
(Right) images of lysozyme droplets after amyloid formation. (E) Tracing the
droplet outline: fluorescence image of a deformed droplet; the droplet
outline in magenta superimposed on the image; the droplet outline was
then used to calculate the local curvature as a function of contour length.
(F) Color image of deformed lysozyme droplets placed between crossed
polarizers and a wave plate rotated at an angle of 45°. (G) Force per filament
against droplet radius (number of droplets = 30). The area shaded in cyan
represents the mean value found ± SD. The Inset shows a plot of the local
curvature against the normalized contour length for the droplet in E.
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Using the measured shear relaxation modulus, we then performed
finite element model (FEM) calculations to determine the forces
required to obtain the observed cantilever deflections. The can-
tilevers were meshed with fully integrated second-order elements,
using 10 elements through the thickness of the beam. Comparison
of these values with the experimental findings thus yields the total
force exerted by the ensemble of growing amyloid fibrils. Unlike
many classical beam-bending models, FEM calculations fully
balance the forces and moments of a given beam or cantilever.
They are therefore not inherently limited to certain regimes of
cantilever dimensions. However, they do require the use of an
optimum type and number of elements in the simulation. These
parameters were optimized through a mesh convergence study
before the FEM calculations.

We then divided the cumulative force by the number of fibril
ends at the cantilever face to find the force generated by a single
filament. The number of filaments was estimated by making use
of the knowledge of the density of the network (25) and the area
of a fibril end, a= 3× 4  nm (23), to be 1.6 × 107. This analysis
revealed a mean force of 0.60  ±   0.2 pN per fibril for the three
values of t, with an observed range of 0.2–1.3 pN (Fig. 2B). This
mean value for the force generated by insulin amyloid growth
was within the observed range for all three cantilever thicknesses.
From the FEM calculations, we were able to determine the overall

mechanical force exerted by the amyloid fibrils on each cantilever,
providing insight into the mean force generated by each fibril. In
previous studies, the material properties of individual amyloid
fibrils under compressive stress have been investigated (11, 27), and
computational studies have revealed that for long amyloid fibrils the
compressive stress required to induce fibril buckling decreased to a
plateau of 10 MPa (11, 27). For fibrils with the cross-sectional area
of insulin (23), this buckling stress would correspond to a force of
several piconewtons on the fibril ends. This value is higher than
the maximum reaction force from the cantilever, indicating that
the insulin fibrils within the spherulites are unlikely to buckle
under the back pressure from the microcantilevers. Furthermore,
the close packing of the fibrils within the insulin spherulites would
be expected to confer additional stability against buckling.
At the stall point, the pressure of the amyloid fibril growth was

equal to the opposing pressure from the deflected cantilever.
This pressure prevented further fibril elongation against the
cantilevers. From the mechanical force generated by insulin
amyloid growth, we were able to estimate the change in free
energy of monomer addition and found this value to be of the
same order of magnitude as reported in previous studies (28)
(see Supporting Information for the calculation).
To investigate whether amyloid formation by other proteins

generates comparable levels of force, we next focused on lysozyme.
Amyloid formation by lysozyme is associated with a form of sys-
temic amyloidosis in which significant quantities of aggregated
material are deposited in vital organs such as the liver and the
spleen (29). Lysozyme does not readily form the well-characterized
clusters needed for the microcantilever measurements; however,
this protein is very soluble in aqueous solution, enabling us to create
an aqueous emulsion of highly concentrated protein in a continuous
phase of fluorinated oil and surfactant, as shown in Fig. 3. This
emulsion was incubated in sealed glass capillaries to prevent
evaporation of the aqueous phase during the aggregation process.
After incubation, as described in Materials and Methods, we ob-
served deformation of the droplet interface that coincided with the
appearance of Thioflavin T (ThT)-positive amyloid aggregates
within the droplet (Fig. 3 C and D).
The force generated by the growth of lysozyme amyloid fibrils

was obtained by calculating the difference in the Laplace pressure
between the spherical and deformed droplets. For a spherical in-
terface between two static fluids in the absence of external applied
forces, the normal stress balance is described by Laplace’s law,
which relates the difference between internal, pi, and external, pe,
hydrostatic pressures to the curvature of the interface pi − pe = 2γκ,
where γ is the surface tension, and R= 1=κ is the droplet radius.
When fibrils push against the droplet surface, they introduce an
additional normal stress component, σnn, which is balanced by the
curvature pressure associated with droplet deformation pi − pe =
2γκ′− σnn, where κ′ is the curvature of the deformed interface. The
maximum normal stress resulting from fibril formation was calcu-
lated by measuring the maximum curvature difference, Δκ, of the
droplet outline and multiplying this value by the surface tension,
σMnn = γΔκ, following an approach reported previously (30). The
corresponding maximum total forces on the droplet interfaces were
then obtained through integration of the normal pressure over
the area of the droplet interface.

A

B

C

D

Fig. 2. Microcantilever measurements. (A) Time course showing the gradual
deflection of cantilevers with t = 20 μm. (B, Left) The force per fibril against
cantilever depth, showing the mean and the range of forces measured for
each value of t. For t   = 20, 25, and 30 μm, the numbers of stall points
measured were n  = 15, 7, and 12, respectively. The mean force measured
and the SD are shown by the dashed line and the shaded area. (Center)
Schematic of a cantilever with t = 20 μm and δ = 11.8 μm as used in the finite
element calculations. (Right) Diagram of the cantilever showing the local
stresses calculated using the finite element method. (C) Images from the
beginning (Top) and end (Bottom) of time courses with the five cantilever
dimensions. (D) Images of spherulites placed between crossed polarizers and
a wave plate. (Left) Preformed spherulites before injection into the micro-
fluidic device. (Center) Trapped spherulite after incubation and growth be-
tween the cantilevers. (Right) Schematic figure showing the color of the
polarized light depending on the orientation of the fibrils. The arrow in-
dicates the orientation of the fast optical axis.
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by functional processes at the cellular level. Our results reveal that
the forces generated by amyloid growth can reach the same order of
magnitude as those resulting from the polymerization of cytoskel-
etal proteins (Fig. 4) (15–20). This finding is remarkable given the
fact that actin and tubulin have evolved to generate mechanical
force via self-assembly as a part of their native functions. Amyloid
fibrils, by contrast, are generally found as pathological species
where force generation is simply a consequence of the nature of the
fibril structure (13, 28). In contrast to the formation of persistent
amyloid structures, however, the polymerization of cytoskeletal
proteins must be reversible in a controllable manner under physi-
ological conditions. Indeed, once formed, amyloid structures gen-
erally represent an energetically favorable conformation and are
generally very persistent under physiological conditions. They do
therefore not possess the dynamic properties required for cytoskel-
etal protein self-assembly. Despite the stringent criteria for control
and reversibility of polymerization imposed on cytoskeletal protein
systems, actin and tubulin have evolved to generate mechanical
forces on the piconewton scale and can moreover generate addi-
tional force by exploiting associated proteins and the hydrolysis of
nucleotides as a source of energy (15, 17). The findings presented
here, therefore, give insight not only into the nature of the amyloid
state in disease but also highlight some of the selection criteria that
bias molecular evolution to favor and tune the properties of active
materials for functional purposes. Moreover, the magnitude of force
generation by amyloid growth illuminates the potential and ultimate
performance limits of artificial protein-based active materials.

Materials and Methods
Microfluidic Device Fabrication.Microfluidic devices were fabricated using soft
lithography into PDMS using a 1:10 ratio of cross-linker to elastomer (184
Sylgard; Dow Corning) (40). Lithography masters were prepared in two
photolithography steps: a 25-μm layer with the design for the gap below the
free cantilever ends, followed by a 50-μm layer with the pillar design (Fig. 2)
to create integrated cantilevers.

Spherulite Measurements. Insulin spherulites were formed by incubating 100 μL
of 1 mM (5.8 mg/mL) bovine insulin and 20 mM NaCl in HCl, pH 1.9, at 65 °C
for 25 min. Experiments were performed in devices with t = 12, 20, 25, 30,
and 40 μm, respectively.

Preformed spherulites were trapped between the cantilevers and then in-
cubated on a microscope heating stage at 65°C, while supplied with monomeric
insulin solution at a sufficient concentration to saturate the fibril growth rate,
>1 mg/mL (20 mM NaCl, HCl pH 1.9, filtered) (25). The monomer solution was
passed through the device at a flow rate of 150 ± 0.53 μL/h (Hamilton glass
syringe; Harvard Apparatus).

Microscopy. Aggregate growth and cantilever deflection were monitored at
30-s intervals using a CCD camera operated through long working distance
inverted optics (Zeiss; Metamorph Software).

For the confocal fluorescence microscopy experiments, spherulites were
incubated between the cantilevers in the presence of ThT, which selectively
stained the amyloid fibrils. The insulin spherulites were analyzed using a
confocal microscope (Laser Scan Confocal; Leica Microscope) with a tunable
argon laser 458/477/488/514 nm at 30mW. The 3D images were reconstructed
using the Imaris image analysis software (on average 383 z-stack slices per
protein spherulite).

The birefringence measurements were carried out using an uncoated
quartz zero-order wave plate for 550 nm (United Crystals) and two linear
polarizers (Thorlabs; LPVISE2X2). The samples were illuminated with linearly
polarized light. The transmitted light was then passed through the green
wave plate with its optical axis aligned at 45° to the direction of polarization.
This left the green light unchanged, whereas red- and blue-shifted light
were elliptically polarized. A second polarizer, perpendicular to the first,
filtered out the green light. In the absence of a birefringent sample, the
transmitted light had a purple hue, which was recorded using a color camera
(Thorlabs; DCC1645C).

A birefringent analyte, such as aligned amyloid fibrils, either effectively
increases or decreases the thickness of thewave plate, depending onwhether
the fast optical axes of analyte and wave plate are parallel or perpendicular.
Parallel fast optical axes result in longerwavelengths being filtered out by the
detector system and consequently yielded a blue color, whereas perpen-
dicular fast axes lead to a decrease of shorter wave spectral components and
thus a yellowish color. It has been shown that amyloid fibrils have their slow
optical axis along the growth direction (41–43); the Maltese cross-shaped
pattern with the yellow colored diagonal in parallel to the fast optical axis of
the wave plate resulting from the spherulites shown in Fig. 2D therefore
demonstrates the radial growth of the insulin fibrils.

Finite Element Modeling. The material properties of the PDMS devices were
characterized as described in Supporting Information. From stress relaxation
experiments, the shear relaxation modulus was calculated and normalized
by the instantaneous shear modulus (0.54 MPa) (Supporting Information).
Elasticity was modeled using the Marlow strain energy density potential and
the uniaxial compression data shown in Supporting Information. The volu-
metric response was defined using a Poisson’s ratio of 0.49. The viscoelastic
response was modeled using the time-dependent normalized shear re-
laxation modulus shown in Supporting Information [the viscoelastic Prony
series parameters that characterize the viscoelastic behavior are calculated
automatically by ABAQUS (Dassault Systèmes) using these data].

A mechanical displacement δ was specified as a boundary condition at a
reference node positioned in the center of the beam. The reference node
was linked to the surface of the beam using multipoint constraints in
ABAQUS. The value of δ was altered iteratively until the predicted maximum
tip deflection was equal to the value measured experimentally, for instance,
11.8-μm maximum tip deflection for t = 20 μm. The reaction force at the
reference node was calculated as an output of the model. The reaction
forces for cantilevers with t = 20, 25, and 30 μm were used to calculate the
forces per insulin fibril shown in Fig. 2B.

Droplet Deformation Measurements. Droplet deformation by hen egg lyso-
zyme fibrils was measured for two sets of aggregation conditions: 60 mg/mL
lysozyme in 50mMHCl and 20mMNaCl, with 20 μMThT as a reporter of fibril

Fig. 4. Force generation in a cellular context. (Left) Graph showing the
range of forces associated with cellular processes; images of the different
systems are shown below. (From Left to Right) The entropic force of DNA
contraction (gray) (44); the force generated per polymer by the self-assembly
of two types of native proteins: actin and tubulin (green) (16, 17, 19, 20),
showing the range of values reported in the literature; myosin force gen-
eration with ATP hydrolysis (green) (15, 17); the concerted force generation
at the level of entire cells, represented by Caulobacter crescentus substrate
adhesion (orange) (45); growth of insulin and lysozyme amyloid fibrils (blue).
(Right) The surface stress exerted by polymer assemblies on cantilever faces:
alkanethiols on a gold surface (37, 38); insulin spherulites, containing 9.5%
(vol/vol) protein (blue); synthetic polyelectrolyte actuators (purple) (36).
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Figure 1 | FF tubes are able to pierce through water-in-oil double layer interfaces. a, Bright-field time-lapse microscopy of supercritical FF-containing
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through the droplet interface, allowing the propagation of tube nucleation in surrounding droplets. b, Schematic representation of the nucleation, growth
and piercing of the FF tubes within the aqueous droplets surrounded by the inert oil phase. c, Schematic representation of the tube piercing the oil interface
between adjacent droplets (top) and components involved in the calculation of the force generation (bottom).
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Figure 2 | Tailoring the geometry of FF self-assembly to create a mechanical instability. a, Schematics of fibril growth within supercritical droplets and
their buckling. Fibrils may pierce through the droplet due to an increase in their cross-section, or through shrinkage of the droplet diameter. b, Phase
diagram displaying the relationship between tube length l, droplet diameter d and Euler-buckling limit lc. Panel adapted from ref. 26, PNAS. The solid
arrows display the basic movement in phase space associated with linear tube growth, tube thickening and droplet evaporation. A typical trajectory in
phase space, however, is a combination of these basic movements (dashed arrow). c, Scanning electron micrographs of dried droplets on a glass coverslip.
While in the top droplet all tubes remain confined within the droplets because their cross-sectional radius is below the critical limit rc, in the bottom droplet
several tubes with diameters over 1 µm can be seen to emerge from the droplets. Insets show magnified regions of both droplets. d, The growth of FF tubes
inside individual droplets was followed using real-time imaging to determine the change in nanotube radius r over time. The data indicate that below the
unbuckling threshold, rc, nanotubes are stable with respect to straightening (green), whereas when r exceeds rc nanotubes unbuckle (red).

does not allow for large-scale actuation on sub-second timescales.
We show here, however, that this limitation can be overcome by
tailoring the geometry of the system to accumulate elastic en-
ergy through chemo-mechanical transduction and then release it
rapidly as a result of an elastic instability. To this e�ect, we probed
the self-assembly when initiated at 150mgml�1 FF inside isolated
microdroplets without the possibility for the structures to pierce
through a thin oil layer into an adjacent aqueous compartment

(see Supplementary Movie 1). Under such conditions, growing
nanotubes undergo buckling when their length exceeds the Euler-
buckling limit lc = (⇡EI/(2r� cos ✓))1/2 ⇠ r 3/2, with E being the
Young’s modulus, I = ⇡r 4/4 the area moment of inertia of the
nanotubes, r the cross-sectional radius of filaments, � the surface
tension of the oil/water interface and ✓ the contact angle (Fig. 2a,
see Supplementary Information calculation for details)26. Further
growth leads then to highly curved and strained structures that
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synthetic systems. Comparison of the chemo-mechanical transduction in
FF nanotubes with energy (J cm�3) and power (W cm�3) densities
generated by synthetic actuator systems (for example, shape memory
alloys and internal combustion engines), biological stimuli-responsive
materials (for example, seed and spore ejection systems) and biological
self-assembly systems (for example, skeletal muscles). The purple shaded
area represents the perimeter of energy and power density values reported
for biological, self-assembling systems, as can be found in the ranges
specified in Supplementary Table 1 and extended to the FF nanotube
system. Images reproduced from: bottom left, ref. 1, NPG; top left, ref. 14,
AAAS; top right, ref. 18, NPG.

the nanotubes are seen to undergo unbuckling, in accordance with
our theoretical predictions (Fig. 2d).

We further explored the possibility to control the kinetics
of unbuckling and subsequent power generation in our system
by controlling the osmotic di�usion of water from the droplets
into ‘sink’ channels. When the ‘sink’ channels are filled with a
15M NaClO4 solution separated from the main channel by thin-
walled polydimethylsiloxane (Fig. 3a) we were able to control
the evaporation parameters (Fig. 3b). On the contrary, when
the sink channels were filled with the surfactant FC-40, no self-
assembly or buckling was detected even after about 10min (data
not shown). Alternatively, temperature can also be used to trigger
tube unbuckling. Indeed, when supercritical droplets are incubated
at 50 �C instead of 25 �C, the time required to observe the onset of
the elastic instability becomes significantly shorter (Supplementary
Fig. 4), demonstrating therefore the ability to exert precise control of
instability-mediated chemo-mechanical transduction of nanotubes
with an external stimulus. From a calculation of the bending energy
accumulated in the droplet we could estimate the energy released
from the unbuckling of a single nanotube to be 4 ⇥ 10�12 J, a
value that corresponds to an energy density of 0.09 J cm�3 when
normalized to the volume of the nanotubes (see calculation in the
Supplementary Information for details). Using fast camera imaging,
we determined an upper limit for the actuation time of 20ms, a value
that results in a power density of 4.7Wcm�3. The measured value
of the actuation time is in agreement with dimensionality arguments
that suggest a time t=µl3/E for the energy E⇠Er 4/l being released
by motion of an object of a size l in a liquid medium with viscosity
µ, giving t=µl4/Er 4 ⇠6ms.

We also explored the possibility to generate external work using
our actuating self-assembly system. To this e�ect, several droplets
were brought into contact and their positions were monitored as
an unbuckling transition took place within one of the droplets. We

observed that the energy released from this unbuckling event was
su�cient to physically displace the neighbouring droplets. We then
estimated the amount of external work generated by the unbuckling
of FF nanotubes, as illustrated in Fig. 3c, from the energy cost
E = 6⇡µR(1x2/1t) ⇠ 4⇥ 10�13 J required to displace a droplet
of radius R⇠ 20 µm by a distance 1x⇠10µm over a timescale of
1t ⇠10 s, thus demonstrating the ability of our FF system to move
micrometre-scale objects on second timescales.

In Fig. 4, we compare the results for the chemo-mechanical
transduction in FF tubes obtained in the present study with lit-
erature values for the power generation by synthetic actuators,
including shape memory alloys, biological self-assembly systems,
and biological systems that exploitmechanical instabilities to release
stored energy and accomplish important functional roles, includ-
ing spore and seed ejection by plants and fungi. This comparison
reveals that the energy and power densities provided by our FF
system exceed those resulting from force generation by conven-
tional self-assembly, including actin polymerization4,28. Thus, at a
fundamental level, the exploitation of elastic instabilities has allowed
us to generate a system that leverages biomimetic self-assembly
to generate power densities that are higher than those reported
in the past for biological self-assembly, and are similar to systems
that were specifically designed to yield high energy release. The
propensity of FF to self-assemble into ordered tubular structures
was discovered over a decade ago29, and the robustness and rigidity
of these tubes has been thoroughly studied30; in the present work,
we have been able to enhance the power density of FF actuation
through the exploitation of mechanical instabilities by coupling the
nanoscale self-assembly reaction to micrometre-scale confinement.
The real-time imaging analysis and modelling presented in this
study establish elastic-instability actuation by supra-molecular poly-
mers as a high-power-density mode of chemo-mechanical trans-
duction and open up the possibility of using elastic instabilities for
future applications in other short peptide, protein and synthetic
polymer systems.

Data availability. The data that support the plots within this paper
and other findings of this study are available from the corresponding
author on request.
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multilayer protein nanofibrils. This approach allows us to
stabilize all-aqueous emulsions even with ultra-low interface
tensions. The stabilization originates from the combination
of the strong interface affinity and the high aspect ratio
of the protein fibrils that results in a higher surface coverage
compared with spherical colloids. Moreover, using the
seeded growth of fibrils near the W/W interface, we demonstrate
the fabrication of multilayered fibrillosomes, 2D nanofibril
networks arising from intra-colloidal interactions. Robust fibrillo-
somes are further prepared by covalently crosslinking
the multilayered fibrils, yielding stretchable capsules with
semi-permeability. These results open up the possibility of
fabricating highly robust vesicles by using the mild templates
of all-aqueous interfaces. Compared with capsules formed by
using the templating action of water-in-oil-in-water double
emulsions, our approach avoids the use of organic solvents,
which can denature proteins12. This approach, therefore, has the
potential of facilitating the fabrication and use of protein-based
materials in a biocompatible manner, for instance, for the
encapsulation and delivery of bioactive species, such as antibodies
or enzymes40.

Methods
Synthesis and characterization of protein fibrils. A 20 mg/ml solution of hen
egg white lysozyme (Sigma Aldrich) was prepared by dissolving 0.2 g of protein
into 10 ml of solution containing 2 ml of 1 M HCl, 6 ml of 10 mM HCl and 2 ml of
10 mM NaCl (with the pH pre-adjusted to 2 using HCl). The solution was filtered
(mesh size 0.2 mm) to yield a solution of monomeric lysozyme. The solution was
incubated at 57–65 !C and kept stirring at 550 r.p.m. for 60–70 h (ref. 34). The
resulting fibrils solution was diluted to 0.025–0.2 wt% before use. The height of
lysozyme fibrils was measured by Atomic Force Microscope (AFM, Bruker
Multimode 8). To this effect, a 0.01 wt% fibril suspension was drop-cast onto a
mica substrate and dried at room temperature. AFM imaging was conducted
at a scan rate of 0.3 Hz under a tapping mode. The length of lysozyme fibrils was
characterized by scanning electron microscopy (SEM, Hitachi S-4800). The average
length of fibrils was measured by counting the pixels of at least 50 fibrils from at
least 10 images. The prefibrillar oligomers of lysozyme were prepared by incubating
the monomer solution for 17 h without stirring.

Characterization on emulsion stability. A total of 5–15 wt% dextran
(Mw¼ 500 kDa) and 4–9 wt% PEG (Mw¼ 20 kDa) were dissolved into a
0.025–0.08 wt% fibril suspension. The volume fraction of the dextran-rich emulsion
phase was varied from 10 to 40% by changing the emulsion compositions along
the tie line connecting the equilibrium phases of dextran and PEG in the phase
diagram, as denoted by the dots in Fig. 3d. In order to form emulsion droplets with
uniform diameters, the spinning rate of homogenization was kept at 400–600 r.p.m.
for 2 min. Emulsion stability is monitored daily until the demixing of the two bulk
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Figure 5 | Protein fibrillosomes templated from W/W emulsions. (a) Schematics of the formation of protein fibrillosomes by crosslinking fibril-coated
droplets. (b) Optical microscope images of monodisperse fibrillosomes obtained after replacing the continuous phase with the same liquid inside the
fibrillosomes. Scale bar, 100 mm. (c,d) SEM images of fibrillosomes with their walls consisting of amyloid fibrils. Scale bars; 2 mm (c); and 200 nm
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200 mm. (f) Fluorescent nanoparticles with diameters of 50 nm fail to penetrate the fibrillosomes. Scale bar, 200 mm. (g) The fibrillosomes exhibit
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Stabilization of w/w interfaces using nanofibrils

Song, Michaels, Ma, Li, Knowles, and Shum, Nature Communications, in press (2016).

Synthetic capsules, such as polymersomes1,2 and
colloidosomes3,4 have exhibited great promise in the
development of artificial cells4, the synthesis of functional

biomaterials5 and the manufacturing of pharmaceutical
products6. Interfaces provided by emulsion droplets1,3, air
bubbles7 and solid particles8 have been introduced as templates
for the formation of capsules with designed structures9, tunable
permeability10 and smart functionalities11. However, the stability
and activity of biomolecules, including lipids and proteins can
be compromised by lipid oxidation12 or protein denaturation13

at the interfaces of non-aqueous phases commonly used in
encapsulation technologies, a key factor stimulating investi-
gations of all-aqueous emulsions where both the dispersed and
the continuous phases are water-based and thus biocompatible.

Water-in-water (W/W) emulsions consist of droplets formed
by the phase separation of two immiscible aqueous phases14. In
biology, such emulsions can be generated through the phase
separation of protein and RNA molecules in an aqueous
environment; examples include the membrane-less organelles in
the cytoplasm of germ granules15 and nucleoli16. Compared with
oil-containing emulsions, W/W emulsions are particularly
biocompatible for the storage and processing of biomolecules17,
the delivery of bioactive agents18 and are increasingly used as
biomimetic templates for the synthesis of hydrogel particles19 or
as cell-mimicking matrices20.

Despite these numerous applications and their inherent
superior biocompatibility, the ultralow interfacial tensions21

characterizing all-aqueous emulsions—which typically range
from 10! 7 to 10! 4 N m! 1—represent the primary constraint
that limits the adsorption of surface-active species at W/W
interfaces and hence the stabilization of W/W emulsions. In
particular, nanoparticles can dynamically adsorb to and detach
from W/W interfaces, leading to increased stability by lowering
the free energy of the interface, but at very low surface tensions,
this colloidosomal stabilizing effect is strongly diminished22.
Larger colloidal particles, such as b-lactoglobulin protein
particles23 and PEGylated phospholipid24, can adsorb more
strongly even to interfaces with very low surface tensions, but
their diameter must typically exceed B130–170 nm (refs 23,24).
These observations suggest that the stabilization of W/W
emulsions requires a threshold adsorption energy to counteract
the Brownian motion of surface-active compounds23. W/W
interface stability can, in principle, be improved by increasing the
size of the stabilizing nanoparticles22–24 or by optimizing their
geometry, for example, by using nanotubes and nanoplates25–30.
However, the packing of large colloids at W/W interfaces is often

associated with geometrical constraints that result in low overall
coverage ratios of 20–40%22–24, thus leading to challenges in
fabricating regular and robust capsules31. We therefore
hypothesize that the growth of active compounds pre-seeded at
W/W interfaces would combine the benefits from the high
surface affinity of large colloids and their effective packing at all-
aqueous interfaces. Using amyloid nanofibrils as a model, we
expect that the growth of nanofibrils and the subsequent
formation of two-dimensional (2D) networks would provide a
new driving force for the stabilization of W/W emulsions.

In this paper, we fabricate robust colloidosomes, which we
term ‘fibrillosomes’, by stimulating the formation of multilayered
fibrils at all-aqueous interfaces. We show that the non-covalently
crosslinked fibrillosomes stabilize all-aqueous emulsions even
below the threshold interfacial tension set by thermal energy.
Moreover, the covalent crosslinking of such shells allows them to
be self-standing even in the total absence of an interface once they
have been formed. Our findings suggest new biomimetic
strategies to control the fabrication of synthetic vesicles by using
naturally occurring proteins in an all-aqueous process.

Results
Stabilization of all-aqueous emulsions by amyloid nanofibrils.
Fibril formation of hen egg white lysozyme is triggered by
thermal incubation at 60 !C (ref. 32). The conversion of soluble
precursor proteins into mature fibrils is observed over several
days; the resulting fibrils have a thickness of about 15 nm and an
average length of 600 nm (see Supplementary Fig. 1). To inves-
tigate the connection between fibril formation and the stability of
W/W emulsions, we prepare protein samples at different stages of
their growth process by varying the time of incubation33,34, as
illustrated in the scheme of Fig. 1a–d (see Methods). The W/W
emulsions are generated by dissolving 2 wt% dextran and 8 wt%
polyethylene glycol (PEG) into an aqueous suspension containing
the different protein samples. For the same total mass
concentration of proteins, we find dramatic differences in the
way protein samples incubated for different times stabilize the
W/W emulsions. In particular, lysozyme monomers are
predominantly localized in the dextran-rich phase and only
weakly enriched at the W/W interface35. This finding is
consistent with the fact that the adsorption energy of lysozyme
monomers, which is given by DGmono ¼ pr2gw=w ð1! cos yj jÞ2
(refs 22,23), counteracts only o1% of the thermal
motion energy due to their small radius, r¼ 5 nm (ref. 36), as
well as the low interfacial tension gW/W of the W/W interface

Monomers at pH=7 Monomers at pH=2 Prefibrillar aggregates Mature fibrils

a b c d

e f g h

Figure 1 | Stability of dextran-in-PEG emulsions by adding lysozyme in different aggregation stages. (a–d) Graphical representation of lysozyme
protein assemblies in different stages of their fibrillization process: native monomers (a), monomers and early aggregates (b), pre-fibrillar aggregates
(c) and mature fibrils (d). (e–h) The corresponding optical micrographs show the different stabilization properties of lysozyme aggregates in the indicated
stages of fibrillization. All incubation times corresponding to specific panels. Scale bars, 50mm.
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distinguish the two kinds of emulsion by labelling dextran
molecules with fluorescein isothiocyanate (FITC). For the
dextran-in-PEG emulsions, destabilization occurred near the
phase boundary separating one and two-phase regions (Fig. 3a);
stabilized W/W droplets (Fig. 3b) are shown by the grey region in
the phase diagram. The boundary line dividing the regions of
stabilized and non-stabilized dextran-in-PEG emulsions is a tie
line of the equilibrium phases of dextran and PEG, suggesting
that the interfacial tension dominates this destabilization (see the
yellow dashed line in Fig. 3). After a few weeks, the emulsions
with compositions near the boundary line gradually broke,
whereas the droplets with compositions far above the boundary
line remained stable for one month.

The stability of dextran-in-PEG emulsions can be explained by
the adsorption energy of fibrils at the W/W interface. By
neglecting the finite thickness of the interface, the change in free
energy associated with the adsorption of a single cylindrical fibril
at the W/W interface can be expressed as (refs 38,39)

DGfibril ¼ 2Rgw=wLðsin yþ p cos y$ y cos yÞ ð1Þ
where 2R is the diameter of fibrils, gW/W is the surface tension of
the W/W interface, L is the average length of fibrils, and
y¼ 142±7! is the wetting angle of the dextran-rich phase to the
fibril (Supplementary Fig. 3 and Supplementary Note 3). Using
this result38,39, we conclude that a minimum interfacial tension of
gth¼ 6& 10$ 6 N m$ 1 is required to stabilize W/W emulsion
with a monolayer of fibrils. This threshold surface tension
corresponds to an adsorption energy of 5& 10$ 21 J, which
approximately equals the thermal energy kT¼ 4& 10$ 21 J at

room temperature. This result suggests that the stability of
dextran-in-PEG emulsions is explained by the dynamic
adsorption and desorption of fibrils at the W/W interface.

Unlike fibril-coated dextran-in-PEG emulsions, fibril-coated
PEG-in-dextran emulsions were observed to coalesce above
gth(see Fig. 3c). Hence, the high stability of dextran-in-PEG
emulsions cannot be explained only by the adsorption energy.
Indeed, the large wetting angle y implies that most of the fibril
surface is in contact within the PEG-rich phase so that the
desorption energy for fibrils to enter the dextran-rich phase is
about 25 times higher than that for partitioning into the PEG-rich
phase (see Supplementary Fig. 4 and Supplementary Note 4). This
‘disaffinity’ of fibrils to the dextran-rich phase effectively provides
a physical barrier that prevents the direct contact between
adjacent dextran-in-PEG droplets, explaining the enhanced
stability of dextran-in-PEG emulsions relative to PEG-in-dextran
emulsions.

Enhanced emulsion stability by 2D multilayer fibril networks.
The stabilization of W/W emulsions at ultra-low interfacial ten-
sions, gogth, is compromised by the lowered surface affinity of
fibrils; however, the formation of 2D multiplayers of fibrils
localized at the W/W interface provides a new solution to further
enhance emulsion stability. In this approach, a monolayer of
nanofibrils (0.05 wt%) covering the stable dextran-in-PEG emul-
sions are used to seed further fibril deposition at the W/W
interface. To facilitate the adsorption of fibrils, we add 0.5 wt%
lysozyme monomers to the emulsion mixture and maintain
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distinguish the two kinds of emulsion by labelling dextran
molecules with fluorescein isothiocyanate (FITC). For the
dextran-in-PEG emulsions, destabilization occurred near the
phase boundary separating one and two-phase regions (Fig. 3a);
stabilized W/W droplets (Fig. 3b) are shown by the grey region in
the phase diagram. The boundary line dividing the regions of
stabilized and non-stabilized dextran-in-PEG emulsions is a tie
line of the equilibrium phases of dextran and PEG, suggesting
that the interfacial tension dominates this destabilization (see the
yellow dashed line in Fig. 3). After a few weeks, the emulsions
with compositions near the boundary line gradually broke,
whereas the droplets with compositions far above the boundary
line remained stable for one month.

The stability of dextran-in-PEG emulsions can be explained by
the adsorption energy of fibrils at the W/W interface. By
neglecting the finite thickness of the interface, the change in free
energy associated with the adsorption of a single cylindrical fibril
at the W/W interface can be expressed as (refs 38,39)

DGfibril ¼ 2Rgw=wLðsin yþ p cos y$ y cos yÞ ð1Þ
where 2R is the diameter of fibrils, gW/W is the surface tension of
the W/W interface, L is the average length of fibrils, and
y¼ 142±7! is the wetting angle of the dextran-rich phase to the
fibril (Supplementary Fig. 3 and Supplementary Note 3). Using
this result38,39, we conclude that a minimum interfacial tension of
gth¼ 6& 10$ 6 N m$ 1 is required to stabilize W/W emulsion
with a monolayer of fibrils. This threshold surface tension
corresponds to an adsorption energy of 5& 10$ 21 J, which
approximately equals the thermal energy kT¼ 4& 10$ 21 J at

room temperature. This result suggests that the stability of
dextran-in-PEG emulsions is explained by the dynamic
adsorption and desorption of fibrils at the W/W interface.

Unlike fibril-coated dextran-in-PEG emulsions, fibril-coated
PEG-in-dextran emulsions were observed to coalesce above
gth(see Fig. 3c). Hence, the high stability of dextran-in-PEG
emulsions cannot be explained only by the adsorption energy.
Indeed, the large wetting angle y implies that most of the fibril
surface is in contact within the PEG-rich phase so that the
desorption energy for fibrils to enter the dextran-rich phase is
about 25 times higher than that for partitioning into the PEG-rich
phase (see Supplementary Fig. 4 and Supplementary Note 4). This
‘disaffinity’ of fibrils to the dextran-rich phase effectively provides
a physical barrier that prevents the direct contact between
adjacent dextran-in-PEG droplets, explaining the enhanced
stability of dextran-in-PEG emulsions relative to PEG-in-dextran
emulsions.

Enhanced emulsion stability by 2D multilayer fibril networks.
The stabilization of W/W emulsions at ultra-low interfacial ten-
sions, gogth, is compromised by the lowered surface affinity of
fibrils; however, the formation of 2D multiplayers of fibrils
localized at the W/W interface provides a new solution to further
enhance emulsion stability. In this approach, a monolayer of
nanofibrils (0.05 wt%) covering the stable dextran-in-PEG emul-
sions are used to seed further fibril deposition at the W/W
interface. To facilitate the adsorption of fibrils, we add 0.5 wt%
lysozyme monomers to the emulsion mixture and maintain
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Figure 3 | Compositions of W/W emulsions controls the stabilizing roles of fibrils. By mixing 0.05 wt% fibrils with W/W emulsions at different
compositions, a phase diagram distinguishes three regions depending on emulsion stability, including destabilized dextran-in-PEG emulsions (a), stabilized
dextran-in-PEG emulsions (b) and destabilized PEG-in-dextran emulsions (c). The representative fluorescence images of each region are shown in panels
(a–c), where the dextran-rich phase is labelled in green. Scale bars, 50mm. (d) The points in between the yellow dashed lines represent metastable
dextran-in-PEG emulsions, which are stable for only 3–14 days.
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Synthetic capsules, such as polymersomes1,2 and
colloidosomes3,4 have exhibited great promise in the
development of artificial cells4, the synthesis of functional

biomaterials5 and the manufacturing of pharmaceutical
products6. Interfaces provided by emulsion droplets1,3, air
bubbles7 and solid particles8 have been introduced as templates
for the formation of capsules with designed structures9, tunable
permeability10 and smart functionalities11. However, the stability
and activity of biomolecules, including lipids and proteins can
be compromised by lipid oxidation12 or protein denaturation13

at the interfaces of non-aqueous phases commonly used in
encapsulation technologies, a key factor stimulating investi-
gations of all-aqueous emulsions where both the dispersed and
the continuous phases are water-based and thus biocompatible.

Water-in-water (W/W) emulsions consist of droplets formed
by the phase separation of two immiscible aqueous phases14. In
biology, such emulsions can be generated through the phase
separation of protein and RNA molecules in an aqueous
environment; examples include the membrane-less organelles in
the cytoplasm of germ granules15 and nucleoli16. Compared with
oil-containing emulsions, W/W emulsions are particularly
biocompatible for the storage and processing of biomolecules17,
the delivery of bioactive agents18 and are increasingly used as
biomimetic templates for the synthesis of hydrogel particles19 or
as cell-mimicking matrices20.

Despite these numerous applications and their inherent
superior biocompatibility, the ultralow interfacial tensions21

characterizing all-aqueous emulsions—which typically range
from 10! 7 to 10! 4 N m! 1—represent the primary constraint
that limits the adsorption of surface-active species at W/W
interfaces and hence the stabilization of W/W emulsions. In
particular, nanoparticles can dynamically adsorb to and detach
from W/W interfaces, leading to increased stability by lowering
the free energy of the interface, but at very low surface tensions,
this colloidosomal stabilizing effect is strongly diminished22.
Larger colloidal particles, such as b-lactoglobulin protein
particles23 and PEGylated phospholipid24, can adsorb more
strongly even to interfaces with very low surface tensions, but
their diameter must typically exceed B130–170 nm (refs 23,24).
These observations suggest that the stabilization of W/W
emulsions requires a threshold adsorption energy to counteract
the Brownian motion of surface-active compounds23. W/W
interface stability can, in principle, be improved by increasing the
size of the stabilizing nanoparticles22–24 or by optimizing their
geometry, for example, by using nanotubes and nanoplates25–30.
However, the packing of large colloids at W/W interfaces is often

associated with geometrical constraints that result in low overall
coverage ratios of 20–40%22–24, thus leading to challenges in
fabricating regular and robust capsules31. We therefore
hypothesize that the growth of active compounds pre-seeded at
W/W interfaces would combine the benefits from the high
surface affinity of large colloids and their effective packing at all-
aqueous interfaces. Using amyloid nanofibrils as a model, we
expect that the growth of nanofibrils and the subsequent
formation of two-dimensional (2D) networks would provide a
new driving force for the stabilization of W/W emulsions.

In this paper, we fabricate robust colloidosomes, which we
term ‘fibrillosomes’, by stimulating the formation of multilayered
fibrils at all-aqueous interfaces. We show that the non-covalently
crosslinked fibrillosomes stabilize all-aqueous emulsions even
below the threshold interfacial tension set by thermal energy.
Moreover, the covalent crosslinking of such shells allows them to
be self-standing even in the total absence of an interface once they
have been formed. Our findings suggest new biomimetic
strategies to control the fabrication of synthetic vesicles by using
naturally occurring proteins in an all-aqueous process.

Results
Stabilization of all-aqueous emulsions by amyloid nanofibrils.
Fibril formation of hen egg white lysozyme is triggered by
thermal incubation at 60 !C (ref. 32). The conversion of soluble
precursor proteins into mature fibrils is observed over several
days; the resulting fibrils have a thickness of about 15 nm and an
average length of 600 nm (see Supplementary Fig. 1). To inves-
tigate the connection between fibril formation and the stability of
W/W emulsions, we prepare protein samples at different stages of
their growth process by varying the time of incubation33,34, as
illustrated in the scheme of Fig. 1a–d (see Methods). The W/W
emulsions are generated by dissolving 2 wt% dextran and 8 wt%
polyethylene glycol (PEG) into an aqueous suspension containing
the different protein samples. For the same total mass
concentration of proteins, we find dramatic differences in the
way protein samples incubated for different times stabilize the
W/W emulsions. In particular, lysozyme monomers are
predominantly localized in the dextran-rich phase and only
weakly enriched at the W/W interface35. This finding is
consistent with the fact that the adsorption energy of lysozyme
monomers, which is given by DGmono ¼ pr2gw=w ð1! cos yj jÞ2
(refs 22,23), counteracts only o1% of the thermal
motion energy due to their small radius, r¼ 5 nm (ref. 36), as
well as the low interfacial tension gW/W of the W/W interface

Monomers at pH=7 Monomers at pH=2 Prefibrillar aggregates Mature fibrils

a b c d

e f g h

Figure 1 | Stability of dextran-in-PEG emulsions by adding lysozyme in different aggregation stages. (a–d) Graphical representation of lysozyme
protein assemblies in different stages of their fibrillization process: native monomers (a), monomers and early aggregates (b), pre-fibrillar aggregates
(c) and mature fibrils (d). (e–h) The corresponding optical micrographs show the different stabilization properties of lysozyme aggregates in the indicated
stages of fibrillization. All incubation times corresponding to specific panels. Scale bars, 50mm.
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Stabilization by nanofibrils

Threshold surface tension for stabilization

Stabilization by monomers

multilayer protein nanofibrils. This approach allows us to
stabilize all-aqueous emulsions even with ultra-low interface
tensions. The stabilization originates from the combination
of the strong interface affinity and the high aspect ratio
of the protein fibrils that results in a higher surface coverage
compared with spherical colloids. Moreover, using the
seeded growth of fibrils near the W/W interface, we demonstrate
the fabrication of multilayered fibrillosomes, 2D nanofibril
networks arising from intra-colloidal interactions. Robust fibrillo-
somes are further prepared by covalently crosslinking
the multilayered fibrils, yielding stretchable capsules with
semi-permeability. These results open up the possibility of
fabricating highly robust vesicles by using the mild templates
of all-aqueous interfaces. Compared with capsules formed by
using the templating action of water-in-oil-in-water double
emulsions, our approach avoids the use of organic solvents,
which can denature proteins12. This approach, therefore, has the
potential of facilitating the fabrication and use of protein-based
materials in a biocompatible manner, for instance, for the
encapsulation and delivery of bioactive species, such as antibodies
or enzymes40.

Methods
Synthesis and characterization of protein fibrils. A 20 mg/ml solution of hen
egg white lysozyme (Sigma Aldrich) was prepared by dissolving 0.2 g of protein
into 10 ml of solution containing 2 ml of 1 M HCl, 6 ml of 10 mM HCl and 2 ml of
10 mM NaCl (with the pH pre-adjusted to 2 using HCl). The solution was filtered
(mesh size 0.2 mm) to yield a solution of monomeric lysozyme. The solution was
incubated at 57–65 !C and kept stirring at 550 r.p.m. for 60–70 h (ref. 34). The
resulting fibrils solution was diluted to 0.025–0.2 wt% before use. The height of
lysozyme fibrils was measured by Atomic Force Microscope (AFM, Bruker
Multimode 8). To this effect, a 0.01 wt% fibril suspension was drop-cast onto a
mica substrate and dried at room temperature. AFM imaging was conducted
at a scan rate of 0.3 Hz under a tapping mode. The length of lysozyme fibrils was
characterized by scanning electron microscopy (SEM, Hitachi S-4800). The average
length of fibrils was measured by counting the pixels of at least 50 fibrils from at
least 10 images. The prefibrillar oligomers of lysozyme were prepared by incubating
the monomer solution for 17 h without stirring.

Characterization on emulsion stability. A total of 5–15 wt% dextran
(Mw¼ 500 kDa) and 4–9 wt% PEG (Mw¼ 20 kDa) were dissolved into a
0.025–0.08 wt% fibril suspension. The volume fraction of the dextran-rich emulsion
phase was varied from 10 to 40% by changing the emulsion compositions along
the tie line connecting the equilibrium phases of dextran and PEG in the phase
diagram, as denoted by the dots in Fig. 3d. In order to form emulsion droplets with
uniform diameters, the spinning rate of homogenization was kept at 400–600 r.p.m.
for 2 min. Emulsion stability is monitored daily until the demixing of the two bulk
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Figure 5 | Protein fibrillosomes templated from W/W emulsions. (a) Schematics of the formation of protein fibrillosomes by crosslinking fibril-coated
droplets. (b) Optical microscope images of monodisperse fibrillosomes obtained after replacing the continuous phase with the same liquid inside the
fibrillosomes. Scale bar, 100 mm. (c,d) SEM images of fibrillosomes with their walls consisting of amyloid fibrils. Scale bars; 2 mm (c); and 200 nm
(d). (e) FITC-dextran macromolecules with hydrodynamic diameters of around 30 nm can penetrate through the membrane of fibrillosomes. Scale bar,
200 mm. (f) Fluorescent nanoparticles with diameters of 50 nm fail to penetrate the fibrillosomes. Scale bar, 200 mm. (g) The fibrillosomes exhibit
excellent elasticity and robustness upon osmotic swelling and shrinking. The concentration of dextran in the continuous phase was varied from 4 to
25 wt%, while the dextran concentration inside the fibrillosomes was kept at 15 wt%, generating an osmotic pressure across the membrane. Error bars
represent the s.d.
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Conclusions and outlook
• Selection of physical approaches to understand filamentous

protein assembly

to be determined from macroscopic measurements
• Master equation approaches allow microscopic mechanisms

strategies against protein aggregation diseases
• General framework can be used to design rational therapeutic

• Force generation and energy release by filament self-assembly
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