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Chapter 1
Dynamics and Control of Peptide
Self-Assembly and Aggregation

Georg Meisl, Thomas C. T. Michaels, Paolo Arosio, Michele Vendruscolo,
Christopher M. Dobson, and Tuomas P. J. Knowles

Abstract The aggregation of proteins into fibrillar structures is a central process
implicated in the onset and development of several devastating neuro-degenerative
diseases, but can, in contrast to these pathological roles, also fulfil important
biological functions. In both scenarios, an understanding of the mechanisms by
which soluble proteins convert to their fibrillar forms represents a fundamental
objective for molecular sciences. This chapter details the different classes of
microscopic processes responsible for this conversion and discusses how they
can be described by a mathematical formulation of the aggregation kinetics. We
present easily accessible experimental quantities that allow the determination of the
dominant pathways of aggregation, as well as a general strategy to obtain detailed
solutions to the kinetic rate laws that yield the microscopic rate constants of the
individual processes of nucleation and growth. This chapter discusses a framework
for a structured approach to address key questions regarding the dynamics of
protein aggregation and shows how the use of chemical kinetics to tackle complex
biophysical systems can lead to a deeper understanding of the underlying physical
and chemical principles.

Keywords Chemical kinetics · Aggregation mechanisms · Scaling exponent ·
Global analysis
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1.1 Introduction

The self-assembly of proteins into ordered linear structures is an important process
for many living systems, for example in the context of the formation of the
cytoskeletal filaments. When it occurs in a controlled manner, this process can
therefore be central to the functionality of an organism, but conversely, unwanted
filamentous aggregation of proteins can have devastating effects on an organism’s
health. One such process of particular significance is the aggregation of proteins
into elongated structures, amyloid fibrils, which may consist of thousands or more
copies of the same protein [1, 2]. Surprisingly, a large variety of unrelated proteins
have the ability to form amyloid structures, and once formed, these entities possess
an inherent propensity towards promoting the conversion of further proteins into the
amyloid form [3, 4]. The study of protein aggregation has become an important
area of research largely because the proliferation of amyloid fibrils is closely
associated with several devastating and increasingly prevalent diseases, including
type II diabetes, Parkinson’s and Alzheimer’s diseases [5–7]. However, there is
also a number of proteins that self-assemble into fibrillar structures that are not
associated with disease but are functional and essential for living organisms [8–
12]. Important examples of such functional protein assemblies include for instance
biofilaments of actin and tubulin, that are key parts of the eukaryotic cytoskeleton
[9–11], as well as functional amyloid structures [13] that possess roles as catalytic
scaffolds [14], as depots for hormones [15], in the functioning of pathogens [16] or
as components of bacterial biofilms [17, 18]. The existence of functional amyloids
has also inspired the use of such structures as functional biomaterials in various
nanotechnological applications [19, 20], a factor that has further contributed to the
interest in understanding how filamentous self-assembly works.

From a biophysical point of view, the formation of filamentous structures from
dispersed proteins represents an elementary form of supra-molecular assembly since
it is generally homo-molecular in nature [9, 21]. Yet, despite this apparent simplicity,
many different molecular-level events contribute to the overall fibril formation
process and the competition and interplay between these microscopic steps often
results in rich dynamical behaviour. Obtaining a molecular-level kinetic description
of self-assembling systems is thus a particularly challenging task which involves
considering a complex interconnected network of several distinct microscopic
steps, such as nucleation, growth or fragmentation processes [22, 23]. In this
chapter we describe in detail how the use of chemical kinetics in the context
of protein aggregation allows one to overcome this challenge. We demonstrate
that this approach provides a general strategy for quantifying the rates of the
individual microscopic steps of filamentous growth. This advance illuminates which
parts of the full reaction network determine the aggregation behaviour in a given
system and which ones can instead be neglected, thus providing a very useful
mechanistic framework for designing strategies for controlling protein aggregation
in technological applications or suppressing it for therapeutic purposes.
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The chapter is organized as follows. In the first section, we discuss the
microscopic-level processes that contribute to the overall protein aggregation
reaction and outline a general approach for mathematically modelling the resulting
reaction network. We then consider the interaction and competition between these
individual processes and describe in detail how such complex scenarios can be
understood within the framework of kinetic theory. The following section briefly
looks at the application of these kinetic models of protein aggregation in the
context of data analysis for discovering the dominant microscopic processes in
action. Finally, we conclude with a discussion on how the resulting mechanistic
understanding of protein aggregation forms the basis of devising rational strategies
to employ inhibitory compounds or modulations of the environmental conditions to
control the pathways by which the aggregation reaction proceeds.

1.2 Kinetic Theory of Protein Aggregation

Chemical kinetics provide the mathematical framework for predicting the time
course of a chemical reaction. In general, a kinetic description of a chemical reaction
is derived by breaking the overall process down into a sequence of one or more
relevant steps. The law of mass action then yields differential equations (so called
rate laws) that describe the rates of each one of these individual steps in terms
of the concentrations of the species involved. The rate constants are the constants
of proportionality entering such relationships and the reaction orders describe the
power a particular concentration is raised to. Although for simple elementary
reactions the reaction orders correspond to the actual number of species involved
in the reaction, such a simple physical interpretation of reaction orders may not
apply to reactions with many steps, such as encountered in the complex models
discussed here. Rate laws emerge directly from a consideration of the various steps
that constitute the overall reaction and thus represent the best tool for establishing
unknown mechanisms. As we will discuss later, if the reaction mechanism is
unknown, we can carry out experiments to determine the reaction orders with
respect to each reactant and then try out various trial reaction mechanisms to see
which one fits best with the experimental data. An important point to recognize
here is that the rate constants and reaction orders need to be constrained by the
experiments. In the following, we apply these concepts from chemical kinetics to
the study of protein aggregation phenomena.

1.2.1 Fundamental Processes in Protein Aggregation

In order to develop a kinetic model of aggregation, it is first necessary to establish
the species and the microscopic-level processes that are likely to be involved in
the overall assembly reaction. In this context, it is important to keep the kinetic
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1o nucleation Elongation Fragmentation 2o nucleation

kn k+

koff k- k2

Fig. 1.1 Microscopic processes of aggregation. A schematic depiction of the fundamental
microscopic processes of aggregation, also considered in the basic model discussed in Sects. 1.2.2
and 1.2.3. Spheres represent monomer, cylinders fibrillar species. Extensions to these processes
to account for their multi-step nature, which may become evident under certain conditions, are
discussed in Sect. 1.3

model as minimalistic as possible and only include those microscopic steps that are
required to explain experimental observations or that are suggested by our physical
intuition of the system. For this reason, we discuss here the simplest kinetic model of
filamentous assembly [23], in which filamentous aggregates are described as linear
chains of monomers that are formed, grow and multiply according to the following
three basic categories of processes that form the core parts of the aggregation
reaction (see Fig. 1.1 for a schematic visualization of the individual processes):

• De novo formation of aggregates – Primary nucleation – Primary nucleation
is the spontaneous formation of a growth-competent aggregate (nucleus) from
monomers alone, without the involvement of fibrillar species. As such, primary
nucleation represents always the first event in an aggregation process starting
with monomers only. The primary nucleation step reflects the fact that the
formation of small filaments is unfavourable so that aggregates smaller than a
certain critical size are unstable; the nucleus represents the smallest aggregate
species that is more likely to grow than to dissociate back into monomers.
Although it involves only monomers, it can, and in many cases does, happen
heterogeneously, on surfaces such as for example the air-solution interface or
lipid membranes [24, 25]. Removal of specific interfaces or experiments at
different surface to volume ratios can give insights into the extent to which such
interface effects alter the kinetics [26].

• Growth of existing aggregates – Elongation and dissociation – Existing
aggregates are capable of further growth through elongation, but may also shrink
through dissociation processes. During the elongation reaction, soluble protein
adds onto the ends of an existing fibril thus leading to an increase of the overall
aggregate mass. This process typically involves the attachment of monomeric
protein to either end of an existing fibril followed by a conformational rear-
rangement of the added monomer into a structure with high β-sheet content. The
addition step is typically rate-determining, but under certain conditions the multi-
step nature of the elongation reaction can become apparent (see Sect. 1.3.2).
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Dissociation is the reverse process of elongation and describes the removal of
monomers from the ends of an existing aggregate.1

• Multiplication of existing aggregates – Secondary processes – With the term
secondary processes we summarize fibril multiplication events that lead to the
formation of new growth-competent aggregates in a manner that depends on the
current fibril population [23, 28]. Fragmentation constitutes the simplest example
of a secondary process, where the rate of fibril multiplication depends solely
on the mass of existing aggregates and is independent of the monomers [29].
Fragmentation processes have been found experimentally to be active in the in-
vitro aggregation of the Aβ peptide of Alzheimer’s disease under mechanical
agitation [30] or in the formation of prions [31–33]. Another relevant example
of a secondary process is secondary (or surface-catalysed) nucleation. Secondary
nucleation describes the formation of new growth-competent aggregates from
the interaction between monomeric species and the surfaces of existing fibrils.
A physical manifestation of this mechanism would be that the fibril surface
catalyses the formation of a fibril nucleus, which, once detached from the
aggregate surface, yields a new growth competent fibril. Thus, mathematically,
secondary nucleation is distinguished from fragmentation by the fact that the
fragmentation rate does not depend on the free monomer concentration whereas
that of secondary nucleation does depend on the free monomer concentration.
Secondary nucleation was first described by Ferrone, Eaton and co-workers in
the context of their work on sickle haemoglobin aggregation [34–36]. It has
since been found to be the major mechanism of aggregate multiplication in other
protein systems including the aggregation of the Aβ peptide of Alzheimer’s
disease in-vitro under non-shaking conditions [28, 37, 38].

1.2.2 The Master Equation: Quantifying the Kinetics of
Aggregation

By considering the rates at which each one of the individual processes listed above
changes the concentration, f (t, j), of aggregates of size j at time t, we obtain the
following set of rate equations, known as the master equation [39]:

∂f (t, j)

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

+2kofff (t, j + 1) − 2kofff (t, j) (Dissociation)

1Dissociation ensures that fibril growth is reversible, in accordance with the principle of detailed
balance, however, in most aggregation reactions which are performed at significant supersaturation
this process does not have significant influence on the time course of the aggregate mass, which is
the observable of main interest to our discussion (see Sect. 1.2.3, “Common Approximations”). It
becomes relevant only at the very late stages of the aggregation process, when the aggregate mass
has equilibrated and the aggregate length distribution tends towards an exponential distribution
[27]. Equally the reverse of fragmentation is negligible and thus ignored.
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+2k−
∞∑

i=j+1

f (t, i) − k−(j − 1)f (t, j) (Fragmentation)

+knm(t)ncδj,nc (Primary nucleation)

+k2m(t)n2

∞∑

i=nc

if (t, i) δj,n2 (Secondary nucleation) (1.1)

(valid for j ≥ nc)

where δi,j is the Kronecker delta and m(t) is the concentration of monomers.
The terms on the right hand side of the master equation have straightforward

interpretation and represent, in order, contributions from elongation, dissociation,
fragmentation, primary nucleation and secondary nucleation with the respective rate
constants as summarized in Table 1.1. For example, the rate of secondary nucleation
depends on the monomer concentration raised to the reaction order n2 and the
available surface area of aggregated protein which is assumed to be proportional
to the aggregate mass concentration,

∑∞
j=nc

jf (t, j). The factor of 2 on the first
and second lines of Eq. (1.1) appears because the rate constants for elongation and
dissociation are defined per filament end and fibrils grow from both ends. Moreover,
implicit in our formulation is the assumption that the rate constants for the various
processes are size independent. In particular, the fragmentation rate is assumed to
be uniform along the length of the aggregate, meaning that aggregates are equally
likely to break at each bond between monomers. Physically this behaviour could be
envisioned if fragmentation is governed by random fluctuations, leading to breakage
of the bonds holding the fibril together. However, under mechanical stress one could
imagine a fragmentation rate that depends on the total length of the aggregate
[41, 42]. In such a case our approach constitutes a mean-field approximation, as
long as the average fibril length is approximately constant in time.

A system in-vivo might be modelled using Eq. (1.1) assuming a constant
concentration of monomeric protein, as the organism constantly replenishes protein
consumed through the aggregation process. In the majority of cases, however, the
aggregation kinetics is measured in an in-vitro context, where the total mass of pro-
tein and not the monomer concentration stays constant. Under these circumstances,
the conservation of total protein mass mtot = m(t) + ∑∞

j=nc
jf (t, j) has to be

enforced, yielding an additional rate equation for m(t):

dm(t)

dt
= − d

dt

∞∑

j=nc

jf (t, j). (1.2)

Finally, it is important to notice here that a reaction step (e.g. elongation step)
that is effectively written as a single term in the master equation (1.1) may in fact
consist of several steps, whose effect can become kinetically apparent under certain
environmental conditions. This observation will become extremely important as we
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Table 1.1 Parameters

Parameter/Units description

m, (m0)/c (Initial) monomer concentration. m(t) is the concentration of free, non-
aggregated monomer, called m0 at the beginning of the aggregation reaction.

M, (M0)/c (Initial) fibril mass concentration. M(t) is the mass concentration of
aggregates, i.e. the equivalent monomer concentration if the aggregates were
re-dissolved. Its value at the beginning of the reaction is M0, which is 0 in the
case of an unseeded aggregation reaction.

P, (P0)/c (Initial) fibril number concentration. P(t) is the number concentration of
aggregates, proportional to the number concentration of growth competent
ends, which are the points at which the aggregate can elongate. Its value at
the beginning of the reaction is P0, which is 0 in the case of an unseeded
aggregation reaction. P is linked to M by the average fibril length, L, via
M/P = L. P is difficult to measure directly but can be estimated from M by
using the average fibril length.

kn/t−1c−nc+1 Primary nucleation rate constant. This appears as knm
nc in the rate of

formation of primary nuclei. It has units of time−1 concentration−nc+1.

nc/unit-less Reaction order of primary nucleation. This appears as knm
nc in the rate

of formation of primary nuclei. Its simple interpretation, for example in the
context of classical nucleation theory, is that of a nucleus size, however this
interpretation is only valid if the reaction is a simple single step process. It is
unit-less and typically has a value between 0 and 5.

k+/t−1 c−1 Elongation rate constant. This appears as 2k+mP in the rate of formation of
new aggregate mass. It has units of time−1 concentration−1.

koff/t−1 Depolymerisation rate constant. This appears as −2koffP in the rate of
aggregate mass formation and is the rate at which monomers are lost from fibril
ends. It has units of time−1. This may be a global fitting parameter. However,
in most cases it is negligibly small.

k−/t−1 Fragmentation rate constant. This appears as k−M in the rate of formation
of new growth competent ends from fragmentation. It has units of time−1.
This form of the fragmentation rate assumes that an aggregate is equally likely
to break anywhere along its length, with the time-scale of breaking given by
1/k−.

k2/t−1 c−n2 Secondary nucleation rate constant. This appears as k2m
n2M in the rate of

formation of secondary nuclei. It has units of time−1 concentration−n2 .

n2/unit-less Reaction order of secondary nucleation. This appears as k2m
n2M in the rate

of formation of secondary nuclei. Its simple interpretation, for example in the
context of classical nucleation theory, is that of a nucleus size, however this
interpretation is only valid if the reaction is a simple single step process. It is
unit-less and typically has a value between 0 and 4 [28, 40], although larger
values are possible.

learn more about saturation effects in Sect. 1.3.2. In order to correctly interpret the
results of our kinetic analysis and develop appropriate extensions of existing models,
it is thus important to keep in mind what range of detailed mechanisms will map
onto this coarse-grained description and what mechanisms require instead additional
complexity. For this reason we have summarized the formal definitions of the kinetic
model in Table 1.2.
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Table 1.2 Definitions of the kinetic model of aggregation

Aggregates are linear chains of monomers, no branching occurs (i.e. new aggregates that form
at the surface detach).

Fibrils can fracture at any point with rate k−. This rate is unchanged throughout the fibril and
does not depend on its length, i.e. every monomer-monomer bond has an equal probability of
breaking.

Monomers can attach and detach at the ends of fibrils with rate constants k+ and (koff + k−)

respectively (i.e. koff determines how much more likely a monomer at the end is to break off
compared to the fibril breaking at any other position). These rate constants are independent of
the size of the aggregate.

Aggregates are unstable below a certain size, nc, and the transient population of aggregates
smaller than nc is hence neglected.

Stable aggregates of size nc can form from monomers with the nucleation rate constant kn. This
process is referred to as primary nucleation.

Stable aggregates of size n2 can form from monomers, heterogeneously on the surface of
existing aggregates, with the nucleation rate constant k2. This process is referred to as secondary
nucleation. It is assumed not to influence the elongation behaviour of the aggregates serving as
a nucleation surface.

All rate constants are reaction limited, i.e. the effects of diffusion are not considered explicitly.

Interactions between aggregates are neglected.

1.2.3 Principal Moments and Moment Equations

Being a set of infinitely many coupled and non-linear differential equations, the
master equation (1.1) seems very hard to solve. However, in a data analysis context
this difficultly does not necessarily preclude its use. In most cases, the full aggregate
size distribution f (t, j) is in fact not easily accessible through experiments. Instead,
measurements of average quantities, such as the total fibril mass, are made, which
can already provide significant insights into the mechanisms of aggregation.

1.2.3.1 Principal Moments

A particularly useful strategy to reduce the complexity of the master equation
is given by the introduction of the principal moments of the aggregate length
distribution, defined by the equation:

QN(t) =
∞∑

j=nc

jNf (t, j). (1.3)

Of particular experimental interest are the zero-th moment

P(t) = Q0(t) =
∞∑

j=nc

f (t, j) (1.4)
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and the first moment

M(t) = Q1(t) =
∞∑

j=nc

jf (t, j). (1.5)

These quantities, which correspond to the fibril number and mass concentrations
respectively, are the most common experimentally measured observables (see
Sect. 1.4).

1.2.3.2 Moment Equations

Differentiating the above equations for the lowest moments, Eqs. (1.4) and (1.5), in
combination with the master equation (1.1) we obtain two differential equations for
P(t) and M(t), commonly referred to as the moment equations [39]:

dP(t)

dt
= knm(t)nc + [k− + k2m(t)n2 ] M(t) − k−(2nc − 1)P (t) (1.6)

dM(t)

dt
= [2m(t)k+ − 2koff − k−nc(nc − 1)] P(t) (1.7)

+ncknm(t)nc + n2k2m(t)n2M(t).

Importantly, these moment equations form a closed system of two differential equa-
tions so that P(t) and M(t) can be determined independently of the full aggregate
size distribution f (t, j). Thus, compared to the initial infinitely dimensional master
equation, the introduction of principal moments not only provides a direct link to
common experimental observables but also results in considerable simplification of
the mathematics.2

1.2.3.3 Common Approximations

At this stage, it is advisable to introduce some approximations to further simplify
the moment equations before attempting to solve them (see Table 1.3 for the specific

2When analysing the kinetics of aggregate formation, we simply fit rate laws and obtain rate
constants and reaction orders, but we do not directly monitor the process. The microscopic
mechanism is inferred by our interpretation of the fitted parameters. This leads to an interesting
phenomenon: From a mathematical point of view, considering only the moment equations (1.8)
and (1.9), fragmentation and secondary nucleation with n2 = 0 (i.e. the rate determining
step of secondary nucleation is monomer independent, see Sect. 1.3.2) are equivalent and hence
indistinguishable in this kind of kinetic analysis. In order to distinguish between these two
possibilities, experiments that yield information on the fibril distribution are necessary. This could
constitute measurements of the full length distribution of fibrils, use trapping of fibrils in filters
to test for seeding of monomer nucleation or employ the addition of specific labels to fibrils and
monomer [43–45].
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Table 1.3 Common approximations

Approximation Description

Mass from nucleation events If long fibrils are produced, i.e. on average significantly
bigger than the nucleus sizes n2 and nc, the mass produced
directly from nucleation events will be negligible. This means
last two terms in Eq. (1.7) will be negligible. The aggregates
observed in the context of most aggregating systems usually
consist of several thousand monomers, making this a good
approximation.

Loss through fragmentation If a piece smaller than the nucleus size breaks off the ends it
will re-dissolve and therefore lead to a decrease in both mass
and number concentration. Because of the large average size
and the usually small value of the fragmentation constant this
effect is also negligible. The term last term in equation (1.6)
becomes negligible and so does the “k−” term in equation
(1.7).

Loss through depolymerisation Depolymerisation is the reverse of the elongation reaction. If
m∞ denotes the free monomer concentration in equilibrium,
i.e. the solubility of the monomer, then the depolymerisation
rate is given by koff = k+m∞. Therefore the depolymerisa-
tion rate will only become significant, i.e. comparable to the
elongation rate, at low monomer concentrations approaching
m∞. If the experiment is performed at concentrations well
above the solubility, where most of the initial monomer
concentration will be incorporated into aggregates, then the
depolymerisation rate can be neglected for the description of
the kinetics.

details of the various approximations employed here). These approximations are
based on considerations of the relative magnitudes of the rates of certain micro-
scopic processes. For example, under typical environmental conditions nucleation
processes are much slower than elongation; this condition ensures that long fibrils
will form from monomers. For this reason, elongation is the only process that
depletes monomers significantly and the contribution of nucleation processes to the
overall increase in aggregate mass can be considered to be negligible compared to
that of elongation. These approximations result in the following simplified set of
moment equations:

dP(t)

dt
= knm(t)nc + [

k− + k2m(t)n2
]
M(t) (1.8)

dM(t)

dt
= 2k+m(t)P (t). (1.9)

These equations are the fundamental kinetic equations for filamentous assembly
with secondary pathways and will thus serve as the basis for all descriptions in the
remainder of this chapter unless otherwise stated.
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1.2.4 Solving the Moment Equations: The Fixed-Point Method

The moment equations (1.8) and (1.9) fully describe the time evolution of commonly
measured quantities, the aggregate mass and number concentrations. From these
equations, one could, at least in principle, calculate the aggregate number and
mass at any point in time, given the values of the rate constants and the boundary
conditions. In practice, the rate constants can be determined for example through
kinetic experiments, whereas the boundary conditions are imposed by the type
of system at hand, most commonly an in-vitro context where the total mass of
protein stays constant. Unfortunately, exact solutions to the moment equations (1.8)
and (1.9) exist only in very few cases, including Oosawa’s solution to filamentous
growth dominated by primary nucleation [9], and in general one has to rely on
approximation methods in order to find accurate expressions for the aggregate mass
concentration, M(t), as a function of time.

One could ask why there is any need to derive analytic solutions to the moment
equations in the first place: The closed system of differential equations, (1.8)
and (1.9), can simply be integrated numerically to arbitrary accuracy, so what
advantage is gained by deriving analytic solutions? A minor factor is that analytic
solutions will significantly increase computation speed during data fitting, as numer-
ical integration of differential equations can be both computationally expensive
and less robust than evaluation of an analytical function. Much more importantly,
the availability of analytic solutions also allows the derivation of other system
representative quantities and provides the basis for a more in depth understanding
of the origins of the system’s behaviour. In particular, analytic solutions give a
handle on the relative importance of the different microscopic processes and can be
used to derive qualitative constraints on the mechanism, based on easily measurable
macroscopic parameters [37].

A powerful approach to find an approximate solution to the moment equations
is the fixed-point iteration method [46]. The underlying idea of this approach is
to reformulate the moment equations as a fixed-point equation and subsequently
apply the associated fixed-point operator repeatedly to an initial guess. The repeated
application of the fixed-point operator will cause the so-constructed series of
approximative solutions to converge to the exact solution of the moment equations.
Making an appropriate choice for the initial guess is particularly important for the
success of the fixed-point method, largely because the repeated application of the
fixed point operator can easily lead to very complex and thus impractical expressions
for M(t). We now illustrate these principles on the moment equations (1.8)
and (1.9).

To obtain the explicit form of the fixed-point relevant to our case, we integrate
Eq. (1.9) formally and recast it in terms of an integral operator3:

3Note that the fixed-point operator takes the form of Eq. (1.10) as long as the equation for dM/dt ,
Eq. (1.9) remains unchanged.
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M(t) = 2k+m0e−2k+
∫ t

0 P(τ)dτ

∫ t

0
e−2k+

∫ τ
0 P(τ̄ )dτ̄ P (τ )dτ, (1.10)

where, for simplicity, we have assumed that only monomers are present initially
(M0 = P0 = 0).

To construct an appropriate initial guess for the fixed-point iteration, we make
use of our physical intuition by realizing that the assumption of constant monomer
concentration will be accurate during the early times of the reaction when the
number of aggregates is small and the monomers are thus not significantly depleted.
This solution, which was originally obtained by Eaton, Ferrone and co-workers,
is found by linearising Eqs. (1.8) and (1.9) by enforcing a constant monomer
concentration, m(t) = m0, resulting in a set of linear differential equations that
can be solved straightforwardly to yield:

Pinit(t) = knm
nc
0

κ
sinh(κt) (1.11)

Minit(t) = knm
nc
0

k−+k2m
n2
0

[cosh(κt) − 1] , (1.12)

where

κ =
√

2k+m0
(
k− + k2m

n2
0

)
. (1.13)

Finally, performing one fixed-point iteration by inserting Eq. (1.11) into
Eq. (1.10) yields the following closed-form expression for M(t):

M(t)

m0
= 1 − exp

(
− knm

nc

0

k− + k2m
n2
0

[cosh(κt) − 1]

)
. (1.14)

The comparison between Eq. (1.14) and the numerical solution to the moment
equations in Fig. 1.2 demonstrates the power of the fixed-point iteration method
for tackling the mathematical complexity inherent to the description of filamentous
growth phenomena. With this strategy similar accurate approximate solutions have
been obtained for various other mechanisms of aggregation; the explicit expressions
for the various different aggregation mechanisms presented in the following can be
found in Meisl et al. [47].

1.2.5 Implications from Integrated Rate Laws

One of the biggest advantages of obtaining analytic solutions to the moment
equations is the ability to derive expressions for representative observables that
provide the basis for an in-depth understanding of the origins of the system’s
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Fig. 1.2 Approximate solutions. The exact, numerically integrated solution is shown as the blue
solid line. The linearised solution, dotted red line, is only valid at early times, as it does not
take into account monomer depletion it increases exponentially, never reaching a plateau. The
approximate solution, purple dashed line, obtained after one application of the fixed-point operator,
approximates the accurate solution well over the full time-course of the reaction

behaviour. In particular, analytic solutions give a handle on the relative importance
of the different microscopic processes and can thus be used to derive qualitative
constraints on the mechanism, based on easily measurable macroscopic parameters
[37]. In the following, we illustrate these points by exploring in detail how Eq. (1.14)
contributes to our understanding of filamentous growth phenomena.

1.2.5.1 Early-Time Behaviour is Exponential

The first consequence of Eq. (1.14) is that for an aggregation reaction dominated
by secondary processes, the fibrillar mass initially increases exponentially M(t) ∼
eκt , where κ is an effective rate of multiplication that combines contributions from
growth and the rate of all active secondary pathways:

κ = √
(elongation rate) · (sum of rates of secondary processes). (1.15)

Hence, together with the elongation reaction, secondary processes form a positive
feedback loop, where the growth of newly formed aggregates leads to an increased
rate of the secondary processes, which in turn promotes the formation of further
aggregates. The initial exponential increase of the aggregate mass when secondary
processes are active is to be compared to the situation when secondary processes
are absent and aggregates are formed only through primary nucleation. Under these
circumstances, a more gradual polynomial increase M(t) ∼ t2 is predicted by
Oosawa’s exact solution [9]. This difference in behaviour can be useful as a rough
guide for distinguishing systems dominated by primary or secondary nucleation
through a simple inspection of the kinetic curve shape.
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1.2.5.2 Half-Times and Scaling Exponents

There are many paths by which an aggregation reaction can proceed and a major
challenge in the analysis of experimental data is to determine which aggregation
mechanism is dominant. A fitting of the rate laws for the full network is often not
feasible, therefore strategies to narrow down the number of possible mechanisms are
required. One qualitative constraint to the underlying mechanism can be obtained
by the analysis of the dependence of the half times on the monomer concentration.
In the following, we will discuss how half times provide insights into the topology
of the reaction network and thereby constrain the possible mechanisms in action.

The half time of aggregation, t1/2, is defined as the time at which half the
fibrillar mass present at the end of the reaction has been formed. The availability
of Eq. (1.14) allows us to obtain an approximate expression for this half time by
solving M(t1/2) = m0/2, yielding [48, 49]:

t1/2 = 1

κ
log

[
log(2)(k− + k2m

n2
0 )

knm
nc

0

]
. (1.16)

As expected from the dominance of secondary pathways, t1/2 is found to be
inversely proportional to the aggregate multiplication rate κ , even though a weak
dependence of the half time on the primary nucleation emerges in form of a
logarithmic correction. This result can be rationalized by the fact that the formation
of new fibril ends is initially always controlled by primary nucleation even when
secondary processes are dominant at later stages of the reaction. Note that the idea
that in bulk experiments the observed lag time (i.e. the time until an increase in
aggregate mass can be detected) is the time to formation of the first nucleus is
a common misconception. In almost all bulk systems the first nucleus is formed
effectively immediately, the lag time is instead the time until a sufficient amount
of aggregated material has been formed to be detected. First, this is evident from
the reproducibility of the lag time and lack of stochastic effects, second, a self-
consistency check using the fitted values of the nucleation rates shows that a
nucleation rate far away from that determined from the fitting would be required
in order to put the system into a regime determined by stochastic nucleation effects
[50]. However, stochastic behaviour, where the lag time is indeed determined by
the time until formation of the first nucleus, can be observed if the reactions are
performed in very small volumes, for example nl-sized droplets in a micro-fluidic
device [51].

When either fragmentation or secondary nucleation is dominant, the dependence
of t1/2 on the monomer concentration, m0, takes approximately the form of a power
law t1/2 ≈ m

γ

0 , where γ is referred to as the scaling exponent. A double logarithmic
plot of the half time versus monomer concentrations therefore gives a straight line
with slope γ :

γ = d(log(t1/2))

d(log(m0))
= m0

d(log(t1/2))

dm0
. (1.17)
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The exact value of the scaling exponent depends on the monomer-dependence of
the dominant pathway of aggregation and in general it takes the form:

γ ≈ − (reaction order of elongation) + (reaction order of dominant 2o process)

2
,

(1.18)
where the factor of 1/2 originates from the square root in κ . For example,
fragmentation is monomer independent and so in a system which is dominated
by fragmentation processes (i.e. the contribution from primary and secondary
nucleation is negligible) we expect a scaling exponent of γ = −1/2. By contrast,
the secondary nucleation step is characterized by a non-zero monomer dependence,
hence a system dominated by secondary nucleation would result in a scaling
exponent of γ = −(n2 + 1)/2. Because the reaction order of secondary nucleation
commonly takes low integer values around 2, the observation of a scaling exponents
of a large magnitude, e.g. −1.5, is typically indicative of a secondary-nucleation-
dominated aggregation mechanism. In the absence of secondary pathways, the
scaling exponent is determined by the reaction order of the primary nucleation
step alone, giving γ = −nc/2. Hence, half-time plots as a function of monomer
concentration and the associated scaling exponents are of central importance in
establishing the main mechanism of aggregation of a given protein system.

1.3 The Full Aggregation Network: Interplay and
Competition

In the previous section, we have demonstrated how the scaling behaviour of the half
time with monomer concentration provides important insights into the nature of
the dominant mechanism of filamentous assembly through the value of the scaling
exponent γ . In the following, we demonstrate that, in addition to its actual value,
the monomer concentration dependence of the scaling exponent can provide further
insights into the full aggregation network, such as the existence of saturation effects
or competing mechanisms [40].

1.3.1 Monomer Dependence of the Scaling Exponent as a
Guide to Complex Mechanisms

The scaling exponent is determined by the reaction orders of the dominant processes
on the aggregation pathway. Therefore, a scaling exponent which is independent
of the monomer concentration is indicative of the fact that the dominant mech-
anism of aggregation is likely to remain unchanged over the range of monomer
concentrations considered. By contrast, a scaling exponent that depends on the
monomer concentration (i.e. the scaling exponent, not just the half times, depend
on the monomer concentration) is indicative of a change of the reaction order of the
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Fig. 1.3 Scaling in parallel and serial reaction networks. A schematic depiction of a simple
parallel and a simple serial reaction network. Each one of the networks has a monomer-dependent
step (S1 or P1) and monomer-independent step (S2 or P2). In the serial network S1 determines the
rate at low concentrations, whereas S2 is rate-determining at high concentrations. By contrast,
in the parallel system P2 dominates the reaction at low monomer concentrations, whereas P1
dominates at high concentrations. Experimental examples illustrate the two cases. For a serial
system we observe a decrease in the monomer dependence of the reaction rate with increasing
monomer concentration, resulting in a positive curvature of the half time plots (Aβ40 peptide
[52]). A parallel system displays an increase in monomer dependence of the reaction rate with
increasing monomer concentration, resulting in negative curvature in the half time plots (Aβ42
at low ionic strengths [53]). (Adapted from Ref. [40] with permission from the Royal Society of
Chemistry)

dominant process and the direction (curvature) of this change (decrease or increase
in monomer dependence) contains information about the topology of the reaction
network [40].

To illustrate this principle, we consider the two simple reaction networks
illustrated in Fig. 1.3. Both schemes describe the transformation of monomers (blue
circles) into the same reaction product (blue squares). The first network, however,
consists of two steps in parallel, whereas the second one is built up of two steps in
series, with the conversion of intermediate to product occurring through the action of
a catalyst.4 Our focus is on the net rate of formation of product and on understanding
its dependence on the monomer concentration.

4Note that for a simple serial reaction, without catalyst, the rate of formation of product depends
on the rates of the individual reactions in a multiplicative fashion, so no saturation effects emerge
and the overall monomer dependence will remain constant.
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Since the reactions S1 and P1 are monomer-dependent but the reactions S2 and
P2 are monomer-independent, we expect that lowering the monomer concentration
sufficiently will lead to a regime where the processes S1 and P1 are significantly
slower than S2 and P2. In the case of the serial network, this situation means that
the process S1 becomes rate determining. By contrast, in the case of the parallel
network, P1 is very slow and P2 is thus the main generator of product. Therefore,
the overall rate of product formation in the serial network depends on the monomer
concentration (as the monomer-dependent reaction S1 is rate-determining), whilst
in the parallel network it is independent of the monomer concentration (effectively
P2 alone is responsible for the formation of product).

In the opposite limit of high monomer concentration, the processes S1 and P1 are
faster than S2 and P2. Under these circumstances, the net rate of product formation
in the serial network is limited by the conversion of intermediate to product (S2)
while the production of intermediate runs very fast. By contrast, in the parallel
network, most of the product is formed through the monomer-dependent step P1.
Hence, in the high monomer concentration regime, the rate of product formation in
the serial network is determined by the monomer-independent reaction, whereas in
the parallel network it is controlled by the monomer-dependent process.

By this simple example, we have illustrated how a parallel process possesses a
weak monomer dependence at low monomer concentrations and a strong monomer
dependence at high monomer concentrations and that the opposite is true for a
saturating process. Therefore, an increase in the magnitude of the scaling exponent
with increasing monomer concentration is characteristic of a parallel pathway
(negative curvature in the half time plots), whereas a decrease of the scaling
exponent is characteristic of a serial (i.e. saturating) pathway (positive curvature
in the half time plots).

Applied to protein aggregation, these results suggest that a decrease in the
magnitude of the scaling exponent with increasing monomer concentration requires
a saturation of either elongation or secondary nucleation. Seeded experiments can
directly sample the elongation reaction and hence distinguish between the two cases.
An increase in the magnitude of the scaling exponent with increasing monomer
concentration requires a competition between two processes in parallel. This can be
either primary nucleation and one of the secondary processes or fragmentation and
secondary nucleation competing with each other. In the following, we will discuss
these two separate cases in more detail.

1.3.2 Saturation: Processes in Series

In its simplest interpretation, the steps in a kinetic scheme correspond to elementary
steps of the reaction. Elementary steps cannot be broken down into sub-steps, as
there are no further stable intermediates on the path from reactants to products.
However, in the case of large complex molecules, such as proteins, reactions often
involve conformational rearrangements and the formation of many interactions
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within a molecule and between species. It is usually not feasible to explicitly
take into account all these processes and the kinetic description used to model the
reaction therefore becomes coarse-grained, where each ‘single step’ may in fact
consist of many elementary steps. In many situations this difficulty does not limit
the applicability of single-step kinetic models, as these sub-steps are fast and not
kinetically visible.5 However, under certain environmental conditions, some of these
sub-steps might become rate-determining so that the multi-step nature of the process
becomes apparent. In particular this situation may arise if the individual sub-steps
display different reaction orders and therefore respond differently to a change in
concentration. In this case the kinetic descriptions have to be extended to take this
effect into account.

As discussed above, such serial reactions, if the intermediate is catalytic, will
display a decrease in monomer dependence as the monomer concentration increases,
reflected in a positive curvature of the half time plots [40].

1.3.2.1 Multi-step Elongation

In the basic model discussed in Sect. 1.2.3 elongation was described as a single-
step reaction, where monomeric species from solution directly add onto fibrils. In
real amyloid forming systems the monomer is often present in a disordered state or
folded differently to its conformation within the fibril [21, 54, 55]. Therefore, the
elongation of amyloid fibrils will most likely involve monomers adsorbing onto the
ends of fibrils and then adopting the β-sheet rich conformation required to maximise
interactions within the amyloid fibril, in a process that will be determined by the
intrinsic time-scale required for structural rearrangement. Indeed there is evidence
for such a lock-dock mechanism in several systems [56–58]. As the first step of
this process depends on the monomer concentration, whereas the second step is
monomer-independent, this process resembles the serial network discussed above.
Hence, we expect that its multi-step nature will become kinetically visible as a
saturation effect at sufficiently high monomer concentrations.

The lock-dock mechanism can be modelled as a two-step reaction, with an
initial, monomer-concentration-dependent attachment step followed a monomer-
concentration-independent rearrangement step. This mechanism is formally equiva-
lent to a Michaelis-Menten kinetics scheme from biochemistry [59], where the fibril
end is the catalyst, the monomer the substrate and the product is a slightly longer
fibril with a new growth competent free end. The corresponding scheme in terms of
fibril number and mass is given in scheme 4 (Fig. 1.4).

5However, keep in mind that the rates and reaction orders of such coarse-grained processes are not
as straightforward to interpret on a molecular level as in elementary reactions.
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Fig. 1.4 2-step elongation. In a first step a monomer, m, binds to a free fibril end, Pfree, with
rate constant kf , forming a complex, [P · m]. The complex can dissociate again with rate constant
kb. Within this complex the monomer then rearranges to adopt the correct fibrillar conformation,
forming a free end again with rate constant kr and increasing the overall aggregate mass, M

Applying the standard Michaelis-Menten steady-state approach [60] results in an
extended version of the equation for the aggregate mass as (compare to Eq. (1.9)):

dM

dt
= 2k+

m(t)

1 + m(t)/KE

P (t) (1.19)

where KE = (kb + kr)/kf and k+ = kf kr/(kb + kr). The physical interpretation of
the Michaelis constant KE gives the monomer concentration at which elongation is
half saturated, i.e. the elongation step proceeds at half its maximum speed.

If the monomer concentration is low, m(t) � KE , the initial monomer dependent
step is slow and therefore determines the overall rate. This low monomer limit is
identical to the simpler single step model assumed previously in Eq. (1.9). Therefore
many systems can be successfully modelled with single step elongation kinetics,
simply because they are far away from the saturation concentration, KE , at which
the rearrangement step becomes visible kinetically.

By contrast, if the monomer concentration is high, m(t) � KE , the monomer
dependent step is fast and the rearrangement step becomes rate-limiting. Under these
circumstances Eq. (1.19) reduces to dM/dt = 2k+KEP(t). In this limit the overall
elongation reaction does no longer depend on the monomer concentration; a further
increase in monomer will not change the rate of elongation and the process is said
to be saturated. Whilst in the low monomer limit, the simplified form of dM/dt is
valid for the entire time course, this is not true in the high monomer concentration
case: Free monomer is depleted during the reaction and necessarily falls below KE

at some point, so the elongation rate slows and the aggregation reaches completion.
In general, upon saturation of elongation the scaling exponent will increase by

1/2, but its absolute value also depends on the dominant nucleation mechanism:

γ ≈ γnuc − 1

2(1 + m0/KE)
(1.20)

where γnuc is the contribution of secondary nucleation processes to the scaling and
γelon is the contribution from elongation, such that γ = γnuc +γelon. This expression
interpolates between the limits of unsaturated elongation, γelon = −1/2, and fully
saturated elongation, γelon = 0.
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1.3.2.2 Multi-step Primary Nucleation

In the majority of cases it is sufficient to treat primary nucleation as a single
step mechanism, with one rate constant and one reaction order, as described by
the term knm(t)nc in Eq. (1.9). In general, however, there may be several steps
during the formation of a primary nucleus. If high quality data of the part of the
aggregation reaction where primary nucleation is important exist, such as data
on the concentrations of different oligomeric species [61], then these models can
be used in order to gain insights into the details of the nucleation cascades. In
either case, it is important to employ a minimal model approach to avoid over-
fitting and indeed bulk experimental data can often be fit by a single-step primary
nucleation model. This means that to within experimental accuracy the nucleation
process may be described as a single-step reaction, but care needs to be taken when
interpreting the microscopic parameters: for a true, elementary-step reaction, the
reaction order of a species can indeed be interpreted as the number of molecules
of that species taking part in the reaction, i.e. in this case the reaction order nc

would correspond to the nucleus size. By contrast, in this coarse grained model,
nc should not be naively interpreted as a nucleus size, but rather as the reaction
order of the rate determining step. For example, if the nucleation reaction happened
on an interface, the scaling can become significantly smaller than the nucleus.
The multi-step nature of primary nucleation can also become apparent in a system
where primary nucleation is the main process of aggregate multiplication (i.e. in the
absence of secondary processes). In that case a multi-step primary nucleation can
in fact change the time dependence of M(t) to be ≈ tn+1 where n is the number of
steps in the nucleation cascade. A detailed discussion of nucleation cascades can be
found in Garcia et al. [62].

1.3.2.3 Multi-step Secondary Nucleation

We have already mentioned the possible complexity of primary nucleation, and the
nucleation cascade models that exist to describe this process, and we have included
a possible saturation effect into the elongation process. Now we will consider the
details of the secondary processes and what extensions of our models may be
necessary to account for their potential multi-step nature.6

It is hard to envision that secondary nucleation, a process where several
monomers and fibrils have to meet, happens in a single step, as a three (or more)
body collision. More likely fibril attachment and monomer encounter occur in
separate steps. Kinetically, the multi-step nature of this process is relevant because
the individual steps will have a different dependence on monomer concentration.

6Fragmentation is a first order reaction, dependent only on fibril mass and could reasonably be
expected to follow single-step kinetics. No kinetic evidence for its multi-step nature exists to date,
so it is not discussed here.



1 Dynamics and Control of Self-Assembly 21

Similar to the effect discussed for elongation in Sect. 1.3.2.1, this may lead to
saturation effects and a change in the reaction order as the monomer concentration
is varied. Such a behaviour has been observed for several variants of the Aβ peptide,
for a range of conditions [52, 63], see also Fig. 1.7.

One can envision different scenarios, depending on whether monomer encounter
occurs on or off the fibril. In the former case, we model this effect by assuming
that monomers bind to the surface of existing fibrils, where they may form a
nucleus [64]. The rate of nucleus formation will then simply depend on the surface
concentration (i.e. the coverage) to the power of the reaction order, n2. Alternatively,
monomers may meet directly, rather than first binding to the fibril surface, and the
fibril surface serves as the catalytic site for conversion of the oligomeric species.
In this case, following a similar line of argument as for elongation, we obtain a
modified version of the moment equation (1.9) that takes into account the multi-
step nature of secondary nucleation:

dP

dt
= k2

m(t)n2

1 + m(t)n2/KM

M(t) + knm(t)nc (1.21)

where KM is the Michaelis constant of secondary nucleation, and K
1/n2
M cor-

responds to the monomer concentration at which secondary nucleation is half
saturated, meaning that the nucleation step proceeds at half its maximum speed.
In the limit of low monomer (K1/n2

M � m) we recover the expression for a single

step nucleation, as in Eq. (1.8). At high concentrations (m � K
1/n2
M ) the reaction

order of the secondary pathway in monomer is close to zero.
The scaling exponent is given by:

γ ≈ −1

2

(
n2

1 + m0/KM

+ 1

)
. (1.22)

This expression interpolates between γ = −(n2 +1)/2 and γ = −1/2 for the limits
of low and high monomer, respectively.

1.3.3 Competition: Processes in Parallel

There are several processes that produce new growth competent aggregates: pri-
mary nucleation and the two secondary processes, fragmentation and secondary
nucleation. These processes may all occur in parallel and can hence compete
for being the dominant mechanism of aggregate formation. This competition can
become kinetically visible through a shift in the dominant mechanism due to the
differing monomer dependence of the three processes. Fragmentation is monomer
independent, whereas primary and secondary nucleation depend on the monomer
concentration to the powers of nc and n2, respectively.
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As discussed previously, when two processes compete in parallel, the process
with the higher reaction order will dominate at high concentrations. Therefore, we
expect an increase in the monomer-dependence of the reaction rate with increasing
monomer concentrations, reflected by negative curvature in the half time plots.

1.3.3.1 Competition Between Primary and Secondary Processes

A shift between a primary and a secondary dominated mechanism with a change
in monomer concentration could be envisioned if the reaction orders of the two
processes differ significantly. In all systems that display a secondary process studied
thus far, this secondary process is so fast compared to the primary ones that
it dominates the aggregation reaction at all accessible monomer concentrations.
However, in computer simulations of aggregation [64] a competition between
primary and secondary processes can be observed: Naturally nuclei that form from
primary nucleation, homogeneously in solution, are larger than those formed on
the surface of fibrils through secondary nucleation, therefore the reaction order
for secondary nucleation is lower than that of primary, and primary nucleation
dominates at sufficiently high monomer concentrations. The scaling exponent varies
between the scaling for a secondary nucleation dominated mechanism, γ = −(n2 +
1)/2, at low monomer, and that for a primary dominated mechanism, γ = −nc/2,
at high monomer. Moreover, a change in the curve shape, from the exponential
shapes produced when secondary processes dominate to the polynomial shapes
when primary nucleation dominates, is expected to occur.

1.3.3.2 Two Competing Secondary Processes

The contributions to the rate of growth competent end formation, dP/dt , from the
secondary processes is k−M(t) for fragmentation and k2m(t)n2M(t) for secondary
nucleation. While both depend on the concentration of aggregates, M(t), only
secondary nucleation also depends on the monomer concentration. Therefore, if
a monomer-dependent secondary pathway is in principle accessible in a given
system, it should become dominant over fragmentation at sufficiently high monomer
concentrations. At low concentrations, by contrast, fragmentation is expected to
become dominant.

The relevant differential equation for the rate of new aggregate formation is given
by:

dP

dt
= knm(t)nc + (k− + k2m(t)n2)M(t). (1.23)

The approximate scaling exponent is determined as

γ ≈ −1

2

(
n2

1 + K/m(0)n2
+ 1

)
, (1.24)
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Fig. 1.5 Scalings in different limits. This table summarizes the scaling and changes in scaling
for the range of mechanisms discussed here. The top table gives the scaling when no competition
or saturation is observed, as well as the approximate early time increase in aggregate mass
concentration, M(t), with time, t , as a function of the initial monomer concentration m0. The
bottom table gives the change in scaling exponent upon an increase in the monomer concentration,
going from one extreme, such as the non-saturated regime, to the other extreme, such as the fully
saturated regime. A value of −1/2 would thus correspond to a decrease in the scaling by 1/2.
(Adapted from Ref. [40] with permission from the Royal Society of Chemistry)

where K = k−/k2. As expected, this expression interpolates between the scaling
for fragmentation, γ = −1/2, at low monomer concentrations and the scaling
for secondary nucleation, γ = −(n2 + 1)/2, at high monomer concentrations.
The concentration at which the two processes contribute equally is determined
by K(1/n2), where K = k−/k2. The scaling exponent decreases with increasing
monomer and there is negative curvature in the half time plots (Fig. 1.5).

1.3.4 Representing the Reaction Network

So far, we have identified two quantities describing an aggregating system, P(t)

and M(t), and have derived equations describing their time evolution in terms of the
initial conditions and the physical properties of the system (the rate constants and the
reaction orders). We have considered the individual processes and the effect of them
acting in parallel and in series, now we combine them into a visual representation of
the entire reaction network. Although the moment equations are very similar to mass
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action equations encountered in simple chemical reactions, the quantities M(t) and
P(t) do not represent chemical species in the usual sense. As such, turning these
equations into chemical schemes may at first seem unusual. Take for example the
addition of a monomeric species to a fibril end with rate constant k+: this leads to
loss of a monomer, m, and production of a unit of mass, M . The number of ends P

remains unchanged, so the corresponding chemical scheme would be

P + m → P + M

although physically this simply corresponds to creating a fibril from a slightly
shorter fibril and a monomer.

Applying this strategy, a reaction network in terms of the moments P and M

can be formulated to visualise the aggregation reaction, see Fig. 1.6: Starting at the
top left, primary processes use up monomer, m, and produce new fibrils ends P ,

Fig. 1.6 Full reaction network. This reaction network explicitly shows all processes involved in
the aggregation reaction discussed in this chapter. By following the arrows from monomer, m, one
can trace the different possible paths to fibrils which the system can take. Note in particular the
competition between the nucleation and fragmentation in parallel, (both form new aggregates P

from aggregate mass M , but secondary nucleation also involves monomer m) as well as the positive
feedback loop formed by elongation (from P to M) and the secondary processes (back from M to
P ). (Adapted from Ref. [40] with permission from the Royal Society of Chemistry)
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and are independent of the concentration of fibrils present.7 They are necessarily
present in an aggregation reaction that starts from monomeric protein, as they
are responsible for the formation of the initial aggregates from monomers alone.
Elongation processes then also use up monomer m and produce fibril mass M .
Although a growth competent end, P , is required for elongation, a new growth
competent end is formed by the added monomer, so P is conserved in this reaction
(note the arrow back towards P during the conversion of the intermediate P ∗).
Elongation is always present in an aggregating system of the kind studied here,
as it is the process that produces the aggregate mass. Without elongation no fibrils
would be formed, only small nuclei. The aggregate mass, M , can then catalyse the
formation of further new aggregates, P , via one of two mechanisms: either fibrils
fragment with rate k−, or monomers nucleate on the fibril surface, via a bound
intermediate M∗. Both secondary nucleation and fragmentation conserve aggregate
mass M , as evident by the arrows back towards M .

This reaction network picture illustrates the basic principles of aggregation, not
only how the different mechanisms compete in parallel but also why secondary
nucleation is often of such central importance: Primary nucleation and elongation
alone would be a simple linear reaction network (turquoise and orange, at the top of
the network). However, if secondary processes are present they introduce a positive
feedback loop: M is linked back to P to close the loop with elongation, either
through fragmentation, directly with rate constant k−, or via the intermediate, M∗,
for secondary nucleation. As discussed previously this positive feedback results in a
massive acceleration of the aggregation reaction, evident by the exponential increase
in aggregate mass observed in experiment.

1.4 Application to Experiment: Global Fitting of Kinetic
Data

A kinetic experiment of fibril formation usually involves measuring the concentra-
tion of aggregated material as a function of time, e.g. via a reporter dye such as
Thioflavin-T (ThT), or recording the concentration of free monomer over time, e.g.
via NMR techniques. In either case, the purity of the sample and the careful control
of the experimental conditions are key. In fact, protein aggregation reactions tend to
be very sensitive to impurities or surface effects and thus a meticulously optimized
experimental procedure is a fundamental prerequisite for obtaining reproducible
kinetic data [63].

As the mechanisms of aggregation are complex and thus involve many different
parameters, the kinetic measurements have to be performed at a number of monomer
concentrations in order to yield sufficient constraints for all the fitting parameters.

7As described in Sect. 1.2.3, “Common Approximations”, the mass produced by nucleation can be
neglected relative to that generated through elongation.
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Fig. 1.7 Global fitting of aggregation data. (a) The half time plots are used to narrow down
the mechanism. In this case strong monomer dependence at low monomer concentrations and the
positive curvature indicate a saturation of secondary nucleation as the correct mechanism. (b) The
mass concentration is fitted over the full time course to the approximate solution of the moment
equations. This is a global fit, simultaneously at all monomer concentrations. (c) The fitting of a
model that has only primary processes, a model that has fragmentation as its secondary process
and a model that has a single-step secondary nucleation all fail. (Adapted from Ref. [52])

In a first step the half time plots can be used as an approximate guide to possible
mechanisms (Fig. 1.7a). The solution for M(t) for the mechanism in question is then
fitted globally, i.e. to all data simultaneously, (Fig. 1.7b) to yield the rate constants
and reaction orders of the individual processes [47]. It is important to also test other
mechanism and ensure the data cannot be fitted by a simpler model (Fig. 1.7c).

Additional experiments in the presence of seeds can be used to provide further
evidence for a given mechanism [63]. The variation of the aggregation behaviour
upon addition of other compounds, such as possible inhibitors, can be used to
determine at which point in the aggregation network this compound acts [65, 66].

1.5 Controlling Aggregation: Inhibitors and Solution
Conditions

The understanding of the fundamental molecular processes that underlie the aggre-
gation reaction opens the attractive possibility to rationally predict which processes
have to be modified in order to affect the aggregation behaviour in a desired manner.
This crucial application is relevant in many areas of biological and biotechnological
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sciences when there is the need to increase the yield of a desired product or to
prevent aberrant aggregation. One important example is observed in the context
of the aggregation of amyloidogenic peptides and proteins associated with the
onset and development of neuro-degenerative disorders, where the inhibition of the
aggregation process represents a promising strategy in the development of drugs for
the prevention of these aggregation-related diseases. Another important application
where aggregation must be strictly avoided is found in the industrial production of
therapeutic proteins such as insulin and monoclonal antibodies.

The rate of every microscopic aggregation process can be expressed as the
product of a reaction rate constant and the concentration of the reactive species.
Typically, the reaction rate constant is strongly dependent on the intermolecular
interactions that two colliding objects face while approaching each other. As a
consequence, the kinetics of the aggregation process can be modulated by tuning
the intermolecular forces via changes in the solution conditions. For instance, the
screening of electrostatic interactions through an increase in the ionic strength
of the solution can have significant effects on the aggregation behaviour: as the
aggregating species are usually like-charged, higher ionic strength often results
in reduced repulsion and increases all rates of assembly [53, 67, 68]. Moreover,
different processes may be affected to a different degree, resulting in a shift of the
dominant mechanism, for example through a saturation of the secondary nucleation
process. In addition to shielding electrostatic interactions, another means to modify
electrostatic interactions involves changing the charge of the protein: for example,
α-synuclein displays a secondary nucleation-dominated process only under acidic
conditions (pH < 5.8). This effect may be due to a decrease in negative charge
upon protonation of a side chain residue [38]. Equally, mutant proteins with altered
charges can display significantly different aggregation behaviours and indeed, in the
context of Alzheimer’s and Parkinson’s disease, many of the disease related mutants
show an altered charge compared to the wild type [69, 70].

The methods described above affect the aggregation behaviour by modulating
the interactions of the aggregating species in a complex manner, and often it is
challenging to perturb specifically one single microscopic event by this modality.
More targeted tools are offered by the use of species designed to bind a specific
target in the aggregation network and thereby inhibit a specific process. This
approach includes the addition into the reaction mixture of a large variety of
modulators including small molecules, peptides, proteins and antibodies. In this
case, the reaction rate is modified by changes in the concentration of the reactive
species rather than by modifications of the reaction rate constants. In particular, a
specific modification of a single microscopic event can be achieved by targeting a
reactive species that participates only in the desired microscopic reaction.

For instance, one could envision the possibility of inhibiting elongation by
adding compounds that bind to fibril ends preventing their further growth, i.e.,
reducing the concentration of fibril ends that are capable of adding monomers
and elongate. Similarly, primary nucleation could be selectively suppressed by
introducing molecules that interact with some pre-nucleus clusters, while secondary
nucleation could be inhibited by adding species capable of binding to the surfaces
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of the fibrils. In Fig. 1.8 we outline the effect of inhibiting specifically several
different processes on the time evolution of the fibrillar mass. In order to illustrate
this concept, we simulate the inhibition of a reaction rate by decreasing the
corresponding apparent reaction rate constant.8 Depending on the process being
inhibited, the half time or the slope of the aggregation curves can be modified in a
different manner [65]. The characteristic changes in the shape of the reaction profiles
in the absence and presence of the modulators can be analysed to identify inhibitors
capable of modulating different processes [65].

In addition to modifying the aggregation kinetics, the inhibition of the aggre-
gation process can have significant effects on the fibril length distribution at the
completion of the reaction, as indicated by the simulated change in the fibril number
concentrations shown in Fig. 1.8. At a fixed total protein concentration, a reduction
in the number of fibrils at the completion of the reaction corresponds clearly to
longer fibrils.

This observation is particularly important in the context of the search for drugs
against diseases that are associated with protein aggregation, since increasing
evidence indicates that different fibril lengths may display significant differences
in toxicity. In particular, clusters of a few monomeric units are currently thought
to be likely to represent the most toxic species. A key consequence highlighted
by the kinetic analysis is the fact that for a successful therapeutic intervention it
is crucial to achieve a targeted inhibition of specific steps rather than aiming at
a generic arrest of the aggregation process [65]. Indeed, a decrease in the overall
aggregation rate achieved for instance by suppressing the elongation rate may result
in an increase in toxicity due to a shift of the fibril population towards shorter, more
toxic species (Fig. 1.8b) [71]. By contrast, a specific suppression of the microscopic
reactions which are most responsible for the generation of oligomers is desired. For
this purpose, the kinetic platform described in this chapter provides an extremely
powerful tool for the screening and the identification of compounds capable of
achieving this goal. Indeed, this analysis has been applied to identify the variety
of microscopic mechanisms through which biologically relevant components are
capable of supressing aggregation under normal physiological conditions [72]. In
particular, a molecular chaperone has been recognized to suppress specifically and
dramatically the rate of secondary nucleation events that are responsible for the
generation of toxic species during the aggregation of the Aβ42 peptide, the peptide
associated with the onset and development of Alzheimer’s disease [71]. From the
lessons learnt from nature, we envision the possibility to design molecules that
mimic the same effects and could represent promising drug candidates against
neurodegenerative diseases [73].

8This is a treatment of inhibition as a perturbation to the models for aggregation of pure protein
and does not explicitly include reactions of the inhibitor with the various species in the aggregation
reaction network. Therefore, it does not reproduce intricate effects, for example due to the kinetics
of inhibitor binding, but it does to a very good approximation yield the same overall behaviour
as the more complex approach and is thus sufficient for the purposes of illustrating the effect or
establishing which species is targeted by the inhibitor.
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Fig. 1.8 Effect of inhibition of different processes. The effect of inhibition of different processes
on the mass and number concentrations of fibrils is modelled. The system modelled is based
approximately on the rate constants for Aβ42 from Alzheimer’s disease. Blue curves have the
highest rate constants (least inhibition), yellow curves the lowest rate constants (highest inhibition).
An inhibition of primary nucleation results in a shift of the curves along the time axis; the
fibril number at completion is not affected. An inhibition of elongation is more effective in
delaying the formation of aggregate mass than an inhibition of primary nucleation, but it also
significantly increases the fibril number at completion because nucleation processes are favoured
over elongation processes, resulting in shorter fibrils. Last, an inhibition of secondary nucleation
delays aggregate formation and significantly decreases the number of fibrils at equilibrium, because
now elongation processes are favoured over nucleation processes, giving longer fibrils. Note
that the effect of inhibiting secondary nucleation saturates because once secondary nucleation
is sufficiently inhibited, primary nucleation will become the dominant process of aggregate
multiplication and a further inhibition of secondary nucleation has no more effect on the kinetics.
The y-axes are normalised with respect to the plateau value for the uninhibited case

1.6 Conclusions

An in depth understanding of the mechanisms of protein self-assembly is a
fundamental prerequisite for controlling aggregation, both in the development
of therapies to aggregation-related diseases and in the design of self-assembling
materials. In this context, chemical kinetics is the central tool for determining the
mechanisms of aggregation as it provides the means of gaining a molecular level
understanding through measurements of easily accessible macroscopic quantities.
Once established, a kinetic model can be then used to determine key steps in the
reaction network and predict the effects of altering the mechanism.
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Chapter 2
Peptide Self-Assembly and Its
Modulation: Imaging on the Nanoscale

Lanlan Yu, Yanlian Yang, and Chen Wang

Abstract This chapter intends to review the progress in obtaining site-specific
structural information for peptide assemblies using scanning tunneling microscopy.
The effects on assembly propensity due to mutations and modifications in peptide
sequences, small organic molecules and conformational transitions of peptides are
identified. The obtained structural insights into the sequence-dependent assembly
propensity could inspire rational design of peptide architectures at the molecular
level.
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STM Scanning tunneling microscopy
TDP-43 TAR DNA-binding protein 43
TEM Transmission electron microscopy
ThT Thioflavin T
TSE Transmissible spongiform encephalopathy
UHV Ultrahigh vacuum
VNTRs Variable number of tandem repeats
XRD X-ray diffraction

2.1 Introduction

Peptide assemblies have been drawing extensive interest due to their vital roles in
biological recognition associated with interactions between proteins, interactions
between peptide drugs and targets, disease-associated amyloid aggregation, and
the design of novel functional biomaterials. Common to the key elements of
molecular assembly, inter-peptide interactions include non-covalent interactions
such as hydrogen bonds, electrostatic interactions (or salt bridges), the hydrophobic
effect, van der Waals interactions and water-mediated hydrogen bonds [1, 2].
Representative examples of assembly processes are seen among amyloidal peptides
which have been extensively investigated due to their relevance to over 20 diseases
including Alzheimer’s disease (AD) and Parkinson’s disease (PD). The assembly of
amyloidal peptides generally evolves from oligomers to protofibrils, and protofibrils
subsequently twist together into mature fibrils and plaques [3]. Efforts to unveil the
hierarchical assembly pathways and to decode the detailed structural information
would be beneficial to modulate and manipulate them for the rational design of
biological materials.

The advances in unraveling molecular mechanisms have contributed to a broad
range of potential applications in areas including controlled release and drug deliv-
ery, cell culture, tissue engineering, antimicrobial and biomineralization materials
[2, 4–15]. Furthermore, peptide assemblies on surfaces have also been widely
explored as a reflection of biological and physiological processes in vivo, which are
relevant to membranes and potential applications for biosensors and heterogeneous
biocatalysis, drug delivery, and affinity chromatography [16–18]. It is worth noting
that peptide assemblies on surfaces are typically stabilized through peptide-peptide
and peptide-substrate interactions, similar to other widely studied surface-mediated
molecular assemblies.

To analyze the assembly pathways and structural information, various experi-
mental approaches have been attempted. The aggregation propensity and stability
can be studied by kinetic measurements such as the thioflavin T (ThT) binding assay
[19, 20]. Various spectroscopies, such as circular dichroism (CD) spectroscopy,
Fourier transform infrared spectroscopy (FTIR) and ultraviolet Raman spectroscopy
can provide information regarding secondary structure [21–24]. Imaging methods,
including atomic force microscopy (AFM) and transmission electron microscopy
(TEM) can be employed to obtain the morphology and size evolution of the
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peptide aggregates [25–27]. In terms of subtle details of peptide assembly structures,
X-ray diffraction (XRD) [28–32], nuclear magnetic resonance (NMR) [25, 33–39]
and cryo-electron microscopy [31] have been generally applied to obtain high-
resolution structural information. However, these techniques are restricted by either
the complicated procedures of sample preparation or the nature of peptides such
as solubility and crystallinity. More significantly, the results are confined to an
ensemble averaging regime and only provide signals from the convolutions of all
residues.

Notably, scanning tunneling microscopy (STM) has been widely exploited to
probe the assembly behavior and single-molecular structure of small molecules
[40–48] on surfaces due to its submolecular structural resolution and adaptability
to various conditions including ambient conditions and ultrahigh vacuum (UHV)
conditions. STM offers the advantage of easy sample preparation procedure, and
more importantly, its structural resolution is theoretically down to single molecule,
and even amino acid residue-specific resolution. Thus far, STM has successfully
demonstrated its capacity for investigating peptide assemblies ranging from simple
model peptides [49–51] to complex disease-related peptides [27, 52, 53].

In this chapter, we will firstly introduce the STM investigations on surface-bound
peptide assembly structures with residue-specific resolution. Subsequently, the
influence of mutations and modifications (phosphorylation/glycosylation) in peptide
assemblies and the aggregation propensities are presented, as well as interactions
between the peptides with small molecules including terminus modulators and side
group modulators. Finally, the correlation of peptide assemblies on surface and in
solution and the peptide conformational transitions when adsorbed on surfaces are
also discussed.

2.2 Peptide Self-Assembly Structures on Surfaces

Structural analysis is central to gaining insight into inter-peptide interactions and the
relationship between peptide sequence and assembly structures. As a technique with
submolecular-level resolution, the potential of STM in structural analysis of peptide
molecules and peptide assemblies under various environments including UHV as
well as ambient conditions has been established [49–53].

For UHV-STM investigations, peptide molecules are usually adsorbed onto
metal surfaces defined by surface indexes (such as Cu(110) and Au(111)) and
at relatively low temperatures to minimize thermally induced fluctuation effects
on high-resolution imaging. The smallest peptide molecule comprised of only
two amino acid residues (the chiral dipeptide di-L-alanine) was first observed to
self-assemble on a metal surface using UHV-STM. Sub-monolayer growth of di-
L-alanine on Cu(110) was observed and the peptide was found to nucleate into
small islands with single or double molecule rows at low coverage (Fig. 2.1a) [51].
The dialanines appear as pairs of a smaller and a larger protrusion in STM images,
aligned along the [332] direction. Within a single row, the alignment of molecules
with the same orientation indicates that the –COOH moiety of one molecule binds to
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Fig. 2.1 (a) STM image of di-L-alanine on Cu(110) at low coverage. The molecules were evapo-
rated at 248 K and scanning took place at 208 K. Two islands show parallel (P) or anti-parallel (A)
peptide molecules in adjacent rows. (b) STM image of co-adsorbed L-Phe-L-Phe and D-Phe-D-Phe
on Cu(110) surface at room temperature. The arrows indicate the growth direction of the homochi-
ral chains. Image size: 36 nm × 34 nm. (c1, c3) STM image of KFFE and KVVE on the Au(111)
surface with parallel and antiparallel structures, respectively. The representative model with Phe
side chains highlighted in green. The oval indicates antiparallel organization of the Lys side chain
in (c3). (c2) The side view of the models with Au surface indicated by the horizontal bar. The oval
indicates putative surface binding in (c2). Val side chain carbons highlighted by transparent spheres
for (c3) and (c4). (d1) STM image of R4G4H8 self-assembly. (d2) Schematic of the molecular
structure resulting from MD simulations. (e1) Ambient STM image of HA showing symmetry with
UHV image and contrast difference in the feature near the center. (b2) Energy-minimized model
of HA peptides showing alignment of peptide termini and block boundaries with images above.
(Reprinted and adapted with permission from the Surface Science http://www.sciencedirect.com/
science/article/pii/S0039602803011300 [51] (a); Angewandte Chemie International Edition http://
onlinelibrary.wiley.com/doi/10.1002/ange.200700194/full [54] (b); ACS Nano http://pubs.acs.org/
doi/abs/10.1021/nn301708d [55] (c); Journal of the American Chemical Society http://pubs.acs.
org/doi/abs/10.1021/ja307198u [50] (d); Journal of the American Chemical Society http://pubs.
acs.org/doi/abs/10.1021/ja408550a [57] (e))

the –NH2 moiety of the neighboring molecule, very likely by a hydrogen bond. At
low evaporation temperature, the adjacent rows in a particular island could be either
parallel or anti-parallel depending on the thermal history of the surface. At higher
temperature, all molecules within the same island have the same orientation. This
indicates the presence of an energy barrier between the parallel and the antiparallel
adsorption directions, of which the parallel configuration has the lower energy.

Moreover, the chiral dipeptide, diphenylalanine with L-Phe-L-Phe and D-Phe-D-
Phe forms can be distinguished on Cu(110) in the UHV-STM images, as shown in
Fig. 2.1b [54]. The topography of the peptide molecule is represented by two high
contrast features and a central low contrast part corresponding to the two electron-
rich phenyl rings and the peptide backbone, respectively. The discernible molecular
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chirality of the adsorbed Phe-Phe molecules indicates that their stereogenic centers
are involved in the molecule-surface interactions. Meanwhile, the STM video
recording of two isolated D chirality molecules was performed to attain a dynamic
description of the chiral-recognition phenomenon, which reveals that the molecules
form an initial pair by experiencing first a change in the adsorption geometry
and then go through several further rearrangements to reach the final stable state.
Since this chiral recognition occurs only when the two molecules are positioned
at a close distance, it implies that these conformational changes could be induced
by mutual intermolecular interaction. The results reveal the dynamic process of
enantioselective molecular interactions resulting from conformational adjustments.

The above illustrated structural resolutions of dipeptides can be also demon-
strated in longer peptides on surfaces. The tetrapeptides KFFE and KVVE have
been reported to be among the minimal amyloid fibril-forming peptide units in vitro.
Highly ordered adsorption structures (Fig. 2.1c) were observed on an inert Au(111)
surface by STM under UHV conditions [55]. The observations reveal that KFFE
and KVVE adopt parallel and antiparallel structures, respectively, which are similar
to their arrangements in fibrillar structures. This investigation offers interesting
perspectives for gaining single-molecule insights into amyloid fibril formation by
using a surface science approach with STM.

For ambient STM investigations, peptide assemblies can be clearly resolved
under atmospheric conditions, commonly at room temperature. Highly oriented
pyrolytic graphite (HOPG) is usually chosen as the substrate due to its chemical
inertness. More importantly, peptide assemblies at the liquid-solid interface are
more representative of natural states in biological systems in comparison to UHV
conditions. Studies have been carried out on the assembly behavior of cyclic
peptides [56], model peptides [49] and disease-related peptides [27, 53] to unveil
the mechanisms of peptide assembly and aggregation. The design and study of
residue-specific recognition between peptide sequences has been pursued because
of its significance in understanding of the peptide assembly mechanism and
peptide-peptide interactions. Despite the high resolution capabilities of the STM
technique, it remains challenging to distinguish individual residues in the peptide
sequence because the STM image brightness contrast is a convolution of both the
electronic and topographic structures and affected by the adsorption stability and
conformations of the adsorbed molecules. However, assuming that backbones of
peptides contribute nearly the same in the STM observations, it is feasible to explore
the dependence of the brightness contrast on the side groups.

Such efforts have been reflected in the ambient STM study of homogeneous
assemblies of two model peptides, R4G4H8 and F4G4H8 (Fig. 2.1d) [50]. The
separation between the two adjacent peptide strands was measured to be 4.6 ± 0.2 Å,
indicating the formation of β-sheet structure. Combined with the length distributions
of the two peptides, it suggests that both model peptides form parallel β-sheet
assembly structures on the HOPG surface. Meanwhile, these amino acid residues
could be distinguished qualitatively depending on the observed brightness in the
order Phe > His > Arg > Gly. Furthermore, all-atom molecular dynamic (MD)
simulations were performed to explore the conformational dynamics of the peptide
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assemblies adsorbed onto a graphene sheet, which shows that the interaction energy
of four different residues with the underlying graphite surface follows the same
order as the STM brightness contrast. This correlation between the brightness
contrast and the related interaction energy of the different residues may shed light
upon the sequence effects and conformation effects on the peptide assemblies.
In another related study, differentiating between histidine and alanine residues
(Fig. 2.1e), and side chain orientations in individual histidine residues were also
successfully achieved in the block peptide with the sequence HHHHHAAAAA,
by correlating features in STM images with those in energy-optimized models
in molecular modeling [57]. These pioneering works pave the way for studies
of site-specific interactions between molecular species and peptides, and between
heterogeneous peptides and protein structures at the single-molecule level.

2.3 Mutation/Modification Effects on Peptide Assemblies

Mutations in peptides, and modifications such as phosphorylation and glycosylation
exist widely and play essential roles in biological systems. For surface-bound
peptide assemblies, the chemical nature of the amino acids is crucial for the peptide-
peptide and peptide-substrate interactions. It is reasonable that the alteration of
an amino acid side chain or the introduction of phosphoryl or saccharide groups
(i.e. phosphorylation or glycosylation) would significantly influence the binding
affinities and assembly characteristics of peptides.

Mutation effects on disease-associated peptides have drawn considerable interest,
especially for the amyloidal peptides related to degenerative diseases and some
cancers. For instance, the beta-amyloid peptide (Aβ), the human islet amyloid
polypeptide (hIAPP), the TAR DNA-binding protein 43 (TDP-43) and the prion
protein have been extensively explored with respect to various aspects using miscel-
laneous methods due to their close relevance to the following currently intractable
diseases: Alzheimer’s disease (AD), type II diabetes mellitus, amyotrophic lateral
sclerosis (ALS) and frontotemporal lobar degeneration (FTLD), and transmissible
spongiform encephalopathy (TSE) [58–63]. Mutations found in nature related to
AD include Dutch (E22Q) [64], Flemish (A21G) [65], Arctic (E22G) [66], Iowa
(D23N) [67], English (H6R) [68], Tottori (D7N) [69], and A2V [70] variants. These
mutations are associated with the early development of AD and the peptides have
high amyloid aggregation propensities. Over 30 mutations have also been detected
in the TDP-43 protein among ALS patients [71, 72]. Furthermore, many efforts have
been made to understand the assembly behavior of mutant analogs of hIAPP as well.
However, more studies are still needed to fully understand the complex mechanisms
of amyloid assembly and the related neurotoxicity.

Mutational analysis directly compares the differences in behaviour caused by the
replacement of residues at the same site. This approach can provide information
of the effect of certain residues on the assembly kinetics, aggregation propensity,
stability and fibril structure. For instance, a particular mutant which has a lower
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aggregation propensity could suggest that the original residue contributes to this
property to a large extent. Furthermore, single point mutations provide a bridge
between the nature of a specific amino acid and its role in the physico-chemical and
functional properties of the peptide.

Herein, the assembly structures of hIAPP-related mutants have been investigated
by using STM, including hIAPP8–37, rat IAPP8–37 (rIAPP8–37), rIAPP8–37R18H
on a HOPG surface [73]. In order to identify the folding sites in the sequence, a
chaperone molecule, 4,4′-bipyridyl (4Bpy), was introduced to co-assemble with the
peptide to allow identification of the C-terminus of the peptide, due to the strong
O−H···N hydrogen bond between the carboxyl terminus of the peptide molecule
and the nitrogen atom of the 4Bpy molecule. With one terminus fixed and labeled,
the exact C-terminal region participating in the surface-bound peptide assembly can
be determined by the number of residues, which is obtained from dividing the length
of C-terminal strand by 0.325 nm, the typical distance of two neighboring residues
in parallel β-sheet structures. Likewise, the N-terminal region can be deduced by
repeating the experiment with the reversed sequence, whereby the sequence is
identical but with reversed N and C termini. This strategy has been readily applied
to investigate the key sites of beta-structural assembly consisting of multiple beta
motifs. The high resolution STM images of IAPP analogs present typical lamellar
features, as shown in Fig. 2.2. The results of a statistical analysis show that the
IAPP8–37 analogs have the common motifs of IAPP8–17 and IAPP26–37 with the
most probable folding sites at Ser19/Ser20 and Gly24. The peptides manifest similar
tendencies to form amyloid fibrils in the N and C termini owing to the similarity of
the peptide sequences, while the differences caused by changes in specific key sites
demonstrate the effect of sequence variations. The length distributions of rIAPP8–37
are wider compared with hIAPP8–37. This indicates the multiplicity of the rIAPP8–37
beta-structure motif because of the six different amino acid residues in the sequence.

To unravel the role of “hot spots” in the beta-like-structure stability, the folding
structure of rIAPP8–37 R18H was investigated by creating a single point mutation.
The length distributions of both rIAPP8–37 R18H and rIAPP37–8 R18H show
bimodal characteristics, which shows the direct difference caused by the mutation
of His18 to Arg. The smaller components of the length distributions in rIAPP8–37
R18H and rIAPP37–8 R18H suggest one more possible key site at Asn21 and
Gly24, respectively, which indicates the possible extension of the beta-structure
motif at both N and C termini. There is an overlapping possible beta-structure
motif rIAPP20–23 R18H, which could be attributed to the three beta segments in
rIAPP8–37 R18H linked by turns at His18-Ser19 and Gly24-Pro25. The extension of
the beta-structure motif and the possible third beta-structure motif may result from
the enhanced tendency of beta-structure formation and fibrillogenesis induced by the
mutation R18H in the peptide rIAPP. This single-point mutation provides evidence
of possible collateral effects on the folding structure, in which the residue His18
may have a long-range effect in modulating peptide stacking interactions. These
results could open a new window for investigating the assembly polymorphism of
peptides with multiple β-structure motifs.
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Fig. 2.2 (a, d, g) High resolution STM images of rIAPP8–37 (a), rIAPP37–8 (d), rIAPP8–37 R18H
(g) co-assembled with 4Bpy molecules. Insets show the corresponding large scale STM images.
(b, e, h) Length distribution histograms of rIAPP8–37 (b), rIAPP37–8 (e) and rIAPP8–37 R18H (h)
C-strand motifs measured from the related images. The step size for the histograms are 0.325 nm.
(c, f, i) Proposed models for the folding sites in rIAPP8–37, rIAPP37–8 and rIAPP8–37 R18H beta-
structure motifs, respectively. (Reprinted and adapted with permission from the Proceedings of the
National Academy of Sciences of the United States of America http://www.pnas.org/content/108/
49/19605.full [73])

The effects of mutations in the β-motif of amyloidogenic TDP-43 mutants has
also been explored by combining STM with ThT fluorescence assays [74]. The β-
domains of the wild-type TDP-43 (Wt) and three mutant TDP-43 peptides, including
an ALS-related mutant peptide: phosphorylated A315T mutant TDP-43 (A315T(p))
and two model mutant peptides: A315T, A315E, were carefully compared by using
STM. They demonstrate an order of the length of the core region according to the
statistical analysis of the results: Wt = A315T<A315T(p)<A315E, which agrees
with the order of aggregation propensity as determined by the ThT assay (Fig. 2.3a).
It was hypothesised that the stronger aggregation of A315T(p) and A315E could be
ascribed to the electrostatic interactions between the negatively charged phosphoryl
moiety/glutamic acid and the positively charged Arg293 residue in the N-terminus,
which was subsequently confirmed through studying the R293G mutation in the
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Fig. 2.3 (a) Different lengths of β-sheet C-strands of the Wt, A315T, A315T(p) and A315E TDP-
43 peptide forms observed by STM experiments. High resolution STM images of 2D assemblies
of 4Bpy-labeled Wt, A315T, A315T(p) and A315E peptides are shown in panels (a1, a3, a5 and
a7), respectively. The histograms of the length distributions of the core β-domain with Gaussian
fitting for Wt (a2), A315T (a4), A315T(p) (a6) and A315E (a8) peptides. (a9) The time courses of
ThT fluorescence experiments of TDP-43 peptides A315E, A315T(p), A315T, Wt TDP-43 peptide
and C1, C2, C3. (b) The effect of glycosylation on peptide assemblies identified with STM. (b1,
b3) High-resolution STM images of p-VNTR/4Bpy and g-VNTR/4Bpy co-assembly, respectively.
Scale bar: 2 nm. The inset images are the corresponding large scale STM images. (b2, b4) The
histograms of the length distribution of C-terminal strands of p-VNTR and g-VNTR, respectively.
(Reprinted and adapted with permission from the Journal of structural Biology http://www.
sciencedirect.com/science/article/pii/S1047847712002936 [74] (a) and the Journal of Physical
Chemistry C http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.5b12357 [75] (b))

above mentioned peptides in the same way. Importantly, this positive correlation
between β-domain length on the surface and the aggregation propensity in solution
reveals the feasibility of understanding the aggregation process and subsequent
cytotoxicity of peptides by β-motif structural analysis on surfaces at the molecular
level.

All coassembly structures of peptide/4Bpy on the HOPG surface above show
typical lamellar features, as shown in Fig. 2.3a, while the key sites differ between
the different peptide sequences. Notably, the key site in the C-terminal β-motif of
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A315T(p), an ALS phosphorylated mutant, is located at Phe316, which is the correct
neighboring residue (closer to the C-terminus) to the phosphorylated Thr315. In
another study, STM investigation of a glycosylated peptide was performed to reveal
the glycosylation effect on the peptide assemblies. Glycoprotein MUC1 with a
variable number of tandem repeats (VNTRs), serves as a promising target for
cancer immunotherapy. The VNTR is a 20-amino acid extracellular domain with
the sequence HGVTSAPDTRPAPGSTAPPA. The assembly structures of pristine
VNTR (p-VNTR) and the glycosylated VNTR (g-VNTR) with the glycosylation of
disaccharide (T antigen) on the Thr9 residue and monosaccharide (Tn antigen) on
the Ser15 residue were directly compared by using STM (Fig. 2.3b) [75]. The p-
VNTR peptides form highly homogeneous lamellar-like assemblies on the HOPG
surface, while the g-VNTR peptide assembly shows apparent heterogeneity. This
difference in the assembly characteristics provides direct evidence for a glycosy-
lation induced destabilization effect on the glycopeptide assemblies. Furthermore,
the histogram of the length distribution of C-terminal strands of g-VNTR shows
two peaks (I and II), assigned to key sites Thr16 and Arg10. Notably, key residues
Thr16 and Arg10 are located exactly adjacent to the glycosylated residues Ser15 and
Thr9. This demonstrates that glycosylation can induce a pronounced site-specific
destabilization effect on peptide assemblies. Moreover, disaccharides exert greater
influence on the assembly stability than monosaccharides. These results provide
insights into the effects of phosphorylation/glycosylation on peptide assemblies and
sequence effects on the local structural stability of proteins.

2.4 Coassembly of Peptides with Small Molecules

A number of small molecules have been exploited as probes to track amyloid
aggregation or for modulating the peptide assembly structures and aggregation
processes. They demonstrate potential applications for the diagnosis and treatment
of conformational diseases caused by protein misfolding. For example, surfactants,
copper/zinc ion chelators, well-known bioactive molecules (such as apomorphine,
rifamycine, curcumin, porphyrins), and dyes (such as Congo red (CR), thioflavin T
(ThT)) and their derivatives have been reported to inhibit amyloid aggregation [76–
78]. Unveiling the mechanism of interactions between these molecules and related
peptides could provide a theoretical basis for the structure-based drug design and
facilitate the rational design of peptide-organic architectures.

2.4.1 Small Molecules Interacting with the Termini of Peptides

It is well recognized that peptide-peptide interactions are the driving force for pep-
tide assembly. Based on similar molecular interactions, introducing peptide-organic
molecule interactions can also provide complementary strategies for studying
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peptide assemblies and their interactions and thereby aid in constructing peptide-
organic architectures. Such efforts have been reflected in many investigations on
the effects of small molecular modulators of peptide assembly and aggregation
processes. In particular, it is feasible to tune peptide aggregation by introducing
hydrogen bonding interactions with molecular modulators of the peptide termini,
such as chaperone-like molecules 4Bpy and 1,2-di(4-pyridyl)-ethylene (DPE) [26,
52, 73, 79–81].

Firstly, it is of great importance to clarify the effect of chaperone-like molecules
on the peptide assembly structures by real-time observation. Introducing tip manip-
ulation has been demonstrated to be an effective way to rearrange or remove
molecules adsorbed onto surfaces and liquid-solid interfaces [82–84]. An amyloidal
peptide Q11 (QQKFQFQFEQQ) was studied as a model peptide. Chaperone-
mediated peptide assemblies (Q11/4Bpy) adopt ordered lamellar structures with
a homogeneous distribution of the surface-bound peptide lengths, which could
be attributed to the core segment of the Q11 peptide [85], as shown in Fig.
2.4a. With a low-bias-voltage scan, the 4Bpy molecules were removed and the
assembled peptides were agitated simultaneously and subsequently formed a new
pristine peptide assembly at equilibrium in situ. This pristine peptide assembly
presents relatively disordered structures with a broad and bimodal distribution
of core segment lengths. This direct observation reveals the effect of chaperone
molecules on the peptide assembly structures, which could aid construction of
peptide architectures with various functions.

In another related study, the self-assembly behavior of a critical amyloidal
peptide segment KLVFF (Aβ (16–20)) and its co-assembly behavior with pyridine
modulators (4Bpy and 4′-chloro-2,2′:6′,2′′-terpyridine (Cl-Ter)) was observed and
secondary structure transformation was detected (Fig. 2.4b) [86]. The uniform
KLVFF/4Bpy co-assembly was observed to present a parallel β-sheet-like con-
formation with sandwich-like striped structures. However, a new close-packed
ladder-like structure was formed in the KLVFF/Cl-Ter co-assembly. Based on
the conformation, configuration and interaction sites of the modulators, the sec-
ondary structure of KLVFF is transformed from a parallel to an antiparallel
β-sheet conformation, which was further verified by FTIR spectroscopy. Moreover,
molecular mechanistic investigations on this peptide-terpyridine coassembly further
reveal the associated contributions from multiple interactions in polymorphic
peptide assemblies with distinct geometrical arrangements. Most importantly, the
peptide-molecule co-assemblies demonstrate a synergistic inhibitory effect on
Aβ42-induced cytotoxicity [87].

Modulation effects of 4Bpy on AD-related peptide assemblies were also iden-
tified with STM. The variation of amino acid residues in the peptide sequence
shows significant effects on the modulation of peptide assemblies as mentioned
above. In particular, the critical effect of the C-terminus of the peptide Aβ42 on
its amyloid aggregation has been addressed [88]. Herein, the mechanistic changes
of the assembly behaviour of variants of Aβ42 caused by the 4Bpy molecular tether
at its C-terminus was explored (Fig. 2.5) [89]. In the self-assembly of the Aβ42
peptide, each β-strand is visible as a bright double-dotted ribbon and its periodicity
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Fig. 2.4 (a1, a4) STM images of the Q11/4Bpy co-assembly on the HOPG surface and pristine
peptide Q11 assembly after removing the 4Bpy molecules in the central region. Arrows in the
image present three main directions of peptide molecules. Tunneling conditions for imaging in
(a1, a4): I = 300 pA, V = 600 mV. Scale bar = 10 nm. Tunneling conditions for manipulation,
the tip scans in a direction, I = 600 pA, V = 10 mV, scan rate = 15 Hz, scan size = 25 × 25 nm.
(a2, a5) Schematic models of peptide co-assemblies in a direction with an ordered parallel β-sheet
structure (a2) and pristine peptide assemblies in antiparallel and parallel β-sheet structures (a5).
(a3, a6) The histograms of the peptide length distribution fitted with a Gaussian distribution. (b1,
b3) High-resolution STM images (with schematic models) of KLVFF/4Bpy and KLVFF/Cl-Ter
co-assemblies demonstrate the modulation of KLVFF secondary structures by pyridine molecules.
(b2, b4) Tentative models of the KLVFF/4Bpy and KLVFF/Cl-Ter coassemblies on the HOPG
surface, respectively. (Reprinted and adapted with permission from the ChemPhysChem http://
onlinelibrary.wiley.com/wol1/doi/10.1002/cphc.201500340/full [85] (a), and the Chemical Com-
munications http://pubs.rsc.org/en/content/articlehtml/2014/cc/c4cc02748e [86] (b))

in a single β-strand was revealed by Fourier transform analysis, which demonstrates
that each peak, i.e. one pair of bright spots, represents one amino acid residue. Based
on the lengths of surface-bound motifs, the number of residues in the core regions
of the Aβ42 hairpins is assigned to be around 9–15 residues, and the angle between
Aβ42 molecules and the stripe axis in pure peptide assemblies was approximately
90◦. By contrast, in the presence of the tethered molecule 4Bpy, two characteristic
types (type I and II) of assembled structures are visible in the STM images. The
residue number in the C-terminal β-strands of the Aβ42 hairpins was calculated to be
mainly 10/11 residues (accounting for 44.1%) in type I co-assembly, and 14 residues
(accounting for 54.1%) in type II co-assembly. Furthermore, differences between the
two structures also exist in the angles between the molecular axes of the Aβ42 and
the axes of the stripe, which are 25◦ and 33◦, respectively. Therefore, the peptide
strands with lengths other than 10/11 and 14 may be energetically unstable, and
not involved in the co-assemblies after molecular tethering. Membrane permeability
and cell viability assays showed that the tuned Aβ42 assemblies with the tethered
4Bpy molecules possess weak membrane disruption ability, resulting in reduced
cytotoxicity. This study indicates that tethering small molecules at the termini of

http://onlinelibrary.wiley.com/wol1/doi/10.1002/cphc.201500340/full
http://onlinelibrary.wiley.com/wol1/doi/10.1002/cphc.201500340/full
http://pubs.rsc.org/en/content/articlehtml/2014/cc/c4cc02748e
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Fig. 2.5 (a) A large-scale STM image of Aβ42 assemblies on HOPG surface. (b) High-resolution
STM image of Aβ42. (c) The Fourier transform analysis of corresponding peptide strands indicated
in (b). (d and e) STM images of Aβ42/4Bpy co-assemblies with basic building models. (f) The
basic building model for Aβ42/4Bpy co-assemblies on the HOPG surface. The binding energy
of two peptide termini with the nitrogen atom of 4Bpy obtained from theoretical calculations:
(Lower left) C-terminus of peptide with nitrogen atom of 4Bpy, E = 0.78 eV; (Lower right) N-
terminus of peptide with nitrogen atom of 4Bpy molecule, E = 0.42 eV. In (d and e), the blue and
yellow stripes denote the surface-bound β-strands and the pyridyl rings, respectively. The 4Bpy
binds to the carboxyl group of Aβ42. (g) The cytotoxicity of SH-SY5Y cells induced by Aβ42 and
Aβ42/4Bpy solutions measured by WST-8 toxicity assay. (Reprinted and adapted with permission
from ACS Nano http://pubs.acs.org/doi/abs/10.1021/nn503737r [89])

amyloidal proteins may be a promising strategy for therapeutic intervention of AD
and other degenerative diseases.

2.4.2 Small Molecules Interacting with the Side Groups
of Peptides

A number of small molecules have been exploited as molecular probes to study
amyloid aggregation processes [90, 91], suggested to influence fibrillization [92–
94], and thus are considered as potential candidates for diagnostic and therapeutic
applications. Unveiling the mechanism of t interactions between the protein and

http://pubs.acs.org/doi/abs/10.1021/nn503737r
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the binding molecules (drugs, dyes and ligands) is of critical importance for
understanding the biological processes and applications. STM has the capability
to image both single small molecules and single peptides, and so can be adopted
for real-space imaging of adsorption sites and configurations of small molecules on
the target peptides. For instance, the binding behavior of ThT on the prion peptide
segment, GNNQQNY, was identified with four different binding modes [95].

Furthermore, investigation of the relative binding affinities of labeling molecules
for specific amino acid residues was also performed (Fig. 2.6) [96]. Four repre-
sentative polyamino acids were selected as model peptides including octapheny-
lalanine (polyF8) with a hydrophobic aromatic group, octahistidine (polyH8) with
a positively charged group, octatyrosine (polyY8) with a hydrophilic aromatic
group, and heptaglutamine (polyQ7) with a hydrophilic group. The adsorption
and distribution of a labeling dye molecule and a photodynamic therapy drug,
copper phthalocyanine tetrasulfonate sodium (PcCu(SO3Na)4) on the four model
peptides was directly visualized using STM. By frequency counting, the relative

Fig. 2.6 (a, b) High resolution STM images of PcCu(SO3Na)4 adsorption atop polyQ7 and atop
4Bpy. (c) Proposed model for the PcCu(SO3Na)4 adsorption sites. Sites I and II correspond
to the adsorption of PcCu(SO3Na)4 atop polypeptides and 4Bpy molecules, respectively. (d)
The relative binding affinities of PcCu(SO3Na)4 for polyF8, polyQ7, polyH8, and polyY8.
(Reprinted and adapted with permission from Chemical Communications http://pubs.rsc.org/en/
content/articlehtml/2011/cc/c1cc12380g [96])

http://pubs.rsc.org/en/content/articlehtml/2011/cc/c1cc12380g
http://pubs.rsc.org/en/content/articlehtml/2011/cc/c1cc12380g
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binding affinity of the polypeptide and 4Bpy molecules can be obtained. Since
the affinity of PcCu(SO3Na)4 towards 4Bpy can be considered constant in these
peptide-organic co-assemblies, the relative binding affinities of PcCu(SO3Na)4 for
the four polypeptides were found to have the ratio (polyH8:polyQ7:polyY8:polyF8
= 3.32:1.29:0.79:0.34). The high affinity of PcCu(SO3Na)4 on polyH8 could be
ascribed to the electrostatic interaction between the positively charged imidazole
moiety with the negatively charged sulfonic acid group, while the low affinity on
polyF8 could be due to the effect of the solvent-accessible surface area of the
side chains in water. The binding of dye or drug molecules on model peptides
also provides important insight into the mechanism of chemical and structural
dependence on specific amino acid residues.

Here, we present a summary of the experimentally observed peptide lengths in
surface-bound assemblies, with and without co-assembled small molecules interact-
ing with the peptide termini. The data reveal the relationship between the number
of residues in the peptide sequence and the experimentally observed number of
residues in the peptide assemblies in STM observations (Table 2.1). Short peptides
comprising 2–7 residues can be fully extended in the assembly structures, as shown
in Fig. 2.7. It appears that for both homogeneous and heterogeneous sequences
with less than seven residues, the peptides are fully extended on the surface. This
observation indicates the effect of persistence length in peptide structures. In terms
of relatively long peptides with more than seven residues, the number of residues
involved in assemblies may vary, which suggests pronounced sequence dependence.
These observations demonstrate that peptide structures on surfaces could provide
insights into the fundamental mechanisms underlying the sequence dependence of
the persistent lengths of peptide chains.

Table 2.1 The number of residues in surface-bound peptide assemblies identified by STM

No. Peptide name Fulla Observedb References

1 AA 2 2 Stensgaard [51]
2 FF 2 2 Lingenfelder [54]
3 KFFE 4 4 Kalashnyk [55]
4 KVVE 4 4 Kalashnyk [55]
5 KLVFF (Aβ16-20) 5 5 Niu et al. [86]
6 A5 5 5 Niu et al. [97]
7 GNNQQNY 7 7 Mao et al. [95]
8 Q7 7 7 Guo et al. [49]
9 Q8 8 7/8 Guo et al. [49]
10 Q7 7 7 Wang et al. [96]
11 F8 8 8 Wang et al. [96]
12 Y8 8 8 Wang et al. [96]
13 H8 8 8 Wang et al. [96]

(continued)
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Table 2.1 (continued)

No. Peptide name Fulla Observedb References

14 H5A5 10 10 Claridge et al. [57]
15 Aβ33-42 10 10 Liu et al. [52]
16 H5F5 10 6 Guo et al. [98]
17 F5H5 10 10 Guo et al. [98]
18 N5F5 10 8 Guo et al. [98]
19 F5 N5 10 10 Guo et al. [98]
20 A5F5 10 7 Guo et al. [98]
21 F5A5 10 10 Guo et al. [98]
22 A5N5 10 7 Guo et al. [98]
23 N5A5 10 9 Guo et al. [98]
24 H5D5 10 7 Guo et al. [98]
25 D5H5 10 6 Guo et al. [98]
26 H5A5 10 8 Guo et al. [98]
27 A5H5 10 9 Guo et al. [98]
28 Q11 11 8 Yu et al. [85]
29 Aβ10-20 11 11 Liu et al. [26]
30 KKKFAFAFAFAKKK 14 14 Liu et al. [99]
31 DELERRIRELEARIK 15 15 Mao et al. [100]
32 R4G4H8 16 16 Mao et al. [50]
33 F4G4H8 16 16 Mao et al. [50]
34 VNTR 20 14 Yu et al. [75]
35 hIAPP8-37 30 14/15 Mao et al. [73]
36 hIAPP37-8 30 13 Mao et al. [73]
37 rIAPP8-37 30 15 Mao et al. [73]
38 rIAPP37-8 30 12 Mao et al. [73]
39 rIAPP8-37 R18H 30 13/14/17 Mao et al. [73]
40 rIAPP37-8 R18H 30 11/12/17 Mao et al. [73]
41 hIAPP 37 11 Mao et al. [27]
42 rIAPP 37 12 Mao et al. [27]
43 Aβ42 42 12 Ma et al. [53]
44 Aβ42 42 10/11/14 Liu et al. [89]
45 Wt (TDP-43(286-331)) 46 11 Xu et al. [101]
46 A315T 46 11 Xu et al. [101]
47 A315T(p) 46 16 Xu et al. [101]
48 A315E 46 22 Xu et al. [101]
49 Re-Wt 46 14 Xu et al. [101]
50 Re-A315T 46 14 Xu et al. [101]
51 Re-A315T(p) 46 14 Xu et al. [101]
52 Re-A315E 46 14 Xu et al. [101]

aFull: the number of residues in the peptide sequence
bObserved: the number of residues in the surface-bound peptide assemblies observed by STM
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Fig. 2.7 The relationship between the number of residues in the full peptide sequence and the
number of residues observed by STM involved in the peptide assemblies on surfaces. The data
points on the grey line (y = x) mean that the number of observed residues is equal to its number
of residues in the full peptide sequence, i.e., all the residues in the sequence are participated in the
peptide assembly

2.5 Correlation of Peptide Assemblies on Surfaces
and in Solution

Studies of peptide assemblies on surfaces imaged using STM provide structural
information and unveil the formation mechanisms, providing constructive guidance
for modulating peptide aggregation and therapeutic applications associated with
hydrophobic membranes, including in biological aqueous systems. However, the
two-dimensional liquid-solid system, which introduces a hydrophobic interface, is
distinct from the three-dimensional solution system. Peptide assembly behavior on
surfaces results from the delicate balance between peptide-peptide, peptide-solvent
and peptide-substrate interactions [1, 3, 102]. Nevertheless, the main driving forces
for the assembly behavior could still be peptide-peptide interactions determined by
the physico-chemical properties of amino acid residues in the specific sequence. As
mentioned above, the β-motif length on surfaces and the aggregation propensity in
bulk systems have been revealed to be positively correlated.

It is also well recognized from studies on adsorption processes that proteins can
undergo conformational rearrangements when adsorbed at liquid-solid interfaces
from solutions [103–106]. More importantly, the pathogenesis of some degenerative
diseases, such as AD, prion diseases, and type 2 diabetes, is associated with
an α-to-β conformational transition of part of the protein structure [107–110],
which eventually results in the formation of amyloid deposits. The unnatural
conformations in the deposits could involve the formation of elastic layers at
interfaces and also insoluble amyloid aggregates. In the following, the detailed
conformational transformation and relationship between secondary structure and
assembly behavior in these two systems are reviewed.
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The structural changes of a de novo designed polypeptide during peptide
adsorption at liquid-solid interfaces were investigated to explore the relationship
between the conformation in solution and on surfaces [100]. The polypeptide
with sequence DELERRIRELEARIK is initially stable in solution and in the
crystalline state, adopting a mostly α-helical conformation. When adsorbed on a
graphite surface, the polypeptide molecules readily form homogeneous β-sheet-
like assemblies which can be observed by STM (Fig. 2.8a). In addition, supporting
evidence was provided by CD analysis that the polypeptide conformation transforms
from α-helix to β-sheet upon the addition of graphite particles to the polypeptide
solution. Further all-atom molecular dynamics (MD) simulations were carried out
to explore the dynamics of its early stage conformation transition at the water-
graphite interface and the driving force underlying this transition [111]. The results
reveal that unfolding of the α-helix and assembly into an amorphous dimer of the
peptide occurs on the graphene surface and the adsorption and the unfolding of the
peptide is initiated from the C-terminal region resulting from strong interactions
between residues Arg13-Ile14-Lys15 and the graphene surface. The studies of such
conformational changes could benefit our understanding of the deposition process
of disease-associated peptides and also protein-surface interactions.

Fig. 2.8 (a1) High-resolution STM image of assembly of the polypeptide DELERRIRELEARIK.
The white arrow covers ten peptide molecules with a length of 4.74 nm. (a2) Schematic illustration
of the structural transformation of the polypeptide. The polypeptide structural change induced by
the surface is proposed to be α-helical in solution to a β-sheet-like structure on the HOPG surface.
(b1) STM image of Vpr13-33 peptide assembly on HOPG surface. (b2) Tapping mode AFM image
of 0.1 mg/mL Vpr13-33 on mica with previously deposited GO. (b3) CD spectra of Vpr13-33 in the
presence of GO. (a) Vpr13-33 in 1: 1 (v/v) mixture of trifluoroethanol and water, adopting α-helical
secondary structure; (b) Vpr13-33 with graphene oxide, showing β-turn and β-sheet secondary
structure induced by graphene oxide; (c) the centrifugal mother liquid. (b4) Schematic model for
the mechanism of how GO reduces Vpr13-33-induced cytotoxicity. (Reprinted and adapted with
permission from Langmuir http://pubs.acs.org/doi/abs/10.1021/la901342r [100] (a) and Biomate-
rials http://www.sciencedirect.com/science/article/pii/S0142961212012185 [112] (b))

http://pubs.acs.org/doi/abs/10.1021/la901342r
http://www.sciencedirect.com/science/article/pii/S0142961212012185
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A similar α-to-β conformational transition was also observed in a fragment of
the viral protein R (Vpr), Vpr13-33, which plays a vital role in regulating nuclear
transport of human immunodeficiency virus (HIV) [112]. Preferential adsorption
of Vpr13-33 peptide on hydrophobic graphene oxide (GO) accompanied by a
conformational transition was observed by AFM and CD. The high-resolution
assembly structures of Vpr13-33 on a graphite surface observed by STM further
confirms that β-sheet structures form on the GO surface (Fig. 2.8b). It is therefore
deduced that the presence of GO, with a similar hydrophobic surface to the interior
of lipid bilayers, causes the conformational change and accelerated aggregation
of Vpr13-33 peptide owing to hydrophobic forces. Moreover, it further leads to
reduced cytotoxicity towards neuroblastoma cells and T cells, which could be
related to inhibition of the “pore forming” process of Vpr13-33 indicated by a
fluorescence leakage assay. This finding suggests that the carbon material GO is
a potential candidate for therapeutic applications in biological systems. This work
also sheds light on peptide-surface interactions and membrane-associated proteins.

In addition, aiming at revealing aggregation kinetics of peptides, electrochemical
analyses were combined with AFM imaging of Aβ42 fibril formation on the
same basal plane HOPG [113]. The results illustrate that conformational changes
during the consecutive aggregation stages from monomers, oligomers, protofibrils to
mature amyloid fibrils, can be directly monitored by following the electrochemical
signal of Tyr oxidation that consistently decreases during the course of Aβ42 aggre-
gation (Fig. 2.9). This method simultaneously provides kinetic and morphological
characterization of the peptide aggregation process and thus may be used as a

Fig. 2.9 (a) Representative AFM images and (b) baseline-corrected DPVs recorded with Aβ42
adsorbed on freshly cleaved HOPG in different aggregation states. Aβ42 incubation times are
indicated at the upper left corner. Insets in (a): height profiles corresponding to the white rectangle
sections in the AFM images. Insets in (b): schematic representation of the Aβ42 aggregation
process (LMW and HMW: low and high molecular weight, respectively). (Reprinted and adapted
with permission from Nanoscale Publishing http://pubs.rsc.org/en/content/articlehtml/2014/nr/
c4nr02413c [113])

http://pubs.rsc.org/en/content/articlehtml/2014/nr/c4nr02413c
http://pubs.rsc.org/en/content/articlehtml/2014/nr/c4nr02413c
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potential screening platform for analysis of aggregation kinetics and drug response,
which would be beneficial for efficient monitoring of the progression and treatments
of AD.

2.6 Conclusions and Perspectives

Unveiling the mechanisms of peptide assembly and aggregation is essential to
deepen our insights into peptide assembly pathways and rational design of peptide-
based biomaterials. This chapter has summarized the efforts in studying site-specific
assemblies of simple model peptides and disease-associated peptides on surfaces
by STM. Subtle structural information such as chirality and the conformations
of side groups has been successfully obtained in model peptide assemblies. In
terms of disease-related peptides, labeling molecules are introduced to benefit the
identification of the key folding sites in amyloid aggregates, which deepens the
understanding of amyloidal assemblies and inspires the modulation of the aggre-
gation processes. In addition, recent work on peptide-organic molecule interactions
provide complementary avenues for studying peptide assemblies and constructing
peptide-organic architectures and also points to potential diagnostic and therapeutic
applications. Related investigations further reveal the positive correlation between
the core lengths of peptides on surfaces and their aggregation propensity in solution
as well as their conformational transitions when absorbed on surfaces. Further
endeavors should be made towards recognition of amino acid residues in the
surface-bound peptide sequences, decoding the effect of mutations/modifications
and environmental conditions, and understanding peptide-organic and peptide-
surface interactions.
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Chapter 3
The Kinetics, Thermodynamics and
Mechanisms of Short Aromatic Peptide
Self-Assembly

Thomas O. Mason and Alexander K. Buell

Abstract The self-assembly of short aromatic peptides and peptide derivatives into
a variety of different nano- and microstructures (fibrillar gels, crystals, spheres,
plates) is a promising route toward the creation of bio-compatible materials with
often unexpected and useful properties. Furthermore, such simple self-assembling
systems have been proposed as model systems for the self-assembly of longer
peptides, a process that can be linked to biological function and malfunction.
Much effort has been made in the last 15 years to explore the space of peptide
sequences, chemical modifications and solvent conditions in order to maximise the
diversity of assembly morphologies and properties. However, quantitative studies
of the corresponding mechanisms of, and driving forces for, peptide self-assembly
have remained relatively scarce until recently. In this chapter we review the current
state of understanding of the thermodynamic driving forces and self-assembly
mechanisms of short aromatic peptides into supramolecular structures. We will
focus on experimental studies of the assembly process and our perspective will
be centered around diphenylalanine (FF), a key motif of the amyloid β sequence
and a paradigmatic self-assembly building block. Our main focus is the basic
physical chemistry and key structural aspects of such systems, and we will also
compare the mechanism of dipeptide aggregation with that of longer peptide
sequences into amyloid fibrils, with discussion on how these mechanisms may be
revealed through detailed analysis of growth kinetics, thermodynamics and other
fundamental properties of the aggregation process.
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3.1 Introduction

It has been known for decades that (poly)peptides can assemble into ordered
supramolecular structures, such as crystals and fibres [1]. Such assemblies were
mostly studied in the context of structural biology (e.g. protein crystals [2]) or
cellular biology (e.g. filaments of the cytoskeleton). Only in the second half of
the twentieth century it became clear that filamentous protein assemblies can also
be linked to disease processes [3]. A particular type of filamentous assembly, so-
called amyloid fibrils, were found in a range of different disorders, ranging from
Alzheimer’s disease to type 2 diabetes [4]. Amyloid fibrils can be formed by a large
variety of unrelated polypeptides and share a common morphology as linear, mostly
unbranched structures of several nanometers in diameter and several micrometers
in length. These assemblies are characterised by a high β-sheet content and charac-
teristic tinctorial properties and X-ray diffraction pattern [5]. Until recently, mostly
low resolution structural information was available on assemblies from sequences
longer than about 10 residues, e.g. from limited proteolysis experiments [6] whereas
the possibility to crystallise short (<10 aa) peptides allowed access to atomically
resolved structures [7]. The recent progress in the production of homogeneous
samples of amyloid fibrils (in vitro [8, 9] and ex vivo [10]) as well as technical
progress in solid state NMR spectroscopy and cryo-electron microscopy now allows
to define the structures of amyloid fibrils from longer peptide sequences at the
individual amino acid residue level of detail.

The finding that such supramolecular protein structures play a role in diseases
triggered a large scale effort to elucidate the mechanisms and driving forces that
lead to the formation of amyloid fibrils, as well as a search for potential inhibitors
of their formation. In the course of such studies, Gazit and co-workers aimed at
identifying minimal amino acid sequence motifs that would be responsible for
the self-assembly of the proteins implicated in disease [11]. These investigations
ultimately led to the isolated study of the diphenylalanine (FF) peptide [12], a central
motif (position 19 and 20) of the sequence of the amyloid β peptide, the aggregation
of which is a hallmark of Alzheimer’s disease [13]. It was found that FF, rather than
assemble into amyloid fibrils, formed crystalline hollow tubes [12], which were later
shown to have the same molecular arrangement as the crystals of the FF peptide the
structure of which had been solved a few years earlier [14]. The study of these
structures really gained momentum when it was shown that the resulting nano- to
microscale structures could be functionalised in a variety of ways and displayed
interesting mechanical, optical and electrical properties [15–18]. Ultimately, this
line of research converged with the field of short peptide gelators. It had been known
for some time that, in addition to many other small molecules, short peptides or even
amino acids (aromatic or aliphatic), often terminally capped or functionalised with
aromatic protection groups, were capable of self-assembly and gelation [19–21].
To-date, hundreds of studies have been published that report on the assembly and
structure formation of short (aromatic) peptides in order to create assemblies with
potentially useful properties. Most of the experimental work in this area in the last
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15 years has focused on the creation of new types of materials, whereas fundamental
mechanistic studies have received less attention. The lack of basic physico-chemical
characterisation has in some cases led to misinterpretation of observed phenomena
and, more generally, inhibited quantitative studies of the dipeptide systems. This
situation has changed in the last five years or so, where significant efforts and
progress have been made in the elucidation of the fundamental driving forces
responsible for the assembly of aromatic dipeptides and their mechanisms of
assembly. We attempt to give a summary of these studies and the advances in the
understanding of this class of assembly processes. In addition, we will address the
question as to what we can learn from the self-assembly of short aromatic peptides
about the assembly characteristics of longer peptide sequences into (disease-related
or functional) amyloid fibrils. We will start the chapter by reviewing the most
important types of intermolecular interactions responsible for peptide self-assembly.
The reader familiar with these basic physico-chemical concepts is invited to skip the
first section.

3.2 The Nature of the Interactions Responsible for Peptide
Assembly

A key concept in biologically-relevant self-assembly processes is the reversibility
of the interactions [22, 23] – in contrast to reactions where bonds are formed or
broken by external stimulus, self-assembly relies on the sum total of a number of
lower energy interactions being favourable in order to achieve a stable form. The
interactions in a self-assembly process depend on multi-polar interactions, hydrogen
bonding, steric effects, dispersion forces, in addition to ‘forces’ arising from the
environment in which assembly takes place, most notably for the purposes of this
chapter, the hydrophobic effect.

3.2.1 Hydrogen Bonding

Energetically, the strongest interactions beyond the covalent bonds in biological
systems are electrostatic in nature – variations in electron density giving rise to a
force between two building blocks that may be attractive or repulsive, in contrast to
the always-attractive dispersion forces. In polypetides, major structural elements
are defined by the pattern of hydrogen bonding between amide linkages they
display [24, 25]. The hydrogen bond is a peculiar case of an electrostatic attraction
for both its ubiquity and its strength relative to other intermolecular forces. It occurs
between a dipole of the form δ−

A − Hδ+
and an acceptor B, a region of high

electron density typically (but not always) associated with an electronegative atom
in a dipole or an anion [26]. B donates electron density to the partially positively
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charged hydrogen atom, resulting in an attractive potential. Steiner in a 2002 review
highlighted the concept of a hydrogen bond as being describable as a “frozen”
proton transfer [27]. The wide range of possible species A and B, together with
geometric restraints imposed by the local covalent bonds and resultant steric effects
leads to a range of energies for the hydrogen bond, but in biomolecules these rarely
exceed 10 kBT [28] as isolated interactions. Importantly, in aqueous solution, the
competition from hydrogen-bonding solvent water lowers the overall free energy of
formation of intramolecular hydrogen bonds [29] to a range in which they may be
reversible in vivo, as expected and required in self-assembly processes [23, 30].

An important implication of hydrogen bonding systems in structure formation
is geometry [24, 31]. The hydrogen bond, as an electrostatic multipole, has an
orientation dependent energy, with a minimum for the three nuclei involved being
collinear. In systems where external constraints on the geometry of the hydrogen
bond exist (as is the case in biomacromolecules), the hydrogen bond can be observed
at less-favourable angles. The second geometric implication of the hydrogen bond is
its range – the interaction energy between the dipole (A-H) and monopolar acceptors
scales as r−2, and the dipole-dipole contributions scale as r−3. Monopole-monopole
interactions are most important in the case of interactions between formal charges,
such as in salt bridges and these scale as r−1 [32]. In short peptides terminated by the
free amine and carboxylic acid, these interactions commonly occur at the termini,
and also occur between charged side chains, the high energy of the attraction
allowing self-assembling peptides to be designed based simply on the predictability
of the proton transfer occurring [33–35]. Indeed, in native proteins, in the vast
majority of cases, species capable of hydrogen bonding are observed to be involved
in a hydrogen bond [36], and these bonding interactions have favoured bond angles
and bond lengths. The hydrogen bond tends towards a co-linear geometry for
the three atoms – the A − H · · · B angle tending to 180◦ with increasing bond
strength [37], and the angle H · · · CO at carbonyl acceptors has an energy minimum
at 120◦, around which there is clustering in the distribution of observed angles
in the solid state [38]. Alkyl protons, both simple and activated, can also play a
role as secondary hydrogen bond donors in protein self-assembly and molecular
recognition. These weak interactions are explained relatively conventionally for
what has been said thus far – the feebly polarised C-H bonds can, in the presence
of a relatively strong acceptor, form a hydrogen bond. No capacity for acceptance
of hydrogen bonds is observed for alkanes, and hence the side chains of the amino
acids alanine, valine, leucine, isoleucine and proline do not operate as hydrogen
bond acceptors. The hierarchy of hydrogen bond strength has greater structural
implication in short peptides, with each interaction contributing a proportionally
greater of the total than in large biomolecules, where the weak bonds tend to have a
greater significance in structure and recognition [39]. Of particular present interest is
the capacity of the aromatic phenylalanine and tyrosine to act as both aromatic C-H
donors and as acceptors of hydrogen bonds perpendicular to the ring centre [39].

Backbone-backbone interactions represent a significant proportion of hydrogen
bonding interactions in natively-folded proteins [36], with other interactions of
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the conventional form such as (N, NH, NH+
2 , O)H· · · (OH, O=, N). However,

hydrogen bonding is not limited to hydrogen covalently bonded to one of two
closely-approaching nitrogen or oxygen atoms [40]. The interaction is fairly general
provided there exists an A-H dipole with a partial positive charge on the hydrogen,
and a lone pair on B [41, 42]. Phenylalanine for example can, and frequently does
act as a hydrogen bond acceptor [43]. The reason for the observed dual functionality
is the aromaticity phenomenon (see below), which leads to non-isotropic electron
density in much the same manner as more familiar dipolar species, but with different
symmetry and hence interaction geometry.

3.2.2 Hydrophobicity

The previously described effects are inherent to the molecules themselves –
hydrogen bonding and electrostatic interactions will occur between suitable species
in the gas phase, and similarly steric effects limit the allowable conformations
of isolated molecules and those contacting others. In dealing with biologically-
relevant systems, however, consideration of the solvent environment is essential to
any analysis of the mechanism and thermodynamics of the assembly process. The
hydrophobic effect is the name given to the familiar phenomenon whereby non-polar
species display far lower solubility in water than they do in organic solvents, tending
to phase separate despite only feeble attractive forces between the non-polar species
that form the new phase, and operates on both apolar and amphiphilic solutes, the
latter giving rise to micellar and bilayer self-assembly [44, 45]. Water structure,
characterised by extensive and highly fluxional chains of (directional) hydrogen
bonds, is frustrated by the presence of the solute, which acts as a ‘cavity’ to which no
hydrogen bonds may be made [46, 47]. Small solutes, those with radii of curvature
on the molecular scale such as linear hydrocarbons, are less disruptive to water
structure than are flatter/larger species which do not afford the water molecules
the ability to form hydrogen bonding chains around the solute, instead forming an
interface [48–50]. The contribution of this process to the free energy of solvation
naturally has a linear dependence on surface area, and for solute radii larger than a
few nanometres, the surface energy is the dominant term and tends towards the value
observed in bulk [51, 52]. The small solutes, through their effects as cavities in the
hydrogen bond network, affect the solvent in the hydration layer most strongly, the
number of water molecules in this layer scaling with solute volume [52].

The entropic and enthalpic signature of small-molecule hydrophobic solvation
at low temperature is a free energy composed of a favourable enthalpic (from
intermolecular interactions) component and an unfavourable entropic (reduction
in the number of energetically favourable conformations available to the water
molecules in the presence of the hydrophobe) component. The ordering of the water
around the solute is a compensated process. The restrictions on the conformations
available to the water molecules results in there being a significant change in the
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heat capacity of the solvation, where the effects due to this localised ordering
diminish rapidly with temperature [53]. The compensated ordering process, yielding
a small negative free energy, can be seen as a mechanism that enhances the
solubility of hydrophobic species at low temperatures [54]. The magnitude of
fluctuations in water density, a relevant concern for the creation of a cavity, at the
microscale are fairly independent of temperature [55], certainly when compared to
less ‘structured’ organic media, and a cavity-insertion study demonstrates that this
invariance in compressibility of solvent determines both the dominance of excluded-
volume effects in the entropy of solvation for small species, and the observed
high partial molar heat capacity associated with hydrophobic solvation [52, 56].
Desolvation and the formation of hydrophobic aggregates in a new phase is driven
by the differential scaling of the entropic excluded-volume type contributions
and the enthalpic interface contributions. Above a critical radius, which for short
hydrocarbons in water is around 1 nm, clusters display surface-area energy scaling
(sublinear in aggregation number), lower in energy than the separate excluded-
volume cavities [51, 57], and so the new phase tends to grow. The early emergence
of rudimentary structure in protein folding has been ascribed to the desolvation and
interior segregation of hydrophobic residues in the “hydrophobic collapse” model of
protein folding, in which desolvation, with or without secondary structure formation
is on the main folding pathway [58, 59]. Buried residues typically pack extremely
closely in their native state- the packing efficiency in some cases being found to be
as high as in organic crystalline solids [60].

As a structural determinant in short-peptide self-assembled aggregates,
hydrophobicity is similarly a phenomenon associated with the absence of strong
hydrogen bonding or other polar interaction. Segregation of the polar and apolar
components on adoption of an ordered structure is usually achieved in the solid state,
and those dipeptides which reliably crystallise have remarkable commonalities
in the arrangement of their hydrogen bonded and charged moieties, permitting
groupings into a comparatively small number of structural classes [61]. The higher-
energy electrostatic intermolecular interactions are present in all the surveyed
crystalline structures, but their connectivity and spatial arrangement are moderated
by the packing requirements of the side chains.

3.2.3 Aromaticity in Proteins and Short Peptides

Aromaticity is a property of cyclic species with delocalised electron density above
and below the plane of the ring. All bonding molecular orbitals of the ring system are
filled with electron pairs, while nonbonding and antibonding orbitals are unfilled. It
is a stable phenomenon, and reactions commonly favour its retention rather more
than comparable systems (for example, linear conjugated bonds) without aromatic
character. The electron density distribution has a significant quadrupolar compo-
nent. The symmetry is that of a spherical harmonic of degree 2 (vs. 1 for the dipole, 0
for the isolated charge) and so, as in the case of the dipole, the quadrupole interaction
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is directional, its sign depending on the approaching species and the orientation
of the quadrupole. In proteins, of course, even phenylalanine will display lower
order multipoles due to the asymmetry induced by the bonds to the backbone, this
being obviously true for the substituted tyrosine and the heterocyclic tryptophan side
chains. The interactions of the quadrupole have a steeper fall-off with distance than
comparable dipolar interactions, the dipole-quadrupole having r−4 dependence and
inter-quadrupole interactions varying as r−5. Despite the tendency of quadrupolar
interactions to be significant only at short ranges, the ubiquity of inter-aromatic
interactions between the side chains of the amino acids phenylalanine, tyrosine
and tryptophan suggests that the peculiar directionality [62] of the quadrupolar
interactions may play an important role in the generation or stability of protein
secondary and tertiary structure. The aromatic residues have a significant tendency
to co-locate in folded sequences, comparable to that of oppositely-charged side
chains [63], and aromatic pairing was found in 89% of a representative sample
of proteins (including the aromatic neutral histidine side chain) for which high-
resolution data was available in the Protein Data Bank [64]. Aromatic-aromatic
pairs adopted both stacked-offset or ‘herringbone’ geometry and T-shaped C-H· · · π
‘hydrogen bond’ pairs [64]. A distinction from general hydrophobic interactions
in the folding process is suggested by analysis of the sequence separation of the
interacting pairs. 74% of aromatic-aromatic interactions in a statistical sample were
found to occur between distant pairs, suggesting that formation of the π interactions
follows folding of secondary structure [65]. Both of the favoured geometries involve
favourable quadrupole-quadrupole interactions, while the T-shaped arrangement has
a significant dipole-quadrupole character [66, 67]. The effect of the quadrupole is to
slightly favour the geometry where the C-H bond vector points to the acceptor ring
centre, whereas non-aromatic donors are found to ‘aim’ at centres and edges with
little energy difference [27]. Both appear in native protein structures, with stacked-
offset arrangements more common in isolated pairs not part of a network [68]. A
tendency has been observed for aromatics and certain other hydrophobic amino
acids to be encoded in β-sheet forming regions of native structure, a phenomenon
that has been linked to the steric effect of branching on carbon 3 of the side
chain [69] or from the presence of the bulky (and conformationally rigid) aromatic
side chains of Trp, Phe and Tyr [70]. The large accessible surface area of the side
chains is also significant in their pairing. An exponential relationship was found
between side chain solvent accessible surface area and the average number of atoms
within a contact radius of the atoms of the side chain. The aromatic species, with
a large and hydrophobic side chain surface area, were found to have significantly
more neighbouring atoms in folded structures than any other amino acid [71].
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Fig. 3.1 The geometry of the π -π interactions can be described by a variety of parameters, in
(a) two angles and a distance are defined, the angle θ being from the normal of one ring to the
inter-centroid vector Rcen, and γ is the angle between the plane normals. (b) A representative
favourable [72] stacked-offset interaction is shown – 20◦ < θ < 50◦, γ < 30◦. In (c) the T-shaped
edge-to-face geometry is shown, these being classified by 60◦ < θ , γ < 90◦. The intercentroid
distance is below 6.5 Å, peaking around 5.3 Å for F-F pairs [68], naturally with stacked offset
dominating at lower Rcen and T-shaped at greater range [64]. Detection of interaction by finding
the closest intermolecular carbon-carbon contact (RCC ) gives a sharper range distribution, peaking
around RCC=3.8 Å

3.3 The Role of Phenylalanine Residues in Peptide
Self-Assembly into Amyloid Fibrils

The hexapeptide human islet amyloid polypeptide fragment hIAPP (22–27),
sequence NFGAIL, was found to assemble in vitro into amyloid fibrils in a similar
fashion to its parent polypeptide [73]. An alanine-scanning study showed the
importance of the phenylalanine residue to the formation of fibrils by the fragment
and it was found that only the mutation F2A completely abolished the capacity
of the species to form fibrils [11]. Other studies on fragments of the Aβ peptide
showed that KLVFF (Aβ (16–20)) was capable of inhibiting Aβ fibril growth
in vitro [74], as were cholylated sequences cho-QKLVFF, cho-KLVFF and cho-
LVFFA [75]. This prompted further research into the possible role of phenylalanine
specifically [76] in the processes of amyloid formation and deposition, with a
focus on π -stacking interactions as a driving force for aggregation. Still shorter
polypeptides, the tetrapeptides KFFE and KVVE, were also shown to be capable
of self-organisation into amyloid-like β-sheet structures [77]. This remarkable
aggregation behaviour, ascribed to sequence-dependent β-sheet propensity and
terminal charge-charge interactions suggested that the central dipeptide FF, Aβ

(19–20), could display aggregation properties and processes relevant to those of
longer chains. The impact of two consecutive phenylalanine residues was later
highlighted in a study that compared the assembly behaviour of extended versions
of KLVFF/KLVF (capped and uncapped analogs) [78]. However, the special role of
aromatic residues in peptide self-assembly has also been challenged in a study that
demonstrated similar self-assembly of aliphatic and disease-amyloid derived short
peptides [79]. The debate as to the role and importance of aromatic residues in the
formation of amyloid fibrils is still ongoing. Two recent studies have applied very
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similar strategies to probe specifically the roles of phenylalanine in the amyloid
fibril formation of the Aβ (1–40 peptide) [80, 81], with strikingly opposing results.
While in one study the replacement of the phenylalanine residue at position 19 was
found to lead to a completely abolished aggregation [80], the identical substitution
in the other study leads to significantly accelerated aggregation with respect to the
wild type [81]. This remarkable discrepancy highlights the difficulty that answering
such seemingly simple questions entails. The control of a multitude of experimental
factors, in particular peptide origin (recombinant vs. synthetic) and purity, solution
conditions and experimental assay design, are all absolutely crucial in any attempt
to answer this type of question. If any of these factors differs between studies, a
direct comparison is no longer straightforward.

3.4 Experimental Methods to Study Short Peptide Assembly

The self-assembly of short aromatic peptides can be induced in a variety of ways
and the self-assembly process monitored in situ or ex situ by a large array of
experimental methods, that we summarise in this section, with a particular focus
on studies of diphenylalanine (FF).

3.4.1 The Choice of the Assembly Conditions for Self-Assembly

The self-assembly of FF and its derivatives into ordered structures is most com-
monly, but not exclusively, induced and investigated in solution. In many studies,
FF was dissolved at high concentration in an organic solvent (mostly Hexaflu-
oroisopropanol, HFIP) and the self-assembly was then induced by injecting the
concentrated stock solution into a low solubility solvent (mostly water) [12]. A large
number of different combinations of high solubility and low solubility solvents have
been investigated [82–88] and it has been shown that very different morphologies
can be obtained, depending on the choice of solvents. Indeed, it was shown that
even small impurities of solvents can have a significant effect on the self-assembly
process [28]. Mason et al. have determined the solubilities of FF in a variety of
solvents at room temperature [88], allowing a rational choice of solvent combination
based on their relative FF-solubilising abilities. In the context of the creation
and characterisation of novel materials, the choice of appropriate solvent for FF
assembly is mostly determined by the desired type of structure. However, assembly
in water has a privileged role, due to the relevance of self-assembly studies in water
for biology and also biocompatibility of the so-created structures. Indeed, in some of
the earliest studies of FF, the peptide was dissolved at elevated temperatures in pure
water, followed by cooling down of the solution, which led to self-assembly [14, 89].
It has also been demonstrated that a change in pH is a suitable method to induce FF
assembly, based on the strong pH-dependence of FF solubility [90]. A concentrated
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Fig. 3.2 Different methods to induce small aromatic peptide assembly (a) Introduction of a
concentrated solution of dipeptide in a high solubility solvent, such as acetic acid or HFIP into a
low solubility solvent, such as water or methanol [12, 88]. (b) Heating of a dipeptide solution at
a concentration c to a temperature T2 where the solubility of the peptide, c∗, is higher than the
peptide concentration, followed by slow cooling [89, 96]. (c) pH titration [91] or in situ pH change
through hydrolysis of an acid anhydride (here illustrated with glucono-δ-lactone, [92]) exploit the
pH-dependence of peptide solubility [90] to induce self-assembly. (d) Self-assembly can also be
induced by physical vapour deposition in vacuum [97–99], leading to the formation of arrays of
crystals oriented perpendicularly to the surface

solution of FF in trifluoroacetic acid (TFA) can be titrated with ammonia solution,
which leads to the formation of FF nanowires [91]. A particularly elegant method
of pH-change-induced self-assembly has been developed in the context of short
peptide hydrogel formation, whereby the slow hydrolysis of an acid anhydride
(most notably glucono-δ-lactone, GdL) to the corresponding acid (gluconic acid)
slowly and homogeneously acidifies the peptide solution, leading to significantly
more homogeneous gel appearance compared to titration with a strong acid [92].
An alternative method for homogeneous induction of self-assembly is enzymatic
activation that has been presented for FF derivatives [93, 94], whereby the precursor
molecule is designed to be the substrate of an enzyme, such as a kinase. Self-
assembly can also be induced through enzymatic action if the dipeptide is created in
situ from an activated amino acid derivative (methanoate ester) and an amino acid
amide, whereby self-assembly of the formed dipeptide immediately follows [95]
(Fig. 3.2).

Assembly of FF from the gas phase has also been investigated, using physical
vapour deposition (PVD) [97] and it has been demonstrated that at sublimation
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temperatures above 190◦C, the FF peptide cyclizes [98]. The use of plasma
enhanced CVD at 200◦C was also reported [99], and most likely also yields
assemblies of chemically modified species rather than intact FF. Vapour deposition
at moderate temperatures initially only yields amorphous films. Hollow tubes of
intact FF can be obtained by hydrating the amorphous layer or by depositing the FF
at lower grade vacuum, illustrating the importance of water in the formation of the
crystalline tubes [98].

3.4.2 Microscopic Methods

The observation of the peptide assemblies with different forms of microscopy is the
most direct method of detection and is often used to define and distinguish different
morphologies [88, 100]. In many cases, in particular in the case of gel formation,
the self-assembled structures are too small to be observed by optical brightfield
microscopy, and therefore atomic force microscopy (AFM) [16, 101, 102], scanning
electron microscopy (SEM) [101, 103, 104] or transmission electron microscopy
(TEM), either in the form of negative staining TEM [103, 105] or in the form of
cryo-TEM [106] can be used. The use of atomic force microscopy has the additional
benefit of allowing to probe the mechanical properties of the assemblies [16, 104].
For fibrillar structures of diameters in the nm range and lengths in the μm range,
various fluorescence microscopy techniques can also be employed, such as confocal
laser scanning [107–109] or super-resolution microscopy [108]. In particular, these
direct nanoscopic imaging techniques have enabled highly detailed mechanistic
studies of the assembly mechanisms [108] (see below).

3.4.3 Spectroscopic Methods

A wide range of different spectroscopic methods have been used to detect and follow
the self-assembly process. In particular spectroscopic tools have been employed
in order to monitor the change in peptide conformation between the soluble and
assembled states. Fluorescence spectroscopy can be used, both in the form of
measurements of the intrinsic fluorescence of the aromatic residues [110], or
through the binding of a fluorescent molecule, such as the amyloid fibril-binding
dye Thioflavin-T [103, 105] or fluorescently labeled DNA [111]. Other types of
spectroscopy that have been shown to be useful for structural characterisations
are circular dichroism (CD) [101, 105, 106] and Fourier transform infrared (FT-
IR) [103, 105, 107] spectroscopy, that are able to inform about secondary structure
motifs formed by the peptides. Furthermore, NMR spectroscopy has also been used,
either to follow the decrease in soluble peptide [100, 112], to monitor structural
changes of assemblies [106], to characterize the charge state of the peptide, e.g. as a
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function of concentration [78], or to study the interactions between assemblies and
other species, such as metal ions [113].

Despite not being a spectroscopic method, we include here also mass spectrom-
etry, in the form of ion mobility mass spectrometry, as it has been used in order to
detect the presence of clusters of aromatic dipeptides in solution [114].

3.4.4 Scattering, Rheological, Calorimetric and
Conductivity-Based Methods

The often dramatic change in size upon self-assembly makes it possible to follow the
self-assembly process by a variety of scattering methods. Dynamic light scattering
(DLS) [90, 100], small angle X-ray scattering (SAXS) [115], as well as small
angle neutron scattering (SANS) [107, 116, 117] have been employed to follow
the assembly process. In the case of small angle scattering (SAXS and SANS), the
data can sometimes be fitted to a model corresponding to the emergence of rod-like
micelles/fibrils upon the induction of self-assembly [107].

The self-assembly is often associated with a considerable change in mechanical
properties, in particular in the case of gel-formation. This can be followed by the
measurement of the rheological properties, in particular the ratio between elastic and
dissipative behaviour [94, 105, 107, 117]. In the case of orthogonally assembling,
self-sorting multi-component gels, the rheological properties provide a measure
of the assembly state of the individual components and can be selectively tuned
through external stimuli [118].

In some cases, the self-assembly reaction can also be directly carried out inside
a calorimeter, with the aim to study the thermodynamic signatures of the assembly
reaction. In the case of Boc-FF, the peptide initially forms amorphous spherical
structures when a concentrated solution in ethanol is diluted into water (see below).
These structures can be metastable against transformation into crystals for sufficient
amounts of time such that the heat exchange linked to this conversion can be
measured with a differential scanning calorimeter [100].

Inspired by classical methods for the determination of the critical micelle
concentrations of surfactants, it is also possible to follow different levels of peptide
self-assembly by measuring the concentration-dependence of the conductivity of
the peptide solution [107]. This type of method is based on the fact that the
electrophoretic mobility of assemblies can differ significantly from those of their
building blocks.
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3.4.5 Microfluidics

A relatively recent addition to the toolbox of methods for the study of short
aromatic peptide assembly is microfluidics, which is particularly well-suited for
self-assembled structures that can be directly observed by optical microscopy,
see Fig. 3.3. Microfluidics allows the study of peptide assembly in real time by
optical time lapse microscopy (Fig. 3.3c, e) while maintaining well-defined solution
conditions, by constant flow of a solution with defined concentration over the
growing assemblies, eliminating depletion effects [96]. The concentration can be
adjusted by changing the degree of supersaturation of the stock solution that is
drawn into the device (Fig. 3.3b and reference [96]) or else by changing the relative
proportions of supersaturated peptide solution and water/buffer in an on-chip mixing
device (Fig. 3.3d and reference [119]). This methodology has recently been applied
in a series of studies that investigated the growth rate of FF microcrystals as a

Fig. 3.3 Microfluidic methods to study diphenylalanine self-assembly (a) Pre-formed FF
crystals can be injected into a wide microfluidic channel and trapped by support columns that
avoid collapse of the channel. (b) The trapped seed crystals can be flushed with a constant stream
of a peptide solution at well-defined concentration. (c) Optical time lapse microscopy can be
used to follow the growth of the crystals. (d) A mixing device can also be used, whereby the
relative proportions of supersaturated peptide solution and water/buffer can be varied, leading to
an adjustable degree of saturation of the peptide solution in contact with the seed crystals. (e)
If the seed crystals are flushed with a supersaturated solution, they are observed to grow (top),
whereas they shrink when incubated with a sub-saturated solution (bottom). (a)–(c) reproduced
with permission from reference [96] ©2016 American Chemical Society, and (d)–(e) reproduced
from reference [119] under the Creative Commons Licence (CC-BY-4.0)
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function of concentration [96, 119] and temperature [90]. This approach allows
extensive and accurate measurements to be made and the resulting data has
contributed significantly to a better understanding of assembly mechanism of FF
(see below).

3.5 Thermodynamic Stability of Peptide Assemblies

The thermodynamics of short aromatic peptide assembly depends crucially on the
exact sequence of the peptide, including capping and protection groups, as well as
the solution conditions, i.e. temperature, pH and salt concentration. In the following,
we will discuss the thermodynamic stability of crystalline and fibrillar structures and
how they are influenced by various factors.

3.5.1 Thermal Stability of FF Crystals

It has been reported that FF microcrystals are very stable against heating in
the dry state [101]. In the dry state, these structures can withstand temperatures
above 100◦C and thermogravimetric analysis reveals the loss of water from the
crystal structure [101]. However, at temperatures above 150◦C, it was shown
that chemical decomposition sets in that can lead to the loss of phenylalanine
fragments [102]. Furthermore, the FF peptide can cyclize under loss of water
at such high temperatures, which leads to an irreversible collapse of the tubular
crystals [120, 121]. Full thermal decomposition of the peptide film finally occurs at
temperatures above 300◦C [101, 122]. On the other hand, amorphous films of FF can
be converted into fibrillar morphology through dry heating at 150◦C [122], possibly
through rearrangement or, more likely, sublimation of chemically degraded/cyclized
FF, similar to the observed formation of deposits on AFM cantilever observed
in an earlier study [102]. This is corroborated by the finding that pre-cyclized,
phenylalanine-containing dipeptides can form fibrils and gels [123].

High thermal stability of FF assemblies above 100◦C (in an autoclave) has also
been reported in aqueous solution [101]. Only recently, the solubility of FF in
water has been systematically studied as a function of temperature, by measuring
the FF concentration in the supernatant in equilibrium with FF crystals [90]. It
was found that the solubility of FF dramatically increases with temperature, from
about 0.5 g/L (1.6 mM) at 10◦C to about 1.9 g/L (6 mM) at 70◦C. Interestingly,
phenylalanine shows a similar temperature dependence of its solubility, the absolute
solubility being much higher [124], whereas benzene shows a very weak tem-
perature dependence of its solubility in water [125]. It is interesting to note that
benzene, being a prototypical hydrophobic molecule, has a higher solubility in water
than the diphenylalanine molecule. The temperature-dependent solubilities of F,
FF and benzene are compared in Fig. 3.4. In the light of the reported temperature
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a) b)

Fig. 3.4 Temperature-dependent solubilities of benzene, phenylalanine and diphenylalanine.
(a) The equilibrium solubility of benzene [125], phenylalanine [124] and diphenylalanine [90] are
plotted against temperature. (b) The logarithms of the solubility data are plotted against the inverse
absolute temperature in a van’t Hoff-like plot. The sign of the slope at any one point corresponds
to the sign of the enthalpy of self-assembly (F, FF) or phase separation (benzene)

dependence of FF solubility, it is likely that FF crystals at 2 g/L dissolve completely
upon autoclaving and reform upon cooling of the sample [101]. At the same time it
is plausible that the individual FF molecules will be more stable against chemical
degradation in aqueous solution compared to the dry state, given that the major
degradation process is the cyclization reaction which, being associated with the loss
of water, is unfavourable in aqueous solution.

Systematic analysis of the temperature-dependent solubility of FF is not only
useful for rationalising experiments that probe the thermal stability of its assemblies,
but also allows to decompose the thermodynamic driving force of the assembly into
enthalpic and entropic contributions, through a van’t Hoff analysis (see Fig. 3.4 for
van’t Hoff plots of F, FF and benzene). This type of analysis has been carried out
for FF and it was found that while the free energy of assembly is virtually invariant
throughout the investigated temperature range (4–68◦C), the balance of enthalpy
and entropy changes significantly [90]. While the assembly of FF into crystalline
structures is purely entropy-driven below 10◦C, it becomes enthalpically favourable
above 10◦C and entropically unfavourable above 30◦C, a manifestation of entropy-
enthalpy compensation. Overall, this temperature dependent solubility follows the
behaviour expected for a peptide system dominated by the hydrophobic effect [126].

3.5.2 Chemical Stability of FF Crystals

The stability of FF crystals against non-polar solvents has also been high-
lighted [101]. Systematic analysis of the solubilities of FF in a wide variety of
solvents reveals that the solubility varies by a factor of more than 200,000 between
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the lowest solubility solvent (hexane, 0.002 g/L) and the highest solubility solvent
(acetic acid, 430 g/L) investigated [88]. It was also shown that the thermodynamic
stability of FF crystals is strongly pH-dependent, with the solubility minimum
coinciding with the pH range where FF occurs as a globally neutral zwitterion [90],
and the solubility at pH 1 being approximately ten times higher than at the solubility
minimum [127]. Interestingly, addition of NaCl only marginally changed the
solubility of FF in pure water; only at NaCl concentrations of 1 M and above,
the solubility decreases appreciably [90], suggesting that electrostatic screening
effects do not play important roles in the assembly thermodynamics. The effect of
high NaCl concentrations is likely related to the well-known phenomenon of salting
out, that can for example be observed for aqueous solutions of benzene [128].

3.5.3 Non-crystalline Short Aromatic Peptide Assemblies

3.5.3.1 Fibrils and Gels

Structurally, one of the most interesting features of short aromatic peptides is their
ability to form fibrils and gels in addition to crystalline structures. In this context,
fibrils are defined as highly anisotropic structures with two dimensions of the order
of (a few times) the molecular size and one dimension that can be of the order of
μm, and which do not show long range crystalline order. Fibril/crystal dimorphism
is of course not restricted to (aromatic) dipeptides, but is also observed for longer
sequences, in particular those derived from amyloid fibrils [129, 130]. While
uncapped zwitterionic dipeptides easily assemble into crystalline structures, capped
versions display a clear preference for assembly into fibrils, even though they can
be crystallised under some conditions [93, 131]. In particular large, bulky aromatic
capping groups, such as fluorenylmethyloxycarbonyl (Fmoc) [132], carboxybenzyl
(Cbz) and naphtalene, direct the FF peptide into fibrillar structures [133–135],
whereas FF with smaller capping groups (Boc, acetate, amide) is still able to form
crystals [100, 133]. The fibril formation and subsequent gelation of N-terminally
capped aromatic dipeptides has been studied particularly extensively [20, 116, 134–
136]. However, whether a gel or a crystal is formed is not exclusively determined by
chemical modifications of the FF peptide, but also strongly depends on the solvent
conditions. In the case of uncapped FF, polar, hydrogen-bonding solvents are found
to favour the formation of crystals [14, 88] and non-polar solvents favouring the
formation of gels [82, 85, 86]. A theoretical thermodynamic framework to decide
whether the gel or the crystal is the equilibrium structure has been developed and
is based on the geometry of the self-assembling molecule and its solvophilic or
solvophobic properties [137]. It is predicted by this model that the gel, usually
considered a metastable phase compared to the crystal, can in fact correspond to the
thermodynamic minimum, depending on the solution conditions. In cases, however,
where a system under the same conditions can form both a gel and a crystal, it is
usually found that the crystalline state appears after the gel state and corresponds to
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the final thermodynamic minimum [100, 106, 135], in agreement with Ostwald’s
rule of stages [100]. Structurally, gel and crystal are often distinct [100, 135],
suggesting that they do not interconvert directly, but that the thermodynamically
more stable crystal phase nucleates either independently or catalysed by the gel
(heterogeneous nucleation).

The most prominent example of an N-terminally capped FF peptide that forms
fibrillar gels in aqueous solution is the Fmoc-FF system, which has been charac-
terised in detail [20]. It was proposed that the fibrils are stabilised through aromatic
stacking interactions, a design principle that has been successfully mimicked with
molecules containing both a phenyl and fluorophenyl group [138]. Notwithstanding
the fact that Fmoc-FF displays very robust fibril formation, it was shown that peptoid
substitutions (displacement of the phenyl ring from the side chain to the amide
nitrogen) of one or both of the phenylalanine residues impede (if one F is changed)
or completely abolish (if both F are changed) gel formation [139].

Gel formation in N-terminally capped dipeptides is usually induced by dissolving
the peptide at elevated pH and then lowering the pH, either through titration with
acid or in situ through the hydrolysis of an anhydride (Fig. 3.2 and references [92]
and [131]). Gel formation occurs as soon as the pKa value of the C-terminal
carboxy-group is reached, suggesting that it is mainly the globally neutral species
that is incorporated into the fibrils. However, through pioneering and detailed pH-
titration studies, it could be shown that the initial fibrillar assemblies are not globally
neutral, but consist of molecules with an average degree of ionisation of 0.66 [136].
Upon further acidification, subsequent transitions into higher order structures occur
that accompany increasing neutralisation of the peptides. Through such titration
studies [131, 136], as well as solution state NMR experiments [78] it became clear
that the process of self-assembly actually modulates the pKa of the peptide, with
the pKa of the assembled structures being significantly higher than that of the
isolated peptide, whereby the difference can correspond to up to 5 pH units [136].
The protonation state of the peptides is also strongly dependent on the total peptide
concentration [78]. If a pH titration is performed on such a peptide system, the self-
assembly sets in as soon as appropriate pH values are reached, but the process of
self-assembly is slow on the time scale of the titration experiments and therefore
the system will not be at thermodynamic equilibrium during the titration. Indeed,
the titration of self-assembling peptide systems is an ingenious way to access the
thermodynamics of gel-forming systems that are otherwise difficult to study. This
method was applied to characterize the thermodynamics of fibril and gel formation
of the FFDD tetrapeptide and its sequence permutations [110]. Free energies of
self-assembly were determined from titration curves under the assumption that
assemblies only form from neutral species, an assumption, however, which might
not be fully valid [113, 115, 136]. Nevertheless, from a comparison of the titration
behaviour of a series of closely related peptides, a relative ordering of the driving
forces for assembly can be deduced [110]. This type of data would otherwise
be difficult to obtain, given the high stability of these fibrils and the resulting
low equilibrium concentration of soluble peptide that are challenging to measure
directly. In the same study [110], one of the very few quantitative physico-chemical
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investigations of aromatic peptide fibril formation published to-date, the kinetics of
assembly was followed by NMR and fluorescence spectroscopy, as well as small
angle neutron scattering and the important conclusion was drawn that the kinetics
and the thermodynamics of the assembly of the six homologous peptides are not
correlated [110].

The thermodynamic stability of different gel-like N-terminally naphthoxyaetyl
(NAP)-protected dipeptides was also evaluated qualitatively in the context of a
study that aimed at the creation of a self-assembling system that displays dynamic
instability [95]. The motivation behind this fascinating type of study is to artificially
create a system that displays properties similar to biological polymers, in particular
tubulin [140]. The competition between enzymatic dipeptide formation, peptide
self-assembly and enzymatic peptide hydrolysis was investigated and it was found
that only in the case of the YF peptide, a gel persisted at equilibrium, due to the
high thermodynamic stability of the assemblies of this peptide, whereas YY and YL
dissolved completely [95].

In addition to pH-drop induced fibril- and gel-formation, it was also shown
that N-terminally naphtalene (as well as Fmoc)-capped peptides can be gelled
at high pH by adding salt ions that cross-link the rod-like structures, present at
elevated pH (>10) [115]. It was proposed that at high pH, it is not fibrils that
form, but rather worm-like micelles with the deprotonated carboxylic acid groups
pointing towards the water. These micelles can then be cross-linked by the addition
of metal ions (such as Ca2+). The direct interactions of calcium ions with such
peptide micelles is confirmed with solution state NMR spectroscopy [113]. The
concentration-dependent formation of such micelles at pH 10.5 and different peptide
concentrations has been characterized in detail, using a variety of experimental
techniques [107]. In this context it should be noted that the distinction between
fibrils and elongated micelles is not simply a matter of semantics; indeed it has
recently been shown that while peptide fibrils display a formation mechanism
characterised by nucleated growth, micelles (of a different self-assembling system
based on lipid-like molecules) form without an appreciable nucleation step and do
also not seed further growth [108]. In has been demonstrated that it is possible
to trigger the conversion of a micellar aromatic peptide system into a fibrillar
system through an external stimulus, such as the dephosphorylation of a tyrosine
residue in the peptide [141]. The removal of the phosphate group renders the
peptide derivative less amphiphilic and hence the micelles less stable. Detailed
spectroscopic characterisation of this system suggests that the micelles are not
directly converted into fibrils, but that they rather dissolve first, followed by a rapid
de novo nucleation of fibrils [141].

While most of the hydrogel-forming peptides and peptide derivatives so far
reported have been found serendipitously, it has also been shown that coarse grained
simulations allow to explore the sequence space, at least of tripeptides [142].
In this way, several previously unknown gel-forming (in the absence of organic
solvent) tripeptides were predicted and experimentally verified (KYF, KYY, KFF
and KYW). The important role of aromatic residues is obvious from this list.
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3.5.3.2 Amorphous Materials

In addition to the formation of ordered crystalline and fibrillar structures, short
aromatic peptides and peptide derivatives can also form disordered structures. When
screening a range of aromatic dipeptides, such as FW, WY, WF and WW, Reches
and Gazit noticed that only FW was capable of ordered crystalline assembly, in
agreement with a later large scale survey of published crystal structures [61], even
though the crystals were mixed with amorphous assemblies [12]. Interestingly, it has
been found that FF itself at highly acidic pH values, where its solubility is very high
(see above), also does not form crystalline, but rather dendritic assemblies that are
likely to be disordered at the molecular level [127]. Both the high solubility and the
inability to form crystalline assemblies is likely to be linked to the net charge carried
by the peptide at this pH, which would need to be neutralised by the incorporation
of a counter ion into the crystal. Intriguingly, the individual phenylalanine molecule
can be crystallised from acidic solution (dilute formic acid) by incorporating two
chemically distinct F molecules into the asymmetric unit cell: a neutral F zwitterion
and a positively charged F ion associated with a formate molecule [143].

The formation of other types of regularly shaped assemblies that are molecularly
disordered can be observed for a range of N-terminally capped FF derivatives
(Boc-FF and Azobenzene-FF (PPA)). The introduction of an ethanol solution of
Boc-FF into water leads to the immediate formation of rather uniform spherical
aggregates (Fig. 3.5 and references [104] and [100]), probably as a result of a de-
mixing process. The dependence of the formation of these spherical aggregates
on the ethanol and peptide content of the solution was studied systematically
(Fig. 3.5c). It was shown that the spheres are amorphous in structure (Fig. 3.5d)
and represent metastable assemblies that evolve further into fibrils and finally
into crystals (Fig. 3.5e, f and reference [100]). The transformation of the spheres
can be monitored directly through optical microscopy, dynamic light scattering,
NMR spectroscopy, and differential scanning calorimetry (DSC) [100] and the
ensemble of observations suggests that the spheres are dynamic structures in rapid
exchange with monomeric peptide that dissolve once the thermodynamically more
stable fibrillar phase has formed, which then grows at the expense of the spheres
(Fig. 3.5e). Thermodynamic analysis shows that the system evolves down a gradient
in free energy (Fig. 3.5f), as expected for a spontaneous process and that the enthalpy
change associated with the dissolution of spheres and simultaneous formation
of the gel or crystals shows little temperature dependence [100]. How the net
negative charge of the Boc-FF is accommodated in the final crystal structure is
at present unknown. A related system is the N-terminally-azobenzene-capped FF
(PPA), which forms amorphous spherical structures upon evaporation from an HFIP
solution [144]. Interestingly, the layer of spherical structures converts into fibrils
upon incubation with water, as was studied by AFM [144]. It is unclear whether
the spheres assemble directly into fibrils or whether the latter nucleate de novo
and grow at the expense of the dynamically dissolving spheres, as in the case of
Boc-FF [100]. The observation that upon contact with water the spheres become
significantly smaller [144] suggests the latter possibility as the likely mechanism.
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Fig. 3.5 The thermodynamics of self-assembly of Boc-FF (a) The structure of the Boc-FF
molecule. (b) SEM images of the different self-assembled phases that Boc-FF can form. Left:
spheres, centre: gel, right: crystals (c) Illustration of the solubility of Boc-FF as a function of
peptide concentration and ethanol content. The red zone corresponds to the crystalline phase, the
yellow zone to spherical structures and the black zone to complete dissolution of the Boc-FF.
(d) Powder diffraction spectra demonstrate that the spheres are amorphous and the gel is mostly
amorphous as well. (e) Self-assembly experiments inside glass microcapillaries illustrate the step-
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Related observations have been made for layers of FF that are spin-coated onto
various substrates directly from HFIP solution, leading to the formation of dendritic
fibrillar structures, which upon prolonged incubation at 100% humidity convert into
more ordered, crystalline-appearing structures [145]. Recently, it was shown that
also the Fmoc-DOPA molecule undergoes a series of transitions from spherical
amorphous structures to a fibrillar gel and finally to a crystal upon rapid dilution
of an ethanol stock solution into water [106]. In this study, the various phases of the
system were structurally characterised in detail through a range of spectroscopic
(CD, NMR, IR) and microscopic (cryo-TEM) methods, but no thermodynamic
characterisation of the relative stability of the different phases was given.

A very interesting phenomenon in the framework of the thermodynamic stability
of FF-derived assemblies is the observation that fibrils formed from C-terminally
capped, and therefore cationic FF peptide transform into spherical structures upon
dilution of the solution below 7 g/L [111, 146]. This structural transition is partly
reversible upon re-concentration of the sample [146]. A theoretical description
has been presented that attempts to explain this behaviour as a result of a
competition between unfavourable interfacial and favourable volume terms that
are concentration dependent [146]. It is tempting to contrast this fluid-like model
of C-terminally capped FF spherical structures (in solution) with the observation
that (dried) N-terminally capped FF displays metal-like stiffness [104]. In our view,
these observations of seemingly contradictory mechanical properties of very similar
types of structures illustrate the necessity for direct measurements of the mechanical
properties in solution.

Remarkably, it has also been reported that uncapped FF, albeit the D-
enantiomeric variant, transforms into spherical or vesicular structures upon
dilution [89]. This behaviour is very different from what is observed for the
L-enantiomeric form of FF, tubes of which are simply found to dissolve upon
dilution below the critical concentration [90, 119]. This difference in observed
behaviour could be due to the difference in chirality, but that seems rather unlikely.
Therefore, this conflicting behaviour remains at present unresolved, but future
detailed microfluidic studies [96] have the potential to resolve this question.

�
Fig. 3.5 (continued) wise assembly mechanism from spheres over gel to crystals and suggest that
the formation of a new phase leads to the dissolution of the less stable previous phase. (f) Proposed
energy landscape of the Boc-FF peptide, with determined free energy and enthalpy differences
indicated. The system follows a down-hill free energy trajectory, as described by Ostwald’s rule of
stages. (Adapted with permission from reference [100], ©2014 Springer Nature)
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3.6 Mechanistic and Kinetic Description of Aromatic Peptide
Assembly

Ordered self-assembly of aromatic dipeptides leads to the formation of elongated
structures, either fibrils or needle-like crystals, the latter with diameters in the range
of hundreds of nanometer to several μm and lengths that can attain many μm. In
the following, we will discuss the current state of knowledge of how such structures
form, with, as in the remainder of this chapter, a particular focus on crystalline
assemblies of FF.

3.6.1 Growth Processes

An early model of how microcrystalline FF assemblies might form is based on
the idea that sheet structures are first formed which then either roll up along
one dimension to form tubes, or along two dimensions to form spherical struc-
tures [147]. However, recent experimental results from the direct, real-time study
of FF microcrystals in contact with monomer solutions of varying concentrations
inside microfluidic channels, using time lapse optical microscopy, clearly demon-
strate the growth of the crystals through the addition of soluble peptide (Fig. 3.5 and
references [96], [119] and [90]). These observations render the formation, at least of
fully formed microcrystals, through the rolling up of sheets extremely unlikely. The
dependence of the axial growth rate of the assemblies on the concentration of soluble
FF was measured and it was found to be approximately linear at low degrees of
supersaturation (see footnote1), while the assemblies were observed to shrink when
washed with a sub-saturated solution [119]. A study which extended into a regime of
higher supersaturation found that the supersaturation dependence of both the axial
and radial growth rates, in a regime limited by surface processes, is exponential
(Fig. 3.6a and reference [90]). The fact that the concentration dependence of the
growth rate in both dimensions was precisely known, combined with the ability
to maintain the soluble FF concentration constant at a specifically adjusted value
inside the microfluidic flow reactor, allowed tuning of the aspect ratio of the
FF structures [96]. This was achieved by allowing the structures to evolve at a
concentration where they grow almost exclusively longer and not wider (compare
absolute rates of axial and radial growth in Fig. 3.6a, b), and represents one of
the first examples where detailed knowledge of the assembly kinetics has been
used for morphological control of assembled peptide structures. The exponential
dependence of the axial growth rate of the crystals on the concentration of soluble
peptide reflects the fact that the growth reaction is a nucleated process (Fig. 3.6c),

1The dimensionless supersaturation σ of the peptide solution is defined as σ = c−c∗
c∗ , where c∗ is

the critical concentration, see Fig. 3.11 a for an illustration of how the critical concentration can be
determined.
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Fig. 3.6 The growth kinetics of FF crystals from microfluidics experiments (a) The axial
growth kinetics as a function of solution supersaturation. Fits to different models (exponen-
tial, polynomic, linear) are shown. (b) The radial growth kinetics as a function of solution
supersaturation. An exponential fit is shown. (c) Illustration of the origin of the energy barrier
for two-dimensional nucleation, i.e. the competition between favourable bulk energy and the
unfavourable edge energy of the two-dimensional nucleus. (d) Illustration of sub-critical, critical
and supercritical sizes of nuclei. (e) The axial growth rates of FF crystals measured at different
temperatures at a constant concentration of soluble FF (1.2 g/L). (f) The growth rate is corrected
for the different degrees of supersaturation and the growth rate constant has been determined and
plotted in the form of an Arrhenius plot, which illustrates that the crystal growth is an activated
process. (a)–(d) adapted with permission from reference [96] ©2016 American Chemical Society,
and (e)–(f) adapted with permission from reference [90] ©2017 American Chemical Society

whereby new crystal layers nucleate on the advancing phase (2D-nucleation) and
spread across the face (Fig. 3.6d and reference [96]). The absolute growth rates
reported in these two microfluidic studies differ significantly; at an equivalent
degree of supersaturation of ca. 0.7, the absolute growth rates are reported to be
5 μm/min [119] or 24 μm/min [96]. The reason for the discrepancy is likely to lie in
the differing limiting regimes that operated in each study. Arnon et al. operated in a
flow regime where arrival at the growth face was transport limited. Both studies used
flow reactor chambers of comparable cross section, but the flow rates varied by a
factor of 200. At low flow rates (below 100 μl/h), the rate of crystal face growth was
observed to be approximately linearly dependent on flow rate [96], in accordance
with diffusion-limited growth [148].

In addition to the growth of assemblies formed from unmodified FF, the growth
of cyclized FF from DMSO is also reported [119]. Interestingly, it was noted that
while cyclo-FF assemblies grow bidirectionally, crystalline assemblies formed from
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unmodified FF display only unidirectional growth, a difference that is explained
through the different crystal symmetry.

In order to gain insight into the energy barriers of the assembly process, the
growth of FF assemblies was measured at different temperatures [90]. When pre-
formed FF assemblies are incubated with a constant soluble peptide concentration
at different temperatures, a decreasing rate of growth with increasing temperature
is observed (Fig. 3.6e). This unexpected result can be understood when the strong
increase in solubility of FF with increasing temperature is considered (Fig. 3.4 and
reference [90]). The driving force for net growth of the assemblies is the supersat-
uration σ , i.e. the difference between actual concentration of the soluble peptide
and the critical concentration [90, 119]. Therefore, at constant total concentration,
the net driving force for growth will strongly decrease with increasing temperature.
Given the exponential dependence of the growth rate on the supersaturation [96],
it can be understood why the observed growth rate decreases. However, if this
effect is taken into account, it is found that the crystal growth process is actually a
thermally activated process (Fig. 3.4f), as has been found for the growth of amyloid
fibrils [149].

It was recently shown that FF and Boc-FF can co-assemble and that the presence
of Boc-FF slows down the assembly compared to pure FF [150]. Furthermore,
the structures formed in the presence of Boc-FF are shorter, which was explained
through their higher frangibility under the assembly conditions of vigorous stirring.
Co-assembly, rather than separate assembly was indicated by spatially resolved
time-of-flight secondary ion mass spectrometry (TOF-SIMS) measurements. Fur-
thermore, in another study by the same authors, the mechanical properties (stiffness
and Young’s modulus) of FF-Boc-FF co-assembled structures were determined by
AFM and it was found that the co-assemblies display a significantly lower Young’s
modulus than the pure FF assemblies [151]. In this study, the assemblies from
different ratios of the two peptide variants were also spectroscopically characterised
and a change in π -stacking and hydrogen bonding was proposed. These results show
that despite the crystalline nature of the assemblies, the incorporation of foreign
molecules is possible and likely leads to the formation of defects in the crystal
structure.

The growth kinetics of fibrils formed by the six sequence permutations of the
DDFF peptide have recently been investigated by fluorescence spectroscopy and
SANS [110] and the second order growth rate constants have been determined.
It was shown that depending on the sequence, the fibril growth rates differed
by up to a factor of 10, assuming the same number of growing fibrils for all
sequences. Given the uncertainty on the absolute nucleation rate (see below), the
latter assumption could be the source of some error. However, this study [110]
represents one of the first attempts to quantitatively describe the growth rates of
short aromatic peptide assemblies in a size range where bright field time lapse
microscopy [90, 96, 119] is not possible, and where therefore ensemble techniques
are more easily employed. It has, however, recently been shown that even the growth
of thin aromatic peptide fibrils can be studied by confocal laser scanning microscopy
(CLSM) when the fibrils can be appropriately fluorescently stained [108]. In this
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study it was demonstrated that an N-terminally protected triphenylalanine (FFF)
peptide displayed seeded fibril growth, whereas no seeding was observed for fibrils
made from a lipid-like micelle-forming hydrogelator [108].

3.6.2 Nucleation Processes

Nucleation is in general more difficult to study than growth, because nucleation
is a rare process and because the nucleated structures rapidly evolve through
growth [152], leading in the case of short aromatic dipeptides typically to high
aspect ratio structures, such as fibrils and needle-like crystals. Nucleation can not
easily be directly observed, due to the often nanoscopic nature of the nuclei and the
stochastic occurrence of nucleation. A phenomenological approach to describing
the relative rates of nucleation and growth of crystalline structures could consider
the distributions of absolute lengths, diameters and wall thicknesses (in the case of
tubular crystals) of the final structures. It has been shown that these properties can
be tuned in the case of FF tubes by adjusting the relative proportions of different
solvents [153], probably reflecting different ratios of nucleation and growth rates
(kinetic factors), but probably also varying free energies of the different crystal-
solution interfaces (thermodynamic factors). Along similar lines, the introduction
of concentrated stock solutions of FF in high solubility solvents, such as HFIP [12]
or acetic acid [88], into water leads to many small crystals, whereas the slow cooling
to room temperature of an aqueous solution of FF that was saturated at 80◦C leads
to the formation of much fewer and larger crystals [90]. The nucleation rate is
therefore, as expected, highly dependent on the (local) degree of supersaturation.
This could explain why at high salt concentration, where the solubility of FF is
reduced (see above and reference [90]), smaller crystals are formed, but this could
also be partly due to an increased nucleation rate constant in the presence of salt or
indeed inhibition of growth by association of counterions at growth faces. While,
therefore, general and qualitative conclusions about nucleation processes can be
drawn from such observations, nucleation itself remains difficult to capture. The
elusive nature of the nucleation process might explain why a range of competing
models have been proposed for how aromatic dipeptides and related molecules
nucleate their self-assembly. As mentioned above, it has been proposed that FF
tube-like crystals and spherical structures might form through the rolling up of
sheets [147]. While this is unlikely to explain the formation of fully growth
structures, it cannot be excluded that the formation of the initial nanoscopic nucleus
resembles such a process.

Among the different types of nucleation scenarios, the formation of dimers has
been proposed on various occasions to play a prominent role [110, 114, 154].
Especially mass spectrometry, in the form of time-of-flight or ion mobility mass
spectrometry, has been employed to demonstrate the presence of dimeric structures
in solution [114, 154]. Ion mobility mass spectrometry is probably the highest
resolution molecular size measurement technique (short of directly determining a
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crystal-, NMR- or cryo-TEM-structure), and is able to distinguish between different
conformations of small molecules, such as dipeptides, as well as between different
degrees of water clustering around such molecules, as shown in the case of end-
capped FF [114]. On the other hand, this method has the caveat of requiring
transfer of the molecule or complex of interest into the gas phase. Depending on
the dominant type of interaction in the complex, transfer to the gas phase can
change the relative interaction strength compared to measurement in the condensed
phase, which can lead to a biased distribution of species. Indeed, the question as
to whether dipeptides or even single amino acids occur in solution in the form
of dimers or larger clusters has been a long standing one and a summary and
discussion of the debate surrounding this question can be found in [155]. In a recent
study employing dynamic light scattering (DLS), it has been shown that at least in
the case of FF, no larger pre-nucleation clusters exist, as the scattering intensity-
weighted size distribution was found to be dominated by a species of approximately
1 nm hydrodynamic diameter [90]. The resolution of these measurements is not
high enough to decide whether this dominant population corresponds to monomers,
dimers or even slightly larger species. However, it is interesting to note that the
size distributions from DLS are essentially identical for strongly sub-saturated (in
methanol) and strongly super-saturated solutions (in water) [90]. If an equilibrium
population of multimers with a finite binding affinity existed, it would be expected
that its population depends strongly on the total peptide concentration. The strongly
sub-saturated conditions (2 g/L in methanol) correspond to conditions where it has
previously been proposed that FF occurs in the form of dimers [154], which is
compatible with the size distribution measured in reference [90].

On a more conceptual level, studies that show a significant fraction of the
peptide to occur in the form of dimers or multimers [114, 154] are unlikely to
describe nuclei, given that nuclei, by their very definition, are transient, rare species
because they correspond to the species with highest free energy along the reaction
coordinate. In a study that investigated the kinetics and thermodynamics of six
tetrapeptides (all permutations of the FFDD peptide), it was proposed that dimer
formation is slow and therefore corresponds to the rate-determining step [110].
This conclusion is based on the observation that the fluorescence intensity of the
phenylalanine residues initially increases steeply after a lag time and then slowly
decreases, whereby the decrease corresponds to the formation of fibrils. However,
the fluorescence signal in this case cannot unambiguously be ascribed to dimeric
species and it is difficult to estimate how large the population of dimers/oligomers is,
given that their fluorescence properties cannot be studied in isolation. Nevertheless,
the data do strongly suggest that this system is initially dominated by the formation
of unstable/metastable smaller species, followed by the further evolution of these
species through growth, which corresponds to an energetic down-hill process.

Information about the thermodynamic stability of small species can also be
obtained by analysing the dependence of soluble peptide on the total peptide
concentration [90]. It is found that in the case of FF, the soluble concentration
corresponds to the total concentration up to the critical concentration and remains
constant at higher total concentrations. Such a behaviour, analysed within the
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framework of linear polymerisation, suggests a large critical nucleus size and hence
a highly cooperative nucleation process [90].

A very different approach to studying the nucleation of FF microtubes has
recently been taken, whereby amorphous films of FF, formed from HFIP, have
been hydrated and studied by highly time-resolved Raman spectroscopy [156]. It
was thereby found that the transition from amorphous to fully crystalline material
involves the formation of an intermediate species. It is proposed that the entire
peptide population is converted into this intermediate initially, followed by full
conversion into the final state. This model is compatible with the observed growth
of FF microtubes by addition of soluble peptide [90, 96, 119], if one assumes a
dissolution of the intermediate, followed by growth of the final structures, rather
than a direct interconversion.

Overall, the currently available data suggests that gel-forming systems might
display rather small nucleus sizes of the order of a dimer [110], leading to rapid
nucleation (time scales of seconds to minutes). Another aromatic peptide system
that supports this conclusion is given by the N-terminally protected triphenylalanine
peptides developed by Hamachi [108]. Here, a solution that is left to cool to room
temperature displays rapid de novo nucleation of fibrils within minutes [108]. On
the other hand, crystallizing systems are more likely to feature significantly larger
nuclei, as indicated by the ability to create supersaturated solutions of FF that can
be stable for hours [96]. Such systems are more likely to be appropriately described
within the framework of classical nucleation theory [152]. A note of caution is
appropriate here, however, as these statements are likely to only hold for very short
sequences. For significantly longer sequences, such as the amyloid fibril-forming
intrinsically disordered protein α-synclein, monomer solutions can be kinetically
stable for days [157]. While this behaviour could also be indicative of a large nucleus
size, it is more likely that it stems from a high energetic/entropic cost of forming
even a small nucleus.

3.7 Structure of Dipeptide Crystals with Particular
Emphasis on FF

The structural analysis of assemblies of dipeptides, in particular also aromatic ones,
was significantly advanced by Carl-Henrik Gørbitz [14, 61, 158]. In particular,
he solved the crystal structure of FF crystallized from water and highlighted the
importance of water inside nanochannels for the structural integrity of the crystal.
In the case of FF, the occupancy of the water sites is found to be between 0.1
and 0.5, whereas in other dipeptide crystals, water molecules can play an even
more well-defined structural role [14]. The importance of water in such crystal
structures is rather general, but the water is not always found inside channels – it
can also play a bridging role, such as in YW crystals [158]. This layer structure
is also interesting in that it displays hydrogen bonding (albeit weak) between
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the ammonium terminus and the aromatic tyrosine ring. The establishment of
continuous hydrogen-bonded networks in short peptide structures is a hallmark
of their self-assembly, and notably all backbone hydrogen bonding interactions
of uncharged dipeptides can easily adopt planar conformation, leading to layered
structures and the potential for polar/nonpolar segregation [159, 160]. In cases where
the drive to segregate nonpolar species is strong, and, not unconnected, where the
species are notably bulky, the hydrogen-bond ‘planes’ may adopt inward curvature,
maintaining the critical connectivity while allowing the large R-groups to segregate
and pack efficiently [14, 161]. This can lead to the formation of nanochannels,
unit-cell-level voids occupied by both solvation species and indeed non-associated
solvent or other species. The energetic cost of porous structures due to loss of van
der Waals interactions can be steep, so it is perhaps notable that the hydrophobic
dipeptide family of molecules display such arrangements with a degree of frequency.

3.7.1 Hydrophobic Structures in Aromatic Dipeptides

Two major structural classes of porous hydrophobic dipeptide crystals are known,
each named for the dipeptide forming the archetypical structure. The Val-Ala
class [160, 162] displays hexagonal hydrophobic pores ringed by six left-handed
dipeptide double helices, interacting with each other by an unusual bridging
interaction involving hydrogen bond donation by the amide and Cα to a carboxylate
group pointed end-on at the two donors. The structure is known for seven of the
nine dipeptides containing Val, Ala and Ile, with di-alanine and di-isoleucine being
the exceptions. The second major structural family is the Phe-Phe family, and it is
naturally this family on which this section focuses. The key property of this family is
the total segregation of the hydrogen bonding chains into mutually non-interacting
tubular regions within the structure, the tubular regions being described by helices
of hydrogen bonded, hydrophilic dipeptide backbones surrounding a solvated void.
The tubes are completely surrounded by interacting ‘sleeves’ formed by the bulky
side chains, and the terminal ammonium projects a proton into the channel to a
solvent hydrogen bond acceptor. It is known for the dipeptides IL, FL, LL, LF, FW,
WG and of course FF, the most dramatic demonstration [14, 160] (Fig. 3.7).

3.7.2 Hydrogen Bond Connectivity in Aromatic Dipeptides

A statistical study [61] of hydrogen bond connectivity in dipeptide structures
showed that out of the 160 investigated crystal structures of dipeptides, 152 are
uncharged zwitterions, and only 8 are charged and crystallize with associated
counter ions. This finding shows that the presence of charges on zwitterionic
peptides can be well-accommodated in crystals in a head-to-tail arrangement. In
the survey, the hydrogen bonding is classed in terms of the unbounded chains
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Fig. 3.7 Top: The continuous hydrophobic domain within FF arises partly from the bulk of the
side chains, shown here within the hexagonal unit cell. The polar backbones line the channel, and
form essentially one-dimensional structures. F1, the N-terminal amino acid, is in blue, and F2 is in
green. The asymmetric unit cell contains only one FF, and so there is one F1 environment and one
F2 environment, each F1 or F2 site being interchangeable with other F1 or F2 sites by symmetry
operations of the P61 space group. Bottom: Geometry of interactions within the hydrophobic
domain shows a remarkable helix structure for F2 sites akin to McGaughey’s energy-minimised
pinwheel for the benzene trimer [68], linked by T-shape type aromatic-aromatic interactions (Rcen

= 5.1 Å, close to the empirical Phe-Phe pair minimum [68] and the calculated minimum [66]),
with closest approach through the carbon 4 C-H· · · π bond (yellow) at a distance from H to the
ring centroid of 2.9 Å. The comparable interaction for F1 does not have the proton pointed directly
at the ring, but retains an offset T-shape geometry. The measurement for closest carbon-carbon
approach (magenta), often used in automated systems for the discovery of interaromatic contact,
is 3.8 Å on both the F1 and F2 sites. The F1-F2 interactions are shown at 3.7 Å between C2 of F1
and C1 and C2 of F2. The vertical spacing of each site is naturally the lattice parameter c, 5.46 Å,
at angle θ (in red) 58.7◦ on F2 and 46.7◦ on F1. This geometry suggests a lack of π −π interaction
along the long axis of the crystal [163–165]



90 T. O. Mason and A. K. Buell

formed by hydrogen bonding in the crystal – these chains consist of a repeating
unit that can be mapped on to itself by a simple translation along unit cell
vectors [166, 167], and are expressed in terms of graph set terminology [168], in
this case specifically the chain patterns denoted as C(n), with n the number of
atoms in the repeating unit. The eight-membered repeat unit is by a long way the
most common motif, and in this case the eight atoms involved are those along the
dipeptide backbone, corresponding to the “head-to-tail” charge-charge interaction
pattern, with surveyed dipeptides showing up to three independent eight-membered
chains. Of the 160 structures surveyed, only 15 did not display a C(8) chain. FF
displays two, remarkable for their helical shape – one helix is right handed, and
one unit cell in length, the other left handed and five unit cells in length. A critical
characteristic of FF in terms of its relevance to amyloid fibrils is that its crystal
grown in aqueous solution does not show a C(4) chain corresponding to inter-
amide hydrogen bonding. The central amide is instead involved in the more common
C(5) pattern, with the amide proton closely approaching the carboxylate terminus
rather than a neighbouring amide. A more conventional ‘amyloid-like’ hydrogen
bond structure is achieved by the FF-methanol solvate [88], which displays C(4)
inter-amide and C(8) head-to-tail patterns (the C(8) displaying a twofold rotational
axis normal to the backbone plane). Notably, the short Cα · · · O=C distance,
demonstrating a hydrogen bond [169, 170], is a familiar feature in parallel β-sheet
structures. This connectivity is, interestingly, exactly that observed for the dipeptide
di(phenylglycine) in its inclusion compounds with certain chiral sulphoxides [171].
Its aqueous self-assembly process yields a spherical aggregate, suggesting a lack
of long-range crystalline structure [147]. Conversely, successive prolonging of
the aliphatic linker between the phenyl ring and the peptide backbone yields
non-hollow elongated structures, as well as plate-like structures, which reflects
presumably the different crystal packing, as well as a different balance of crystal
nucleation and growth rates [172]. The chaotic response of dipeptide structures
to even small changes in molecular identity has been observed frequently [160,
173], and a number of ring-substituted FF analogues are known: substitution at
the 4 positions of the ring with fluoro, iodo and nitro groups yield extremely
narrow tubular structures, similar in appearance but remarkably different in their
structure. FTIR indicates antiparallel β-sheet structure for the halo-substituted
dipeptides, while di-(4-nitrophenyl)alanine has a distinct signal consistent with
random coil connectivity, possibly suggesting involvement of the nitro group (a
strong hydrogen bond acceptor) in the polar/hydrogen bonded network of the
aggregate. Di-(1-naphthyl)alanine and di-(2-naphthyl)alanine yield flexible tubular
structures showing β-sheet FTIR signals, and di-(1-biphenyl)alanine crystallises as
square plates [174]. The formation of plate-like structures has also been observed
for the FFF tripeptide [103]. Based on molecular simulations, those structures are
reported to be thermodynamically more stable than FF tubes, but this result is
not experimentally verified. It is, however, plausible, given the trend in solubility
observed between F and FF (Fig. 3.4).
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Importantly, by comparing experimental and simulated powder diffraction data,
it was also shown by Gørbitz that the molecular arrangement of large FF crystals are
identical to the much smaller ones obtained by introducing concentrated solutions in
organic solvents, such as HFIP [12], into water [175]. This conclusion gained further
support when FF assemblies of different sizes (sub μm thickness and wider than
μm) were structurally analysed by AFM and polarized Raman microspectroscopy
and no differences were found [176].

3.7.3 Macroscale Aggregate Structure

The overall tubular appearance of FF crystals grown from water is one of the
incredible traits of the diphenylalanine aggregate, almost seeming as though its habit
recapitulates its unit cell down to the incorporation of a solvated void! Naturally, this
phenomenon was the cause of much early discussion [12, 14] and was exploited
by, for example, filling the core with elemental silver [12]. It is currently still
unresolved why FF forms hollow crystals, but a potential explanation can be found
in reference [177], where it was proposed that hollow crystals from small molecules
can be formed when the growth rate of the crystal is faster than the arrival of
peptide building block through diffusion. In this case the hollow core simply reflects
the insufficient delivery of peptide building blocks in the centre of the growing
crystal. In the light of this hypothesis, it can also be understood that under certain
solution conditions, solid rods rather than hollow tubes can be formed from FF for
example by titrating a solution of FF in TFA with ammonia solution [91, 178], or by
sonication [178, 179]. The sonication process is likely to yield a more homogeneous
peptide solution and prevents the built-up of concentration gradients that can lead
to the formation of hollow tubes [177]. Interestingly, it was reported that the
molecular arrangement of tubes and rods is not identical [178]. It is suggested that
the different types of structures can be inter-converted [178], but a more detailed
look at the protocols involved (“annealing” at 80◦C, 2 g/L) suggests, based on the
solubility of FF (see above) that the rods are dissolving and tubes are subsequently
nucleating de novo. That differences in solution conditions should lead to the
nucleation of different structures and morphologies (high peptide concentration
and high ionic strength in the case of the rods and lower concentration and
slow increase in supersaturation through cooling in the case of the tubes) seems
overall more likely than a large scale, concerted rearrangement of an entire crystal.
That said, it has been proposed elsewhere that transient structural changes can
be induced by ultrasonication [180, 181], and these changes are not attributed to
heating of the sample. It has to be noted, however, that sonication can lead to
significant local heating and that the overall temperature increase of the sample is
not necessarily representative of the maximum temperatures locally reached inside
the sample [182].
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3.8 Comparison with the Assembly of Longer Sequences into
Amyloid Fibrils

3.8.1 Structural Comparison

In light of the remarkable ability of the tetrapeptides KFFE and KVVE to form
unambiguous amyloid fibrils [77], a property shared with a number of short,
hydrophobic peptides containing phenylalanine [183–185], and the presence of
neighbouring phenylalanine residues in an aggregation-critical sequence of the
amyloidogenic Aβ peptides, the possibility that FF represents an instructive model
system in which interactions key to the early stages of amyloid aggregation could
be simulated is a tantalising one, and indeed was a major driving force in much of
the research into FF and similar short aromatic peptides.

There are certain superficial structural similarities between the water-grown
crystal of FF and particular amyloid systems, outside of their compositional
similarities – side chain interaction and close packing/interdigitation is a common
property of cross-β amyloid structures [186], and is clearly a strong influence in
FF self-assembly. We have already discussed the tendency of phenylalanine to
occur in β-sheet-forming regions of native chains and the β-sheet is, of course, the
fundamental structural element of the amyloid fibril, and any tendency to promote
β-sheet formation can, with a few caveats, be seen as a tendency to stabilise amyloid
structures. Inspection of the Ramachandran plots for the aromatic amino acids
shows the extent of the steric restrictions imposed by the involvement of the γ -
carbons in a rigid ring system. Application of the Ramachandran plot to dipeptide
conformation is problematic, however – the angles are dihedral angles between
amide CO-NH bonds and the two backbone bonds of the Cα; ψ is defined as
the Ci−1

o -N-Cα-Co dihedral angle, while φ is the N-Cα-Co-Ni+1 dihedral angle
(Fig. 3.9a, b). Both are measured clockwise around the central bond in the N-
terminal to C-terminal direction. Obviously, FF only has one amide bond, and the
C-terminal is a carboxylate and the N-terminal an ammonium, strictly meaning
that the N-terminal Phe only has a defined ψ (156.9◦), and the C-terminal only
a defined φ (54.7◦). At the cost of some assumptions, replacing a carboxylate
oxygen with an imaginary amide yields two potential ψ values for F2, at 44.5◦
and −138.8◦. A φ angle of 156.9◦ (F1) is associated nearly exclusively with β-
sheet secondary structure, while the situation for F2 is more unusual – the positive
φ angle, a consequence of the cis arrangement of side chains, is more rarely seen in
native protein structures and is typically associated with a left-handed α-helix [187]
(for ψ = 44.5◦) or an unclassified structure [188] for ψ = −138.8◦. Inspection of
Fig. 3.8 shows that the conformation where the first F is in a sheet-like conformation
and the second in a left-hand helix or the unclassified conformation is relatively
rare – of the more than 16,000 phenylalanine residues in FF or FFF sequences
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Fig. 3.8 (a) Hydrogen bonded network in FF, superimposed on the unit cell. The hydrogen bonds
form closed structures due to the curvature imposed by the bulky side chains. (b) Six-membered
left-handed helix, C(8). (c) Six-membered right-handed helix, C(8). (d) Axial chains, the strongly-
bonded C(5) chain in yellow and the weaker Cα-carbonyl, a C(4)

sampled (see footnote2), only 40 show geometries approaching the ones observed in
diphenylalanine crystals (Fig. 3.9c). A cyclic peptide RACAFFC containing the FF
motif was the subject of a study into its activity as an antagonist at a chemokine
receptor [191], and measurement of the φ,ψ angles of the two phenylalanines,
constrained as part of a five-membered ring closed by a disulphide bond shows they
are similarly not in a conformation associated with secondary structure (F6 does
show angles typical of a β-sheet, but F5 is well outside the conventional limits).
The amyloids formed by KLVFFA, however, show that both phenylalanines are part
of a continuous β-sheet structure in all polymorphs and have dihedral angles well
within the expected bounds [192], and the same applies for the oligomerising β-
hairpin structures formed by longer core fragments of Aβ [193, 194].

2A search was performed on the PDB [189] for the “FF” sequence motif, where it occurs as part
of an unmodified sequence, at resolution < 2.5 Å and without ligands. The sample was analysed
using Pymol 2.1.0 [190] via the get_phipsi command and the output plotted using Gnuplot.
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Fig. 3.9 The Ramachandran angles of the FF sequence in a statistical sample (a) Ramachan-
dran angle φ, measured in a right-handed fashion in the N-to-C terminal direction. The angle
shown is typical of an antiparallel β-sheet. (b) The angle ψ , again with a value typically seen
in the antiparallel β-sheet. φ and ψ values are restricted by steric effects to ranges of ‘allowed’
values. (c) A statistical sample from the Protein Data Bank of 8044 occurrences of the unmodified
FF sequence in 3087 PDB entries, collected by the authors for this work. Direction of the chain
is shown by the colour gradation. In nature, the sequence has a relatively typical Ramachandran
distribution, with a tendency for a first residue in a helical-type structure to result in a second
residue with sheet-like conformation. Two black arrows represent the pair of FF sequences in
PDB 3ow9 [192], a polymorph of KLVFFA with typical anti-parallel β-sheet conformation (Panel
d) The dipeptide crystal has φ1=156.9◦, with ψ1 undefined. The dotted red line shows the φ

angle on F1. The carboxylate terminus of F2 allows the guessing of two possible “ψ angles”,
for φ2 = 64.7◦. Recognition of a similar structure with a sheet-like first residue, and a second in
a left-handed conformation, reveals the curious fact that FF (Aβ19−20) adopts a similar backbone
structure to PDB entry 5NAO, Aβ1−42, as solved by Wälti [195]. (e) Superposition of the FF
crystalline conformation (green) over the conformation of the sequence in Aβ1−42

The helical connectivity of the hydrogen bonding chains has some similarities
to a proposed model of polyglutamine aggregation advanced by Perutz et al. [196]
contemporaneously with early, but highly influential, reports on the properties of
FF [12], though the β-helix model for polyglutamine species has not stood the test
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of time [197, 198]. The parallel arrangement of the two-membered chains might be
seen as something of a departure from expected behaviour for short polypeptides
forming amyloid fibrils, due to the increased importance of terminal charge com-
plementarity, which forces antiparallel organisation in KFFE and other asymmetric
short peptides with charged residues [77, 199]. A critical factor in the topology of
the aggregate structure is the twist observed for amyloid fibrils – this phenomenon
is due to the steric effects of the chiral backbone [200]. Only if φ + ψ = 0
on average along the extended chain in the sheet are the amide groups parallel.
In general, the average has a small finite value, resulting in a tendency towards a
progressive deflection of the polar direction of the amide groups along the chain,
and hence to a helical twist around the axial direction of the polymeric fibril or β-
sheet [201]. This helical twist effectively limits the radial dimension of the fibril, as
fibril addition sites further from the central position experience progressively greater
elastic strain. The equilibrium radius of the fibrils arises from the balance between
this elastic deformation cost and the free energy of radial addition to the fibril [202].
Polymorphism in radial dimension, helical twist pitch, handedness and indeed in
coiling of the fibril into nanotube-like ribbons have been observed [203, 204].
The limited width, due to mechanical effects, is a key property of amyloid fibrils;
indeed, it is a major reason why they have a fibrillar morphology and critically
it distinguishes the fibril from the crystal. This was shown in a theoretical study,
where the free energy as a function of the twist angle was treated as a perturbation
in accordance with the Landau theory of phase transitions, a mean-field theory
whereby the perturbation can be expanded as a Taylor series [205]. In the case of
the twisting of amyloid fibrils, the chirality of the individual chains requires the
retention of the odd-powered terms in the expansion which would otherwise cause
asymmetry about the transition point, though the linear term is shown to have a zero
coefficient. The analysis in the paper proceeds to identify the stationary points of the
series expansion, with a minimum at zero twist (a crystalline state), and a minimum
at a specific twist angle, this twist angle being dependent on the equilibrium twist
angle (the twist angle at zero fibril thickness), and the ratio of the torsional spring
constant of the fibril (a function of the square of fibril thickness) to the spring
constant for rotations between individual chains in the fibril (going as the cube of
the chain length for long chains). A critical fibril thickness was established, above
which the crystalline form would be stable [205]. This critical width scales linearly
with chain length, and is of course also dependent on other material parameters,
many of which are common to all amyloid structures. It is to be noted that the origin
of the asymmetry, the equilibrium chiral twist of the amide backbone, cannot exert
influence in the dipeptides – only one amide bond exists, and so it is impossible
for there to be an equilibrium series of amide rotations about the backbone. The
ammonium and carboxylate termini are freely rotated, and interact by a monopole-
monopole force that, inherently, only has a distance and no directional dependence.

A crystal is defined by its repeating, three-dimensional motif and in principle,
any translation along an integer number of unit cell vectors will lead to an identical
environment. This property has been confirmed for two distinct FF solvomorphs [88,
175] among many other short peptides [61] by virtue of the analysis of X-ray
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diffractograms. Diphenylalanine crystallises from water into the space group P 61,
which on the face of it has a helical appearance, borne out by the angled C(8)
chains which spiral the inside of the nanochannels. What is not helical, though,
is the vertical (axial) connectivity, the C(5) chain- each step along a multiple of the
short axial unit cell vector brings you to an identical diphenylalanine. This argument
cannot be made for the amyloid axial translation unless the pitch of the helix was a
precise multiple of the hydrogen bond separation. Even though the repeat distance
is highly consistent along a fibril [206], it cannot be said to represent a crystalline
repeat due to the far lower energy of minute fluctuations over the repeat distance.
Still harder to equate to the crystalline regime are the radial ‘vectors’ in amyloid
fibrils. For these sites, as has been discussed, energy and concomitantly equilibrium
shape change with distance from the fibril centre, and there exist defined upper limits
for the radial dimension. Nevertheless, the attachment of monomeric peptide onto
the surfaces of amyloid fibrils of the Aβ peptide has been demonstrated to be the
first step of the autocatalytic secondary nucleation process and the affinity has been
determined from quantitative surface plasmon resonance (SPR) biosensing studies
to be up to two orders of magnitude weaker compared to the affinity for the fibril
end [207, 208].

3.8.2 Comparison of Assembly Kinetics and Thermodynamics
of Short Aromatic Peptides and Longer Amyloid Forming
Sequences

It has been shown that in diphenylalanine, the radial growth rate is a continuous,
monotonic function of excess concentration of the dipeptide in water (Fig. 3.6b
and reference [96]), while in the amyloid fibril continuous radial growth is not
normally observed [209, 210]. The aggregation process of FF, in common with other
crystalline species, is highly cooperative. Concerns of edge and surface energies
determine the stability of ‘islands’ of a new layer at a surface (Fig. 3.6d) and
give rise to complex, higher-order dependence of the incorporation rate on the
excess arrivals of monomer at the surface over the off-rate of resolvating species
(Figs. 3.6a and 3.10a). In contrast, the kinetics of elongation of amyloid fibrils
have been shown in a range of studies to depend linearly on the concentration
of soluble peptide at low concentrations and saturate at higher concentrations
(Fig. 3.10b and references [211, 212]), and this distinct concentration dependence
has been interpreted as strong evidence for a mechanism whereby the fibrils elongate
through the addition of monomeric, rather than oligomeric building blocks [211].
The effect of monomer concentration on axial growth rate is a readily-identified
difference between crystalline and fibrillar systems- crystalline systems display
cooperativity at moderate supersaturation, while fibrillar systems transition from
non-cooperative (linear in supersaturation) to anti-cooperative (sublinear) regimes at
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Fig. 3.10 Comparison of the concentration-dependence and free energy barriers of peptide
self-assembly into amyloid fibrils and crystals (a) The axial growth rates of FF crystals as a
function of solution supersaturation σ displays an exponential dependence. (b) The dependence
of amyloid fibril elongation rate on the solution concentration of insulin under two different
solution conditions (top)- the growth rates in 100 mM NaCl/20% acetic acid (squares) and in
10 mM HCl with no added salt [212] can be scaled to the same master curve, despite an order
of magnitude difference in absolute rate and the concentration dependence of fibril elongation rate
in the longer chain α-lactalbumin amyloid system (bottom), showing onset of saturation at lower
concentration [212]. (c) Log–log graph comparing the aggregate growth rates of amyloid fibrils
of the Aβ(1–40) peptide with those of FF crystals. The solid lines represent the diffusional fluxes
of monomers into a reaction volume on the end of the aggregate and correspond to the theoretical
maximum rates. (d) Comparison of the free energies, entropies and enthalpies of activation of
FF crystal growth with those of amyloid fibril growth of the Aβ(1–42) peptide. The kinetic data
of FF has been analysed in two different ways, using a diffusive model for direct comparability
with amyloid fibril growth and also by taking the crystalline nature of the assemblies explicitly
into account. Details of this analysis can be found in reference [90]. (a), (c) and (d) adapted
with permission from reference [90] ©2017 American Chemical Society and (b) adapted with
permission from reference [212] ©2010 American Physical Society
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a supersaturation determined by internal dynamics of the attached monomer during
incorporation [212].

The difference in growth mechanisms between amyloid fibrils and crystals
renders a direct comparison of the absolute growth rates and in particular of the
underlying free energy barriers not straightforward. Nevertheless, a first idea can
be gained by comparing the absolute rates of growth of these structures with the
theoretical maximum of the assembly rate, the diffusional arrival of the peptide into
a reaction volume of size comparable to the soluble building block. In Fig. 3.10c
such a comparison is shown for the FF peptide and the Aβ(1–40) peptide. The
difference between the actual rate and the theoretical maximum is approximately
a factor of 103 in the case of Aβ(1–40) across a range of concentrations, and due
to the saturation of fibril elongation this factor increases at high concentrations. On
the other hand, the exponential dependence of the axial growth rate of FF leads to
a strongly decreasing difference between the rates of diffusional arrival and growth.
If the difference between maximal and actual rates is interpreted as stemming from
a free energy barrier, the latter is therefore concentration dependent [90].

All faces of the crystal have been shown to grow continuously at finite rates in
suitable conditions, but another comparison with the amyloid system may be made
in that the crystals of FF have extreme aspect ratios, and through careful control
of solution conditions, can be made to grow axially with extremely slow radial
growth [96], a phenomenon arising from the exponential dependence of growth
rate on supersaturation on each face. The observation is explained in terms of the
intermolecular interaction chains coplanar with the initial deposition of a new face.
In FF, the radial faces may either intersect the helical hydrogen bonded channels,
which will readily stabilise incoming FF, or they may present a simple hydrophobic
surface, compare Figs. 3.7 and 3.8. The close-packed hydrophobic surface is a
relatively low energy face, and so the borders of new layers on the axial face come
at a rather lower cost than their counterparts on the radial face, which must always
expose unsatisfied pendant hydrogen bonds. As a result of the greater nucleation
rate of new layers, the axial face grows faster. Certain theoretical models have
seen success in explaining amyloid nucleation and growth rates in terms of pseudo-
one-dimensional crystallisation [213, 214] – crystals where the energy difference
between the faces is such as to render radial growth impossible for wide ranges
of conditions, though it should be mentioned that the Gibbs-Wulff theorem, to
which analogy is made for the equilibrium aggregate shape, is only demonstrable
in aggregates capable of rapid equilibration, i.e. very small ones. Kinetic processes
are dominant determinants of crystal shape at the macroscale, and the early stages
of polypeptide aggregation frequently involve non-fibrillar oligomeric species, for
which the crystal theories of amyloid formation do not account.

For shorter species, the line between a crystal and an amyloid fibril can be a
narrow one, and the classic examples are the Sup35 fragments GNNQQNY and
NNQQNY, a heptapeptide and hexapeptide which, like their parent chain, readily
form amyloid fibrils [129, 215]. Unusually, though, a crystalline polymorph is
also observed in each case at slightly higher monomer concentration, this crystal
having very similar structure to the fibril as determined by X-ray diffractometry
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(the 4.7 Å meridional reflection being particularly notable), and an interesting
point is made that the crystals were also highly acicular and despite the efforts
of the researchers, crystals could not be grown continuously in at least the radial
dimension. A microcrystal of NNQQNY is shown, with a width slightly over 1 μm,
corresponding to approximately 500 unit cells, and appears to have a somewhat
irregular surface, suggesting a high density of grain boundaries parallel to the
long axis [7]. Other short peptide polymorphic systems have been prepared, and
they have a notably wide range of side chains [216] – NNQQ, a tetrapeptide
with purely polar residues, fibrillises, as does penta-glutamine, results in keeping
with observations of the pathology of Huntington’s chorea, a neuropathological
amyloidosis triggered by extended polyglutamine repeats [217]. The same work
established a fibrillar state for the hexapeptide SSTSAA, a fairly hydrophilic
fragment with short side chains, as well as larger, more hydrophobic species. A
key finding of this extensive survey into amyloidogenic fragments is the concept
of “steric zippers”. These fragments of longer chains are computationally predicted
and experimentally confirmed to be amyloidogenic in their own right, and as such
are considered to be potential candidates for “trigger” regions of the parent chains,
whose intermolecular interaction can lead to the nucleation of the fibrils [218, 219].
The fragments proved capable in many cases of enhancing fibril formation of the
parent polypeptide, and vice versa. In the diphenylalanine case, the identity of the
dipeptide as Aβ19−20 is frequently remarked upon in studies of the species, and
recent NMR-derived structures of Aβ1−42 show the motif buried in a hydrophobic
“pocket”, interestingly in a similar ‘cis’ configuration of the side chains [195, 220].
However, a recent cryo-EM study showed F20 oriented out of the hydrophobic
‘core’ containing F19 [9]. In this study, the fibrils were formed in 30% acetonitrile
solution. This alteration of the solvent environment may render the projection of F20
at the surface less unfavourable than in the aqueous/salt systems of references [195]
and [220]. The Ramachandran angles are φF1 = −94.7◦, ψF1 = 152.7◦, φF2 =
64.7◦, ψF2 = −172.5◦ in the structure as given by Waelti et al. Interestingly, these
correspond very closely to an equivalent FF conformation in the crystal, and a glance
at the structural solution shows the effect of the same forces. The hydrophobic
residues are buried, and indeed interact in a clear herringbone-type chain typical
of the π -π interaction, even at significant cost to the continuity of the hydrogen
bonding between successive chains [195]. The effects of hydrophobicity are readily
discerned from the convoluted structure of the chain in the fibril. Two separate
hydrophobic pockets are formed by each of the chains forming the dimeric ‘unit
cell’ in the axial direction, one involving the residues 16–22 (KLVFFA), and the
second involving interdigitating aliphatic side chains from residue 31 onwards.

Comparison of the thermodynamics of dipeptide and polypeptide aggregation
is an important step towards rationalising or discounting the employment of short
peptides as model systems for amyloid propagation. In particular, the desolvation
of the aromatic benzyl groups is predicted to contribute a significant negative free
energy to the process of amyloid fibril formation. In polypeptide systems with
hydrophobic residues, the enthalpic component of the free energy of desolvation
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(upon folding and burial of the hydrophobic residues) is positive at low temperature,
transitioning through zero to give a negative �H at high temperature [221]. The free
energy of solvation remains relatively unchanged, however, indicating an entropic
contribution to the free energy that is nearly equal in magnitude and opposite in sign.
This compensated relationship is diagnostic of the influence of the hydrophobic
effect [222]. In the case of FF, the signature of the free energy, as well as its
compensated nature correspond very well to that of a system dominated by the
hydrophobic effect (Fig. 3.11b).

The dependence of the free energy of fibril elongation, per peptide unit, on
the length of the polypeptide has been investigated for a range of amyloid-
forming systems, and an empirical power-law relationship governed by contact area
between chains was proposed to describe the scaling of this property (Fig. 3.11c
and reference [223]). The free energy was established by depolymerisation studies
with a strong denaturant and analysis of the data with the linear polymerisation
model [224], where the equilibrium constant for the addition to fibrils of all
lengths reduces to that between fibril ends and monomers. Diphenylalanine dis-
plays markedly greater non-polar side chain surface area per peptide than typical
biologically relevant polypeptides, and the π -stacking interactions will represent a
significant portion of the side chain interaction energy, explaining the comparably
higher stability of FF assemblies shown in Fig. 3.11c.

Finally, the temperature dependence of the axial growth rate of crystals formed
by the FF peptide (Fig. 3.6f), combined with theoretical analysis in the framework
of both diffusive and surface nucleation models has also been used in order to define
the enthalpic and entropic character of the free energy barriers of this process [90].
As mentioned above, within the framework of crystal growth theory, the free energy
barrier is concentration dependent. The free energy barrier shown in Fig. 3.10d has
been calculated from the measured absolute growth rate at 295 K shown in Fig. 3.6e
(1.2 g/L soluble FF, corresponding to σ ∼1 at this temperature). Interestingly,
despite the fact that the overall mechanism of assembly is clearly distinct between
amyloid fibrils and crystals (see above), the magnitude and energetic signature of the
free energy barriers are remarkably similar, with both types of barriers displaying
a significant unfavourable enthalpic contribution, which is largely compensated by
a favourable entropy of activation (Fig. 3.10d). For amyloid fibrils this structure of
the free energy barriers has been explained through the interactions that need to
be broken in order to reach the transition state (intramolecular secondary structure
elements, as well as hydrogen bonds with the solvent) [149]. On the other hand, the
desolvation of hydrophobic regions of the peptide upon the first contacts with the
fibril end is associated with a favourable entropy of activation [149].

The comparison between amyloid fibrils and crystalline peptide systems there-
fore shows that while the assembly mechanisms can be quite distinct, the fun-
damental forces responsible for the assembly, and which determine both its
thermodynamics and kinetics, are highly similar.
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Fig. 3.11 Comparison of the thermodynamics of crystallisation with that of amyloid fibril
formation (a) Supernatant concentrations, following centrifugation of samples equilibrated at 293
K, are plotted as a function of varying initial peptide concentration. The abrupt change in behavior,
from linear with slope 1 to independent of initial concentration, at a value of 0.58 g/L demonstrates
the absence of association below the critical concentration. (b) Overall thermodynamics of FF
crystallization as a function of temperature, derived from the solubility data in Fig. 3.4. The
entropy-enthalpy compensation of the crystallisation process is clearly apparent. (c) Peptide self-
assembly thermodynamics and the limit of short sequences. Data from reference [223] with
addition of the dipeptides FF, AF, FV, AA, GF, GG and PL. (Figure adapted with permission
from reference [90] ©2017 American Chemical Society)

3.9 Conclusions and Future Perspectives

In this chapter, we have given a comprehensive overview over the state of knowledge
of the physico-chemical and mechanistic aspects of short aromatic peptide assembly
into fibrils, crystals and various other morphologies. It is rewarding to see that
quantitative mechanistic studies have seen a steep rise in the last 5 years or so,
and that our understanding of the driving forces responsible for these fascinating
self-assembly processes is slowly, but surely, catching up with the enormous
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body of work that has so far mostly been based on empirical findings. A crucial
remaining question is if, and how, the newly gained mechanistic understanding
can be translated into rational control of the morphology and improvement of the
material properties of (aromatic) peptide assemblies. The motivation to achieve this
aim has the potential to be the major driving force for further fundamental studies
in the coming years. While we think that the fully de novo design of assembly
mechanisms and properties is not yet routinely possible, the experimental and
theoretical toolbox now at our disposal allows a highly detailed characterization of
any given self-assembling peptide system, which in turn enables systematic control
of its assembly process. The chaotic nature of the relationship between molecular
structure of the short peptide monomer and the properties of its aggregate as yet
precludes direct prediction of the latter from the former, although advances in areas
outside traditional biophysics, for example crystal structure prediction, continue to
expand the range of methods by which short peptide structures can be rationally
designed. The amyloid cross-β structure, where it is experimentally found to occur
in the short peptides, provides a biomedically-relevant model system amenable to
detailed computation.

The finding that such simple peptide systems can be shown to adopt such a wide
range of structures and properties is both a driving force for new research and a
long-standing challenge to researchers seeking to rationalise their findings and base
predictions on them. Recent quantitative and theoretical studies, seeking to establish
the basic parameters of the assembly processes, should provide a base for such
predictions, and for the intelligent design of new self-assembling systems based on
these monomers. The field, more than 20 years on from the first organised studies
into aromatic dipeptides, continues to provide new and often surprising results. We
have also aimed to provide an overview of the relationship between these fascinating
systems and the self-assembly of full-length polypeptides, and the extent to which
understanding of one system – the forces driving and the mechanisms describing its
aggregation, the properties and applications of the self-assembled structure, and the
experimental techniques for its study – can be used to understand the other.
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207. Šarić, A.; Buell AK, Meisl G, Michaels TC, Dobson CM, Linse S, Knowles TP, Frenkel D
Physical determinants of the self-replication of protein fibrils. (2016) Nat Phys 12:874–880

208. Cohen SIA, Cukalevski R, Michaels TCT, Saric A, Törnquist M, Vendruscolo M, Dobson
CM, Buell AK, Knowles TPJ, Linse S (2018) Distinct thermodynamic signatures of oligomer
generation in the aggregation of the amyloid-β peptide. Nat Chem 10:523–531

209. Cabriolu R, Auer S (2011) Amyloid fibrillation kinetics: insight from atomistic nucleation
theory. J Mol Biol 411:275–285

210. Fitzpatrick AWP et al (2013) Atomic structure and hierarchical assembly of a crossβ amyloid
fibril. Proc Natl Acad Sci USA 110:5468–5473

211. Collins SR, Douglass A, Vale RD, Weissman JS (2004) Mechanism of prion propagation:
amyloid growth occurs by monomer addition. PLoS Biol 2:e321

212. Buell AK, Blundell JR, Dobson CM, Welland ME, Terentjev EM, Knowles TPJ (2010)
Frequency factors in a landscape model of filamentous protein aggregation. Phys Rev Lett
104:228101

213. Kashchiev D, Auer S (2010) Nucleation of amyloid fibrils. J Chem Phys 132:215101
214. Cabriolu R, Kashchiev D, Auer S (2010) Atomistic theory of amyloid fibril nucleation. J

Chem Phys 133:12B602
215. Balbirnie M, Grothe R, Eisenberg DS (2001) An amyloid-forming peptide from the yeast

prion Sup35 reveals a dehydrated β-sheet structure for amyloid. Proc Natl Acad Sci U S A
98:2375–2380

216. Sawaya MR, Sambashivan S, Nelson R, Ivanova MI, Sievers SA, Apostol MI, Thompson
MJ, Balbirnie M, Wiltzius JJW, McFarlane HT, Madsen AØ, Riekel C, Eisenberg D (2007)
Atomic structures of amyloid cross-b spines reveal varied steric zippers. Nature 447:453 EP

217. Scherzinger E, Lurz R, Turmaine M, Mangiarini L, Hollenbach B, Hasenbank R, Bates GP,
Davies SW, Lehrach H, Wanker EE (1997) Huntingtin-encoded polyglutamine expansions
form amyloid-like protein aggregates in vitro and in vivo. Cell 90:549–558

218. Han H, Weinreb PH, Lansbury PT Jr (1995) The core alzheimers peptide NAC forms amyloid
fibrils which seed and are seeded by β-amyloid: is NAC a common trigger or target in
neurodegenerative disease? Chem Biol 2:163–169

219. Rodriguez JA et al (2015) Structure of the toxic core of a-synuclein from invisible crystals.
Nature 525:486 EP

220. Colvin MT, Silvers R, Ni QZ, Can TV, Sergeyev I, Rosay M, Donovan KJ, Michael B, Wall
J, Linse S, Griffin RG (2016) Atomic resolution structure of monomorphic Aβ42 amyloid
fibrils. J Am Chem Soc 138:9663–9674, PMID: 27355699

221. Makhatadze GI, Privalov PL (1993) Contribution of hydration to protein folding thermody-
namics: I. The enthalpy of hydration. J Mol Biol 232:639–659

222. Muller N (1988) Is there a region of highly structured water around a nonpolar solute
molecule? J Solution Chem 17:661–672

223. Baldwin AJ, Knowles TPJ, Tartaglia GG, Fitzpatrick AW, Devlin GL, Shammas SL, Waudby
CA, Mossuto MF, Meehan S, Gras SL, Christodoulou J, Anthony-Cahill SJ, Barker PD,
Vendruscolo M, Dobson CM (2011) Metastability of native proteins and the phenomenon
of amyloid formation. J Am Chem Soc 133:14160–14163, PMID: 21650202

224. Oosawa F, Kasai M (1962) A theory of linear and helical aggregations of macromolecules. J
Mol Biol 4:10–21



Chapter 4
Bacterial Amyloids: Biogenesis
and Biomaterials
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Abstract Functional amyloid (FuBA) is produced by a large fraction of all bacterial
species and represents a constructive use of the stable amyloid fold, in contrast
to the pathological amyloid seen in neurodegenerative diseases. When assembled
into amyloid, FuBA is unusually robust and withstands most chemicals including
denaturants and SDS. Uses include strengthening of bacterial biofilms, cell-to-
cell communication, cell wall construction and even bacterial warfare. Biogenesis
is under tight spatio-temporal control, thanks to a simple but efficient secretion
system which in E. coli, Pseudomonas and other well-studied bacteria includes
a major amyloid component that is kept unfolded in the periplasm thanks to
chaperones, threaded through the outer membrane via a pore protein and anchored
to the cell surface through a nucleator and possibly other helper proteins. In
these systems, amyloid formation is promoted through imperfect repeats, but other
evolutionarily unrelated proteins either have no or only partially conserved repeats
or simply consist of small peptides with multiple structural roles. This makes
bioinformatics analysis challenging, though the sophisticated amyloid prediction
tools developed from research in pathological amyloid together with the steady
increase in identification of further examples of amyloid will strengthen genomic
data mining. Functional amyloid represents an intriguing source of robust yet
biodegradable materials with new properties, when combining the optimized self-
assembly properties of the amyloid component with e.g. peptides with different
binding properties or surface-reactive protein binders. Sophisticated patterns can
also be obtained by co-incubating bacteria producing different types of amyloid,
while amyloid inclusion bodies may lead to slow-release nanopills.
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4.1 Introduction

The amyloid β-sheet consists of a repetitive pattern of β-strands stacking on top
of each other to form long fibrillary structure, whose axis is orthogonal to the β-
strand (hence “cross- β”). The β-sheet secondary structure arranges the peptide
backbone in an extended conformation, rich in inter-strand hydrogen bonds. The
faces of the β-sheets can then stack and form very tightly interdigitated and dry
interfaces [1]. Amyloid has long been associated with neurodegenerative diseases.
However, it has been known for some time that many bacteria are able to utilize
the amyloid structure for functional purposes such as providing strength to biofilms
or as adhesins or toxins. Particularly within the last few decades, the prevalence of
these functional bacterial amyloids (FuBAs) in natural habitats and across bacterial
phyla has attracted much attention. In this chapter, we will provide a survey of the
different FuBA systems described in the literature, discuss ways of identifying them
from genomic data and present examples of their potential as a source of materials
with new and versatile properties.

4.2 The Curli System: Quality-Conscious and Made to Last

Fibrillar structures, staining positive with Thioflavin T (ThT) and conformationally
specific antibodies against amyloid fibrils, have been identified in many different
environments, ranging from drinking water reservoirs to activated sludge plants [2,
3]. One of the most well-characterized of the FuBAs are the curli fibrils produced
by E. coli. Curli appear as tangled fibers, 3–6 nm wide and up to several μm
long [4–6]. Curli fibrils are extremely stable – often requiring concentrated formic
acid or 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to dissolve into monomers – and
rich in β-sheets structure [6, 7]. These are characteristics that apply for many
different FuBAs [8–11]. The curli fibrils are composed of one major and one minor
protein component called CsgA and CsgB, respectively, which are present in an
approximate ratio of 20:1 in the mature fibrils [12]. Wild-type (WT) CsgB is directed
to the cell surface while WT CsgA is secreted from the cells [5]. The mature curli
fibrils are especially involved in biofilm formation, where they account for a large
portion of the matrix material, but also in general bacteria physiology [6, 13–16].

The machinery for curli production is dependent on seven proteins encoded
by two operons, csgBAC and csgDEFG [17] (Fig. 4.1). This curli system was
initially identified in some genera of Enterobacteriales [16, 19, 20], but has now
been identified across four different phyla [21, 22]. Functional amyloid fibrils are
known to be produced under tight regulation in many different systems [23] to
avoid the toxic effects of the oligomers that form as an intermediate in amyloid
fibril formation [24–27]. Especially lipid membranes are often sensitive to these
species [28]. One of the precautionary measures taken in curli-producing bacteria
is the synthesis of the chaperones CsgC and CsgE for handling the amyloidogenic
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Fig. 4.1 Model for how fibrils are formed in the curli system. (Left upper corner) Curli formation
can be detected by growth on Congo Red (CR) agar plates where CR binding to the amyloid
structure leads to red colonies unless CsgA is missing. (Main figure) Suggested roles of the
curli proteins. Transcription of the csgDEFG operon leads to production of CsgD is synthesized
which activates transcription of the csgBAC operon. The Sec pathway moves CsgA-C and CsgE-F
across the inner membrane, after which CsgG transports. CsgA, CsgB and CsgF across the outer
membrane; specificity is controlled by CsgE which forms a capping complex on the periplasmic
side of CsgG. On the cell surface, CsgF probably anchor CsgB to the cell surface, allowing it
to nucleate CsgA fibrillation. CsgC acts as a chaperone to prevent CsgA from forming toxic
oligomeric species inside the cell. (Right upper corner) Alignment of the repeats of two CsgA
molecules in a β-helical structure. The repeats are connected through short β-turns. (Modified with
permission from [18])
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proteins, CsgA and CsgB, until they are safely transported to the outside [29, 30].
The three last proteins involved in curli formation are CsgF, CsgD and CsgG which
act as a curli assembly factor, a transcriptional regulator and an outer membrane
(OM) pore-forming protein, respectively. Transport across the inner membrane
(IM) into the periplasm happens through the Sec translocase for which all the Csg
proteins, with the exception of CsgD, have a signal sequence [14].

4.2.1 The Partnership of CsgB and CsgA: An Anchor for
a Roving Sailor

The two components of curli fibers, CsgA and CsgB, have been heavily investigated.
The two proteins are homologs, share 49% sequence similarity and each contain
five imperfect repeats (R1-R5) in addition to an N-terminal signal sequence. In
amyloidogenic proteins, repeats have previously been shown to facilitate fibril
formation [31, 32]. The repeats in CsgA follow a conserved SX5QXGXGNXAX3G
motif while the repeats R1-R4 in CsgB follow a related AX3QXX2NXAX3N motif
[5]. These conserved Gln and Asn residues in the CsgA repeats help stabilize
the amyloid structure [33]. Interestingly, three out of the five repeats, R1/R3/R5
from CsgA and R1/R2/R4 from CsgB, are able to form amyloid fibrils when
expressed as isolated peptides in vitro [34, 35]. This repeat property might also
drive amyloid formation in vivo. The R5 in CsgB stand out by having four positively
charged residues instead of the motif with conserved Asn, Gln and Gly residues [5].
Removing R5 (amino acids 133–151) from CsgB results in a truncated version,
CsgBtrunk, that is secreted from cells, indicating a role for R5 in tethering CsgB
to the cell membrane [5]. Deletion of CsgB R4 also leads to secretion of CsgB,
while membrane-localized CsgB mutants lacking either R1, R2 or R3 are still able
to accommodate curli formation in vivo [35].

E. coli mutants that lack either CsgB (�csgB-) or CsgA (�csgA-) are not able to
form curli [17, 36], even though purified CsgA, CsgB and CsgBtrunk readily forms
Congo Red (CR) and/or ThT positive fibrils in vitro [5, 34, 37, 38]. One reason is that
in the absence of CsgB, fibrillation-competent secreted CsgA diffuses away from the
cell [36]. In a process called interbacterial complementation, CsgA produced from
�csgB- mutants is able to assemble into fibrils on nearby CsgB-positive bacteria
[6, 36]. These investigations demonstrate the nucleating role of CsgB in CsgA
polymerization. Normal nucleation-dependent fibrillation in CsgA has a lag phase,
an exponential growth phase and a stationary phase, where the nucleus formation
during the lag phase is proposed to be the rate limiting step in vivo [39]. There is
no evidence of secondary nucleation and fragmentation in CsgA fibrillation [40]. In
terms of kinetics, nucleation of CsgA by CsgB means that the 2 h lag phase of CsgA
fibrillation observed in vitro [34, 37] can be greatly reduced – if not eliminated –
and the fibrillation can jump straight to the growth phase. Because of the toxicity
of many on-pathway oligomers [24–27], expression of a CsgA nucleator in the curli
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system elegantly minimizes this potential problem of forming toxic oligomers by
accelerating fibril formation.

In addition to WT CsgB protein, CsgBtrunk is also able to seed CsgA fibrillation
in vitro, indicating that R5 in CsgB might not be involved in the in vivo nucleation
of CsgA [5]. Furthermore, CsgA protein monomers can also be seeded not only
with pre-formed CsgA fibrils from the same species but also CsgA from other
curli-expressing species [7, 37]. Interestingly, CsgA fibrillates under practically
any condition in terms of pH and ionic strength [37], possibly emphasizing its
importance in bacterial life and survival. After secretion of CsgA from the bacteria,
which depends on CsgG [17, 41], the protein is largely unstructured [34]. However,
upon fibrillating in the presence of CsgB, the secondary structure changes into β-
sheet structure both in vitro and in vivo [5, 37]. The structure of in vitro formed CsgA
fibrils have been investigated thoroughly with transmission electron microscopy
(TEM), electron diffraction, X-ray fiber diffraction and solid state NMR [37, 38].
These experimental investigations suggest a cross-β structure of stacked β-helical
subunits [38]. The β-helical structure was also supported by a study that used
simulations to identify low-energy structural models of CsgA [42].

4.2.2 All in the Fibril Family: Cooperation Within the Curli
Operon

Figure 4.1 summarizes our current understanding of how the different curli proteins
work together to form amyloid. Here we will go through what is known of the
individual components. They reveal an exquisitely controlled nanotechnological
amyloid generating machinery.

A prerequisite for in vivo CsgA/CsgB expression is a functional CsgD which acts
as a positive transcriptional regulator of the csgBAC operon [17]. The C-terminal of
CsgD shows a characteristic helix-turn-helix motif known to enable DNA binding.

CsgC was recently shown to be a potent amyloid inhibitor [29]. The crystal
structure of oxidized CsgC (PDB: 2Y2Y) reveals seven β-strands and a disulphide
bond between Cys29 and Cys31 on the same β-strand. CsgC inhibits in vitro CsgA
and CsgBtrunk fibrillation, however it is 50 times more effective against CsgA
compared to CsgBtrunk [29]. CsgC inhibits primary nucleation – and to a smaller
degree elongation – of CsgA by inhibiting the formation of some intermediate
species on the fibrillation pathway [40]. This delays the nucleation rate by a factor
of 2–4 times [40]. Mutational studies have shown that especially positively charged
residues on the protein surface are important for the fibrillation inhibition potency
of CsgC [40]. The difference in the pI of CsgC/CsgH and CsgA (> 2 pH units)
is probably responsible for accelerating the encounter between the proteins. This
is supported by a CsgC homolog from Salmonella typhimurium that shows less
potency in CsgA inhibition and at the same time has a pI much closer to that of CsgA
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(a difference of only ≈ 0.5 units) [40]. Identifying CsgA fibrils in the periplasm of
csgC- mutants confirmed this fibrillation-inhibitory role of CsgC in vivo.

Transport across the IM happens through the Sec pathway and results in the
proteolytic cleavage of the Csg proteins (except CsgD) to remove the signal
sequence [14]. Further transport across the outer membrane is dependent on the
lipoprotein CsgG [5, 41, 43]. CsgG is a 30 kDa lipoprotein that forms a pore in
the OM of curli-producing bacteria by clustering into discrete areas [43, 44]. The
clustering of CsgG is dependent on expression of CsgA, CsgB, CsgF and CsgE
as well as on fibrillation of CsgA [44]. The crystal structure of the CsgG OM
pore complex shows that nine CsgG molecules together form a 120 Å diameter
complex with nine-fold rotational symmetry, a height of 85 Å and an inner diameter
of 40 Å [45]. The transmembrane part of the pore is a β-barrel composed of
36 β-strands (4 strands from each CsgG monomer) [45, 46], which may explain
the complex’ resistance to denaturation by heat and SDS [44]. The CsgG pore
consists of both an extracellular domain and a periplasmic domain separated by a
narrow 9 Å diameter central channel [45]. Lining this central pore are three stacked
concentric rings formed by the sidechain of residues Tyr51, Asn55 and Phe56 [45,
46]. Particularly Tyr51 and Phe56 stabilize the CsgG nonamer [46]. The periplasmic
part is composed of a three-strand β-sheet and three α-helices from each CsgG
monomer and from this side, a large cavity of 24,000 Å3 is accessible.

What drives CsgA export? The outer membrane lacks a proton motive force or
an ATP supply to drive active transport. Some systems such as the chaperone-usher
pilus assembly cleverly use a ratchet-type mechanism where folding of exported
proteins prevents backsliding (since the folded state will be less flexible than the
unfolded state) [47], however CsgA only folds once it gets out of the membrane
and binds to the nucleator protein CsgB or elongates existing CsgA fibrils. Rather,
E. coli exploits a concentration gradient. Upon entering the CsgG cavity, CsgA is
encapsulated by CsgE by the formation of a dynamic CsgG:CsgE complex with
a 9:9 stoichiometry [45]. As a consequence, a entropy potential is formed across
the membrane and this gradient drives the diffusion of CsgA to the extracellular
space [40, 45, 48]. Single channel recordings reveal the ability of this cap to silence
ion conductance [45]. Without CsgE, CsgG works like an ungated pore which can
translocate erythromycin and small periplasmic proteins across the outer membrane
[30]. CsgE takes care of gatekeeping of the CsgG pore by recognizing the N-
terminal sequence of CsgA and CsgB. Thus, heterologous polypeptides fused to
full-length CsgA or the first 41 residues of CsgA are not necessarily blocked from
CsgG secretion by CsgE [30, 49, 50]. Therefore, secretion through CsgG is not
sequence- or conformation specific and can accommodate export of CsgA proteins
fused to large proteins such as the natively unfolded 260-residue ERD10 protein
or small disulphide-folded proteins like the scFv protein Nb208; all it requires is a
substrate traverse diameter of less than 2 nm to avoid blocking the channel [49]. (It is
another matter that export of such hybrid proteins can lead to a mixture of fibrils and
more amorphous aggregates). Purified CsgE has been shown to interact directly with
CsgA [51] and completely inhibit CsgA fibrillation – like CsgC – when added in a
1:1 CsgE:CsgA ratio [30]. Together these results account for two functions of CsgE:
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to ensure some secretion specificity for CsgG and to inhibit self-polymerization of
CsgA through the periplasmic space.

Another Csg protein, the assembly factor CsgF, also interacts with CsgG and
is dependent on the membrane protein for localization on the cell surface. CsgG
probably also plays a role in CsgF stability as steady-state levels of CsgF are greatly
decreased in csgG- mutants [52]. CsgF is most likely involved in the localization
and nucleation activity of CsgB because csgF- mutants resemble csgBtrunk- mutants
with large amounts of stable CsgB being released to the cell exterior [5, 6, 52].
CsgF also mediates CsgB protease resistance on the cell surface [6, 52]. csgF-
mutants are not able to assemble CsgA fibrils [52], however, CsgA produced from
these mutants is fibrillation-competent and can polymerize on the surface of csgA-
mutants [6]. Direct interaction between CsgF and CsgB still needs to be established,
but CsgF might interact with R4/R5 of CsgB since removal of these repeats also
results in CsgB secretion [35]. The interaction between CsgB and CsgF and possible
involvement of CsgF in CsgB nucleus formation might also be facilitated by a high
percentage of Glu and Asn in CsgF (9.2% and 13.4%, respectively), which is similar
to CsgA (8.4% and 12.2%) and CsgB (11.5% and 9.2%) [52].

On the cell surface, CsgB is suggested to quickly adopt an R4/R5-dependent
amyloid fold that templates CsgA fibrillation [35]. This important role of CsgB R5
in both nucleation and membrane-anchoring [5] is especially interesting because
the isolated R5 peptide does not form fibrils in vitro [35]. Not forming amyloid
structures in the membrane portion of the cells could be another mechanism to avoid
forming membrane-permeabilizing oligomers.

An eighth member of the curli family, CsgH, has recently been shown to inhibit
amyloid formation [40]. The csgH gene has been observed in many Alphapro-
teobacteria where it is always situated next to csgA/B genes [21]. CsgH is – like
CsgC – composed of seven β-strands and the two proteins share great structural
similarity (rmsd = 2.6 Å) despite a sequence identity below 20% [40]. CsgH is
able to inhibit CsgA fibrillation in a concentration-dependent manner. Interestingly,
both CsgH and CsgC are also able to inhibit the unrelated bacterial amyloidogenic
protein FapC [40].

4.2.3 Younger Kid on the Block: Fap Fimbria Are Composed
of Mainly FapC

The curli system probably evolved from a common ancestor long time ago [21].
Another FuBA system, the Fap system, appears to be evolutionarily younger [53].
The fapABCDEF operon encodes 6 proteins [8] and has been found within several
classes of the phylum Proteobacteria [53]. Fap fimbria were initially identified and
purified from a Pseudomonas strain and were characterized as a FuBA due to the
in vivo binding of ThT and amyloid conformational specific antibodies [3] together
with the characteristic cross-β structure and extreme stability of purified Fap fibrils
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[8]. Fap fimbria are believed to be involved in adhesion and biofilm formation,
since overexpression of Fap results in a highly aggregative phenotype with increased
biofilm formation [8, 54]. Fap fibrils greatly increase the stiffness (≈ 20-fold) and
the hydrophobicity of the biofilm [55]. Biofilm can, however, still be formed in Fap-
negative bacteria. In addition to biofilm formation, Fap fibrils might also play a role
in virulence as over-expression of the fap operon leads to a more mucoid, alginate-
rich phenotype which mimics the biofilm formation seen in cystic fibrosis patients
[56].

Despite the high stability of Fap fibrils, Dueholm et al. succeeded in purifying
the major fibril component, which was termed FapC [8]. In a functional genomics
study, performed to identify the function of unknown proteins in P. aeruginosa,
one of the most attenuated phenotypes towards worm infection was a mutant with
a deletion in the fapC gene (NCBI locus tag PA1954) [57]. This again indicates
that Fap fibrils play an important role in virulence – a function that has also been
proposed for the analogous curli fibrils due to their interactions with different host
proteins [58–60]. Sequencing of the major amyloid subunit, FapC, has shown that
it contains a thrice repeated motif (R1-R3) which – like in the repeats of the curli
CsgA and CsgB [5] – have conserved Glu and Asn residues, at least across 18 strains
[54]. The R1 and R2 of FapC are 26–27 residues longer than the CsgA repeats while
R3 is 11–12 residues longer. Linkers connect the different FapC repeats and can be
up to 275 residues long between R2 and R3 [8] This contrasts with CsgA and CsgB
which have a tight β-turn composed of 4–5 residues between each repeat [35, 61].
Some amyloids depend on interactions between aromatic residues [62, 63], but the
lack of any aromatic sidechains in the FapC repeats emphasizes that this is not the
case for these amyloid fibrils. Furthermore, aromatic residues were also found to be
dispensable in curli formation [33].

4.2.4 Another Study in Team-Work: The Role of Fap Proteins

The FapC homolog, FapB, has similar, but shorter, repeats (17 residues versus
FapC’s 34 and 49) [8] and less variable linker lengths than FapC [53]. Furthermore,
the FapB repeats may follow a strand-turn-strand-like motif [54]. Bioinformatics
suggest that FapB is a nucleation factor (like CsgB in the curli system) and
biophysical investigations have identified FapB and FapE as minor constituent of
the Fap fibrils [54, 56]. In any case, FapB is necessary for Fap biogenesis [55].

The roles of the remaining Fap proteins (A, D, E and F) are not entirely clear and
are still under scrutiny. However, there are some clues (Fig. 4.2). As an example,
fibrils consisting almost entirely of FapB have been isolated from fapA- mutants,
showing not only that FapB is indeed amyloidogenic, but also that FapA probably
has a regulating role in the assembly of Fap fibrils in vivo [54]. FapA’s function
is unclear, however, as the deletion of the fapA gene is relatively frequent across
different species [53]. A change in fibril composition has also been observed in the
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BECC

Fig. 4.2 Proposed model of Fap fibril biogenesis. All Fap proteins are encoded by the same operon
and contain a secretion signal that enables them to cross the inner membrane through the Sec
translocon. FapA is proposed to act as a chaperone for FapB and FapC to inhibit intracellular
fibrillation. FapF is a bioinformatically predicted outer membrane β-barrel protein which transports
the proposed nucleator FapB and the main fibril component FapC out of the cell. FapE constitutes
a minor part of the mature fibrils and might act as an assembly factor. FapD probably has protease
activity and might modify some of the Fap proteins before they are secreted from the cell.
(Reproduced with permission from [64])

curli system in a csgC- mutant [65] and therefore FapA might serve a similar role
as a chaperone in Fap formation, just as CsgC does in the curli system [29].

A proteomics study has shown FapF to be membrane-associated [66], in good
agreement with bioinformatic predictions of FapF as a β-barrel membrane pore
protein [54].

The identification of small amounts of FapE in mature Fap fibrils suggests that
FapE is transported across the OM through FapF and that it interacts with mature
fibrils. FapE might interact with FapC through conserved Cys residues in the C-
terminal of both proteins and aid in export of FapC [54]. Comparison of sequences
of the fapABCDEF operon across Pseudomonas genera showed the proteins FapD
and FapE to be the most conserved, indicating important regulatory roles of these
proteins. The regulatory role of FapE could be similar to the role of CsgF in the
curli system in organizing the extracellular Fap apparatus. A protein homology
recognition tool has recognized FapD as a likely cysteine protease [54]. This
proteolytic activity might be relevant in processing of some or all of the Fap proteins.

Common to all the Fap proteins is the presence of a Sec secretion signal which
enables them to utilize the Sec pathway across the IM [67]. In the curli system,
which also uses this IM transport system, only the transcription factor CsgD does not
have a secretion sequence [14]. Since Fap proteins are encoded within one operon,
no analogue to CsgD is needed in the Fap system.



122 L. F. B. Christensen et al.

4.2.5 Other Bacterial Amyloid Systems

Besides the curli and Fap systems, numerous other bacterial FuBA systems have
been described with various degrees of detail. An overview is presented in Table
4.1. Here we provide a brief description of some of these systems. The continued
discovery of new functional amyloids with new and diverse roles within microbial
communities, ranging from biofilm over cell communication, cellular warfare,
communication and replication control, serves to emphasize that there is not a single
unifying role for the cross-β motif – but conversely also illustrates that amyloid can
be put to many different uses.

4.2.5.1 TasA: Cell Anchoring and Susceptibility to D-Amino Acids

TasA from the Gram-positive bacteria Bacillus subtilis is important for solid-surface
and pellicle biofilm formation and stabilization [11] and forms amyloid fibers
as seen with CR binding and TEM (including gold-labeled anti-TasA antibody)
[73]. TasA extracted from cells readily forms ThT-positive fibrils of 10–15 nm in
width. However, TasA fibrils do not share the extreme stability of other well-known
functional bacterial amyloids; they dissolve in as little as 10% formic acid [73].
Compared to other amyloids, the TasA fibrils also differs in secondary structure:
besides pure β-strands, they also contain α-helices and random coil structure [73].
This is an intriguing extension of the canonical fibril structure. The altered structure
and lowered stability may also reflect the fact that monomeric TasA folds to a
well-defined structure as monomer: a recently solved crystal structure of TasA
reveals a central antiparallel 9-stranded β sandwich flanked by loop regions and
6 α-helices [100]. TasA is encoded by the tapA-sipW-tasA operon; together with
exopolysaccharide, these three proteins they are the most abundant components of
B.subtilis biofilm [11, 101]. TasA fibers are anchored to the cell wall and can thus
link different cells. Interestingly, TasA does not have any imperfect repeats [102],
highlighting a different fibrillation strategy than the multi-repeat structure seen in
CsgA and FapC. TasA fibrillation is assisted by TapA which may have nucleation
activity; tapA- mutants show a significant reduction in TasA fibrillation [74]. The
signal peptide SipW helps process and secrete TapA and TasA and has a regulatory
effect on TapA and TasA in solid surface biofilm but not pellicle biofilm [74]. TasA
and TapA must be produced in the same cell to produce a functional biofilm, as
colony assays shows no extracellular complementation [74]. In the ageing biofilm,
cells synthesize D-amino acids which upon integration into the peptidoglycan cell
wall structure triggers fibril liberation and biofilm degradation [75]. TasA also shows
antimicrobial activity, and is a major coat component in spores [76].
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4.2.5.2 MspA: The First Archaeal FuBA

MspA (major sheath protein) from the archaea Methanosaeta thermophila PT is the
first and so far only example of functional amyloid from Archaea. MS/MS revealed
the sheaths to be composed of this single protein [10]. As might be expected, MspA
is not evolutionarily related to other known functional amyloids but constitutes a
novel amyloid motif that will have to be incorporated into future sequence analyses
hunting for functional amyloid [103].

4.2.5.3 Harpins: Green Oligomeric Weapons

Harpins produced by plant pathogenic bacterial species are type III-secreted proteins
which cause a hypersensitive response (HR) in the intercellular space of leaves
in several plant types. The HR is known to be an early defensive strategy of the
plant, to stop further growth of plant pathogens by inducing apoptosis [104]. The
harpin protein HpaG of Xanthomonas axonopodia, is a fibril forming protein with
imperfect repeats, however HR is induced not by fibrils, but rather by non-amyloid
spherical oligomers which form at an earlier stage. Such oligomers are known to
be the cytotoxic species in Alzheimer’s and Parkinson’s Disease due to their cell-
permeabilizing properties [105], but HpaG is the only example to our knowledge
of bacteria using this strategy as a functional tool, despite the protein’s amyloid-
forming properties.

4.2.5.4 Chaplins: Breaking the Air-Water Interface Barrier

The filamentous bacterium Streptomyces coelicolor produces eight hydrophobic
proteins (ChpA-H) which are collectively called chaplins. ChpA-C consist of two
chaplin domains (∼ 40 hydrophobic residues) and a C-terminal sorting signal while
ChpD-H are composed of a single chaplin domain and an N-terminal secretion
signal peptide. As a mycelium forming bacterium, S. coelicolor forms aerial hyphae
which give rise to spores that can spread and form new mycelium [106]. ChpA-H
are expressed in the mycelium and in aerial hyphae [107]. They all contain signal
sequences for secretion to the cell-wall. When secreted, the chaplins self-assemble
at the air/water interface into an amphiphatic amyloid film which reduces surface
tension and promotes spore spreading. This resembles the fungal proteins called
hydrophobins (see Chap. 8). ChpD-H complement cells extracellularly and acceler-
ate growth [106]. ChpA-C contain a common motif (LAXTG-Membrane spanning
domain-Charged C-terminal) for anchoring surface proteins to the peptidoglycan
in the cell wall covalently, suggesting a role in ChpD-H incorporation in the cell
wall [106]. It has recently been suggested that ChpD-H, associated with cellulose
fibrils and supported by ChpA-C, are responsible for fimbriae formation at adhering
hyphae, and ChpD-H monomers assemble upon contact with assembled fibrils or
hydrophobic surfaces [79].

http://dx.doi.org/10.1007/978-981-13-9791-2_8


128 L. F. B. Christensen et al.

4.2.5.5 Phenol-Soluble Modulins (PSM): Amyloid or Antimicrobial
Agents?

The pathogen Staphylococcus aureus inhabits many bodily cavities and can change
from benign to pathological within the host. Both states can form biofilm. Functional
amyloid in the form of fibrillar structures have been identified in the biofilm.
Unusually, the amyloid consists of small (20–40 residues long) peptides called
phenol soluble modulins (PSMs) [9]. The PSMs fall into 3 highly conserved classes
(α, β and δ) which are conserved and expressed from three different operons
[9, 96, 97]. As small peptides, the PSMs represent a very different aggregation
motif compared to the imperfect repeats in CsgA and FapC. While monomeric
PSMs have antimicrobial activity and can disassemble biofilm in a surfactant-
like manner (based on agr quorum sensing), fibrillated PSMs stabilize biofilm
against mechanical and enzymatic attack [108]. Amyloid formation is stimulated
by extracellular DNA (just like the initiator protein RepA involved in plasmid
replication control [98]), suggesting that the antimicrobial effect came first and
amyloidogenesis evolved later in an opportunitstic fashion.

4.3 Functional Amyloids in silico

Being able to predict which part of a protein sequence (if any) forms amyloid is
helpful for identifying potential functional amyloid in hitherto uncharted genomes.
The following sections will describe the principles behind the bioinformatics
methods that have been used to identify aggregation and amyloid “hot spots”
within protein sequences, how these methods have been used on functional amyloid
sequences, and how we can go beyond these sequence-based methods in our
search for as of yet uncharacterized functional amyloids. Functional amyloid can
be identified based on sequence, evolved characteristics or structural prediction and
simulation, and each of these will be described in more detail.

4.3.1 Predicting Aggregation and Amyloid Propensity
of Proteins Based on Sequences

The most widely used methods for detecting aggregation-prone or amyloidogenic
sequences were developed mostly with pathological aggregation and amyloid
formation in mind [109–120]. These methods have been reviewed several times
already [121, 122]. An overview of methods is provided in Table 4.2. In this section,
we will discuss different principles on which these methods are based.
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4.3.1.1 Secondary Structure Propensity and Physico-Chemical Properties
of Amino Acids

Recognizing the importance of the beta-sheet secondary structure to the formation
of amyloid and other aggregates, several methods for detecting aggregation prone
sequences attempt to estimate the secondary structure propensity of amino acid
sequences, i.e., their relative preference for α-helical, β-sheet, and random coil
configurations. In these methods, amino acid sequences with a strong preference
for beta-sheet conformations are considered more likely to end up in amyloid-
like aggregates [118, 124]. A popular variant on this theme is to look specifically
for sequences that fit well in both α-helical and β-sheet conformations and could
therefore be more easily induced to switch from being α-helical to β-sheet by some
kind of environmental perturbation [120, 142, 143].

The approach can be expanded to other physico-chemical properties of amino
acid sequences [115, 126, 127], including hydrophobicity, charge, hydrogen-
bonding capacity, and packing density. Many of these properties have been collected
into large tables [144]. A common approach is to average a given set of properties
over a short and contiguous sequence using a sliding-window. A part of a protein
sequence is then considered to be aggregation/amyloid prone if one or all of the
residues within a window exceeds an empirically determined threshold value.

When looking for short, aggregation prone sequences, it is helpful to consider
both the physico-chemical properties of amino acids and their distribution along the
sequence, i.e., sequence patterns of amino acid types. This could be as simple as
looking for alternating hydrophobic-hydrophilic pairs of amino acids [116], which
are favored in amphipathic β-sheets, to more detailed models that differentiate
between each position in a short sequence using position specific scoring matrices
[109]. Waltz [109] is a method based on position specific scoring matrices, which are
widely used in homology searches. The total sequence score assigned to a peptide is
a weighted sum of a sequence profile based on alignment of known amyloid-forming
peptides, 19 physical properties that were determined to be informative regarding
amyloid formation, and a pseudo-energy term related to a sequence’s preference for
amyloid-like structures. Waltz does a particularly good job of distinguishing actual
amyloid-forming sequences from generic aggregation prone sequences, which is
a task that has proven difficult for methods based solely on physico-chemical
properties of amino acids. Waltz is also unusual in that it included a survey of
amyloid forming segments in functional amyloids in its original publication [109].
Of the 22 functional amyloids tested, they were able to identify amyloid forming
segments in 17 of them.

4.3.1.2 Statistical Potentials

Statistical potentials try to capture the relevant physical chemistry of, e.g., protein
folding by first adopting a simplified functional form for the energy and then
parameterizing this simplified energy function using statistics collected from a
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database of experimentally determined structures. A common simplification scheme
in the context of proteins is to assume that a large part of the energy can be
decomposed into residue-residue pair interactions rather than explicitly accounting
for the presence of every atom within the residues. Implicit in the parameterization
based on known structures is the assumption that the proximity of pairs of
amino acids within protein structures is a reflection of their intrinsic propensity
for interaction. Despite these seemingly drastic simplifications and assumptions,
statistical potentials have proven useful in many areas of protein science including
structure prediction and design.

In practice, peptide sequences are threaded onto experimentally determined
amyloid fibril core structures. The statistical potential is then evaluated for a given
sequence-structure pair and those sequences with the lowest energies are assumed to
be a good fit and therefore amyloid prone [119, 129]. These methods are reminiscent
of early attempts at protein structure prediction and fold recognition based on
threading [145]. Depending on the structure that the sequences are threaded onto,
these methods can potentially take into account inter-strand hydrogen bonding
energies, β-sheet stacking energies or even intra-strand hairpin formation [111], but
the fact that only a fixed and finite set of structures is considered in these methods
will always limit their general purpose use.

4.3.1.3 Statistical Mechanical Models

Theoretical studies have shown that the chain entropy of the disordered part of the
protein can be an important factor in favoring particular ensembles of aggregated
conformations [117, 121, 146, 147]. It is therefore useful to develop models that
allow partial ordering of a sequence (where energetic terms are dominant) but also
take into account disorder from the rest of the chain. After (usually approximately)
computing the partition function, it is possible to identify the lowest free energy
conformational ensembles, and the ordered parts of the sequence in these ensembles
are understood to be the parts of the sequence that are driving aggregation.

TANGO is a commonly used aggregation predictor that combines secondary
structure propensities and physico-chemical preferences for burial into a statistical
mechanical model for β-sheet aggregation [117]. TANGO has shown promise in
predicting whether a peptide will aggregate as well as the differences in aggregation
propensity when mutations are made to a given sequence, which is particularly
relevant when investigating disease-causing mutants. A more recently developed
statistical mechanical method attempts to predict not only which parts of the
structure are ordered in aggregates but also the structures of fibrils in significant
detail and how they change upon mutation [131].
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4.3.1.4 Experimentally Driven Methods

The previous methods used data from experiments which were not designed
specifically to determine which protein sequences will aggregate or form amyloid.
However, there are also methods based directly on experiments purpose-built
to discover aggregation prone sequences. One approach involves deriving many
variants of a designed amyloid forming peptide through saturation mutagenesis
[132]. The secondary structure content of the peptides was measured by circular
dichroism spectroscopy and the peptides’ tendency to form fibrils was evaluated by
electron microscopy after 1 month. The results of these experiments were then used
to derive short sequence patterns that reflected which amino acids were allowed in
each position of amyloid forming peptides. Consequently, these sequence patterns
can then be used to rapidly search for potential amyloid forming sequences in large
sequence databases. A possible limitation of methods like these is a bias towards the
initial peptide sequence used to derive the short peptides.

Although most aggregation experiments are performed in vitro, ultimately we
are interested in aggregation propensity of proteins in vivo. AGGRESCAN [114]
is similar to methods that scan sequences looking for short stretches of highly
aggregation prone residues, but is unique in that the aggregation propensities of the
20 amino acid residues were obtained by monitoring aggregation via fluorescence
of Abeta-42 variants with single amino acid substitutions in vivo.

4.3.1.5 Machine Learning Methods

Methods discussed thus far are all based on underlying physical principles of
one kind or another, and can be more easily parameterized on the basis of
limited experimental data to provide accurate predictions. Therefore, evaluating
the accuracy models based on different physical principles can help us to test our
understanding of aggregation. However, in some cases, we simply want to know how
specific changes to a sequence will affect aggregation propensity and the detailed
mechanisms are of relatively little importance. Any learning problem, including
prediction of aggregation and amyloid propensity from sequence information, where
sufficient labeled data is available, is potentially susceptible to supervised machine
learning techniques [148]. The number of peptides that have been experimentally
validated as either fibril forming or non-fibril forming is large and, presumably,
still growing [149]. This represents a potentially rich source of training data.
Indeed, machine learning and Bayesian statistics based methods such as support
vector machines [135], artificial neural networks [137], and decision trees [136]
have already been fruitfully applied to the problem of predicting amyloid and
aggregation prone peptide sequences. Although these methods perhaps provide less
direct physical insight into the problem of amyloid formation than other available
methods, given enough training data they could eventually become the most reliable
way to engineer the aggregation propensity of an amino acid sequence.
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4.3.1.6 Consensus Predictors

Due in part to the proliferation of methods that can be used to predict aggregation
and amyloid propensity on the basis of sequence information, consensus predictors
have become a popular option that allow non-experts to combine results from
different methods and thus hedge their bets when looking for aggregation “hot
spots” [110, 140]. The success of consensus methods is likely due to the diversity
of principles underlying the constituent methods, many of which we have discussed
in this section.

4.3.2 Detecting Amyloid Prone Sequences in Functional
Amyloids

Although the methods described in the previous section were not derived and have
not been tested primarily with functional amyloid in mind, the structural similarities
between functional and pathological amyloid provide a source of hope that these
methods can nonetheless be successfully applied in the search for functional
amyloid sequences. Several instances of these methods being applied to functional
amyloids already exist in the literature.

4.3.2.1 Sequence-Based Methods Can Detect Amyloidogenic Segments
in Biofilm-Associated Proteins

By scanning the sequence of a biofilm associated protein in Staphylococcus
epidermidis using a combination of several sequence-based amyloid detection
methods including AGGRESCAN [114], PASTA [113], and TANGO [117], the
peptide STVTVTF was chosen for further biophysical characterization [150]. This
seven-residue peptide was shown to spontaneously form amyloid fibers in vitro. In
another study, the amyloidogenic segments of the yeast cell wall protein Bgl2p were
predicted using FoldAmyloid, TANGO, AGGRESCAN, PASTA, and Waltz [151].
Peptides containing these sequences were then synthesized and found to form fibrils.
In a similar case, sequence similarity to fimbrial proteins and the amyloid detection
methods TANGO and AGGRESCAN were used to argue that HfaA might be a
functional amyloid involved in the establishment of extracellular structures [152].

4.3.2.2 Searching for Prion-like Domains Can Uncover Previously
Unknown Functional Amyloids

The relationship between amyloids and prions remains to be clearly elucidated.
The hallmark of a prion is the ability to convert another prion molecule (with
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the same sequence and perhaps even those with related sequences) from one
conformation to another, typically with functional consequences. One of these states
is often aggregated or amyloid-like. Like amyloids, prions were first recognized in
a pathological context but, also like amyloids, in retrospect it seems obvious that
nature would take advantage of these motifs for functional purposes. A statistical
model trained on the sequences of proteins that are known to exhibit prion-like
behavior in yeast was used to search against many complete genomes including
839 bacterial genomes [153]. The search generated a list of 2200 putative prions
(proteins that contain prion-like domains) in bacteria. Of the proteins in bacteria
with annotated function, the prion hits were highly overrepresented in certain
function classes, including those involved in the establishment of extracellular
structures.

4.3.2.3 The Existence of Imperfect Repeats Is Common to Many
Functional Amyloids

The sequences of the primary fibril component in the Curli functional amyloid sys-
tem, CsgA, and its putative fibril-nucleating component, CsgB, are clearly related,
with each containing 5 imperfect repeats. However, according to the consensus
predictor Amylpred2, CsgB has a significantly higher aggregation propensity [154].
This is consistent with CsgB’s putative role as a nucleator of aggregation and
the supposition that functional amyloids should have evolved mechanisms for
regulating the timing and location of amyloid formation. MspA, the first functional
amyloid described in archaea, was also found to be amyloidogenic according to
Amylpred2, and its amyloid nature was confirmed using biophysical techniques
[10]. Like many functional amyloids, MspA contains imperfect repeats, as do
TapA [155] and FapC [102]. On the basis of sequence alone, the existence of
repeats containing amyloid motifs may be the single strongest indicator of a likely
functional amyloid. The evolved nature of functional amyloids should provide
additional clues when searching for functional amyloids in the genome, however,
and some possibilities for leveraging those differences will be discussed in the
following section.

4.3.3 Identifying Functional Amyloids Based on Their Evolved
Characteristics

The fibrils of functional and pathological amyloids share striking structural sim-
ilarities, and our knowledge of each type of amyloid can help to inform our
understanding of the other. However, the evolutionary forces shaping the sequences
of functional and pathological amyloids could hardly be more different. Functional
amyloids confer selective advantages to their host organisms and typically evolve



4 Bacterial Amyloids: Biogenesis and Biomaterials 137

alongside a set of helper proteins that ensure that the amyloid is properly localized
and can form fibrils where and when they are needed. Additionally, although the
reasons are not necessarily intuitive, many amyloidogenic segments of functional
amyloids are located in imperfect repeats within the full sequence. Each of these
facts should be useful when searching for as-of-yet uncharacterized functional
amyloids. Given the relatively nascent stage of functional amyloid research, it seems
likely that these searches will bear fruit.

4.3.3.1 Searching for Functional Amyloid Homologues in Large Sequence
Databases Reveals Functional Amyloid Sequence Diversity,
Phylogeny, and Operon Structure

As the price of whole genome sequencing plummets, the number of complete
genomes available is rising rapidly, including genomes of bacteria known to express
functional amyloid [156]. For families of functional amyloids where at least one
sequence is known, searching for related sequences in large sequence databases
provides a fuller picture of the sequence diversity within a family as well as a
sense of how widespread the family is in the bacterial kingdom, as illustrated in
Fig. 4.3 [21, 53]. Related functional amyloid sequences in different organisms show
diversity both at the level of individual protein sequences and at the level of operon
structure. Most operons contain a core set of proteins, but the order of the coding
sequences in the operon may be shuffled or the orientations inverted. The variation

Fig. 4.3 A taxonomic analysis of bacterial strains based on Functional Amyloid in Pseudomonas
(Fap) sequences. The Fap operon typically contains 6 proteins: FapA-FapF. The operon structure
is illustrated next to each genus. The primary and secondary fibril components are FapC and FapB,
respectively. The presence of multiple “helper” proteins within an operon may be a functional
requirement and therefore a universal characteristic of functional amyloid operons. If this is the
case, bioinformatic algorithms that look for operons containing amyloids and specific types of
helper proteins may prove useful in identifying novel functional amyloid systems. (Reproduced
with permission from [53])
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in operon structure is significant enough that different regulatory mechanisms may
be at work, meaning that these functional amyloids have probably been adaptively
repurposed during evolution.

The sequence alignments of individual proteins within a functional amyloid
operon can be used to build models that are sensitive enough to detect distantly
related homologues in newly generated sequencing data, including metagenome
sequencing data [21, 53]. We are now only starting to appreciate the importance of
metagenomics to human health [157], and studies of environmental microbiomes,
such as geothermal vents, have already yielded new putative functional amyloids
[158]. A similar approach was used to discover 200 prion candidates in the genome
of S. Cerevisiae, 24 of which were shown to form amyloid and be passed on
indefinitely during cell division, effectively becoming epigenetic units of inheritance
[159].

4.3.3.2 Techniques Targeting Evolved Characteristics May Find
Unknown Functional Amyloids

But what if we want to use bioinformatics methods to discover functional amyloids
with no known examples? The similarity between functional amyloids that are not
evolutionarily related may provide some clues [54]. The operons containing the
primary fibril components of both Fap and Csg also both contain chaperones, an
outer membrane protein, and a minor fibril component with a sequence that is
similar to the primary fibril component. Might these proteins comprise a minimal
operon for proper functional amyloid formation? The simplest rationale is plausible:
chaperones are necessary to keep the amyloid from forming in the cytoplasm; an
outer membrane protein must be present to export the fibril components, and a
modified version of the primary fibril component can ensure (through interactions
with a membrane, for example) that the fibril is formed in the proper location.
If analogous proteins accompany other functional amyloids, then bioinformatics
searches may be able to leverage this information to identify putative functional
amyloid operons even without knowing beforehand the sequences of any of the
constituent proteins. This would require algorithms that can recognize generic char-
acteristics of chaperons and outer membrane proteins and look for amyloidogenic
segments contained in (imperfect) repeats.

Functional amyloids are frequently used by bacteria in the formation of biofilms
[102]. For a species of bacteria that is known to form biofilms but for which no
functional amyloid has yet been identified, differential gene expression analysis on
cells that are forming biofilms and cells that are not is another promising route to
the discovery of novel functional amyloids [160].
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4.3.4 Structure Prediction and Simulations of Functional
Amyloids

When traditional methods of experimental structure determination fail to yield
unambiguous structural models, in silico methods are often useful for filling in
the gaps. When good templates are available, homology modeling regularly results
in high quality models of protein structures. Even when no good templates are
available, both coarse-grained models and fully atomistic models are closing in
on being able to reliably predict structures from sequence information alone. And
when it comes to understanding the molecular details that underpin biology, few
methods have proven to be as general and powerful as fully atomistic and coarse-
grained molecular simulation. The formation of functional amyloids should be
no exception. From folding and chaperoning to export and polymerization, the
formation of functional amyloids involves many molecular processes that will be
difficult to completely resolve using experimental techniques alone. Indeed, some of
these processes are already beginning to be elucidated using molecular simulation.

4.3.4.1 Molecular Modeling Techniques Can Propose Structural Models
of Functional Amyloids without Experimental Structural Data
Using Evolutionary Constraints

The repeat domain of Pmel17, a functional amyloid in mammals, has resisted exper-
imental structure determination. Homology modeling, supplemented by molecular
simulation, recently provided strong evidence that the repeat domain forms a β-
solenoid structure [161]. If no good template is available, or if modelers want
to avoid biases that may be inadvertently introduced in homology modeling, a
template-free structure prediction scheme may be preferable or even necessary.
Without being supplemented with some kind of additional information, however,
most molecular simulation models presently do a poor job of predicting the
structure of large proteins with complex topologies. One of the recent and promising
advents in molecular simulation is the combination of molecular simulation models
with information derived from large sequence databases. In particular, techniques
for inferring amino acid pair contacts from the large and growing number of
protein sequences have significantly improved our ability to predict structures from
sequence information alone. Here functional amyloid has the distinct advantage
(compared to pathological counterparts) that their structure is linked to function
and therefore under evolutionary constraints. Comparison of related sequences of
functional amyloid therefore provides useful constraints, and was recently applied
to the primary fibril component of the Curli functional amyloid system, CsgA [42].
Several methods for inferring contacts between amino acids based on sequence
alignments were used along with an efficient coarse-grained molecular simulation
model to propose structural models of CsgA. According to this model, CsgA adopts
a β-helical structure that stacks the imperfect repeats perpendicular to the putative
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Fig. 4.4 Two predicted structures of the CsgA monomer. The 5 internal repeats are shown in red,
yellow, pink, green, and blue. The putative fibril axis is shown as a dashed arrow. The simulations
yielded both (a) left-handed and (b) right-handed beta-helices. The predictions were made on the
basis of Monte Carlo sampling of a model that combined an all-atom energy function with a contact
potential derived from sequence covariation within CsgA homologues. This approach highlights
the synergy between molecular modeling and information-theoretic analyses of large sequence
databases. (Reproduced with permission from [42])

fibril axis (Fig. 4.4). Some ambiguities remain, however, as the contacts derived
from the sequence information proved insufficient to resolve the handedness of
the β-helix and the inter-monomer contacts that contribute to fibril formation.
An alternative to inferring docking contacts from sequence information is to use
specialized docking protocols that can take advantage of available experimental
information [162]. In one study, models of both CsgA and CsgB were generated
by homology modeling using AfgA and AfgB structures as templates [154]. The
authors then docked two copies of the CsgB model and extended the resulting
docking pose to generate a model of a CsgB fiber.

4.3.4.2 Simulation Can Help to Elucidate the Molecular Details
of Functional Amyloid Formation

In addition to proposing structural models, molecular simulation can be used to gain
insight into molecular mechanisms. When applied to the folding and dimerization
of the imperfect repeats of CsgA, atomistic simulations have provided information
about the early stages of amyloid formation in Curli [163]. According to this
model, the individual repeats of CsgA are largely disordered in isolation and show
dimerization propensities that are in line with experiments on the aggregation
propensities of the repeats. In another recent study, a complex mechanism involving
the conversion of oligomers of the Aplysia sea slug translational regulator CPEB
from a coiled-coil state to an amyloid state was proposed on the basis of coarse-
grained molecular simulations [164]. CPEB is thought to be an important factor
in the formation of long-term memories [165]. The conversion from coiled-coil
oligomer to amyloid is facilitated by a pulling force that could be provided in the
cell via interactions with actin filaments or motor proteins.
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4.4 Uses for Functional Amyloid: Brave New Nanomaterials

E. coli’s curli operon makes up a fascinating miniaturized export-and-assembly
system and holds great potential as a nanotechnological device. The few examples
of controlled amyloid production and export available in the literature all make use
of this operon, and we will use the following section to describe results obtained so
far.

4.4.1 C-DAG as a Screen for Amyloid: How to Hijack a Robust
Amyloid Export System

It has already been established that proteins can be exported provided their cross-
sectional diameter is not larger than 2 nm; provided the protein is maintained in
an unfolded state which can be threaded through the CsgG pore, there are no
upper limits on protein size [49]. This has been put to elegant use as a bacterial
screening system to identify proteins capable of fibrillation under “amyloid-
friendly” conditions in C-DAG (curli-dependent amyloid generator system) [50].
Given that an overexpression of CsgG enables efficient secretion of CsgA [43]
(presumably together with smaller amounts of CsgE and CsgF), it is possible to test
any given protein by fusing it to the CsgA signal peptide in a strain overexpressing
CsgG and lacking CsgA and CsgB (to avoid spurious nucleation on the surface).
In this way, expressed protein is separated from proteins in the cytoplasm and is
transported in a (relatively) unfolded conformation through CsgG to accumulate to
a high local concentration outside the cell. Here it can aggregate at leisure, possibly
stimulated by the anionic lipid environment at the cell surface which is known to
promote protein aggregation in general [166, 167]. A number of different proteins
have been shown to form fibrils under these conditions according to standard assays
(Congo Red plates, apple-green birefringence, SDS-resistance to unfolding and
seeding ability), even proteins such as the yeast prion Sup35 that normally is strictly
dependent on the PIN factor to form amyloid [168]. A subsequent screen of all E.
coli ORFs using universal primers also identified a novel amyloidogenic protein
(FliE from the flagellar basal body). However, the main strength of the system
is probably in the screening of amyloid aggregation modulators by plating cells
expressing a given protein on solid medium containing Congo Red; a caveat is that
screening of whole ORF libraries can generate a large number of false positives as
well as various shades of red in the absence of detectable amyloid aggregates [169].
The reason for this is unclear, though may be related to CR’s propensity to bind non-
amyloid material, as seen for e.g. insulin [170], or even facilitate oligomerization of
native proteins by binding as a sandwich between two protein molecules [170].
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4.4.1.1 Generating New Binding Properties: How to Hitch a Ride
on the Amyloid Ladder

Given the above export abilities, it is obvious to combine CsgA with proteins that
display other functionalities. The simplest function is to bind, and this was early
on very elegantly exemplified in the BIND (biofilm-integrated nanofiber display)
system [171]. The approach that works best is to genetically fuse short peptide
binding sequences to the C-terminus of CsgA with a long linker (GSGGSG) and
then terminate said peptide with another GSGGSG sequence (N-terminal fusions
interfere with CsgG recognition). The authors demonstrated the versatility of this
system (Fig. 4.5) by demonstrating binding of E. coli overexpressing these fusion
proteins to inorganic surfaces (graphene, carbon nanotube, glass, ice crystals),
metals (steel, gold), minerals (hydroxyapatite, zinc sulfide, magnetite) and proteins.
In the latter case, CsgA is fused to the protein SpyTag which covalently links to
15-kDa SpyCatcher protein [172], allowing generic linkage to any protein that is
fused to SpyCatcher. The study by Joshi and coworkers is also worth reading for
the rigor with which they quantify production of amyloid, using both colorimetry
(Congo Red absorption; birefringence was not quantitative, probably due to fiber
dispersion), formation of extracellular assemblies (whole-cell filtration ELISA with
anti-CsgA antibodies), verification of intact protein (extracellular fractions washed

Fig. 4.5 Using fusions of CsgA and peptide binding systems to generate new functionality in
biofilm. Top: The endogenous CsgA is knocked out from an E. coli strain which from the
expression vector produces fusion proteins consisting of CsgA (yellow) and a C-terminally
attached peptide domain (green), as shown in the 3D protein model insert where the CsgA sequence
was threaded onto an AfgA structure. The linker domain is in grey, followed by the SpyTag domain
in green. Peptide structure was predicted with PepFold. Bottom: The expressed protein forms
amyloid (curli) fibrils on the surface of the E. coli cell and leads to a biofilm with novel function.
(Reproduced with permission from [171])
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in SDS and the pellet dissolved in HFIP to mobilize for MALDI-TOF analysis) and
morphology (SEM, TEM and immunogold labelling with antibodies recognizing
the fusion peptide). Another important aspect is to use the right E. coli strain.
The csgA deletion strain (LSR10) does not produce cellulose, avoiding background
effects from CR binding to cellulose [173]. However, for larger-scale production,
it is possible to use the K-12 strain PHL628 which does produce cellulose but also
has a 3.5-fold increased curli operon expression thanks to a single point mutation
in OmpR protein [174], so the whole amyloid producing and secreting machinery
is boosted. There are remarkable perspectives in this work at several levels. The
system is simple and straightforward and requires no real optimization of expression
constructs, yet provides an amyloid matrix that by virtue of its robustness can likely
survive cell death to remain behind as a skeletal framework, built from sustainable
materials.

4.4.1.2 Amyloid as Underwater Glue: Fusing CsgA to Mussel Foot
Proteins

Lu and co-workers have extended this approach by fusing CsgA with mussel foot
proteins Mfp3 and Mfp5 from Mytilus galloprovincialis as CsgA-Mfp3 and Mfp5-
CsgA constructs [175]. Mfp proteins are used as underwater adhesives to silica
(rock) surfaces; the proteins are activated by enzymatically converting Tyr residues
to the crosslinker 3,4-dihydroxyphenylalanine (DOPA) [176]. By combining these
glue proteins with amyloid, it is possible to generate environmentally robust
underwater glue that can self-heal through self-assembly and form a large fiber
surface area that enhances contact area in the adhesive barnacle plaque [177].
The hybrid CsgA-Mfp proteins lead to fusion fibrils that were three to fivefold
wider than pure CsgA fibrils, probably due to intermolecular association between
Mfp3 and Mfp5 domains. When hydroxylated, these fibrils had a two to threefold
increase in adhesion to silica compared to CsgA. Interestingly, a copolymer made by
mixing CsgA-Mfp3 and Mfp5-CsgA gave the greatest effect, showing the strongest
underwater adhesion of bio-derived/inspired protein-based underwater adhesives so
far.

4.4.1.3 Controlled Combination of Different Amyloid: The Power
of Riboregulators

The interface with different organic and inorganic surfaces shown in these previous
examples points to a merger of synthetic biology with materials science that will
ultimately be able to make large-scale programmable living materials. The trick is
to engineer genetic logic gates into this system which could enable us to switch
on (and off) different biofilms on demand, using appropriate environmental cues.
Such a cue could be provided by the extremely sophisticated riboregulator system
employed imaginatively by Lu and co-workers to self-assemble hybrid structures
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Fig. 4.6 Using riboregulators to make controllable variations in fibril patterns. This leads to
synthetic gene circuits where external inducers (aTC or AHL) control protein secretion. (a) A
constant level of aTc (which drives expression of CsgA) also induces a gradual accumulation
of AHL which in term induces expression of CsgAHis. (b) The His-variant can be labelled by
gold nanoparticles, and the fraction of fibrils with CsgAHis increases with time. (Reproduced with
permission from [178])

of CsgA at a variety of different length scales [178]. Riboregulators are RNA
molecules that can regulate expression of genes in response to different small
molecules such as anhydrotetracycline (aTc) or acyl-homoserine lactone (AHL)
[179]. The Lu group used two different E. coli strains, regulated by either aTc or
AHL, which expressed and secreted CsgA either with or without a His-tail (Fig. 4.6).
By growing the two strains together, the production of CsgA and CsgAHis could be
controlled by sequential pulses or different concentrations of AHL versus aTc, so
that the ensuing amyloid fibrils would have different proportions of the two CsgA
molecules, depending on the temporal pattern of pulses [178]. This can also be
regulated in a cell-to-cell manner if the aTc-inducible strain producing CsgA also
produces AHL constitutively, while the CsgAHis-producing strain is AHL-inducible.
As the two strains grow and are induced by aTc, more and more AHL is produced,
leading to an increased production (and higher proportion) of CsgAHis. The absolute
proportion will depend on the initial ratio of cell strains. Another elegant variation is
growth along two opposing aTc and AHL gradients to get mainly CsgA fibrils in one
end and mainly CsgAHis fibrils in the other. Finally, the production of an 8-CsgA
concatemer with a single His tail together with a single-CsgHis can lead to more
complex His distribution patterns. Gold nanoparticles containing a Nickel-nitrilo-
triacetate group can be deposited on these fibrils in different ways, depending on this
CsgA8

His/CsgAHis pattern, leading to either conducting biofilm (long consecutive
gold wires) or shorter gold nanorods. Since the properties of gold rods are very
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sensitive to their size, it is possible to use the protein distribution pattern to tune rod
properties with great versatility. Gold nanoparticles (AuNPs) can even be interfaced
and co-assembled with quantum dots (QDs) provided these dots have a spycatcher
domain and the CsgA has a SpyTag domain [178]. This is of interest because
photon emission properties can be tuned by plasmon-exciton interactions between
plasmonic AuNPs and fluorescent QDs [180]. As a more general perspective, the use
of such orthogonal affinity tags makes it possible to construct patterned scaffolds
for multi-enzyme systems. The Lu approach also illustrates how it is possible to
apply useful properties of multicellular communities or organisms into materials
fabrication using synthetic circuits.

4.4.2 Controlling Amyloid with Co-Factors: The Case
of the Missing Calcium

Apart from these three examples of the use of bona fide bacterial amyloid to generate
new design properties, there are also other examples of bacterial proteins which self-
assemble under unusual circumstances. The Repeats-in-toxin (RTX) sequence is
a highly conserved nine-peptide Gly- and Asp-rich repeat in the C-terminal Ca2+-
binding RTX domain of the P. aeruginosa protease ArpA. This domain is disordered
in the apo-form, but binding of Ca2+ helps fold the RTX domain into compact β-
helical structures [181], and thus regulates activity and secretion of these proteins.
The Ca2+-binding site provides a useful handle to modulate structure [182]. When
heterologously expressed in E. coli, the RTX domain can be purified from inclusion
bodies as a random coil structure [182]. Addition of Ca2+ induces soluble β-sheet
structure, while the apoform assembles on the hour-scale to form not just fibrils but
also, remarkably, cm2-large highly regular and uniform sheets with flexible edges.
Assembly can be arrested (but not reversed) by addition of Ca2+, while EDTA
induces self-assembly. Such scaffolds could incorporate soluble folded proteins as
fusion proteins and thus immobilize e.g. enzymatic functions in 2 dimensions (with
a density regulated by e.g. different ratios of fusion proteins and RTX-only proteins).
The whole RTX domain is important for this self-assembly; a synthetic β-helical
peptide containing 8 copies of the consensus nine-peptide repeats [183] (lacking
the terminal capping sequences) did not bind Ca2+ or undergo a disorder-to-order
transition like the full-length RTX domain. Surprisingly, this construct bound La3+
which induced self-assembly and fibrillation, turning the whole metal-handle on its
head! Given that the RTX family of exoproteins is associated with virulence of many
human pathogens [184], these manipulations are a good example of how to divert
the original pathogen virulence functionality to novel purposes.
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4.4.3 Inclusion Bodies with Tunable Porosity: Nanopills for
Drug Delivery?

Bacterial protein inclusion bodies (IBs) are also a source of nanomaterials in
their own right. IBs are mechanically stable intracellular inclusions which usually
form when bacteria are forced to produce large amounts of recombinant proteins
[185]. As with many other protein aggregates, they were previously held in rather
low esteem and considered a “protein garbage pile”, consisting of completely
amorphous aggregates [186]; at best a convenient source of protein for purification
and subsequent refolding. However, interest has picked up more recently, not least
thanks to the Ventura group which showed that IBs can contain significant amounts
of amyloid [187] which survives attack by the aggressive protease Proteinase
K [188]. Though aggregated, IB proteins can still retain significant amount of
native structure and activity [189], and this makes them interesting as a supply of
nanostructured functional material [190]. Indeed, functional protein can be released
in vitro from IBs under mild washing conditions [191], while IBs taken up and
internalized by mammalian cells can work as nanopills to slowly release functional
protein for biological effects without losing their overall structure and mechanical
integrity [192]. Furthermore, it is possible to modulate the fraction of protein in the
amyloid state (as opposed to a functional native state) by using E. coli strains lacking
either the ATPase ClpA, chaperone DnaK and protease ClpP [193]. Lack of these
quality control components (particularly ClpP) increases the amount of proteinase
K-resistant components (i.e. amyloid) in the IBs. Remarkably, it is only the internal
architecture of the IBs that is affected; there is no reduction in IB volume according
to DLS, TEM or confocal microscopy, but just increased porosity. Thus IBs should
be regarded as a structured sponge where native-like species can fill the gaps in the
matrix, allowing co-existence of the same protein as amyloid and native isoforms
and slow release of the native state [193]. The relative amounts of the two species
can be tuned by the quality control system in a trial-and-error approach. This is
a sophisticated expansion upon what is already known about mammalian peptide
hormones (as detailed in Chap. 8); these can accumulate in secretory granules in
the amyloid state [194] from which they can be slowly released [195], though their
small size and consequent lack of a well-defined native fold probably rules out this
kind of native-amyloid balance.

4.4.4 Other Amyloid Uses: From Macroscale Films to Bone
Replacement and Tissue Engineering

This chapter has concentrated on bacterial amyloid which has intrinsic advantages
due to an increasingly well-characterized amyloid production system and great
versatility in protein manipulation and production. There are numerous examples of
amyloid from non-bacterial sources that can be put to use in many different contexts
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which space does not allow us to describe in detail. However, some examples are
worth highlighting. One approach is to take nonamyloidogenic proteins with natural
cross-β structure and turn them into proteins that self-assemble to amyloid fibrils
under benign conditions. The β-solenoid proteins (BSPs) have backbones that twist
helically in either left- or right-handed direction to form beta-sheets with regular
geometric structures (e.g. triangles and rectangles) with sides that are 1.5–2 nm
long [196]. They avoid aggregation thanks to natural capping features or structural
aberrations at the termini. These can be removed to give a seamless interface
between N and C-termini of successive monomers, and can be complemented with
interfacial salt bridges to stabilize monomer-monomer interactions. When applied
to antifreeze BSPs from Spruce Budworm and Ryegrass, the engineered constructs
aggregate rapidly and form fibrils; furthermore, kinetics are even compatible with
a preformed polymerization nucleus [196]. Slightly more serendipitous approaches
include the transcription factor Ultrabithorax from D. melanogaster which in vitro
turns out to self-assemble at the air-water interface (in vivo the protein does not
encounter air-water interfaces) into nanoscale fibers that further form macroscale
films, sheets, ropes and capsules through self-adherence [197]; some of these
structures can be lifted from the liquid surface in intact state. The protein aggregates
rapidly (within a few hours), even at low (< 0.1 mg/ml) concentrations, and
are extremely robust against attempts to solubilize it, though there is no direct
evidence that the self-assembly involves amyloid. Finally, it is worth mentioning
the milk protein β-lactoglobulin which represents a readily available cheap source
of proteins. It does not fibrillate in vivo, but a combination of low pH and high
temperatures lead to fibrils [198]. These have subsequently been combined with
other materials such as hydroxyapatite [199] and silk fibroins [200] to form potential
bone replacements or other hybrid materials with a large range of mechanical
and physical properties (e.g. scaffolds of tunable porosity, akin to the previously
mentioned IBs). The ultimate irony is served by Fmoc-modified peptides derived
from the archetypal “bad fibril” Aβ; they self-assemble to form nanofibrils and
subsequently hydrogels which are thermoreversible, non-toxic and thixotropic and
show potential for the attachment and spreading of mammalian cells [201]. The
authors elegantly show that gel stiffness can be tuned by modulating peptide
concentration and salt concentration to drive differentiation of mesenchymal cells.
This supportive property appears to be a general amyloid property, since amyloids
formed by lysozyme [202] and transthyretin [203] also show promise for cell
attachment and tissue engineering. With all these developments under way, there
is little doubt that there will be growing interest in the use of functional amyloid for
applications in both materials science and medicine in the future.

4.5 Perspectives

The focus of the present chapter has been on naturally occurring amyloid, which
offers great inspiration due to its fascinating biological origin, optimized amyloid
design and carefully orchestrated assembly process. It is clear that the amyloid
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fibril structure shows great potential as a source of structural strength in the
construction of many different biomaterials. Nevertheless, applications are not
limited to functional amyloid. As alluded to in the previous section, numerous
different proteins which do not form amyloid under physiological conditions
have been investigated as building materials. Space does not permit a detailed
description, but it is worth mentioning that amyloids made from proteins as diverse
as CsgA, lysozyme, β-lactoglobulin, Sup35p, gonadotropin-releasing hormone
and diphenylalanine peptides have found use as nanowires for electronics [178,
204–206], biosensing [207–209], drug delivery [192, 195, 210], wound healing
[211] and even artificial motors [212]. Amyloids are appealing in view of their
biocompatibility, self-assembling properties, nanoscale dimensions and overall low
cost (particularly when using bulk proteins such as the milk protein β-lactoglobulin
[199]). Especially attractive is the use of peptide fibrils as biocompatible nano-
scaffolds that form spontaneously when heated. Such peptide fibrils have already
shown great promise in promoting cell adhesion, differentiation and migration [202,
213–216] and their use is likely to expand to other cell-based therapies. This may
be expanded by functionalizing amyloid nanotubes or amyloid films with various
ligands; i.e. enzymes [208], fluorophores [217] or adhesion moieties [218, 219] as
sensors or in tissue engineering applications. Predicting how the incorporation of
ligands will affect fibrillation and the final fibril structure (whether in film or tube
formation) is, however, extremely challenging and even further complicated by the
fact that the ligand needs to be accessible and/or active. This is obvious from the
previous section about functional amyloid in silico, which describe the many factors
that need to be considered when trying to design peptides and predict their amyloid
propensity.

4.5.1 Challenges in the Development of New Amyloid-Based
Biomaterials and -Medicine

In the development of novel amyloid-based biomaterials, the functional (bacterial)
amyloids systems hold great promise as these have been optimized by evolution to
quickly form the robust fibril structure and at the same time avoid the potentially
toxicity of intermediate species like oligomers and protofibrils. Being able to
produce large amount of well-characterized fibril material using bacteria as work
horses is extremely appealing and should be addressed in future work. It would
require that we learn even more about these promising systems – the curli and Fap
systems in particular – in terms of fibrillation kinetics and how to shift between
amyloid structural phases like the stiff fibrils structure described in this review,
liquid crystals and especially hydrogels which show great promise in the field of
regenerative medicine and injectable therapeutics [211, 220]. Mutational studies
of the imperfect repeats in CsgA/FapC, leading to “perfect repeats”, could also be
very valuable as a potential amyloid scaffold for biomaterial development. The next
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challenge will then be to purify these materials – here their exceptional stability
towards i.e. boiling SDS [44] should be exploited. Finally, for these materials to
be used in drug delivery, bone replacement and at other human interfaces we need
to be sure that toxicity aspects are addressed and avoided. This could be the fibril
reversibly dissolving into not only monomers but also potentially toxic oligomers
[221] or the fibrils fragmenting, resulting in free ends that might act as new growth
sites for fibrillation as seen for the prion protein Sup35 [222]. However, by focusing
on the mature, stable fibrils, these concerns can be largely eliminated. Furthermore,
the toxic oligomer seems to be largely bypassed during fibrillation of functional
amyloid as an evolutionary adaptation. However, another source of concern is
that the fibrils structure itself might serve as a so-called amyloid enhancing factor
when consumed. Aged rats and worms fed with curli-producing E. coli displayed
deposits of the Parkinson’s disease-relevant protein α-synuclein in both gut and
brain compared to animals fed with mutant bacteria that do not produce curli [223].
In addition, mice also displayed extensive systemic pathological deposits of amyloid
protein A when injected with, or fed with, amyloids extracted from commercially
available foie gras [224]. While these results remain to be confirmed in additional
studies, they emphasize that the amyloid fold is indeed a double-edged sword – and
should be treated as such.

All in all, functional amyloids and proteins reviewed in this chapter pose
great potential for manifold applications as novel biomaterials. Nevertheless, for
successful applications more knowledge needs to be gathered concerning the
stability, purification and toxicity of these systems.
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Chapter 5
Fungal Hydrophobins and Their
Self-Assembly into Functional
Nanomaterials

Victor Lo, Jennifer I-Chun Lai, and Margaret Sunde

Abstract In recent years, much attention has focused on incorporating biological
and bio-inspired nanomaterials into various applications that range from func-
tionalising surfaces and enhancing biomolecule binding properties, to coating
drugs for improved bioavailability and delivery. Hydrophobin proteins, which
can spontaneously assemble into amphipathic layers at hydrophobic:hydrophilic
interfaces, are exciting candidates for use as nanomaterials. These unique pro-
teins, which are only expressed by filamentous fungi, have been the focus of
increasing interest from the biotechnology industry, as evidenced by the sharply
growing number of hydrophobin-associated publications and patents. Here, we
explore the contribution of different hydrophobins to supporting fungal growth and
development. We describe the key structural elements of hydrophobins and the
molecular characteristics that underlie self-assembly of these proteins at interfaces.
We outline the multiple roles that hydrophobins can play in supporting aerial growth
of filamentous structures, facilitating spore dispersal and preventing an immune
response in the infected host. The growing understanding of the hydrophobin
protein structure and self-assembly process highlights the potential for hydrophobin
proteins to be engineered for use in a variety of novel applications that require
biocompatible coatings.
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5.1 Introduction

Filamentous fungi produce and secrete small, amphipathic proteins called
hydrophobins (~70–150 residues) which spontaneously self-assemble into amphi-
pathic protein layers at hydrophobic:hydrophilic interfaces. These hydrophobin
layers are functional for fungi because they underpin the ability of filamentous
fungi to breach air:water boundaries, where surface tension could otherwise
impede growth on a microbial scale [1]. They serve to inhibit wetting of aerial
spores, allowing for efficient dispersal and they protect spores from the external
environment, as well as facilitating attachment to surfaces necessary for infection
of a variety of hosts and germination [2–5].

The ability of the surface-active hydrophobins to self-assemble into robust and
biocompatible amphipathic films makes them attractive candidates for applications
that involve interfacial modification and activity, including emulsion stabilisation,
biosensor development and surface functionalisation. With an understanding of the
manner in which the properties and structures of hydrophobins contribute to fungal
growth and development, it may be possible to utilise these unique proteins for
the design of functional nanomaterials with a range of exciting biotechnological
purposes.

5.2 The Discovery of Hydrophobins

The presence of arrays of fibrillar structures on the surface of spores from wind-
dispersed fungi was first reported in the 1960s [6, 7]. The function of the rodlet
layer to provide a water repellent coating to the spores was discovered by Dempsey
and Beever, when they observed that loss of the rodlet coating, which occurred in
a gene knockout of Neurospora crassa, rendered the spores easily wettable [2, 8].
The gene was named “eas” and the protein it encodes named EAS, for the “easily”
wettable phenotype. Attempts to purify the protein from the spores were challenged
by the highly insoluble nature of the rodlet film, which resists solubilisation in a
variety of denaturing buffers [2, 9]. In 1995, Templeton and colleagues were able
to solubilise the rodlets in trifluoroacetic acid and determine that the rodlets were
composed of a single protein with the expected sequence for the gene product of
eas [10].

The term “hydrophobin” was first used by Wösten and Wessels, when they
identified and characterised the products of genes that are highly expressed during
the formation of the aerial hyphae and fruiting bodies of Schizophyllum commune
[11, 12]. More recent studies that include genome sequence information have
shown that all filamentous fungi produce hydrophobin proteins [13–15]. Members
of the hydrophobin protein family contain eight conserved cysteine residues that
are organised in a distinct pattern (X2–38-C-X5–9-C-C-X11–44-C-X8–23-C-X5–9-C-
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C-X6–18-C-X2–14), have a relatively high level of hydrophobic residues and share a
characteristic hydropathy profile [16].

Many fungi produce multiple hydrophobins, with distinct spatial and temporal
distribution, that support development and growth at different stages of the fungal
life cycle (Fig. 5.1; Table 5.1). For example, the genome of S. commune contains
four genes which encode the hydrophobin proteins Sc1, Sc3, Sc4, and Sc6 that
contribute to the hydrophobic nature of fungal surfaces [17]. The gene Sc3 is upreg-

Fig. 5.1 Hydrophobin proteins (shown in purple) play multiple, diverse roles in the fungal life
cycle. Hydrophobin proteins are secreted by all filamentous fungi. They are secreted into the
aqueous environment surrounding the mycelium and assemble into an amphipathic layer at the
air:water interface. This reduces surface tension and facilitates breaching of the air:water interface
to allow growth into the air. Hydrophobins form amphipathic protein layers on aerial structures
such as hyphae and spores, which prevent wetting, improve dispersal and can also prevent
recognition of fungal spores by host immune response. On the surface of spores, the hydrophobin
layer consists of fibrillar structures known as rodlets. Hydrophobins are also found as a lining on
the surface of gas-exchange structures, for instance in fruiting bodies including mushrooms, to
prevent water-induced collapse of the air channels and to maintain gaseous exchange
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Table 5.1 Hydrophobin proteins discussed in this chapter

Hydrophobin Species Class

EAS Neurospora crassa I
NC2 II
Sc1, Sc3, Sc4, Sc6 Schizophyllum commune I
HFBI, HFBII Trichoderma reesei II
RodA, DewA, DewB Aspergillus nidulans I
DewC, DewD, DewE Intermediate I/II
RodA, RodB, RodC, RodD, RodE Aspergillus fumigatus I
HCf1, HCf2, HCf3, HCf4 Cladosporium fulvum I
HCf5, HCf6 II
MPG1 Magnaporthe oryzae I
MHP1 II
Vmh2 Pleurotus ostreatus I
HGFI Grifola frondosa I
HYD3 Metarhizium brunneum I
HYDPt1 Pisolithus tinctorius I

ulated during the formation of aerial hyphae. This hydrophobin functions to lower
the surface tension of the growth medium and it creates a coat around the aerial
hyphae, as the fungi breaches through the medium, that prevents the aerial structures
from wetting and thus it facilitates dispersal in air. The hydrophobins Sc1, Sc4, and
Sc6 support the fruiting bodies, in particular Sc4 forms the hydrophobic film that
lines the gas channels of fruiting bodies to prevent water logging. Aspergillus nidu-
lans produces six different hydrophobins, RodA, DewA, DewB, DewC, DewD, and
DewE, which can all form amphipathic films and contribute to spore hydrophobicity
although RodA is the main contributor [18]. The tomato pathogen, Cladosporium
fulvum also secretes six hydrophobins, two of which are present on the aerial hyphae
and the spores, while one is found on young aerial hyphae and another forms a coat
around and beneath the fungus, suggesting interactions with the extracellular matrix
[19, 20]. In different ways, all hydrophobins support the growth and reproduction
of fungi. Some hydrophobins have been shown to be upregulated during nutrient,
carbon or nitrogen starvation, while the gene encoding the hydrophobin EAS is
activated by light, the circadian clock and nutrient deficiency [4, 21–24].

5.3 Class I and Class II Hydrophobins

Early studies by Wessels and colleagues showed that members of the hydrophobin
family could be separated into two distinct classes based on the solubility of the
protein layers and the hydropathy profiles of the proteins: class I and class II [5]. As
more hydrophobins have been identified and studied in detail, this distinction has
generally been maintained and the sequence and structural differences underlying
the character of the two main classes have been elucidated [13, 14, 25].
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Class I hydrophobin proteins are on average larger than class II hydrophobins
and display more variability in the overall length of the protein chain and in the
length of the inter-cysteine regions. It is only class I hydrophobins that self-assemble
into films that exhibit the distinctive rodlet pattern (Fig. 5.2a). These rodlet films
are very robust under physical stress, thermally stable up to 100 ◦C in detergent

Fig. 5.2 Class I and class II hydrophobins form protein layers with distinct morphologies. (a)
Atomic force micrograph of the surface morphology of a protein layer formed by self-assembly
of the class I hydrophobin EAS�15 when dried onto highly-oriented pyrolytic graphite. The
EAS�15 protein, a variant of EAS from Neurospora crassa, forms fibrillar rodlets ~10 nm wide
and microns long which pack laterally to form a monolayer. (b) The class II hydrophobin NC2,
from Neurospora crassa self-assembles into a spongiform protein layer when dried onto highly-
oriented pyrolytic graphite. Although the morphologies of the self-assembled layers formed by
EAS and NC2 are very different, the monomeric structures of the two proteins in solution show
similar features. Figure reproduced with permission from Ren et al. [34]. Ribbon representations
of (c) EAS�15 and (d) NC2. Both hydrophobin classes display a β-barrel structure, stabilised by
the presence of four disulphide bonds, indicated by black sticks. Comparison of the sequences of
EAS�15 and NC2 highlights the eight conserved cysteine residues in all hydrophobins (coloured
in red) and the longer inter-cysteine segments in the class I hydrophobin compared to the class II
hydrophobin
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and have been shown to be chemically stable under alkaline wash (3 M NaOH)
and acidic wash (3 M HCl) [5, 26]. The rodlets have a diameter of ~10 nm and
assemble laterally to form films with a thickness of 2.5–3 nm [26, 27]. They can only
be depolymerised and dissociated to monomeric protein by treatment with agents
such as trifluoroacetic acid (TFA) or formic acid [12, 28]. Once dissolved into their
monomeric form, class I hydrophobins can reassemble into rodlets in the presence
of an appropriate interface [29].

The class I rodlets share many amyloid-like characteristics. Investigations of
EAS and Sc3 showed that the rodlet form of these hydrophobins interacts with
the amyloid-specific dyes, thioflavin-T and Congo red, which are widely used to
detect cross-β structures [16, 30]. Further studies with techniques such as circular
dichroism and attenuated-total-reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR) indicated the presence of β-sheet structure in the rodlet form [16, 27].
X-Ray fibre diffraction has confirmed that the class I hydrophobin rodlets from EAS
contain a repeating β-structure, similar to amyloid fibrils [31]. The fibre diffraction
pattern generated by rodlets displays a reflection at 4.8 Å that arises from the spacing
between the strands in a β-sheet and an orthogonal reflection at 10–12 Å, generated
by repetition of the spacing between β-sheets parallel to the fibril long axis.

Strikingly, Kershaw and colleagues were able to show that by substituting genes
of different hydrophobins (sc3 and sc4 from S. commune, rodA and dewA from
Aspergillus nidulans, eas from Neurospora crassa, and ssgA from Metarhizium
anisopliae) into a mutated Magnaporthe oryzae strain lacking the gene for the class
I hydrophobin MPG1, it was possible to partially supplement the multiple functions
of MPG1 [32]. This demonstrates that although there is little sequence homology
between class I hydrophobins from different species, the biological functions they
perform in different fungi are very similar.

Class II hydrophobins are generally smaller than class I hydrophobins, with up to
63 residues between cysteines one and eight, instead of up to 105 residues between
the outer cysteines in class I hydrophobins. Although they do not form rodlets when
they self-assemble, class II hydrophobins also spontaneously form amphipathic
layers at hydrophobic:hydrophilic interfaces (Fig. 5.2b). These layers are much less
robust than class I rodlet-containing layers: they can be disrupted by treatment with
alcohols and detergents and the application of mild pressure or temperatures [33,
34]. Under certain conditions some level of macromolecular organisation is apparent
in class II hydrophobin monolayers. HFBI and HFBII are known to produce highly
orientated crystalline monolayers at the atomic scale under compression in certain
experimental conditions, while in NC2 monolayers a porous network structure has
been observed (Fig. 5.2b) [34, 35].

5.4 Structures of Class I and Class II Hydrophobins

When the first three-dimensional structure of a hydrophobin was determined, that
of HFBII by crystallography, it revealed that the protein core consisted of a β-barrel
with four antiparallel β-strands and an external α-helix [36]. Although sequence
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conservation between hydrophobins is low between species, a similar core β-barrel
structure has since been observed in the structures of other hydrophobins, whether
determined by crystallography or in solution by nuclear magnetic resonance [31, 34,
37–39] (Fig. 5.2c, d).

A close examination and comparison of all of the known hydrophobin structures
reveals that the conserved pattern of disulphide bonds is integral to the common
observed hydrophobin structure [13, 40]. Two of the four conserved disulphide
bonds lock in the β-barrel structure while the other two disulphide bonds act as
tethers, holding relatively separated parts of the sequence in close proximity to
the barrel core. This generates a very stable and compact core structure with, in
some cases, long loop regions between cysteine residues. In EAS the long loops
are flexible while in DewA and MPG1 the long loops contain stable elements of
secondary structure [38, 39]. In some of the hydrophobins the β-barrel is relatively
complete or “closed” while in others it is open in a half-barrel structure. The
class II hydrophobins HFBI and HFBII display very compact structures with loops
contributing to the closing of the barrel but in NC2, the structure of which was
determined in solution, these loops are open. It is possible that crystallisation
conditions may have contributed to the observation of a more closed conformation
in HFBI and HFBII.

5.5 The Surface Activity of Hydrophobins

The biophysical basis for the surface activity of the hydrophobins has become
apparent from determination of the three-dimensional structures of the proteins. All
of the hydrophobins have relatively large exposed hydrophobic areas on the protein
surfaces [34]. The monomeric forms of hydrophobin proteins display exposed
hydrophobic regions that make up 60–67% of the solvent accessible surface area
(Table 5.2). This compares to 37% in the case of the soluble protein ubiquitin.
This characteristic of hydrophobins is likely to result in these proteins concentrating
and aligning at interfaces and to be responsible for the observed surface activity of
the proteins [39, 41] (Fig. 5.3). Such large solvent-exposed hydrophobic areas are
unusual in proteins but the hydrophobins have a very stable core structure as a result
of the presence of the disulphide bonds, which maintains the protein fold.

Both classes of hydrophobins can lower water surface tension, however while
solutions of class I members can take up to several hours to reach the lowest surface
tension, class II solutions reach this in several minutes [42]. Hydrophobins, such
as Sc3, are able to reduce the surface tension of phosphate buffer to 43 mJ/m2

with 0.1 mg/mL, while other proteins such as BSA (49 mJ/m2), IgG (42 mJ/m2)
or lysozyme (40 mJ/m2), require 5 mg/mL to reach a similar surface energy. The
surface tension for purified water (72 mJ/m2) can be reduced using a variety of
different hydrophobins at very low protein concentrations [43]. Sc3 in water reduces
the surface tension to 32 mJ/m2 at 0.1 mg/mL. The class II hydrophobin HFBII
can decrease the surface tension to 28 mJ/m2 with only 0.02 mg/mL [36]. Both
classes are active at hydrophobic:hydrophilic interfaces in a way that allows them



168 V. Lo et al.

Table 5.2 Calculated hydrophobic contribution to the total solvent accessible surface area and
the area of the largest single exposed hydrophobic patch. For hydrophobins, the presence of large
solvent-exposed hydrophobic patches is likely to underlie the high surface activity of these proteins.
Data from Ren et al. [34]

Protein
Total solvent accessible surface
area (SASA) that is hydrophobic

Total area of the largest
solvent-accessible hydrophobic patch
Percentage of
total SASA

Area of largest
hydrophobic patch (Å2)

NC2 64% 12% 693
EAS 61% 13% 758
DewA 60% 6% 424
HFBI 62% 20% 783
HFBII 67% 23% 891
HFBI
(tetramer)

48% – –

HBFII
(dimer)

33% – –

Ubiquitin 37% – –

to, for example, stabilise oil emulsions or coat hydrophobic surfaces to render
them wettable. Class I hydrophobins create more stable emulsions than class II
representatives and form stronger interactions with hydrophobic surfaces than those
formed by Class II.

Some hydrophobins have been shown to oligomerise in solution and this may
serve to reduce the exposed hydrophobic surface. For example, Sc3 associates into
dimers, with some tetramer and monomer in different buffers but can remain mainly
in the monomeric form in pure water [43, 44]. DewA has been shown to populate a
dimer in solution but it is likely that this must dissociate to the monomer in order to
assemble into rodlets [38].

5.6 Mechanism of Hydrophobin Assembly from Monomer
to Amphipathic Monolayer

The mechanism underlying spontaneous assembly of hydrophobins into struc-
tured amphipathic films at hydrophobic:hydrophilic interfaces is intriguing. Self-
assembly of class I hydrophobins into amphipathic monolayers does not occur in
the absence of a distinct interface [41]. When the liquid-air interface is removed
from solutions of EAS, DewA or MPG1, no amphipathic film forms [26]. The
hydrophobins remain in a monomeric form in solution and can only self-assemble
once presented with a liquid-air interface. In a solution of hydrophobins in
contact with air, the surface tension at the air:solution interface plays an important
role in determining the formation of these hydrophobin films. When the surface
tension of solutions of EAS�15 or DewA is reduced by addition of alcohol to
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Fig. 5.3 The amphipathic hydrophobin proteins can reduce surface tension and invert the
wettability of that surface. When the hydrophobin EAS�15 forms a rodlet coating on the
hydrophobic surface, octadecyltrichlorosilane-coated silica, the surface becomes hydrophilic. (a)
Image showing the high contact angle formed by a water droplet on octadecyltrichlorosilane-coated
silica. (b) Image showing the reduction in contact angle formed by a water droplet when the surface
is coated by EAS�15. When the hydrophobin EAS�15 forms a rodlet coating on a hydrophilic
surface, e.g. mica, the surface becomes more hydrophobic. (c) Image showing the relatively low
contact angle formed by a water droplet on uncoated mica and (d) the increase in contact angle
formed by a water droplet when the mica surface is pre-coated with the hydrophobin EAS�15.
Hydrophobins also assemble at hydrophobic:hydrophilic interfaces between different solutions
and can stabilise emulsions of oil in water. (e) Fluorescently-tagged hydrophobin EAS�15 forms
a protein layer that encapsulates oil droplets in water and stabilises them. (f) Fluorescence-only
image to show that the hydrophobin layer surrounds the oil
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below ~54 mN.m−1, no rodlet formation could be detected [41]. Control of self-
assembly may be a natural mechanism for localising hydrophobin self-assembly to
appropriate surfaces and times within the fungal life cycle [39].

Several studies have probed the conformational changes taking place in the
hydrophobin structures, specifically at interfaces and during self-assembly into
amphipathic layers. The formation of class II films is not accompanied by observ-
able conformational change but the formation of class I rodlet-containing layers
involves some significant conformational change and the formation of the inter-
molecular hydrogen bonding common to amyloid fibrils [34]. Sc3 has been observed
to populate three different states prior to interaction with a hydrophobic interface: a
monomeric state, an α-helix interaction state, and the final β-sheet state which forms
the insoluble amphipathic film [45]. Molecular dynamics simulations of the folding
of Sc3 indicate the preference for the protein to adsorb to the interface (within pico
seconds) and also suggest that formation of the β-sheet secondary structure occurs
more rapidly at the interface [46].

Given the nature of the structure and the constraints imposed by the disulphide-
bonding pattern, several studies have focussed on the role of the hydrophobin
loop regions in the self-assembly process. These are the segments between the
third and fourth cysteines (Cys3 and Cys4), between the fourth and fifth cysteines
(Cys4 and Cys5) and between the seventh and eighth cysteine residues (Cys7 and
Cys8). Truncation of up to 17 residues within the Cys3-Cys4 loop of EAS, or
introduction of a foreign highly-charged 8-amino acid sequence into this loop,
generated variant proteins that were stably folded and preserved the ability to form
native-like rodlets [47]. Contrastingly, when Niu and colleagues created a chimeric
protein by substituting the Cys3-Cys4 loop of the class I hydrophobin HGFI from
the edible mushroom Grifola frondosa with that from the class II hydrophobin HFBI
from Trichoderma reesei, the resultant protein was not able to form rodlets [48].
This was a substitution of 32 amino acids with the 11-amino acid sequence from
the class II protein. In the hydrophobin Sc3 the Cys3-Cys4 loop binds strongly to
hydrophobic interfaces, such as colloidal Teflon™, indicating a role in alignment
of molecules ready for self-assembly [44]. Molecular dynamics studies have also
suggested that the long flexible Cys3-Cys4 loop in EAS may prevent unwanted
intermolecular interactions in solution [49].

Studies of single-site mutants of the EAS protein, in which a hydrophobic
residue is replaced by a glycine residue in order to increase flexibility and decrease
amyloidogenic potential in either the Cys7-Cys8 loop or the Cys4-Cys5 loop have
suggested that only the Cys3-Cy4 loop is involved in amyloid hydrogen bonding
in EAS rodlets [50]. Furthermore, studies of a chimeric protein where the Cys7-
Cys8 loop of the class I hydrophobin EAS was grafted into the non-rodlet forming
class II hydrophobin NC2 generated a version of the class II hydrophobin that is
able to self-assemble into stable rodlets that are ThT-positive. A molecular model
for the assembled EAS rodlet structure has been developed based on the data from
these mutational studies and this is consistent with the formation of amphipathic
EAS rodlets. Taken together, these results suggest that individual hydrophobins
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may contain single or multiple amyloidogenic regions and that these may be
accommodated in different inter-cysteine segments in different hydrophobins.

5.7 Hydrophobins Have Multiple Functions in the Fungal
Life Cycle

The ability to reduce surface tension at air:water interfaces is critical for the
production of aerial hyphae to allow the growth and spread of filamentous fungi and
hydrophobins, both class I and class II, are deployed for this purpose. Additionally,
the hydrophobin coatings are important in mediating fungal:host interactions in
ways that reduce detection and killing of fungal spores and improve attachment
to host surfaces to facilitate infection.

5.7.1 Hydrophobin Coatings Shield Fungal Structures
from Host Immune Recognition

Where fungi express multiple different hydrophobins, at least one is found to
form a coat on the surface of aerial spores. The best characterized of these is the
hydrophobin RodA protein that is found in a rodlet form coating the exterior of
dormant A. fumigatus spores. In 2009, Aimanianda et al. provided evidence that
host immune cells were unable to activate or mature in the presence of the RodA
protein [3]. The study compared the maturation and activation of immune cells
such as dendritic cells, alveolar macrophages, and helper T cells in the presence
and absence of RodA. Resting spores coated with a RodA layer were incapable of
activating the immune cells. However, once the RodA protein was removed, through
the process of swelling and germination that results in disappearance of the RodA
layer and exposure of the pathogen associated molecular patterns on the fungal
cell wall, host immune cells underwent activation and maturation. The presence
of hydrophobin RodA on the spore and hyphal surfaces also reduces the stimulation
of human platelets, a novel component of the innate immune network [51].

Rohde et al. have utilised scanning electron microscopy to illustrate the shedding
of the rodlet layer of hydrophobin RodA upon spore swelling [52]. Dague et al.
also observed the phenomenon using atomic force microscopy and further validated
the loss of hydrophobicity with loss of hydrophobins upon swelling of the spore
[53] (Fig. 5.4). The underlying cell wall components are purely hydrophilic and
are recognized by dectin-1 and dectin-2 receptors on the host immune cells [54,
55]. This recognition of the cell wall components results in induction of pro-
inflammatory cytokines, chemokines, recruitment of neutrophils, and ultimately
killing of the spore [56, 57].
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Fig. 5.4 The outer surface of the spores produced by Aspergillus fumigatus is coated with a
fibrillar rodlet layer composed of the class I hydrophobin RodA. A series of high-resolution atomic
force micrographs recorded from the surface of a single Aspergillus fumigatus spore during the
process of spore germination. The highly structured rodlet layer is visible at 1 and 20 min but
changes are apparent at 60 min as the rodlet layer starts to disappear and to be replaced by an
amorphous layer. Figure reproduced with permission from Dague et al. [53]

These studies have therefore demonstrated that the RodA protein layer exists as
a shield for the underlying fungal cell wall components, including β-glucan and
melanin, which would otherwise serve as antigens and cause continuous immune
activation and detrimental inflammatory responses. The presence of RodA on the
spore surface allows dormant spores to escape detection until conditions become
conducive for germination [3, 58].

A. fumigatus is an opportunistic human pathogen and, in immune-compromised
individuals, it is able to germinate within the lung, produce invasive hyphae
and disseminate throughout the bloodstream, causing the difficult-to-treat invasive
aspergillosis. Beauvais et al. have investigated the role of A. fumigatus hydrophobins
in the static aerial growth conditions that resemble the human lung [59]. This
has revealed an extracellular hydrophobic matrix that supports the fungal cells
in a fungal biofilm community. The matrix consists of galactomannan, α1,3
glucan, monosaccharide, polyol, melanin and proteins such as major antigens and
hydrophobins. Although RodA is absent from the mycelial stage under both static
aerial or liquid shaken growth conditions, the class I hydrophobin RodB is found
expressed exclusively in the aerial static culture condition resembling growth in
the lung. The A. fumigatus hydrophobins RodB–RodE continue to be expressed
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throughout biofilm formation, indicating a potential role for these hydrophobins in
formation, maintenance and surface adhesion of the extracellular matrix [60, 61].

5.7.2 Hydrophobins Facilitate Attachment of Fungi to Host
Cells for Colonisation

The fungus Magnaporthe oryzae causes rice blast, a devastating disease that is
responsible for loss of up to a third of global annual rice production [62]. The
hydrophobin MPG1 is highly expressed during rice blast infections [63]. MPG1
is found on the spore surface of M. oryzae spores where it functions to resist
wetting and assist adherence to plant tissue [4]. Moreover, MPG1 has been shown
to be involved in sensing of a hydrophobic surface, initiation of appressorium
differentiation, host penetration and virulence [62]. Knockout or gene silencing
studies of MPG1 resulted in reduced appressorium formation and pathogenicity,
and the spores of M. oryzae lacking MPG1 showed a wettable phenotype [64,
65]. Silencing of the class II hydrophobin from M. oryzae, MHP1, does not affect
pathogenicity [65].

Pham et al. have studied the interaction between the two hydrophobins, MPG1
and MHP1, and the cutinase cut2 that is associated with growth through the
waxy rice leaf cuticle [39]. This study demonstrated that assembly of the class I
hydrophobin MPG1 is strictly limited to an interface and the class II hydrophobin
MHPI is able to prevent MPG1 assembly by reduction of surface tension in a
solution containing both hydrophobins. This suggests that some fungi may produce
multiple hydrophobins in order to control the spatial and temporal pattern of rodlet
formation. The assembly of the hydrophobins was also shown to recruit cutinase
activity to a hydrophobic surface, potentially offering a mechanism for control of
the infection interface in rice blast disease.

5.8 Harnessing Hydrophobins for Biotechnological Purposes

Hydrophobins are natural products with properties that are potentially useful for
a wide variety of applications. The ability of hydrophobins to self-assemble into
biocompatible amphipathic films at liquid-oil, liquid-liquid, air:liquid and liquid-
solid interfaces has underpinned studies of their potential use in biotechnology and
the food and cosmetic industries [12, 66]. Studies of hydrophobins are reported
in multidisciplinary fields, including food technology, pharmacology, chemistry
and surface engineering and hydrophobin use in these areas has been heavily
patented in recent years [67]. The number of publications and patents associated
with hydrophobins shows a striking increase in recent years (Fig. 5.5).
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Fig. 5.5 Increase in hydrophobin-related publications and patents over recent years. Number of
publications taken from Web of Science and patents from FreePatentsOnline in five-year periods
with the search word “hydrophobin”

5.8.1 Hydrophobins Used to Modify or to Functionalise
Surfaces

The ability of a hydrophobin layer to stably reverse the wettability of hydrophobic
surfaces opens up the possibility of using hydrophobin coatings to improve the
utility of hydrophobic materials in aqueous and physiological environments (Fig.
5.6). Immobilisation of active biomolecules on hydrophobic substrates can be
achieved through coating the hydrophobic material with hydrophobins and then
allowing non-covalent absorption of target proteins to the hydrophobin-coated
surface or by covalent attachment (Fig. 5.6a). Non-covalent absorption is dependent
on pH and ionic strength, suggesting it is mediated by selective Coulombic charge
interactions [68].

An example of hydrophobins being used for protein immobilization is to enable
more rapid protein analysis by matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry. Pre-coating of the MALDI steel plate with the hydrophobin
Vmh2 enables subsequent non-covalent coupling of enzymes including trypsin, V8
protease, PNGaseF, and alkaline phosphatase onto the plate without interfering with
the enzymatic activity [69]. The functionalised plates facilitate efficient protein
digestion reactions directly on the plate, shortening the process from an 18 h,
37 ◦C incubation to a 5 min, room temperature incubation. Enzyme immobilization
condenses the time-consuming protein digestion steps and allows sampling in small
volumes and the possibility of multiple enzymatic digestions on the steel plate.
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Fig. 5.6 Hydrophobins (shown in purple) show potential for the development of functional
nanomaterials. (a) As amphipathic biopolymers, hydrophobin coatings may allow immobilisation
and maintenance of biological activity, for the functional biomolecules utilised in biosensors. (b)
Hydrophobin-coatings used as primers on materials can improve the adhesion of nanoparticles that
provide desirable characteristics, such as antimicrobial zinc oxide nanoparticles. (c) Hydrophobins
can be used to encapsulate hydrophobic drugs to enhance bioavailability and increase the half-life
of the drug. (d) Hydrophobin layers assembled on the surface of hydrophobic carbon nanotubes
can increase dispersion of CNTs in aqueous solutions and prevent agglomeration

Hydrophobins have also been applied for biosensor development, where the
hydrophobins are used as an intermediate layer to alter surface wettability and
support target protein deposition. Creation of a biosensing electrode requires a
conductive material, a hydrophilic surface, and sufficient immobilisation of the
hydrophilic biomolecule in a non-obstructive manner onto the conductive material
while retaining its functional activities. By simply dip-casting a surface using
a solution of a low concentration of hydrophobins, it is possible to immobilise
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proteins, enzymes, quantum dots and nanoparticles [70], unlike other techniques
which may require more complicated immobilisation strategies including the use
of antibodies [71], amine or thiol terminated silane [72] or UV photo-crosslinking
[73]. Zhao et al. have reported the construction of a novel biosensor electrode for
evaluation of choline concentration [74]. The inert metal, gold, was coated with
an intermediate robust layer of the hydrophobin HFBI protein to enhance surface
hydrophilicity and enable immobilisation of the hydrophilic protein choline oxidase
in its bioactive form. The same laboratory also used HFBI to create a glucose
biosensor with multi-wall carbon nanotubes (MWNTs) [75]. MWNTs are known
for their excellent electrical conductivity, however they also represent an extremely
insoluble material. A coating of HFBI is able to solubilise MWNTs and at the
same time provide a hydrophilic surface that facilitates immobilisation of glucose
oxidase. Such an HFBI-MWNT nanocomposite could be adapted for attachment of
other enzymes. The hydrophobin Vmh2 from Pleurotus ostreatus has been shown
to bind glucose directly and has been adapted for measurement of glucose on a
silicon surface or on the surface of gold nanoparticles, which removes the need
for immobilisation of the enzyme glucose oxidase [76, 77]. Vmh2 has also been
shown to effectively immobilise quantum dots, graphene oxide, and functional
proteins such as bovine serum albumin and anti-immunoglobulin (IgG) antibodies
onto superhydrophilic glass [70]. The superhydrophilic glass (water contact angle of
0◦) moderately increased in hydrophobicity when incubated with the hydrophobin
(water contact angle of 60◦). This degree of water contact angle has been shown
to be proficient in causing adhesion of biomolecules to the surface, as shown by
the retention of immobilised molecules following harsh washes using detergent-
containing solutions.

The hydrophobin HYDPt1 has been patented as a matrix for coating glassy
carbon electrodes; it allows immobilisation of small electroactive molecules such
as coenzyme Q10 from solution [78]. One of the major advantages of using
hydrophobins is the protective barrier the hydrophobin films create around the
probe. The layer is very thin and does not affect the capacity current like alkanethi-
ols, and can also protect the probe over a wide pH range.

Hydrophobins have been used as an intermediate primer for textiles, to enhance
adhesion of nanoparticles (Fig. 5.6b). Hydrophobins incorporated on materials
such as cotton and polyethylene terephthalate improve the hydrophobic properties
of both materials [79]. Furthermore, these materials are resistant to common
laundry processes and harsh extraction procedures. Studies have observed that
hydrophobins improve the adhesiveness of antimicrobial particles. With the addition
of a hydrophobin coating as a primer for zinc oxide on cotton/polyester substrate,
zinc oxide nanoparticles were up to eight times more resistant to washing. The
combined zinc oxide-hydrophobin-coated textiles were 50% more resistant to
Candida albicans growth and 30% more resistant to mixed mold inoculum cultures,
compared to zinc oxide-only coated textiles [80].
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5.8.2 Hydrophobins Used to Coat Stents for Anti-Fouling
Properties

The biocompatible nature of the hydrophobin layers has stimulated their testing
both to improve desirable cell adhesion in cell culture and to prevent unwanted
protein deposition on medical implants. The addition of a hydrophobin coating that
is not cytotoxic could improve cell adhesion to an implant or culture materials
by adjustment of the surface wettability or by specific functionalisation of the
hydrophobic surface. Cell adhesion and proliferation rates can be affected by
surfaces that are too hydrophobic or too hydrophilic and the optimal surface for
cell adhesion has been suggested to have a water contact angle of around 70◦
[81]. Compared to hydrophobic surfaces such as bare Teflon™, coating of the
hydrophobin variant TrSc3 or the hydrophobin Sc4 has been shown to improve the
wettability of the surface and assist the adhesion of mouse fibroblast L929 cells
[82]. The hydrophobin coating can also be functionalized by fusing the binding sites
for integrin receptors such as the Arg-Gly-Asp (RGD) sequence from fibronectin
or the laminin globular domain (LG3) with DewA, to facilitate cell adhesion
[83]. The coating of titanium surfaces with RGD-DewA and LG3-DewA fusions
significantly enhanced adhesion of mesenchymal stem cells, osteoblasts, fibroblasts,
and chondrocytes. Importantly, adhesion of the pathogen Staphylococcus aureus was
not elevated by the treatment of the surface. Weickert and colleagues reported that
coating of plastic biliary stents with the hydrophobin H star protein® A reduced
adherent material; however, signs of amorphous material and bacteria were still
present [84]. A combination of H star protein® A and the anticoagulant heparin
further reduced the amount of material adhering to the stent and showed minimal
bacterial binding. Hydrophobin coatings therefore show promise for promoting cell
adhesion and better tissue integration while minimising biofouling on stents and
other implant materials.

5.8.3 Hydrophobins Used to Stabilise Emulsions

The amphipathic structure of hydrophobins makes them attractive candidates for
biosurfactants and bioemulsifiers, being a natural alternative to polymer micelles or
Janus particles. HFBII has been shown to have relatively high dilatational and shear
elastic modulus compared with other proteins, allowing it to create highly stable
emulsions and foams [85].

An example of a hydrophobin-stabilised emulsion can be found in the beer
industry. Hydrophobins are associated with fungal infections of barley grain and
are released into the beer when the malt is crushed into the wort. Hydrophobins
that spontaneously interact with calcium oxalate present in the beer can result in the
formation of larger oxalate crystals, which release more CO2 and cause gushing.
Deckers et al. have used molecular dynamic simulations to study this phenomenon
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and suggest that hydrophobins also form an amphipathic film which attaches to
the wall of the bottle and can encapsulate CO2 gas in nanobubbles [86]. When the
bottle is depressurised upon opening, the hydrophobin film around the nanobubbles
can break, causing release of a high concentration of CO2 and over-foaming.

This phenomenon of gas encapsulation by hydrophobins in nanobubbles can
be adapted for use in food preparation, where stable emulsions are often desired.
Hydrophobin self-assembly can generate a natural and biocompatible Pickering
emulsion. A Pickering emulsion is formed when the interface of two different phases
is stabilised by solid particles, such as hydrophobins, at the hydrophobic:hydrophilic
interface. This prevents coalescence of the two different phases, hence stabilising
the mixture (Illustrated in Fig. 5.3e, f). Hydrophobins show promise as emulsion
stabilisers for foods [67]. The stability of aerated solutions of the hydrophobin
HBFII has been tested against other commercially available aerating agents and
food emulsifiers, across a range of different pH conditions (pH 3.8 – pH 8.4) [87].
Across all pH values tested, the hydrophobin was able to support aerated foam in
water for up to 5 days with no additional thickening agents. With the addition of
thickening agents, there was little to no air phase loss for up to 4 months, while in
chilled conditions the foam was stable for 2.5 years. Similar results were observed
when the hydrophobin HBFII was added to a chocolate milk shake mixture [87, 88].
Hydrophobin-stabilisation of foods may reduce or remove the fat content currently
associated with current food emulsions [88]. While hydrophobin proteins are found
naturally in a variety of different foods and beverages, such as mushrooms and beer,
hydrophobin proteins engineered for use in the food industry will be classified as
novel products. This means that any such hydrophobins must be shown to comply
with food regulatory affairs prior to distributions or use [89].

5.8.4 Hydrophobins Applied for Improved Drug Delivery

The majority of drugs in development fail due to low solubility, an indicator
of low bioavailability. Around 40% of market-approved drugs and about 90%
of novel molecules in development are poorly soluble [90]. The self-assembly
properties and the amphipathic nature of hydrophobins allows these proteins to
be used to encapsulate and solubilise hydrophobic compounds (Fig. 5.6c). Drug
encapsulation may reduce systemic toxicity and side effects, increase the solubility
and efficacy of therapeutics and enable sustained release of active compounds over
an extended period of time. A comparison of two hydrophobic drugs, nifedipine
and cyclosporine A, without any additives, with conventional formulations, and
with Sc3 hydrophobin-based drug particle suspension demonstrated that the Sc3-
based suspension was able to increase bioavailability [91]. Furthermore, the authors
found that the drug uptake rate was slower, which resulted in a more constant and
prolonged release of the drugs. Another novel nanoparticle formulation using H
star Protein® B, a DewA hydrophobin-derivative, to solubilise the hydrophobic
anti-cancer agent docetaxel, also demonstrated that the hydrophobin formulation is
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more bioavailable and biocompatible [92]. The hydrophobic drug beclomethasone
dipropionate formulated in water with the addition of the class II hydrophobin
HFBII has been found to produce a stable nanoparticle suspension [93].

In addition to being used directly to formulate drugs, hydrophobins may also
be applied to improve the properties of other drug carriers. Validated drug delivery
candidates such as carbon nanotubes and porous silicon nanoparticles possess a high
capacity for loading drugs. However, solubility and rapid elimination issues hinder
the possibility for further development. The hydrophobic surface of amphipathic
class I hydrophobins strongly adheres to hydrophobic surfaces, and in turn reverses
the wettability, resulting in a hydrophilic surface [94]. This property has been
used to coat a range of hydrophobic nanomaterials, such as single-walled carbon
nanotubes (SWCNTs), graphene sheets and highly oriented pyrolytic graphite using
two class I hydrophobins EAS and HYD3 (Fig. 5.6d). In particular, hydrophobin-
coated SWCNTs are stable, well-dispersed, and not cytotoxic in aqueous solutions.
Surface modification of thermally hydrocarbonised porous silicon nanoparticles by
coating with the class II hydrophobin HFBII significantly increases biocompatibility
against macrophages and liver cell cultures [95]. The authors also noted significant
alteration in liver and spleen accumulation of hydrophobin-coated porous silicon
nanoparticles. This is particularly important to reduce rapid elimination of nanopar-
ticles following administration.

5.9 Conclusions

The fungal hydrophobin proteins are multifunctional proteins which are critical for
supporting fungal growth and development. The combination of surface activity
with the ability to form stable amphipathic layers provides a means for fungi
to exploit life at multiple different environmental interfaces. Recent biophysical
and biochemical studies of the properties of hydrophobins and their effects on
animal hosts have generated an understanding of the self-assembly properties of
these unusual proteins and their non-immunostimulatory nature. This growing
understanding of the mechanisms that drive the self-assembly of hydrophobins
into functional biomaterials should expedite the utilisation of hydrophobins for the
development of novel functional nanomaterials.
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Chapter 6
Nanostructured, Self-Assembled Spider
Silk Materials for Biomedical
Applications

Martin Humenik, Kiran Pawar, and Thomas Scheibel

Abstract The extraordinary mechanical properties of spider silk fibers result
from the interplay of composition, structure and self-assembly of spider silk
proteins (spidroins). Genetic approaches enabled the biotechnological production
of recombinant spidroins which have been employed to unravel the self-assembly
and spinning process. Various processing conditions allowed to explore non-
natural morphologies including nanofibrils, particles, capsules, hydrogels, films
or foams. Recombinant spider silk proteins and materials made thereof can be
utilized for biomedical applications, such as drug delivery, tissue engineering or
3D-biomanufacturing.

Keywords Biofabrication · Drug delivery · Fibers · Genetic engineering ·
Recombinant production · Self-assembly · Spider silk · Tissue engineering

6.1 Introduction

Spider webs and spider silk fibers have been fascinating mankind since ages,
exemplarily seen in ancient myths about Arachne, a mortal woman who challenged
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Athena in weaving, or in stories about SpiderMan, a mutated young man acquiring
spider abilities after a bite of a radioactively modified spider. Apart fiction, several
specific properties of spider silk webs have been recognized early-on allowing
applications, such as wound coatings in ancient Greece and fishing nets of tribes
from Papua-New Guinea and Australia [1]. Nowadays, scientific insights into the
material properties have been gained which allow to mechanistically understand
the assembly of this proteinaceous material, as well as to technically apply it for
multiple purposes. Spider silk, like bone, nacre, or wood, reveals a hierarchically
ordered structure, which self-assembles from simple building blocks just upon
weak (but numerous) non-covalent interactions, whereas its chemical and structural
compatibility, probed by evolution from nanoscales to macroscales, results in
coherent materials [2].

Here, spider silk composition and fiber structure will be elucidated, including
self-assembly principles underlining its hierarchical setup. We will also present
bioinspired technologies, which on the one hand helped to understand the self-
assembly and spinning process, and on the other hand enabled the application of
silk-based materials. Spider-silk based morphologies, such as nanofibrils, particles,
capsules, hydrogels, films, and foams, allowed the development of biomedical
applications (among others), which are presented in the final section of this book
chapter.

6.2 Natural Spider Silk

Currently more than 48.000 spider species, from tiny Peacock to large Goliath
bird-eating spiders, are known, which are divided into 109 families [3], occupying
every possible niche on Earth and representing one of the most diverse orders of all
organisms. All spider species spin silk threads, proteinaceous materials with quite
different composition and structure, which are also produced by a broad range of
other Arthropods [4, 5]. Many spiders weave silk webs of varying architecture,
such as funnel, sheet, bola, cob and orb webs, serving different purposes ranging
from an extension of their sensory system to catching prey to protective shells
of eggs. Orb webs represent the most fascinating and probably the most complex
features of silk architecture. They are produced by the suborder Araneomorphae
of the Orbiculariae clade [6] being typically composed of five different silks with
specific mechanical, physical, and chemical properties, which are combined to
stop effectively the flying prey by dissipating the kinetic energy of the impact via
nonlinear mechanical stress response to minimize possible damages of the web and,
at the same time, to keep the pray within the web [7].

Different types of silk proteins are produced by specialized glands in the spider
abdomen [8–10]. Orb weaving spiders of Nephila or Araneus genera show seven
individual types (one of which represents a glue), including major and minor
ampullate, flagelliform, tubuliform, aciniform, pyriform and aggregate glands [11].

The frame and radii of the orb web are made of proteins produced in major
ampullate (MA) glands, and the respective silk fibers are constantly drawn to be
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also used as a lifeline. Minor ampullate (MI) silk is used as a temporary support
spiral and, together with flagelliform silk, it represents the capture spiral. Junctions
between MA and flagelliform fibers are reinforced by pyriform silk, which also
serves as an attachment cement to anchor the frame on substrates. Aggregate silk
is deposited on the capture spiral as a glue. Two silk types are produced to protect
offspring in eggs. The cases are made of tough tubuli- /cylindriform silk (both names
describe the same type), whereas a soft layer in the egg interior consists of aciniform
silk, also used in prey-wrapping [6, 12].

6.2.1 Protein Composition of Major Ampullate Silk

Spider silks typically comprise one or more proteins with various molecular
weights. They share a general composition of a repetitive core domain with
varying primary sequences among the silk types and small flanking C- and N-
terminal domains which are highly conserved between the silk types but also
between spider species [11, 13, 14]. Different sequences in the core domain result
consequently in different mechanical properties of the respective threads ranging
from extensive rubber-like features of the capture spiral to stiff and tough MA silk
[15–17]. Aggregate silk, as the only exception in morphology and composition, is
deposited as glue droplets and composed of at least two small (< 65 kDa), highly
glycosylated proteins and two peptides [18]. In addition to these well described
spidroins [6], recent genomic and proteomic approaches have identified a plethora
of additional proteins associated with silk production, storage and spinning [19].
There were more than 600 silk-gland specific transcripts (SSTs) identified by Clarke
et al. in the case of the black widow spider (Latrodectus hesperus) [20]. The
majority of the transcripts showed no annotation, but they may include novel silk-
associated proteins (SAPs) [8], such as low molecular weight cysteine-rich proteins
(CRPs), which were found in the MA dope as well as in the related fiber forming
macromolecular complexes [21]. Egg case proteins (ECPs) represent a non-spidroin
family identified in black widow tubuliform glands, and respective fibers made of
TuSp1 are thought to be cross-linked with ECPs [12].

Details of duct morphologies and spinning of particular spider silks can be
found elsewhere [6, 22]. Here, we introduce the general but at the same time most
sophisticated features of silk composition, structure and assembly into fibers using
the example of MA silk, which represents the best studied silk type. The MA gland
is the largest one amongst the spider silk glands providing sufficient amounts of the
material for analysis using X-ray diffraction, NMR, or IR spectroscopy [23–26].

The major ampulla is divided in a long tail (zone A) and a sac (zone B and C)
continuing into a tapered S-shaped duct connected to an external spigot [27, 28].
In zones A and B proteins are secreted, whereas in zone C they are stored at high
concentration (∼25–50 wt %) [22]. Major ampullate silk proteins can be classified
into spidroin 1 and 2 (MaSp1 and MaSp2) with molecular weights often exceeding
250 kDa [29–31], but low MW variants consisting of a small nonrepetitive core
domain do exist [32]. The main difference between MaSp1 and MaSp2 is the proline
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content, being high in MaSp2 and quite low in MaSp1. In general, Nephila and
Latrodectus MA dopes show only 1–2% of proline, whereas Araneus and Argiope
MA silk contain proline residues in the range of 10–12% [33]. Interestingly, when
comparing native dragline silks, they display similar mechanical performance in
the dry state, but under humid conditions, they reveal pronounced supercontraction
correlating with the increased proline content. Thus, regulating the ratio of MaSp1
and MaSp2 levels enables spiders to alter the material properties of their fibers in
response to environmental changes [34, 33].

Core domains of MaSps are prevalently composed of glycine (Gly), alanine
(Ala), glutamine (Gln), proline (Pro), serine (Ser) and tyrosine (Tyr) residues [35],
which are clustered into small motifs, such as poly-alanine stretches (Ala)n (n = 4–
12), GA, and GGX (X = Y, L and Q) repeats. MaSp2 contains additionally GPGXX
repeats (X = Q, G, Y) which alternate with GGX [6, 36, 37]. In case of fully
sequenced MaSp1 and MaSp2 of L. hesperus [30] and of the wasp spider (Argiope
bruennichi) [38], as well as proteomically analyzed MaSps of golden silk orb-
weaver Nephila clavipes [39] it has been shown that distinct sequence motifs can
be repeated ~100 times within the core domain. Several phosphorylation sides have
been also found in MaSps [39, 40].

In solution i.e., in the sac, the repetitive core of MaSps is intrinsically unstruc-
tured. NMR and IR spectroscopy studies have shown no distinct secondary struc-
tures but only small contributions of polyproline II (PPII) and α-helices [10,
25, 41–43]. In contrast, terminal domains represent globular, folded structures
consisting of bundles of five α-helices [14, 44, 45]. Immunological experiments,
using specific antibodies, and mass-spectrometry analysis have shown the presence
of folded C- as well as N-terminal domains in spinning dopes as well as in the fibers
[19, 27, 46]. C-terminal domains contain highly conserved Cys residues and are
assumed to dimerize in a parallel orientation. N-terminal domains are monomeric
in the dope and dimerize upon acidification in an antiparallel fashion, as described
in the next section. The sequences of the domains are more hydrophobic than the
repetitive core, however their native folds expose prevalently hydrophilic residues
ensuring the spidroin solubility [30, 44, 45].

6.2.2 Processing of Spider Silk Proteins into Fibers

In the sac, highly concentrated soluble spidroins are stabilized in the presence of
NaCl and at neutral pH. Along the spinning duct acidification takes place as well as
an exchange of chaotropic Na+ and Cl− ions for more kosmotropic K+ and PO4

3−
[42, 47–49]. The structure of the C-terminal domain is sensitive to these changes.
Destabilization of the structure, partial unfolding, and exposure of its hydrophobic
core have been shown to support aggregation under influence of shear forces [45,
50, 51]. In contrast, the monomeric N-terminal domain dimerizes in an antiparallel
fashion, driven by electrostatic interactions upon slight acidification to pH 5–6 [52–
60]. The repetitive core domain experiences a transformation of random coil into



6 Nanostructured, Self-Assembled Spider Silk Materials for Biomedical Applications 191

β-sheet rich structures, mainly induced by the already mentioned kosmotropic ions
in the spinning duct [24]. NMR spectroscopy has shown that mainly poly-alanine
and GA motifs form the β-sheets, whereas GGX and especially GPGXX motifs form
helical or less ordered structures yielding an amorphous matrix. X-ray diffraction
(XRD) and solid-state NMR studies revealed an alignment of the stacked β-sheets
along the fiber axis, which resemble small crystallites with less than 10 nm edge
length. The amorphous region revealed both, isotropic and anisotropic components
[26, 61, 62–65]. Structural transformations of spidroins upon the chemical and
physical changes in the spinning duct are summarized in Fig. 6.1.

6.2.3 Structure-Mechanics Relationships

Dragline fibers comprise a lipid and glycoprotein shell surrounding the MaSp core
composed of fibrillar substructures (Fig. 6.2a) in which the above mentioned β-sheet
nanocrystals are embedded in an amorphous matrix [66–68]. Such a setup enables
good extensibility (~25%), high strength (~1.2 GPa) and an extraordinary toughness
exceeding every known natural or man-made fibrous material [16, 69, 70] (Table
6.1).

Pulling a fiber results in a nonlinear response with three typical regimes (Fig.
6.2b, regimes highlighted in three green shades) as a response to sequential
deformation of the individual structures. Homogeneous stretching of partially
aligned amorphous regions occurs in the linear elastic phase [71] (Fig. 6.2c, Regime
I). Young’s (elastic) moduli, representing the stiffness of the material, are in the
range of 10 GPa. Upon reaching the yield point, the H-bonds in the amorphous
phase rupture followed by unfolding of the protein chains (Fig. 6.2c, Regime II),
drop of stiffness and gain of viscoelastic behavior [72]. The β-sheet nanocrystals
provide cohesion points transferring the load between peptide chains and enabling
full extension of the amorphous regions [72, 73]. Final stiffening is based on fully
stretched amorphous chains and a transfer of the load onto the β-sheet crystals [71–
73] (Fig. 6.2c, Regime III). The alignment of the β-sheets with the fiber axis, which

Table 6.1 Mechanical performance of major ampullate silk of different orb weavers in tensile-
stress tests in comparison to that of high performance man-made fibersa

Species Stiffness (GPa) Strength (MPa) Extensibility (%) Toughness (MJ/m3)
Argiope trifasciata 5.2 1584 29 163
Araneus diadematus 3.6 1599 33 193
Nephila clavipes 8.4 1725 28 206
Caerostris darwini 11.5 1850 33 271
High-tensile steel 200 1500 0.8 6
Carbon fiber 300 4000 1.3 25
Kevlar 130 3600 2.7 50

aValues taken from Refs. [70] and [16]
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Fig. 6.1 Molecular spider silk network. (a) Schematic structure of spidroins with core, dimeric
C-terminal and monomeric N-terminal domains. (b) Structural transformation of the core domain
and assembly occurring upon chemical (pH drop, salting-out) and physical triggers (shear forces)
in the spinning duct. (c) Schematic representation of a spidroin network cross-linked by dimeric
C-terminal and N-terminal domains
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Fig. 6.2 Mechanical performance of dragline fibers. (a) Core-shell structure of a fiber built
on fibrils comprising amorphous/crystallite domains crosslinked by H-bonds; (b) Schematic
representation of a typical stress-strain curve with an initial linear region indicating the Young’s
modulus i.e., the fiber stiffness (Regime I), a visco-elastic region (Regime II), and a Regime III in
which stiffening occurs. Maximal values at the break point determine the extensibility and strength
of the fiber, whereas the integral of the curve represents the fiber’s toughness; (c) Structural changes
in amorphous matrix and crystallites upon pulling. (Reproduced from Ref. [3], with permission of
Creative Commons Attribution License (https://creativecommons.org/licenses/by-nc-sa/3.0/))

is even enhanced at applied stress [74, 75], is crucial for energy dissipation. A
stick-slip mechanism has been proposed for multiple and concerted breaking and re-
bonding of H-bonds during lateral withdrawal of the chain from the crystal [73] (Fig.
6.2c, Regime III, light turquoise β-sheets). Final pulling of the individual chains out
of crystallites causes rapid disintegration of the silk fiber.

https://creativecommons.org/licenses/by-nc-sa/3.0/
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6.3 Recombinant Spider Silk Proteins

The extraordinary mechanical properties of spider silk together with its biocom-
patibility, accompanied by the fact of spider’s cannibalistic behavior and the lower
quality of the fibers when harvested in captivity, initiated efforts to recombinantly
produce spidroins. The recombinant production of spider silk proteins has been
reviewed thoroughly in recent years [69, 76, 77]. Here, we will focus on different
recombinant spider silk proteins which served as models for understanding self-
assembly and spinning processes, and provided a basis for new self-assembled,
nanostructured, hierarchical materials including various applications thereof.

6.3.1 Self-Assembly of Artificial Spider Silk Proteins

As described above, different domains of spidroins fulfill distinct roles during
storage as well as final fiber assembly. Genetic engineering has allowed the
establishment of molecular spidroin “Lego” [78, 75] to study the impact of
individual domains on solubility, self-assembly and fiber mechanics [45, 51, 79–82].
Engineered spidroins can be studied using microfluidics to determine the effects of
solvent changes and shear forces on the formation of spidroin fibers. Microfluidic
chips have been designed to control mixing and flow conditions along with chemical
changes of the protein solution [81]. Shear forces together with a simultaneous pH
switch are required to initiate fiber assembly. Further, it was shown that ordered
assembly of a MaSp2 analogue of A. diadematus (ADF3) is possible in the presence
of the C-terminal domain under shear stress, resulting in fibrillar structures with
aligned β-sheets. In contrast, the absence of this domain resulted in poorly-defined
β-sheet aggregates with no alignment [51, 79].

Recombinant mini-spidroins consisting of four repetitive units (4Rep,
1Rep = GSGNSGIQGQGGYGGLGQGGYGQGAGSSAAAAAAAAAAAA) with
or without corresponding C-terminal (CT) and/or N-terminal (NT) domains, based
on MaSp1 from Euprosthenops australis, were used to probe effects of pH and salt
on self-assembly. 4Rep and 4RepCT are prone to assemble slowly at neutral as well
as acidic pH. In the presence of NT the assembly slows down at neutral conditions.
However, acidification induces significantly faster self-assembly of NT4Rep and
NT4RepCT into macroscopic fibers. Such effects of NT on spidroin assembly has
been confirmed in a microfluidic continuous spinning process [83].

Variants of spider silk core domains have been studied to elucidate the influence
of distinct amino acid motifs on assembly. Hydrophobicity plots of spidroins [30,
80, 84, 85] revealed the amphiphilic nature of the spider silk core domain with
alternating hydrophobic and hydrophilic blocks, which is clearly important for
phase separation during the spinning process [22, 86]. Recombinant spidroins
with hydrophobic poly-alanine (A blocks; GAGAAAAAGGAGTS) and hydrophilic
glycine-rich regions (B blocks; SQGGYGGLGSQGSGRGGLGGQLTS), derived
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from MaSp1 of Nephila clavipes, showed that sequentially increasing the number of
A blocks has a direct impact on the crystallinity index and β-sheet content [87, 88].
Since the sequence variability of spidroin repetitive units on the amino acid level
is quite high [84], the prediction of self-assembly behavior of silk proteins is more
complex in comparison to that of simple synthetic hydrophilic/hydrophobic block
copolymers [89]. Thus, recent approaches have combined biopolymer synthesis
and in silico modeling to elucidate the role of hydrophobic and hydrophilic
components concerning self-assembly and mechanics to allow a rational design
of spider silk materials [90–92]. To understand the effect of sequence length
on self-assembly propensity, two and twelve AB block-containing proteins were
studied experimentally as well as in coarse-grained simulations [90]. The simulation
results were consistent with the experimentally observed trends, in which the
protein with twelve AB blocks formed larger spherical aggregates in comparison
to (AB)2. In this context, it has been demonstrated that the molecular weight
of the spider silk core domain significantly affects the ability to form protein
networks. In computational models, the chains extended under shear flow, and
the size of aggregates increased with increasing numbers of the A block by
merging multiple micelles [90, 91]. This also explains the previous observation
of a monotonic increase in fiber mechanics with the molecular weight of the
recombinant proteins up to 96 repeated units (molecular weight of 285 kDa;
the unit: SGRGGLGGQGAGMAAAAAMGGAGQGGYGGLGSQGT) [93]. Thus,
increased interconnections between the spidroins in the spinning process suggest
the advantage of longer chain length to form more robust fibers [91]. However,
the combination of high and low molecular weight spidroins in one spinning
dope, which can interact through their terminal domains, empowers additional
possibilities to adjust the mechanical properties of spider silk fibers [94].

The influence of the number of repeats has been investigated thoroughly in terms
of assembly kinetics using core domains with increasing repeat numbers in the engi-
neered MaSp2 derivative eADF4(Cn). Whereas the β-sheet content in the assemblies
remains the same for 2–16 repetitive units, the kinetics of the self-assembly process
is increasingly faster with increasing numbers of repetitive sequences. This study
also revealed that at least 2 blocks are necessary for self-assembly since the
single peptide unit eADF4(C1) (C-module: GSSAAAAAAAASGPGGYGPENQG-
PSGPGGYGPGGP) does not self-assemble [95]. Interestingly, eADF4(C1) could
be incorporated in growing fibrils upon seeding, highlighting the active role of the
respective seed/fibril growth interface for β-sheet transformation of the docking
monomeric spidroin (see also Sect. 6.3.2.1).

Many recombinant variants with different MWs, mainly based on MA core
domains of Nephila and Araneus species, have been used to process fibers. Typical
approaches included the production of spinning dopes in strong organic solvents,
such as hexafluoroisopropanol (HFIP) or formic acid (FA), in which high spidroin
concentrations can be reached. However, due to strong protein/solvent interactions
no native molecular protein structures could be formed. Consequently, subsequent
spinning processes, utilizing extrusion of fibers into coagulation baths or electro-
spinning approaches based on thin fast drying jets produced in high electric
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fields, resulted in significantly lower mechanical performance than that of for the
natural dragline fiber. Correct protein-protein interactions, which are a prerequisite
for spidroin pre-arrangement and self-assembly, are only provided in aqueous
spinning dopes. However, the utilization of such aqueous spidroin solutions is
often accompanied by inherent low spidroin solubility or premature aggregation.
In this context, the presence/absence of the terminal domains was found to be
crucial for proper assembly with high impact on the fiber mechanical performance.
Comprehensive overviews on artificial spinning approaches have been provided
recently [1, 47, 96–98].

The distinct molecular design of spidroins (Fig. 6.3a) has been used to study
their self-assembly into mechanically stable fibers. The preparation of biomimetic
spinning dopes upon protein phase separation induced a molecular pre-organization
allowing wet spinning of fibers with high molecular alignment and fiber toughness
(180 MJ/m3) matching that of natural dragline silk [75, 82, 94] (Fig. 6.3b). However,
the high toughness was based on the fact that the engineered fibers were much more
extensible and less strong than natural fibers. Further improvements of the system
by combination of MaSp2 and MaSp1 recombinant analogues and development of
a biomimetic spinning technology will probably yield fibers with more adjustable
mechanical features [94].

6.3.2 Materials Made of Recombinant Spider Silk Proteins

There are two main principles for preparation of spider silk-based biomaterials. In
the first approach, self-assembly of the recombinant spidroins is carried out in an
aqueous milieu and generally at ambient temperature. Depending on the particular
spidroin and environmental conditions, formation of supramolecular assemblies,
such as nanofibrils, particles, capsules or hydrogels, is possible. The second
approach exploits spidroin solutions in organic solvents followed by different
processing and drying steps. The templates used can define the final material
morphology especially for films or foams (Fig. 6.4).

6.3.2.1 Nanofibrils

The formation of nanofibrils was observed in spider silk solutions upon addition
of potassium ions in vitro [106], in the spinning duct of a spider after dissection
[107] as well as upon acidification of diluted spinning dope solutions [42]. Such
nanofibril assembly is very slow and, therefore, not a part of the natural spider
dragline silk assembly [62, 68, 74, 108], which takes place within milliseconds
during the spinning process [55]. Nanofibrils could also be produced from short
peptides, such as GAGAAAAAGAGA, as well as from the recombinant spider
silk pS(4 + 1) derived from Nephila clavipes dragline silk which formed β-
sheet-rich fibrils in aqueous buffers within several hours [109, 110]. The fibrils
showed a length distribution between 60–600 nm and a segmented substructure
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Fig. 6.3 Biotech-approach towards though fibers. (a) Molecular spidroin “Lego” of
designed recombinant spider silk proteins combining consensus sequence motifs A (GPYGP-
GASAAAAAAGGYGPGSGQQ) and Q (GPGQQGPGQQGPGQQGPGQQ) as well as the C-
terminal domain NR3 (124 amino acids), based on ADF3 of A. diadematus, and the N-terminal
domain N1L (180 amino acids), based on the aminoterminal non-repetitive domain of MaSp2 of L.
hesperus. (b) Fibers were spun out of classical spinning dopes (CSD) or out of biomimetic spinning
dopes (BSD). The toughness of the fibers depended on protein composition and dope preparation.
(Reproduced from [82] with permission of Wiley-VCH)

with segment diameters and heights of approximately 35 nm and 3 nm, respectively.
The molecules were proposed to have β-sheets in a parallel orientation to the fibril
axis [110]. Araneus diadematus derived recombinant eADF4(C16) serves as a role-
model for fibril self-assembly in aqueous conditions. The fibrils (Fig. 6.4a) formed
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Fig. 6.4 Non-natural
morphologies made from
recombinant spider silk
protein eADF4(C16). (a)
Nanofibrils assembled at low
phosphate concentrations. (b)
Hydrogels formed due to
interactions and
entanglements of nanofibrils.
(c) Particles made at high
phosphate concentrations. (d)
Seeding of nanofibrils from
the particle surface. (e)
Capsules assembled using a
water-in-oil emulsion. (f)
Cast spidroin film. (g) Freeze
dried hydrogels with porous
morphology. (h) Stable,
β-sheet-rich foam prepared
using salt leaching. Images:
Cryo-TEM in A; bright field
in B, E and F; SEM in C, G
and H; TEM in D.
(Reproduced as follows: a
from [99], b and g from
[100], c from [101], d from
[102], e from [103], f from
[104] and h from [105], with
permission of the American
Chemical Society (a, b, g and
h), Wiley-VCH (c and e),
Elsevier (d) and
Springer-Verlag (f))

at low phosphate concentrations (< 300 mM) and showed a high content of β-
sheets (40%). In contrast to the arrangement in natural fibers a cross-β conformation
was seen using X-ray diffraction, Thioflavin T and Congo Red binding [95,
111]. Assembly kinetics confirmed protein and phosphate concentration-dependent
oligomerization and growth rates [102], which also increased with the number of
repeats in the case of eADF4(Cn) variants with n = 2–16 [95]. Fibril morphologies
and secondary structures of all variants were, however, indistinguishable. Formation
of the fibrils followed a nucleation mechanism with a slow oligomerization and
nucleus formation and a fast growth phase induced specifically by K+ and PO4

3−
ions [102, 112]. Importantly, the formation of cross-β fibrils required hours to
completion unlike the fast natural fiber assembly process [55]. The fibril formation
rather reflects a generic feature of intrinsically unstructured proteins to transform
into a thermodynamically stable cross-β sheet structure than being part of the natural
fiber assembly process.
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Mechanical analysis of cross-β fibrils [113–117] revealed a stiffness in the range
of 0.2–14 GPa depending on the underlying protein, which is in the range of the
most rigid proteinaceous materials, such as keratin, collagen in tendons, natural
dragline spider silk [118] or lacewing silk [119], enabling utilization of the fibrils as
scaffolds for self-assembly of nanostructured, hierarchically ordered materials [118,
120–124].

In this context, self-assembly properties of spidroins have been combined with
different functionalities such as nucleic acids in DNA-spider silk conjugates [99,
125, 126] or enzymes in genetic fusions with silk moieties [127, 128]. In a chemical
approach, eADF4(C16) was modified with short oligonucleotides [126] using azide
and alkyne linkers enabling “click” conjugation. The short nucleic acid moieties in
the DNA-spider silk hybrids did not interfere with self-assembly of the spidroins
nor with the final fibril morphology [99, 126]. However, the presence of the
nucleic acid strands on the fibril surface allowed specific functionalization e.g.,
with complementary DNA-gold nanoparticles (Fig. 6.5a). Temperature gradients
applied during assembly of complementary DNA-spider silk hybrids [99] enabled
the formation of ordered fibril nano-ribbons and micro-rafts (Fig. 6.5b).

Fig. 6.5 Hierarchical assemblies made of DNA-spidroin hybrids. Specific attachment of DNA-
gold nanoparticles onto hybrid fibrils. (b) Self-organization of hybrid fibrils into nano-ribbons and
micro-rafts upon fibril assembly and annealing at temperatures close to the Tm of DNA moieties
of the hybrid. AFM scans in a; Cryo-TEM (left) and confocal florescence microscopy (right) in b.
(a reproduced from [126] and b reproduced from [99] with permission of the American Chemical
Society)
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6.3.2.2 Hydrogels

Based on nanofibrils (Sect. 6.3.2.1.), spidroins can further assemble into hydrogels
(Fig. 6.4b) at protein concentrations above 1% [100, 129–132], representing a
hierarchically ordered, supramolecular physical polymer network [133, 134]. Such
hydrogels reveal visco-elastic properties upon shear with maximal shear stresses
between 200 and 2000 Pa, depending on protein concentration (3–7%) [100]. Good
shape fidelity and comprehensive stress of 140 kPa has been also demonstrated
[130, 135]. Spidroin hydrogels typically possess high β-sheet content as well as
structural stability upon exposure to shear forces [100, 130]. Since such spidroin
hydrogels showed a shear thinning behavior [131, 135], they are suitable to be used
as injectable or printable materials (see also Sect. 6.5).

6.3.2.3 Particles

High concentrations of phosphate ions (> 400 mM) can promote “salting-out” of
spidroins [136, 137] and induce particle formation (Fig. 6.4c), as demonstrated
for eADF4(C16) [101, 138–140] as well as for different recombinant variants of
Nephila clavipes MaSp1 [90, 141, 142] and MaSp2 [143]. The diameters of the
particles can be adjusted by protein and phosphate concentration as well as by
mixing intensity [138, 143]. Using ionic liquids as a solvent, nanoparticles of 100–
200 nm in diameter can be formed [144]. Similar to cross-β fibrils, all spidroin
particles show a high content of β-sheets [101, 143], which render them chemically
highly stable [139].

Spidroin particles substantially swell upon hydration (swelling factor of 2.3)
inducing a drastic drop in elastic modulus from GPa in the dry state to MPa in
the wet state [145], depending on the molecular weight of the respective spidroins.
Direct force measurements using a colloidal probe technique revealed a polymer
brush-like surface i.e., an ion-permeable particle interface protruding several tenths
of nm into the solution [146, 147]. Interestingly, it has been shown that particle
surfaces can seed fibril growth (Fig. 6.4d) [102].

6.3.2.4 Capsules

The amphiphilic character of spidroins [85] allows fast structural transformations
from intrinsically unstructured into β-sheet rich structures at the interface in “water-
in-oil” emulsions e.g., in toluene [103, 148] or silicon oil [149]. As a consequence,
mechanically stable micrometer-sized capsules (Fig. 6.4e) could be produced in
rapid processes and completed within 30 s. The size of these microcapsules (1–
30 μm) can be controlled by adjusting the emulsion droplet size through changes in
the emulsion shear rates. The resulting capsule membranes allowed free diffusion
of small molecules through the membrane, whereas larger macromolecules were
retained within the capsule (MW cut-off of several thousand Dalton) [148, 149].
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The formation of bowl-shaped (1–3 μm) or giant compound micelles (<50 μm) with
porous membranes was observed in case of spidroins in water/2-propanol mixtures
driven by spidroin assembly on entrapped air bubbles i.e., on liquid-air interfaces.
The shape, the diameter as well as the β-sheet content increased with the increasing
numbers of poly-Ala blocks (n = 1–6) [87].

6.3.2.5 Films

Films made of recombinant spider silk proteins (Fig. 6.4f) can be processed from
organic or aqueous solutions driven by drying and template surface effects. Thus,
films differ from fibrils, particles or hydrogels which are organized in a “bottom-up”
manner.

It has been shown that protein secondary structures of spidroin films cast from
HFIP, hexafluoroacetone or aqueous buffers consist mainly of helices and random
coil structures [92, 104, 150–154]. Utilization of formic acid as a solvent, however,
results in films which are enriched in β-sheet structures [130, 150, 152, 154–
156]. The secondary structure content in spidroin films influences their chemical
stability, as amorphous films with low β-sheet content are water-soluble, while high
β-sheet contents support water-stability. Nevertheless, the α-helical and random coil
structures in films processed from HFIP, FA or aqueous solutions can be transformed
into β-sheets upon post-treatment with phosphate buffers [104, 150], or alcohols,
such as methanol, ethanol or isopropanol [150, 153, 154, 157], or heat [155, 158,
159]. The conformational changes, accompanied by an increased surface roughness
[150, 151, 156, 160], mainly occur in the poly-Ala regions as determined by solid
state NMR [154, 155]. X-ray diffraction indicates a wide distribution of β-sheet
crystal sizes from 20 to 400 Å [151]. Interestingly, it is possible to axially align the
β-sheets upon film stretching [154]. β-sheet-rich spidroin films possess enhanced
stability against strong protein denaturing agents [150]. Interestingly, non-native
amino- or carboxy-terminal peptide motifs, such as cell-binding sequences [161,
162] or antimicrobial peptides [153], showed no influence on film formation or silk
structure after casting and post-treatment.

Generally, spidroin films show poor mechanical properties including a maximal
mechanical stress of 70 MPa and maximal strain typically below 10% [152, 154]
depending on the solvents and additives used. Film stretching and concomitant
alignment of the crystallites increased the mechanical stress up to 200 MPa and
strain up to 30% [130, 154].

6.3.2.6 Foams and Sponges

Porous foam-like structures were prepared either by foaming of aqueous solutions
of recombinant spidroins [130, 163, 164], freezing/thawing or freeze-drying of
hydrogels [100, 130] or by salt-leaching [105]. Salt-leached foams displayed a high
β-sheet content of 42%, which was induced by the NaCl crystal surface without
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an additional post-treatment, simplifying the fabrication process [105]. The foams
showed interconnected porous morphologies (Fig. 6.4h) with porosities above 90%
and pore sizes between 31 and 437 μm, influenced by the size of the salt crystals.
The compressive moduli of the salt leached foams were in the range of 0.94–
3.24 kPa in a hydrated state, depending on the spidroin concentration employed
[105]. Structures obtained by freeze-drying of spidroin hydrogels (lyogels) possess
sheet-like morphologies of the pores with diameters ranging from 30 to 200 μm
(Fig. 6.4g). Chemically cross-linked hydrogels show highly interconnected sponge-
like morphologies after lyophilization, with round pores of 10–20 μm in diameter,
independent of the spidroin concentration [100]. Spidroin lyogels have been shown
to withstand a stress of up to 300 kPa and strain near 40%, whereas water uptake has
been reported at 1600% of the original dry weight [130]. Spidroin sponges produced
by hydrogel freezing and thawing show shape-recovery upon several mechanical
loadings in the hydrated state as well as upon rehydration of compressed and dried
scaffolds [130].

6.4 Biomedical Applications of Spider Silk

Various material properties, such as biocompatibility, low or no inflammatory
response, biodegradability in a defined time frame, and specific structural and
mechanical features, are required for biomedical applications.

Native spider silk fibers, providing biocompatibility as well as good mechanical
properties, were tested already as braided microsurgical sutures [165]. However,
drawbacks, as mentioned in the previous section, such as variance in mechanical
performance of the fibers and low availability of natural spider silk, hamper the large
scale application of this material. In contrast, recombinant spider silk, as described
above, allows scalable production as well as processability into various two and
three dimensional morphologies with adjustable mechanics. These features, along
with their biocompatibility, qualify recombinant spider silk materials for utilization
in many different biomedical applications [3, 166–168]. Another obvious benefit
of the recombinant silk is a possibility to introduce additional peptide motifs with
distinct effects on cell growth, differentiation and migration [140, 161].

Biocompatibility studies of native and recombinant spider silk in vitro or in
vivo indicated that they are surprisingly well tolerated. Natural spider silk has been
used to test inflammatory response and degradation in split skin wounds [169]. Egg
case silk from spiders was used for subcutaneous implantation in rats to determine
the effect of protease treatment on the degree of inflammation and fibrosis [170].
Native spider silk was implanted in vivo to test its biofunctionality showing no
adverse effect due to inflammatory response [171, 172]. In the latter, dragline
spider silk has been used as an artificial support for nerve regeneration. These
studies have shown successful regeneration of damaged tissue and the absence of
adverse reactions, however, a mild inflammatory reaction has been detected. In
another study, porous scaffolds made of spidroins were well tolerated in mice upon
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subcutaneous implantation. Histological analysis revealed ingrowths of vascularized
connective tissue and nerve fibers into the scaffold, but also a mild foreign body
response has been reported [173]. Fiber bundles of recombinant spider silk protein
implanted subcutaneously in rats showed infiltration of newly formed capillaries as
well as ingrowth of fibroblasts [174].

In the following sections, different biomedical applications based on spider silk
materials will be discussed in more detail.

6.4.1 Drug Delivery and Deposition

The biocompatibility and degradation rate are two important features of biomaterials
in drug delivery applications. The resorption rate of chemically synthesized poly-
mers can often be adjusted by controlling the composition of the polymer [175].
Silk provides all desirable properties required for sustained drug delivery. This
rare combination of properties includes aqueous-based processing, biodegradation,
biocompatibility, drug stabilization, and robust mechanical properties.

A genetic engineering approach has been used to form block copolymers of
spider silk consensus repeats and poly (L-lysine) domains to form ionic complexes
that are able to deliver plasmid DNA in vitro e.g., into human embryonic kidney
(HEK) cells. The DNA complexes were also immobilized on silk films allowing
cell transfection. Such silk-based gene carriers could be functionalized with cell
membrane penetrating peptides to enhance the transfection efficiency [176]. Further,
the spider silk-poly(L-lysine) variants were functionalized with tumor homing
peptide (THP), and corresponding nanoscale complexes with DNA have been
reported as less cytotoxic and highly target-specific gene carriers [177, 178]. Engi-
neered, positively charged spidroin eADF4(κ16) (where all glutamic acid residues
are replaced by lysine residues) showed particle formation indistinguishable to
that of the poly-anionic variant eADF4(C16), described above. Particles made of
eADF4(κ16) were loaded successfully with high molecular weight substances, such
as nucleic acids, with a well-controllable release profile [179]. These examples
demonstrated the potential of bioengineered silk proteins as a new family of
molecules to be used for nucleic acid delivery.

Submicron particles or even nanoparticles have been designed as short acting
delivery vehicles and administered through intramuscular, intravenous, subcuta-
neous, oral or transdermal routes [180]. Particles with submicron size have unique
properties including stability, high surface-to-volume ratio, high carrier-capacity of
bioactive molecules and targeted delivery [181, 182]. Microspheres are commonly
used as drug carriers for long-acting delivery and usually administered intramus-
cularly or subcutaneously. Bioengineered spider silks have been mostly explored
in terms of particle formation, characterization and loading/release of model drugs.
Recently, submicron particles produced from engineered spider silk eADF4(C16)
were used to deliver highly water soluble drugs [139]. However, loading with
water-insoluble drugs is also feasible [183]. Further, crosslinking of spidroins was
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shown to affect drug loading as well as release behavior of drug molecules. Hence,
negatively charged eADF4(C16) particles show good potential for application in
controlled release of positively charged drugs [139, 184]. Particles of variants of
eADF4(C16) with cell penetrating peptides and receptor interacting motifs, as well
as eADF4(κ16) were tested for cellular uptake, which proceeded mostly via clathrin-
mediated endocytosis [144]. Specific cell targeting has been demonstrated on a
recombinant variant, derived from the N. clavipes MaSp1 sequence, which was
functionalized by Her2 binding peptides. The exposed binding domains on the
surface of the particles allowed their significantly higher binding to Her2 positive
cells, in comparison to control spheres and Her2-negative cell binding, and loaded
doxorubicin was released in a pH dependent manner [142]. The recombinant spider
silk protein eADF4(C16) was fused with the antigenic peptide from ovalbumin,
either without or with a cathepsin cleavable peptide linker. The hybrid particles were
taken up by dendritic cells and successfully activated cytotoxic T-cells in vitro. In
vivo the antigen-modified particles containing a cathepsin-cleavable linker induced
a strong antigen-specific proliferation of cytotoxic T-cells, even in the absence of
a vaccine adjuvant, demonstrating the efficacy of this new vaccine strategy using a
protein-based all-in-one vaccination system [140].

6.4.2 Tissue Engineering

Tissue engineering is an interdisciplinary field combining principles of engineering
and life science towards the development of biological substitutes that restore,
maintain, or improve tissue function [185]. Three major issues are important to
create new tissue: isolation of cells or cell substitutes; identification of tissue induc-
ing substances and controlled cell placement on or within matrices.. Researchers
have attempted to engineer virtually every mammalian tissue and replacement of
ectodermally (for example, skin, nervous system), endodermally (liver, pancreas)
and mesodermally (cartilage, bone and muscle) derived tissues.

Over the last decade, a variety of polymers and other material have been utilized
for tissue engineering applications, and polymeric biomaterials are particularly
attractive. The biomaterials used in tissue engineering applications are mainly
classified as synthetic and naturally occurring polymers. However, natural materials
are preferred due to their intrinsic properties, which can facilitate cell attachment or
maintenance of differentiated function. The wide range of materials used for tissue
engineering arises from a variety of anatomical locations.

Silk has been used in its native form as a suture material for long time, as
mentioned above, and recently it is gaining popularity in tissue engineering. It
is worth mentioning that recombinant spidroins bearing artificially engineered
cell binding domains (Fig. 6.6), in combination with processing into various
morphologies [105, 161, 186], open and expand new possibilities of silk-based
materials in cell culture and tissue engineering applications [187].
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Fig. 6.6 Variants of recombinant spider silk protein (4RepCT) used to fabricate various
morphologies for tissue engineering applications. (a) Detection of filamentous actin in cells
grown on different matrices produced from the recombinant spider silk protein (4RepCT) as
indicated. (b) Fibroblasts formed stress fibers (F-actin-red) and focal adhesions (Vinculin-green)
on films made of variants of 4RepCT within 3 h. Representative micrographs show cells on films
made of WT and RGE modified 4RepCT with poorly formed actin filaments and diffuse vinculin
staining. Cells cultured on IKVAV and YIGSR modified 4RepCT showed clear stress fibers. Cells
on films made of RGD modified 4RepCT showed distinct focal adhesion points and well organized
actin stress fibers compared to cells grown on fibronectin (FN as a control). (Adopted and modified
from [163] and [162], with permission of Elsevier)

6.4.2.1 Wound Healing Scaffolds

The first tissue engineering approaches used cells on two-dimensional sheets of
collagen or collagen-glycosaminoglycan composites to create new skin [188, 189].
Native spider dragline silk has been tested as a suitable matrix for 3D skin cell
culture, and both fibroblast and keratinocyte cell lines adhered and proliferated
well. A bi-layered co-cultivation in two continuously separated strata was achieved
by serum reduction, changing the medium conditions and the cultivation period.
Hence, spider silk appears to be a promising biomaterial for the enhancement of
skin regeneration [190].
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The engineered recombinant spider silk protein eADF4(C16) was modified
with the integrin recognition sequence RGD by genetic and chemical approaches.
Attachment and proliferation of BALB/3 T3 mouse fibroblasts is significantly
improved on films made of RGD-modified silk proteins [161]. In another study,
recombinant spider silk was modified with RGD in a structural turn loop, similar
to fibronectin (FN), but in the silk-hybrid the loop was stabilized by cysteines
(FNcc). Human primary cells cultured on FNcc-silk show increased spreading,
attachment and focal adhesion. FNcc-silk supported proliferation and migration of
keratinocytes. These results suggest that FNcc-silk can efficiently attract inherent
cells for migration into a wound area e.g., from the wound edges from where dermal
keratinocytes are usually recruited during wound healing [191]. Thus, these hybrid
silk proteins reflect a promising material for future tissue engineering applications.

Highly porous foams made of the recombinant spider silk protein eADF4(C16)
and its variant containing the RGD motif were fabricated by salt leaching. Fibro-
blast cultured on these foams show enhanced adhesion and proliferation as long as
RGD is present [105]. The results indicated that spider silk foams with controllable
properties can be used as scaffolds for tissue repair and soft tissue engineering e.g.,
in the case of skin.

6.4.2.2 Bone Tissue Engineering

The burden of musculoskeletal conditions increased at the start of the new mil-
lennium [192]. According to published reports by the World health organization
in 2011, the cost related to caring for patients with musculoskeletal defects was
$796.3 billion in the United States, which is 5.7% of the annual GDP. Many injuries
and diseases, such as osteoarthritis, osteogenesis imperfecta, traumatic processes
etc., can adversely affect the musculoskeletal system, which decreases quality of
life. In Europe and the United States more than 400,000 and 600,000 patients,
respectively, receive bone grafts each year [193, 194]. It is a major challenge to
repair the bone defects and fractures that occur due to osteoporosis during aging.
Bone tissue engineering (TE) is a promising strategy to regenerate bone defects
and allow their restoration. Conventional approaches like autogenous bone grafts
or allogenic bones show limitations such as limited material supply, donor site
morbidity and contour irregularities. Allogenic bone can also be used, but the cell-
mediated immune response to transplantation of alloantigens and pathogens can be
problematic [195]. Therefore, synthetic and natural polymers have been explored
for bone repair, but it has been difficult to create a polymer with optimal strength
and degradation properties.

Natural polymers such as silk have been explored in bone tissue engineering.
One approach for silk scaffolds in bone tissue engineering is fusion of spider
dragline silk from N. clavipes with the carboxyl terminal domain of dentin matrix
protein 1 (CDMP1). The purified recombinant protein retains native silk-like self-
assembly properties and can be processed into films. During incubation in simulated
body fluids, processed films show induced growth of hydroxyapatite crystals on
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silk films along with the fused dentin matrix protein. In this system, spider silk
exhibited remarkable mechanical properties while CDMP1 provided controlled
nucleation and growth of hydroxyapatite [196]. In another attempt, the R5 peptide
derived from silaffin of Cyloindrotheca fusiformis, which induces and regulates
silica precipitation, was genetically fused to an RGD containing N. clavipes spider
dragline silk protein. These chimeric silk silica proteins were processed into films
and fibers. The R5 peptide induced silica mineralization on the surface [197]. The
solution properties of the silk were explored, and optimum conditions for silica
deposition were determined [198]. The silk-silica protein films showed osteogenic
differentiation of human mesenchymal stem cells (hMSCs) with upregulation of
alkaline phosphatase (ALP), bone sialoprotein (BSP) and collagen type I. The
deposition of calcium on silk-silica films have further demonstrated enhanced
osteogenesis [199].

6.4.2.3 Nerve Tissue Engineering

Peripheral nerve injury contributes to 2.8% of all trauma patients [200]. Annually,
360,000 people suffer from upper paralysis syndrome in the USA alone, whereas
in Europe 300,000 people suffer from peripheral nerve injury [201]. The severe
consequences of peripheral nerve injury could result in long term disability,
functional impairment, and major socio-economic costs. To overcome this problem,
attempts using many different approaches have been carried out to repair or to
regenerate peripheral nerves. Amongst the approaches tested for nerve regeneration,
all strategies focused on guided regeneration of nerve fibers. Current clinical
practice of using autologous nerve grafts to replace lost and damaged nervous tissue
has drawbacks such as limited availability of nerve grafts as well as loss of sensation
at the donor site [202]. Recently, studies have focused on the development of
artificial nerve guiding materials as new therapeutic alternatives based on synthetic
and natural materials. The production of artificial devices includes a variety of
biocompatible non-degradable and degradable materials. Importantly, one major
drawback of using non-degradable artificial nerve guidance is the loss of functional
recovery in the long term due to progressive myelination and compression of axons
within the guidance conduit [203–205].

Natural materials are favored over synthetic materials in nerve regeneration
due to their reduced cytotoxicity, enhanced biocompatibility [202], support of cell
migration, and lack of toxic effects. Components of the extracellular matrix (ECM)
have been the mostly used natural polymers for nerve reconstruction [206]. Spider
silk fibers collected from Nephila species have been used as guidance material for
nerve regeneration. In vitro experiments demonstrated remarkable adhesion and
proliferation of Schwann cells [172, 171, 207]. Further, recombinant spider silk
matrices were evaluated regarding their suitability for in vitro cell culture and
tissue engineering applications. Neural stem cells (NSCs) cultured on recombinant
spider silk matrices differentiated efficiently into neuronal and astrocyte cells but
with slightly less efficient oligodendrocyte differentiation in comparison to controls
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[164]. The peptides which are responsible for beta sheet formation in Araneus
ventricosus spider silk were investigated concerning cytotoxic effects on neurons.
Silk derived nano-assemblies, nanofilaments and nanofibrils with β-sheet contents
ranging from 24% to 40% showed no significant cytotoxic effect on neurons.
Amyloid-forming peptides with high β-sheet content, however, showed cytotoxicity
[109].

One recent strategy to repair completely transected nerves employs nerve guide
conduits (NGCs). Several studies have used dragline spider silk fibers from Nephila
species placed in isogenic veins and acellularized venules. Such nerve grafts bridged
a 20 mm gap injury in the sciatic nerve of rats. Effective regeneration was observed
in isogenic grafts as well as grafts containing spider silk. Axons aligned regularly,
and the NGCs were highly effective in nerve regeneration. In another study, nerve
constructs prepared by decellularized vein grafts filled with spider silk fibers were
implanted in 6 cm tibial nerve defects in adult sheep and exhibited axon regeneration
and functional recovery through the NGCs. Axons were myelinated indicating
migration of Schwann cells into the constructs [171, 172, 207]. The recombinant
variant of MaSp1 based on N. clavipes supported neural growth as well as axon
extension and network connectivity with increased expression levels of the neural
cell adhesion molecule (NCAM) on 2D films. The silk modification with a neuron-
specific surface binding sequence GRGGL contributes to the biological regulation
of neuron growth [97]. From these studies, it can be summarized that silk-based
materials enhance axonal regeneration and remyelination with functional recovery
in long distance nerve repair.

6.4.2.4 Implant Coating

The coating of implant surfaces with recombinant spider silk was analyzed concern-
ing foreign body reactions [208]. Implants coated with silk and implanted in animals
showed low levels of inflammation markers like cytokines. In this context, silicone
implants coated with the recombinant spider silk eADF4(C16) show delayed and
significantly decreased foreign body reactions and a reduced capsule manifestation
[209]. In another study, a coating with recombinantly produced spider silk protein
as the outer layer was applied on catheter polymers made of polyurethane, poly-
tetrafluoroethylene and silicone. These silk-coated materials were tested for cell
adhesion using various cell lines, such as HaCat, B50, C2C12 and BALB/3 T3.
The results indicate low or no adhesion compare to positive tissue culture plates as
control [210].

To reduce infection, silk scaffolds or silk-coated implants were functionalized
with silver ions known for their antibacterial property. The silver ions were bound
through a silver binding peptide hybridized with recombinant spidroins [159]. These
reports show that silk coatings have great potential in biomedical applications.
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6.5 Biofabrication

Biofabrication can be defined as the simultaneous processing of living cells
and biomaterials. It is regarded as a new research field based that bridges life
science, physical science and engineering science [211]. The US Defense Advanced
Research Projects Agency used the definition ‘Biofabrication- the use of biological
materials and mechanism for construction’ to describe methods used to create high
resolution 3D structures that mimic biological growth mechanisms [212].

Currently, supply of organs for transplantation in humans is a serious, urgent
and emerging medical problem. To overcome this hurdle, biofabrication is a highly
desirable new technology to bioengineer living human tissues and organs suitable
for implantation. Biofabrication of functional organs could save thousands of lives
and it will reduce the cost of healthcare dramatically.

Biofabricated 3D models of human tissues in vitro could be superior in com-
parison to traditional 2D cell culture in terms of replacing animal in vivo studies.
The important biological problems associated with biofabrication are cell survival
during the biofabrication process, tissue self-assembly, vascularization and tissue
maturation.

The recent development of 3D printing in the field of tissue engineering has
resulted in the development of printed scaffolds loaded with cells for engineering
complex tissue structures [213–215]. 3D printers, also referred to as 3D bioprinters,
include various elements, such as print head, material cartridge, actuator, nozzle,
working area and print stage. 3D bioprinters are most commonly classified based
on the mechanism of material deposition e.g., extrusion printing, inkjet printing and
laser-assisted bioprinting [213, 214, 216]. The most critical characteristics of 3D
bioprinting include cell friendliness, reproducibility, printing of complex geometries
as well as physical and chemical gradients. The to-be-printed materials, referred
to as bioinks, represent the great challenge in materials engineering due to high
demands in biofabrication. Recent studies have demonstrated that hydrogels can
show high shape fidelity, cytocompatibility and can be modified to the target tissue,
thus hydrogels have a great chance for success in biofabrication [213]. Synthesis of
precisely tailored, bioprocessible, functional and biomimetic extracellular matrices
and stimuli-sensitive hydrogels is required, and the demand for new biomaterials is
continuously growing [135, 217, 218].

Recent studies established the recombinant spidroin eADF4(C16) and a variant
with an RGD-motif as bioinks. Hydrogels based on these proteins were evaluated for
cell adhesion of BALB/3 T3 mouse fibroblasts, myoblasts, HeLa cells, osteoblasts
and keratinocytes. Except for osteoblasts, all other cell types showed low cell
adhesion on the non-modified spidroin hydrogels. However, in case of RGD-
modification all cell types adhered well to the spidroin scaffolds. The hydrogels
were then assessed for their printability. Using robotic dispensing, the hydrogels
could be processed with high shape fidelity without the need of additional thicken-
ers, crosslinkers or post-treatment. One important feature needed for cell scaffolds is
diffusion of nutrients, oxygen and waste products. It was shown that eADF4(C16)
and eADF4(C16)-RGD hydrogels provide good diffusion for model compounds.
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Human fibroblasts biofabricated with eADF4(C16) as bioink survived the printing
process and achieved 70% viability after 7 days of incubation (Fig. 6.7) [131,
135]. Further adjustments of the rheological properties and/or cell viability were

Fig. 6.7 Recombinant spider silk hydrogels as Bioink for 3D printing. Silk gelation in the
presence of cells followed by 3D printing using robotic dispensing enables multilayered 3D
scaffolds with encapsulated viable cells. (Adapted and modified from [135] with permission of
Wiley-VCH)
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achieved using a combination of different recombinant spider silk variants derived
from different natural blue prints [132] or a combination of recombinant spider silk
and collagen in compound hydrogels [131].

6.6 Conclusions

While polymer chemistry is considered a mature disciplinary field, there remains
a gap in mimicking and extending the polymer performance of natural systems,
since most synthetic polymers do not exhibit hierarchical structures as found in
biopolymers. Synthetic or biopolymeric materials allow some degree of control
over composition and structure, however, the full potential is often not exploited
to maximize their properties. Spider silk is an excellent example of a biopolymer
where sequence, structure and processing have been well studied. To enable silk-
based medical applications, the biodegradation rate of silk materials has to be
engineered to match the re-growth of new tissue, and surface engineering strategies
need to be optimized to lower the graft rejection of silk based constructs in clinical
applications. A considerable amount of work has been done concerning processing
and characterization of silk-based drug delivery vehicles. However, a systematic
approach is still needed for formulation development, which includes the selection
of viable drugs, as well as manipulation of critical processing parameters to control
pharmacokinetics. In this context, genetically engineered spidroins have attracted
great attention, since they can be adjusted on demand for the respective use.

Another example for biomedical applications is tissue engineering for
reconstruction therapies: cell transplant systems may complement gene therapy
approaches, which facilitate transfer of a large population of cells expressing the
desired phenotype. In combination with various manufacturing techniques, such
as three-dimensional printing, complex tissue structures can be built. Spider silk
alone, or composites including spidroins will offer novel options to match complex
mechanical and biological functions in hierarchical structures with tissue specific
needs.
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Chapter 7
Protein Microgels from Amyloid Fibril
Networks

Lianne W. Y. Roode, Ulyana Shimanovich, Si Wu, Sarah Perrett,
and Tuomas P. J. Knowles

Abstract Nanofibrillar forms of amyloidogenic proteins were initially discovered
in the context of protein misfolding and disease but have more recently been
found at the origin of key biological functionality in many naturally occurring
functional materials, such as adhesives and biofilm coatings. Their physiological
roles in nature reflect their great strength and stability, which has led to the
exploration of their use as the basis of artificial protein-based functional materials.
Particularly for biomedical applications, they represent attractive building blocks
for the development of, for instance, drug carrier agents due to their inherent
biocompatibility and biodegradability. Furthermore, the propensity of proteins
to self-assemble into amyloid fibrils can be exploited under microconfinement,
afforded by droplet microfluidic techniques. This approach allows the generation
of multi-scale functional microgels that can host biological additives and can
be designed to incorporate additional functionality, such as to aid targeted drug
delivery.

L. W. Y. Roode
Centre for Misfolding Diseases, Department of Chemistry, University of Cambridge,
Cambridge, UK

U. Shimanovich (�)
Department of Materials and Interfaces, Weizmann Institute of Science, Rehovot, Israel
e-mail: ulyana.shimanovich@weizmann.ac.il

S. Wu · S. Perrett (�)
National Laboratory of Biomacromolecules, CAS Center for Excellence in Biomacromolecules,
Institute of Biophysics, Chinese Academy of Sciences, Beijing, China

University of the Chinese Academy of Sciences, Beijing, China
e-mail: sarah.perrett@cantab.net

T. P. J. Knowles (�)
Centre for Misfolding Diseases, Department of Chemistry, University of Cambridge, Cambridge,
UK

Cavendish Laboratory, University of Cambridge, Cambridge, UK
e-mail: tpjk2@cam.ac.uk

© Springer Nature Singapore Pte Ltd. 2019
S. Perrett et al. (eds.), Biological and Bio-inspired Nanomaterials,
Advances in Experimental Medicine and Biology 1174,
https://doi.org/10.1007/978-981-13-9791-2_7

223

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9791-2_7&domain=pdf
mailto:ulyana.shimanovich@weizmann.ac.il
mailto:sarah.perrett@cantab.net
mailto:tpjk2@cam.ac.uk
https://doi.org/10.1007/978-981-13-9791-2_7


224 L. W. Y. Roode et al.

Keywords Self-assembled amyloid fibrils · Protein microgels · Droplet
microfluidics · Drug carrier agents · Functional materials

7.1 Nature of Amyloid Proteins

7.1.1 Introduction

Amyloid fibrils have become a subject of rapidly increasing research interest
across a wide range of scientific disciplines mainly due to their association with a
growing number of debilitating medical disorders, ranging from neurodegenerative
disorders (e.g. Alzheimer’s and Parkinson’s diseases) to systemic amyloidoses [1–
5]. A number of human diseases associated with amyloid formation are listed in
Table 7.1. The origin of such pathological conditions was found to be associated
with misfolding of normally soluble, functional peptides and proteins, giving rise
to intractable aggregates and their subsequent conversion into mature fibrils, of
which the archetypal example are amyloid fibrils. They are highly ordered, thread-
like aggregates and their formation is associated with both a loss of function of the
proteins involved as well as with the generation of toxic intermediate species that
are formed in the process of self-assembly [6–9].

Although the amyloid form was initially identified within the context of disease,
an increasing number of proteins that are not associated with any known pathogenic
disorder have been found to form amyloid-like fibrils. Furthermore, increasing evi-
dence has pointed towards amyloid formation being a generic property of proteins
and polypeptide chains, with many polymorphic forms having been identified [6, 8,
10]. More recently, amyloid or amyloid-like fibrillar structures (which are defined
as functionally beneficial fibrillar constructs structurally similar to amyloids) have
emerged as key functional components in biological materials found in organisms
ranging from bacteria to mammals [11–16]. These amyloid materials are exploited
for use in diverse contexts, ranging from adhesives [17–20], catalytic scaffolds
[11], bacterial coatings and biofilm formation [13, 21], and mediating epigenetic-
information storage and transfer [22–26] (Table 7.2).

The discovery of functional amyloid structures in such a diverse set of roles
in nature has transformed the understanding of the evolutionary requirements and
design features that favour functional protein assembly versus aberrant association.
Although the exact molecular level mechanisms that differentiate toxic amyloid
formation and beneficial amyloid species are not fully understood yet, increasing
evidence suggests that rather than the mature amyloid fibrils themselves, small
soluble intermediate species, namely oligomers, are many responsible for the
cellular toxicity associated with aberrant protein aggregation [10, 27–33]. In cases
where amyloid structures are used to generate functional materials it seems that
nature, therefore, has mechanisms in place to control the self-assembly process,
ensuring that it goes to completion and that it does not give rise to the accumulation
of potentially highly toxic intermediates [12, 15, 21, 34].
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Table 7.1 Human diseases associated with amyloid formation from protein misfolding and
aggregation

Aggregating protein or
peptide

Polypeptide
length (number
of residues) Structure Associated disease

Neurodegenerative diseases
Amyloid-β peptide 37–43 Intrinsically disordered Alzheimer’s disease
α-Synuclein 140 Intrinsically disordered Parkinson’s disease
Prion proteins or its
fragments

230 Intrinsically disordered
and α-helical

Spongiform
encephalopathies

Huntingtin fragments Variable Mostly intrinsically
disordered

Huntington’s disease

Superoxide dismutase 1 153 β-sheet and Ig-like Amyotrophic lateral
sclerosis

Transthyretin mutants 127 β-sheet Familial amyloidotic
polyneuropathy

Systemic amyloidoses
Wild-type transthyretin 127 β-sheet Senile systemic

amyloidosis
Immunoglobin (Ig)
light chains or its
fragments

∼90 β-sheet and Ig-like Amyloid light chain
(AL) amyloidosis

Serum amyloid A1
protein fragments

76–104 α-helical and unknown
fold

Amyloid A (AA)
amyloidosis

β2-microglobulin 99 β-sheet and Ig-like Haemodialysis-related
amyloidosis

Lysozyme mutants 130 α-helical and β-sheet Lysozyme amyloidosis
Localized amyloidoses
Apolipoprotein A-1
fragments

80–93 Intrinsically disordered Apolipoprotein A-1
amyloidosis

Amylin 37 Intrinsically disordered Type II diabetes
Insulin 21 and 30 α-helical and

insulin-like
Injection-localized
amyloidosis

Reproduced with permission from Macmillan Publishers Ltd.: Nature Reviews Molecular Cell
Biology Ref. [9], copyright 2014

The highly organized nature of amyloid fibrils confers unique properties upon
them, typically including a high level of kinetic and thermodynamic stability,
making amyloid materials very robust and mechanically stable [9, 35, 36]. Their
unique mechanical properties, together with the inherent ability of proteins to self-
assemble into fibrillar structures under certain conditions [37–39], open up the
possibility of using amyloid fibrils as a powerful platform for the design of new
functional multi-scale materials [40].
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Table 7.2 Functional amyloid-like fibrils and their corresponding biological roles

Organism
Functional
amyloid

Major
substituent Structure Function

Bacteria
Escherichia
coli,
Salmonella
spp.

Curli CsgA
(15 kDa)

β-sheet rich fibrils at
the cell surface

Biofilm formation; host
cell adhesion and
invasion; inflammatory
response activation

Streptomyces
coelicolor

Chaplins ChpA
(20 kDa)

β-sheet rich fibrils at
soil-air interfaces

Development of aerial
structures and spores

Methanosaeta
thermophile
(archaea)

Cell wall
sheaths

MspA
(60 kDa)

β-solenoid with
disulfide-linked
subunits

Encasement of
bacterium; protection
from heat; diffusion of
metabolites

Fungi
Most fungi Hydro-

phobins
SC3
(12 kDa)

β-barrel monomers
form continuous
β-sheet amyloid at
air-water interface

Host adhesion; aerial
growth spore formation

Animals
Arthropods Silk MaSp1,

MaSp2
(∼3 kDa)

β-sheet crystalline
regions surrounded by
amorphous matrix

Shelter; food
entrapment; egg
protection

Spiders and
caterpillars
Insects and
fish

Chorions Several Conserved central
domain aids β-sheet
assembly

Egg production

Homo sapiens Pmel-17
fibers

Pmel-17
(100 kDa)

Luminal fragment
rapidly forms cross-β
sheet fibrils

Polymerization of
intermediates in
melanin synthesis

Plants
Hervea
brasiliensis

Rubber
elongation
factor

REF
(15 kDa)

High β-sheet content
transmembrane
structure

Biosynthesis of natural
rubber

Adapted from Ref. [16], with permission from John Wiley and Sons

Amyloid fibril networks are particularly advantageous as the basis of microgels
for biomedical applications, such as drug delivery [41, 42], due to their inherent
biocompatibility and their ability to self-assemble under mild conditions in aqueous
solution [43, 44]. The approach to synthesize microgels from self-associating
species represents itself as a very attractive strategy due to its simplicity in
application of molecular self-assembly. By combining the inherent tendency of
protein molecules to form fibrils with micron scale structuring that can be achieved
through droplet microfluidics [45], control over the microgel size and morphology
can be attained during the formation process [46, 47]. This controlled assembly
provides a system that is highly effective for applications of tuneable, functional
materials.
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7.1.2 Detection of Amyloid Structures

The term ‘amyloid’, originally meaning ‘starch like’, is a legacy of its first
observation more than 150 years ago in systemic amyloidosis, as the deposits
observed in patient’s tissues and organs could be readily stained with iodine, which
is commonly used to detect starch [48, 49]. The repetitive sequence of protein
units that forms an organized structure includes regular binding pockets for various
dyes by which amyloid fibrils are routinely characterized. Amyloid in human tissue
is traditionally visualized by pathologists using the sulfonated azo dye Congo
Red, which lends a distinct green birefringence to amyloid deposits under cross-
polarized filters [50]. Similarly, in vitro studies generally make use of the fluorescent
dye Thioflavin T (ThT), giving rise to increased quantum yield and red shifted
fluorescence of ThT upon binding to amyloid fibrils [51, 52].

Although these dyes are readily available and easy to handle, they do not have
absolute specificity for amyloid structures, and are thus best used against isolated
proteins [53, 54]. For in vivo studies, it is more appropriate to use conformationally
specific monoclonal antibodies, which were originally developed for amyloid-β
fibrils but were shown to bind to a multitude of amyloid fibrils tested [55, 56]. In
addition, Kaminski and co-workers reported an intrinsic fluorescence signature of
aggregating polypeptides, including the amyloidogenic human peptides amyloid-β,
lysozyme and tau. The intrinsic fluorescence appears to result from electronic levels
that become available when the polypeptide chain folds into a cross-β sheet structure
reminiscent of what has been reported to take place in crystals. This allows for label-
free quantification of protein aggregation in vitro [57]. Following these findings, the
same research group developed a Förster resonance energy transfer (FRET) sensor
that exploits the observation that amyloid assemblies can act as energy acceptors
for fluorescently labelled proteins, thereby permitting the aggregation kinetics of
amyloidogenic proteins to be quantified in a non-invasive manner suitable for both
in vitro and in vivo studies [58, 59].

7.1.3 Structure of Amyloid Fibrils

Amyloid fibrils have been observed for a variety of proteins and peptides [8, 60].
Despite the various origins, the fibrils seem to be remarkably similar, having a
fibrillar morphology at the nanoscale and generic quaternary protein structure on
the molecular scale [61, 62]. A multitude of studies, including solid-state NMR
spectroscopy [63–68], single crystal X-ray diffraction analysis [69–71], atomic
force microscopy [72], electron microscopy [73], and cryo-electron microscopy
[74–77], have given insight into the atomic level architecture of amyloid fibrils.
These studies confirm common structural features, notably a high content of
hydrogen bond-rich β-sheets and the frequent presence of repetitive hydrophobic
or polar interactions along the fibrillar axis [8]. The fibrils are observed to consist
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Fig. 7.1 The hierarchical structure of amyloid fibrils. The fibril structure is shown on the left in
an image taken using TEM (scale bar = 50 nm); MAS NMR atomic-resolution structure of the
fibril is fitted into the cryo-EM reconstruction. Within the protofilament, β-sheets are shown in a
ribbon representation, where oxygen, carbon, and nitrogen atoms are shown in red, gray, and blue,
respectively. On the far right the β-sheet fragment shows β-strands aligned perpendicular to the
fibril axis. (Reproduced from Ref. [74] with permission)

of orderly repeats of protein molecules assembled in a hierarchical manner. β-
Strands (separated by ∼4 Å) are aligned perpendicularly to the fibril axis, resulting
in a dense hydrogen bonded network composed of continuous hydrogen bonded
β-sheets (typical intersheet distance ∼10–12 Å) along the length of the fibril.
These structures are the fundamental components of protofilaments which then twist
around each other to form mature fibrils, which under electron and atomic force
microscopy appear as unbranched filamentous structures of only a few nanometers
in diameter but exceeding micrometers in length (Fig. 7.1) [74, 78].

The high persistence length of amyloid fibrils is primarily due to the strong
hydrogen bonded network along the polypeptide backbone within the fibril core
[40]. Given that the backbone is common to all polypeptides and main chain
hydrogen bonds are accessible to all proteins, the view that the core structure of
amyloid fibrils is primarily stabilized by the hydrogen bonded network, supports the
finding that a variety of polypeptide chains of very different amino acid sequence
can give rise to amyloid fibrils.
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7.1.4 Self-Assembly and Polymorphism of Amyloid Fibrils

Although all amyloid systems have a common fibrillar architecture, structural
variations in different amyloid fibrils have been observed. Fibrils may vary in β-
strand length, number of β-sheets per protofilament, and conformation (parallel/anti-
parallel) as a result of the manner in which different sets of side chains interact
and are incorporated into the fibrillar architecture [79, 80]. Unlike the native protein
state, a single arrangement of a given polypeptide chain in the amyloid core structure
is unlikely to provide unique stability relative to all other arrangements. Indeed,
the basic amyloid cross-β structure can be adopted through a multitude of possible
stacking geometries of β-sheets, giving rise to a large number of polymorphic forms
[8, 40, 74].

In addition to structural variation in fibrils from different polypeptides, polymor-
phic forms have been observed for fibrils from the same polypeptide sequence but
formed under varying conditions [82–85]. This highlights differences in the details
of the way in which individual molecules are incorporated into the fibrils, depending
on the assembly environment. While the essential elements of the amyloid fold
are mainly determined by inherent physico-chemical properties of the polypeptide
chain, as indicated by studies correlating relative aggregation rates with features
such as the hydrophobicity and charge [7, 86], detailed morphological variation
arises due to secondary structure and long-range interactions. As such, solvent
conditions such as temperature, pH, ionic strength, and protein concentration as
well as mechanical influences such as agitation influence the assembly process [39,
78, 81, 87, 88].

Studies showed that, while under physiological conditions the formation of
amyloid fibrils appeared to be restricted to a subset of proteins, under mildly
denaturing conditions in vitro proteins can be induced to form fibrillar aggregates
[6, 10, 37, 89]. These in vitro studies, together with the recognition of functional
amyloidogenic proteins in bacteria and human [12, 13, 90], led to the idea that
the formation of amyloid structures is not a rare phenomenon associated with a
small number of diseases only, but is rather a generic property of many, if not all,
polypeptide chains [8, 10, 91].

The multitude of amyloid fibril forming proteins observed, together with mathe-
matical analysis of the mechanism of amyloid formation, suggests that the amyloid
form may be determined by kinetic rather than thermodynamic factors. There is
increasing evidence that the native protein state may not always represent the
absolute free energy minima in protein folding processes but rather that the amyloid
state is thermodynamically more stable, though kinetically inaccessible under some
conditions [92, 93]. The amyloid state reflects a well-defined structural form of
the protein that is an alternative to the native state and, unlike the native state,
its essential architecture is not encoded by the amino acid sequence, although the
propensity of formation does vary with sequence [8, 9, 94].
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A high kinetic barrier that is associated with amyloid structures makes the
formation of the initial amyloid nucleus a slow process. Nevertheless, once formed
amyloid fibrils are capable of self-replication through secondary processes where
additional protein monomers are incorporated into the fibril structure [95–97].
Pre-formed fibrillar species, referred to as seeds, can overcome sequence- or
environment-based structural preferences by acting as a template for further fibril
growth; protein monomers added to pre-formed fibril-ends adopt a cross-β con-
formation to match that of the protein molecules already present in the aggregate
[98, 99]. This process results in rapid fibril formation, analogous to crystallization
phenomena [100], where the seeds alleviate the high kinetic barrier associated with
amyloid structures; thus the fibril morphology and structure is propagated [101–
103].

7.1.5 Mechanical Properties of Amyloid Fibrils

The highly-ordered structure of amyloid fibrils is intimately reflected by its prop-
erties. The comprehensive hydrogen bonding network of the β-sheet core provides
strong intermolecular backbone-backbone interactions between polypeptide chains
within the fibrils, resulting in great fibril stability [35, 70]. This is exemplified
by amyloid fibrils being very stable, even under extreme conditions, such as
high concentrations of (chemical) denaturants, extreme pH environments and high
temperatures [16]. Indeed, amyloid materials possess a remarkably high Young’s
modulus and tensile strength [36, 104–106].

In discussing the physical nature of amyloid fibrils, it is informative to compare
them with other types of one-dimensional organic macromolecular and colloidal
systems [40]. Proteins show generic polymeric and colloidal features, and many
non-biological and synthetic polymers exhibit analogous condensed phases, such as
filamentous and particulate gel states [107]. Indeed, some amyloid deposits formed
in vivo and fibrils generated in vitro have been found to contain spherulites and other
higher-order assemblies [108]. These structures are also observed in preparations of
synthetic polymers, such as polyethylene, and this observation supports the idea that
amyloid fibrils have features similar to those of classical polymers [8].

However, in contrast to classical polymeric systems, the persistence length of
amyloid fibrils shows remarkable independence of the environmental conditions.
The persistence length in amyloid fibrils primarily originates from the hydrogen
bonding network in the core, which is less affected by solution conditions than the
electrostatic repulsion which is responsible for the persistence length of conven-
tional charged polymers [40]. Furthermore, amyloid fibrils possess the properties of
chirality and polarity along their main fibrillar axis, which opens the possibility of
manipulations via weak electric fields [109, 110]. The chiral, polar and charged
nature, together with the intrinsic rigidity, of amyloid fibrils provides complex
physical behaviour in one, two, and three dimensions.
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Remarkably, the elastic moduli of amyloid fibrils are amongst the highest
recorded for protein-based materials in nature [111, 112]. With stiffness values of E
up to 10–20 GPa they are comparable to those of collagen, keratin and silk [36, 113–
115] (Fig. 7.2). Considering the maximal density of intermolecular hydrogen bonds
that is achievable in proteins, this provides a limit for the material performance

Fig. 7.2 Mechanical properties of amyloid fibrils in comparison to biological and inorganic or
non-biological materials. (a) Bending rigidity versus moment of inertia for covalent materials (blue
region), strong non-covalent interactions (such as hydrogen bonds, orange region) and weak non-
covalent interactions (green region). Blue points are amyloid fibrils (different symbols denote data
from different studies) and grey symbols are other materials [97, 105, 120–125]. Grey inverted
triangles show the values for the response measured in the perpendicular direction to the fibril axis
[126]. The upward triangles show data for one- and two-filament forms of bovine insulin, B-chain
of bovin insulin, hen-egg-white lysozyme, bovine β-lactoglobulin, Alzheimer’s amyloid β-peptide
residues 1–40, GNNQQNY fragment of the yeast prion sup35, and human transthyretin residues
105–115 (all experimental) [121]. The pentagons show data for diphenylalanine (experimental)
[120], octagons for insulin (experimental) [122], hexagons for ac-[RARADADA]2-am self-
assembling peptide (simulation) [124], stars for Alzheimer’s amyloid β-peptide residues 1–40
(simulation) [105], and lozenges show data for β-lactoglobulin (experimental) [106]. The circles
show data for the N-terminal domain of the hydrogenase maturation factor HypF (experimental)
[125], and squares show data for Alzheimer’s amyloid β-residues 1–40 (experimental) [123]. (b)
Young’s modulus (which corresponds) to stiffness) versus strength [112, 127] for a range of
different materials. Covalent and metallic bonding results in the stiffest and strongest materials,
with diamond and single-wall carbon nanotubes (SWNTs) being the best performers. Silks are
the strongest and stiffest protein materials, followed by amyloid and collagen; and significantly
more rigid materials (for example, bone) contain minerals. Amyloid fibrils are shown in orange to
distinguish them from other materials. (c) Range of values of Young’s modulus for seven different
classes of biological materials inside and outside the cell. The stiffest materials (such as collagen,
bone, enamel and silk) are found outside the cell. (Reproduced with permission from Macmillan
Publishers Ltd.: Nature Nanotechnology Ref. [36], copyright 2014)
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that can be obtained from proteinaceous structures [97, 116]. Above this limit,
materials contain covalent or metallic interactions which provide significantly
higher energy density than hydrogen bonds or other weak non-covalent interactions
[117]. Therefore nature, through evolution, has optimized proteinaceous materials
to be close to the theoretical performance limits.

It is apparent, however, that the rigidity of intracellular materials, such as
cytoskeletal filaments [118], does not reach the maximal values achievable for bio-
logical materials. This reflects the requirement of intracellular protein assembly to
be readily reversible under physiological conditions to ensure cellular homeostasis
[119]. Indeed, the materials exhibiting the highest moduli (cellulose, bone, keratin,
silk) seem to be incompatible with intracellular structure and, instead, are primarily
found extracellularly in roles where controlled rapid breakdown is not required. This
phenomenon alludes to nature’s regulation of the formation of such rigid protein
materials in functional roles [36].

7.2 Amyloid Proteins for the Development of Functional
Microgels

7.2.1 Emerging Applications of Artificial Amyloid
Protein-Based Materials and Microgels

The intricate relationship between protein structure and function, which in nature
has been tuned by evolutionary pressures over many millennia, can serve as a fruitful
source of inspiration for the design of functional materials. The discovery of various
biologically active amyloid structure-based materials contrasts markedly with the
original picture of amyloid fibrils as inherently pathological structures and it has
motivated the exploration of these fibrils as functional materials. Many of the same
characteristics that underpin the natural use of amyloid structures, such as the fibril’s
extraordinary stability and accurate self-assembly, make them attractive as the basis
of artificial functional materials [78, 128].

Within the last decade, artificial fibrillar, proteinaceous materials have been
developed with applications including sensors [129–131], opto-electronics [132],
biomimetic functional materials [133, 134], cell scaffolds [135–138], sustained
drug release [139, 140], and food applications [141–145]. Furthermore, composite
materials have been developed [146–149], with active properties making them
capable of for example capturing carbon dioxide [150, 151], removal of radioactive
waste and heavy metal ions from polluted water [152], and continuous flow catalysis
[153]. Moreover, the interfacial properties of amyloid fibrils such as adhesiveness –
generated via aggregation-induced development of positive surface charge – offered
a good biocompatible platform towards biomineralization [154], antimicrobial
coatings [155], wound healing [156], protein crystallization [157], and water-based
photo/electro-lithography resist [158].
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In the context of biomedical applications, where biocompatibility and a low
immune-response are of utmost importance, the use of peptides and proteins in
the development of new functional materials offers significant advantages over
purely synthetic systems due to the biocompatibility and biodegradability of many
naturally abundant proteins. Furthermore, owing to the highly variable chemical and
physical properties of the wide range of peptides and proteins from which amyloid
fibrils can be formed, such amyloid assemblies allow great potential for versatility
in terms of material properties. This feature, in combination with the assembly
processes being highly sensitive to environmental conditions, offers an opportunity
to finely tune the structural features, and thus the properties, of materials based on
amyloid fibril networks.

In nature, sophisticated material functionality is commonly achieved through
the spatial control of protein structure and localization on both the nano- and
micro-scale. Using proteins as building blocks for functional materials offers
nano-scale ordering through the proteins’ propensity to self-assemble into amy-
loid fibrils; micro-patterning can be achieved by protein assembly under micro-
confinement using techniques such as microfluidics. Particularly, micro-scale sys-
tems are explored in the form of microgels and their potential for biomedical
applications [41, 159]. Microgels are micrometer-sized colloidal particles composed
of and stabilized by a three-dimensional cross-linked network of highly polymerized
molecules, e.g. protein networks in which swelling of flexible particles occurs due to
the incorporation of solvent molecules within its gel structure [160–162]. Amyloid
fibril assembly for microgel formation has been conducted by achieving nucleation
and subsequent growth of amyloid assemblies through tuning temperature and
chemical conditions [37, 163, 164]. An additional route to manipulate amyloid
fibril assembly is through laser trapping by which Yuyama et al. prepared a single
spherical assembly of amyloid fibrils, demonstrating the method as a facile route to
prepare protein assemblies and microgels [165].

Microgels are increasingly explored for their use in a variety of applications,
including microsensors [166], catalysis [167], enzyme immobilization [168] and
drug delivery [169–172]. Such applications are based on the ability of microgels to
host nano- or mesoscopic additives as a result of their porous architecture, thereby
serving as microscopic capsules. With the major component of microgels being
the swelling agent, typically water, they are particularly useful for maintaining
bioactivity and hosting sensitive biological payloads, including proteins, nucleic
acids, and living cells [173–175].

7.2.1.1 Amyloid Microgels as Drug Carrier Agents

Due to the ability of microgels to encapsulate active species, microgels have
emerged as important tools for developing clinically useful drug delivery systems.
Currently, many drugs cannot be administered using conventional release methods
due to undesired pharmacological properties, such as unfavourable solubility and
toxicology, and/or inappropriate interactions with cellular components and other
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chemical species during drug delivery [176, 177]. Amyloid-based microgels, where
the gel network comprises amyloid fibrils, have been found to be highly suitable to
address such challenges, not only for their loading capacity [178–180], but also for
their ability to incorporate additional functionality.

In addition to protein fibril microgels being versatile, biocompatible, biodegrad-
able and of low immunogenicity [181–183], the dynamic nature of fibril assembly
opens up the opportunity to modulate microgel behaviour. The composition and
physical features of self-assembled fibrils can be modified during microgel forma-
tion and, thus, drug release may be tuned for example by controlling pore size,
which influences the rate of release [184, 185]. Furthermore, the amyloid fibrils in
the microgel network are sensitive to environmental conditions, such as changes
in pH and salt conditions, giving rise to stimuli-responsive microgels [174, 186].
Moreover, modification of the self-assembling peptides or proteins with specific
ligands can provide additional functionality, making them amenable to chemical
surface functionalization for targeted drug delivery [135, 187, 188]. As such, they
can be designed to transport therapeutic agents across biochemical barriers, so as to
release them in specifically targeted tissues whilst sparing healthy tissues.

7.2.2 Microgel and Microcapsule Formation

7.2.2.1 Microgel Formation Techniques

The fabrication of microgels requires control of compartmentalization on the micro-
and/or nano-scale. Methods such as spray drying [189, 190] and electrospray
[191] have been used to achieve this objective. One of the most widely adopted
techniques is based on microemulsion technology where two immiscible fluids,
commonly an oil phase and an aqueous phase, are emulsified through agitation or
sonication in bulk [192–195]. (Bio)polymer precursor molecules, such as proteins,
forming the microgel network are typically dissolved in the aqueous phase and
compartmentalized as dispersed microdroplets within the continuous oil phase. This
microenviroment serves as a template to direct further structuring and localization
of the precursor species as they assemble into network structures during gelation.
The gelled network provides the microgel with the stability needed for it to be self-
standing compared to the initial microdroplet form.

In addition to the stability of the microgels and microcapsules, their properties
can be finely tuned by controlling their size. The size of the microgels is a key
parameter that affects their ability to interface with biological systems and the rate at
which encapsulated species are released. The afore-mentioned (bulk) emulsification
methods, however, are limited in this respect as they do not allow precise control
of the dimensions and internal structure of the microgels. This is unfavourable if
the product particles are to serve as drug delivery capsules for which control over
size, volume and content is essential. The use of microfluidic methods, rather than
bulk emulsification techniques, provides greater control due to the characteristic
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behaviour of fluids in the micro-level regime [196, 197]. Microfluidics offers
fluidic control in a gentle manner with minimal shear stress, realising a protein
friendly micro-environment (i.e. mild, aqueous conditions) and precise micron scale
structuring, affording control over size, shape, morphology and internal structure of
the microparticle [198, 199].

Droplet microfluidics is a miniaturized technique that enables manipulation of
ultralow interfacial tensions at the surface of emulsion droplets, resulting in a highly
monodisperse emulsion [45, 200]. Several types of microfluidic droplet devices
exist, including microfluidic devices assembled from glass microcapillaries [201,
202] and devices fabricated using soft lithography [203]. The latter approach allows
for greater flexibility in channel geometries with greater precision than that of
pulling glass capillaries. The concept is to fabricate microfluidic devices from to-
scale drawings that are printed on a transparent mask and then transferred to a
photoactive resin. Following a photolithography process step, the resulting positive
relief serves as a master from which a microfluidic device is moulded [204]. An
elastomer, such as polydimethylsiloxane, is poured over it, hardened, peeled off
and bound to a substrate, producing a device with micrometer-sized channels as
illustrated in Fig. 7.3 [205].

The principle of droplet formation in such channels is the use of flow-focusing
geometries [203, 207]. A precursor stream of the fluid phase to be dispersed
is intersected by an immiscible carrier fluid, which acts as a continuous phase,
resulting in the periodic breakup of the stream as induced by the flow-focusing
of the two phases at the junction. Droplets are formed due to a balance of
interfacial tension and the shear of the continuous phase. The process is influenced
by parameters, such as the viscosities, polarities, and flow rates of the fluids as
well as the dimensions of the microchannels, giving powerful control over droplet
dimensions [208]. In addition, microfluidic techniques enable the formation of
structurally more complex microgel structures. Multiple-layered droplets (double
or higher-order emulsions, i.e. droplets either containing smaller droplets or having
multiple layers of shells) can be produced by consecutive droplet-making. Such
higher-order structures serve as templates for multiphase and core-shell capsules
rather than dense, uniform gels [209–212]. Furthermore, this principle of droplet
formation presents a highly efficient manner of encapsulating active additives during
the formation process, simply by flowing the additives in with the precursor solution
(Fig. 7.4).

Until recently, most of the structural materials explored for generating microgels
have involved polymerization or cross-linking of synthetic molecules. In many of
these synthetic systems, this approach requires non-biocompatible conditions or
reagents, such as extreme pH, high temperature, exposure to high doses of UV radi-
ation or the use of chemical cross-linkers such as glutaraldehyde, formaldehyde or
diacid chloride [41, 213, 214]. These cross-linking strategies can cause degradation
of proteins and render the microgels non-biocompatible and potentially toxic due to
undesired reactivity of the toxic chemical cross-linkers.

However, the requirement of biocompatibility for biomedical applications, such
as drug delivery agents [215], has led to an increase in research activity focussing on
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Fig. 7.3 (a) Schematic of the soft lithography process steps to prepare (b) a master containing
the design structure from which (c) PDMS-moulded microfluidic devices are fabricated. (The
schematic in panel (a) is reprinted by permission from Macmillan Publishers Ltd.: Nature Protocols
Ref. [206], copyright 2013)

the use of biocompatible species. Microgels composed of biological molecules can
mimic biological environments more readily than those formed from synthetic com-
pounds. There are a few examples where naturally occurring biological molecules
have been utilized for microgel formation, including agarose [175, 216], chitosan
[217, 218], and alginate [219, 220].

Nevertheless, biological molecules with self-assembling properties, such as
proteins and peptides, serve to be more attractive as the need for additional cross-
linking or other chemical modifications is omitted and a wide variety of material
properties may be achieved [221, 222]. Particularly, amyloidogenic proteins are
advantageous due to their inherent ability to self-assemble, often under mild
conditions in aqueous solution, into strong fibrillar networks. Amyloid hydrogels
have been formed from a variety of amyloidogenic proteins, including elastin
[223], α-synuclein [224], lysozyme [138, 225], and β-lactoglobulin [226–230],
presenting them as opportune microgel building blocks with intrinsic cross-linking
and, therefore, biocompatibility and minimal toxicity.
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Fig. 7.4 Droplet-based microfluidic templating of microgel particles: (a and c) Glass microcapil-
lary and (b and d) PDMS elastomer microfluidic devices producing (e) single emulsion droplets
and (f) double emulsion droplets. (g) Monodisperse bulk microgels resulting from the single-
emulsion templates in (e). (h) Monodisperse microgel shells resulting from the double-emulsion
templates in (f). The panels (i, ii) to the right show schematics representing the gelation of the
microgel precursor solution that contains additives to form bulk microgel capsules from a single
emulsification (i), entrapping the additives within the meshes of their constituent polymer network,
and double emulsion templates, yielding core-shell microgel capsules (ii) that can host additives
within their hollow, solvent-swollen cores, whilst the polymer network forms the stabilizing
surrounding shell. All scale bars = 50 mm. Arrows indicate the direction of flow. (Adapted from
Ref. [47], with permission from John Wiley and Sons)

Furthermore, the robust nature of amyloid fibrils results in thermodynamic and
kinetic stability of the resulting protein structure, giving rise to stable biocompatible
microgels. Indeed, protein-based particles of micrometer-scale sizes, as required for
many applications, can be obtained, while keeping proteins fully functional and
accessible [231].

7.2.2.2 Structural Changes Accompanying the Formation of Protein
Microgels and Protein Microgel Stability

A microemulsion formed from two immiscible phases acts as a template for the
formation of capsules around the interface of the phases. Due to the amphipathic
nature of proteins, they can localize at the water-oil interface of emulsion droplets.
Upon binding to the interface, the protein is able to adjust its globular structure
by orientating the hydrophobic residues towards the organic oil phase and the
hydrophilic residues towards the aqueous phase, which results in a new energetically
favourable 3D structure, where longer amphiphilic peptides yield more stable and
smaller protein aqueous spheres [232]. Such a conformational change was observed
in the case of, for example, silk fibrils for which an increased β-sheet content was
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found in silk fibroin microspheres, which is reminiscent of the densely hydrogen
bonded amyloid fibril structures [233].

In the case of self-assembled protein-based microgels, stabilization of the gel
sphere is driven through intrinsic interactions between protein molecules, providing
a native support system. Insights into such interactions and structural changes
in the protein following assembly have been gained by Fourier transform infra-
red spectroscopy and molecular dynamic simulations that showed conformational
changes in the protein secondary and tertiary structure [232]. More recently, struc-
tural differences between monomeric, aggregated and aggregating amyloidogenic
lysozyme protein were resolved at nano-scale resolution by infra-red spectra from
microdoplet contents, showing increased β-sheet structure for aggregating protein
[234].

The most prevalent contributor to protein microgel stability has been thought to
be the formation of disulfide bonds between cysteine residues of protein molecules
[235]. However, it has been shown that the replacement of cysteine residues involved
in disulfide bonding by hydrophobic residues can result in stable gels, which
suggests that stabilization may also be achieved through hydrophobic interactions
[232]. More evidence of a dense hydrogen bonded network was reported for
protein bovine serum albumin (BSA)-silk fibroin capsules [236]. Furthermore,
Shimanovich et al. demonstrated nanospheres made of nucleic acids, DNA and
RNA, where the stabilization of the spheres was proposed to be due to hydrogen
bonding and hydrophobic and electrostatic interactions stabilized by counter ions
(commonly Ca2+, Na+ and Mg2+) [237, 238]. Interestingly, the phenomenon of
formation of stabilising hydrogen bonding networks makes the incorporation of
different proteins in a single microgel possible.

Furthermore, in recent work by Li et al. it was found that a series of proteins,
including lysozyme, insulin, BSA and α-lactalbumin, could undergo superfast
amyloid transitions with the treatment of tris(2-carboxyethyl)phosphine (TCEP),
which is a highly efficient disulphide bond reducing agent [239]. The reaction
mechanism is a novel model towards amyloid assembly in which the integration
of three important building blocks in typical globular proteins is crucial for such a
superfast protein amyloid-like assembly. They include the segment required for high
fibrillation propensity, abundant α-helix structures and intramolecular disulphide
bonds to lock the α-helix. With the reduction of the disulphide bonds from the TCEP
treatment, the α-helix rapidly unlocked from the protein chain, and the resulting
unfolded monomer underwent a fast transition to β-sheet-rich amyloid assemblies.

Thus, rather than relying on extrinsic cross-linking agents, protein-based micro-
gel and microcapsules can be stabilized by native interactions in the form of covalent
inter-molecular disulfide bonds, or non-covalent hydrophobic and hydrophilic inter-
actions, and hydrogen bonding networks, which are strong enough to hold entire
3D protein spheres intact. Indeed, Shimanovich et al. demonstrated that microgel
structures were significantly stabilized by lysozyme protein amyloid nanofibers
relative to microparticles without fibrillar content where the latter were found to
decompose rapidly [240]. Therefore, the conversion of monomeric proteins into
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robust amyloid structures through self-assembly is a convenient approach to produce
microgels stabilized by fibril networks.

7.2.3 Case Study: The Development of Protein Microgels
and Gel Shells from Amyloid Fibril Networks as Drug
Carrier Agents

The potential of amyloid protein microgels as drug delivery vehicles has been
explored by Shimanovich et al. [42, 241], who demonstrated control over the
microgel morphology and subsequent controlled release of encapsulated drug-like
small molecules from the microgels, which were shown to be non-toxic to human
cells and indicative of enhanced pharmacological action. The nanofibril microgels
were synthesized using the droplet microfluidic approach, where lysozyme protein
formed the basis building block. A concentrated aqueous lysozyme solution was
dispersed into droplets in an immiscible oil phase and conversion of the soluble
lysozyme protein into nanofibril gel networks was induced through incubation of
the microemulsion at elevated temperatures (65 ◦C) (Fig. 7.5). By inverting the
aqueous (containing the protein gel precursor) and oil phases, water-in-oil and oil-

Fig. 7.5 Schematic representation of protein microgel synthesis: (a) Water-in-oil microgel. An
atomic force microscopy image of the lysozyme protein nanofibrils is shown in the inset of the
scheme. Scale bar = 400 nm. (b) Oil-in-water microgel shell. The corresponding 3D confocal
images of microgel and microgel shell particles stained with Nile Red are shown on the right-
hand side of each scheme. (c) 3D reconstructions of the confocal images for lysozyme water-in-oil
and (d) oil-in-water microgel particles stained with Nile Red. The enlarged images of a single
microgel and a microgel shell capsule are shown as an insert in the right corner of each image, scale
bar = 5 μm. Red emission (excitation at 594 nm/emission at 617 nm) is observed for the aqueous
protein component while green emission (excitation at 488 nm/emission at 519 nm) is detected
for the oil environment. Scale bars = 5 μm. (e) Cryo-scanning electron microscopy images of
lysozyme water-in-oil and (f) oil-in-water microgel and microgel shell. Scale bars = 20 μm.
(Reprinted with permission from Ref. [42]. Copyright 2015 American Chemical Society)
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in-water microdroplets were formed, resulting in core microgels and hollow gel
shells following protein fibrillation, respectively. The protein fibrils had assembled
throughout the water-in-oil droplets to give dense microgels, whereas in the case of
the oil-in-water droplets the proteins were localized at the oil/water interface and
subsequently formed hollow gel shells or microcapsules (Fig. 7.5).

The gel particles could be formed with sizes ranging from 60 μm down to
2 μm in diameter by tuning the channel width of the microfluidic device and the
relative flow rates of the oil and aqueous phases. Furthermore, control over the
microgel internal structure and morphology was achieved by varying the ratio of
soluble lysozyme monomer and seed concentrations as well as the incubation time
(at 65 ◦C) and pH of the precursor solution (Fig. 7.6). While the initial monomeric
lysozyme concentration showed little effect on the microgel morphology, greater
seed concentrations gave rise to an increased concentration of amyloid nanofibrils
in the final microgels, and, therefore, increase in particle density; an increase in the
pH of the precursor solution resulted in a decrease in density of protein nanofibrillar
content.

The potential of the lysozyme microgels as drug carriers was demonstrated by the
encapsulation of four types of compounds (the dyes ThT and Remazol Brilliant Blue
R (RBBR), and the drugs tetracycline and penicillin V) of different hydrophilicity
and affinity to proteins. The release rates of such drug-like small molecules were
mainly determined by an interaction with amyloid fibrils. For example, slower
release rates were observed for the molecules with higher affinity to protein
nanofibrils (ThT and tetracycline) compared to release rates of the encapsulates
with lower affinity (RBBR and Penicillin V). The release mechanism followed a
multistep process. During the first stage, unbound small molecules near the microgel
interface are released into solution after which, at a slower time scale, dissolution of
the microgels leads to liberation of the remaining trapped molecules (Fig. 7.7a–d).

Similar to the release mechanism of encapsulated small drug-like molecules,
the component protein molecules of the microgel itself were found to be released
progressively from the microgel particles, indicative of microgel biodegradability.
Transfer of the microgels from their formation environment at pH 2.0 to deionized
water showed an initial fast phase release of 30–50% of the protein content over a
time scale of less than an hour. Following this release, a slow phase, occuring over
days to weeks, resulted in the complete dissolution of the gel particles. The ratio
of the protein mass released during the fast phase relative to the slow phase could
be controlled by varying the density of the gel network and the fraction of free to
fibrillar protein. Therefore, the ability to tune the density of the microgels can enable
control over drug release rates and supports slow release over extended periods of
time.

Furthermore, Shimanovich et al. demonstrated that protein nanofibril self-
assembly can continue after the initial microgel particle formation as a result
of the dynamic self-assembling nature of amyloid fibrils. Unlike conventional
synthetic polymer-based microgels, self-assembling nanofibril microgels allow for
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Fig. 7.6 Modulating microgel size and morphology: (a) Images from bright field light microscopy
of lysozyme microgels of different sizes (from left to right: 49 and 23 μm). (b) Graph showing
the change of lysozyme capsule diameter as a function of change in microfluidic channel width
and the aqueous solution:oil ratio. (c) Atomic force microscopy images of lysozyme monomers,
seeds, fibrils and microgel. (d) Scanning electron microscopy (SEM) images (top) and confocal
images (bottom) of lysozyme capsules synthesized with a concentration of soluble protein of
4.08 mM and increasing seed concentrations (left to right). The concentrations are indicated on
the top of each image. (e) SEM and confocal images of the ThT stained capsule with increasing
lysozyme monomer concentration. The blue emission (excitation 350 nm/emission 438 nm) is
detected for lysozyme protein monomers, green fluorescent emission (excitation 450 nm/emission
482 nm) detected for lysozyme nanofibrils. Scale bars = 10 μm. (f) Excitation and emission spectra
showing ThT fluorescence intensity change upon binding to nanofibrillar content of lysozyme
protein formed at pH 2, 4 and 5.5 and nanofibrillar content of microgel particles formed at pH 2,
4 and 5.5. (g) Cryo-SEM images of microgel particles formed at pH 2, 4 and 5.5. (Reprinted with
permission from Ref. [42]. Copyright 2015 American Chemical Society)

the density of the fibril network in their core to be altered in response to exposure to
monomeric precursor proteins even after the gel has been formed (Fig. 7.7e). This
may further allow the tailoring of chemical stability or reactivity of the nanofibril
microgels, giving rise to dynamic, active materials with network densities that can
be modulated in situ.
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Fig. 7.7 Encapsulation and release of drug-like small molecules thioflavin T, penicillin V,
Remazol Brilliant Blue R and tetracycline: (a) Schematic representation of protein microgel
synthesis and small molecule encapsulation and release from the lysozyme microgels. (b) Images
of the precursor solutions containing a drug (“before”) and the drug loaded microgels (“after”)
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7.2.4 Multiphase Protein Microgels – Phase Separation
Phenomenon in Microgels

For microgels to truly emerge and become applicable as drug delivery systems,
the crucial challenge to overcome lies within the engineering of the precursor
components and the assembly pathway to generate capsules with the desired
properties. Significant structural complexity can be accessed by controlling the
internal structure and composition of the microgels and by combining different
materials within the same microgel particle. Approaches to enable the microgel’s
overall micron scale morphology to progress beyond spatially uniform gels have
emerged, particularly in the form of microfluidic techniques where one of the
most attractive features, in addition to precise droplet size control, is the ability
to manipulate emulsion composition by consecutive droplet making.

Recently, Knowles and co-workers explored the synthesis of hierarchically
ordered, multiphase microgels composed of lysozyme protein [240, 242]. The
utilization of aqueous liquid/liquid phase separation afforded control of the micro-
scale localization of the proteinaceous component under microconfinement. In
combination with droplet microfluidics, this strategy enabled the formation of
several types of micro-scale multiphase protein microgels, where water-in-oil
microdroplets were generated that serve as a microenvironment within which
aqueous phase separation of a polyethylene glycol (PEG)-dextran system was
explored.

Aqueous two-phase systems, such as a PEG and dextran mixture in aqueous
solution, separate in a two-phase system under certain conditions, such as high
polymer concentration and elevated temperatures, where the thermodynamically
favoured state is not the homogeneous solution, but rather a two-phase system
consisting of a PEG rich and a polysaccharide rich phase [243–245]. The inner
water/water and outer water/oil interfaces of the emulsion droplets serve as tem-
plates for the formation of microgels and capsules that are stabilized by amyloid
nanofibril networks through the localization of the protein at the interface and
subsequent gelation (Fig. 7.8). Due to differences in relative affinity of the lysozyme
protein to the PEG or dextran phase, selective partitioning of the protein can be
achieved, and therefore multiphase microgels can be generated.

Several types of multiphase protein microgels were generated. In the first
approach a single emulsion of PEG-dextran in a continuous oil phase was generated

�
Fig. 7.7 (continued) incorporation. (c) Encapsulation efficiency studies. (d) Release kinetics as
a function of time. The inset images on the right panel show a dense microgel particle (top) and
a low density particle (bottom). (e) Left panel: Fluorescence intensity profiles for the lysozyme
gels before (blue) and after (red) incubation with protein monomer solution with images of the
corresponding gels shown above the graph. Right panel: Schematic representation of lysozyme
monomer incorporation into microgel fibrils. (Reprinted with permission from Ref. [42]. Copyright
2015 American Chemical Society)
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Fig. 7.8 Schematic representation of monomeric lysozyme protein conversion into amyloidogenic
nanofibers inside multiphase dextran-PEG microdroplets, forming aqueous phase separated micro-
gels. (Reproduced from Ref. [240] by permission of John Wiley & Sons Ltd.)

using a single junction microfluidic device, after which the PEG-dextran phase was
induced to phase separate by subsequent heating of the microemulsion to 65 ◦C
(Fig. 7.9a). Alternatively, spatial localization of the protein was established directly
by using a double junction microfluidic device in which the PEG and dextran
phases were mixed on chip in the first droplet junction prior to their formation
into microdroplets at the second junction. Two-phase aqueous droplets with either
a dextran-core in PEG-shell (Fig. 7.9b) or PEG-core in dextran-shell (Fig. 7.9c)
were produced by inverting the PEG and dextran phases in the first junction. The
resulting PEG/dextran interface within the droplets serves as a template for protein
localization, and since lysozyme has a greater affinity towards the dextran phase
[246], the protein content has a tendency to migrate towards the dextran phase rather
than the PEG phase.

Conversion of the monomeric lysozyme into fibril networks was achieved by
incubation at 65 ◦C for 24 h. This approach, exploiting the tendency of the protein to
undergo self-assembly into nanoscale amyloid fibrils, afforded core-shell structures
stabilized by fibril networks. Dextran-core-PEG-shell microgels were shown to be
fully intact after storage in the continuous oil phase for 6 weeks. By contrast, the
PEG-core-dextran-shell structures were found to not be sufficiently stabilized by
protein gelation and dissociated within a few minutes after microgel formation.

Using ThT fluorescence, localization of the protein fibrils was observed and,
in agreement with greater affinity of lysozyme towards dextran than PEG, fibrils
were mainly present within the hydrophilic dextran phase, and dextran-core-
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Fig. 7.9 Multiphase protein microgels: Schematic representation of multiphase protein microgel
formation via (a) single junction microfluidic droplet device and (b) and (c) double junction
microfluidic droplet devices for synthesis of dextran-core-PEG-shell and PEG-core-dextran-shell
lysozyme microgels, respectively. The corresponding (i) fluorescent microscopy and (ii) light
microscopy images of PEG dextran lysozyme protein microgel droplet formation are shown on
the right-hand side of each scheme. Scale bars = 20 μm. Localization of the PEG and dextran
phases is visualized using FITC-labeled dextran as shown in (i). (Reproduced from Ref. [240] by
permission of John Wiley & Sons Ltd.)

PEG-shell structures are stabilized by protein aggregates localized at the PEG-oil
interface (Fig. 7.10c). This work shows that the characteristics of aqueous two-
phase systems can be exploited in combination with protein self-assembly for
controlling aggregation and structuring of fibrillar proteins, providing a convenient
route towards the synthesis of functional microgels.

7.2.5 Microgels from All-Aqueous Emulsions Stabilized
by Amyloid Nanofibrils

All-aqueous emulsions as a template for gel capsule formation were investigated by
Song et al. who demonstrated the stabilization of all-aqueous microdroplets through
amyloid nanofibril networks, giving rise to colloidosome-like two-dimensional
networks of lysosome nanofibrils, which were termed fibrillosomes [191]. Due to
their water-based nature, all-aqueous systems are of superior biocompatibility and
are particularly advantageous for storage and processing of biomacromolecules as
non-aqueous interfaces, including water/oil interfaces, can compromise the stability
and activity of biomolecules, such as by lipid oxidation or protein denaturation
[247, 248].
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Fig. 7.10 (a) Scanning electron microscopy (SEM) and (b) cryo-SEM images of lysozyme,
dextran-lysozyme, PEG-lysozyme, and dextran-core-PEG-shell lysozyme microgel particles. Scale
bars = 20 μm. The polydispersity of the microgels presented in (a) is due to the partial deformation
of the capsules under the electron beam during SEM analysis. The enlarged images of the
microgel surface are shown in the right corner of each SEM image. Scale bars = 5 μm. (c)
Confocal microscopy images of ThT stained lysozyme fibrils with fluorescent signal emitted. Scale
bars = 20 μm. (Reproduced from Ref. [240] by permission of John Wiley & Sons Ltd.)

However, the characteristic ultralow interfacial tension of all-aqueous interfaces
(typically in the range from 107 to 104 Nm−1) represent the primary constraint
that limits emulsion stability [249]. Although it is known that the adsorption of
nanoparticles can provide emulsion stability, at such ultra-low interfacial tensions,
colloidosomal stability (which results from the lowering of free energy at the
interface as surface-active species adsorb and desorb) is strongly diminished [250,
251]. Song et al. hypothesized that all-aqueous interface stabilization can be
achieved by the combination of the strong interface affinity and the high aspect ratio
of protein fibrils that results in a high surface coverage compared with spherical
colloids.

Based on the spontaneous liquid-liquid phase separation of the high molecular
weight polymers PEG and dextran, water-in-water (W/W) emulsions have been gen-
erated in aqueous suspensions containing lysozyme protein. Using ThT labelling, it
was shown that mature protein amyloid fibrils accumulate at the W/W interface
of the emulsion droplets, forming a monolayer that prevents the droplets from
coalescing (Fig. 7.11).
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Fig. 7.11 (a) Schematic of a monolayer of fibrils, with ThT labelling incorporated, adsorbed at
the interface of W/W emulsion droplets. (b) SEM image showing lysozyme fbrils deposited as
a monolayer at the emulsion interface. Scale bar = 500 nm. (c) Fluorescence microscopy image
of ThT-labeled lysozyme fibrils accumulated at the interface of W/W emulsion droplets. Scale
bar = 20 μm. (d) In the absence of fibrils, weak ThT fluorescence is observed in the dextran-rich
droplet phase. Scale bar = 20 μm. (Reprinted and adapted from Ref. [191]. This work is licensed
under a Creative Commons Attribution 4.0 International License)

Further stabilization was achieved through the formation of 2D multi-layers of
fibrils. In this approach, a monolayer of nanofibrils was used to seed further fibril
deposition at the W/W interface. Additional lysozyme monomers were converted
into mature fibrils upon incubation at favourable aggregating conditions (60 ◦C,
pH 2) and control of the fibril layer thickness could be achieved by varying the
added monomer concentration. The stability of the multi-layered fibril emulsions
was shown to be enhanced compared to emulsions stabilized by a fibril monolayer,
as demonstrated by the small change of the droplet size over a 30-day period
(Fig. 7.12).

Furthermore, covalently cross-linking of non-adsorbed fibrils to the fibril mono-
layer at the W/W interface yielded even more mechanically robust capsules, which
were shown to be stable in the complete absence of an interface after replacement
of the continuous phase with the same solution as inside the droplet. These
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Fig. 7.12 (a and b) SEM images of lysozyme capsules composed of multilayers of fibrils. W/W
emulsions coated with fibril monolayers are used as the seeding templates, and the formation of
multilayer fibrils is induced by the fibrillization of monomeric lysozyme. Scale bars = 2 μm (a);
and 50 nm (b). (c) A comparative study of the size of emulsion droplets stabilized by a monolayer
and a multilayer of fibrils as a function of aging time. Error bars represent the deviation (s.d.) of the
droplet diameters. The different compositions of the tested emulsions (A–D) are shown in f. (d and
e) Representative microscopic images of the multilayer fibril stabilized and destabilized dextran-
in-PEG emulsions are shown. Scale bars = 20 μm. (f) Compared with fibril monolayers, fibril
multilayers enhance the stability of W/W emulsions over 30 days, as suggested by the enlarged
stability region in the phase diagram (grey area) corresponding to emulsions stabilized by the fibril
multilayer. Emulsions stabilized by a fibril monolayer remained stable for 30 days only in the area
above the yellow dashed lines. (Reprinted from Ref. [191]. This work is licensed under a Creative
Commons Attribution 4.0 International License)

self-standing, so-called fibrillosomes showed properties, such as stretch ability and
semi-permeability, that make them excellent candidates for the encapsulation and
delivery of bioactive species (Fig. 7.13).

7.2.6 Functionalized Proteinaceous Microgels

In addition to the stability afforded by the fibrillar protein network, using proteins
as building blocks for the synthesis of microgels enables incorporation of further
functionality. A convenient approach for incorporating new functionality into the
microgel is by using an additional protein with the required properties, either
through co-assembly or through tandem construction of fused proteins. In this
manner, microgels have been constructed composed of mixed proteins [179], coated
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Fig. 7.13 Multi-layered microgel shells templated from W/W emulsion: (a) Schematic represen-
tation of the formation of protein fibrillosomes by crosslinking fibril-coated microdroplets. (b)
Optical microscope images of monodisperse fibrillosomes in the complete absence of an interface,
obtained after replacing the continuous phase with the same liquid as inside the fibrillosomes.
Scale bar = 100 μm. (c and d) SEM images of fibrillosomes with their walls consisting of
amyloid fibrils. Scale bars = 2 μm (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 μm. (f) Fluorescent nanoparticles with diameters of 50 nm fail to penetrate the
fibrillosomes. Scale bar = 200 μm. (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 osmotic pressure across the membrane. Error bars represent the s.d. (Reprinted
from Ref. [191]. This work is licensed under a Creative Commons Attribution 4.0 International
License)
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with biocompatible polymers [180], and protein spheres conjugated with target
ligands, such as folate, for targeted drug delivery [252]. Moreover, Rahimipour
and co-workers presented surface-conjugated protein microspheres that capture
amyloid-β and inhibit its aggregation and toxicity [253]. In this case, the globular
protein BSA (in its non-aggregating form) was the main structural protein of
which the capsule shell was composed and the capsule surface was functionalized
with the KLVFF peptide [254]. The KLVFF peptide is a known inhibitor of the
amyloidogenic Aβ-40 peptide aggregation phenomenon that is associated with
Alzheimer’s disease. The BSA-KLVFF conjugated protein capsules show high
affinity and selectivity for Aβ, sequestering the protein and, thereby, reducing its
toxicity [254].

Functionalization of amyloid fibrils via gene fusion has been explored by Perrett
and co-workers who demonstrated the immobilization of active enzymes, including
alkaline phosphatase (AP) and horseradish peroxidase (HRP) on amyloid fibrils
formed by the prion domain of the yeast prion protein Ure2 [255]. The gene fusion
process gives rise to a polypeptide that maintains the ability to self-assemble as
well as to display the desired activity of the fused entity. In following work, Zhou
et al. demonstrated the formation of enzymatically active microgels from the Ure2-
AP chimeric protein construct. The microgels showed robust material properties
and their porous architecture allowed for diffusion of reactants and products in and
out of the microgels, illustrating the potential for enzyme immobilization and for
biological flow-chemistry or bioactivity assays [231].

The physicochemical properties of the microgel can be further tailored to make
them responsive to environmental cues and thus afford targeted drug delivery
and modulation of release [256, 257]. For instance, engineering protein capsules
with an external hydrophobic layer can introduce specificity to a target site, aid
transdermal transport, encode a release switch mechanism or enhance the biological
effect of the active species delivered through the capsules. As an example, RNA
loaded BSA microspheres (where BSA protein appears in its native fold) were
coated with metal (Fe2O3), uncharged polyvinylalcohol (PVA) or positively charged
polyethyleneimine (PEI) biocompatible synthetic polymers that buried the negative
charge of the BSA. This eliminated the adhesion to the cell membrane, which
was observed in the case of uncoated capsules, and allowed efficient delivery of
RNA into human osteosarcoma U2OS cancer cells and Trypanosoma parasites.
In addition, the Fe2O3 metal coating could allow enhanced contrast in electron
microscopy for the spatial localization of the Fe2O3 metal coated capsules inside
the parasites and mammalian cancer cells [180]. Furthermore, the transport of
viruses and metal nanoparticles in living cells was shown to be enhanced through
transfection mediated by non-toxic amyloid fibrils [258–261].

In a further example of tuning of microgel physicochemical properties, Levin
et al. synthesized hybrid organic/inorganic microcapsules [262]. Lysozyme compos-
ites were functionalized with carboxyl-modified Fe3O4 nanoparticles (NPs), which
have been used extensively in biological applications due to their biocompatibility,
small dimension (<30 nm), ease of characterization, and the rich diversity of
surface chemistry modifications that can be exploited for biomedical applications
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[263, 264]. Lysozyme and Fe3O4 NPs exhibit a strong interaction that may
be attributed to their electrostatic interactions and there is evidence that NPs
may influence amyloid aggregation kinetics [265, 266]. This effect was further
explored for lysozyme self-assembly under the microconfinement of microdroplets
in Levin’s work. It was shown that, in the presence of carboxyl-modified Fe3O4
NPs, lysozyme fibrillation was inhibited in unseeded conditions, while under
seeded conditions, fibrillation occurred that allowed for extensive decoration of
the fibrillary microcapsules. It was suggested that the lysozyme monomers may
have a greater affinity to the carboxyl-modified Fe3O4 NPs, which would inhibit
further protein aggregation and, thus, resulting in less stable microgel structures.
In addition, the fibril morphology within the microgels was shown to vary upon
protein fibrillation in the presence of the NPs, indicative of their structure-modifying
and aggregation-modulating role on protein self-assembly. These findings suggest a
novel approach for tuning protein-based microgel formation, allowing control over
the morphology and characteristics of the end product [262].

7.3 Conclusions

Although amyloid fibril structures were initially recognized in association with
disease, the increase in research focused on their functional roles in nature and
their potential as the basis of artificial materials with complex functionality present
these as excellent building blocks for the development of functional materials with
applications, for example, as drug delivery agents. In addition to their biocom-
patibility, the self-assembling ability of proteins can be exploited, in combination
with microfluidic techniques, to produce multi-scale functional microgels capable
of hosting biologically active compounds. The microgel formation process avoids
the use of harsh reagents or conditions and enables precise control over capsule
size, stability and morphology. The ability to tailor such features is advantageous
in the development of biomedical applications, such as drug delivery, as drug
release can be controlled. Moreover, the use of proteins and peptides as functional
material building blocks allows incorporation of additional functionality through
protein modification and/or coupling with other functional molecules, enhancing
the versatility of this class of materials as well as leading to responsive microgels,
enabling targeted drug delivery. Thus, amyloid fibril microgels represent attractive
designer materials for biomedical applications, including drug delivery.
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Chapter 8
Protein Nanofibrils as Storage Forms
of Peptide Drugs and Hormones

Reeba Susan Jacob, A. Anoop, and Samir K. Maji

Abstract Amyloids are highly organized cross β-sheet protein nanofibrils that
are associated with both diseases and functions. Thermodynamically amyloids are
stable structures as they represent the lowest free energy state that proteins can
attain. However, recent studies suggest that amyloid fibrils can be dissociated by a
change in environmental parameters such as pH and ionic strength. This reversibility
of amyloids can not only be associated with disease, but function as well. In
disease-associated amyloids, fibrils can act as reservoirs of cytotoxic oligomers.
Recently, in higher organisms such as mammals, hormones were found to be stored
in amyloid-like state, where these were reported to act as a reservoir of functional
monomers. These hormone amyloids can dissociate to monomers upon release
from the secretory granules, and subsequently bind to their respective receptors
and perform their functions. In this book chapter, we describe in detail how these
protein nanofibrils represent the densest possible peptide packing and are suitable
for long-term storage. Thus, mimicking the feature of amyloids to release functional
monomers, it is possible to formulate amyloid-based peptide/protein drugs, which
can be used for sustained release.

Keywords Amyloid · Functions · Fibrils · Secretory granules · Hormones

8.1 Introduction

Proteins are the workhorses of the cellular machinery and perform a wide array of
functions such as transporting molecules, catalyzing reactions, signal transduction
and DNA replication [1]. However, for most proteins to function properly, they must
be folded correctly into a three-dimensional native conformation [1, 2], which is
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often considered as their lowest energy conformation. Sometimes the biological
function of proteins also depends on their self-assembly into functional polymers
[3, 4]. In such cases, proteins are not functional when they are in their monomeric
folded states. For example, protein polymers such as actin and tubulin are involved
in maintaining cell shape and other vital cellular functions [3, 4]. Occasionally
proteins also become aberrantly folded or misfolded to form aggregated structures
called amyloids, which are mainly associated with human diseases. Amyloids are
highly ordered fibrillar protein aggregates (Fig. 8.1) that are generally associated
with more than 40 human diseases including Parkinson’s, Alzheimer’s and Kuru
[5]. These higher order protein aggregates are made up of cross-β-sheet motifs
where β-strands run perpendicular to the fibril axis and β-sheets are parallel to
the fibril axis [6, 7] (Fig. 8.1). Amyloids appear as unbranched fibrils, mostly of
indefinite length and of 2–10 nm in diameter when visualized under a transmission
electron microscope (TEM) [6, 7]. Amyloid fibrils are shown to bind small molecule
dyes such as Thioflavin T (ThT) [8] and Congo red (CR) [9]. When bound to
amyloids, CR most often shows a yellow-green birefringence under cross-polarized
light [9]. Studying the molecular details of amyloid fibrils is challenging due to their
low solubility and non-crystalline nature. The cross-β-sheet structure of amyloids

Fig. 8.1 Characterization of amyloid fibrils. Amyloid fibrils are protein/peptide aggregates,
which show fibrillar morphology under the transmission electron microscope (TEM) and are made
up of cross-β-sheet motifs where β-strands run perpendicular to fibril axis and the β-sheets are
parallel to the fibril axis. The β-sheet conformation of amyloid fibrils can be measured by circular
dichroism (CD) spectroscopy and the X-ray diffraction pattern of amyloid fibrils that shows two
characteristic reflections at 4.5 Å and 10 Å, corresponding to the inter-strand and the inter-sheet
distance of the β-sheets, respectively
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provides them with very high stability as well as resistance to harsh conditions such
as high temperature, wide ranges of pH and proteolytic degradation [10–12].

During aggregation/amyloid formation, both natively structured and unstructured
proteins/peptides undergo misfolding into partially folded intermediates, which
eventually form soluble oligomers and mature fibrils [13]. Recent studies have
shown that soluble oligomers on the pathway of amyloid formation are more
toxic and responsible for cell death occurring in human diseases [14–17]. The
aggregation of protein into amyloid fibrils generally follows nucleation-dependent
polymerization, where three distinct phases are involved. These include the (i) lag
phase, where protein monomers associate to form aggregation competent nuclei,
but the aggregate mass remains below the threshold for detection (ii) growth
phase where monomer addition to nuclei leads to a rapid increase in fibril mass
and finally the (iii) stationary phase, where fibril formation is completed and the
fibrils remain in equilibrium with monomers [18–20]. The nucleation-dependent
polymerization phenomenon in amyloid aggregation is further supported by the
fact that addition of preformed fibril seeds (made of the same protein) decreases
the lag time for fibril formation (self-seeding) [21–23]. Amyloid formation has
thus been considered as an irreversible process, where the fibril is believed to
be a thermodynamically controlled product [24, 25]. This signifies that once
amyloid is formed, its dissociation into monomeric protein/peptide is a seemingly
difficult process. Contrasting this assertion, several research groups have shown that
amyloids could be readily ‘dissolved’ to release their constituent protein/peptides
when exposed to different pH or simply by dilution [10, 26–28]. Moreover, in
the amyloid aggregation pathway, mature amyloid fibrils remain in equilibrium
with monomers, where the monomeric protein/peptide may constantly exchange
with its fibrillar counterpart in solution (a process known as ‘molecular recycling’)
[29]. This dynamic nature of amyloid was nicely demonstrated by Carulla et al.
using amyloid fibrils of the bovine phosphatidylinositol-3-kinase SH-3 domain [29].
When SH3 domain fibrils were incubated in deuterated buffer for a long time, a
substantial amount of amyloid fibrils were found to be deuterated supporting that
monomers in amyloid fibrils are getting constantly exchanged with the deuterated
monomers in solution [29]. In addition to the ‘natural’ phenomenon of molecular
recycling in fibrils, various external factors that can bring about a shift in the
equilibrium between the fibrillar and soluble (monomeric/oligomeric) states include
(i) protein/peptide concentration, (ii) ionic strength of the buffer, (iii) pH of the
environment and (iv) the presence of other molecules. The pH-induced fibril
dissociation study by Tipping et al. showed that β2 microglobulin amyloid fibrils
disassemble into toxic oligomers at pH 6.4, whereas the same fibrils dissociate to
native non-toxic monomers at physiological pH 7.4 [30]. Interestingly, a similar
observation was found in another in vitro study, where incubation of α-synuclein
fibrils resulted in disaggregation of the fibrils into neurotoxic β-sheet structured
oligomers, which on further incubation formed monomers [31]. Overall, the above
studies indicate that amyloids can act as a ‘reservoir’ for either monomeric or
oligomeric states of proteins.
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8.2 Functional Amyloids

In the last decade, various reports showed that amyloids cannot only cause human
diseases but are also able to perform native functions in the host organism. These
non-disease associated amyloids, involved in important biological functions are col-
lectively termed ‘functional amyloids’ [32]. One of the first examples of functional
amyloids came from the discovery of the curli fibrils produced by extracellularly
secreted proteins of the bacterium E. coli [33]. These fibrils were suggested to aid
in colonization and biofilm formation of the bacteria. The biofilm is useful for the
survival of bacteria in extreme environmental conditions such as drastic pH changes,
high salt concentration and chemical toxins [34, 35]. Amyloids owing to their ability
to withstand harsh conditions could likely contribute to these characteristics of the
biofilm, being a part of the same. Several other bacteria-associated proteins are also
reported to polymerize into amyloid fibrils. Examples of these include fimbriae
of Salmonella spp. [34], harpins of X. campestris and P. syringae [36], pili from
M. tuberculosis [37], chaplins from S. coelicolor [38, 39]. Similarly, the amyloid
fibrils of the adhesin protein were shown to facilitate yeast cells in colonization
as well as attachment to the host [40]. Furthermore, hydrophobin amyloids, which
provide support for hyphae/spore formation in fungi [38, 41] and prions of yeast and
Podospora anserina that aid in the better survival of the host during stress conditions
are among other examples of fungal functional amyloids [42–45]. Functional
amyloids are also widespread in lower animals such as insects, mollusks etc. For
example, amyloids of chorion protein can be found in the eggshell of the silk worm,
where they protect the growing embryo from environmental hazards [46]. The first
mammalian functional amyloid was discovered by Kelly and co-workers, where
they showed that amyloid fibrils of Pmel17 inside the melanosome facilitate the
melanin polymerization [47]. Recently, it was suggested that pituitary hormones
could also form an amyloid-like structure in vitro and in vivo, which is important
for hormone storage in secretory granules and its release [26]. In line with these
findings, designing amyloid-based functional material is shown to be promising for
their potential application in nano-biotechnology [48, 49]. The following sections
in this chapter highlight protein nanofibrils as the densest possible peptide-packing
structure suitable for long-term storage. More importantly, it is emphasized here that
by utilizing the feature of amyloids to ‘release functional monomers’, it is possible
to formulate amyloid-based peptide/protein drugs, which can be used for sustained
release.

8.3 Amyloids as a Depot for Protein/Peptide Storage
and Release

Cells usually synthesize a plethora of proteins for their own activity as well as for
secretion and to act as chemical messages for other cells, an activity which overall
leads to a coordinated functioning of tissues and organs. However, deciding which
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protein to secrete, when to store and release is a highly regulated and complex
process in cells. By default, proteins that are to be secreted immediately after
their synthesis in ER are transported to the extracellular space through vesicles
that bud from the trans-Golgi complex [50–53]. Many cells such as liver and
muscle cells use this constitutive route for protein secretion, where the vesicle
contents are released without any external stimulus [54, 55] (Fig. 8.2). However, the
secretion of neuronal/endocrine peptides, growth factors and hormones is tightly
regulated to maintain physiological homeostasis. Such molecules are required to
be stored for long periods in a highly concentrated form until the cells receive
signals to release their contents into the extracellular space [52, 53]. This route
of protein secretion is called “regulated secretion” and is used by several cells
including endocrine, neuroendocrine and mast cells [56–58]. Some eukaryotic cells
display both pathways of protein secretion [54]. In such cells, both constitutively
released proteins and regulatory secretory proteins need to be sorted into their
respective secretory pathways [59]. Although the exact machinery of sorting and
signaling of different protein/peptides to different protein secretory pathway is not
clearly understood yet, recent evidence suggests that the formation of amyloid-
like structures could be the mechanism for selective aggregation and sorting of
hormones and neuropeptides into regulatory secretory pathway [26]. Therefore, in

Fig. 8.2 Secretory granule biogenesis. This scheme depicts various stages involved in secretory
granule biogenesis, which includes (1) formation of immature secretory granules (ISG), (2)
removal of soluble protein by budding (3) homotypic fusion of ISG, (4) remodeling of the
membrane of ISG to form MSG
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order to correctly understand the mechanisms behind sorting of protein/peptides for
regulated secretion, it is important to know the events in the regulatory secretory
pathway, which are briefly discussed in the following section.

Regulated Secretory Pathway of Protein/Peptide Secretion in Cells Peptide
hormones and neurotransmitters, after their synthesis as large precursor proteins in
the endoplasmic reticulum, are transported to the Golgi apparatus [60]. At the trans-
Golgi network, these precursors and other secretory granule proteins are packed
into immature secretory granules (ISGs) [52, 61]. While the transport of proteins
to the constitutive secretory pathway involves a passive, bulk flow mechanism, the
proteins destined for the regulated secretory pathways apparently undergo various
maturation and processing steps to reach mature secretory granules (MSGs) [54]
(Fig. 8.2). Immediately after the formation of ISG, acidification of ISGs occurs by
a gradual and regulated increase in active H+ pump density [62]. This acidification
step is not only required for the aggregation of proteins inside secretory granules
(SG) for protein condensation, but also for activation of proteolytic enzymes that
convert prohormones to hormones [60, 63]. Moreover, the condensation promotes
higher order intermolecular association of proteins and increases the efficiency
of storage of hormones in secretory granules. Insulin, growth hormone (GH) and
prolactin (PRL) are some of the hormones reported to undergo condensation to
attain higher order protein aggregates for their retention and storage in MSG
[64–66]. These MSGs are stored within the cell until they are stimulated by
secretagogues to release their content into the extracellular space through membrane
fusion [52, 53] (Fig. 8.2). Although there are multiple steps in the formation of
MSGs, the cell type and the regulatory secretory proteins [67] determine the extent
and influence of each of these steps.

Sorting of Proteins into Secretory Granules by Protein Aggregation Protein
aggregation is considered to be an excellent method for sorting regulatory secretory
pathway proteins to SGs [68–70]. Two models for protein sorting in secretory
granule formation have been proposed [52, 53]. The first model proposed was
the “sorting for entry” model, in which prior to secretory granule formation, the
selection of the cargo, membrane and the exclusion of non-secretory proteins in
the trans-Golgi network occur. The second model “sorting by retention” suggests
that secretory granule contents are selected during maturation of the granules by
retention along with the concomitant removal of non-secretory proteins [53, 61].
Irrespective of the sorting mechanism, the key feature of the regulated secretion of
proteins appears to be their selective aggregation.

Aggregation of secretory proteins in SG could be facilitated by various factors,
which include acidification of the cellular compartments from trans-Golgi to SG,
proteolytic processing of prohormones, the presence of high concentrations of
divalent ions (e.g. calcium, zinc) and biogenic amines [65, 70, 71]. Many proteins
are reported to aggregate at acidic pH and in the secretory pathway where the pH
decreases from roughly 7.2 in the ER to ∼6.0 in the trans-Golgi lumen and finally
to 5.5 in the secretory granules [72–74]. Hence it was hypothesized that acidic
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pH of trans-Golgi can induce aggregation and condensation of the proteins in the
regulatory pathway to form SG [52]. Furthermore, for aggregation to occur, the
local concentration of the secretory protein should be increased [52]. However, if the
concentration of the secretory protein is less than optimally required for aggregation,
some helper molecules and/or proteins (e.g. sulfated proteoglycans, metal ions,
glycoproteins and glycosaminoglycans) may assist in the formation of aggregates
[75, 76]. These molecules/proteins help in intermolecular interactions and improve
the efficiency packaging of regulated secretory proteins into SGs.

Storage State of Secretory Protein/Peptide Hormones In most endocrine cells,
the secretion of peptide/protein hormones occurs through the regulatory secretory
pathway, wherein the hormones are stored as “condensed” or “insoluble” aggregates
intracellularly in membrane-enclosed electron-dense core SGs and released upon
extracellular signals [54, 55, 65, 70]. The amount of these hormones released by
SG varies from full content (mast cells) [58] to the minimal amount (endocrine)
[56] depending upon the type of granule storage. The proteins inside most SGs
include a dense-core, which essentially forms the releasable content and other
proteins required for granule acidification, transport, targeting and fusion [52].
Although hormones and other regulated secretory proteins have been known to form
aggregated structures inside SGs, the exact nature of these aggregates was not clear.
Several studies suggest that the aggregates of SG are not amorphous, but possess
a stable and distinct molecular organization, which might be crystalline [77–79] or
composed of highly ordered aggregates [53, 80, 81]. These aggregates are also stable
against increased temperature, mild detergents, enzymatic degradation and within a
large pH range [66, 82]. Based on the fact that peptide/protein hormones in SG
are not amorphous, but rather possess definite structure, Maji et al. proposed that
aggregates of protein/peptides in secretory granule could be stored in an amyloid
state [26]. To support this hypothesis, ∼40 different protein/peptide hormones
were studied for aggregation in vitro at pH 5.5 (secretory granule relevant pH).
Using various biophysical techniques, the study showed amyloid formation by only
a few hormones in vitro [26]. Interestingly, when these hormones were allowed
to aggregate in the presence of the glycosaminoglycan (GAG) heparin, most of
the hormones formed amyloid fibrils in vitro [26]. However, certain hormones
such as prolactin (PRL) and adrenocorticotropic hormone (ACTH) did not form
amyloid fibrils even in the presence of heparin [26]. It was hypothesized that
these hormones might require some specific environmental conditions or helper
molecules to form amyloid fibrils inside secretory granules. Interestingly, it was
found that PRL formed amyloid along with its granule-specific GAG, chondroitin
sulfate A (CSA), while ACTH formed amyloid along with its co-storage partner
β-endorphin (β-end) in the presence of heparin. This study suggests that not only
granule relevant conditions such as low pH or presence of GAGs can induce the
formation of amyloid structures, but that each protein/peptide hormone might also
require a specific condition for aggregation and amyloid formation in the context of
their respective secretory granule formation.



272 R. S. Jacob et al.

The amyloid-like storage state of peptide/protein hormones in secretory granules
can explain most of the processes of sorting, granule biogenesis, storage, and
release. It is hypothesized that the high concentration of hormones in the trans-
Golgi might initiate hormone aggregation and amyloid formation [26]. Since
the conditions for amyloid formation for each hormone may vary, only specific
hormones will be sorted into a specific secretory granule. For example, the amyloid
formation of PRL requires CSA, whereas growth hormone (GH), a hormone
structurally related to PRL, requires zinc (Zn(II)) ions [26, 83]. This suggests that
irrespective of their structural similarity and location of storage, both PRL and GH
are packed individually into the secretory granule along with their respective helper
molecules. Since hormone aggregation starts (either in the presence or absence of
helper molecules) in the trans-Golgi [84], amyloid formation might act as a sorting
signal for selection of peptide/protein hormones to secretory granules. This process
not only ensures the highest possible concentration through dense packing of SG,
but also facilitates the exclusion of non-aggregating proteins from SG. Moreover,
the strong ability of amyloid fibrils to interact with membranes [85] might further
facilitate the granule maturation from trans-Golgi. Since the SG content has to be
stored for extended periods of time, the integrity of the granular content has to be
protected against degradation by proteases. For this purpose, the inherent stability
of amyloid due to their cross-β-sheet rich structures will protect the protein/peptide
content and can ensure a sustained release of functional monomer from the fibril
ends [27]. Thus, the proposed amyloid-like storage of proteins/peptides is probably
conserved across tissues and species (Fig. 8.3).

Fig. 8.3 Amyloid as a natural storage state of protein/peptide hormones in secretory gran-
ules. Protein/peptide hormones aggregate selectively into amyloid fibrils in the presence or absence
of helper molecules and subsequently are packaged into secretory granules in neuroendocrine cells.
Upon external stimulus the secretory granules release their contents into the extracellular space.
The change in pH, ionic strength and dilution induces the dissolution of the amyloid fibrils and
the monomeric forms of hormones are then released from the fibril ends. The monomeric proteins
then refold either spontaneously or with the help of an unknown chaperone to attain their functional
states
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Hormone Amyloids Release Functional Monomer For amyloids to be the ‘native
state’ of hormone storage, they are required to be reversible and be able to
release functional monomers. As described in the previous section, amyloids fibrils
generally exist in equilibrium with monomers in solution and the components of
fibrils are constantly recycled by monomers in solution [29]. Hence, a decrease
in monomer concentration might result in fibrils releasing more monomers to
maintain the equilibrium. In line with this assumption, it was shown previously that
amyloid fibrils of Substance P upon 1000-fold dilution could release monomers and
completely dissolve within 48 h [86]. Similarly, in another study, amyloid fibrils
of various GnRH analogs were also able to release monomers at physiological
conditions [27]. Additionally, Maji et al. showed that many hormone amyloids were
able to release monomers upon dilution by dialysis [26] and monomers released
from amyloids were indeed in their native conformations and were functional.
For example, during amyloid formation, corticotrophin-releasing hormone (hCRF)
undergoes a secondary structural transition from α-helix to a β-sheet rich structure.
When the amyloid fibrils of hCRF were dialyzed in 10 mM Tris-HCl pH 7.4,
the fibrils were able to release α-helix-rich monomeric peptides. These released
monomers were functional and could bind to hCRF receptors expressed by CHO
cells with similar efficiency as those of monomeric CRF that had not undergone
aggregation, and were able to activate cyclic adenosine monophosphates (cAMP)
[26]. In line with these observations, the authors reasoned that after fusion of SG
to the cell membrane, the release of granule content could be further triggered by
a drastic change in pH within SGs (pH ∼5.5) to that in the extracellular space (pH
∼7.4). This difference in pH combined with dilution might initiate the release of
the aggregated hormones from granules. Moreover, this study also showed that
monomer release of hormone amyloids at pH 7.4 was slightly faster than the
release at pH 6, indicating that the amyloid aggregates of hormones dissociate
faster at neutral (or close to physiological) pH [26]. The release of monomer
by increasing the pH may not be unique to functional hormone amyloids, as
β2-microglobulin amyloid fibrils formed at pH 2 were also reported to release
monomers at physiological pH 7.4 [30].

Another recent study by Riek and coworkers on β-end hormone amyloid reported
a contrasting observation with respect to fibril disaggregation at pH > 6.0. In this
study, β-end was found to form amyloid fibrils faster at pH 6.0 (and above), rather
than pH 5.5, but the fibrils released monomers faster at pH 5.5. Here the authors
suggest that at lower pH (5.5), the overall positive charge of the β-end increases to
a higher value, which results in the slower aggregation rates of this peptide [87].
This study suggested that the pH of the solution as well as the overall charge of
the protein/peptide (at a particular pH) could together influence the rate of amyloid
fibril formation and fibril disaggregation.

Primary Structure Controlling the Amyloid Formation and Its Release The
primary structure of a protein might play an important role in controlling protein
secretion from secretory granules. Dannies and co-workers showed that a GH
mutant, R183H, can be packaged into SGs in cells [88, 89], however, the secretory
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granules of this mutant hormone were not able to release monomeric hormone from
these granules, which may cause GH deficiency syndromes [88–90] in children.
The study suggests that even a single mutation in the protein sequence can
interfere with the release of hormone from secretory granules. We hypothesized
that primary/secondary structural modification due to mutation(s), posttranslational
modifications and other modifications influencing the protein structure could even-
tually affect the storage (within SGs) and secretion (extracellular release) of the
protein. In this aspect, recently our group showed how disulfide bonds might play
a role in the amyloid formation and subsequent release of the monomeric peptide
from amyloids, using a small cyclic peptide hormone somatostatin-14 as a model
system [91].

Somatostatin-14 is a 14-residue peptide with a single disulfide bond between
Cys 3 and Cys 14, which helps this hormone to attain a cyclic structure [91]. In this
study, it was found that the disulfide-reduced ‘non-cyclic’ somatostatin (ncSST)
aggregates faster into amyloid fibril than the cyclic SST in presence of heparin.
This could be due to the higher accessibility of aggregation-prone regions in the
linearized ncSST compared to cyclic SST. Molecular dynamics (MD) simulations
of aggregation of SST and ncSST showed that most of the residues in ncSST
as well as SST participated in H-bonding in the aggregated state of the peptide.
But an interesting difference is that the ncSST displayed an organized H-bond
network along the length of the peptide, while SST had the inter H-bond donors
and acceptors scattered throughout the peptide. This difference in H-bond pattern
observed at an atomistic level likely contributed to the experimentally observed
variation in structure and morphology of ncSST and SST fibrils. The fibrils of ncSST
showed a classical β-sheet signature using circular dichroims (CD) spectroscopy,
while the SST fibrils have a mixed secondary structure [91]. Interestingly, the
study showed that amyloid fibrils formed from ncSST are slower in releasing
the monomers than SST, suggesting different monomer packing in both types of
fibrils. The study further suggests that the presence of the disulfide bond limits
the conformational flexibility of SST and enables it to form easily reversible
amyloids [91]. Thus the correct disulfide bond formation and hence native structure
of proteins/peptides may be necessary to regulate the aggregation and amyloid
formation for secretory granule storage and its subsequent release.

Although a structural transition and β-sheet formation are required for amyloid
formation of protein/peptide hormones, the peptide segment(s) involved in the
formation of the cross-β-sheet structure may also play an important role in disaggre-
gation (for monomer release). For small peptides, the formation of correct structure
after monomer release might be almost instantaneous. However, for larger protein
hormones, if a major segment of the protein is involved in the amyloid formation, the
release as well as subsequent folding into the native and functional conformation,
might be more difficult. Alternatively, if only a small segment of the large protein
is involved in the formation of cross-β-sheet rich structure, rapid refolding to the
native state could be achieved. Furthermore, the stability of the resultant fibrils
might also control the release of the active protein hormone. In protein hormones
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such as GH and PRL, the major secondary structure characteristics of the protein
are not altered after fibril formation when measured using CD spectroscopy [26,
83]. Both PRL and GH are highly helical proteins and after amyloid formation,
these proteins show also a mostly helical conformation, with a slight decrease in
helicity [26, 83]. One of the possible explanations for this observation is that only
a small segment of these proteins might be involved in amyloid formation, while
most of the other segments remain in their native conformation. This will ensure
not only facile monomer release but also near-instantaneous folding into the native
state for binding to the receptor and other functions. Several other proteins/peptides
were also previously reported to show the formation of amyloid-like fibrils without
significant secondary structural changes [26, 92–94]. Therefore, we propose that for
an amyloid to be an in vivo storage state inside the secretory granules, the structural
change for amyloid formation may not be aberrant, but rather highly regulated at
least for large proteins, so that substantial amount of native structure could be
maintained within the amyloid state inside secretory granules, facilitating functional
monomer release. Moreover, the monomer release and folding could be also assisted
by chaperones or chaperone-like molecules.

Role of Helper Molecules and Buffer Composition on Amyloid Formation
and Release Aggregation-inducing helper molecules (e.g. GAGs, divalent ions)
and other biomolecules coexisting within the SG are known to facilitate hormone
aggregation and amyloid formation. Several in vitro aggregation studies of pro-
tein/peptide hormones have shown that GAGs such as heparin and chondroitin
sulfates induce aggregation [26, 91, 95, 96], wherein the protein and GAGs are used
at particular ratios in solution. Although the exact mechanism of amyloid formation
by protein/peptides in the presence of heparin is currently unknown, it is proposed
that heparin’s linear repeat and the electrostatic interactions between protein and
GAGs can aid in protein aggregation and amyloid formation. Additionally, a recent
study by Christensen et al. on prolactin aggregation suggested that the pH of the
surrounding environment could affect the overall charge on the protein hormone,
which in turn facilitates the interaction with the helper molecule (GAGs), leading
to its aggregation in vitro [96]. This could be an important mechanism of hormone
condensation inside SGs in vivo. In addition to the role in amyloid formation, the
GAGs could also influence the release of monomeric hormones from aggregates.
For example, a recent study by Nespovitaya et al. showed that the β-end amyloid
fibrils formed in the absence of heparin released monomers in less than one hour,
whereas the β-end fibrils formed in the presence of heparin released monomers in
a sustained manner up to 24 h [87]. Similarly, a previous study from our group
on the aggregation of glucagon-like peptides 1 and 2 (GLP1 and GLP2), also
emphasized the role of heparin in modulating monomer release from fibrils [95]. In
this study, a slower monomer release of GLP1 fibrils was observed, when compared
to GLP2 fibrils, both types of fibrils having been formed in the presence of heparin
[95]. Interestingly it was shown that heparin participated in the fibril formation of
GLP1, but not in GLP2. This difference was found to be due to the presence of a
basic-non basic-basic (B-X-B) motif present in GLP1 (and not in GLP2), to which
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heparin could bind to induce fibrillation, and also further aid fibril stabilization.
Taken together, these studies suggest that GAGs can significantly influence the fibril
architecture, and as a consequence govern the rate of monomer release from amyloid
fibrils.

Similar to GAGs, metal ions can also act as helper molecules in protein
aggregation and amyloid formation in the SGs. A recent study from our group
showed that amyloid fibrils formed in the presence of Zn(II) can release monomeric
GH in native helical conformation upon dialysis of GH fibrils against 10 mM Tris
pH 7.4 [83]. Further, this study also showed that GH is co-stored with Zn(II) ions
in vivo, suggesting the role of Zn(II) in both in vivo and in vitro amyloid formation
of GH. Another study likewise reported the aggregation of prolactin in the presence
of heparin, chondroitin sulfate A and Zn(II) ions [96]. These studies suggest that
hormones require a specific helper molecule (or a combination of molecules) not
only for controlling the formation of individual granules and the content of the
granules but also for the subsequent release of the contents.

In addition to the helper molecules and ions, the buffer constituents of the
solution are also known to be important for amyloid formation. An extensive
study by Nespovitaya et al. on β-end fibrillation under various physiologically
relevant environmental conditions, reported that helper molecules, pH and buffer
constituents could differentially affect the amyloid formation of the peptide [87].
In this study, the authors showed that β-end was able to form amyloid by itself in
multivalent ion buffers such as phosphate, sulfate, and citrate but not in ammonium,
acetate and Tris. However, the addition of heparin to β-end in ammonium acetate
buffer resulted in its amyloid formation [87]. Nespovitaya et al. also found that the
amyloid fibrils formed in multivalent buffers and in the presence of heparin differed
in both structure and morphology. This study and previous works by Maji et al. [26,
27] overall suggest that the change of the immediate environment that the secretory
proteins encounter along the secretory pathway in terms of pH, GAGs, metal ions,
concentration of protein and even ion constituents modulate the amyloid aggregation
and subsequent disassembly of hormones.

In line with this evidence, it can be envisioned how the amyloid structure enables
the densest peptide-packing possible and is suitable for long-term storage. More-
over, the common structural signature of cross-β-sheets can by itself act as sorting
signal for packing of hormone/neuropeptide aggregates into secretory granules. A
change in environmental conditions can dissociate these protein nanofibrils and
could release functional monomers, thus enabling amyloid fibrils to act as depot
both in vitro and in vivo.

8.4 Amyloid as Long-Acting Depot Formulations

Developing novel biocompatible scaffolds for drug delivery applications is an
emerging area in modern science. Small molecular and protein/peptide drugs have
short half-life and low bioavailability in vivo. Such drugs are often delivered
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through frequent injections or subcutaneous administrations and infusions to prevent
them from degradation [97, 98]. To overcome the delivery related problems, new
drug formulations have been created that continuously release and maintain an
active drug concentration over an extended period. In this regard, administrating
protein drugs like insulin and TGF-β3 in self-assembled crystalline form has shown
controlled delivery of these drugs [99, 100]. However, protein crystals tend to be
fragile and can disintegrate easily, requiring sophisticated methods to preserve and
store them. Hence an alternative peptide/protein self-assembly system needs to be
employed, that can deliver active and functional peptide/protein drugs in a sustained
manner for an extended period. Since a growing amount of studies have already
established that not all amyloids are toxic and can serve as functional protein entity,
it is possible to imagine that amyloid fibrils can act as a storage depot of various
protein/peptide hormones. In order to explore this possibility, a study utilized the
short-acting as well as long-acting analogs of gonadotropin-releasing hormone
(GnRH) [27]. When these GnRH analogs were incubated in vitro, all long-acting
analogs were found to form fibrillar aggregates that bind to amyloid specific dyes
ThT and CR. In contrast, only a few short-acting GnRH analogs formed amyloid
fibrils in vitro. Furthermore, when the monomer releasing capabilities of these
amyloid fibrils were studied, the long-acting analogs showed sustained release of
monomeric hormone from amyloids, while the fibrils of short-acting analogs either
released monomer immediately upon dilution (similar to non-aggregated peptide) or
released very slowly such that effective drug concentration cannot be reached [27].
This study clearly indicates that packing and stability of each peptide fibril might
dictate the monomer release, which could possibly be determined by the differences
in their amino acid composition.

Many earlier studies have reported that amyloid fibrils can be stabilized in the
presence of serum amyloid protein P and GAGs [101, 102]. If the protein/peptide
drugs are administered in the form of amyloid fibrils, a more sustained and
controlled release can be expected, due to the combined effect of the highly ordered
structure of the amyloids and the GAG-mediated stabilization of the fibrils. The
GnRH analogs mentioned earlier were shown to form amyloid fibrils in the presence
as well as absence of heparin [27]. Further, when the release assay was performed
with fibrils formed in the presence or absence of heparin, fibrils formed in the
presence of heparin displayed a slower release pattern, compared to GnRH analog
fibrils formed in the absence of heparin. This observation was found to apply for
other peptide hormones as well. For instance, two independent studies (as mentioned
in the previous section) showed that the amyloid fibrils of β-endorphin or GLP1
hormone formed in the presence of heparin [87, 95], displayed a slower monomer
release profile compared to the respective hormone amyloid formed in the absence
of heparin. These studies suggest that GAGs present in body could also influence the
formation, stability as well as controlled release capability of administered peptide
fibrils [27, 101–104].

In Vivo Release of Monomers from Hormone Amyloids For amyloids to act as
drug reservoirs, they should release functional monomeric proteins in vivo. While



278 R. S. Jacob et al.

a large range of studies has shown the reversible nature of amyloids in vitro, only
a handful of studies exist, which demonstrate that amyloid can release functional
monomers in vivo. In one such study, long-acting GnRH analog (L14) monomers
in D-Mannitol were injected subcutaneously into rats, which resulted in in vivo
amyloid formation at the injection site [27]. GnRH analogs are generally used as
suppressing agent of luteinizing hormone (LH) in prostate tumors [105]. The in
vivo amyloid formation of L14 was confirmed by CR staining and birefringence
of the tissue section on the injection site. Thus, the long-acting capability of L14
could be due to its amyloid formation in vivo and release of functional monomers
from this amyloid depot. This study thereby suggests that the amyloid formation by
amyloidogenic peptide hormones could be further facilitated by in vivo conditions,
which may also play a role in the controlled release of the peptide drug [27].
Moreover, to directly demonstrate that amyloid formation could influence the
duration of action of GnRH analogs, a short-acting GnRH analog (S2) was chosen,
which did not form amyloid even after 8 days of incubation but formed amyloid after
long incubation (Fig. 8.4a). Unlike the L14 analog, the introduction of monomeric
GnRH analog S2 did not form amyloid in vivo at the site of injection [27]. However,
after the subcutaneous injection of aged S2 fibrils in rat, the localization of S2 fibrils
was confirmed by CR staining and birefringence at the injected site [27]. When aged
S2 fibrils and S2 monomer solutions were subcutaneously injected in a male rat
(castrated 10 days prior the experiment), both aged fibrillar and monomeric S2 were
able to suppress (measured by radioimmunoassay) LH in the blood of the animals
after 24 h of administration. After 48 h of administration, the fibrillar GnRH analogs
showed more LH suppressive activity compared to monomeric GnRH analogs. It
is interesting to note that, although at 72 h, the monomeric S2 almost lost its LH
suppressing activity, the fibrillar S2 was still able to suppress LH significantly at
this time (Fig. 8.4b) [27]. This particular study directly shows the ability of amyloid
fibrils to act as drug depot in vivo and further suggests that amyloid formation
of protein/peptide drugs can prolong their activity for sustainable drug delivery
applications (Fig. 8.4c) [27].

Toxicity and Amplification of Toxic Protein Aggregates by Hormone Amyloids
Since amyloids are originally associated with cell death in various neurodegenera-
tive diseases such as Alzheimer’s and Parkinson’s, it is a potential concern that the
hormone amyloids may exhibit toxicity upon formation in vivo or administration
of hormone amyloids as drug depots. However, recently it was suggested that
amyloid fibrils, the end-products of the aggregation pathway, are the less toxic
species in protein aggregation reactions and protein/peptide oligomers (pathway
intermediates) are more toxic species, responsible for cell death [14–17]. More-
over, it was also suggested that amyloid could be a nontoxic reservoir of toxic
protein/peptide oligomers [14, 106, 107]. Various studies during the last decades
showed that amyloid fibrils are not only less toxic than smaller aggregated species,
but also that many amyloids have evolved in nature to perform native functions
of the host organism [5, 32] (discussed earlier under Sect. 8.2). Moreover, the
toxicity of amyloid fibrils could depend on the protein/peptide sequences that
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Fig. 8.4 Amyloid fibrils as depots for GnRH analogs. (a) TEM of short-acting GnRH analog
S2 incubated for 8 days (top) and 30 days (bottom). Scale bar indicates 200 nm. (b) Subcutaneous
administration of amyloid fibrils of GnRH analog S2 prolonged the inhibition of LH release
compared to S2 in monomeric form. (c) Schematic representation of the mode of action of amyloid
forms of GnRH analogs. The stable amyloid fibrils formed prior (see TEM image) or shortly
after subcutaneous injection and gradually release monomeric functional analogs at their ends.
(Reprinted from Ref. [27], with kind permission from PLOS Biology)

constitute the amyloid. This is further confirmed by the observation that while
amyloid fibrils of the Aβ peptide are moderately toxic, most of the amyloid fibrils
of GnRH analogs are nontoxic in nature [27]. Similar to GnRH analogs, many
hormone amyloids associated with SG formation also were reported to be non-
toxic [26]. However, for a possible formulation of peptide/protein fibrils as drug
depot, the toxicity of the fibrils should be tested both in vitro as well as in vivo.
Another concern of using amyloid depots for sustained drug release is that amyloid
fibrils from drug depots could seed their own monomeric protein/peptide present
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in the body and amplify the amyloid form. This could be detrimental to the proper
functioning of the normal hormone. However, Maji and colleagues observed that
mature fibrils of long-acting GnRH (L14) could not template aggregation of wild
type GnRH, suggesting that amyloid fibrils of GnRH analogs might be incapable
to seed and amplify GnRH amyloid formation [27]. Similarly, it is also possible
that the amyloid depot of the particular hormone (or analogs) can ‘cross-seed’
other protein/peptides associated with diseases and induce their aggregation, thereby
increasing the load of cytotoxic protein/peptide aggregates in the body. However, to
cross-seed, both the seed and host protein(s) require high sequence similarity as well
as amyloid forming capability [23, 108, 109]. This could be a probable mechanism
by which nature prevents the disease-associated amyloids from cross-seeding the
various other proteins existing in the body. Nevertheless, one has to test the
possibility of amyloid drug depot to cross-seed other proteins, which are potentially
amyloidogenic and are associated with diseases. In the study by Maji et al. to
demonstrate the safety of GnRH amyloid against cross-seeding of disease associated
protein aggregation, a small amount (5%) of mature fibrils of L20 GnRH analog
was incubated with the wild-type monomers of α-Synuclein (α-Syn), a protein
associated with Parkinson’s disease [110–114]. The study showed that although
α-Syn spontaneously aggregated and formed amyloid fibrils, the fibril seeds of
long-acting hormone L20 did not cross-seed the aggregation and amyloid formation
of α-Syn [27]. This study indicates that rationally designing protein analogs that
would not seed wild-type proteins (to form toxic aggregates) can also be used as
a strategy for developing amyloid formulation of peptide/protein drugs. Moreover,
under physiological conditions, different proteins are often compartmentalized, thus
minimizing the possibility of encounter and interaction between protein amyloid as
depot with other disease-associated proteins such as α-Syn or Aβ.

The reversibility of amyloid fibrils can also be employed for various other
functional purposes; for example, in the controlled release of peptide antibiotics.
In this regard, Pertinhez et al. have recently shown that the aggregates of an
antibody-derived decapeptide KP (killer peptide) can provide targeted delivery as
well as possesses slow release properties [115]. The study showed that disulfide-
bonded dimers of the synthetic peptide KP (AKVTMTCSAS) are the active form
displaying microbicidal activity and these dimers can self-assemble to form higher
order aggregates with fibrillar morphology and β-sheet structure over time [115].
The dilution or incubation of these KP aggregates at 35 ◦C resulted in the soluble
form. Moreover, similar to other amyloidogenic peptides, the KP also rapidly self-
assembles in the presence of GAGs such as 1, 3 β-glucan, and the aggregates formed
in presence of this GAG have slow-releasing capability.

In addition to amyloid fibrils, self-assembled protein/peptide oligomers can also
be used as drug depots. A recent study by Gupta et al. suggested that self-assembled
oligomers of insulin can be used as a drug depot, after showing that oligomers
formed during the aggregation of insulin were capable of releasing functional
insulin monomers [116]. In patients with type 1 diabetes, insulin production is
generally insufficient to control the blood glucose levels. Insulin injections are
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administered in these patients for a glycemic control; however, multiple dosages
are required, as the half-life of the injected peptide is short [117]. In their study,
Gupta et al. characterized three intermediate states in insulin amyloid formation and
designated them as supramolecular insulin assembly (SIA) I, II and III. The SIA-
II intermediate formed at 12–16 h of incubation of insulin at pH 7.0 was found to
release monomeric insulin at a rate that is needed for maintaining the basal level
of insulin in blood [116]. The intermediates formed at pH 2.0 released monomers
at a slow rate and the amyloid fibrils formed at pH 7.0 or 2.0, did not release any
monomers. This observation suggests that the release capability of peptide/protein
either from amyloid or oligomeric assemblies depends on the peptide sequences and
the conditions used for making the assemblies.

Amyloid-Based Biomaterials as Drug Delivery Vehicles Amyloid fibrils as
supramolecular assemblies display charged and hydrophobic surfaces, which could
bind both small molecules and proteins [118–121]. The unique surface properties of
amyloid fibril networks can be utilized for entrapping drugs, enzymes and proteins,
thus amyloid fibrils could be used for developing drug delivery vehicles. Further,
amyloid-based scaffolds or hydrogels can be rationally designed such that they can
release the encapsulated drugs/protein at the site of action. In this context, Zhang
and coworkers have used hydrogels from self-assembling RADA16 peptides as
drug delivery vehicles of small molecules and proteins such as trypsin inhibitor,
lysozyme, immunoglobulin G (IgG) and bovine serum albumin (BSA) [122, 123].
Moreover, the flanking regions of amyloid-forming peptide sequences can be
modified appropriately such that the designed fibril matrix can deliver its payload at
target sites. For example, Mazza et al. modified an amphiphilic dalargin (an opioid
receptor agonist) derivative with a palmitoyl moiety, which self-assembled into β-
sheet fibrils after sonication in water. The intravenous injection of the modified
dalargin nanofibrils allowed it to cross the blood-brain barrier and deliver active
dalargin into the brain [124].

Since many small molecule drugs are hydrophobic in nature, an increasing
number of studies are attempting to encapsulate small-molecule drugs in hydrogels
derived from amyloid fibrils for their successful delivery to target sites. For
example, a recent study successfully demonstrated the use of protein nanofibril
microgels composed of amyloid fibrils for encapsulation and sustained release of
antibiotics [125]. In this work, the nanofibril microgels were produced using a
water-in-oil method and were tested for their efficacy to act as carriers of small
molecules such as dyes and antibiotics. Using this system, it was observed that
the drug molecules penicillin and tetracycline were encapsulated in the nanofibril
microgels and could be released locally, resulting in increased anti-microbial action.
Moreover, these microgels were proven to be non-cytotoxic to human cell lines,
and thus are biocompatible [125]. Furthermore, the biocompatibility of drugs can
be further enhanced when delivered within an amyloid matrix. For example, Li et
al. immobilized carbon nanotubes (NT) within a β-lactoglobulin gel matrix, which
made the NT biocompatible. The study further showed that NT can be released from
the protein shell by enzymatic digestion and these NT can be used for killing cancer
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cells by heating the NT by near infrared light indicating possible applications in
cancer therapy [126]. Recently, it was also shown that hybrid materials composed of
amyloid fibrils-iron colloidal dispersion could be used as oral iron delivery systems,
which increases the bioavailability of iron in vivo [127].

Intriguingly, it is not always the amyloid fibrils that can modulate the biodistri-
bution or availability of the encapsulated drug/small molecules. The encapsulated
drugs or small molecules can also modulate the properties of the gel matrix by
interacting with the amyloid fibrils. In a recent study, lysozyme was allowed to form
amyloid in the presence of the β1 receptor antagonist drugs, propanolol, timolol
and atenolol, and it was found that the drugs modulated the fibril architecture,
leading to altered release profiles of the drugs [128]. These studies suggest that the
interaction between the various payload and amyloid fibrils can be utilized to fine
tune the architecture of amyloid-based drug delivery vehicles to obtain desirable
release profiles. Furthermore, it has been shown that the amyloid fibrils can be
fabricated into different matrices for various biotechnological applications such as
drug delivery. For example, β2-microglobulin amyloid fibrils were fabricated into
a nanoporous and high mechanical strength protein matrix, which is suggested to
be useful in tissue engineering and drug delivery applications [129]. In another
example, hydrogels were prepared from α-synuclein curly-amyloid fibrils and were
used for enzyme entrapment. The enzyme trapped inside the amyloid hydrogel was
able to withstand heat treatment and maintain enzymatic activity, which suggests
a plausible use in therapeutic delivery [130]. Moreover, the entrapping of enzymes
and other small molecules inside nano-fibrillar scaffolds of amyloids could improve
their stability and activity. For example, organophosphate hydrolase (OPH), an
enzyme important for bioremediation and chemical detoxification was covalently
cross-linked using glutaraldehyde on bovine insulin fibrils. This enhanced the
stability of the encapsulated enzyme at higher temperatures compared to its free
counterpart [131]. Such enzyme encapsulated amyloid hydrogels need not always
release the enzyme molecule. Since in hydrogels, free diffusion of molecules occurs
within and also with the surrounding environment, the substrate molecules can
diffuse inside the hydrogel within the proximity of the enzyme molecules and be
converted into product, which can then diffuse out of the hydrogel. Alternatively,
to enhance the stability of enzymes, amyloid-forming peptide segments can be
engineered onto medically relevant enzymes such that these engineered enzymes
can form amyloid fibrils retaining the enzymatic activity [92]. These engineered
enzymes will be stable and may perform substrate conversion for longer duration
than soluble enzymes.

We, therefore suggest that amyloid-based technology could be used for drug
delivery in two different ways (Fig. 8.5). In one case, the amyloid fibril form of
the protein/peptide drug could be administered directly, as suggested by previous
studies [27], which will allow the fibrils to release monomers in vivo in a controlled
manner. The other possibility is to construct an amyloid-based scaffold where small
molecules or drugs can be encapsulated. The latter method can also be used for
multiple drug delivery purposes as well as this would provide protein/peptide drug
after dissociation and also will deliver the drug molecules of interest which are



8 Protein Nanofibrils as Storage Forms of Peptide Drugs and Hormones 283

Fig. 8.5 Amyloids as drug delivery systems. Schematic representation of different types of
drug delivery using amyloid fibrils. Hormones and other therapeutic peptides can self-assemble
to form amyloid fibrils, which can release functional and monomeric peptide/protein from fibril
ends after administration (top). Similarly, nontoxic oligomers of protein/peptides can also be used
as drug depots (centre). Amyloid-based scaffolds can also be used as drug carriers. The drug
molecules (yellow) entrapped within amyloid networks can be released in a controlled manner
after administration (bottom). The released drug peptide can bind to specific receptors on the cell
surface to perform its intended action

embedded within the amyloid network. The amyloid networks could immobilize
drugs, small molecules, protein/peptides including enzymes and function as drug
delivery carriers (Fig. 8.5). The molecules that are entrapped inside amyloid hydro-
gels will be protected from heat and enzymatic degradation [27, 130]. Furthermore,
biological macromolecules (e.g. amyloid P and glycosaminoglycans) present inside
the host organism may bind to amyloid-carriers and increase their in vivo stability as
well as reducing the potential immune response against the formulation [101–103].
In addition, such formulations are more easily administered by subcutaneous injec-
tion. Therefore, amyloid-based drug delivery systems are devoid of complicated
manufacturing procedures and may ensure controlled release of the peptide/drug
for an extended time period without recurring drug administration or surgery for
implanting depots [27].

8.5 Conclusion

Amyloids are highly ordered protein/peptide aggregates that are implicated in
both disease and functions in host organisms [5, 32]. Despite the toxicity of
some amyloids, many recent studies however, suggest native biological functions
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such as protein/peptide storage inside secretory granules of mammals [26]. The
higher order structural organization of protein/peptide in a cross-β-sheet rich
motif and stability against various harsh physical/chemical conditions such as
extreme pHs, temperature and proteases, makes amyloid attractive for versatile
nanobiotechnological applications such as drug delivery and tissue engineering
[132–134]. Since as few as two amino acid residues are sufficient for amyloid-
like assembly [135], tagging short amyloid sequences onto functional proteins can
be exploited for protein formulation similar to the case of GnRH analogs [27].
Moreover, many small peptide-based amyloids can also be utilized for encapsulating
different drugs/proteins for their possible delivery. We expect to witness many more
applications of designed amyloids for diverse biomedical applications in coming
years.
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Chapter 9
Nanozymes: Biomedical Applications
of Enzymatic Fe3O4 Nanoparticles
from In Vitro to In Vivo

Lizeng Gao and Xiyun Yan

Abstract Fe3O4, also called magnetite, is a naturally occurring mineral and
has been widely used in biomedical applications. However, in the past, all the
applications were based on its excellent magnetic properties and neglected its
catalytic properties. In 2007, we found that Fe3O4 nanoparticles are able to
perform intrinsic enzyme-like activities. A specific term, “nanozyme”, is used to
describe the new property of intrinsic enzymatic activity of nanomaterials. Since
then, Fe3O4 nanoparticles have been used as enzyme mimics, which broadens
their applications beyond simply their magnetic properties, with applications in
biomedical diagnosis and therapy, environmental monitoring and treatment, the
food industry and chemical synthesis. In this chapter, we will summarize the basic
features of Fe3O4 as an enzyme mimetic and its applications in biomedicine.

Keywords Nanozymes · Enzyme-like activity · Enzyme mimetic · Fe3O4 ·
Biomedical application
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EBOV Ebola virus
EPR Enhanced permeability and retention
Fe3O4 Magnetite or iron oxide
GO Graphene oxide
GOx Glucose oxidase
H2O2 Hydrogen peroxide
HCG Human chorionic gonadotropin
HFn Human heavy-chain ferritin
HRP Horseradish peroxidase
M-HFn Magnetoferritin nanoparticles
MNPs Magnetic nanoparticles
MRI Magnetic resonance imaging
MRSA Staphylococcus aureus
NPs Nanoparticles
NTs Nanotubes
NWs Nanowires
OPD o-phenylenediamine
PD Parkinson’s disease
PEG Polyethylene glycol
RES Reticuloendothelial system
RGO Reduced graphene oxide
ROS Reactive oxygen species
TMB 3, 3′, 5, 5′-Tetramethylbenzidine

9.1 Introduction

Iron (II, III) oxide (Fe3O4) is the naturally occurring mineral magnetite, which is
a black powder with permanent magnetism. However, this material exhibits special
superparamagnetic magnetization when the size is reduced to the nanoscale (e.g. 1–
100 nm) [1, 2], so that Fe3O4 nanoparticles can be easily aggregated in the presence
of an external magnetic field and can be rapidly re-dispersed with the removal
of the magnetic field. Based on this unique property, Fe3O4 nanoparticles have
been applied in various fields, particularly in biomedicine, including bio-separation
and purification, biosensors, transfection, MRI, hyperthermia therapy, targeted drug
delivery and as a theranostic platform (Fig. 9.1) [3–8].

However, nanoscale Fe3O4 has many specific physical and chemical properties
besides magnetism, including hyperthermia, photothermal properties, photoacoustic
effects, and fluorescence [9]. Its recently reported enzyme-like catalytic properties
are of particular interest. In 2007, Fe3O4 nanoparticles were discovered to possess
intrinsic peroxidase-like activity, similar to that of horseradish peroxidase (HRP)
[10]. Since then, many nanomaterials have been found to possess enzymatic
activities, which dramatically broadens their applications in biomedicine. The term
“nanozyme” [11] was introduced to describe the phenomenon of nanomaterials with
intrinsic enzyme-like activities [12–15], with Fe3O4 nanoparticles being the first
reported example of a nanozyme. In this chapter, we mainly focus on the enzymatic
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Fig. 9.1 Iron oxide nanoparticles with intrinsic enzyme-like activity allow novel applications in
addition to those based on their magnetic properties

properties of Fe3O4 nanoparticles and summarize the novel applications of this
nanozyme, from in vitro bioassays to in vivo diagnosis and therapy (Fig. 9.1).

9.2 Basic Features of Fe3O4 Nanozymes

As enzyme mimetics, Fe3O4 nanozymes show similar catalytic properties to natural
enzymes, including substrate specificity, pH and temperature optima, kinetics and
mechanism. In general, they are typical nanomaterials which have a diameter on
the nanoscale i.e. 1–500 nm and specific nanocrystalline structures, morphologies
and surface modifications, providing nanozymes with many advantages over nat-
ural enzymes because they are robust inorganic nanomaterials. Therefore, Fe3O4
nanozymes have great potential for use as multi-functional nanomaterials for
biomedical applications.

9.2.1 Activities of Fe3O4 Nanozymes

(1) Peroxidase-like activity: Fe3O4 nanozymes were first found to have
peroxidase-like activity, catalyzing the reaction of H2O2 with chromogenic
reagents such as TMB, OPD, DAB and ABTS (Fig. 9.2a–c). The optimal
conditions for the catalysis are similar to those for HRP i.e. 37–40 C under
acidic pH (e.g. sodium acetate buffer pH 3–6.5) which favors the generation of
free radicals to oxidize TMB (Fig. 9.2d).

(2) Catalase-like activity: Fe3O4 nanozymes also show catalase-like activity,
decomposing H2O2 into oxygen and water under neutral/basic pH conditions
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Fig. 9.2 Fe3O4 nanoparticles show intrinsic peroxidase-like activity [10]. (a–c) Different sizes
of Fe3O4 nanozymes and colorimetric reactions catalyzed by Fe3O4 nanozymes. (d) Reaction
conditions for Fe3O4 nanozymes (300 nm) (a–c) and comparison of the activity of Fe3O4
nanozymes with different sizes (d). (Reprinted from Ref. [10] with permission from the Nature
Publishing Group)

Table 9.1 Typical parameters for Michaelis-Menton kinetics [10]

[E] (M) Substrate KM (mM) Vmax (s−1) kcat (M−1 s−1)

Fe3O4 MNPs 9.402 × 10−13 TMB 0.098 0.0032 3.37 × 109

Fe3O4 MNPs 9.402 × 10−13 H2O2 154 0.0091 9.68 × 109

HRP 2.5 × 10−11 TMB 0.434 0.0093 3.72 × 108

HRP 2.5 × 10−11 H2O2 3.70 0.0081 3.24 × 108

Reprinted from Ref. [10] with permission from Nature Publishing Group

[16]. Fe3O4 nanozymes can decompose H2O2 into oxygen and water by this
enzymatic activity, which may be used to scavenge H2O2 in biosystems.

9.2.2 Kinetics and Mechanism of Fe3O4 Nanozymes

The catalysis of Fe3O4 nanozymes follow Michaelis-Menten kinetics. Curves for
both H2O2 and TMB in peroxidase-like catalysis fit the equation v = (Vmax[S])/
(KM + [S]), where Vmax represents the maximum velocity, [S] is the substrate
concentration, and KM is the Michaelis constant (Fig. 9.3). The related parameters
are shown Table 9.1. The kcat is equal to Vmax/[E]. The KM value of H2O2 for
Fe3O4 nanozymes is higher than that for HRP, indicating lower affinity of H2O2
for Fe3O4 nanozymes. In contrast, the KM value of TMB for Fe3O4 nanozymes is
lower than that for HRP, indicating that Fe3O4 nanozymes have higher affinity for
TMB. Notably, a single Fe3O4 nanozyme with 300 nm diameter showed 40 times
higher activity than a single HRP molecule.

Just like HRP, the catalysis of Fe3O4 nanozymes follows a ping-pong mecha-
nism. In the peroxidase-like catalysis, a set of parallel lines are produced when a
set of v against [S] (fixed H2O2, varying TMB or fixed TMB, varying H2O2) are
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Fig. 9.3 Apparent Michaelis-Menton kinetics for Fe3O4 nanozymes in comparison with HRP.
(Reprinted from Ref. [10] with permission from the Nature Publishing Group)

plotted in a Lineweaver-Burk plot. That is, H2O2 first binds to and react with Fe3O4
nanozymes, releasing the first product, then TMB reacts with Fe3O4 nanozymes.

It is important to note that the peroxidase activity is not derived from free iron
ions via the Fenton reaction. The trace amount of iron released from the surface of
Fe3O4 nanozymes was around two orders of magnitude lower than the concentration
required for the Fenton reaction, only showing negligible catalytic activity [17–20].
These results demonstrate that the observed reaction cannot be attributed to leaching
of iron ions into solution, but occurs on the surface of the nanozymes. Importantly,
ferrous iron (Fe2+) seems to be more important than ferric iron (Fe3+) in the
enzyme-mimicking catalysis, as increasing the ratio of Fe2+ in Fe3O4 nanoparticles
enhances the peroxidase-like activity [10]. Taken together, the intrinsic enzyme-
like property of Fe3O4 nanozymes arises from the variable valence of iron in the
nanoparticles.

9.2.3 Advantages of Fe3O4 Nanozymes

Compared to natural enzymes, nanozymes show many advantageous features.
Fe3O4 nanozymes show enhanced stability towards extreme conditions such as
temperature (4–90 ◦C) and pH (2–12) [21]. In contrast, the enzyme HRP did not
show any activity after treatment at pH lower than 5 and lost activity rapidly when
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the temperature was greater than 40 ◦C. Fe3O4 nanoparticles can be stored long term
and reused many times [22–26]. In addition, the activity of Fe3O4 nanozymes can
be tuned by modulating the size, structure or morphology [18, 27–30] (Fig. 9.4), by
the addition of dopants [31–34], by surface modifications [35–38] or by hybridizing
with other nanomaterials [19, 23, 39–44], which allows the design of nanozymes
with optimized activity for the specific purpose required.

Further, Fe3O4 nanozymes have both magnetic and catalytic properties and so
can simultaneously perform two basic functions: enzyme-like activity and super-
paramagnetism. Regarding the enzyme-like activity, Fe3O4 nanozymes, as men-
tioned above, can mimic peroxidase and catalase activities [16]. Fe3O4 nanozymes
can also be used as a carrier to conjugate other functional molecules or groups to
construct a cascade reaction [17]. Finally, Fe3O4 nanozymes can be synthesized
by chemical methods such as solvothermal reaction, sol-gel and co-precipitation.
The required chemical reagents are usually much cheaper than biological reagents.
Scale up of production is therefore both straightforward and economical. The
multifunctionality of Fe3O4 nanozymes facilitates a wide range of practical applica-
tions, including in biomedicine, such as tumor theranostics, ultrasensitive molecular
detection and controlled drug release. The combination of these functions can be
used to create versatile state-of-the-art technologies and strategies.
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Fig. 9.4 (a) Tuning of activity by variation of size. Reprinted from Ref. [28] with permission
from Elsevier. (b) Tuning of activity by variation of morphology (peroxidase-like activity: cluster
spheres > triangular plates > octahedral). (Reprinted from Ref. [18] with permission from John
Wiley & Sons Ltd.)
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9.3 Biomedical Applications of Fe3O4 Nanozymes

The discovery of enzymatic activity of Fe3O4 nanozymes has stimulated their
use in a range of applications, including immunoassays, tumor diagnosis and
therapy, biosensors, antibacterial/antibiofilm reagents, environmental monitoring
and pollutant degradation, in the food industry and in chemical synthesis. Here
we summarize their state-of-the-art applications particularly in the biomedical field,
which span in vitro molecular detection to in vivo diagnosis and therapy of tumors
and diseases.

9.3.1 In Vitro Bioassays

The peroxidase-like activity of Fe3O4 nanozymes make them an ideal alternative to
HRP and thus they can be used to replace HRP in enzyme-linked immunosorbent
assay (ELISA) and HRP-related molecular detection [45, 46]. Fe3O4 nanozymes
[47] can be conjugated with an antibody and applied in ELISA to amplify signals by
catalyzing a colorimetric reaction (Fig. 9.5a). Importantly, due to their magnetism,
Fe3O4 nanozymes with an appropriate ligand or antibody can be employed to
capture and enrich very low amounts of sample, which will improve the sensitivity
and efficiency of detection [48]. According to this principle, a capture-detection
immunoassay has been developed to detect carcinoembryonic antigen (CEA) with
a detection limit up to 1 ng mL−1 [45]. This kind of nanozyme-based immunoassay
can be used to detect multiple antigens including biomarkers and bacteria or cells,
such as IgG, hepatocellular carcinoma biomarker GP73 [49], human chorionic
gonadotropin (HCG) [50], Mycoplasma pneumoniae [51], Vibrio cholerae, rotavirus
[52], and cancer cells with human epidermal growth factor receptor 2 (HER2) [52,
53].

A nanozyme-strip has been developed by combining the magnetism and
peroxidase-like activity of Fe3O4 magnetic nanoparticles. This novel strip can
be used to detect the glycoprotein of Ebola virus (EBOV) as low as 1 ng/mL,
showing a 100-fold increased sensitivity compared to the classic gold-strip method
[55] (Fig. 9.6b). Importantly, the nanozyme-strip shows comparable sensitivity
and accuracy with ELISA in the detection of EBOV and New Bunyavirus clinical
samples. In addition, the nanozyme-strip is much faster (within 30 min) and simpler
(observed by naked eye) than ELISA. These results indicate that the nanozyme-strip
may be used as a point-of-care test for EBOV detection, providing a simple method
for diagnosis of infection in Ebola-affected areas of Africa.

Besides immunoassays via antibody-antigen recognition, other detection meth-
ods have been developed based on the specific interaction between DNA molecules
or aptamers. Park and coworkers developed a label-free colorimetric detection
method for nucleic acids by comparing catalytic activity before and after DNA
binding on Fe3O4 nanozymes [56]. Thiramanas et al. [57] developed a novel and
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Fig. 9.5 Novel immunoassays based on Fe3O4 nanozymes. (a) Traditional immunoassay.
Reprinted from Ref. [54] with permission from the Nature Publishing Group. (b) Nanozyme-strip
for Ebola detection. Reprinted from Ref. [55] with permission from Elsevier. (c) Virus and cancer
cell detection. (Reprinted from Ref. [52] with permission from MDPI AG)

Fig. 9.6 Cascade reactions for molecular detection. (a) Dual sequential reactions. (b and c). Triple
sequential reactions for acetylcholine (Ach) [24] and pesticide detection [73]. (Reprinted from Ref.
[24, 73] with permission from Elsevier and the American Chemical Society, respectively)
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sensitive system for Vibrio cholerae detection using magnetic polymeric nanoparti-
cles (MPNPs) composed of a Fe3O4 core with peroxidase activity in combination
with polymerase chain reaction to integrate magneto–PCR–colorimetry in one
system. Aptamers also can be used in similar ways as they can specifically recognize
target molecules with high affinity.

Finally, it is feasible to develop cascade catalytic reactions by conjugating
natural enzymes onto Fe3O4 nanozymes. In a cascade reaction, natural enzyme is
responsible to generate H2O2 and then Fe3O4 nanozymes utilize H2O2 to generate
colorimetric signals. Wei and Wang [17] first developed a cascade system by
conjugating glucose oxidase (GOx) onto Fe3O4 nanozymes for glucose detection
(Fig. 9.6a). In this hybrid system, GOx catalyzes glucose to generate H2O2 and
Fe3O4 nanozymes then uses H2O2 as substrate to produce a colorimetric signal.
There is a directly proportional relationship between glucose concentration and the
colorimetric signal [17]. In this way, a glucose-response curve can be established
with a detection limit for glucose as low as 3 × 10−5 mol L−1 and a linear range
from 5 × 10−5 to 1 × 10−3 mol L−1. Since then, many groups have used this
method by combining GOx with or integrating GOx onto Fe3O4 nanozymes for
glucose detection [21, 41, 43, 58–72], showing great potential in measuring blood
glucose levels for diabetes diagnosis.

Alternatively, other oxidases can be integrated into Fe3O4 nanozymes to detect
substrates besides glucose, including cholesterol [71], galactose [74], alcohol [75],
and acetylcholine (ACh) [24, 73] (Fig. 9.6b, c).

9.3.2 Ex Vivo Tracking and Histochemistry Diagnosis

Iron oxide nanoparticles are often used as diagnostic and therapeutic agents for
biomedical applications due to their superparamagnetism. Quantitative analysis of
their biodistribution, pharmacokinetics and organ clearance in animal models is
important to understand their in vivo behavior and biosafety. A novel histochemical
method for visualizing unlabeled Fe3O4 NPs in mouse tissues was developed by
our group, which employs the intrinsic peroxidase activity of the NPs to produce
a color reaction [76] (Fig. 9.7). It was found that dextran-coated Fe3O4 NPs were
mainly localized in the liver, spleen and lung rather than the kidney, lymph nodes
or thymus. Cellular location was further examined by combining hematoxylin-
eosin (H&E) staining. Dextran-coated Fe3O4 NPs were taken up mainly by the
reticuloendothelial system (RES) in these organs, including Kuppfer macrophage
cells in the liver, alveolar macrophages in the lung and macrophage perifollicular
areas in the spleen.

Organ clearance could also be evaluated in the same way, showing that the con-
tent in liver, spleen and lung increased steadily between 0.25 and 5 h post-injection,
and then rapid clearance occurred between 5 and 72 h post-injection. This approach
is more sensitive when compared with the traditional Prussian blue staining method
because of the highly effective catalytic activity of Fe3O4 NPs. Importantly, without
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Fig. 9.7 Label-free detection of Fe3O4 NP distribution via their peroxidase activity [76].
(Reprinted from Ref. [76] with permission from the American Chemical Society)

labeling with exogenous indicators, it could reduce false signals from background
and may provide a better way to understand the real behavior of NPs in vivo and thus
has significant implications for the clinical translation of Fe3O4 NPs. Presumably,
other nanoparticles having intrinsic peroxidase activity could also be studied in a
similar way to determine their in vivo behavior.

Fe3O4 nanozymes also can be used for histochemistry diagnosis by integrating
with a specific antibody or protein. In particular, Fe3O4 nanozymes can be assem-
bled into ferritin to form recombinant magneto ferritin nanoparticles (M-HFn) [77]
achieving the capability of tumor targeting and visualization in the same unique
system. Fe3O4 nanozymes are encapsulated inside and the recombinant human
heavy-chain ferritin (HFn) proteins form a protein shell which can recognize tumor
cells overexpressing transferrin receptor (TfR1) (Fig. 9.8). Once bound to tumor
tissues, the Fe3O4 core performs peroxidase-like activity to conduct a colorimetric
reaction in the presence of H2O2 and then the tumor tissues can be visualized. In this
way, 474 clinical specimens from patients with nine types of cancers were examined
in a single-step binding and colorimetric reaction. Fe3O4 nanozymes successfully
distinguished cancerous cells from normal cells with a sensitivity of 98% and
specificity of 95%. These results demonstrate that Ferritin- Fe3O4 nanozymes can
be used as a diagnostic reagent for rapid, low-cost and universal assessment of
malignant tumors.



9 Nanozymes: Biomedical Applications of Enzymatic Fe3O4 Nanoparticles. . . 301

Fig. 9.8 Ferritin with peroxidase activity for tumor diagnosis [77]. (Reprinted from Ref. [77] with
permission from the Nature Publishing Group)

9.3.3 In Vivo Oxidative Stress Regulation

Since Fe3O4 nanoparticles are often used for in vivo cancer imaging and therapy,
their influence on cell viability needs to be thoroughly considered because there is
intracellular H2O2 which can be catalyzed by Fe3O4 nanozymes. This may lead
to changes in the levels of reactive oxygen species (ROS). Gu and coworkers found
that Fe3O4 nanozymes perform dual enzyme-like activities, peroxidase and catalase,
under acidic and neutral pH, respectively [16] (Fig. 9.9). Therefore the location
of Fe3O4 nanozymes may lead to different outcomes in different intracellular
microenvironments. Under conditions mimicking the lysosome, the nanozymes
could catalyze H2O2 to produce hydroxyl radicals which induce glioma U251 cell
damage. However, no hydroxyl radicals are produced under neutral conditions as
found in the cytosol because the decomposition of H2O2 forms H2O and O2 directly
under these conditions through catalase-like activity. These results provide a new
way to evaluate the cytotoxicity of Fe3O4 nanozymes based on the intracellular
location of nanoparticles. Besides the potential impact on ROS formation, Fe3O4
nanozymes may also cause liposome membrane damage due to lipid oxidation
as reported by Wang et al. [20]. Fe3O4 nanozymes were found to catalyse pre-
existing lipid peroxides (LOOH) or hydrogen peroxide as a substrate to initiate the
chain reaction process at acidic pH via peroxidase activity. These results suggest
another potential pathway to cellular oxidative damage, but this needs to be further
investigated in cell models.
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Fig. 9.9 Potential dual activities in the cell [16]. (Reprinted from Ref. [16] with permission from
the American Chemical Society)

Despite potential cell damage, Fe3O4 nanozymes may provide cell protection by
regulating ROS related oxidative stress. Huang et al. found that iron oxide nanoparti-
cles could promote human mesenchymal stem cell (hMSC) proliferation [78]. They
found that the commercial Ferucarbotran, an ionic superparamagnetic iron oxide
(SPIO), could promote cell proliferation by diminishing intracellular H2O2. These
nanozymes could also accelerate cell cycle progression. Similarly, Wang et al. found
that poly(L-lysine)-modified Fe3O4 nanozymes could promote the proliferation
of cancer stem cells from U251 glioblastoma multiform by reducing intracellular
H2O2 [79]. Interestingly, Zhang et al. found that dietary Fe3O4 nanozymes could
delay aging and ameliorate neurodegeneration in Drosophila through their intrinsic
catalase-like activity [80] (Fig. 9.10). Fe3O4 nanozymes demonstrated the ability
to protect cells from H2O2 induced oxidative stress and apoptosis. Furthermore,
intracellular Fe3O4 nanozymes showed a neuroprotective effect in a Parkinson’s
disease (PD) cell model (PC12 cells originated from rat), which effectively inhibited
α-synuclein accumulation and blocked caspase-3 activation. Fe3O4 nanozymes as
a dietary supplement could enhance the climbing ability and prolong life span
of aged Drosophila by reducing in vivo ROS. These nanozymes also alleviated
neurodegeneration and increased longevity in an Alzheimer’s disease (AD) model
of Drosophila. All these investigations demonstrate that Fe3O4 nanozymes may
perform beneficial functions including diminishing intracellular oxidative stress,
delaying animal aging and protecting against neurodegeneration.

The cellular roles of Fe3O4 nanozymes relate to their biosafety when they are
used for in vivo imaging or drug delivery. Although most studies indicate that
Fe3O4 NPs have very low or negligible cytotoxicity, there is still concern about
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Fig. 9.10 Fe3O4 nanozymes delay aging and ameliorate neurodegeneration in Drosophila [80].
(Reprinted from Ref. [80] with permission from and John Wiley & Sons Ltd.)

their biosafety, especially for long-term use. The pH-dependent enzyme activities
of Fe3O4 NPs provide new understanding of their potential functions when taken
up by the cell and it may be possible to control cell viability and fate via Fe3O4
nanozymes.

Besides acting as anti-ROS agents for neuronal protection, Fe3O4 nanozymes
also show the potential for direct tumor destruction. Generally Fe3O4 nanoparticles
are used for cancer imaging or targeted drug delivery. The enzyme-like activity
of Fe3O4 nanoparticles is usually neglected in tumor therapy, but theoretically,
this activity could affect tumor viability by catalyzing H2O2 to generate toxic
radicals (Fig. 9.11). Zhang et al. have shown that magnetite Fe3O4 nanozymes
can catalyze the decomposition of hydrogen peroxide to generate reactive oxygen
species (ROS) to inhibit tumors in vivo, indicating their potential as a theranostic
reagent for tumor therapy when combined with an enhanced T2-weighted signal
in magnetic resonance imaging to target the tumor [81]. Here Fe3O4 nanozymes
(13 nm in diameter) can be retained in the tumor microenvironment by an enhanced
permeability and retention effect (EPR) and internalized by tumor cells via non-
specific endocytosis. The combination of Fe3O4 nanozymes and H2O2 showed a
significant inhibition effect on cell viability and more than 80% of HeLa cells died
after treatment at different pH values. Furthermore, treatment with the combination
of Fe3O4 NPs and H2O2 showed significant inhibition of tumor growth when
applied to mice bearing subcutaneous HeLa tumors which often possess an acidic
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Fig. 9.11 Fe3O4 nanozymes for in vivo tumor diagnosis and therapy [81]. (Reprinted from Ref.
[81] with permission from The Royal Society of Chemistry)

microenvironment which favors peroxidase-like catalysis, indicating that Fe3O4
nanozymes could be used for cancer theranostics, especially in epidermal diseases.

9.3.4 Hygiene and Dental Therapy

Hydrogen peroxide is a biocidal chemical that has various cleaning and disinfectant
uses, including use as an anti-bacterial agent for hygiene and medical treatments.
The mechanism is that H2O2 can release radicals slowly which damages cell
membranes, proteins and nucleic acids. The addition of Fe3O4 nanozymes in the
presence of its substrate H2O2 can boost the generation of hydroxyl radicals and
thus enhance the antibacterial efficiency under acidic conditions.

Zhang et al. reported that Fe3O4 nanozymes combined with H2O2 have anti-
bacterial activity towards E. coli [81]. A complete inhibition of E. coli proliferation
(1 × 106 CFU mL−1) was achieved in the presence of 20 μg mL−1 of iron
oxide with diameter at 6 nm and 13.5 μg mL−1 of H2O2. In addition, Pan et al.
designed a synergistic system by hybridizing reduced graphene with iron oxide
nanoparticles (rGO-IONP). The rGO-IONP can effectively kill methicillin-resistant
Staphylococcus aureus (MRSA) upon exposure to a near-infrared laser generating
heat and hydroxyl radicals [82]. Animal experiments showed that the rGO-IONP
promoted wound healing in the model infected with MRSA, indicating the system
can be used as a general antibacterial strategy against drug- resistant bacteria.

The catalysis of H2O2 reduction to generate radicals also provides the opportu-
nity to eliminate biofilms, which are generated by bacterial communities leading to
drug resistance by limiting the penetration of antibiotics or other biocides into the
protective, organic matrix of the biofilm (Fig. 9.12). Gao et al. found that Fe3O4
NPs with peroxidase-like activity could potentiate the efficacy of H2O2 in biofilm
degradation and prevention via enhanced oxidative cleavage of biofilm components
(model nucleic acids, proteins, and oligosaccharides) in the presence of H2O2
[84]. When challenged with live biofilm-producing bacteria, the Fe3O4 NP–H2O2
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Fig. 9.12 Fe3O4 nanozymes for oral biofilm elimination and dental caries prevention [83].
(Reprinted from Ref. [83] with permission from Elsevier)

system efficiently broke down the existing biofilm and prevented new biofilms from
forming, killing both planktonic bacteria and those within the biofilm, providing
a novel strategy for biofilm elimination, and other applications utilizing oxidative
breakdown. This strategy was successfully applied to dental biofilm elimination and
caries prevention [83].

9.3.5 Eco Environment Applications

Besides biomedical applications, Fe3O4 nanozymes show great potential in envi-
ronmental engineering, especially in hazard detection and removal. According to the
catalytic reaction, the colorimetric signal is generated in proportion to the amount of
H2O2 in the presence of chromogenic substrates. Therefore numerous applications
have been focused on H2O2 detection since Wei and Wang first reported it [17, 59,
65, 72, 85–89]. H2O2 can be detected from many sources, including acidic rain
[90], food, and living cells [91]. On the other hand, the signal is proportional to the
amount of chromogenic substrates for a given amount of H2O2, which allows the
detection of dyes in samples, such as certain pesticides [92], arsenic and antimony
[93], 2,4-dinitrotoluene [94], beta-estradiol (beta-E-2) [95] and glutathione (GSH)
[62]. Besides detection, catalysis of H2O2 decomposition by Fe3O4 nanozymes
can also be used to degrade organic substrates for removal of pollutants, including
phenol [23, 96–98], bisphenol [99, 100], aniline [22], methylene blue [101, 102],
norfloxacin [103], xylenol orange [104], sulfathiazole [105] and Rhodamine B
(RhB) [27, 106].
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9.4 Summary and Future Perspectives

Fe3O4 nanoparticles show intrinsic enzyme-like activities including peroxidase- and
catalase-like activities under acidic and neutral/basic pH, respectively. It should
be noted that other types of iron oxide, such as Fe2O3, also possesses enzyme-
like activities, but at lower levels than nanoscale Fe3O4 [9]. Therefore, Fe3O4
nanozymes are the main example of iron oxide nanozymes. Representing a new
generation of mimetics, the catalytic properties and reaction kinetics of Fe3O4
nanozymes resemble natural enzymes. However, Fe3O4 nanozymes are much more
robust and stable. More importantly, the activities of Fe3O4 nanozymes are tunable
by controlling the size, morphology, nanostructure, dopants and surface modifica-
tions or by integration with other nanomaterials, which enables the rational design
of nanozymes appropriate to the application of interest. Compared to traditional
enzyme mimetics or natural enzymes, Fe3O4 nanozymes are multifunctional with
intrinsic superparamagnetism and are readily functionalized with other molecules
or labels. These features facilitate their use in a broad range of applications.

However, despite these many advantages, the activity of Fe3O4 nanozymes is still
lower than natural enzymes and few studies on selectivity have so far been carried
out. Therefore, the catalytic mechanisms need to be further investigated, especially
in terms of nanoscale effects, in order to improve activity and selectivity by mimick-
ing further features of the active site of natural enzymes. In addition, rational surface
modifications are required to balance the activity and biocompatibility in biomedical
applications. Finally, considering that more and more in vivo applications of Fe3O4
nanoparticles are being cdeveloped, their potential influence at the biochemical and
cellular levels will be a new focus for nanozyme research (Fig. 9.13). We believe
Fe3O4 nanozymes will have broad applications in biomedicine, industry and the
environment, utilizing their intrinsic features and nanoscale effects synergistically.

Fig. 9.13 The trend of Fe3O4 nanozyme applications from in vitro to in vivo
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Chapter 10
Self-Assembly of Ferritin: Structure,
Biological Function and Potential
Applications in Nanotechnology

Soumyananda Chakraborti and Pinak Chakrabarti

Abstract Protein cages are normally formed by the self-assembly of multiple
protein subunits and ferritin is a typical example of a protein cage structure. Ferritin
is a ubiquitous multi-subunit iron storage protein formed by 24 polypeptide chains
that self-assemble into a hollow, roughly spherical protein cage. Ferritin has external
and internal diameters of approximately 12 nm and 8 nm, respectively. Functionally,
ferritin performs iron sequestration and is highly conserved in evolution. The
interior cavity of ferritin provides a unique reaction vessel to carry out reactions
separated from the exterior environment. In nature, the cavity is utilized for
sequestration of iron and bio-mineralization as a mechanism to render iron inert
and safe from the external environment. Material scientists have been inspired by
this system and exploited a range of ferritin superfamily proteins as supramolecular
templates to encapsulate different carrier molecules ranging from cancer drugs to
therapeutic proteins, in addition to using ferritin proteins as well-defined building
blocks for fabrication. Besides the interior cavity, the exterior surface and sub-unit
interface of ferritin can be modified without affecting ferritin assembly.

Keywords Iron storage protein · Protein self assembly · Ferritin structure
and function · Nanotechnology application of ferritin

Brief Description This chapter will describe the self-assembly properties of the iron-carrying
protein ferritin into nanoscale structures and their biological properties as well as their applications.
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10.1 Introduction

Nature uses the self-assembly properties of proteins to produce a wide variety of
large, complex, and highly symmetric protein architectures [1, 2]. Understanding
the details of self-assembly is not only important for basic science, but this
knowledge is also essential to build ambitious and challenging technologies, such
as programmable nano-machines [3].

Naturally occurring proteins consist of amino acids forming a polypeptide chain
which is then folded in an energy efficient manner to produce the stable three-
dimensional structure of the protein [4]. The thermodynamics of protein folding is
such that some of its residues orientate and project themselves on the surface such
that they can interact with other proteins [4]. Thus, the information flow defined
by the Central Dogma in molecular biology that begins with the genetic code
can be further expanded through protein folding into the realm of protein-protein
interactions [5]. These protein-protein interactions are the basis of self-assembly
events of large, complex macromolecular protein structures [6].

Self-assembly of proteins can generate a variety of supramolecular structures
with a broad range of biological functions. These complexes include filaments,
protein lattices and symmetric cages [7]. Among different supramolecular protein
complexes, protein cages are probably the most sophisticated protein-based archi-
tectures. Their self-assembly from a small number of subunits into symmetrical,
monodisperse architectures has inspired scientists from many disciplines. Cage
architecture is abundant in nature ranging from virus capsids [8] to bacterial
micro-compartments such as the carboxysome [9]. Cage architectures have also
been observed in chaperones [10], DNA binding proteins [11]and ferritin proteins
[12] (Fig. 10.1). It has been found that the majority of protein cages are hollow
and spherical though there are some notable exceptions, and they often possess
internal symmetry, either icosahedral, octahedral or tetrahedral, which plays an
important role in controlling their inter-subunit interactions. In the last two decades,
protein cages have been developed as platforms for nanomaterial synthesis, mostly
because of their remarkable diversity in size, shape and structures. Furthermore,
their ease of production in large quantities using biological systems, as well as their
biocompatibility, makes them an attractive choice for drug delivery, cell specific
targeting and enzyme catalysis [13]. Among protein cages, ferritin is one of the most
commonly used because of its unique bio-mineralization ability and extraordinary
stability [12].

10.2 Historical Perspective

Ferritin was first discovered in 1937 and was isolated from horse spleen. However,
the presence of ferritin in human blood serum was determined even much later [14].
To date, the ferritin family of proteins is one of the most studied (probably the
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Fig. 10.1 Structures of different protein cages. (a) Small heat-shock protein (HSP), (b) Apofer-
ritin, (c) Pyruvate dehydrogenase multi-enzyme complex, (d) Thermosome, (e) Cowpea mosaic
virus (CPMV), (f) Brome mosaic virus, (g) Cowpea chlorotic mottle virus (CCMV), (h) Bacte-
riophage lambda, (i) Bacteriophage MS2, (j) Human adenovirus (AdV), (k) Vault particle, and (l)
Bacteriophage P22. Adapted with permission from ref. [8] copyright Royal Society of Chemistry,
2016

second most studied protein after hemoglobin), and serum ferritin is still consid-
ered as an important clinical marker for inflammation, infection and malignancy.
Although ferritin has been extensively studied and its clinical relevance has been
established for many years, there are still many fundamental questions regarding
ferritin biology that remain to be answered, such as its tissue of origin, secretory
pathway, interaction partners, cell surface receptors and its degradation pathways.
The first crystal structure of ferritin was determined in 1991 [15], and since then
ferritins from different organisms including animals, plants and bacteria have been
isolated, purified and crystallized.

Ferritin is generally found in the cytosol; however, a mitochondrial form of
ferritin has been isolated recently [14]. Studies have further shown that extracellular
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ferritin can function as an iron carrier to provide iron to cells. Compared to
transferrin (another iron storage protein), which carries a maximum of two iron
atoms, a single ferritin molecule can encapsulate up to 4500 iron atoms, thus making
it potentially a very effective iron storage and delivery system [16].

10.3 Ferritin: Basic Biology

The ferritin proteins are ubiquitous in all forms of life (eukaryotes, archaea and
bacteria); the only notable exception is yeast. Functionally, ferritin is an iron storage
protein whose in vivo role is iron storage to prevent metal toxicity in the cell. Studies
have further revealed that ferritin not only stores iron but also mineralizes excess
iron in the form of hydrous ferric oxide in its cavity. The ability to sequester iron
allows ferritin to perform dual functions in both iron detoxification and maintaining
the cellular iron reserve [12, 14]. It is noteworthy that most mammalian ferritin
can be constituted either from heavy chain (H) or light chain (L) or from both
(Fig. 10.2). The heavier H-isoform and the lighter L-isoform are most abundant
in heart and liver, respectively [12, 14]. The molecular weight of the H and L
subunits are 21 kDa and 19 kDa respectively. The genes responsible for H and
L ferritin are found in chromosomes 11q and 19q of the human genome [14].
[17], Amino acid sequence similarity between the H and L subunits of ferritin is
around 50% in mammals. The H-subunit normally contains the active and highly
conserved “ferroxidase” oxidation site, which binds and oxidizes ferrous ions.
The L-chain ferritins oxidize iron very slowly as they do not possess a catalytic
ferroxidase center. Individual subunits are arranged with tetrahedral symmetry to
form a protein cage with twofold, threefold and fourfold rotational symmetry axes
[18]. The protein shell of mammalian ferritin is usually heterogeneous. The ratio
of H and L subunits in the complex depends on the relative expression of the two
genes, and the ratio varies depending on tissue type. In contrast, plant and bacterial
ferritins tend to be homo-polymers. Interestingly the most commonly used equine
(horse) spleen ferritin contains approximately 90% L-subunit ferritin. Amphibians
have an additional (“M”) type ferritin [19]; the ferritin from plants and bacteria
closely resembles the vertebrate H-type.

Generally, ferritin cages contain 24 protein subunits, with subunit self-assembly
occurring through a dimeric intermediate, subsequently forming a dodecameric cage
with an outer diameter of approximately 12 nm and an inner cavity of 8 nm, which
is usually filled with a ferric oxo-hydroxy core. Ferritin without the inorganic core
is called apoferritin [12]. The ferritin protein cage is stable upto 85 ◦C and tolerates
reasonably high levels of urea, guanidinium chloride, and many other denaturants
at neutral pH. Ferritin isolation from natural sources most of the time results in
heterogeneity, generating aggregated dimers and trimers [20]. In nature, the ferritin
cavity is used to mineralize iron, although it has been demonstrated recently that
this cavity can be effectively utilized as a reaction vessel for generating different
metal nanoparticles with definite size distributions [12].
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Fig. 10.2 Ferritin and ferritin-like protein cages explored from different sources. Here, the
ferritins isolated from different organisms are illustrated; descriptions are related to number of
subunits, symmetry and composition. Adapted with permission from ref. [12] copyright American
Chemical Society, 2015

10.4 Ferritin Protein Family

The ferritin protein superfamily can be divided into three major sub-classes: the
classical ferritins (Ftn), the bacterioferritins (Bfr) and the DNA-binding proteins
from starved cells, also known as Dps (Fig. 10.2) [21]. The classical Ftn and Bfr
proteins belong to the maxi-ferritin family, as structurally they are slightly larger.
In contrast, Dps proteins belong to the mini-ferritin protein family. Interestingly
all three protein sub-families share a four-helix bundle fold. The Bfr proteins seem
to possess almost identical quaternary structure to the classical Ftn proteins and
both are assembled from 24 subunits; however, bacterioferritins are only found in
archaea and bacteria. The major difference between Bfr and Ftn lies in possession of
heme moieties: Bfr contains 12 heme groups, compared to classical ferritins, which
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lack heme molecules in their structure. The other major member of the ferritin
superfamily are the Dps proteins, which form a smaller cage with a lower iron
storage capacity compared to Ftn and also contain a unique ferroxidase site. Dps
proteins are formed from 12 subunits and their major function is the prevention of
harmful Fenton reaction by peroxide and iron, thus protecting DNA against iron-
induced oxidative damage [22]. Each monomer of Dps also possesses a four-helix
bundle fold, typically characteristic of the ferritin super family (Fig. 10.3a). Dps
proteins not only protect bacteria from oxidative damages but also form high affinity
complexes with DNA without apparent sequence specificity. The crystal structure of
E. coli Dps (Protein Data Bank accession number: 1DPS) shows a hollow protein
with tetrahedral point group symmetry, confirming that Dps is a structural analogue
of the ferritin family [23].

In general, the Dps dodecamer cages measure around 9 nm in diameter, with
a central cavity of around 4.5 nm which can accomodate an iron core of up to
500 Fe3+ iron ions. The principal function of Dps is not iron storage, but rather to
protect the cell from iron-mediated oxidative damaged [22]. N-terminal negatively
charged residues line the threefold channel of the Dps pores and generate an
electrostatic potential, which facilitates entry of iron into the protein inner cavity;
this feature is observed in both maxi- and mini-ferritins [22, 23]. The pore formed
at the C-terminal of Dps contains fewer negative charges and is also smaller due
to hydrophobic constriction (Fig. 10.3b) [23], therefore probably does not play a
role in iron transport. The maxi- and mini-ferritin proteins fold into very similar
monomer structures, containing 4-helix bundles, but their assembled architectures

Fig. 10.3 (a) Typical tetrahedral structure of mini-ferritin (Dps). The four-helix bundle monomers
are shown as ribbons. (b) Dps mini-ferritin protein cages viewed across the threefold axis; the
image shows the positioning of hydrophobic amino acids along the pore. Adapted with permission
from ref. [22], copyright mdpi.com, 2011

http://mdpi.com
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are different. Although they both form cages, but they contain different numbers of
subunits and have different symmetries [22, 23].

10.5 Structure of Ferritin

At the nucleic and amino acid level, the sequence identity of the ferritin proteins
is low, whereas their overall fold (tertiary structure) is highly conserved, possibly
indicating identical/similar monomer folding [22]. However, their self-assembled
cage structures can differ considerably, as mentioned above. According to its crystal
structure, H-ferritin is a hollow globular protein machinery of ∼500 kDa consisting
of 24 subunits with octahedral symmetry (PDB accession number: 2FHA), and is
negatively charged at physiological pH (Fig. 10.4a, b) [12]. The crystal structure
further reveals that ferritin is an α-helical protein with an α-helix content of ∼70%
[24].

Each H-ferritin subunit normally consists of 174 residues which can be further
subdivided into five α-helices known as A–E; and residues corresponding to each
helix are numbered 14–40, 49–76, 96–123, 127–161 and 163–173. Helices A-D
constitute a long central bundle consisting of four parallel and anti-parallel helices
which is a signature of the ferritin superfamily, with the fifth short helix, E, butting
on to one end of the α-helical bundle (Fig. 10.5a) [18]. There are additional short
non-helical regions at both N- and C-termini and at the right-handed turns between
the AB, CD and DE helices (the latter is particularly tight). The long BC loop
(residues 78–94) connects the B and C helices and provides flexibility to the
structure. The crystal structure further reveals that most parts of helices A and
C, loop BC and the N-terminus, are exposed exterior of the molecular machine,
whereas helices B and D faces inwards. A break in hydrogen bonding at His 136 is
responsible for kink generation in the long D helix [18]. The D helix kink occurs

Fig. 10.4 (a) Crystal structure of ferritin (PDB 2ffx). Each of the 24 chains are individually
colored. The structure is shown looking down the fourfold axis. (b) Structure of ferritin with
electrostatic potential mapped onto the solvent-accessible surface. Red: −5 e−1 kT, blue: +5
e−1 kTe−1. Adapted with permission from ref. [56] copyright Wiley Press, 2014. (c) Cartoon
representation of the three-fold (polar) channel in the ferritin protein. Fe(II) normally enter the
ferritin shell through this channel. (d) Cartoon representation of the fourfold (nonpolar) channel in
the ferritin protein; mostly electrons are transported using this channel. Adapted with permission
from ref. [57] copyright The American Society for Biochemistry and Molecular Biology, 2016
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Fig. 10.5 (a) Ribbon representation of secondary structure elements of recombinant horse L
apoferritin, (PDB 2v2i). The outer surface (front) contains helices A and C and the loop BC, while
the inner surface (back) consists of helices B and D. Helix E is positioned at ∼60◦ to the four-helix
bundle. The kink formed by the D helix is shown by the arrow. (b) Representative hydrophobic
interactions which stabilize the hydrophobic cores at the two ends of the four-helix bundle. (c)
Representative hydrogen bond interactions occurring at the interface between subunits I and II.
Adapted with permission from ref. [58] copyright Elsevier, 2010

at an important position where all three subunits intersect near the threefold axis,
allowing a channel to form without disrupting the packing of the helices in the
remainder of the structure (Fig. 10.4c) [25].

Each subunit of ferritin is roughly cylindrical, 50 Å in length and 25 Å in
diameter and within each subunit, there are extensive side chain interactions [12,
26]. In both classical and bacterial ferritin, the four-helix bundle does not have
a uniform hydrophobic core. At the two ends of the helix bundle, many side
chains cross over and form a tightly packed hydrophobic interior (Fig. 10.5b). The
central hydrophilic region of each ferritin subunit is situated between these two
hydrophobic cores [18]. In this region, there are a number of buried polar and 181
hydrophilic residues, which form a hydrogen bond network, and interestingly most
differences in structure between H and L subunits are in this part [18].

A second characteristic structural feature of the ferritin superfamily is the
propensity to form dimers. Although the overall pathway of oligomerization remains
unclear, there is general consensus that the dimer is almost certainly the first
intermediate. Dimers further assemble to form 6-mers as the next intermediate, with
equal probability of direct formation of 6-mers versus the formation of 6-mers via
4-mers. The next prominent intermediate in the assembly pathway is the 12-mer,
formed via docking of two 6-mers [27]. The dimer interface involves the helices A
and B; the BC loops, N-terminus and AB turn also participate in the interaction,
mainly through extensive hydrogen bonding interactions between the two subunits
(Fig. 10.5c).

As described earlier, the 24 ferritin subunits each contain a four-helix bundle
with a left-handed twist arranged in 12 antiparallel pairs, forming a rhombic dodec-
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ahedron structure (space group F432). The resulting eight funnel-like hydrophilic
channels are formed at the threefold axis. The remaining six channels at the fourfold
axis are surrounded by the short E-helices at the C-terminus, which lie at close to
a 60◦ angle with respect to the other four long helices and provide a hydrophobic
patch of leucine residues. The channel present at the fourfold axis is not involved
in iron exchange although it can initiate the transit of protons. Channels found at
both the threefold and fourfold axes are approximately 0.4 nm wide (Fig. 10.4d)
[27]. Iron entry occurs almost exclusively through the threefold interior. Compared
to H-chains, L-chain ferritins are more highly structured, which is probably a reason
for the preferred location of nucleation sites. Ferritin can be disassembled and
reassembled by changing the pH of the buffer to a value as low as pH 2 and then
increasing it above pH 7 [28, 29]. During the reassembly process, the solution
and dissolved molecules as well as nanoparticles can be easily entrapped in the
interior. This is an efficient way to encapsulate materials inside ferritin, which would
normally be unable to penetrate into the interior of the protein shell through one of
the pores.

In human ferritin, three monomers at the N-termini form threefold local symme-
try on the surface of the protein cage with a distance of 5 nm between the N-terminal
amino acids of the three monomers [30]. At the C-terminus, four monomers further
form fourfold local symmetry on the cage surface with a distance of about 1 nm
between the identical amino acids of the four monomeric loops. Hence, receptors or
ligands that are fused to the N- or C-termini of ferritin monomers are always held
in close proximity to each other when the monomers self-assemble into the protein
cage, leading to enhanced avidity in a synergistic manner [30]. Recently a very
interesting ferritin variant was obtained from archaea (Archaeoglobus fulgidus).
On characterization it was found that in solution, it remains as dimeric species
and it only assembles to a non-canonical 24-mer cage in the presence of high salt
concentration (mono or divalent cations). Arrangement of 24 subunits in this ferritin
is unique, as they assemble into a tetrahedrally symmetric structure. It also possesses
four large triangular openings, ∼45 Å in diameter [31], which is also unique in the
ferritin protein family.

10.6 Application of Ferritin in Nanotechnology

Ferritin proteins have been subjected to intense investigation for various applications
in bio-nanotechnology, as they offer numerous advantages (Fig. 10.6a) [12]. First,
ferritins have a highly symmetrical structure with remarkable chemical and thermal
stability. Second, reconstitution of the ferritin cage is possible through controlled
reassembly. Third, a broad range of metals can be loaded and mineralized inside the
cavity of ferritin [12]. Fourth, it is easy to modify the interior and outer surface of
the ferritin cage, through the addition of peptides or protein tags using recombinant
genetic methods. Finally, ferritins are highly biocompatible and less immunogenic
compared to any other protein cage [32]. These characteristics have made ferritins
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Fig. 10.6 (a) Various applications of ferritin in (bio) medical science, chemistry, materials science,
(bio)chip, and electronic device manufacturing. Adapted by permission from ref. [12] copyright the
American Chemical Society, 2015. (b) Schematic representation of strategies used to modify the
ferritin surface with peptides, antibodies, siRNA, small molecules and fluorescent dyes. Adapted
with permission from ref. [59] copyright Elsevier, 2016

attractive vehicles for drug delivery and as scaffolds for vaccine development. In
addition, the plasticity of in vitro mineralization makes ferritin an ideal candidate
for cellular and medical imaging [33].

Nanoparticles obtained from mineralization of semiconductors (quantum dots)
are promising, since their fluorescence properties are related to nanoparticle size
and shape. In this setting, ferritin is highly relevant, as it has been used for the
synthesis of semi-conductor nanoparticles for a long time [12]. However, the main
disadvantage of this procedure is that ion aggregation is induced by high concentra-
tions of transition metal ions during the chemical reaction. Recently, Yamashita et al.
improved this methodology and performed successful mineralization of CdSe and
ZnSe inside the ferritin cavity by utilizing a slow chemical reaction method [34, 35].
This method bypasses excessive ion aggregation since Cd2+ and Zn2+ are attracted
by the negative inner residues of apoferritin thus preventing the aggregation process;
therefore, mineralization inside an apoferritin cavity slows down the nucleation of
CdSe and ZnSe [34, 35].

10.7 Drug Delivery and Ferritin

It has been found that drugs, which have a natural tendency to bind metals,
such as cisplatin, carboplatin, desferrioxamine B and daunomycin, can be easily
entrapped inside a ferritin shell [14, 31]. Cisplatin encapsulation was first reported
in 2007 by Yang et al. [36], and the same group also studied the details of
cellular internalization of these nanocages, as well as different applications of drug-
loaded nanoparticles in tumor treatment [37]. Other studies have also used the
same strategy and showed that cisplatin-loaded apoferritin was capable of inducing
apoptosis in gastric cancer cells [38]. More recently, a drug delivery device targeted
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to melanomas has been developed, using cisplatin-loaded ferritin, chemically
functionalized with an antibody specifically targeting against the melanoma antigen
CSPG4 [39]. In a separate study, Xie et al. have shown that doxorubicin can also
be loaded onto RGD modified apo-ferritin nanocages with the assistance of Cu ions
[40]. According to their results, this doxorubicin-loaded ferritin showed a longer
circulation half-life, higher tumor uptake, better tumor (glioblastoma) inhibition,
and less cardiotoxicity than free doxorubicin. Other targeting moieties, such as small
molecules, peptides, antibodies, and even fusion proteins have been successfully
expressed mainly as N-terminal fusions of ferritin, allowing 24 targeting domains
to be exposed on the ferritin surface, with uniform and precise orientation (Fig.
10.6b) [14, 41, 42]. These studies have provided a strong foundation for superior
therapeutic options using ferritin, particularly in terms of targeting cancer cells such
as melanoma, a type of cancer totally resistant to chemotherapy in later stages.

The 8 nm diameter interior cavity of apoferritin can be effectively used as a
nano-vessel and can be loaded with different cargo molecules. Cutrin et al. have
shown efficient loading of curcumin as well as Gd-HPDO3A inside ferritin and
its controlled release to its target cells [43]. The loading procedure is simple
and consists of lowering the pH of the apoferritin solution followed by addition
of the solution containing curcumin and Gd-HPDO3A. However, disassembling
the ferritin nanocage at extreme pH (pH 2) often causes irreversible damage to
the protein cage architecture and forms a hole in the spherical protein [44]. The
irreversible damage will severely impair its in vivo stability and drug delivery
efficiency. Recently, an alternative and improved method was developed, which
causes minimal structural damage to ferritin. In this method, disassembly of ferritin
was performed by treating the protein with 8 M urea [45]. Upon urea treatment,
the supramolecular structure of apoferritin collapses because of weakening of
electrostatic interactions between subunits, and removal of the urea by stepwise
dialysis then allows reassembly of the ferritin cage.

10.8 Surface Modification and Cellular Interactions
of Ferritin Nanoparticles

Cell internalization of human H-ferritin occurs via the transferrin 1 (TfR1) recep-
tor. After binding to the cell surface, the H-ferritin-TfR1 receptor complex is
internalized and can be easily detected in early and recycling endosomes [46].
H-ferritin is also involved in interaction with other receptors such as TIM-2
(T-cell Immunoglobulin-domain and mucin-domain protein) of mouse, which is
normally overexpressed in B-cells [47]. Recently, target receptors for L-ferritin
(hepatic SCARA 5 receptors, L-chain specific) were also identified, and their cell
internalization pathway was studied in detail [48]. Despite the intrinsic ability
of ferritin to target cancer cells, a number of research groups have modified
the surface of ferritin either chemically or using recombinant genetic techniques.
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Ferritins have been modified with various designed motifs including antibodies,
peptides and antibody fragments, in order to selectively recognize and target
specific cells. Lysine or cysteine residues on the ferritin surface can be subjected
to chemical conjugation mainly by using different heterobifunctional cross-linkers
such as N-hydroxysuccinimide (NHS) ester and maleimide groups [12]. Lys and Cys
residues have also been chemically modified to attach dyes, quencher molecules or
polyethylene glycol (PEG) [12, 14]. Dependent on the species, the N- and C-termini
of some ferritins are surface exposed (for example, in human ferritin the N-terminus
is solvent exposed) and numerous studies have shown that genetic modification of
the N- and C-termini of the protein have no impact on protein cage architecture
[16, 48]. In fact Kim et al. have shown that ferritin can be modified at both N-
and C-termini to produce so called “double chambered ferritin” [49]. In double
chambered ferritin, a tumor targeting pro-apoptotic peptide was fused to the N-
terminus of the ferritin protein and GFP was attached at the C-terminus. Protein
fusion at the N-terminus of ferritin can allow display of large proteins such as
viral hemagglutinin on the ferritin surface, which is then effective at neutralizing
H1N1 virus [50]. C-terminal fusion of peptides to ferritin nanoparticles has also
been exploited for various applications including the development of dendritic cell-
based vaccines [51]. In addition to these fusion approaches, other strategies for the
conjugation of targeting groups on the ferritin surface have also been investigated,
including biotinylation of the ferritin nanocage to allow insertion of targeting
functions [52], conjugation of a small aptamer or antibody to ferritin and then use of
a selective antigen for capture, as well as genetic engineering of ferritin to generate
a fusion protein, which exploits N-terminal attachment of protein G for antibody
immobilization [53].

10.9 Other Potential Applications of Ferritin

Other than drug delivery, ferritin proteins have been widely explored for Magnetic
resonance imaging (MRI) applications. MRI is based on the relaxation process
of protons after they have been perturbed by a radio frequency pulse from their
aligned state in an external field [12]. To perform MRI, a contrast agent is needed
which can be further classified into two types, paramagnetic contrast agents such
as Gd(III), and superparamagnetic contrast agents such as iron oxide nanoparticles
(Fe3O4). Paramagnetic agents appear bright in T1-type images because they induce
an increase in signal intensity, while superparamagnetic agents appear dark in T2-
type images because they result in a decrease in signal intensity [12]. Normally,
the contrast of biological specimens depends on the varying water concentration of
the local environment and the concentration of contrast agent. Ferritin with an iron
oxide core has been used for a long time as a high-relaxivity (T2) probe for MRI
imaging [12, 14, 31]. The laboratory synthesis of magneto ferritin is straightforward
and is normally carried out under anaerobic conditions in the presence of either Ar or
N2. The reaction product is a homogeneous black-brown solution, in contrast to the
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blood-red color of native ferritin, which can be precipitated by high magnetic fields.
The formation of magneto ferritin can be best detected by transmission electron
microscopy. Recently, using magneto-ferritin, direct in vivo vascular imaging of
atherosclerotic plaques was successfully performed [54]. Furthermore, it was shown
that ferritin can also be used in visualizing tumor tissue without use of any contrast
agent [46]. In this study highly crystalline iron oxide nanoparticles were synthesized
within the interior cavity of ferritin and high quality MRI contrast images were
generated of various tumor tissues, including breast cancer [46].

10.10 Conclusions and Future Perspectives of Ferritin
in Nano-biology

Protein nanotechnology has emerged as a promising frontier in medical, diagnostic
and biotechnological applications. Protein cages are probably the most sophisti-
cated design of protein nanotechnology and they are very effective in improving
bioavailability and reducing toxicity of some known cytotoxic drugs. In addition,
protein cage particles, particularly generated from virus origin, have been found to
be extremely useful in treating disease like influenza, cancer and AIDS [55]. The
advantages of protein cages over other carriers include their high programmability,
low immunogenicity, high stability and biocompatibility. This means that specific
targeting can be achieved with protein cages, with minimum toxicity. Among
different available protein cages, ferritin appears to be extremely powerful in both
imaging and drug delivery. In recent years, different strategies for loading ferritin
with drugs, molecules and metals have been successfully explored. Extensive
research has also been carried out to increase the types of molecules encapsulated,
particularly in the case of non-metal-containing drugs. However, some aspects
need further investigation, such as the kinetic mechanism of drug release from
ferritin in vivo. Recently it has also been established that H-ferritin recognizes and
binds specifically to the transferrin (TfR1) receptor [14, 45]. Interestingly, TfR1
is over-expressed in many different cancer cells. Specific targeting of cancer cell
receptors enhances anticancer activity by selective inhibition of the affected cells,
and mediates a selective release of cytotoxic drugs. There are also reports suggesting
that cancer receptor targeting peptides or antibodies can be genetically fused with
the ferritin, and genetically modified ferritin remains active [12, 40]. However, we
still do not know how these modifications of ferritin alter the immunogenicity of
encapsulated nanoparticles. Another aspect which needs to be explored rigorously
is the possibility of combination therapy. Encapsulation of various drugs into the
same cavity may provide synergistic action against different diseases. Ferritin also
has important applications in the field of in vivo imaging. Many different ferritin-
based contrast agents have been developed in the last 10 years and used for
MRI, providing more sensitive imaging platforms with improved tumor detection
ability, in comparison to the contrast agents presently available in the clinic [31].
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However, toxicity, bioavailability and clearance of these nanocages loaded with
contrast agents needs to be understood more thoroughly before their translation into
the clinic. Overall, ferritin emerges as a very promising platform for imaging and
drug delivery. Physiological features (especially stability) and high programmability
makes the translation of ferritin nanocages from the bench to the clinic a realistic
possibility. Finally, the combination of imaging and therapeutic functionality into
ferritin nanocages seems to be the most prominent and fascinating frontier in
therapeutics.
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Chapter 11
DNA Nanotechnology for Building
Sensors, Nanopores and Ion-Channels

Kerstin Göpfrich and Ulrich F. Keyser

Abstract DNA nanotechnology has revolutionised the capabilities to shape and
control three-dimensional structures at the nanometre scale. Designer sensors,
nanopores and ion-channels built from DNA have great potential for both cross-
disciplinary research and applications. Here, we introduce the concept of structural
DNA nanotechnology, including DNA origami, and give an overview of the work
flow from design to assembly, characterisation and application of DNA-based
functional systems. Chemical functionalisation of DNA has opened up pathways to
transform static DNA structures into dynamic nanomechanical sensors. We further
introduce nanopore sensing as a powerful label-free single-molecule technique
and discuss how it can benefit from DNA nanotechnology. Especially exciting
is the possibility to create membrane-inserted DNA nanochannels that mimic
their protein-based natural counterparts in form and function. In this chapter we
review the status quo of DNA sensors, nanopores and ion channels, highlighting
opportunities and challenges for their future development.
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11.1 Self-Assembly with DNA

Desoxyribonucleic acid (DNA) is predominantly known as the molecule that carries
genetic information. Two complementary DNA strands are held together by the
Watson-Crick basepairing of adenine (A) with thymine (T) and cytosine (C) with
guanine (G) forming the iconic double helix [1]. While nature exploits the base
pairing in the replication and expression of genetic information, the same property
makes DNA an excellent material for molecular self-assembly. With a full helical
turn of 10.5 nm, a pitch of 3.3 nm and an anhydrated diameter of 2 nm, the
dimensions of the DNA double helix are inherently suited for precise architectural
control on the nanometre length scale. A linear DNA double helix, however, is
of not much use for construction. Transient branched DNA structures have been
found in nature, for instance as intermediates occurring during the process of genetic
recombination (Holliday junctions) [2, 3]. But only the realisation that it is possible
to engineer stable DNA branches through intelligent sequence matching opened up
the possibility to use DNA beyond its natural purpose as a nanomaterial for design
and construction [4, 5]. Over the past 30 years, structural DNA nanotechnology,
the science of building with DNA, has been developed tremendously and applied to
research questions across disciplines thanks to multiple developments:

1. Automated and high throughput synthesis of short DNA strands has become
available.

2. Off-the-shelf and custom-made chemical modifications of DNA have been
developed broadening the scope of DNA nanostructures.

3. The self-assembly of DNA nanostructures does not require specialised equip-
ment.

4. Computer-aided design tools specifically developed for DNA nanotechnology
make prototyping quick and accessible.

The following sections will give an overview of some of the most relevant
achievements in the field of DNA nanotechnology, including DNA origami, and
provide guidance for the design and characterisation of DNA nanostructures. We
will further discuss possibilities for the functionalisation of DNA.

11.1.1 DNA Lattices and Tiles

In 1982, Nadrian C. Seeman laid the intellectual foundation for the creation of
two- and three-dimensional lattices from DNA. He realised the possibility to
create immobile nucleic acid junctions by intelligent sequence design as shown in
Fig. 11.1a.

If complementary single-stranded DNA overhangs, so-called sticky ends, are
extended from this branched structure, it should be possible to link them up as illus-
trated in Fig. 11.1b, and eventually to construct crystalline “macromolecular valence
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Fig. 11.1 Milestone achievements implementing DNA lattices and crystals. (a) Schematic draw-
ing of an immobile nucleic acid junction of rank four as proposed by Seeman [4]. Each of
the four single-strands (green, red, blue and orange) is partially complementary to two others,
complementary single-stranded “sticky ends” induce multimerisation (b). Squares indicate 5’ ends
of the DNA, triangles indicate 3’ ends. (b) DNA lattice formed from the interconnected nucleic
acid junctions from A. By changing the rank of the junction, it should in principle be possible to
create versatile two-dimensional lattices and three-dimensional crystals from DNA [4]. (c) AFM
images of a DNA lattice by Yan et al. Each section consists of two parallel double-strands of
DNA, the nodes were functionalised with proteins. (Adapted from [6]. Reprinted with permission
from AAAS). (d) DNA crystal at 4 Å resolution based on a DNA tensegrity triangle. (Adapted by
permission from Springer Customer Service Centre GmbH: Springer Nature, Nature [7], copyright
2009)

clusters” from DNA [4]. This idea has in the meantime been employed to con-
struct two-dimensional DNA lattices characterised with atomic force microscopy
(AFM) [6, 8–10], see Fig. 11.1c. It has fully been realised with a DNA-based
crystal structure at 4 Å resolution [7] of an earlier DNA tensegrity triangle [11],
Fig. 11.1d. Since the location of an individual DNA sequence within the lattice
is known, positions are spatially addressable and DNA strands with functional
groups like proteins [6, 10] can be incorporated as required, see Sect. 11.1.4.7.
Additionally, self-assembly of branched DNA structures with a controllable number
of binding sites is a powerful tool to probe theories on algorithmic cluster growth
and emergence of fractal patterns [9, 12].
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Fig. 11.2 Self-assembly from single-stranded DNA tiles. (a) Single-stranded DNA tile motive
with four modular domains as proposed by Yin et al. [13]. A square indicates the 5’ end, a
triangle the 3’ end. (b) Unique tiles assemble into the designed secondary structure, whereby each
tile binds a complementary domain of four neighbouring tiles. Base pairs are indicated as grey
bars. (c) AFM images of two-dimensional DNA tile assemblies designed by Wei et al. (Adapted
by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature [14],
copyright 2012). (d) Ke et al. used single-stranded tiles to construct modular three-dimensional
DNA bricks. (Adapted from [15]. Reprinted with permission from AAAS)

Apart from branched junctions, single-stranded DNA bricks or tiles are popular
motifs in DNA nanotechnology. 32–42 base long single-strands, divided into four
domains as shown in Fig. 11.2a, bind to their local neighbours, Fig. 11.2b. Such
DNA tiles have been used to program DNA tube circumferences [13] or to construct
complex finite-size two- [14] or three-dimensional structures [15], see Fig. 11.2c, d.

11.1.2 DNA Origami

The basic element of most common forms of structural DNA nanotechnology is
the four-way DNA junction that allows for the construction of complex objects.
One of the most promising techniques for creating large finite-size structures
was invented by realising that a long DNA single-strand can be forced into
almost any configuration by using short complementary DNA strands. Inspired by
previous work [16, 17], Paul Rothemund folded a seven kilobase long single-strand
of DNA into a predefined shape by choosing around 200 short complementary
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Fig. 11.3 Self-assembly of DNA origami. (a) A Viral single-strand of DNA (“scaffold”, grey)
is mixed with an excess of short synthetic oligonucleotides (“staples”, multicoloured). (b) Via
complementary base-pairing, the staples fold the scaffold into the pre-designed shape. Base pairs
are indicated as grey bars. Only a small section of the DNA origami is shown. To fold the
entire scaffold, around 200 staples are required. (c) Paul Rothemund’s first demonstration of
two-dimensional DNA origami. (Adapted by permission from Springer Customer Service Centre
GmbH: Springer Nature, Nature [18], copyright 2006). (d) First three-dimensional DNA origami
nanostructures by Douglas et al. (Adapted by permission from Springer Customer Service Centre
GmbH: Springer Nature, Nature [19], copyright 2009). (e) Extension to curved DNA origami by
Dietz et al. (Adapted from [20]. Reprinted with permission from AAAS). (f) Rendering of arbitrary
polyhedral meshes from DNA origami by Benson et al. (Adapted by permission from Springer
Customer Service Centre GmbH: Springer Nature, Nature [21], copyright 2015). All structures are
tens of nanometres across

oligonucleotide staples. The DNA origami concept is illustrated in Fig. 11.3a, b.
The long scaffold is normally obtained by extracting the genomic DNA of a virus,
often the M13mp18 phage with its single-stranded genome, while the short staples
can be synthesised as required.

Both scaffold and staples are commercially available, making DNA origami
accessible to a broad community of scientists. The development of computer-aided
design tools for DNA origami [22], described in detail in Sect. 11.1.3, streamlined
the process of prototyping making it achievable in four simple steps: In the first
step, the desired shape is approximated by a lattice-based scaffold path. Secondly,
staple pathways complementary to the scaffold are assigned in such a way that
the target structure is the single most stable configuration, see Fig. 11.3b. Since
the base sequence of the scaffold is known, this step defines the staple sequences.
Thirdly, these 18–50 bases long sequences are chemically synthesised, often using
commercial services. As a last step, the scaffold is mixed with an excess of staples
and exposed to a distinct temperature gradient to enable correct hybridisation.
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This process reliably allows for the creation of microgram quantities of identical
nanostructures in a simple and robust one-pot reaction. With all these tools at hand,
it is not surprising that the DNA origami community grew quickly, contributing to
new developments and notable achievements across different disciplines.

Paul Rothemund invented DNA origami in 2006, famously exemplified with
the nanoscale smiley face shown in Fig. 11.3c [18]. Douglas et al. were the first
to create three-dimensional structures from DNA origami, Fig. 11.3d [22]. Possible
DNA geometries were expanded further by Dietz et al. who created the curved DNA
structures in Fig. 11.3e [20], and Benson et al. who demonstrated a general method
for rendering of polyhedral meshes with DNA origami, Fig. 11.3f [21].

11.1.3 Design and Assembly of DNA Nanostructures

In this section, we discuss the design rules for structural DNA nanotechnology,
introduce computational frameworks that facilitate the prototyping process and
discuss conditions for assembly and storage of DNA nanostructures.

11.1.3.1 Conceiving the Target Shape

The design of a new DNA nanostructure will depend on the functional requirements
for its envisioned application. The first decision to make is whether to use scaffolded
DNA origami, see Sect. 11.1.2, or a DNA tile approach where the structure is
assembled from short single-strands, Sect. 11.1.1. When using a kilobase long
scaffold, the size of the DNA nanostructure immediately falls into the megadalton
regime. The achievable concentrations are limited by the scaffold concentration and
placing modifications on the scaffold strand is challenging. Therefore, assembly
from short single-strands is useful when the target structure is smaller or has
repeating structural units like lattices [10] or tubes [13]. Assembly from single-
strands, however, becomes less efficient (12–17% yield [14]) for large finite-size
assemblies, which is why scaffolded DNA origami is then often the method of
choice. Additionally, many of the software tools described in Sect. 11.1.3.3 have
been developed specifically for DNA origami making its design relatively straight-
forward. The final yield of a DNA origami structure will depend on the design,
the assembly conditions and the chosen scaffold. A good scaffold should have little
internal sequence complementarity and secondary structure, like the M13mp18 viral
DNA [18]. An additional benefit of selecting one of a few commonly used scaffolds
is that they can be purchased from vendors like New England Biolabs or Tilibit. To
obtain smaller structures, one can either cut the scaffold to the desired length using
restriction enzymes [23, 24] or rely on the synthesis of a long custom DNA sequence
(e.g. Ultramers from Integrated DNA Technologies), which can then be employed
as a scaffold strand.
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11.1.3.2 Crossover Rules for DNA Nanostructures

The natural geometry of B-form DNA sets several rules for the design of DNA
nanostructures, specifically for the placement of crossovers interconnecting adjacent
DNA helices. 10.5 base pairs complete a full helical turn meaning that the angle
between two base pairs is approximately 34.3◦. If arranged on a hexagonal lattice,
there is a 240◦ angle between neighbouring helices. In order to avoid twist and
axial strain [20], a crossover should be placed where the base is pointing in the
direction of the neighbour. This happens in constant intervals of 240◦ or equivalently
seven base pairs as illustrated in Fig. 11.4a. On a square lattice, where each helix
has four immediate neighbours, crossover positions occur every 270◦ or 7.875 base
pairs, see Fig. 11.4b. For convenience, a constant eight base pair crossover spacing
is often chosen. Global twisting torques can be avoided by either deviating from
constant crossover spacing or by introducing base-skips leaving one base of the
scaffold unpaired [25]. For other helical geometries similar considerations have to
be made. By violating crossover spacing rules on purpose, one can create twisted
and curved structures from DNA [20].

Both scaffold and staple strands are available for crossovers. A common
approach is to interconnect helices with a high density of staple crossovers and
reduce the number of scaffold crossovers. Generally, scaffold crossovers should be
shifted by 180◦ or five to six bases relative to the staple crossovers [26]. It is possible
that staples interconnect more than two DNA helices while undergoing multiple
crossovers, as long as their length is roughly between 18–50 bases. While the lower
limit ensures stable binding at room temperature (RT), convenient synthesis at low
cost and high purity set the upper limit. Equally, scaffold or staple regions within

Fig. 11.4 Illustration of crossover rules for structural DNA nanotechnology. (a) Cross-sectional
view of a three-dimensional DNA origami object with hexagonal packing. Suitable crossover
positions exist every 7 base pairs along the helical axis, interconnecting a duplex with its three
nearest neighbours. (b) Cross-sectional view of a three-dimensional DNA origami object on a
square lattice. Crossover positions to the four nearest neighbours can be found every 7.875 base
pairs. Equidistant crossover spacing will hence induce a global twist
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Table 11.1 Overview of geometrical and molecular features of B-DNA for structural DNA
nanotechnology

Geometry attribute Approximate value for B-DNA

Helix sense Right-handed

Rotation per base pair 34.3◦

Rise per base pair 3.32 Å

Basepairs per helical turn 10.5

Width of anhydrated DNA duplex 2 nm

Average weight of nucleotide (phosphate group + sugar +
base)

650 Da

Persistence length 35 nm

Absorbance maximum 260 nm

Ratio of absorbance at 260 and 280 nm (A260/280) 1.8

Average weight of nucleotide (phosphate group + sugar +
base)

650 Da

Charge of nucleotide −e (−1.6 × 10−19 C)

the structure can be left single-stranded, for instance for the later attachment of
functionalised oligomers, as flexible hinges [27, 28], to support tensegrity structures
[29] or, most commonly, to prevent unwanted base-stacking interactions between
structures [18, 19]. An overview of useful values for structural DNA nanotechnology
is presented in Table 11.1.

11.1.3.3 Computational Tools for DNA Nanotechnology

Multiple software tools have been developed to aid the design of DNA nanostruc-
tures. Without any claim to completeness, the following paragraphs describe some
of them.

caDNAno

caDNAno is an open-source DNA origami design software developed by Douglas
et al., available at http://cadnano.org/ [22]. Multiple online tutorials offer guidance
for inexperienced users and template designs are available for download. caDNAno
exists as a stand-alone programme as well as a plug-in for Autodesk Maya providing
an interface for three-dimensional visualisation. Possible DNA geometries are
limited to hexagonal and square lattices. While caDNAno has been developed for
scaffolded DNA origami, the scaffold path can later be broken up into short strands
if the target structure is scaffold-free. Once a known DNA sequence has been
assigned to the scaffold, a set of complementary staples is generated upon a single
mouse-click. Having placed crossovers by following the embedded rules, the staple
sequences can be exported as a spreadsheet and the design-file can be submitted to
CanDo for structural analysis.

http://cadnano.org/
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SARSE

SARSE is an earlier software package available at http://www.cdna.dk/index.
php/software.html for the automatic generation of two-dimensional DNA origami
structures [30]. It includes a bitmap reader to import any shape as a design object
and generates an atomic model. Conveniently, it tracks the design history and has a
fully extendible toolbox.

Tiamat

Tiamat is a graphical user interface for efficient modelling of large DNA nanos-
tructures beyond DNA origami [31]. DNA duplexes can be placed freely in the
three-dimensional space offering more flexibility than caDNAno. It includes a
convenient visualisation tool.

CanDo

CanDo, http://cando-dna-origami.org/, is a free online tool to predict the three-
dimensional shape and flexibility of scaffolded and scaffold-free DNA nanostruc-
tures in solution using finite-element analysis [26]. It can thus help to make design
choices before the more cost- and time-intensive DNA synthesis. The structural
predictions are regularly improved and updated [32]. Combining caDNAno and
CanDo, one can be relatively certain that a new DNA origami design will assemble
as designed – merely the yield remains uncertain.

NUPACK

NUPACK, http://www.nupack.org/, is a free online tool for the analysis and
the design of secondary structures of one or more interacting DNA sequences
[33]. It is especially useful to inform the choice of DNA sequences for small
scaffold-free DNA nanostructures. For such structures, NUPACK’s thermodynamic
analysis can help select sequences without stable secondary structures and unwanted
complementaries with other strands. A favourable set of DNA sequences will reduce
the assembly times and produce a higher yield of the target structure.

vHelix

vHelix, http://www.vhelix.net/, is a free plug-in for Autodesk Maya, similar to
caDNAno, which enables straightforward rendering of polyhedral meshes from
DNA [21].

http://www.cdna.dk/index.php/software.html
http://www.cdna.dk/index.php/software.html
http://cando-dna-origami.org/
http://www.nupack.org/
http://www.vhelix.net/
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11.1.3.4 Assembly and Stability of DNA Nanostructures

Design and assembly conditions are equally important to obtain uniform DNA
nanostructures at high yield. Once a DNA nanostructure has been designed, the
DNA needs to be synthesised, often relying on commercial services which include
purification – standard-desalting is sufficient for unmodified staples, e.g. from
Integrated DNA Technologies or Biomers. The first step in the assembly process
is the preparation of a staple mix with equimolar concentrations of all constituent
DNA staples. For scaffolded DNA origami, staples are added to the scaffold strand
in five to tenfold excess. Excess staples can displace unwanted secondary structure
by strand invasion helping to prevent misfolding [18] or cross-linking of two
scaffolds. For the folding reaction, the DNA mix is supplemented with magnesium
chloride and pH-stabilising buffer, often 40 mM Tris-HCl, 45 mM boric acid, 1 mM
EDTA, pH 8.2 (0.5× TBE). The magnesium chloride acts as a charge-screening
agent to reduce electrostatic repulsion between the densely packed DNA duplexes.
The required magnesium chloride concentration will depend on the architecture
of the DNA nanostructure. It is advisable to assemble a new structure at a range
of magnesium chloride concentrations and determine the optimum concentration
via gel electrophoresis as described in Sect. 11.1.4.3. For small simple DNA tiles,
2 mM MgCl2 can be sufficient, whereas multilayer DNA origami often requires
10–20 mM. Magnesium chloride can be replaced with increased concentrations
of monovalent salts [34], allowing for DNA nanostructures to be assembled in
a variety of buffers including phosphate-buffered saline (PBS) [35]. Assembly of
DNA nanostructures is normally achieved via thermal annealing. The folding mix is
heated to 80 ◦C to melt any secondary structures and subsequently cooled to RT over
a few hours [18] or days [19]. UV melting profiles can help to optimise the annealing
protocol, see Sect. 11.1.4.2. Simple scaffold-free designs with optimised sequences
can be assembled at RT within minutes [36]. Isothermal assembly is also achievable
for more complex structures under the right conditions [37, 38]. After assembly,
buffer conditions are less crucial than during the folding process, increasing the
possibilities for applications. DNA nanostructures are often stable in a range of
buffer conditions for a certain period of time, including overnight-incubation in cell
culture medium or acidic buffers of pH 2.0 [26]. Unmodified DNA nanostructures
can normally be stored at 4 ◦C for weeks. For longer time periods, it is beneficial to
freeze a sample whilst avoiding too many freeze-thaw cycles.

For most applications, scaffolded DNA origami requires purification from excess
staples and from potentially misfolded structures. This can be achieved in many
different ways, for instance via ultrafiltration, gel extraction, PEG precipitation or
magnetic bead capture. Shaw et al. provide guidance to obtain the best recovery
yield depending on the target structure and its functionalisations [39].
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11.1.4 Experimental Characterisation of DNA Nanostructures

After assembly, it is essential to assess and to quantify the quality of the DNA
product. While the level of detail of the characterisation will depend on the target
application, there is a number of routine experiments to demonstrate successful
folding.

11.1.4.1 UV-Vis Spectroscopy

After purification of the DNA origami, the ultraviolet-visible (UV-vis) spectrum
gives a first insight into the obtained yield and the purity of the sample. DNA
has an absorption maximum at 260 nm [40], a typical UV spectrum is shown in
Fig. 11.5a. Using the Beer-Lambert law [41], one can directly relate the amount
of light absorbed to the concentration of the absorbing molecule. At a wave-
length of 260 nm, double-stranded DNA has an average extinction coefficient of
0.020 (μg/ml)−1 cm−1. Thus, an Absorbance of A = 1 corresponds to a DNA
concentration of 50 μg/ml. This method for the determination of concentration
is valid up to at least A ≤ 2 [42]. Low-volume UV-vis spectrophotometers can
reliably detect DNA at low concentrations down to a few ng/μL. Since the light
is absorbed by the aromatic bases, the extinction coefficient of single-stranded
DNA with unpaired bases is higher, approximately 0.027 (μg/ml)−1 cm−1. This
number is, however, affected by the length and the base composition for short
oligonucleotides [42]. When preparing a DNA sample, it is possible to introduce
impurities, like proteins or other organic molecules. While good laboratory practice
will help minimise the risk of contamination, the UV spectrum offers a useful
control measure. The 260/280 absorbance ratio, A260/280, of pure DNA lies around
1.8 [40]. Protein contamination, for instance, can be detected in the UV spectrum
because it will result in A260/280 < 1.8. UV spectroscopy should be repeated every
time a DNA nanostructure is assembled, as it is a convenient way of obtaining some
information about a DNA sample. It does, however, not give any insights about the
shape of the DNA nanostructures or the homogeneity of the sample.

11.1.4.2 UV Melting Profile

On a UV spectrophotometer with temperature control, a measurement of the melting
profile can directly follow the determination of the UV spectrum. While increasing
the temperature, typically at a rate of around 0.25 ◦C/min to allow for equilibration
inside the measurement cuvette, the absorption at 260 nm is determined. At a certain
temperature, when the double-stranded DNA melts into its constituent single-
strands, a pronounced increase in absorption can be observed. A typical melting
profile is shown in Fig. 11.5b. The melting temperature is defined as the inflection
point of the melting curve, which is why it is common to plot the first derivative
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dA/dT . The melting temperature can then directly be determined via peak fitting.
While the melting temperature is concentration and buffer dependent, it typically
lies between 50 and 65 ◦C for DNA origami and other DNA nanostructures [26],
which is below the melting temperature of the individual strands. This is caused by
electrostatic repulsion and mechanical strain resulting from the tight packing.

Measuring the melting profile is useful for two reasons: First, a well-defined
melting transition is indicative of cooperative melting behaviour, which is expected
for homogeneous and well-folded DNA nanostructures [44]. It can, however, not
be understood as a definite proof for correct folding. Second, the melting point can
inform the process of optimising the annealing protocol of DNA nanostructures
to achieve better yield and shorter annealing times. The percentage of correctly
folded structures can be increased by reducing the temperature gradient just before
reaching the melting temperature, while the rest of the annealing process can be
sped up [45].

11.1.4.3 Gel Electrophoresis

As one of the most common experimental techniques in molecular biology, gel
electrophoresis is a powerful and essential tool in the characterisation of new DNA
nanostructure designs. The negatively charged DNA migrates across the porous gel
against the direction of the applied electric field. The migration speed will depend on
the applied voltage [46], the pore size of the gel [47, 48], the ion concentration and
composition of the buffer as well as the size and the shape of the DNA nanostructure
[49]. In order to gain the most useful information from a gel, the pore size has to
be chosen according to the size of the nanostructure. Generally, two types of gels
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Fig. 11.5 (a) Typical UV-vis spectrum of a DNA sample with its absorbance maximum at
A = 260 nm. A260 is used to quantify the DNA concentration, for a sample without impurities
A260/A280 = 1.8. (b) UV melting profile, obtained by applying a linear heating ramp and
monitoring the absorbance at 260 nm. The melting temperature Tm is defined as the inflection point
of the melting profile. The displayed data was obtained from a four-helix DNA tile structure [43],
the background absorbance was subtracted
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Table 11.2 Recommended gel percentages for optimal resolution of linear DNA. (Adapted from:
Agilent technologies)

Polyacrylamide gels Agarose gels

DNA size range Gel percentage DNA size range Gel percentage

100–1,000 bp 3.5% 1,000–30,000 bp 0.5%

75–500 bp 5.0% 800–12,000 bp 0.7%

50–400 bp 8.0% 500–10,000 bp 1.0%

35–250 bp 12% 400–7000 bp 1.2%

20–150 bp 15% 200–3,000 bp 1.5%

5–100 bp 20% 50–2,000 bp 2.0%

are used: Polyacrylamide gel electrophoresis (PAGE) is optimal to separate small
DNA nanostructures of 5–1,000 base pairs, whereas scaffolded DNA origami and
nanostructures between 50 and 30,000 base pairs, are studied in agarose gels. The
polyacrylamide or agarose concentration will determine the pore size of the gel
[47, 48]. Table 11.2 offers guidance to select a suitable gel concentration for the
designed nanostructure.

In a uniform sample, all DNA nanostructures are expected to migrate at the same
speed, whereby small structures migrate faster than larger ones. After staining the
gel in a bath solution supplemented with an UV-sensitive intercalating dye, the
position of the DNA within the gel can be visualised using UV transillumination.
Structures of similar size and shape are visible as a clear distinct band. Gels of
DNA nanostructures sometimes show a second band at a slower migration speed,
which can often be attributed to the formation of dimers. The relative intensity of
the bands allows for conclusions on the abundance of different structures within
a DNA sample. By cutting individual bands out of a gel and extracting the DNA
from them, it is possible to purify a DNA sample from unwanted structures. It is
essential to run gels in the presence of magnesium ions to ensure structural integrity
of the sample. A DNA ladder with linear DNA fragments of different length can
be used for reference. The gel should typically be loaded with 5–100 ng of DNA,
whereby the optimum amount will depend on gel composition, running conditions
and staining. For detailed advice and troubleshooting on gel electrophoresis of DNA
samples see [42].

11.1.4.4 Dynamic Light Scattering

Like gel electrophoresis, dynamic light scattering (DLS) allows for conclusions on
the size distribution of DNA nanostructures in solution. It is mainly useful for small
DNA structures, where direct imaging via AFM and TEM is more difficult and less
conclusive. The hydrodynamic radius of particles is determined by shining a laser
onto a sample, collecting the scattered light and analysing temporal fluctuations of
the scattered intensity trace. The autocorrelation function in the time domain decays
faster for smaller particles, because Brownian motion causes them to move faster
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than large particles. DLS does, however, not allow for conclusions regarding the
shape of a DNA nanostructure, as all particles are approximated as spheres with a
certain hydrodynamic radius. For details regarding DLS measurement and analysis
see [50].

11.1.4.5 AFM and TEM

Due to the dimensions of DNA origami and other DNA nanostructures, only
atomic force microscopy (AFM) and transmission electron microscopy (TEM) offer
sufficient resolution to obtain precise structural information. At the same time,
these imaging techniques are the most convincing and reliable evidence for the
correct assembly. In AFM, a sample is raster-scanned with a cantilever that has
a very sharp tip attached to it. The interactions between the tip and features on
the sample can be measured through changes in cantilever bending or vibrational
frequency, which are detected by collecting the reflection of a laser beam directed
onto the cantilever. This information is used to reconstruct the surface topology.
AFM imaging of DNA nanostructures is carried out in tapping mode, where the
cantilever is driven to oscillate up and down near its resonance frequency. The height
of the cantilever is controlled to maintain constant oscillation amplitude. The image
is thus produced by determining the force of the intermittent contacts of the tip with
the sample. It is possible to use a dry sample, where the DNA is deposited onto
a mica surface. While this is often sufficient to confirm the structural integrity, it
should be noted that hollow DNA structures can collapse during the drying process
[51]. The apparent height of a DNA duplex imaged in air is only around 0.7–1 nm
[52] likely because the DNA collapses and is immersed in a salt layer [53]. When
imaging in liquid, DNA nanostructures are visualised in their native environment.
Tip compression and tip deconvolution can still alter the observed dimensions. With
high-speed AFM, dynamic processes can be monitored. Nanomechanical switching
[54, 55], attachment of ligands to a DNA platform [6, 10] or cluster growth [56]
have been studied using AFM imaging. A detailed protocol can be found in [57].

While the working principle of a TEM is completely different from an AFM, both
imaging techniques obtain comparable resolution for DNA nanostructures [58]. In
TEM, a focussed electron beam is transmitted through the sample and an image is
generated by detecting the interaction of the transmitted electrons with the sample
[59]. Due to the small de Broglie wavelength of electrons, the resolution is greatly
enhanced compared to light microscopes. With high-resolution cryo-TEM images,
it is possible to identify individual crossovers within a DNA origami structure [60]
and to visualise DNA origami together with organic structures like lipid vesicles
[61]. TEM is well-suited for hollow three-dimensional structures, as it circumvents
problems with tip-compression in AFM. For two-dimensional structures, however,
the contrast of TEM images is often not as good, which is why AFM is then the
method of choice. Moreover, TEM cannot be used to image living cells, as it requires
a vacuum. Details on TEM imaging can be found in [59].
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11.1.4.6 DNA-PAINT

DNA-PAINT, or “DNA-based point accumulation for imaging in nanoscale topog-
raphy”, is a super-resolution imaging method. Super-resolution is obtained by
temporally switching each target between a fluorescence on-state and an off-state,
and determining their respective positions with sub-diffraction limit precision.
DNA-PAINT uses transient binding of short fluorescently labelled single-strands
of DNA to achieve a resolution down to 5–10 nm [62]. Unlike in AFM and TEM,
DNA-PAINT offers chemical specificity due to the required hybridisation and even
single-stranded DNA can be visualised [63].

11.1.4.7 Functionalisation of DNA

With all the tools at hand, the creation of new shapes from DNA is no longer
the main challenge in the field of structural DNA nanotechnology. We are expe-
riencing a shift from mere structures to functional nano-objects with diverse
applications. This is only achievable thanks to the possibility of site-directed
chemical modification of DNA with functional groups. Commercially available
amino- or thiol-modified oligonucleotides often serve as a starting point for the
covalent attachment of the selected crosslinker. Proteins and aptamers have been
attached to DNA nanostructures for biomimetic enzyme cascades [64, 65], single
molecule detection [66], cellular recognition [67, 68] or controlled substrate release
[67, 69]. Gold [70–72] and silver nanoparticles [73, 74] and quantum dots [75]
have been incorporated into DNA nanostructures for plasmonic applications [76].
DNA-based polyhedral meshes [21] have recently been used to assemble crystalline
nanoparticle-DNA frameworks [77]. Attachment of carbon nanotubes [78] and
metallisation of DNA structures [79] may lead to the fabrication of new nanoma-
terials for electronics. Responsive polymers offer scope for the creation of DNA
nanostructures that reversibly change conformation as a response to external stimuli
such as light [72, 80] or pH [81]. Fluorescent dyes and quenchers are commonly
incorporated for visualisation purposes or to monitor conformational changes of
DNA nanostructures, see Sect. 11.2.1. They have also been used to study light
harvesting on DNA platforms [82]. Fluorescently tagged DNA nanostructures have
found commercial use as standards for superresolution microscopy [83]. Lipophilic
modifications, such as cholesterol or porphyrin tags, will be discussed in more
detail in the context of the synthetic DNA-based membrane pores in Sect. 11.3.3.
They have further been employed to promote cellular uptake, for two-dimensional
assembly of DNA nanostructure arrays [56], or to scaffold [84] and bend vesicles
[85]. Some functionalised custom oligomers, including fluorescent or lipophilic
tags, can be purchased from vendors like Integrated DNA Technologies or Biomers.
Combination of synthetic nucleic acids, like peptide nucleic acid (PNA) [86] XNA
[87], with DNA nanostructures may protect them from enzymatic digestion in living
systems and offers control over the backbone charge [88]. Achieving a sufficient
yield of the final purified product is still the main challenge for the integration of
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many heteroelements into DNA nanostructures. An additional challenge for some
applications, like DNA-based synthetic light harvesting systems [82], is the lack of
control over the orientation of the functional groups. Without chemical modification,
dynamic motion of DNA nanostructures can be achieved by strand displacement,
where the target strand is equipped with a single-stranded DNA toehold. The
addition of a DNA strand which binds to the toehold and has higher sequence
complementarity to the target strand will then replace a previously bound strand
[89]. This mechanism has been employed for DNA-based logic gates [90], catalysed
reaction circuits [91] or synthetic molecular motors [92].

The long-term prospects of structural DNA nanotechnology will depend on its
success in constructing sophisticated nano-machines driving active and functional
behaviour at a capacity that is unmatched by competing forms of nanotechnology.
Until stability, scalability and cost issues are addressed, DNA nanotechnology will
mainly be employed to address specific research questions. Yet thanks to the scope
of chemical functionalisation, DNA sensors and nanopores have made remarkable
progress towards viable applications beyond the research community. These will be
discussed in the following section.

11.2 DNA Sensors and Nanopores

Living cells have developed an intriguingly complex sensory machinery to detect
changes in their environment. Molecular control circuits help convert the sensor
information into a reliable motor response adapting to environmental factors.
Remarkably, in vitro DNA nanotechnology has made progress towards constructing
molecular sensory devices. Applications of DNA sensors range from disease
diagnostics to environmental screening or fundamental research. Single-molecule
resolution can be achieved and is highly desirable for precise quantification and
when a sample is scarce. As of today, DNA-based sensors are one of the most
successful applications of structural DNA nanotechnology. They are either based
on nanomechanical actuation or nanopores for biosensing.

In this section, we will describe the working principle of nanomechanical
DNA sensors, review excising devices and discuss the potential for future ones.
We will then introduce nanopore sensors as a label-free single-molecule sensing
technique and discuss how DNA nanotechnology can enhance this type of sensors.
DNA origami nanopores are finally presented as an addition to existing types of
nanopores. Liu et al. [93] and Chandrasekaran et al. [94] have written detailed
and comprehensive overviews on DNA-based sensors, we just aim to give a brief
overview.
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11.2.1 Nanomechanical DNA-Based Sensors

In a common approach for the fabrication of DNA-based sensors, the DNA
nanostructure is designed to undergo a detectable conformation change in response
to a signal. This requires a shift from static structures towards dynamic DNA
nanotechnology achieved by chemical functionalisation or strand displacement, see
Sect. 11.1.4.7 [92]. Sections of single-stranded DNA can serve as flexible hinges
interconnecting stiff regions of double-stranded DNA. Since the DNA nanostructure
can only amplify the signal, a detection mechanism is still required. The confor-
mational change of a larger DNA structure can easily be observed in AFM and
TEM as described in Sect. 11.1.4.5. Alternatively, a FRET (Förster resonance energy
transfer) pair of fluorescent dyes can be placed on the DNA nanostructure. The
donor fluorophore is excited and emits at the right wavelength to excite the acceptor.
The Stokes-shifted longer-wavelength emission of the acceptor is then detected.
Since the energy transfer efficiency between the two fluorophores depends on their
distance with an inverse 6th-power law, the fluorophore emission is a sensitive
measure for the conformation of a DNA nanostructure if the dyes are placed
appropriately. Using this approach, a straightforward bulk measurement of the
emission spectrum is sufficient to detect conformational changes, and surface immo-
bilisation is not required. Single-molecule FRET can be carried out in addition.
Other detection methods for nanomechanical DNA switches involve fluorescent
quenchers [95], nanoparticles, colorimetric and electrochemical sensing techniques,
gel electrophoresis [96], microfluidics, optical tweezers [97] or magnetic resonance
imaging (MRI) contrast agents. DNA sensors with picomolar detection limits and
over million-fold selectivity have been reported [95].

Nanomechanical DNA sensors can be based on large DNA origami structures
or small functional nucleic acids. Regarding their functionality, they can broadly
be divided into two classes: sensors that detect molecules or ions and sensors that
detect environmental factors, like temperature or pH.

11.2.1.1 Molecular Sensors

Proteins, DNA and ribonucleic acid (RNA) have been detected employing variations
of DNA origami or smaller nucleic acid-based sensors [98, 99]. The mechanical
response of a DNA nanostructure has also been used to assess DNA repair activity
[100] or to detect single-base polymorphisms in double-stranded genomic DNA
[101]. Not just molecules, also ions have been detected, employing salt-dependent
sequence motifs, like the G-quadruplex or metal-ion-bridged duplex nucleic acids
structures [98, 99, 102–104]. A mercury sensor based on functional nucleic acids
was integrated into dip-stick tests, making it practical for point-of-care diagnostics
[95]. Some DNA-based sensors have been employed in vivo for the detection of
messenger RNA as disease markers [105] or cell surface markers [99, 106]. These
approaches may lead to the development of “smart drugs” capable of making
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autonomous decisions and releasing a molecular payload if appropriate. The cancer-
targeting DNA origami drug delivery vehicle by Douglas et al. [69] and the DNA
logic gates for drug release tested in living animals [107] can be seen as proof of
principle for such devices.

11.2.1.2 Environmental Sensors

Environmental factors, such as temperature, pH, light or electric field can directly
affect the conformation of DNA nanostructures or indirectly prompt a mechanical
response mediated by functional groups. DNA-based sensors with pH-sensitive i-
motifs have successfully been used to map pH changes inside living cells [108, 109].

All sensors described until now can be classified as nanomechanical sensors,
where the sensing molecule triggers a mechanical switch. The sensing mechanism
of nanopores, described in the next section, does not rely on such a conformation
change.

11.2.2 Nanopores for Single-Molecule Detection

In the first instance, a nanopore is nothing but a nanometre-sized hole in an
insulating material. But by applying a voltage across a nanopore immersed in an
electrolyte solution, one employs it as a powerful, albeit simple single-molecule
sensor. The applied voltage induces an ionic current. Charged analytes are driven
through the pore via electrophoresis, stochastically blocking part of the passage for
ions. The current blockade signal can be used to detect the analyte, while its duration
and magnitude provide information about charge, length and conformation of the
molecule [110]. In this way, nanopores can be employed for the label-free detection
of nanometre-sized particles, but the sensing mechanism is applicable across scales
– as long as the size of the pore matches the size of the analyte. A Coulter counter,
invented by Wallace H. Coulter in 1953 [111], uses the described principle to detect,
size and count cells and other particles between 400 nm and 1 mm [112, 113]. The
brilliantly simple and broadly applicable sensing mechanism based on this resistive
pulse principle is illustrated in Fig. 11.6a, b. A big advantage of nanopore sensors
compared to the nanomechanical sensors described in Sect. 11.2.1 is that they can be
employed as multi-purpose sensors. Whereas previous sensors had to be designed
for a specific molecule, nanopores can in principle detect a broad range of different
molecules in solution.

Bezrukov et al. were the first to demonstrate that a molecular-scale Coulter
counter can indeed detect single polymers (polyethylene glycol) in solution [114].
The sensing nanopore itself was taken from nature, where nanopores are ubiquitous
as molecular gatekeepers of cellular function. Biological protein nanopores are
embedded in the membranes of all cells, where they control the selective transport
of ions and biomolecules, see Sect. 11.3.1. The challenge for the field of nanopore
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Fig. 11.6 Resistive pulse sensing. (a) Schematic illustration of a general Coulter counter and its
key components. Two reservoirs containing an analyte species, immersed in an electrolyte solution,
are connected via an aperture. A voltage is applied across the aperture while the ionic conductance
is recorded. The passage of an analyte across the aperture via the positions 1,2 and 3 causes a
characteristic resistive pulse signal as illustrated in (b). Conductance drop �G and passage time
�t contain information about the dimensions and the charge of the analyte. (c) Engineered solid-
state nanopores, like graphene (i), silicon nitride (ii) or glass (iii) nanopores, and natural protein
pores, like α-hemolysin (iv), have been employed for resistive pulse sensing on the nanoscale to
detect single molecules

sensing was to find a protein nanopore which is large enough for the passage of
macromolecules and remains open for a sufficiently long period of time. Most
protein pores show stochastic opening and closing which could potentially be
misinterpreted as molecular translocation events. The bacterial toxin α-hemolysin,
however, proved to be ideally suited for the purpose of nanopore sensing and became
the most widely used sensing pore [110]. Its crystal structure showed a 10 nm long
solvent-filled channel with a constriction of 1.4 nm diameter [115]. Kasianowicz
et al. demonstrated that α-hemolysin can be used to detect single-stranded DNA
and RNA [116]. This result quickly inspired researchers to refine the technology for
the purpose of rapid DNA sequencing [117–119], even though the idea of nanopore
sequencing had already been sketched out much earlier by David Deamer [120].
The assumption here is that the interaction between the nanopore and the DNA is
base-specific [117]. While different oligonucleotides could indeed be distinguished
[121], single-base resolution required mechanisms for slowing down and controlling
the translocation process. Genetic engineering of the protein pore proved to be a
promising approach [122]. The attachment of DNA polymerases [123, 124] and
exonucleases [125] to the pore were major steps towards nanopore sequencing.
Today, nanopore arrays for real-time sequencing are commercially available [126–
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128] and have been employed for several sequencing tasks [129–131]. While
competing technologies remain the state of the art, the advantages of portable
real-time sequencing devices have been demonstrated for Ebola surveillance [131]
and aboard the International Space Station [132]. While nanopore-based DNA
sequencing has attracted much attention, the native or genetically engineered α-
hemolysin has also been used to detect many other analytes including small organic
molecules [133] or even ions [134].

Apart from protein nanopores, pores in solid-state materials have advanced
the field of nanopore sensing. Using nanofabrication techniques, such as ion or
electron-beam lithography, single pores can be obtained in materials like silicon
nitride [135, 136]. Nanopores in graphene, reducing the material thickness down
to a single atomic layer, promise high sensitivity [137, 138]. Even simple low-
cost glass capillaries have been employed to detect DNA [139] and proteins [140].
By combining ionic current measurements with force measurements using optical
tweezers, it is possible to obtain additional information about the translocating
molecule [141]. The advantage of solid-state pores are their high stability under
a wide range of conditions and their tunable diameters. Even though surface
modification with polymers [142], DNA [143] or proteins [144] offers routes to
control translocation, the atomic precision and reproducibility of protein pores with
the possibility of site-specific mutation remains unmatched. Protein sequencing with
nanopores remains an interesting challenge in the field [145].

11.2.3 DNA Nanotechnology for Enhanced Nanopore Sensing

In principle, nanopores are ideally suited as general-purpose sensors capable of
identifying a range of different molecules, beyond DNA, in minimal sample
volumes [146]. Yet despite all achievements in the field of nanopore sensing,
detecting a molecule in a mixture of others remains challenging. Given that even
an isolated molecule can exhibit different current signatures depending on its
folding state in the moment of translocation [139], a multitude of similar complexes
becomes virtually indistinguishable. This challenge is sketched out in Fig. 11.7a,
b. While receptor-modified sensing pores offer molecular specificity [133], the pore
can then no longer be used as a general sensor for simultaneous detection of a variety
of analytes.

Structural DNA nanotechnology offers a route to enhance the capabilities of
nanopores, while maintaining the simplicity of the sensing technique [146]. As
discussed in Sect. 11.1.4.7, DNA nanostructures can be functionalised to bind a
range of proteins or other molecules of interest. Before translocating through the
pore, a DNA carrier can then fish out analytes in solution. Empty carriers show
different current signatures than loaded ones, indicating the presence or absence of
the molecule of interest. This concept has been demonstrated with a linear DNA
carrier containing aptamer binding sites for proteins at predefined positions along
the DNA [147, 148]. Different positions could encode for different proteins. The
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Fig. 11.7 (a) Schematic illustration of a glass capillary-based nanopore sensor. Various molecules
can be driven through the pore via electrophoresis. (b) Resistive pulse signals for the passage
of different molecules and their ambiguous interpretation. Different proteins (square, triangle,
pentagon) are often indistinguishable, signals of protein complexes or DNA-bound proteins may
be mistaken for DNA translocating in a non-linear conformation. (c)–(e) Approaches to enhance
the specificity of nanopore sensors with DNA nanotechnology. (c) DNA carrier idea demonstrated
by Bell & Keyser. The molecule of interest binds to a specific binding site on the DNA carrier,
different carriers for different molecules can be identified via their barcode made from protrusions
of DNA. The resistive pulse signal now gives a read-out for the barcode and the presence or absence
of the target molecule [149]. (d)–(e) DNA origami hybrid nanopores. (d) The funnel-shaped DNA
origami nanopore by Bell et al. was inserted into a solid-state support. The long leash helped
guide the voltage-driven formation of the hybrid nanopore. A recorded current trace is shown in
blue. The formation of the hybrid pore can be detected as a drop in current (at around t = 6 s).
(Adapted with permission from [150]. Copyright 2012 American Chemical Society). (e) Wei et al.
used a flat DNA origami nanopore to demonstrate size-selective transport of proteins. The smaller
streptavidin (top) can translocate through the DNA pore, visible as downward spikes in the current
trace (right). The larger immunoglobin G (bottom) does not fit through the hybrid nanopore. The
bare solid-state pore, however, would have transported both species [151]. (Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission)
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fabrication of the linear carrier relies on a simplified version of DNA origami: The
kilobase long DNA scaffold is hybridised with hundreds of short addressable staples
without crossovers. Bell & Keyser designed a library of DNA nanostructures, where
each member has a binding site for a specific antibody and produces a unique current
signal due to a barcode of DNA hairpins [149]. In this manner, nanopore sensing
gained unprecedented specificity: An occupied or unoccupied binding site on the
DNA carrier indicates the presence or absence of the protein, while the barcode
provides information on the type of protein as illustrated in Fig. 11.7c. Relying on
DNA nanotechnology, more complex DNA origami carriers for nanopore sensing
will contribute to the development of highly portable general-purpose lab-on-the-
chip devices.

11.2.4 DNA Origami Hybrid Nanopores

Another route to enhance nanopore sensing with DNA nanotechnology is to use
the DNA nanostructure itself as the sensing pore. Relying on the ability to create
arbitrary three-dimensional structures from DNA [18], it should be relativelz
straightforward to model the shape of a nanopore. DNA origami nanopores have
indeed been created and used for sensing purposes by integrating them into solid-
state nanopore systems [150, 151] and into lipid bilayers, see Sect. 11.3.3. To
achieve the former, an appropriate electric field is applied across the solid-state pore
in the presence of the DNA origami pores. The negatively charged DNA origami is
thus driven towards the pore via electrophoresis, where it is trapped if its diameter is
too large for translocation. A double-stranded leash on the DNA origami helps guide
the entrance into the solid-state support and to achieve correct positioning. The
formation of a hybrid nanopore can be monitored with the standard resistive-pulse
measurement. If a DNA origami nanopore is trapped, it partially blocks the flow of
ions resulting in a long-lasting stepwise decrease in the ionic current accompanied
by a variable increase in noise, see Fig. 11.7d. A similar method was previously used
to trap α-hemolysin in a solid-state support [152], highlighting the applicability of
the approach for a range of different pore geometries.

By reversing the voltage, the DNA origami pore can subsequently be ejected and
the solid-state support is available for further trapping cycles. The reversibility of the
system provides statistical information about the inherent variability of the process,
caused by different trapping orientations, mechanical conformations or structural
damage [153]. Conical glass nanopores [154] as well as silicon nitride nanopores
[150, 151] have been used as solid-state supports capable of trapping DNA origami
funnels, Fig. 11.7d [150], or flat DNA origami plates, Fig. 11.7e [151, 154]. The
compatibility with glass capillaries is advantageous, as they can be combined with
optical techniques to monitor the trapping [154], they allow for multiplexing [155]
and their fabrication is straight-forward [156]. In addition to double-stranded DNA
[150, 157], single-stranded DNA [151, 154] and proteins [151] were detected in
DNA origami nanopore systems, whereby the voltage required to keep the DNA
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origami trapped is also used to drive the translocation of the analyte, see Fig. 11.7e.
Since the detection of all these molecules has been achieved before, without DNA
origami, one is prompted to ask what the DNA origami hybrid system adds to the
existing technologies. Its advantages are listed below.

11.2.4.1 Nanopore Architecture By Design

First of all, the diversity of possible pore architectures achievable with DNA origami
is unmatched by the conventional types of nanopores. Nanofabrication of solid-
state pores offers still limited control, especially regarding the pore geometry on
atomic length scales. Genetic engineering enables the shape of a protein pore to
be adapted to some extend, but not in the same way as de novo design with DNA
nanotechnology. Due to the specific base pairing interactions, DNA pores can be
made reproducibly with high precision.

11.2.4.2 Tunable Pore Diameter

Precise control over the pore geometry enables fine-tuning of the pore size. While
the diameter of α-hemolysin is well suited for the translocation of single-stranded
DNA, detection of double-stranded DNA or folded proteins would require a larger
pore. Large protein pores which are at the same time stable under high salt
conditions and remain open for extended periods of time are rare in nature. While
double-stranded DNA has been translocated through the phi29 pore [158], protein
pores large enough for the passage of kilodalton-sized protein complexes are under
active development with promising recent results [159]. The diameters of DNA-
based nanopores, on the other hand, can easily be designed to match the size of
the analyte, from ions to macromolecules. Published DNA nanopores span over
one order of magnitude in diameter from sub-nanometre pores embedded in lipid
membranes, see Sect. 11.3.3 [43], to 15 nm pores in solid-state supports [154]. They
are thus ideally suited for size-selective sensing. DNA origami nanopores with
different diameters have for instance been used to sort two proteins of different
sizes, Fig. 11.7e [151] and to control the conformation of a linear double-strand of
DNA [154].

11.2.4.3 High Specificity

Probably the most notable advantage of DNA nanopores are the diverse possibilities
to add chemical functionality to the pore. The DNA structure is thereby used as an
addressable skeleton, which can be functionalised as described in Sect. 11.1.4.7.
Specific binding sites inside a nanopore can help to obtain information about the
chemical identity of a molecule. While proteins or DNA hairpins have been used to
functionalise solid-state nanopores, controlling the number and the exact location
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of these modifications within the sensing volume remains challenging. Genetic
engineering solves this problem in the case of protein pores – yet only DNA pores
have tunable diameters and come with the convenience of commercial synthesis for
a wide range of chemical tags. Binding sites obtained by extending single-stranded
DNA overhangs into the mouth of the pore have been used for the sequence-specific
detection of complementary single-stranded DNA [151, 154]. Attachment of gold
or silver nanoparticles to a DNA origami pore offer the possibility of plasmonic
sensing in addition to the resistive pulse signal [71].

11.2.4.4 Stimuli Response

Chemical functionalisation further allows for the creation of stimuli responsive
DNA origami nanopores. This offers a route to generalise DNA-based nanopore
sensors beyond the detection of molecules. Responsive polymers attached to the
DNA nanopore could trigger a resistive pulse signal in response to a change in phys-
ical environment. Light, temperature, pressure or pH could induce a conformational
change of the DNA nanopore, similar to gating of natural ion channels. While these
opportunities have not yet been fully exploited, voltage-response of DNA nanopores
has been reported even without added chemical functionality in solid-state supports
[157] and in lipid bilayers [61, 160], see Sect. 11.3.3.

11.2.4.5 Ease of Fabrication

With the recent advances in DNA nanotechnology, we can access an elaborate tool-
box for the design, assembly and modification of DNA nanopores, see Sect. 11.1.3.
While solid-state pores usually have to be fabricated one by one, billions of
DNA nanostructures are obtained from a simple one-pot reaction. All components
can be purchased off the shelf and the structural characterisation of the pores is
straightforward, see Sect. 11.1.4.

DNA origami hybrid nanopores thus possess advantageous properties of both,
protein and solid-state nanopores. But to make them really competitive, several
challenges have to be addressed – a major one being the leakage currents reducing
the signal-to-noise ratio for the detection of translocating molecules. Comparing
the experimental conductance values of the hybrid pore with simple geometrical
models, it is obvious that the DNA structures are permeable to ions [161]. To
address this issue, Li et al. carried out molecular dynamics (MD) simulations and
showed that the ionic conductivity can be reduced by increasing the concentration
of magnesium ions in solution. They verified their results experimentally [162]. A
DNA origami plate designed on a hexagonal lattice showed lower ion permeability
than a square lattice plate [163]. Strategies to chemically attach the DNA nanopore
to its solid-state support and thus tighten the seal will reduce leakage on the one
hand, but make repeated trapping and ejection more difficult. Major grove binders
[161] or hydrophobic coating [153] have been suggested as additional strategies. If
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DNA nanopores are inserted into lipid membranes, the leakage should be reduced
further and it should in principle be possible to study passive transport, because the
trapping voltage is no longer required.

A second concern is the mechanical stability of the DNA origami. MD sim-
ulations have shown bending and reversible layer-separation for DNA origami
nanoplates [162]. Also experiments showed buckling and voltage-dependent con-
formational changes [157, 163]. This may not be surprising given the high electric
field strength of around 107 V/m in typical nanopore experiments [161].

Therefore, while the established types of nanopores are unlikely to be replaced
entirely, DNA origami nanopores are useful for more challenging sensing appli-
cations where precise control over surface chemistry and geometry is an absolute
necessity.

11.3 Synthetic Membrane Nanopores

In the previous section, we presented synthetic nanopores in solid-state materials
as well as biological nanopores in organic lipid membranes. Now, we want to go
one step further and ask if it is possible to create an entirely organic nanopore
system from scratch, where a man-made pore self-assembles into a lipid bilayer
membrane. The scope of synthetic membrane pores reaches from nanopore sensing
to biomimicry and beyond, offering broader possibilities for biomedical applica-
tions. From the perspective of basic science, a synthetic membrane-embedded pore
is a biomimetic system to study transport on the molecular scale. Realising that
50% of the currently authorised drugs target membrane pores [164] adds another
dimension to the research, one that is based on the hope that a better understanding
of membrane pores will lead to the design of better drugs. It fuels the dream that
designer pores could replace defective channels in cells and thereby potentially offer
a cure to the many diseases related to ion-channel malfunction – from cystic fibrosis
[165] to autoimmune diseases [166]. Since many toxins are protein nanopores
or destabilise the membrane, pore-forming synthetic compounds may be used as
antimicrobial agents [167]. If the synthetic channel does not act as a therapeutic
itself, it could be coupled to a pharmaceutically active compound which is directly
released into the target cell upon membrane insertion. Drug permeation into the cell,
and specifically selective permeation into the diseased cell, is often a challenge.
Synthetic membrane pores as drug carriers would be a step away from the current
small-molecule drugs towards macro-molecular delivery machines with the ability
to recognise the target cell, perforate its membrane and release the molecular
payload. A quest for synthetic pores could also come from the rising field of
synthetic bottom-up biology: A synthetic cell built from molecular components will
eventually require structures for membrane transport [168]. It is thus not surprising
that synthetic membrane pores have been an active field of research for the past
30 years.
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In this section, we start by presenting characteristics of natural membrane
pores as gold-standards for creating artificial ones. Having reviewed milestone
achievements in the history of synthetic pores, we present the state of the art of
transmembrane-spanning nanopores constructed from DNA.

11.3.1 Membrane Pores in Nature

Before creating a synthetic membrane pore, a closer look at their natural counter-
parts, protein membrane pores, is illuminating. Their functions in living organisms
are as diverse as their architectures: Small kilodalton ion channels control the
selective transport of ions across the lipid membrane and are thus key players in
electrically excitable tissue, like neurons or muscles [169]. While ion channels
rely on passive transport of ions following an electrochemical or a concentration
gradient, ion pumps are active, fueled by the hydrolysis of adenosine triphosphate
(ATP) [169]. Larger porins, found in many prokaryotes and the mitochondria of
eukaryotic cells, open selective transmembrane pathways for polar solutes, like
sugars or water molecules [170]. The megadalton-sized nuclear pore complex,
embedded in the nuclear envelope, can be considered the most sophisticated among
all membrane pores. It enables the spacial separation of transcription and translation
in eukaryotic cells. The transport of larger substrates is highly selective. For
instance, only correctly processed messenger RNA can exit the nucleus, while
proteins and lipids are imported [171]. Protein membrane pores span one order
of magnitude in diameter and three orders of magnitude in ionic conductance
and molecular weight. The common feature of all these protein pores is that they
span the lipid bilayer membrane, which defines the cell relative to its environment
and divides it into functional compartments to sequester biochemical processes.
This membrane is made from amphiphilic phospholipids forming an approximately
4 nm thick bilayer sheet. Hydrophilic lipid head groups face the cytoplasmic
environment and shield the hydrophobic tails from polar water molecules creating a
semipermeable barrier. While small apolar molecules can pass via free diffusion, the
membrane is highly impermeable to ions and polar biomolecules, like sugars, DNA
or proteins. The energy cost for ions to cross the lipid membrane via free diffusion
lies in the range of hundreds of kJ/mol. This process is thus by far not efficient
enough to maintain metabolic function requiring efficient molecular exchange
mechanisms between membranous compartments [172]. Membrane proteins serve
as catalysts of translocation, often switching conformation as a response to external
stimuli like membrane potential [173] or specific ligands [174]. For some ion
channels, the existence of an open and a closed state has been demonstrated with
the corresponding crystal structures [175]. Generally, X-ray crystallography of
membrane proteins is challenging because of their hydrophobicity and structural
flexibility [176]. As of July 2016, only about 600 membrane protein structures were
known [177], although 30% of human genes encode for them [164]. Therefore,
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functional studies via ionic current recordings of lipid membranes can provide
crucial insights.

To summarise, protein membrane pores show four main characteristics [178]:

1. They can have a variety of structures depending on their function.
2. They span the lipid bilayer membrane.
3. They mediate the rapid flux of ions without moving themselves.
4. They are often responsive to physical or chemical stimulation.

These are the benchmark criteria a synthetic pore should fulfil.

11.3.2 Milestones of Synthetic Membrane Pores

Early attempts to mimic the behaviour of protein pores relied on synthetic
ionophores, carriers which encapsulated ions before diffusing across the membrane.
Prominent ionophores are based on cryptands, calixarenes and crown ethers [179].
Even though this approach mimics some of the biological functions, carrier-
mediated transport is slow compared to the passage through an ion channel and
does not fulfil our criteria for the classification as a synthetic pore presented in
Sect. 11.3.1. Nevertheless, natural ionophores, like indole, play an important role in
biological systems [180].

Ion channel activity has first been reported for a synthetic peptide in 1977 [181].
Synthetic pore-forming peptides remain an active field of research [182], but when
using nature’s own building blocks, a channel can only be called semi-synthetic. The
first purely synthetic de novo designed channel is commonly attributed to Tabushi
et al. [183]. The dimer of amphiphilic cyclic oligosaccharides (β-cyclodextrins)
still inspires current research [184]. In 1998, Fyles et al. created the first stimuli-
responsive artificial nanopore: a voltage-sensitive channel [185]. The voltage
sensitivity emerged from the asymmetrically positioned charges. The pore design
was based on an earlier crown-ether based pore, which can be considered as a
milestone achievement itself because of its excellent single-channel activity [186].
Tanaka et al. were the first to report ion selectivity for their artificial membrane
pore [187]. Moving away from the traditional chemical synthesis approaches for
synthetic pores, ion channel behaviour has also been reported for membrane-
piercing carbon nanotubes [188]. While all these accounts of synthetic ion channels
still fall behind their natural counterparts in terms of structural complexity and
specificity of function, it is striking that they achieve the same high ion flux.
Catalysis of translocation seems easier to achieve compared to synthetic enzymes,
which still fall orders of magnitude behind their natural benchmarks [172].

There are several key challenges to address in taking the field of synthetic
membrane pores forward: All synthetic pores presented above are minuscule in size
compared to natural protein pores. Their molecular weight falls one to two orders
of magnitude short of protein pores which typically have a molecular weight in the
megadalton range. Chemical synthesis of large constructs is hard to achieve and
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Fig. 11.8 Variety of DNA-based membrane pores. (a) Sketch of first membrane-spanning DNA
origami pore by Langecker et al. with a nominal diameter of 2 nm. TEM images gave convincing
evidence of membrane insertions (right). The publication contains excellent single-channel data.
(Adapted from [61]. Reprinted with permission from AAAS). (b) Sketches of subsequent DNA
membrane pore architectures and their diameters. From left to right: A single transmembrane-
spanning DNA duplex (blue) [189], a four-helix structure with an 0.8 nm channel [43], the
archetypal 2 nm DNA membrane pore (green, a scaffold-free assembly first presented by Burns et
al. is shown here [191]) and a large funnel-shaped DNA origami porin with a 6 nm constriction
(red) [190]. (c) Chemical structure of three hydrophobic tags that have been used to achieve
membrane anchoring of DNA pores: cholesterol [43, 61], ethane-phosphorothioate [191] and tetra-
phenyl porphyrin [44]. (d) MD simulations (left) and ionic current recordings (right) of the largest
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inefficient. While all natural pores are based on polypeptides, independent of their
size and function, synthetic pores do not yet have a common molecular basis. This
makes it more difficult to compare different synthetic pores and to make functional
adaptations. The preparation of many of the described constructs is labour-intensive,
often not scalable and requires expert knowledge.

11.3.3 DNA-Based Membrane Pores

With the recent advances in structural DNA nanotechnology described in Sect. 11.1,
the creation of megadalton sized structures from a single chemical building block
is no longer a challenge. The preparation of DNA nanostructures is quick and
accessible, see Sect. 11.1.3, and DNA is an abundant and inherently biocompatible
material. DNA origami nanopores have previously been made and inserted into
solid-state supports, Sect. 11.2.4. The groundwork for the creation of DNA-based
synthetic membrane pores has thus already been carried out. The main remaining
challenge was to achieve stable membrane insertion of the DNA construct. This
has first been demonstrated by Langecker et al. who overcame the energy barrier
for membrane insertion by attaching cholesterol tags to the DNA origami nanopore
shown in Fig. 11.8a [61]. Recently, the design space of synthetic DNA membrane
pores was expanded by creating significantly smaller and larger pores, Fig. 11.8b
[189, 190]. Membrane anchoring of DNA nanopores has also been demonstrated
with other hydrophobic modifications, including an ethane-phosphorothioate belt
[191] and tetra-phenyl porphyrin tags [44], see Fig. 11.8c. Coarse-grained simula-
tions provided a first quantitative investigation on the number of hydrophobic tags
required to overcome the energy barrier for insertion [43, 44, 190].

In the following, we compare DNA membrane pores with the natural protein-
based gold-standards. To do so, we test DNA membrane pores against the four
characteristics of their natural counterparts presented in Sect. 11.3.1.

Membrane pores can have a variety of structures depending on their function
Rapid prototyping of different nanoscale shapes is one of the most appreciated
strengths of structural DNA nanotechnology. This is why it may seem surprising
that the first DNA membrane pores all featured a 2 nm channel between six

�
Fig. 11.8 (continued) membrane-inserting DNA nanostructure to date, independently confirming
its large conductance in the range of tens of nS. (Adapted from [190], https://pubs.acs.org/doi/
abs/10.1021/acs.nanolett.6b02039. Further permissions related to the material excerpted should be
directed to the ACS). (e) A membrane-spanning DNA duplex as the ultimately smallest DNA
membrane pore. MD simulations reveal that ions flow through a toroidal pore at the DNA-
lipid interface as illustrated in the sketch (left). Ionic current recordings reveal stable insertions
(right). (Adapted from [189], https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b02039. Further
permissions related to the material excerpted should be directed to the ACS)

https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b02039
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b02039
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b02039
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concentrically arranged DNA duplexes [44, 61, 160, 191]. The diameter of such
a pore within the membrane has been confirmed with polyethylene glycol (PEG)-
sizing experiments [160]. In the meantime, however, the structural variability of
DNA membrane pores has been demonstrated with the creation of much smaller
as well as much larger pores. A DNA channel made from four DNA duplexes had
a nominal diameter of 0.8 nm, approaching the dimensions of natural ion channels
[43]. Due to its simple design, this DNA channel self-assembled within a minute
at RT. A membrane-inserting DNA origami funnel with a 6 nm construction was
presented as the largest man-made pore to date [190]. It is wider than natural porins
and comparable to the electrical diameter of the nuclear pore complex. Such large
architectures are difficult to obtain with traditional chemical synthesis described in
Sect. 11.3.2. Even though the intriguing complexity of natural membrane compo-
nents cannot be matched, the diameters of synthetic pores made from DNA span
the biologically relevant scales. Illustrations of the existing DNA membrane pore
architectures are shown in Fig. 11.8b. Their functional characterisation follows in
the next paragraphs.

Membrane pores span the lipid bilayer membrane TEM imaging, Fig. 11.8a
[61], and confocal imaging of fluorescently labelled DNA nanopores [43, 190]
revealed their attachment to lipid vesicles. Due to its fluorescent properties,
porphyrin has been used for visualisation and membrane anchoring at the same
time [44, 189]. The melting temperature of DNA nanostructures increases upon
membrane insertion [43, 44] and the fluorescence emission of porphyrin shifts [44].
It should be noted, however, that these techniques can only confirm membrane
attachment – functional studies are required to demonstrate that the DNA pores
actually span the lipid bilayer. A study evaluating the relative proportions of
membrane-spanning versus inactive DNA pores is still lacking.

Membrane pores mediate the rapid flux of ions without moving themselves
Single-channel ionic current recordings are at the core of membrane pore character-
isation – for both natural and synthetic pores. The ionic current passing through a
single channel has for the first time been recorded by Neher and Sackman using
their patch-clamp method [192]. A range of techniques have been developed to
study membrane proteins ex vivo in synthetic membranes providing a simpler
environment in which uncharacterised channels can be studied in isolation. All
of them rely on the same measurement principle: A lipid membrane is supported
across an aperture and an electric field is applied across the membrane inducing
an ionic current. Magnitude, noise and fluctuations in the recorded ionic current
allow for conclusions on the presence or absence of membrane pores, including
their size, stability, and functional properties, such as gating, ligand-binding or
ion selectivity [193]. Every lipid bilayer experiment starts with the formation
of a lipid membrane. These bilayers are gigaohm resistors reducing the flow of
ions across the aperture, its formation can be observed as a sudden decrease in
the ionic current. The insertion of a membrane pore, on the other hand, causes
the formation of transmembrane passage for ions and thus a stepwise increase
in ionic current. Single-channel recordings of all DNA-based membrane pores
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revealed ohmic current-voltage characteristics at lower voltages and a relatively
broad spread of conductances. The reported average conductance ranges from
0.25 nS for smaller pores [44] to 30 nS for the large DNA origami porin, see
Fig. 11.8d [190]. Single-stranded DNA has been translocated through a 2 nm wide
DNA pore [61]. The diameter of such a 2 nm DNA pore was confirmed with PEG-
sizing experiments [160] and the ion flux was partially blocked with complementary
single-stranded DNA ligands [194].

Membrane pores are often responsive to physical or chemical stimulation
The functional characterisation of membrane pores also often relies on ionic
current recordings. DNA membrane pores exhibited multiple conductance states
reminiscent of gating observed for natural ion channels, independent of their
architecture and the chemical nature of the membrane anchor. No gating has been
reported for a recent DNA pore under the examined conditions [195]. Example
traces for a range of different pores are shown in Fig. 11.9. Conductance steps can
occur between different open states or between the conductance of the plain bilayer

Fig. 11.9 Voltage-gating of DNA-based membrane pores. Sketch of the pore (top row) and gating
trace (bottom row) of (a) the transmembrane spanning DNA duplex. (Adapted from [189], https://
pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b02039. Further permissions related to the material
excerpted should be directed to the ACS); (b) the four-helix bundle. (Adapted with permission from
[43]. Copyright 2015 American Chemical Society); (c) the scaffold-free six-helix pore. (Adapted
with permission from [160], https://pubs.acs.org/doi/abs/10.1021/nn5039433. Further permissions
related to the material excerpted should be directed to the ACS); (d) the DNA origami six-helix
pore. (Adapted from [61], adapted with permission from AAAS), and (e) the large DNA origami
porin. (Adapted from [190], https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b02039. Further
permissions related to the material excerpted should be directed to the ACS)

https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b02039
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b02039
https://pubs.acs.org/doi/abs/10.1021/nn5039433
https://pubs.acs.org/doi/abs/10.1021/acs.nanolett.6b02039
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and the pore conductance, potentially caused by DNA pores flipping in and out
of the membrane. Not surprisingly for such highly charged pores, the conductance
states were shown to be voltage-dependent. At higher voltages, the pores were more
likely to switch to a lower conductance state, or to leave the membrane entirely
[61, 160]. Experiments [61] and MD simulations [196] suggest that dynamic motion
of the mouth regions could be the origin of the gating.

MD simulations further revealed mechanosensitivity of DNA pores [197],
specifically of the six-helix bundle [191]. This could explain why differences in the
relative abundance of conductance states have been observed on different membrane
systems [160]. Gating as a response to specifically designed DNA ligands has also
been reported [194].

Despite the radically new approach towards the design of synthetic membrane
pores, DNA-based pores already show the four main characteristics of their natural
counterparts. Some of the challenges in the field, like the lack of common building
blocks for diverse architectures, have successfully been addressed. The largest
DNA pore even outperforms most biological pores in terms of its dimensions
and conductance. The study of a membrane-spanning DNA duplex has revealed
alternative conductance pathways through lipid membranes, which do not require
the presence of a central physical channel – an observation that prompts questions
about the role of such pathways in nature. Despite this significant progress,
DNA membrane pores still trails the natural benchmarks when considering their
structural and functional complexity. The full exploitation of the available toolbox
for chemical functionalisation provides a route towards custom-designed stimuli-
responsive DNA membrane pores. Using these technological advancements, the
long-term goal of gaining the precision of nature should be achievable opening up
exciting future avenues for DNA sensors, nanopores and ion channels.
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Chapter 12
Bio Mimicking of Extracellular Matrix

Moumita Ghosh, Michal Halperin-Sternfeld, and Lihi Adler-Abramovich

Abstract Biomaterials play a critical role in regenerative strategies such as stem
cell-based therapies and tissue engineering, aiming to replace, remodel, regenerate,
or support damaged tissues and organs. The design of appropriate three-dimensional
(3D) scaffolds is crucial for generating bio-inspired replacement tissues. These
scaffolds are primarily composed of degradable or non-degradable biomaterials and
can be employed as cells, growth factors, or drug carriers. Naturally derived and
synthetic biomaterials have been widely used for these purposes, but the ideal bio-
material remains to be found. Researchers from diversified fields have attempted to
design and fabricate novel biomaterials, aiming to find novel theranostic approaches
for tissue engineering and regenerative medicine. Since no single biomaterial has
been found to possess all the necessary characteristics for an ideal performance, over
the years scientists have tried to develop composite biomaterials that complement
and combine the beneficial properties of multiple materials into a superior matrix.
Herein, we highlight the structural features and performance of various biomaterials
and their application in regenerative medicine and for enhanced tissue engineering
approaches.

Keywords Biomaterials · Extracellular matrix · Scaffolds · Peptides ·
Hydrogels · Supramolecular polymers
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12.1 Introduction

The term “biomaterial” was initially defined in the first Consensus Conference of
the European Society for Biomaterials (ESB) in 1976 as “a nonviable material
used in a medical device, intended to interact with biological systems”. However, it
was later modified by the ESB and is currently defined as “a material intended to
interface with biological systems to evaluate, treat, augment or replace any tissue,
organ or function of the body”. The change in the definition indicates how the
field of biomaterials has evolved over the years, from merely interacting with the
body to influencing various biological processes, aimed at tissue regeneration. An
alternative definition of a biomaterial is a substance that has been engineered to take
a form which, alone or as part of a complex system, is used to direct, by controlling
interactions with components of living systems, the course of any therapeutic or
diagnostic procedure, in human or veterinary medicine [1].
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The selection of biomaterials depends on their surface properties, mechanical
properties and degradation behavior, which affect biological interactions including
protein and peptide adhesion, cell adhesion, proliferation, and differentiation. The
current approaches are widely applied to fabricate ideal biomaterials that will serve
as scaffolds and that provide suitable matrices for cellular growth and attachment.
Owing to these continual efforts, a wide range of biomaterials, natural or synthetic,
organic or inorganic, has been proposed, aiming to produce functional replacement
tissue for diseased organs, including artificial heart valves, hydroxyapatite-coated
hip implants, three-dimensional (3D) scaffolds for dental applications, or to serve
as a platform for drug delivery.

Throughout this chapter, we will present the various types of biomaterials
and their applications, as well as the biological factors that underlie the design
of biomaterials. We will also focus on the recent development of composite
biomaterials for tissue engineering and will highlight current approaches for further
development of novel biomaterials possessing superior biomedical and mechanical
properties.

12.2 The Extracellular Matrix

The extracellular matrix (ECM) is the natural 3D microenvironment produced by
the resident cells of every tissue and organ; it provides a physical scaffold in which
cells are embedded. Additionally, it regulates cellular processes including growth,
migration, differentiation, survival, homeostasis, and morphogenesis [2–4]. It is
essential for maintaining the normal function of the tissue because it contains struc-
tural and functional molecules that permit communication between adjacent cells
through transportation of water, electrolytes, nutrients, and metabolites. Another
important role of the ECM in tissue homeostasis and development is to serve
as a niche for stem cell differentiation whereby playing a most crucial role. The
physical properties of the ECM, such as rigidity, porosity, insolubility, as well as its
topography, which originate from the matrix components, determine the mechanical
behavior of each tissue and the behavior of the residing cells [5, 6].

The metabolic adaptations of the cells in a specific matrix are governed by its
composition and organization in response to alterations in the mechanical properties,
pH, oxygen concentration, and other factors in the microenvironment [7]. This
process of “dynamic reciprocity” is crucial for tissue development and homeostasis
[2, 8].

The ECM is primarily composed of fiber-forming proteins such as collagens
(mainly type I and type II) and elastic fibers, as well as non-fiber-forming proteins
such as proteoglycans (PGs), glycosaminoglycans (GAGs), and soluble factors
[9, 10] (Fig. 12.1). Collagens are involved, either directly or indirectly, in cell
attachment and differentiation, and function as hemotactic agents. In addition, they
are associated with other collagen fibers, as well as with ECM proteins and PGs
and facilitate in developing a complex 3D matrix network [4]. PGs comprise one
of the most important structural and functional macromolecules in tissues. They
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Fig. 12.1 ECM-mimicking biomaterials. (a) A model of the natural ECM, composed of proteins
such as collagen (I, II, III, IV, and VII), laminin, and fibronectin, embedded in highly negatively
charged polysaccharide-rich glycans, and its interactions with cell-surface receptors, including
integrins, selectins, CD44, and syndecan, among others. (b) Composition-based classification of
biomaterials into natural, synthetic, and hybrid, and a schematic representation of their properties

are composed of a core protein covalently attached to GAG chains of the same or a
different type. They interact with various growth factors, cytokines and chemokines,
cell surface receptors, and ECM molecules, either through core proteins or through
GAG side chains. Thus, they play an important role in cell signaling, proliferation,
migration, differentiation, apoptosis, and adhesion [11]. PGs are also important
for organizing the ECM; thus, they contribute to the formation of the ECM
biomimicking scaffold and to cell adherence and transportation within it. Moreover,
the stem cell niche provided by the ECM is composed of both soluble factors
and ECM macromolecules, which play a critical role in directing stem/progenitor
cell differentiation fate [12, 13]. Providing a supportive medium for blood vessels,
nerves, and lymphatics, as well as the diffusion of nutrients from the blood to
the surrounding cells, the ECM is a natural scaffold. ECM-based materials are
attractive candidates for scaffolds in regenerative medicine approaches to tissue
reconstruction.

12.3 Classification of Biomaterials

Biomaterials can be classified into two main groups, namely, synthetic and natural.
Synthetic biomaterials include metals, ceramics, non-biodegradable and biodegrad-
able polymers, whereas naturally derived biomaterials include protein-based bio-
materials (e.g., collagen, gelatin, and silk), polysaccharide-based biomaterials (e.g.,
cellulose, chitin/chitosan, and glucose), and decellularized tissue-derived biomate-
rials (e.g., decellularized heart valves, blood vessels, and liver) [14]. Herein, we
will present the diversity of both types of biomaterials, providing a comprehensive
understanding of their advantages and limitations, together with various architec-
tural parameters of biomaterials important for tissue engineering (Fig. 12.1b).
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12.4 Synthetic Biomaterials

12.4.1 Metallic Biomaterials

Metallic biomaterials have had the longest history among the various kinds of
biomaterials [15, 16]. Owing to their excellent mechanical properties (modulus,
strength, and ductility) and biocompatibility, they are widely used in various fields
[17]. In cardiology, they are used in pacemakers, intravascular stents, and occlusion
coils [18, 19], in orthopedics, metals are used in simple wires and screws, fracture
fixation plates, and joint prosthesis (artificial joints) for hips, knees, shoulders,
elbows, and more [20], and in dentistry, in the production of endosseous implants
and dentures [21].

Titanium (Ti) and its alloys, stainless steel, and cobalt-chromium, are the three
most widely used biomedical metals, mainly for supporting or fixation, especially
in dentistry and orthopedics [22, 23]. They are popular primarily because of
their biocompatibility and their ability to bear significant loads, withstand fatigue
loading, and to undergo plastic deformation before failure. However, the long-
term embedding of metal implants in the body’s physiological environment may
result in corrosion and decay of their surface [17]. In addition, since Ti metals
and its alloys are bioinert, fibrous encapsulation may occur on the surface of such
implants following implantation, preventing their direct attachment to the host bone
[24]. This phenomenon may lead to implant loosening and the possible need for
an additional operation. Using surface modification technologies, the physical and
chemical properties of the medical metal surfaces can be modified, resulting in
improved stability. In addition, surface modification allows functional materials
to be incorporated into the metal surface; this endows the metals with improved
biocompatibility, cell adhesion ability, drug delivery, bacterial growth inhibition,
anti-tumor, anticoagulation, or other bio-functions [17].

Surface modification can be obtained by physical and chemical methods. Among
the physical techniques, grinding, polishing, and sand blasting are commonly used
to achieve specific surface topographies and roughness and to remove surface
contamination. Other physical methods commonly used in fabricating films or
coatings on biomedical metals include thermal spraying, plasma spraying, physical
vapor deposition, and ion implantation. These methods alter the composition and
properties of substrate surfaces, particularly for Ti and its alloys [25]. Alternatively,
chemical methods can be applied using a chemical or electrochemical treatment,
sol-gel, chemical vapor deposition, and biochemical modification [26]. Surface
modification only changes the surface layer properties of the biomedical metals
while preserving the mechanical properties of the metal devices, which are the pri-
mary advantages of biomedical metals. Indeed, instead of encapsulation by fibrous
tissue following implantation of bio-inert biomedical metals, surface modification
results in a chemical bond with the surrounding bony tissue [24].

Current developments in bone tissue engineering focus on surface modifications
of biomedical metals to improve their bioactivity. However, surface modifica-
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tion methods can be greatly improved. For instance, it has been observed that
hydroxyapatite coatings improve the osteointegration of metal implants via tight
binding to the bone mineral phase, thus providing suitable conditions for favorable
osteoblast adhesion and proliferation onto the implant surface. However, such
coatings suffer from poor stability and tend to delaminate from the metal surface
under mechanical stresses experienced by the implant, leading to its loosening.
Other surface treatments applied recently are acid-alkali treatment and alkali-heat
treatment, which make the surface more basic, thereby affecting cell proliferation
[27].

Bio-functionalizing of biomedical metals via surface modification has been
widely performed to make them more suitable for biomedical applications [23]. For
example, developing new coatings for Ti and its alloys is one of the primary goals
for the next generation of orthopedic and dental implants, aiming at improving their
potential for osteointegration while retaining their mechanical properties.

Over the last decade, metallic alloys have been introduced as biodegradable
metals in clinical cases requiring temporary support or fixation (such as plates
and screws for bone fracture fixation and stents). Magnesium (Mg) alloys have
been the most extensively studied biodegradable metallic materials for orthopedic
applications due to their advantageous properties, such as low density, modulus of
elasticity approaching that of cortical bone, and degradability via corrosion [23].
Fixation appliances composed of degradable biomaterials are often used to treat
children, teenagers, and athletes, to avoid both future bone fractures caused by
abnormal loading patterns, as well as a second surgery for fixation removal. The
use of degradable implants also overcomes the limitations of permanent metallic
biomaterials such as the stress shielding effect, which induces refracture caused by
permanent implants, due to their higher Young’s modulus compared with bone, as
well as the release of toxic metallic ions or particles through corrosion, wear, and
bacterial infection [28, 29].

Mg is often alloyed with alumina (Al), zinc (Zn), manganese (Mn), silicon
(Si), and zirconium (Zr) in order improve its mechanical strength and corrosion
resistance. In addition, different coatings, including bioceramics, polymers and
composite layers, have been proposed to slow the corrosion process, enhance bone
growth, and control biodegradation [30]. Mg implants have been widely applied
to positively stimulate new bone formation, thereby assisting in bone fracture
healing. As in permanent implants, surface modification affects the microstructure,
mechanical properties, and corrosion behavior of the materials. Furthermore, in
biodegradable metallic materials, it controls the degradation rate [31]. Therefore,
the composition and the manufacturing route have to be carefully chosen to meet
the requirements of each application.

To date, Mg-based fixators have been successfully applied in some low load-
bearing fracture sites in patients without adverse clinical outcomes. This implicates
the use of more Mg-based devices in other applications, such as developing
novel hybrid systems containing Mg implants with traditional metal devices to fix
fractures in high load-bearing sites [32].
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12.4.2 Ceramic Biomaterials

Bioceramics are biocompatible ceramic compounds produced in porous or dense
forms as well as powders, granulates, coatings, and injectable formulations that can
be used alone or combined with additional organic or polymeric materials for soft
and hard tissue replacement [33]. They can also be surface modified and designed
accordingly to deliver biologically active substances aimed to repair, maintain and
restore organs and tissues. They are hard, brittle materials with relatively poor
tensile properties, but exhibit excellent compressive strength, high resistance to
wear, and favorable low frictional properties in articulation.

Bioceramics can be classified into three major families, based on their tissue
response: nearly inert (e.g., alumina and zirconia), bioactive (e.g., bioactive glass),
and resorbable ceramics [e.g., β- and α-tricalcium phosphate (TCP)] [34]. Inert
ceramics are widely used as femoral heads and acetabular cups for hip replacement
as well as for developing dental implants. However, these materials are presently
not being applied as scaffolds because their inertness triggers the formation of a
thick “protective” fibrous capsule on the surface of the implant, thus preventing
it from directly binding to the host bone tissue [34]. Since the ability to create a
stable bond with the host tissue is of utmost importance in selecting bioceramics for
scaffold production, bioactive and bioresorbable ceramics are used. Bioceramics
also gradually degrade over time and are replaced by the natural host tissue, and
can be completely removed once their task of serving as templates for new tissue
generation has been completed [35].

Based on their microstructure, bioceramics can also be classified into crystalline
ceramics, glass-ceramics, bioactive glasses, and composites. Crystalline ceramics,
including calcium phosphate (CaP), are mainly used as scaffolds for bone tissue
regeneration owing to their structure and chemical composition, showing similarity
to the inorganic fraction of bones, and their osteoconductivity [36]. In addition,
CaP exhibits bioactivity of osteointegration, an intimate physicochemical bond
between the implant and bone [37]. Porous blocks of various sizes composed of
CaP or Hydroxyapatite, a specific form of CaP with a ratio of 1:67, are currently
used to repair small-sized bone defects [38, 39]. These blocks can be manipulated
intraoperatively to match the size and contour of the existing defect. Hydroxyapatite
is also used as a porous scaffold for orbital floor repair [40] and as a coating material
of metallic joint prostheses and dental implants [41, 42]. The main drawback of all
CaP scaffolds produced in a porous form is their low mechanical properties, such as
brittleness and low fatigue strength, which largely limit their clinical application to
low- or non-load-bearing parts of the skeleton.

Alumina is another crystalline ceramic that has been widely employed to
fabricate components of hip and knee joint prostheses (femur head, acetabular
cup, and tibial plate), largely due to alumina’s high strength; thus, it is most
suitable for load-bearing applications, excellent wear resistance, and bioinertness
[43]. Porous alumina is primarily used for fabricating orbital implants (spherical
porous scaffolds) for enucleated patients; this may allow for fibro-vascular ingrowth
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through the porous network and it remains in the patient’s anophthalmic socket for
an indefinite period, without undergoing degradation [14, 44].

Other forms of bioceramics are bioactive glasses, which are degradable bioma-
terials that have been widely used to restore osseous defects due to their unique
ability to bond to host bone, stimulate new bone growth, and induce angiogenesis
[45]. Their glass surface allows the formation of a biologically active layer of
hydroxyapatite that provides the bonding interface with host tissues, whereas the
dissolution products [e.g., Si, sodium (Na), Ca, P ions] stimulate the cells to produce
new tissue [15]. Bioactive glasses can be fabricated by either the conventional
melting-quenching routes or the sol-gel technique. Finally, the glasses can also be
spun to fabricate glass fibers. In the last decade, the phosphate ones, in particular,
have attracted increasing interest for soft-tissue engineering applications. They have
been used as guides for muscle or nerve repair [46], as well as for fabricating glassy
bone scaffolds [47], and for lung tissue engineering applications [48]. In the last
decade, a new set of bioactive glasses, characterized by a highly ordered mesoporous
texture, has been developed and studied as a smart platform for the controlled release
of biomolecules, in situ therapy, and regenerative applications [49, 50].

Glass-ceramics represent the third form of bioceramics, exhibiting superior
mechanical properties concerning their parent glasses, specifically their higher
elastic modulus, hardness, failure strength, and wear resistance, and are often used
to produce scaffolds.

Like most ceramic materials, a primary disadvantage of bioceramics is their
low fracture toughness, which could limit their use in load-bearing applications.
Furthermore, owing to their high stiffness, they may not be efficient for non-
osseous applications, where adequate compliance with soft tissues is needed [51].
To overcome these drawbacks, composite scaffolds composed of bioceramics and
polymers have been proposed. Typically, bioceramics are used as fillers or coatings
for the polymer matrix to improve their mechanical properties. For instance,
hydroxyapatite/polyethylene porous composites are currently used for repairing
orbital floor fractures [52]. Another example is the use of bioceramics as a
coating for metallic materials, such as stainless steel and titanium, for load-bearing
prostheses. The bioceramics improve the biocompatibility and reduce the release
of metal ions into the tissues [14]. Besides their “traditional” use for osseous defect
repair, bioactive glasses and glass-ceramics in their non-porous form have been used
for non-osseous applications, including wound healing and soft-tissue engineering,
owing to their ability to bond to soft tissues and to elicit desirable biological
responses, such as angiogenesis. Interestingly, recent studies have highlighted
the suitability of bioactive glass particulates for (i) treating gastric ulcers, (ii)
injectable radioactive glasses for killing cancer cells in liver tumors, (iii) glass-
polymer composites for cardiac tissue engineering, (iv) regeneration of injuries at
the tendon-to-bone interface, (v) fabricating a scaffold for wound dressing, and (vi)
glass/polymer tubes for peripheral nerve regeneration [51, 53–55].
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12.4.3 Synthetic Biodegradable Polymers

Synthetic biodegradable polymers have gained increasing attention as scaffolds in
tissue engineering, drug delivery vehicles, biosensors, biomedical adhesives, and for
replacing permanent devices in low-load bearing fracture sites [56–58]. Synthetic
polymers are biocompatible, and their 3D structure and surface features can be
tailored, resulting in highly controlled and consistent degradation properties and
excellent reproducible mechanical and physical properties, such as tensile strength
and elastic modulus [59]. In addition, they can be produced in large homogeneous
quantities and have a long shelf time, as well as a lower price compared with
biological scaffolds.

The current polymers used constructing 3D scaffolds for bone regeneration are
saturated poly-a-hydroxy esters, including polylactic acid (PLA), polyglycolic acid
(PGA), and their co-polymer polylactic-co-glycolide (PLGA) [60, 61]. Typical
scaffold forms include meshes, fibers, sponges, and foams, which promote a uniform
cell distribution, diffusion of nutrients, and growth of organized cell communities
[59]. Different synthetic polymers exhibit varying physicochemical and mechanical
properties and biodegradation rates. PGA is a hydrophilic polymer exhibiting a
fast degradation rate, whereas PLA has a structure similar to PGA but has more
hydrophobic features. The chemical properties of these polymers allow hydrolytic
degradation by de-esterification. After degradation, the monomeric components of
each polymer are eliminated by metabolic pathways. Owing to these properties,
PLA and PGA have been widely applied in biomedical products and devices,
such as degradable sutures [62]. The biochemical properties, such as a faster and
more controllable biodegradation rate, the properties of PLGA, the co-polymer
of these two polymers, are improved compared with the pure monomers [63].
Generally, for fabricating bone substitute constructs, the co-polymer PLGA is
preferred compared to its constituent homopolymers because of its superior control
of degradation by varying the ratio between its monomers [64]. However, although
being biocompatible, the clinical application of pure PLGA for bone regeneration
is limited by its poor osteoconductivity and suboptimal mechanical properties for
load-bearing applications. Therefore, combining PLGA with other materials, such
as ceramics and bioactive glass is preferred, to render it more biomimetic, thus
enhancing bone regeneration [65]. PLA, PGA, and PLGA are also used as conduits
for drug delivery [66] and as scaffolds for constructing artificial vessels due to
their high porosity, which allows the diffusion of nutrients upon implantation and
subsequent neovascularization, and their easy handling and fabrication into different
shapes.

Other synthetic polymers have also been used in tissue engineering for a broad
range of biomedical applications [67], including poly(trimethylene carbonate) in
vascular tissue engineering [68], poly(methylmethacrylate) (PMMA) for producing
intraocular lenses [69], poly(e-caprolactone) (PCL) for in situ tissue engineering of
small diameter vascular prosthesis [70], polyethylene terephthalate (PET) (Dacron)
for hepatic venous reconstruction [71], polyurethanes (PU) in heart valves, vascular
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grafts, catheters, and prostheses [72], polytetrafluoroethylene (PTFE) for small
diameter vascular grafts [73], and membranes for guided tissue regeneration [74].

The mechanical properties of polymeric biomaterials largely depend on the
molecular architecture of the macromolecules, i.e., the structure of the monomeric
unit, the molecular weight of the polymer, and the morphology exhibited by the
polymers [75].

12.5 Natural Biomaterials

Natural polymers can be considered as the first clinically used biodegradable
biomaterials [76]. They can be classified primarily into proteins (e.g., silk, collagen,
gelatin, fibrinogen, elastin, keratin, actin, and myosin), polysaccharides (e.g.,
cellulose, amylose, dextran, chitin, and glycosaminoglycans), or polynucleotides
(e.g., DNA, RNA) [77]. Natural polymers are soft but flexible materials, which
can adapt their shape to desired forms through a variety of molding and casting
techniques. They contain specific molecular domains that can support cells at
various stages of their development and promote rapid biological interactions of
the scaffold with the surrounding host tissue [78], induce the deposition of cells
and additional ECM, overall, accelerating angiogenesis [79]. Natural polymers thus
exhibit several benefits over synthetic polymers, such as degradability, negligible
toxicity, resemblance to native tissues/organs, and the ability to induce tissue
remodeling. Owing to their similarity to the ECM as well as their biocompatibility
and biodegradability, natural polymers have been developed as base materials for
various applications in tissue engineering, including small intestinal submucosa,
acellular dermis, bladder acellular matrix grafts, and amniotic membranes.

12.5.1 Collagen

Collagen constitutes approximately one-third of the protein of humans and two-
thirds of the dry weight of skin; it plays a vital role in biological functions, such as
tissue formation, cell attachment, and proliferation. The collagen protein is a helical
polypeptide composed of repeating sequences of glycine, proline, hydroxyproline,
and lysine. As an integral part of the ECM, collagen has great tensile strength
for tissue growth; thus, it was extensively investigated for biomedical applications
[80]. Collagen-based materials are considered to be favorable biomaterials for both
cartilage and bone scaffolds, since collagen type II is the major component in
articular cartilage, and collagen type I is the major component in bone. Based
on the extent of their purification, collagen-based biomaterials can be classified
into two categories: (i) decellularized collagen matrices that maintain the original
tissue properties and the ECM structure; and (ii) more refined scaffolds developed
by extraction, purification, and collagen polymerization [81]. Different types of
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collagen formulations have been developed for biomedical applications including
gels, sponges, spheres, membranes, microfiber collagen scaffolds, and electrospun
collagen nanofibrous scaffolds [82].

The clinical use of collagen began in 1881 as a biodegradable suture termed
“catgut”, a collagen-rich biomaterial prepared from the small intestine of sheep
[83, 84]. Over the years, countless clinical innovations have extended the reach of
collagen for the engineering and repair of soft and hard tissues [78], with different
applications requiring different formulations. Collagen sponges serve as 3D cell
culture scaffolds, wound dressings for severe burns, pressure sores, donor sites, and
leg ulcers, artificial skin replacements, and as drug delivery carriers [82]. They
also serve as effective scaffolds for applying exogenous growth factors [85–87]
and antibiotics [88] to wounds. For example, collagen sponge scaffolds loaded with
platelet-derived growth factor (PDGF) increase fibroblast influx into the wounds and
enhance capillary formation, compared with control treatments [85]. These sponges
can absorb large amounts of tissue exudate, adhere smoothly to a wet wound
bed, and maintain a moist environment around the wound while protecting against
mechanical trauma and bacterial infection. Collagen promotes cellular motility, and
inflammatory cells actively invade the porous scaffold [88]. A highly vascularized
granulation tissue develops, which stimulates the formation of new granulation
tissue and epithelial layers. Commercial collagen sponges are insoluble protein
forms derived from animals such as cows, horses, and pigs.

Collagen in the form of films and membranes can be used in wound healing
[82], tissue engineering [89], and guided bone regeneration [90, 91]. Collagen-based
wound dressings have long been used to treat burn wounds and ulcers. They are
effective in accelerating wound healing by supporting an appropriate environment
for fibroblast and keratinocyte proliferation. Collagen membranes can support the
regeneration of periodontal tissues [92]. They have been widely used in periodontal
and implant therapy as barriers for preventing the migration of epithelial cells and
for encouraging wound repopulation by cells with regenerative capacity [90].

Recently, collagen has also been used as a carrier for drug delivery [93].
Collagen-based drug delivery systems consist of injectable microspheres based
on gelatin (a degraded form of collagen), implantable collagen-synthetic polymer
hydrogels, and interpenetrating networks of collagen and synthetic polymer colla-
gen membranes [87]. In ophthalmology, composite collagen-alginate scaffolds are
being investigated for sustained delivery of bioactive glial cell-derived neurotrophic
factor (GDNF) to promote photoreceptor survival in inherited retinal degeneration
[94]. Owing to their flowable, injectable, and biocompatible characteristics, collagen
gels have also been utilized for reconstructing the liver, skin, blood vessels, and the
small intestine [95].

The design and development of collagen-based scaffolds involve processing
collagen solutions with other well-known biomolecules, such as elastin [96], GAGs
[96], and chitosan [97]. Such biomaterials are produced by extracting and purifying
collagen from natural tissues. Currently, techniques for generating new cross-
links of collagen by covalent bonds to its amino and carboxyl groups are being
developed to control the rate of degradation and absorption. These techniques
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include chemical cross-linking, physical cross-linking with ultraviolet light or
dehydrothermal treatment, and cross-linking with enzymes.

12.5.2 Alginate

Alginate is a naturally occurring anionic polysaccharide obtained from calcium,
magnesium, and sodium alginate salts found in the cell walls and intracellular spaces
of different brown algae [98]. Alginate is a linear unbranched polymer composed
of linked β-D-mannuronic acid (M units for mannuronic) and α L-guluronic acid
(G units for guluronic) monomers along the polymer backbone. G units increase
gel-forming and MG and M units increase the flexibility. A large number of M units,
however, could induce immunogenicity [99]. Alginate, having biocompatibility,
low toxicity, a relatively low cost, and mild gelation by the addition of divalent
cations such as Ca2+, has been extensively used for many biomedical applications
[100]. It can be easily modified and fine-tuned to produce, for example, hydrogels,
microspheres, microcapsules, sponges, foams, and fibers, which are widely used
for wound healing, delivery of bioactive agents such as small chemical drugs and
proteins, cell transplantation, and other applications.

Alginate wound dressings facilitate wound healing by maintaining a physiolog-
ically moist microenvironment and, minimal bacterial infection at the wound site
[101]. They are usually produced by ionic cross-linking of an alginate solution with
calcium ions to form a gel matrix, followed by the formation of freeze-dried porous
sheets (i.e., foam), and fibrous non-woven dressings. Alginate dressings in the dry
form typically induce wound fluid to re-gel, and the gels can resupply water to a dry
wound, thus maintaining a physiologically moist microenvironment and minimizing
bacterial infection at the wound site. These functions can also promote granulation
tissue formation, rapid epithelialization, and healing.

Another medical application of alginate is the slow release of drug molecules,
ranging from small chemical drugs to macromolecular proteins. These molecules
can be released from alginate gels in a controlled manner, depending on the various
types and methods of cross-linking, which employ a chemical or physical “barrier”
to provide a controlled release of the drug. For example, alginate has been used
for controlled and localized delivery of antineoplastic agents [102]. Alginate gels
also enable simultaneous or sequential release of several drugs. Depending on the
chemical structure of the drug and the mode of incorporation, a variety of drugs can
be loaded into alginate-based gels allowing different release kinetics. For example,
methotrexate does not interact with alginate and is rapidly released by diffusion,
whereas doxorubicin can be covalently attached to alginate, enabling its release
via chemical hydrolysis of the cross-linker. Mitoxantrone, ionically complexed to
alginate, is only released after the gel has been dissociated [102]. Alginate is also
widely used for delivery of protein drugs, since proteins can be incorporated into
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alginate-based formulations under mild conditions that minimize their denaturation,
and the gels protect them from degradation until their release. Owing to the inherent
porosity and hydrophilic nature of the gels, the release rate of proteins from alginate
gels is rapid. Heparin-binding growth factors such as vascular endothelial growth
factor (VEGF) or basic fibroblast growth factor (bFGF) exhibit reversible binding
similar to alginate hydrogels, enabling a sustained and localized release [103, 104].

Like proteins, delivery of cell populations can also direct the regeneration or
engineering of various tissues and organs in the body. Alginate gels are also utilized
for cell transplantation in tissue engineering. In this approach, hydrogels serve as
cell carriers to the desired site, localize them, and limit their migration away from
the target site. They also provide space for new tissue formation, and control the
structure and function of the engineered tissue by instructional signals that influence
cellular behavior. Alginate scaffolds are actively explored for their ability to
facilitate the regeneration of tissues and organs, including skeletal bone, skin, nerve,
liver, and pancreas. Alginate microparticle and microfiber aggregated scaffolds
have been produced via aggregation methods. Such a porous structure allows
vascularization, oxygenation, cell migration, adhesion, and proliferation, which are
necessary for bone tissue regeneration. Use of alginate-polymer nanocomposites
for bone tissue regeneration has been extensively studied to enhance alginate
biological performance. Specifically, an alginate-chitosan composite for bone tissue
repair is one of the most studied materials. Such a hybrid scaffold for bone tissue
engineering displayed high porosity, improved mechanical strength, and structural
stability, and was shown to stimulate new bone formation and rapid vascularization
[105]. In another study, a 3D porous alginate-chitosan scaffold for critical size
calvarial defect repair in Sprague-Dawley rats was used. This scaffold supported
undifferentiated mesenchymal stem cells (MSCs) in culture for 14 days. In addition,
after 16 days, partial defect closure was observed, with the most significant
defect closure (71.56 ± 19.74%) in the animal group treated with alginate-
chitosan scaffolds in conjunction with bone morphogenic protein 2 (BMP-2) when
compared to BMP-2 alone [106]. Recently, an injecatable composite alginate hydro-
gel was developed for bone regeneration, combining fluorenylmethoxycarbonyl-
diphenylalanine (FmocFF), a self-assembling short aromatic peptide. The composite
Alginate/FmocFF hydrogel exhibited a high storage modulus of approximately
10 kPa and facilitated adhesion, proliferation and osteogenic differentiation of
MCT3T-E1 preosteoblasts [107].

A current challenge is matching the physical properties of alginate gels to the
requirement of a particular application. The range of different available cross-
linking strategies, using molecules with various chemical structures, molecular
weights, and cross-linking functionality often leads to the formation of gels
suitable for each application [108]. An alternative method is the utilization of
self-assembling peptides, which enable to tailor the mechanical properties of the
resulting gels [107, 109].
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12.5.3 Cellulose

Cellulose is the most abundant polymer in the world, found in plant cell walls and
in certain marine organisms, such as tunicates, and algae, such as Valonia. It is
also produced by several bacteria, such as Acetobacter xylinum [110]. Cellulose is
a linear polysaccharide composed of up to 15,000 D-glucose residues linked by β-
(1 → 4)-glycosidic bonds. Based on the position of the hydrogen bonds between and
within strands of units, different crystalline structures of cellulose were identified
(cellulose I–IV).

Like other natural polymers, including alginates and chitosan, cellulose polymers
exhibit good biocompatibility and wound healing characteristics. Cellulose is
extensively used as a raw material for producing paper and cardboard products.
In medical applications, it is often used in bioseparation, immobilized reaction, cell
suspension culture, and as an adsorbent for sewage treatment. Different derivatives
of cellulose, such as cellulose acetate, cellulose propionate, and cellulose acetate-
butyrate are well known for immobilizing enzymes such as catalase, alcohol
oxidase, and glucose oxidase, thereby improving their overall biocatalytic efficiency
and storage stability. Microbial cellulose synthesized by acetobacterxylinum has
been used as a wound healing agent. Cellulose is also suitable for use in micronerve
surgery, as an artificial blood vessel suitable for microsurgery and as a candidate for
capsule-based controlled drug delivery [111]. In dentistry, the cellulose membrane
is used in guided bone regeneration as a space maintainer, enabling bone apposition
underneath [112].

12.5.4 Chitin-Chitosan

Chitin is a white, hard, inelastic, nitrogenous polysaccharide consisting of (1 → 4)-
β-N-acetyl-D-glucosamine units. It is found in the exoskeleton as well as in the
internal structures of invertebrates, such as crustacean shell or insect cuticles as
well as in some mushroom envelopes, the green algae cell wall, and yeast [113].
Chitosan, a partially deacetylated derivative of chitin, is composed of a mixture
of N-acetyl-D-glucosamine and D-glucosamine, forming a linear polysaccharide,
structurally similar to GAGs. Once dissolved, chitosan can be gelled by different
methods including increasing the pH, extruding the solution into a non-solvent, by
glutaraldehyde crosslinking, or ultraviolet (UV) light.

Chitosan is the second most abundant biosynthesized material, after cellulose.
Chitosan can be easily processed to produce hydrogels, membranes, nanofibers,
beads, micro/nanoparticles, scaffolds, foams, and sponges for various biomedical
applications such as drug delivery, wound healing, and tissue engineering. The
antifungal and bactericidal properties of chitosan, along with its permeability to
oxygen, are often utilized for the treatment of wounds and burns. Chitosan forms
a gel without any additive by neutralizing the chitosan amino group and thus, the
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repulsion between chitosan chains. Hydrogel formation occurs via hydrogen bonds,
hydrophobic interactions, and chitosan crystallites.

Being biocompatible, non-toxic, non-allergenic, degradable, and mucoadhesive,
chitosan can accelerate cell proliferation, making it a promising polymer for tissue
engineering, especially for dental and bone implants, cartilage, and artificial skin
[113].

Chitosan membranes have been extensively used as an artificial kidney mem-
brane because of their suitable permeability and high tensile strength [114].
Chitosan is also used to fabricate contact lenses, as well as to control the release of
different ophthalmic drugs from lens materials, due to its optical clarity, mechanical
stability, sufficient optical correction, gas permeability—partially towards oxygen,
as well as its wettability and immunological compatibility [115, 116].

12.6 Natural and Synthetic Composite Biomaterials

Composite biomaterials have become the focus of intense interdisciplinary research.
Combining naturally derived biomaterials such as biopolymers, polysaccharides,
or proteins with synthetic biomaterials such as metals or bioceramics provides
more opportunities for designing “smart biomaterials”. Strategies to produce “smart
biomaterials” mainly aim to develop matrices that are instructive and inductive
to cells, or that can stimulate target cell responses that are vital in the tissue
regeneration process [117]. To fabricate composite structures, the bulk and surface
properties are modified either chemically or physically, or by introducing thera-
peutic molecules such as drugs, proteins and genes within the structure to allow
sustainable release, as well as time-dependent and sequential delivery of multiple
biofactors. Another way to improve the multifunctionality of composite scaffolds
is to induce responsiveness to internal or external stimuli, such as pH, temperature,
ionic strength, and magnetism [117].

An extensive range of compositional variables is available by composite
approach with a goal to mimic the physical properties of the native tissues.
Tailoring of physical properties is based on polymer-polymer or polymer-inorganic
compositions which targets both soft and hard tissue, respectively. In addition,
nanotechnological advances in organizing/structuring biomaterial composites have
focused on self-assembled biomaterials with or without a functional moiety in the
nanostructure, as an approach to produce smart composites. Using this approach,
hyaluronic acid was incorporated with the self-assembling FmocFF peptide and
successfully formed a 3D hydrogel scaffold for cell culture and drug delivery
without the use of cross-linking agents [118]. The combination of hyaluronic
acid and FmocFF ideally mimics glycosaminoglycans and fibrous proteins
(e.g., collagen, elastin, fibronectin and laminin), the two main macromolecules
comprising the extracellular matrix, thus serving as an ideal microenvironment for
cells. Another way of approach in the internal modulation to biomimicry is surface
engineering with ECM molecules with full sequence of recombinant proteins
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or engineered peptides (short or oligopeptides) with key domains, or in a fused
form that has multiple actions. The rationale is to provide biologically relevant
environment to the surrounding cells, thereby aiding them in recognizing the
biomaterial surface and enhancing target functions such as adhesion, proliferation,
migration, and tissue differentiation.

12.7 Supramolecular Soft Biomaterials (Hydrogels)

Supramolecular hydrogels are part of the next generation of materials to enter
the biomedical arena. These materials are composed of either polymeric or small
molecular gelators and form 3D networks with suitable properties to entrap a
large quantity of water within their entangled structures [119]. They are formed
through intermolecular non-covalent interactions, including hydrogen bonds, π-π
stacking and van der Waals interactions, thereby not requiring cross-linking agents.
Hydrogels exhibit structural similarity to macromolecular-based components in
the body and are considered biocompatible. Owing to their high biocompatibility
and water content, they are highly appealing for biological applications. Amino
acids and peptide-based hydrogelators are promising candidates to support 3D cells
growth [120]. The structural and mechanical properties of the formed gels can be
tailored by incorporating different amino acid types and sequences, or by mixing
different peptides, rendering them to formulate bioactive hydrogels that can mimic
the structure and function of native ECM [121]. Using a co-assembly approach, by
mixing two short aromatic peptides, FmocFF and Fmoc-pentafluoro-phenylalanine,
an ECM mimicking nanofibrous hydrogel with extraordinary mechanical properties
was formed for potential use in bone tissue engineering [121]. Similarly, using the
co-assembly approach, together with the incorporation of hydroxyapatite, a compos-
ite organic-inorganic hydrogel scaffold was fabricated allowing bone regeneration as
well [122]. In the last two decades, different hydrogels have been comprehensively
studied, focusing on designing, synthesizing, and using these materials for various
biological and biomedical applications, particularly for tissue engineering and in
regenerative medicine [123–132].

12.8 How to Design the Molecular Building Blocks for
Hydrogels

12.8.1 Mimicking the Microarchitecture of the Native ECM
with Engineered Scaffolds

Tissue engineering and regenerative approaches involve the use of 3D scaffolds,
which serve as carriers for cells or growth factors to regenerate damaged tissues
or organs. These scaffolds should mimic the ECM microenvironment, where
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cells interact and respond to mechanical cues received from the surrounding 3D
environment. Specifically, native ECM presents cells with instructional signals that
govern cellular behaviors, including proliferation, migration, and differentiation
[133, 134]. This information can be encoded in a biochemical form via integrin
binding sites or through the mechanical characteristics of the scaffolds, such as their
stiffness and strain-hardening properties. Since these factors exert significant effects
on cell behavior, there has been an intense interest to integrate such parameters
into scaffold design strategies. For example, the presentation of specific cues
regulating cell adhesion, such as tri-peptide Arginine-Glycin-Aspartic Acid (RGD)
is widely employed to make synthetic scaffolds adhesive to cells [135]. In addition,
mechanical cues are often integrated by altering the material’s concentration or
by crosslinking to control scaffold stiffness [136]. Hence, the scaffolds’ material
properties are of utmost importance in determining cellular response and fate (Fig.
12.2a).

12.8.2 Microarchitecture of Tissue-Engineered Scaffolds

Various scaffolds that are currently being used for 3D cell encapsulation present
different structural environments to cells. These scaffolds can be classified into
three fundamental categories: fibrous networks, crosslinked materials with nano-
sized pores, and foam-like materials containing pores ranging from tens to hundreds
of microns. Fibrous scaffolds consist of an entangled network of interacting fibers
and include hydrogels such as reconstituted collagen and fibrin, as well as self-
assembling peptides and many types of electrospun scaffolds. Because these fibers
are much smaller than an individual cell, they can surround it to create a 3D
environment similar to native stromal ECM. Crosslinked scaffolds with nanometer-
sized pores, include gels composed of components such as matrigel or alginate, or
synthetic polymers such as polyethylene glycol (PEG). These scaffolds surround
cells with a small pore size if they are unable to enzymatically degrade them. A
third scaffold group has pores that are larger than an individual cell. Although
such scaffolds provide a 3D structure at a macro level, each cell experiences an
environment that is similar to a 2D culture because of its large pore size.

Scaffold microarchitecture is not only guided by the particular material used,
whereas the processing of the substance might also result in notable effects on the
final structure. For example, large macro-pores around several hundred microns can
be designed in a nanoporous scaffold through processing techniques such as particle
leaching, freeze-drying, and gas foaming [137]. Alternatively, for spreading and
migration of cells, proteolytic or photodegradable crosslinks can be incorporated
into these nanoporous gels [126, 138]. Many polymers can also be fabricated
with a fibrous architecture through electrospinning or other techniques. Thus, a
single material can potentially be in any of the three structural categories based
on how it is prepared [139]. Even the microarchitecture of inherently fibrous
materials can change to a certain extent, based on the gelling conditions, since
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Fig. 12.2 Supramolecular biomaterial scaffolds. (a) A scheme describing various methods
for activating receptors on cell surfaces and initiating intracellular signaling cascades using
different dynamic, interchangeable, and reversible motifs for designing supramolecular biomaterial
scaffolds. (b) A specific example of a supramolecular biomaterial scaffold with dynamic, enzyme
cleavable surfaces for mesenchymal stem cell growth using Fmoc, PEG, and RGD peptide
sequences as basic building blocks. Fmoc and PEG are used for blocking the RGD peptide, which
is exposed upon the action of the elastase enzyme (the cleavage site is denoted by red dotted lines).
(Reprinted and adapted with permission from Roberts JN, ACS Nano, 2016, 6667–6679)

temperature and pH can influence fiber diameter and length, or through crosslinking
techniques that prevent fiber movement [140–142]. Therefore, one should be aware
of such parameters and choose the appropriate processing technique when preparing
scaffolds for different cellular applications.
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While designing a hydrogel, the molecular scaffold should be decorated with
biocompatible fragments of hydrophobic and hydrophilic units having the ability
to control specific molecular interactions at the cell-material interface as well
with water medium. In practice, the most desired and bioactive performances
most suitable for the biomedical application properties include (i) transport prop-
erties (such as sustained release), (ii) tissue interactions (such as bioactivity), and
(iii) chemical stability (such as degradability). Moreover, incorporating specific
structural motifs such as molecular recognition motifs, bioactive groups, enzyme
degradable segments, and motifs that can activate receptors on the cell surface
and initiate intracellular signaling cascades helps in developing improved tissue
engineering scaffolds having the desired properties (Fig. 12.2a).

12.9 Hydrogel Degradation

Scaffold degradation occurs as part of tissue remodeling and is controlled by
physical or chemical processes and biological processes mediated by various
agents, such as enzymes. The biodegradable scaffold gradually disintegrates over
a predetermined period and is replaced by newly grown tissue from the adherent
cells [143].

Strategies to control the degradation of hydrogels include the use of a peptide-
polymer hydrogel design with cross-linking oligomers, which are substrates known
for cell-secreted enzymes such as collagenases, gelatinases, and other matrix
metalloproteases. These oligomeric sequences enable an in vivo resorption rate
that coincides with the normal repair period. Several studies described the usage
of PEG hydrogels containing degradable blocks to control degradation time based
on various schemes [144–148].

12.10 Bioadhesion and Bioactivity

The term bioadhesion refers to the important property of cells and tissues adhering
to hydrogels, enabling surgical repair and tissue regeneration. Bioadhesion is
important for controlling hydrogel bioactivity, which is required to control specific
biological events in the body such as endogenous cell recruitment, local morpho-
genesis, and controlled cell differentiation. The crucial factors, which govern these
processes, are the presence of receptor-ligand complexes that mediate cell adhesion
and mesenchymal migration, bound or soluble molecule interactions resulting in
proteolytic biodegradation or transcriptional events that govern cell phenotype and
other biophysical properties [129, 149, 150].

Hydrogel scaffolds can be incorporated with bioadhesive features by using
linker molecules that induce covalent or non-covalent interactions between the
implant and its surrounding cells. For example, Martino et al. [151] suggested that
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integrin-dependent cellular interactions with the ECM can be engineered to control
stem cell fate. Integrin specificity was modulated by cell-adhesive oligopeptides
derived from fibronectin central cell-binding domains (FNIII 9-10) [151]. Another
method includes immobilizing fibronectin peptide fragments using a focused laser,
thereby enabling one to guide and control axonal growth [152]. Mesenchymal stem
cell adhesion to scaffolds can also be controlled by activating the scaffold surface
using immobilized peptides that may be enzymatically activated to change their
function [153]. The RGD peptide, which enables cell adherence when exposed by
the elastase enzyme, can be masked by Fluorenylmethyloxycarbonyl (Fmoc) and
PEG groups (Fig. 12.2b) [153]. Other typical examples of modifying hydrogels for
bioadhesion include catechol-based modification t[3,4-dihydroxy-L-phenylalanine
(DOPA)] of a PEG hydrogel implant to improve extra hepatic islet transplantation
in cases of type I diabetes mellitus [154]. The hydrogel modification allows muscles
to adhere to wet organic surfaces. Under oxidizing conditions, DOPA rapidly forms
cross-links when bound, for example, to an end-functionalized star-PEG precursor.
In addition, the catechol moiety forms strong covalent interactions with nucleophiles
such as thiols and imidazoles found in the ECM.

12.11 3D Structures of Hydrogels

A wide range of hydrogels, based on synthetic or natural polymers, has been
used regularly in medicine. For example, soft contact lenses are made from
poly(hydroxyethyl methacrylic) acid, biological adhesives are made from recon-
stituted fibrin or albumin, biological fillers are made from hyaluronic acid, and
alginate polysaccharide is used as a wound dressing. The poor geometry fidelity
and limited mechanical properties of single network hydrogels have limited further
biomedical applications such as artificial cartilage, muscle, and vascular. However,
this drawback has led to the development of composite hydrogels, which exhibit
improved mechanical properties. Calcium-alginate/poly(acrylamide) DN gel is an
example of a composite hydrogel used as artificial cartilage [155]. It exhibits good
geometric consistency with the tibia joint simulator as well as good resiliency and
high shape retention, along with high stability under compression, stretching, and
bending conditions [155] (Fig. 12.3a).

Currently, hydrogels have excellent potential for use in stem cell and cancer
research, cell therapy, tissue engineering, immunomodulation, and in vitro diag-
nostics. Hydrogels have been extensively used in regenerative medicine and enable
hierarchical organization of cells into tissue-like structures, where the architectural
and molecular cues can be engineered with spatial and temporal presentations
that mediate cellular behavior and fate. Hydrogel materials have been used for
generating soft and hard tissue 3D implants. Hard tissue implants have been
produced using rapid prototyping (RP) techniques. In addition, the RP method
has been used for soft tissue 3D implant formation [156]. The plotting material
was dispensed into a solution with a temperature below the gelation point of the
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Fig. 12.3 3D structures of hydrogels. (a) Gel cartilage exhibits good geometric consistency with
the tibia joint simulator. (Reprinted and adapted with permission from Wang J. et al., J. Mater. Sci,
2015, 5458–5465.) (b) ESEM micrograph of mouse fibroblasts on the surface of a strand of an
agar scaffold and (c) Silicone model of the nose prepared by 3D plotting. (Both (b) and (c) were
reprinted and adapted with permission from Landers R., J. Mater. Sci, 2002, 3107–3116)

hydrogel. It was also possible to seed and cultivate cells on the surface of these agar
scaffolds, which were coated with hyaluronic acid to improve cell attachment [156]
(Fig. 12.3b). The main feature of this RP technology is the 3D dispensing of liquid
and pastes in liquid media [156] (Fig. 12.3c).

12.12 Conclusions

Since large variations exist in the material’s composition, it is often difficult to
determine the effectiveness of a particular biomaterial for tissue engineering and
regeneration. It is evident that the mechanical conditions are of utmost importance
to ensure engineering success. Hard materials provide compressive and torsional
strength, but they are often poor at promoting bone tissue formation. Soft com-
posites composed of natural polymers that more effectively promote cell expansion
have a very low immunogenic potential, bioactive behavior, and ability to interact
with the host tissue. However, they lack mechanical strength to withstand the forces
typically observed in natural bone, which is the prime requisite for bone tissue
engineering and tissue formation.

Most of the biomaterials available today do not ultimately meet all the demands
that were discussed in this chapter, because cellular functions result from highly
diverse interactions between cells, as well as between cells and biomaterials. The
state of the art in biomaterial design has been continuously evolving over the
past few decades, as the goals of biomedical engineering increase in complexity.
Incorporating two polymers, natural and synthetic, or hybrid polymeric scaffolds
combining natural and synthetic polymers, has attracted growing interest as part of
the efforts to mimic the ECM of natural tissue. These new hybrid structures can
present the full range of physicochemical properties and the processing techniques
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of synthetic polymers, as well as the biocompatibility and biological interactions of
natural polymers, thereby combining the advantages of two different structures. In
addition, biomaterials will not only serve as transplantation vehicles but also as tools
that modulate cellular functions, thereby enhancing the endogenous regeneration
response.
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Chapter 13
Bioinspired Engineering
of Organ-on-Chip Devices

Li Wang, Zhongyu Li, Cong Xu, and Jianhua Qin

Abstract The human body can be viewed as an organism consisting of a variety
of cellular and non-cellular materials interacting in a highly ordered manner. Its
complex and hierarchical nature inspires the multi-level recapitulation of the human
body in order to gain insights into the inner workings of life. While traditional
cell culture models have led to new insights into the cellular microenvironment
and biological control in vivo, deeper understanding of biological systems and
human pathophysiology requires the development of novel model systems that
allow for analysis of complex internal and external interactions within the cellular
microenvironment in a more relevant organ context. Engineering organ-on-chip
systems offers an unprecedented opportunity to unravel the complex and hierar-
chical nature of human organs. In this chapter, we first highlight the advances in
microfluidic platforms that enable engineering of the cellular microenvironment and
the transition from cells-on-chips to organs-on-chips. Then, we introduce the key
features of the emerging organs-on-chips and their proof-of-concept applications
in biomedical research. We also discuss the challenges and future outlooks of this
state-of-the-art technology.
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Abbreviations

ADMET Adsorption, distribution, metabolism, elimination and toxicity
BBB Blood-brain-barrier
EBs Embryonic body
ECM Extracellular matrix
ECs Endothelial cells
EMT Epithelial-to mesenchymal
ESCs Embryonic stem cells
FSS Fluidic shear stress
iPSCs Induced pluripotent stem cells
MEMS Micro-electromechanical system
MSC Mesenchymal stem cells
PDMS Polydimethylsiloxane
PK/PD Pharmacokinetics and pharmacodynamics
TEER Trans-epithelial electrical resistance

13.1 Introduction

Appropriate model systems drive the development of biological and biomedical
research. These model systems seek to recapitulate human physiology and pathol-
ogy from the molecular level to the cellular, tissue and organ levels, thus providing
insights into disease etiology, diagnostic therapeutics and disease prevention. In
vivo, the body can be viewed as a variety of cellular and non-cellular materials
interacting in a highly ordered manner. The complex and hierarchical nature of
all living things inspires the multi-level recapitulation of the human body and
development of biological model systems consisting of multiple cell types, with
internal (cell-cell, cell-matrix) and/or external (e.g. cell-environment) interactions
in a more relevant organ and multi-organ context.

Conventionally, animal models are often used to closely recapitulate human
physiology in a variety of biomedical research areas, but they fail to faithfully mimic
human responses due to the presence of confounding variables and differences
between animal and human biology. It is also quite difficult to carry out real-time
observation, utilization and throughput assays in animal models. While simplistic
models, such as two dimensional (2D) monocultures of cells in a Petri-dish, have
their merits to study the biological process of specific cell types, these formats
often lack cell-cell and cell-matrix interactions that are necessary to maintain and
define the specific phenotypes of cells. They also fail to mimic the cellular functions
and intercellular communication that is present in tissues or organs. While three-
dimensional (3D) cell aggregates and spheroid cultures can improve the cellular
functions to some extent, they still lack many features that are critical for sustaining
organ development and function, such as spatiotemporal biochemical cues, vascular
perfusion, mechanical cues or multiple cell co-cultures. Obviously, most current
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model systems are far from being able to fully reconstitute functions spanning
cellular, tissue and organ levels, but it is crucial to develop such biological systems
that can address specific scientific questions in biomedical research.

Considerable advances in microfabrication and microfluidics technology have
expanded our ability to culture cells in a tightly controlled complex cellular
microenvironment in a spatiotemporal manner, thus mimicking the tissue microen-
vironment in vivo. The microfluidic culture platform can provide living cells with
continuously perfused medium in microchannels at the microscale [1–5]. Integration
of microfabrication with microfluidics technologies that enable precise control of
dynamic fluid flow has made it possible to create cellular microenvironments that
present cells (e.g. human cell lines, primary cells or stem cells) with appropriate
organ-relevant chemical gradients and dynamic mechanical cues. These new capa-
bilities have provided an impetus for the development of alternative cell-based in
vitro models, which better mimic the complex structures and functional complexity
of living organs, termed organs-on-chips [6–9]. These organs-on-chips combine
microfluidics with bioengineering and cell biology, allowing study of the diverse
biological processes and physiopathology of the human body in ways that are not
possible using animal models and conventional 2D or 3D cell culture systems.

In this chapter, we first introduce the microfluidic culture systems that can offer
dynamic cell cultures with enhanced capabilities. Then, we introduce the design
considerations and key components required for engineering the cellular microenvi-
ronment using microfluidic chips. We further summarize the emerging transition
from cells-on-a-chip to organs-on-a-chip, and the proof-of–concept applications
of engineered organ-on-chip devices. We also discuss the challenges and future
perspectives of this state-of–the-art technology.

13.2 Microfluidic Cell Culture System

Microfluidic technology allows precise manipulation of fluid in a microscale
device created with technologies developed by the semiconductor industry and
micro-electromechanical systems (MEMS). Advances in microfabrication and soft
lithography have enabled microfluidic culture systems to reconstitute dynamic,
controlled spatio-temporal physico-chemical microenvironments to mimic in vivo
conditions, distinguishing them from the existing cell culture platforms.

Microfluidic culture devices are usually generated by soft lithography pioneered
by Whitesides et al. using polydimethylsiloxane(PDMS) [10, 11]. The classic
process of PDMS chip fabrication begins from a mould manufactured using
photoresistor silicon [12, 13]. A mixture of silicone rubber and cross-linking agent
is poured into the mould and is then easily peeled off the substrate after cross-
linking. The PDMS block can be reversibly sealed to other substrates, such as
glass and PDMS simply by direct contact. It is also easy to irreversibly bond the
PDMS chip to a PDMS substrate, silicon or glass by plasma oxidizing the PDMS
surface to form Si-O-Si bonds or by using PDMS as glue [14]. These features make
it possible to fabricate multilayer microfluidic chips with flexible microstructure
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configurations and channels for compartmentalizing cell culture by simply stacking
PDMS pieces to connect different layers [15, 16]. The high elasticity of PDMS
enables the integration of pneumatic microvalves into chips to realize complicated
cell manipulations on-chip [17–22]. The major superiority of PDMS is its per-
meability to oxygen and its biocompatibility, which are necessary for long-term
cell culture in sealed microchambers or microchannels. The property of PDMS of
being optically transparent is favorable for observing cellular behavior and detecting
molecules expressed in cells using a brightfield or fluorescence microscope. Besides
PDMS, other polymeric materials have been utilized for fabricating configurable
microstructures (e.g. microwell, micropillars and microchannels) for microfluidic
cell culture [23–28]. In addition, natural polymers, such as agarose, fibrin and
collagen, can also be used for generating cell-laden microfluidic chips with the
creation of an in vivo-like extra-cellular matrix (ECM). More recently, paper-based
substrates, which have a fibrous structure analogous to native ECM, have been
developed to fabricate chips with 3D microstructures to support the culture of
cancer cells, stem cells and cardiomyocytes [29–34]. The diverse properties of these
materials have broadened the applications of microfluidics in cell-based biomedical
research.

Microfluidic systems were initially applied to cell culture by simply lining
the cells in the microchannels or microchambers in a 2D manner with perfused
medium in a controlled way. They are often used to study cell growth, proliferation,
differentiation and in drug testing. Lately, microfluidic technology has gradually
moved to create 3D cell culture models in vitro due to its capability to produce
and manipulate micron-sized 3D spheroids in a high-throughput manner with
great reproducibility [35–37]. Cell spheroid formation is mostly based on the
self-assembly features of cells. Although some conventional methods can produce
cellular spheroids, such as non-adhesive culture substrates and spinner systems,
these methods fail to create uniform cellular spheroids rapidly with controlled size.
Recently, microfluidic devices have been developed to produce uniformly sized
cellular aggregates [38–40]. These microfluidic based 3D aggregates can be used
for generation of multiple types of spheroids from cancer cells, liver cells, and
adult stem cells, as well as embryonic bodies (EBs) from embryonic stem cells
(ESCs) or induced pluripotent stem cells (iPSCs) [41–46]. The cellular spheroids
formed by single or multiple cell types can promote cell-cell interactions via gap
junctions between cells and thus reduce the distance between cells and the chemical
signals secreted from adjacent cells via paracrine pathways. Thus, these 3D cellular
spheroids are effective in creating a variety of functional microtissues in vitro. A
dynamic culture model in a microdevice can also accelerate the proliferation and
maturation of tissues.

Microfluidic cell-laden culture systems are an ideal platform for studying
cell-ECM interactions as present in the tissue microenvironment. This approach
can realize the spatial arrangements of different cellular spheroids via specific
microchannel designs, facilitating the study of spheroid-spheroid, and spheroid-
ECM interactions. Compared to existing 3D methods, microfluidic-based 3D
cell-laden culture has many advantages, including controllable size, arbitrary shape,
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macro-tissue reproduction, and easy manipulation of different hydrogels [47–51].
Cell-laden gels as a building block have potential for construction of functional tis-
sues or organs. Zhang et al. proposed a novel and straightforward strategy to produce
shape-controlled collagen building blocks via a membrane-templated microdevice
[52]. This strategy enables the collagen blocks to self-assemble into 3D tissue-like
microstructures with spatial distributions of cell types. These studies open new
opportunities to investigate the mechanisms of tissue or organ development and
tissue engineering applications.

13.3 Microengineering the Cellular Microenvironment

In order to conduct reliable microfluidics-based cell cultures, it is critical to mimic
the cellular microenvironment encountered in vivo (Fig. 13.1). To construct a
biomimetic cellular microenvironment in vitro, complex and multi-purpose designs
are required to integrate micro-fabricated substrates with microfluidics technologies
and cell biology. The in vivo cellular microenvironment is composed of both bio-
chemical and mechanical signals produced by cells and the ECM. These stimuli may

Fig. 13.1 Engineering the cellular microenvironment on chip. The microfluidic device provides
cells with a controllable microenvironment, including biochemical and biophysical cues involved
in maintaining cellular microenvironments
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guide tissue organization and growth via orienting cell polarization and migration,
balancing the growth and apoptosis, and regulating functional protein expression
and cellular behavior to construct a functional and coordinated tissue. Cell-cell
communications within cellular microenvironments share several common features,
such as short communication distance between cells and other stimuli, continuous
nutrient supply and waste removal, and synergistic actions of total cells to external
stimuli. Microfluidic devices offer a powerful tool to reconstruct the cellular
microenvironment via providing precise control of intercellular communication, as
well as biochemical and biophysical cues that are necessary for the formation and
development of tissues or organs.

13.3.1 Cell-Matrix Interaction

Extracellular matrix proteins secreted by different cell types provide important
physical support for cells in the processes of tissue/organ formation [53, 54].
These matrix proteins direct cell fate and behavior via promoting cell-cell and cell-
matrix interactions. The receptor proteins on cellular membranes can recognize
the specific ligands on cells or extracellular matrix proteins and trigger intra-
cellular signaling pathways. Microfluidic platforms exhibit the ability to integrate
the ECM within microsystems to form gradients of nutrients, oxygen and soluble
factors [55–57] via spatio-temporal control of the cellular microenvironment. For
example, a microfluidic-based turning-assay device was designed to realistically
mimic the microenvironment of neuronal growth cones in vivo by combining
precise gradients of soluble guidance cues with surface-bound guidance signals.
The surface-bound laminin gradient enabled to tune the polarity of the neuronal
growth cone in response to gradients of neurotrophic factors [58]. Lanfer et al.
fabricated aligned collagen matrices using a microfluidic set-up in order to study
the effects of collagen on the growth and differentiation of mesenchymal stem cells
(MSC) [59, 60]. Using microfabrication techniques, Chin et al. created an array
of 10,000 microwells (coated by polyornithine and laminin) with 20–500 μm in
diameter on a glass coverslip to study the combinatorial effects of growth factors
and laminin protein on the proliferation and phenotypes of rat neural progenitor
cells [61]. With these microdevices, the cell-matrix interactions could be studied
in vitro in a biomimetic manner, which improves our understanding of the formation
mechanism and development process of tissues/organs with anisotropic architecture.

13.3.2 Cell-Cell Interactions

Cell-cell interactions guide development and morphogenesis, as well as promote
wound healing of tissues or organs because the body is composed of a variety
of cell types working synergistically in organized structures. Commonly, cell-cell
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interactions under physiological conditions may happen either by direct contact
relying on a tight cell-cell junction or by indirect contact via local diffusion of
soluble factors or the system of endocrine regulation. It is feasible, with microfluidic
technology, to manipulate and culture multiple cell types within a compartmental-
ized microdevice, which can facilitate the study of cell-cell interactions. Qin et al.
developed a series of functional microfluidic chips to realise cellular co-cultures
and investigate the interactions between different cell types. Two cell types, MSC
and salivary gland cancer cells, were co-cultured in a compartmentalized PDMS
microdevice fabricated with two separate chambers and PDMS pillar structures.
This study demonstrated that MSCs could be recruited by cancer cells and this
effect could be mediated by TGF-β, secreted by cancer cells [62]. It is well known
that the first step of tumor cell metastasis is the transfer of circulating tumor cells
across the vascular side in a tumor microenvironment. This work designed a 3D
microfluidic cell co-culture model to investigate the interaction between cancer
cells and endothelial cells, in which the device consists of a vessel-like cavity,
endothelium and perivascular matrix containing chemokines [63]. This device
enabled the modeling of tumor-cell metastasis in a dynamic manner and visualized
observation of transendothelial invasion of cancer cells in real-time, something that
is not possible by conventional methods.

The study of neurobiology requires the creation of cellular microenvironments
containing multiple types of brain cells and biochemical cues in a precisely
controlled manner. A microfluidic system with large open cell culture reservoirs
was designed to generate neuronal microenvironments that enable to mimic axon
transport and synapse formation via dynamic analysis. In this work, the motor neu-
rons were co-cultured with C2C12-derived myotubes for substantial time periods
on the devices in order to mimic the neuro-muscular junction [64]. This device
provides a new platform to study the interaction between different cells, such as
effector cells and target cells within the cellular microenvironment. Obviously,
microfluidic culture systems offer advantages beyond existing methods by allowing
to manipulate different cells in a flexible and organ relevant context.

13.3.3 Control of Biochemical Microenvironments

13.3.3.1 Gradients of Soluble Factors

In addition to cellular components, biochemical factors in the local tissue microen-
vironment may function as regulatory signals to guide various types of cellular
behavior, such as cell growth and differentiation, migration and angiogenesis, by
forming gradients of soluble molecules. It is quite difficult to generate physiolog-
ically relevant biochemical gradients on traditional 2D and 3D culture models.
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The ability of microfluidic techniques for producing chemical gradients holds
great promise for mimicking and investigating the role of spatially defined sol-
uble microenvironments in guiding cellular behavior and adversity of biological
responses [65–69]. Classical microfluidic gradients were generated by manipulating
diffused mass transport across the interface between adjacently flowing liquid
streams in microchannels under laminar flow at low Reynolds numbers [70,
71]. To validate the chemo-attraction of leukocytes under inflammatory stimuli,
Han et al. created a 3D microfluidic cell culture device that generated spatially
controllable and stable gradients of two chemo-attractants [72]. A microfluidic gra-
dient chip containing hydrogel-incorporating chambers between surface-accessible
microchannels has been utilized to investigate angiogenesis under growth factor
gradients in 3D microenvironments [73]. Aside from these methods of gradient
formation, relying on laminar flow, Torisawa et al. developed a novel microfluidic
device to generate physiologically relevant biochemical gradients by patterning
chemo-attractant-secreting (source) and chemo-attractant-scavenging (sink) cells in
spatially defined locations inside microchannels [74]. This culture system with more
physiological chemoattractant gradients can be broadly used for engineering tissue
microenvironments for the study of complex intercellular communications.

13.3.3.2 Control of Oxygen Concentration

Oxygen gradients play a crucial role in maintaining homeostasis in specific tissues,
promoting angiogenesis and inducing acute cellular response under inflammatory
conditions. Cells in the human body can respond to a wide range of relative oxygen
concentrations; for example, normal arterial oxygen content in human brain ranges
from 5 to 10 ml/dl. However, the cells in conventional culture systems are usually
maintained in atmospheric condition of approximately 20% O2, which is higher than
that in the body [75–77]. Microfluidic devices enable to control parameters of the
cellular microenvironment and provide a unique opportunity to generate gaseous
gradients with high spatio-temporal resolution [78–80]. A new type of microfluidic
device capable of generating oxygen gradients for cell culture was developed based
on spatially confined chemical reactions. This device requires a minimal amount of
reagents and efficiently controls the oxygen gradients in cell cultures [81]. Derda et
al. developed a paper-based cell culture system composed of stacked layers of paper
that were impregnated with suspensions of cancer cells in an ECM hydrogel. This
system enabled control of oxygen and nutrient gradients in a 3D microenvironment
and allowed the analysis of molecular and genetic responses. The paper-supported
gels provide a uniquely flexible platform to investigate cellular responses to 3D
molecular gradients and to simulate tissue or organ level functions [32, 82].
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13.3.4 Control of Biophysical Microenvironments

13.3.4.1 Fluid Flow-Induced Stress

Fluid flow exists ubiquitously in the human body, including in blood vessels,
lymphatic vessels, and its role is mass transport and the distribution of soluble
factors. The fluid flows in the body span a wide range of fluid velocities from
0.1 μm/s to 0.3 m/s [83, 84]. Different flow velocities may induce various responses
of different cell types. It is advantageous for biomimetic microfluidic cell culture
devices to enable the simulation and generation of fluidic shear stress (FSS) within
microchannels in order to investigate the effects of FSS on cellular adhesion,
growth, protein expression and morphology. It is beneficial to be able to reproduce
physiologically relevant shear stresses and to study their roles in regulating the
specific tissues or organs at levels relevant for organs [85–87]. One significant
feature of microfluidic devices lies in their enabling of integrated bioassays. An
integrated microfluidic perfusion chip was developed to simultaneously produce
multiple-parameter FSS in order to study the effects of fluid flow stimuli on the
fate of MSC, chondrocytes and Yes-associated protein (YAP) expression associated
with the regulations of cell proliferation, survival, differentiation and organ size
[88]. Wang et al. constructed a microfluidic-based vascular-like chip to mimic blood
vessels in vivo with the aim to study the role of fluid flow in the arrangement of
human iPSC-derived endothelial cells (ECs) [89]. In this study, the FSS promoted
the arrangement of ECs comparing with static cultures. In addition, this work also
mimicked vascular inflammatory reactions under flow conditions by analyzing the
interactions of ECs and inflammatory monocytes and the response of ECs to the
inflammatory factor TNF-α. The cells showed a physiologically relevant feature
under fluidic conditions not possible with conventional cell culture systems. FSS
can also modulate cellular behavior via a reorganization of the cytoskeleton (F-
actin stress fibers) in cells [90]. Jang et al. developed a microsystem to investigate
the effects of luminal FSS on the reorganization of the actin cytoskeleton of inner
medullary collecting duct cells of the kidney as well as the translocation of water
transport proteins anchoring on the cellular membrane [91, 92]. A biomimetic
microfluidic chip was designed to mimic the flow of urine within the proximal tubule
and to study the effects of complement C3a on the epithelial-to mesenchymal (EMT)
of proximal tubular epithelial cells after being exposed to serum proteins [93].

Due to the microstructure design of the microfluidic devices, they can also be
utilized for recapitulating the effects of fluid forces on modulating angiogenesis
associated with tumor biology. To investigate the collective roles of fluid and
soluble factors on endothelial sprouting, Song and Munn designed a microfluidic
culture device that consists of two parallel microchannels lined with HUVEC and
a central microchannel filled with collagen gel which separates the two parallel
mcirochannels [94]. Multiple mechanical and chemical cues were generated in this
microfluidic cell culture system to mimic the physiological microenvironment of
ECs angiogenesis.
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13.3.4.2 Tissue Mechanics

In addition to fluid shear stresses, cells also experience organ-specific mechanical
cues, such as tensile and compressive forces under normal physiological and
pathological conditions. A multilayer microfluidic device was designed to study
the combinatorial effects of solid mechanical and surface tension stress induced
by cyclic wall stretching and the propagation of the air-liquid interface in the
alveoli of the lung [95]. This platform generated more physiologically relevant
mechanical cues and provided more detailed information than previous models of
ventilator-induced pulmonary injury which were based on cyclic stretching [96, 97]
or air-liquid interface flow over the cells respectively [98, 99].

Previous studies of gut absorption and metabolism, using human intestinal
epithelial cells (e.g. Caco-2), failed to reproduce most of the differentiated organ-
specific features of living intestine by culturing these cells on plastic flasks or
Transwell inserts as well as microfluidic chips [100–102]. The main reason is
that epithelial cells in culture are not able to experience the natural mechanical
stimuli including fluid flow and cyclic peristaltic motions in the normal intestine
in vivo. Recently, Ingberet al. developed a multilayer microfluidic gut-on-a-chip
device with a flexible, porous ECM-coated membrane between two PDMS chips
containing microchannels. The intestinal epithelial cells were cultured on the mem-
brane substrate in the microchannels and experienced physiological mechanical
strains including trickling flow and cyclic mechanical distortion [103, 104]. These
mechanical stimuli induced the cells to spontaneously form robust intestinal villi
structures that hold the features of tight junctions between cells, coating with brush
borders and mucus. The mechanical cues also promoted differentiation of the cells
into four different cell lineages of the small intestine, including absorptive, mucus-
secretory, enteroendocrine and Paneth, and produced a higher resistance epithelial
barrier.

In addition, mechanical strains also influence the biological behaviors of stem
cells. Gao et al. created a simple membrane-based microfluidic device to study
the effects of cyclic tensile stress on the proliferation and differentiation of
MSC [105]. This tensile stress was generated by deforming the elastic PDMS
membrane sandwiched between the two layer PDMS chips via negative pressure.
The MSCs cultured on the membrane were subjected to different magnitudes of
tensile force. The results recapitulated the results that higher tensile stress could
promote proliferation, osteogenesis and inhibit adipogenesis of MSCs, providing a
new method using tensile stress to regulate the osteogenesis/adipogenesis balance
in the development and damage repair of organs.

13.4 From Cells-on-Chip to Organs-on-Chips

In vitro cell culture systems can reflect some biological behavior and functions
of cells. However, how cells as the basic building blocks of all living organisms
can be made to assemble into functional tissues and organs in vitro has been, and
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remains, a major challenge of recent decades. Organ-on-a-chip technology rapidly
advanced on the basis of integration of microfabrication and microfluidics technol-
ogy that enable to recapitulate the dynamic and complex tissue microenvironment
from the cellular to the tissue and organ level [106, 107]. Organs-on-chips have
progressed to the point where it has become feasible to engineer the structural
arrangements and functional complexity of living organs by culturing cells in
microfluidic channels with multicellular microarchitecture, tissue-tissue interfaces,
and biochemical/physical cues in an organ-relevant context (Fig. 13.2). It should
benoted that this technology is not intended to engineer a whole living organ but
rather to rebuild minimal functional units that represent some specific functions of
tissues or organs [108]. In earlier work, the concept of organ-on-a-chip focused
on a simple design with perfused microchannels or chambers containing one
cell type (e.g., ECs, hepatocytes or intestinal epithelial cells) that represents the
functions of one tissue type. Recently, more complex organ-on-chip devices were
developed with multi-layer structures connected by porous membranes. Different
cells were cultured on opposite sides of membranes to establish interfaces between
different tissues (e.g. the blood-brain barrier (BBB) or the lung alveolar-capillary
interface). These devices can combine simultaneously chemical signals (e.g. soluble
factors) with physical cues (e.g. fluidic shear stress, mechanical pressure and cyclic
mechanical strains). They can also be used for real-time analysis of organ-specific
responses to drugs, toxins or other environmental perturbations and circulating
immune cells. Nowadays, multiple types of organs-on-chips have been created for
studying the various biological processes at physiological or pathological levels in
ways that are not possible by traditional cell culture and animal models [109–112]
(Table 13.1).

Fig. 13.2 Schematic illustrations of the biomimetic diagram for engineering organs-on-chips
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13.4.1 Bioengineering Organs on Chip

13.4.1.1 Lung on a Chip

The lung is the primary respiratory organ in humans. Much effort is devoted to save
lives by improving lung health and preventing lung diseases in biomedical research.
The alveolar-capillary interface is the fundamental functional unit of the living lung.
Some methods developed to-date reproduce the geometry of the lung epithelial-
endothelial interface via culturing epithelial and endothelial cells on opposite sides
of a thin porous membrane. However, these models failed to mimic the mechanical
microenvironment of a living breathing lung [113]. Tavana et al. developed a similar
design to monitor the effect of pulmonary pressure on the cell culture system [114].
This model focused on the role that surfactants play in the damage of alveolar
epithelial cells. The results demonstrated that the surfactant, Survanta, reduced the
cell injuries induced by the liquid plug flow. This lung-on-a-chip system is helpful
for the investigation of cellular and sub-cellular effects in airway reopening.

Huh et al. developed a microfluidic lung-on-a-chip device comprising two PDMS
layers with microchannels separated by a nanoporous membrane with the purpose
to analyze the effects of liquid plug flow on human epithelial cells [99]. Using a
similar microdevice, this biomimetic microsystem was used to mimic the structural
alveolar-capillary interface of the lung, and the physiological pulmonary respiratory
movement via compression and expansion of the system [115]. In this system,
human alveolar epithelial cells and pulmonary capillary endothelial cells were
cultured on the opposite side of the flexible PDMS membrane that was used
to reproduce physiological breathing. Two microchannels on both sides of the
PDMS membrane acted as vacuum chambers to mimic breathing movements. The
authors found that uptake of nanoparticles by the epithelial cells and endothelial
cells increased and that the transport of nanoparticles into the underlying vascular
channels was stimulated by the mechanicals constrains of air being pulled in and
out of the device. The authors also introduced bacteria and inflammatory cytokines
into the air and human bloodborne immune cells into the vascular channels in order
to mimic the innate cellular response to pulmonary infection of bacterial origin.
Another lung disease model was devised in order to mimic the development and
progression of human pulmonary edema induced by the cancer drug interleukin-2
(IL-2) using the same lung-on-a-chip device [116]. Similar to previous chips, air
was introduced into the upper alveolar channels and liquid was introduced into the
lower vascular channels. The results demonstrated that IL-2 leaked into the alveolar
channels increasingly under the cyclic mechanical strains and drug DSK2193874
could inhibit the leakage induced by IL-2. This human disease model-on-a-chip
could bring research one step closer to predicting the efficacy of a new drug for
pulmonary edema.
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13.4.1.2 Gastrointestines on a Chip

The gut is one of the essential components for the maintainance of immune
responses and for the natural development of the human body. It is necessary
to construct in vitro cell-based gut models that aid in the study of the struc-
tural, mechanical, absorption functional, drug transportation and pathophysiological
properties of the living gut [117]. Several models were developed using human
intestinal tumor-derived Caco-2 cells to simulate the intestinal structure and function
including Transwell filter inserts and miniaturized microfluidic devices [102, 118–
120]. In other work, the researchers developed a new approach to rebuild the normal
3D microarchitecture of the intestinal lining in vitro via culturing intestinal epithelial
cells on hydrogel substrates that were microfabricated to simulate the size, shape and
density of human intestinal villi [121]. However, these in vitro models are not able
to recapitulate the mechanical microenvironment of the gut, including peristaltic
movements and intraluminal fluid flow of human living intestine that is crucial for
normal organ physiology and pathology.

To overcome these limitations, Kim et al. demonstrated a functional human
gut-on-a-chip microfluidic device composed of two microchannels separated by a
porous flexible, clear PDMS membrane pre-coated with ECM and lined with Caco-2
cells [103] (Fig. 13.3). This model adopted fluid flow conditions at a low shear

Fig. 13.3 Human gut-on-a-chip. (A) Scheme of a gut-on-a-chip device showing the flexible
porous ECM-coated membrane lined by gut epithelial cells cross horizontally through the middle
of the central microchannel, and full height vacuum chambers on both sides. (B) Morphology of
the Caco-2 epithelial cells cultured in the static Transwell system for 21 days (a) versus in the
gut-on-a-chip with microfluidic flow (30 μL h−1; μF) without (b) or with (c) application of cyclic
mechanical strain (10%; 0.15 Hz; μF + St) for 3 days. A scheme (left) shows the system layout;
fluorescence views (center) show the distribution of the tight junction protein, occludin, in the
epithelial monolayers; and the confocal fluorescence views (right) show a vertical cross section of
the epithelium highlighting cell shape and polarity (nuclei in blue and F-actin in green). The regular
array of small white circles in (b) and (c) are pores visible beneath the epithelial monolayer; the
dashed white line indicates the top of the anchoring substrate (bar, 20 μm). Reproduced from [103]
with permission
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stress (0.002 N·m−2) and cyclic strain (10%; 0.15 Hz) simultaneously to mimic
the intraluminal fluid flow and physiological peristaltic motions in living intestine.
Caco-2 cells formed confluent polygonal epithelial monolayers with tight junction
protein expression and exhibited differentiated intestinal barrier functions in the
microfluidic device after only 3 days culture, which was less than that required
on Transwell culture system (>21 days). The flow velocity also influenced the
differentiation and polarization of epithelial cells. More interestingly, this study
demonstrated for the first time that the planar columnar epithelium spontaneously
deformed to form undulations and folds when Caco-2 cells were maintained in the
device with the flow and cyclic strain for extended periods of time. These folds
exhibited the morphology of normal intestinal villi formed by polarized columnar
epithelium with basal nuclei and separated by crypts. In addition, the authors tried
to culture the normal intestinal microbial flora, Lactobacillus rhamnosus GG, on the
apical surface of differentiated intestinal epithelial monolayers under continuous
flow and cyclic strain context. The results showed that normal intestinal microbes
can be co-cultured for over 1 week on the apical surface of the cultured epithelium.
Based on this gut-on-a-chip device, the same group further explored the structure
and function of epithelium using the tumor-derived Caco-2 cells in detail [104]. The
cells formed undulating structures containing basal proliferative crypts and the four
types of differentiated epithelial cells (absorptive, mucus-secretory, enteroendocrine
and Paneth) of normal intestinal villi. Furthermore, the intestinal models on chips
behaved similarly to normal intestinal physiology, such as more efficient glucose
reuptake, higher cytochrome P450-3A4 isoform activity and mucus production than
previous static culture systems. Thus, this human gut-on-a-chip may play a critical
role in studying the mechanical regulation of intestinal function and host-microbe
symbiosis and evolution.

The stomach is another important organ in the digestive system with specific
chemical and physical microenvironments. Gastric mucus serves in protecting the
epithelial cells of the stomach wall from injures by the acidic digestive juices in
the gastric lumen. Li et al. reported an in vitro microfluidic device that replicated
a dynamic stomach acid barrier [122]. This study used native mucins obtained
from pig gastric mucus and perfused continuously mucus liquid into the epithelial
lumen. Several models of the mass transport were constructed to investigate the
effects of H+-mucin interaction on the diffusion of H+ and acid penetration
was monitored using the pH sensitive dye Oregon Green by live fluorescence
microscopy. This work indicated that a continuously secreted mucin layer can hinder
acid diffusion. This stomach-on-a-chip holds promise for the study of the barrier
functions provided by the mucus layer and the interaction of the mucus layer and
drugs.
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13.4.1.3 Liver on a Chip

The liver is a major organ with multiple functions for protein synthesis, detoxifi-
cation of various substrates, digestion and metabolic activities in the human body.
Multiple liver-on-a-chip devices were fabricated to construct liver microsystem due
to their ability to mimic the complex in vivo microenvironment [123–125]. To mimic
the functional unit of the liver, Lee et al. developed a biologically inspired artificial
liver sinusoid microdevice [126]. In this microfluidic chip, an endothelial-like
barrier formed by microstructure served a mass transport function similar to the liver
acinus. Primary rat and human hepatocytes were co-cultured in the configuration
for 7 days without ECM coating. This model has also been applied to test the
hepatotoxicity of diclofenac. With the advances of microfabrication technology,
well-organized liver microtissues were created that simulated both the structural
and physiological functions of the living liver in contrast to the conventional
approaches using random co-culture methods. Micropatterned substrates can offer
a suitable microenvironment to explore the cell-interactions in co-culture systems
[127–130]. Although 2D patterning is convenient to control the spatial position of
hepatocytes and other supporting cells, fresh primary hepatocytes cultured on 2D
substrates rapidly, lose their capacity to proliferate, to form differentiated structures
and their liver-specific functions compared to 3D culture microenvironments [131].
3D culture systems can promote the hepatocytes’ functions and maintain their
differentiated properties for extended times in vitro, as well as mimic in vivo
structural features including lobule and tubular architectures as closely as possible
[132, 133]. Currently, several methods have been developed to construct 3D liver
microtissues, including a spinner culture system, non-adhesive surfaces, pellet
culture models, cell sheets and a hanging drop [134], but the microfluidic-based
procedures may be more effective as they offer a convenient and straightforward
platform in order to form uniformly sized and shaped 3D structures [135, 136].

Continuous perfusion is of great importance in 3D cell culture systems in order to
maintain the long term function and viability of hepatocytes. Microfluidic technol-
ogy enables the precise control mechanism for perfusing medium with nutrients and
controlling its chemical composition not possible using traditional culture system.
The fluid flow promoted and maintained the 3D tissue-like structure and cell-
specific function of primary human hepatocytes and stem cell differentiation into
hepatocytes [137–139]. Dash et al. reported that hepatocytes exhibited an enhanced
capacity of metabolism of specific cytochrome P450 enzymes in a flow system
compared with non-flow conditions [140]. Trietsch et al. developed a stratified 3D
cell culture model incorporated in a microtiter plate format. The hepatocytes and
fibroblasts were co-cultured in the way of mixed or side-by-side format to evaluate
the toxicity of rifampicin. Furthermore, this device was used to study the invasion
and aggregation of breast cancer cells [141]. To mimic the functional unit of the
liver, a microfluidic culture device was created to rebuild the microscopic structure
of the hepatic cords [142]. The asymmetric tip of the device with two separate
compartments can house two cells side-by-side and the aligned hepatocytes can self-
organize and form bile canaliculi along the cord-like microscale structure. Recently,
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Esch et al. fabricated a low-cost cell culture device to culture 3D liver microtissues
containing multiple liver cell types including primary hepatocytes, stellate cells,
fibroblasts and Kupffer cells under fluid flow condition [143]. These 3D liver
microtissues had good enzymatic activity and responded to bacterial lipoprotein.
All these 3D liver microsystems represent an important step towards adoption of
organ-on-a-chip technology for disease modeling and drug development.

13.4.1.4 Heart on a Chip

Microengineering cardiac tissue can potentially drive the development of effi-
cacy and toxicity of drugs via reproducing crucial cardiac physiological features.
Currently, several heart-on-chip systems have been explored to mimic physical,
mechanical and biological functions of living heart which are not realized using
conventional 2D culture systems [144–149]. Parker et al. designed a microfluidic
device to culture rat cardiomyocytes using fibronectin-coated flexible elastomeric
cantilevers cultured to form anisotropic muscular tissue [150]. The average systolic
stress and diastolic stress were within the stress range published previously using
isolated muscle strips [151]. These muscular thin films exhibited a chronotropic
effect as the concentration of epinephrine increasing by dose-response curve experi-
ments. This platform was further improved by combining a fluid flow control system
and the platinum electrodes to collect accurate functional contractile response to
a cardiac drug isoproterenol (β-adrenergic agonist) [152]. This high throughput
heart-on-a-chip device is very useful for collecting large quantities of high quality
functional data, testing cardiac drug and integration with other organs. Serena et
al. reported a microfluidic device based on micropatterning techniques which can
selectively treat areas of the cell array and perform multi-parametric assays [153].

Microfluidic technology can be integrated with stem cells to generate human
derived cardiac tissues. The cardiac bodies derived from iPSCs were captured in
niches along a perfusion microchannel in a microfluidic device. The cardiomyocyte
clusters exhibited well-developed sarcomeres and cardiac protein markers (Nkx2.5
and Cx43) as well as in vivo-like cardiac function [154, 155]. In addition, a non-
invasive recording method was introduced in this study to calculate the beating
frequency of cardiac bodies using an ordinary microscope. These 3D cardiac
bodies responded to different drugs rapidly in a similar manner to living heart
tissue in a body. Other researchers explored different microfluidic approaches to
form cell-laden hydrogels in order to evaluate the functionality of the cardiac
tissue constructs. Aung et al. produced 3D perfused cardiomyoctes-laden hydrogels
within a microfluidic chip and monitored the contractile stress of cardiac tissues
in real-time and in situ measurements [156]. A cardiac microphysiological system
was developed to recapitulate a minimal human cardiac microtissue in a central
microchannel of the microfluidic device. This biomimetic system can drive the
self-organization of human iPSC-derived cardiomyocytes into aligned 3D heart
organoids which presented spontaneous beating at physiological level [157, 158].
The heart microtissues were also treated with multiple drugs at different concentra-
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tions. The results demonstrated that half maximal inhibitory concentration (IC50)
and half maximal effective concentration (EC50) values were more consistent with
the data on tissue scale references compared to studies at cellular level.

13.4.1.5 Blood-Brain-Barrier on Chip

The blood-brain-barrier (BBB) is a selective yet dynamic barrier between the central
nervous tissues and the circulatory system, which is formed by microvascular
ECs, pericytes and the perivascular end-feet of astrocytes. The dysfunction of
this barrier is associated with brain tumors, Alzheimer’s and neurodegenerative
diseases. Reproducing the physiological characteristics and functional responses
of the BBB in a reliable model will greatly promote the development of novel
therapeutics for central nervous system diseases [199, 200]. To mimic the in vivo
BBB, a microfluidic BBB (μBBB) was created by lining a fibronectin-coated
polycarbonate membrane with brain microvascular endothelial cells and astrocytes
on the opposite side of the membrane [159]. This BBB exhibited a well-developed
biological function, including higher trans-epithelial electrical resistance (TEER)
across the barrier, and being more impermeable to large molecules. A more complex
microfluidic device of the neurovascular unit was created by co-culturing rat brain
microvascular ECs and a mixture of three different cell types derived from rat
brain (astrocytes, neurons and microglia) on opposite sides of a porous membrane
[160]. The endothelial cells formed a good barrier and the neuronal cells fired
inhibitory as well as excitatory potentials after having been cultured for 10 days.
Moreover, a tissue-mimetic neuroinflammation model was also established on this
chip by stimulating the ECs with inflammatory factor TNF-α for 6 h, leading to the
significant activation of resident microglia and astrocytes on the neural side.

13.4.1.6 Multiple Organs on a Chip

The advances of single organ-on-a-chip technology highlight the importance of
interaction between different cell types within the same functional unit of the
organ. More complex microfluidic chips integrating tissue-tissue interfaces and
compartmentalized microchambers connected with microchannels (e.g., blood-
brain-barrier, lung alveolar-capillary barrier) make it possible to create multiple
organs on a chip. These multi-organs on a chip are designed to maintain multiple
cell types in different culture compartments in one device for long-term culture
and integrate them into one system in order to mimic organ-organ interaction.
In the past decade, several multiorgans-on-chip devices have been developed for
potential use in disease modeling and drug toxicity screening applications. To
mimic physiologically relevant organs realistically in vivo, some key aspects need
to be considered to design the chip, such as the size of the organs, interactions
between different organs and the organ volume-medium ratio (scaling of organ
sizes and vascular flow in vivo). Wikswo et al. discussed scaling arguments about
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microengineering multi-organs on a chip to guide the design of a universal cell-
culture medium without red blood cells [161]. It is mentioned that the prototype
drug metabolized by the liver component could have therapeutic effects. Thus, the
liver should be placed upstream of the drug target organs in designing the multi-
organs on a chip.

The field of multiorgans-on-chips is explored and investigated for different
purposes [162]. To study tissue cross-effects, liver and intestinal slices isolated
from the same rat were cultured in one microdevice [163]. The liver and intestinal
slices remained functional under flow conditions, indicating the potential of this
chip for the study of inter-organ interactions. Wagner et al. cultured human primary
hepatocytes and skin biopsies simultaneously in one microfluidic device for up to
28 days [164]. These studies demonstrated that the primary tissues from living body
can maintain their functions in vitro under dynamic culture condition. Moreover, a
3D two-organs-on-chip device was created to support the survival of differentiated
neurospheres and liver spheroids in a combined media circuit over 14 days [165].
In the study it was suggested that the two combined tissues were more sensitive
to the 2, 5-hexanedione compared to respective single-tissue cultures, maybe due
to the tissue-tissue interactions. As is well established, most orally adminstred
drugs are absorbed and metabolised in the small intestine or the liver and excreted
by the kidney. However, it is impossible to mimic these processes in vitro using
conventional cell-based models.

A typical example of a three organs-on-chip device was designed with a 3D
hydrogel culture in which three cell lines were cultured to assess metabolism-
dependent cytotoxicity of anti-cancer drugs [166] (Fig. 13.4). In this microsystem,
cancer cells, liver cells and myeloblasts were cultured in separate chambers
representing cancerous tissue, liver and bone marrow. Tegafur, an oral prodrug of 5-
fluorouracil, was introduced into this system to test the cytotoxicity to the three cell
lines. Compared with conventional 96-well microtiter plates, the micro cell culture
system enabled to reproduce the metabolism of Tegafur to 5-fluorouracil in the liver
and the resulting death of cells caused by 5-fluorouracil, while cells in the 96-well
microtiter plate did not display the same results. Esch et al. designed a microscale
body-on-a-chip system containing gastrointestinal tract, liver and other tissues to
mimic the oral uptake of nanoparticles. The nanoparticles were transported across
the GI epithelium and interacted with liver cells resulting in the damage of the latter
[167].

To improve the functions of multiorgans-on-chip, a four-organ-chip microphysio-
logical system was proposed to maintain the functionality of four organs containing
human intestine, liver, skin and kidney over 28 days [168]. Considering the size
ratio of tissues on chip compared to human living organs, the intestine and skin
tissues on chip are at a size 100,000-fold smaller than their counterpart organs.
3D liver microtissues, equivalent to ten liver lobules, were found to mimick liver
function. Human proximal tubule cell lineage RPTEC/TERT-1 was used to form
the proximal tubule barrier on a polymeric membrane to mimic the metabolite
excretion. A peristaltic micropump integrated in this chip enables pulsed medium
flow interconnecting the four organs through microchannels. This device considered
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Fig. 13.4 Design of multi-ogans on a chip. (a) Liver-marrow-cancer on a chip. Hepatoma cells
(HepG2/C3A), Myeblasts (Kasumi-1) and colon cancer cells (HCT-116) are embedded in a 3D
hydrogel and cultured in separate chambers representing the liver, marrow and tumor respectively.
Medium flows through the cell culture chambers via connecting channels with a pump mimicking
blood flow. (b) Schematic diagram of operation setup of a single chip with medium recirculation.
Medium is withdrawn from a reservoir, after circulating through the channels and chambers in a
chip, medium goes back to the reservoir for recirculation. (c) A picture of an assembled Liver-
marrow-cancer on a chip with red dye for visualization of channels and chambers. Reproduced
from [166] with permission

the physiological fluid-to-tissue ratio which is important to accurately simulate the
drug metabolism. This microsystem exhibited remarkably robust homeostasis and
functionality of the four organ equivalents, presenting itself as a good platform
for in vitro adsorption, distribution, metabolism, elimination (ADME) modeling.
A new type of four organs-on-chip device was fabricated to culture four human cell
types representing liver, lung, kidney and the adipose tissue, respectively [169]. A
common culture medium is the key factor to be considered in the development of
multiple cell type culture systems that should satisfy all types of cells. This is also
the critical question for designing multi-organs on a chip in the future.

13.4.2 Integrated Analysis System

One of the most powerful opportunities for microfluidic organs-on-chip for biomed-
ical applications is the capacity of integrated analysis system to monitor and control
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organs in real-time. Existing automated techniques enable us to monitor cellular
proliferation, morphology and molecular changes in multiwell plates. However,
it is difficult to monitor the complex multiple parameters on organ microsystems
including gradients of chemical factors and of oxygen, fluid flow shear, mechanical
cues, matrix composition and metabolites. Currently, several types of microsensors
for real-time monitoring of organ conditions have provided measurements of basic
cell culture parameters including oxygen, pH, temperature, and molecular compo-
sition (e.g., glucose and lactate). More specialized sensor measurements are widely
used to monitor the trans-epithelial electrical resistance (TEER) which usually
exists in biological barriers, such as the blood-brain barrier, intestinal epithelial-
capillary barrier and the lung alveolar-capillary barrier. Recent efforts indicate that
TEER measurements in organs-on-chip systems present specific challenges and are
highly sensitive to slight changes in the cell barrier membrane [170]. Hence, the
automated and precise measurements of TEER in a complex organ microsystem
would increase reliability and offer key information on the organ condition and
responses to different drugs.

13.5 Proof-of-Concept Applications of Organs-on-Chip

13.5.1 Disease Modeling

Disease modeling is one of the main applications of organs-on-chip technology,
ranging from genetic diseases to infectious, cancerous and degenerative diseases,
and is helpful for understanding the disease etiology, diagnostic strategies and
effective therapies. Several proof-of-concept disease models have been reported to
date.

13.5.1.1 Inflammatory-Related Diseases

Inflammation reactions are closely related to many diseases and can lead to
serious pathological symptoms. Pneumonia is one of most common lung diseases,
characterized by its complexity, acute onset and difficulty to control it. Establishing
an in vitro model to study the disease mechanism and to be able to screen for
efficient drugs is an urgent requirement in order to address this challenging disease.
The breathing lung-on-a-chip, as mentioned above, recapitulated the epithelium-
endothelium interface under fluid flow and cyclic mechanical strain conditions to
mimic the functional unit of the lung. Inflammatory models were developed in
this system by administrating immune activator TNF-α or bacteria which increased
expression of surface ICAM-1 of endothelial cells and recruitment of human
neutrophils [114]. Based on the lung-on-a-chip system, the same research group
further mimicked a pulmonary edema model by the cancer drug interleukin-2 (IL-2)
which can cause pulmonary vascular permeability and lung edema [115]. This lung
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disease model also recapitulated that the mechanical strain caused by the breathing
motions promote increased vascular leakage and pulmonary edema induced by IL-2
but not the circulating immune cells. An organ-level lung small airway-on-a-chip
model was created to study human chronic obstructive pulmonary disease (COPD)
and drug response using patient and healthy lung microvascular endothelial cells
and airway epithelial cells [171]. This model effectively rebuilt many properties of
the structures and functions of human lung bronchioles and maintained them for
weeks in vitro which is crucial for studying chronic disease in vitro including cell
types and cilia structure. More importantly, interleukin-13 (IL-13) stimulated the
epithelium leading to goblet cell hyperplasia, cytokine hypersecretion and ciliary
functional decline of asthmatics. Using the robust in vitro lung-on-a-chip model, it
is possible to screen for synergistic effects of lung epithelium and endothelium on
cytokine secretion, discover new biomarkers of disease exacerbation and evaluate
responses to anti-inflammatory drugs.

In addition, neuroinflammation was studied by a more complex microfluidic
chip supporting the neurovascular unit containing endothelial barrier on one side
of a porous membrane and three various brain cell types (astrocytes, neurons
and microglia) on the other. Inflammatory factor, TNF-α, stimulated the vascular
endothelium which activated adjacent microglia and astrocytes. This process is
similar to what happens in vivo in situations such as neuroinfectious diseases [160].

13.5.1.2 Brain diseases on Chip

Neurodegenerative diseases such as Alzheimer’s disease (AD) seriously threaten
human health. In order to better understand disease etiology and to develop efficient
treatment strategies, it is indispensable to seek a suitable in vitro model for exploring
the mechanisms of brain diseases. Lee et al. presented a microfluidic device to create
3D neurospheroids which more closely simulate the in vivo brain microenvironment
(Fig. 13.5) [172]. The uniform neurospheroids formed in concave microwell arrays
are exposed to all directions and are able to interact. By introducing an interstitial
level of flow using an osmotic micropump system, this model system demonstrated
that the flow could promote neurospheroid growth, improved neural network
formation compared with cultures under static conditions, as well as enabled long-
term cultures without the need for peripheral devices. To test the potential of this
microfluidic microsystem as an in vitro brain disease model, the authors added the
amyloid-β peptide, which is generally viewed as the major contributor in AD, on
3D neurospheroids under interstitial flow conditions. The study indicated that the
neurotoxic effects of amyloid-β led to a decline in neural cell viability and destroyed
neural networks via inducing synaptic dysfunction. Taken together, this biomimetic
brain-on-a-chip device recreates a 3D cytoarchitecture and interstitial flow of brain
in vivo, as well as mimics the pathological changes of AD in vitro. This platform has
great potential for investigating neurodegenerative disease pathology and treatment
strategies as well as for drug testing applications.
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Fig. 13.5 Creating Alzheimer’s disease modeling on chip. (a) Schematic diagram of a brain-on-
a-chip device. A concave microwell array is utilized for homogeneous neurospheroid formation
and a continuous flow mimicking interstitial flow is applied via an osmotic pump system. (b)
Dynamic culture significantly promotes the growth and function of neurosopheroids. (c) Amyloid-
β treatment via an osmotic micropump significantly reduced the viability of neurospheroids and
caused a significantly more pronounced destruction of neural networks, compared to the amyloid-β
treatment under static conditions. Reproduced from [172] with permission

13.5.1.3 Cancers on Chip

Cancers are a large family of diseases that seriously threaten human health and life.
The development of cancers involves abnormal cell growth and invasion of other
important organs. It is very helpful to establish in vitro models to study the biological
behavior of cancer cells and anticancer drug effects. Currently, numerous groups
have developed cancer-on-a-chip models by mimicking tumor microenvironments
consisting of complex cell-cell and cell-matrix interactions, chemokine/cytokine
gradients and biophysical cues [173–175]. Xu et al. fabricated a bilayer PDMS
microfluidic chip to mimic the glioblastoma invasion into ECM under different
concentrations of oxygen [176]. This work investigated the role of hypoxia and EMT
in glioblastoma and hypoxia promoted the proliferation of the cancer cells and EMT-
associated protein expression, and enhanced cell migration. The mechanism linking
EMT and cancer cell behavior could be related to the Hypoxia-Inducible Factor
1α or 2α (HIF1α or HIF2α), indicating that developing inhibitors of HIFs may
be a novel therapeutic drug. Li et al. demonstrated a high throughput microdevice
containing tunable cell micro-niches, which performs flow-based analysis of large
cell populations to evaluate various responses of lung adenocarcinoma cells to
different ECM proteins and soluble factors [177]. This study indicated that tumor-
cell growth is related to TGF-β and TGF-βR2 inhibitor drugs in a 3D matrix but not
in a 2D culture. Angiogenesis of tumors is a key step of tumor metastasis towards
distant target organs. Several works were performed to study the intravasation
and extravasation of tumor cells using microfluidic devices [178, 179]. Other
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studies have utilized similar microfluidic technology to investigate the molecular
mechanisms of cancer cell-immune cell crosstalk [180].

13.5.2 Drug Testing

13.5.2.1 Efficacy and Toxicity Testing

One challenge of drug development is the poor efficacy and unexpected toxicity
in clinical trials caused by an absence of predicted therapeutic effects. The main
reason for undesired outcomes is that existing approaches fail to accurately predict
in vivo drug efficacy before clinical application. Human organ-on-a-chip systems
that model human physiological and pathological functional units of living organs
provide a promising tool to address the limitations of existing methods. They allow
to reconstruct and pharmacologically modulate key aetiologies and clinical relevant
responses at various levels of biological complexity and to test unanticipated
off-target toxicity. As described above, a heart-on-a-chip composed of 20 rat
cardiomyocyte thin films was utilized to evaluate the inotropic effects of the β-
adrenergic agonist isoproterenol which are similar to those previously determined
in rats [152]. A recent study reported a micro-engineered 3D model of EMT
during cancer progression for testing drug efficacy [181]. This model demonstrated
EMT-induced tumor dispersion and phenotypic changes by culturing lung tumor
spheroids in a matrix gel close to microchannels inhabited with endothelial cells.
In addition, 12 drugs, including approved drugs, as well as prospective drugs that
are in the early discovery pipeline, were perfused into the vascular microchannels
to evaluate the potential of this model as a drug screening platform. The ability
of these drugs to inhibit EMT was tested by direct visualization of the cancer
spheroids. The results showed that efficacious concentrations derived from the
cancer-on-a-chip were higher than that from the 2D system, but are also closer
to the range of effective drug concentrations determined in clinical trials. Several
micro-engineered models of breast cancer and multiple organ models of uterine
cancer, bone marrow and liver have also demonstrated a similar difference between
effective drug concentrations determined by organs-on-chip platforms and those
by conventional 2D culture systems [182, 183]. To investigate the communication
between different brain regions, organotypic brain slices from rat hippocampus and
entorhinal cortex were cultured in compartments interconnected by microchannels
[184]. A glutamate receptor antagonist (kynurenic acid) was introduced to one
microchannel in order to selectively inhibit the spontaneous electrical excitation
of the treated brain tissue but not on the other brain slice. This design allows for
the selective pharmacological administration of only one tissue and evaluation of its
effects across the synaptic connection.

Recently, Qin et al. developed a novel in vivo-like 3D blood-brain barrier model
that replicates the complex multicellular architecture, functions and mechanical
properties of the BBB in vivo [185] (Fig. 13.6). The BBB model encompassed
essential components, including primary brain microvascular endothelial cells,
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Fig. 13.6 Engineering 3D dynamic blood-brain-barrier (BBB) in brain tumor microenvironment
on chip. (A-a) Cellular constituents and structural features of the BBB in vivo. (A-b) The details of
the BBB microdevice are represented. It is composed of 16 independent units with fluidic channels,
ECM gel channels, gas valve. The BMECs, astrocytes and 3D ECM gel formed the functional BBB
under fluidic flow conditions. (A-c) Expression of adhesive protein, VE-cadherin, in integral BBB
and BMECs under fluidic flow or static conditions. (A-d) TEER values in BBB and BMECs under
fluidic flow and static conditions. (B-a) Cytotoxicity of eight chemotherapeutic agents to glioma
cells (U87 cell line) in various barrier groups. (B-b) Schematic illustration of diffusion of lipophilic
and hydrophilic drug compounds across the BBB in vivo. (B-c) Quantitative data of live/dead ratio
of U87 cells induced by the different drugs introduced into the vascular channels of the BBB.
Reproduced from [185] with permission
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astrocytes and ECM which orchestrate to form a more stringent structure of a
BBB (Fig. 13.6). In this microsystem, the TEER value in the BBB interface under
dynamic culture condition is around 1300 � × cm2, a value that far exceeds that
reported in Transwell-based BBB models in a static context [186, 187]. Moreover,
this BBB model was used to understand the interplay of the BBB and exogenous
cancer cells in the course of brain metastasis in real-time. As is well-known,
efficiently delivering a drug to the brain is still a challenge at present because of the
selective permeability of the BBB to different exotic molecules. In this work, the in
vitro BBB model exhibited a robust and realistic experimental result with regard
to drug response of brain tumors including primary and secondary cancers and
the high throughput design is very useful to screen multiple drugs simultaneously,
which is not possible in other BBB models in vitro and in animal experiments.
This physiological BBB microsystem provides a versatile and valuable platform
for neuroscientific research, drug testing and pharmaceutical development.

Unanticipated adverse drug effects are another very common cause of the costly
withdrawal of marketed drugs and clinical trial failures. Animal experiments often
fail to reveal important toxic effects in humans and can lead to unnecessary rejection
of drug candidates due to the genetic background and biological discrepancy
and animal-specific pathways of toxicity. Organ-on-a-chip devices used in liver
toxicity have been reported recently to analyze the metabolism of hepatotoxicity.
For example, a microfluidic device was developed to culture human hepatocytes
in order to monitor metabolic responses of hepatocytes to flutamide (a type of
anticancer drug) and the hepatotoxic properties of flutamide and its active metabolite
hydroxyflutamide. This study showed the metabolic signatures of toxic responses
and described metabolic pathways induced by the drug and its metabolites in hepa-
totoxicity. The human liver-on-a-chip model leveraged in this work was influential
in reducing biological noise inherent to in vivo metabolomics models, and indicating
a potential source of hepatotoxicity-specific biomarkers. The secondary toxic effects
of drug metabolites generated in the liver on other organs were also demonstrated
by two organ liver-kidney organ-on-a-chip devices [188]. This study mimicked the
systemic interplay between the two organs and recapitulated nephrotoxic responses
to the ifosfamide metabolites produced by hepatocytes. More recently, drug-induced
cardiotoxicity was also tested using an organ-on-a-chip platform by rebuilding
and monitoring the contractile functions of heart muscle by means of quantitative
analysis [189, 190].

13.5.2.2 Pharmacokinetic and Pharmacodynamic Studies

Pharmacokinetic and pharmacodynamic (PK/PD) models have been broadly used to
analyze and predict the whole body response to drugs in a time-dependent manner
by featuring the mechanistic basis of multi-organ interactions. Multiorgans-on-chips
were developed to analyze the bioaccumulation, distribution, and toxicity of selected
chemical compounds [191]. The toxicant naphthalene was converted by hepatocytes
into its reactive metabolites which depleted the intracellular glutathione of lung cells
as soon as circulating to the lung tissue chamber. Adipocytes differentiated from
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3 T3-L1 in the fat tissue chamber moderated the glutathione depletion induced by
naphthalene, but preferentially accumulated hydrophobic compounds. This study
is the first model of adsorption, distribution, metabolism, elimination and toxicity
(ADMET) that performed all of these functions on the same device. Over the
past decade, many researchers have explored the utilization of organs-on-chips to
investigate drug ADMET features, to support PK/PD modeling, and to evaluate drug
efficacy [192–194]. Li et al. developed a new and multilayer organs-on-chip device
to assess drug metabolism and its active metabolite drug efficacy and cytotoxicity
in four organ-specific cells simultaneously representing the liver, breast cancer,
lung tumor, and normal gastric cells [195]. In this study, the prodrug capecitabine
(CAP) was first metabolized in a top liver tissue chamber with hepatocytes (HepG2)
and its intermediate metabolites, 5′-deoxy-5-fluorocytidine (DFUR), was further
metabolized into 5-fluorouracil (5-FU) by targeting cancer tissue and normal tissue
cells (Fig. 13.7). This work recapitulated that the CAP exhibited strong cytotoxicity
on breast and lung cancer cells, but not in normal gastric cells.

Fig. 13.7 Liver dependent drug metabolism on a multiorgan-on-chip. (a) Schematic diagram of
organs-on-a-chip. The microfluidic chip consists of two layers separated by a porous membrane.
The top layer was seeded with HepG2 cells representing the liver and the three channels on the
bottom layer were cultured with breast cancer cells (MDA-MB231), lung cancer cells (A549)
and normal tissue cells (GES-1). (b) Schematic illustration of drug metabolism on chip. CAP
was introduced from the top layer and presented to HepG2 cells. CAP was metabolized by
carboxylesterase and cytidine deaminase within HepG2 and transformed into DFUR. The DFUR
were subsequently presented to the target cells on the bottom layer and transformed into cytoxic
5-FU by dThdpase expressed by target cells. Since the target cell lines express different levels of
dThdpase, the cytotoxic effects vary. (c) Cytoxic effects of CAP on each cell type with or without
HepG2. (d) Dose-dependent effects of CAP on the inhibition of breast cancer on chip. Reproduced
from [195] with permission
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All these studies demonstrate an opportunity for organ-on-a-chip devices in the
field of drug development to simulate and predict the key physiological responses
involved in drug metabolism, bioactivity, efficacy and toxicity, and increase likeli-
hood of success in clinical trials.

13.5.3 Host-Microbe Interaction

The gut microbiome can deeply impact many aspects of human bio-behavior,
such as mental activities, stress responses via brain-gut communication [196]. The
balance of intestinal microbial diversity is crucial to maintain human health status
and alteration of intestinal microbiota is related to many acute and chronic diseases
including inflammatory bowel disease, diabetes, obesity and cardiovascular diseases
[197].The gut microbial community is a dynamic ecosystem that can be influenced
by many factors, such as food type, living condition and host genetics. Therefore,
establishment of a stable host-microbe ecosystem in vitro is crucial for understand-
ing the human intestinal diseases, regulating nutrient and drug absorption. However,
existing 2D, static culture methods fail to rebuild functional intestinal structure
and establish a stable symbiosis between host intestinal epithelium and a certain
population of bacterial cells for extended time periods because bacterial overgrowth
occurs rapidly within 1 day.

Alternatively, microfluidic devices can provide a desirable culture platform to
co-culture the host cells and bacteria under dynamic conditions. The human gut-
on-a-chip was developed using intestinal epithelial cells that grew into 3D villi
stably on optically clear, microporous PDMS membranes sandwiched by two PDMS
layers with parallel hollow microchannels. In this microsystem, multiple commensal
microbes were directly co-cultured with epithelial cells for more than 1 week. This
study recapitulated the individual contributors containing the peristalsis-associated
mechanical deformations, gut microbiome and inflammatory cells to intestinal bac-
terial overgrowth and inflammation [198]. Lack of epithelial deformation generated
by peristalsis-like motion led to bacterial overgrowth similar to that observed in
inflammatory intestinal diseases. Most importantly, this in vitro intestinal model
replicated results from past human and animal studies which demonstrated that
antibiotic and probiotic treatment can suppress villus injury caused by pathogenic
bacteria. The intestinal epithelial cells were also stimulated by immune cells and
lipopolysaccharide endotoxin to produce four pro-inflammatory cytokines (IL-6,
−8, −1β,and TNF-α) that can trigger villus injury and compromise intestinal barrier
function. In future studies, gut-on-a-chip devices can be used to investigate the host-
microbe interaction in a physiological or pathological context.
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13.6 Conclusion and Outlooks

Novel bioengineered organs-on-chips platforms can provide tight environmental
control of tissues and organs along with the physiological transport and signaling as
present in the human body. These approaches offer unique advantages in studying
the intercellular communications, tissue microenvironment, disease modeling and
drug testing beyond the existing methods. These novel strategies complement
traditional cell culture and animal model systems by providing the biomimetic
niche of native tissues/organs, including multicellular architectures, tissue-tissue
interfaces and spatio-temporal control of biochemical and biophysical cues. In
addition, the compatibility of organs-on-chips with existing analysis methods and
integrated biosensors has enabled real-time readout of crucial physiological and
pathological information, thus extending their utility for biomedical applications.

While the emerging organs-on-chip technology has advanced our understanding
of the cellular behaviors within the context of organ-relevant functions, much work
remains to be done to fully mimic organ functions and to move toward a human-
on-a-chip model with greater relevance for disease studies and drug discovery.
Among these challenges, the cell source is one of the key issues for building
organs-on-chips analogous with organs in the human body. Human primary cells are
ideal resources to model human tissues/organs. To meet both ends, human iPSCs
have been explored to rebuild organs-on-chips. Patient-specific iPSCs provide a
promising cell source to engineer the disease-on-a-chip for personalized medicine.
In order to study organ-organ interactions in multiorgans-on-chips, the identification
of an appropriate common medium is also of great concern because the different cell
types need various nutrient components when these cell lineages are assembled. To
address this challenge, human plasma or serum might be a desirable substitute as
supplements of culture medium for multiple organ-specific cell lineages.

In addition, the choice of material is another major concern in fabricating
and designing the organs-on-chips. At present, PDMS is the most widely used
material due to its ease of use, high transparency, air permeability and biocompatible
features. However, PDMS can absorb small hydrophobic drugs, which might
cause underestimation of drug toxicity and efficacy, thus limiting its practical
utility in drug discovery. Chemical modifications of PDMS surfaces and other
alternative materials are required to solve this type of problem. Furthermore,
more powerful analysis and monitoring systems specifically designed or modified
for microfluidic chips are required to provide comprehensive information of cell
behavior, metabolism and drug responses from the organs-on-chips. The available
methods, such as PCR analysis, in vivo imaging, two-photon confocal microscopy,
and mass spectrometry can be further integrated with organs-on-chips for real-
time monitoring, thus boosting the development of organ-on-a-chip technology for
obtaining biological information. It will be necessary to develop new biomimetic
microsystem, novel materials and appropriate cell sources that support the scale-up
of organs-on-chips.
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Although the development of engineered organs-on-chips is still in its infancy,
its potential to model diseases and predict human response under physiological and
pathological conditions is tremendous. The ongoing progress of this technology to
simulate various cues in organ relevant microenvironments and to combine with
stem cell biology and traditional biological assays will accelerate the pace toward
creating a more realistic human-on-a-chip model system that is accessible, practical
and robust for end users. Collectively, future success will require the collaborative
efforts from academic investigators, bioengineers, industry and regulatory agencies
to advance this technology to market.
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