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Prefibrillar oligomeric states and amyloid fibrils of amyloid-forming proteins qualify as nanoparticles. We aim to
predict what biophysical and biochemical properties they could share in common with better researched peptide
nanotubes. We first describe what is known of amyloid fibrils and prefibrillar aggregates (oligomers and
protofibrils): their structure, mechanisms of formation and putative mechanism of cytotoxicity. In distinction
from other neuronal fibrillar constituents, amyloid fibrils are believed to cause pathology, however, some can
also be functional. Second, we give a review of known biophysical properties of peptide nanotubes. Finally, we
compare properties of these two macromolecular states side by side and discuss which measurements that
have already been done with peptide nanotubes could be done with amyloid fibrils as well.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Amyloid fibrils are highly stable insoluble self-assembled protein
deposits usually regarded as a characteristic of neural or systemic
pathologies. Under diverse conditions they form an ordered 3-sheet
structure [1-3]. The phase states displayed by these deposits include
liquid crystals, hydrogel, and nanotubes. Besides special mechanical
properties each protein in amyloid fibril may also have a biological
function. Therefore, the potential applications of amyloid fibrils exceed
those of synthetic polymers.

Amyloid fibrils (Fig. 1) are associated with various diseases known
as amyloidoses. Currently there are more than 25 proteins with non-
homologous amino acid sequences that are known to form amyloid
deposits extra- and/or intracellularly. This is a hallmark of neurodegen-
erative diseases such as Alzheimer's, Parkinson's and spongiform
encephalopathies but also of type 2 diabetes mellitus. These diseases
are progressive and associated with decreased quality of life and high
mortality of the aging population.

In the scientific community there is now a consensus that it is not
the amyloid fibrils themselves that are responsible for those diseases
[4]. Instead, smaller soluble aggregates, the prefibrillar and globular
oligomers, of the order of 10-60 protein chains are thought to be re-
sponsible for cellular dysfunction and death [5,6]. However, at least in
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some species amyloid fibrils as such are known to have a physiological
role [7].

Peptide nanotubes (Fig. 2)—an axially-symmetric ring-shaped
system of protein molecules—have received a considerable amount of
experimental interest in the recent years. Self-assembly, their ferroelec-
tric and optical properties along with quantum confinement phenome-
na have been thoroughly studied [8,9]. A range of nanotechnological
applications has been proposed, especially in the field of medicine
and electrochemistry [9]. Here we review some of the studies that
led to those applications and compare peptide nanotubes to amyloid
fibrils.

2. Structure and properties of amyloid fibrils

Amyloid fibrils are ordered protein aggregates that are characterized
by a 3-sheet rich secondary structure, Thioflavin T dye binding, conse-
quently enhanced fluorescence, and Congo red dye birefringence. The
ability of proteins to form amyloid fibrils is not limited to specific
range of peptide lengths or any particular primary structure. By choos-
ing appropriate solution conditions, amyloid fibrils can also be produced
efficiently in vitro.

2.1. Protein folding and misfolding

Native conformation of a protein is determined by its primary struc-
ture—the amino acid sequence. Natively folded proteins may occasion-
ally partially unfold and adapt a non-native conformation. Mutations,
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Fig. 1. An AFM image of amyloid fibrils formed by human stefin A (at pH 2.4 upon heating to about 90 °C for 2 h). Melting temperature of stefin A is 94 °C. We can see thicker and thinner
type of amyloid fibrils of heights 2.8 and 5.6 nm [100]. We thank Dr. Miha Skarabot from Soft-Matter Physics (JSI) for his help in acquiring the image.

metal interactions, acidic pH, elevated temperature, oxidation and pro-
teolysis or increase in protein concentration can all drive protein
misfolding [10]. A set of protein structures, however, is natively unfold-
ed (NUP), intrinsically disordered (IDP) [11]. These too, among them
a-synuclein and tau, are prone to form amyloid fibrils [12].

With or without assistance of chaperone proteins misfolded proteins
eventually refold back to their native conformation, get labeled for deg-
radation via the ubiquitin proteasome pathway or start to oligomerize.
Oligomerization is thermodynamically favorable either because of for-
mation of new intermolecular hydrogen bonds of the edge strands or
due to hydrophobic effect, which shields hydrophobic parts of protein
chains from the solvent. Additionally, lipid bilayers of cell membranes
can change protein conformation and increase the propensity of
amyloid-forming proteins to aggregate [13].

2.2. Structure and morphology of amyloid fibrils

The main structural characteristics of amyloid fibrils is the cross
3 structure, where B-strands run penperdicularly to the fibril axis,
which is revealed by the double concentric pattern in X-ray diffraction,
where characteristic lengths can be observed: a meridional signal at
4.76 A 4.7 A (represents the distance between (-strands connected by
hydrogen bonds) and an equatorial signal at 10.6 A (represents the dis-
tance between -sheets). The antiparallel 3-sheets are zipped together

by m-bonds between adjacent phenylalanine rings and salt-bridges be-
tween charge pairs (glutamic acid-lysine), thus controlling and stabiliz-
ing the structure [14]. Whereas the strands are parallel or anti-parralel
depends on each case. For example, solid-state NMR studies [15-17]
of amyloid-p peptide usually gave an in register, parralel arrangement
of the B-strands. An in-register parallel p-sheet seems more favorable
as it maximizes favorable hydrophobic interactions for any amino acid
sequence. It also aligns GIn and Asn residues with themselves, maximiz-
ing favorable “polar zipper” interactions. Antiparallel 3-sheets have
also been found in some amyloid fibrils, but until recently only in fi-
brils formed by short peptides. From 2005 many solid-state struc-
tures of amyloid fibrils have been solved as reviewed in Tycko
[16]. Of interest, HET-s215_289, formed a 3-helix resembling motif
that has been observed in crystal structures of certain monomeric
proteins, such as the pertactin [18]; supporting suggestions that
B-helices might be important structural motifs within amyloid fi-
brils [16 and refs therein].

An amyloid fibril (if it grows not agitated) appears to be made of sev-
eral filaments (4-6), twisting helically around the fibril axis [2]. Howev-
er, before the filaments or fibrils form (several micrometers long),
usually less ordered and shorter structures (200 nm), the so called
protofibrils, which are slightly bended, form. Also, smaller globular olig-
omers, which compose the granular aggregate, already have similar
structural features [16].

Fig. 2. Transmission electron microscope (TEM) image of representative peptide nanodisks (left) and nanotubes (right) generated from modified TMV coat protein. TMV nanodisks are
layered heptadecameric structures. (Copyright 2007 American Chemical Society), web page: http://wires.wiley.com/WileyCDA/WiresArticle/articles.html?doi=10.1002%2Fwnan.1180.
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In prions and also other proteins, amyloid fibrils polymorphism has
been observed. The molecular basis of this phenomenon was
documented by detailed AFM studies [19] and was shown to arise
from differences in structure already on the level of the pre-fibrillar
aggregates. Interestingly, the morphological differences proved as key
factors in the prion strain propagation. Recent progress in understand-
ing the dynamic polymorphism, twisting behavior, and handedness of
amyloid fibrils has been reviewed [20].

Of interest, studies of a-synuclein revealed that fibrils exhibit poly-
morphism in response to changes in the solution conditions during
self-assembly; aggregates formed at pH 7.0 and 6.0 were fibrillar,
while those formed at pH 5.0 and 4.0 were amorphous [21]. In stefin
B, also extensively used as a model amylodogenic protein, something
similar was observed, namely, that fibrils at pH 3 were like protofibrils,
whereas fibrils at pH 4.8 differed, depending on TFE and temperature,
with more amorphous aggregates observed at higher temperatures
and in presence of TFE [22].

2.3. Small amyloidogenic peptides can form nanotubes

Some insight about the propensity to form amyloid conformation
can be gained by revealing the nature of amyloidogenic motif se-
quences. Following these studies, bioinspired nanostructures with di-
verse properties can be designed based on amyloidal recognition
motifs. Generally, stability of amyloid structures is retained through
non-covalent bonds, especially hydrogen bonds, hydrophobic interac-
tions and m-m stacking interactions [23,24]. These interactions occur
both between side chains and main chains. Amyloid fibril formation is
essentially a process of intermolecular interactions that leads to protein
aggregation and precipitation. Therefore, the importance of hydropho-
bic interactions in amyloid fibril formation is rather explicit.

Aromatic peptides occur quite frequently in short amyloid-related
peptides [25,26]. This observation suggests that m-stacking may be
important for accelerating the self-assembly process that leads to
formation of amyloid fibrils. This can be explained by the fact that -
stacking interactions provide geometrical restrictions that promote
directionality and orientation of the growing fibril. Additional contribu-
tion to a decrease of potential energy comes from the stacking itself.

For example, if phenylalanine residues at the C-terminus of Ap1-42
are replaced by hydrophobic residues, peptide aggregation becomes
somewhat slower. In addition, a mutant variant that contains four phe-
nylalanine residues at the C-terminus of AR1-42 displays faster
amyloidogenesis. The contribution of aromatic amino acid residues to
the rate of amyloid fibril assembly is also substantiated by high-resolu-
tion X-ray and solid-state NMR analyses [14,27]. These findings corre-
late well with stacking of aromatic rings between layers of adjacent
-sheets. Another experimental evidence that supports the explanation
about the importance of aromatic amino acid residues for the rate of
amyloid fibril formation is the observation that phenylalanine dipep-
tide, an important structural motif of AR peptide (Phe19-Phe20) can
spontaneously self-assemble into long and stiff nanotubes [28,29].

3. Amyloid self-assembly mechanisms

The mechanism of amyloid fibril formation has not been
completely resolved. It may well be that a whole range of mecha-
nisms (as in protein folding) apply [10,30]. In simple terms, as
globular proteins start to oligomerize and fibrillize from an interme-
diate state, formed after partial unfolding, natively unfolded pro-
teins have first to fold to an amyloidogenic intermediate [31].
Examples of natively unfolded proteins are, among others, ApB,
amylin, N-terminal region of prion, Tau.

In some studies it has been shown that early stages of oligomeriza-
tion, i.e. accumulation in a nucleus, proceed quite slowly until a critical
concentration of higher oligomers is reached [32]. From this point on
aggregation progresses rapidly. The rate of aggregation can be increased

by acidic pH, high protein concentration and seeding [33]. Poor repro-
ducibility of the results of early experiments [34] has hinted that protein
aggregation is a highly variable process. Therefore, a precise control of
experimental conditions is critical [35], as is the composition of mono-
mers and oligomers in the starting solution.

The mechanism of amyloid fibril formation can be regarded on the
first glance as similar to the processes of crystallization and gelation. It
obeys most principles of colloidal physics yet is more complicated due
to variable composition and properties of amino-acids. In broad terms
the following processes contribute to protein aggregation [36]: (i) nu-
cleation and fragmentation that increase the number of aggregates,
(ii) growth that leads to increase in the size of existing aggregates and
(iii) dissociation, de-aggregation or degradation of the aggregates. The
kinetics of such processes is complicated and global fitting is needed
to obtain microscopic description.

In our review [30] we classified the models describing the mecha-
nism of amyloid fibril formation into one of the three groups:
templating and nucleation, linear colloid-like assembly of spherical olig-
omers, and domain-swapping. What follows is a short description of
each model.

Nucleated polymerization model [37] was used to describe the forma-
tion of amyloid fibrils of AP. The model predicts a lag phase that de-
creases exponentially with protein concentration and disappears
completely upon seeding. Above critical protein concentration micelles
are formed and fibrils grow by binding of monomers to fibril ends.
Nucleation-dependent polymerization model suggests that at low concen-
trations protein dissociation rate is smaller than the association rate,
which causes a lag phase until a critical nucleus size is reached. The
rate of fibrillation is again highly concentration-dependent [38]. On
the other hand, nucleated conformational conversion model [39] de-
scribes cases where the growth of fibrils does not depend significantly
on protein concentration. This can be achieved by almost constant con-
centration of oligomers that are ready to assemble. Increasing protein
concentration results mostly in concentration increase of assembly-
incompetent complexes. Oligomer growth is not a rate-determining
step. Instead, the rate of growth depends on a conformational change
in the oligomer nucleus. The three above-described models form a
group of templating and nucleation models [40].

Model of “critical oligomers” [41,42] is an example of linear colloid-
like assembly of spherical oligomers. In this two-step model, the first
step can be characterized by the formation of “critical oligomers,”
which grow linearly into protofibrils in the second step. Both steps are
irreversible and based on generalized diffusion-collision processes.
However, a similar dipole assembly model proposes that in the first
step uniform-sized spherical nuclei form due to electrostatic repulsion
between the nuclei and monomers. Aggregation is driven by dipole in-
teractions and proceeds linearly [41].

As opposed to the described models double-concerted fibrillization
model [43,44] suggests that firstly monomers associate into oligomers,
which then linearly form protofibrils in the absence of a template. The
growth of fibrils is governed by shear stress, which induces structural
rearrangement within oligomers.

The mechanism of formation of amyloid fibrils of stefins, cystatins,
also likely p2-microglobulin and prion, involves domain-swapping. If
the conditions that trigger fibrillization favor population of folding in-
termediates, then domain-swapped oligomers are more likely to form
than oligomers that arise in a two-state folding manner. Monomer-
monomer interaction is usually prevented by the strands on the protein
edge. Denaturation exposes internal strands and intermolecular forces
become important. Domain-swapping requires that proteins first unfold
almost fully, which presents a very high energy barrier [45,46]. Only
then can the two chains rearrange to swap strands. Therefore, in this
model amyloid fibril formation starts with dimerization. Rate of fibril
formation is also influenced by the formation of off-pathway oligomers
which cannot convert directly to fibrils and thus decrease the rate of fi-
bril formation.
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In the case of AP peptide [47] and in some other cases there also is a
secondary nucleation observed. In a study of AB1-42 fibrillization, it was
shown that secondary nucleation occurred on certain types of fibrils and
that this process shaped the final morphology of the fibrils. There actu-
ally were five types of fibrils observed, depending on initial ratio of the
monomer, oligomers and protofibrils. Some formed by lateral associa-
tion (type 3 fibrils), some by twisting of the filaments (types 4 and 5
fibrils), whereas only type 2 fibrils showed spots for secondary nucle-
ation, leading to branched fibrils [47].

Protofilaments associate into multistranded ribbon-like fibrils, due
to electrostatic repulsion between polar and charged side chains these
ribbons twist along the fibril axis, resulting in a periodic pitch [48].

3.1. Peptide nanotubes assembly mechanisms

Peptide nanotubes can be prepared by spontaneous growth of
heterogenic populations in bulk solutions. The assembly mechanisms
of amyloid fibrils, prions and peptide nanotubes [49-51] seem rather
similar. A nucleation occurs before filaments can start growing. When
growth rate increases, the break-down (fibril fragmentation) is also
important as this provides new ends for fibril growth [52].

As discussed under morphology, for the same protein sequence dif-
ferent polymorphic amyloid fibrils exist in parallel and they can form
twisted and helical ribbons, precisely, as was observed for peptide nano-
tubes [53,54].

Another self-assembly technique for preparation of peptide nano-
tubes was developed that is based on vapor deposition [55]. In this ap-
proach peptide nanotubes grow perpendicularly to the surface with
the density of 10° cm™2, diameter of about 100 nm, and length in the
range of 1-50 pm. High-resolution SEM images show that peptide nano-
tubes have an open tip and crystallize into a hexagonal structure, quite
uncommon in the biological world.

4. Pathological function of protein aggregates

It is surprising that cellular defense mechanisms such as the chaper-
ones, ubiquitin proteasome degradation system and autophagy do not
always take care of misfolded proteins. While these mechanisms may
be working properly it is possible that they cannot always handle the
amount of misfolded proteins. This point may represent the onset of dis-
ease. It is also possible that 3-sheet aggregates insert themselves into
cellular membranes and become inaccessible to chaperones and
ubiquitin-proteasome pathway [4]. Alternatively, oligomerization can
proceed so rapidly that larger aggregates cannot be handled by the
cell defense mechanisms. It has been found that protein aggregates

= gy

use the microtubules-driven cargo transport and accumulate in special
compartments by the nucleus, called aggresomes [56].

However, it has been proposed that the aggregation is actually a
defense mechanism that sequesters misfolded proteins from the vital
machinery of the cell. There is some ground to this claim as amyloid fi-
brils have been found to have little, if any, cytotoxicity while smaller
oligomers appear to be considerably more toxic [57].

Apart from the proteins that are associated with amyloid diseases it
has been found [58] that under appropriate conditions other proteins
too can form amyloid fibrils. Although the structure of proteins in
early stages of oligomerization cannot be easily observed the results ob-
tained with electron and atomic force microscopy have hinted that
smaller aggregates may be spherical in shape. These globular particles
then combine themselves into chain- or ring-like structures referred
to as protofibrils. It is these protofibrils that appear to be much more cy-
totoxic than the fibrils themselves (Fig. 3).

A detailed explanation of molecular mechanism of amyloid cytotox-
icity is still unclear. Loss of protein function, oxidative stress and
channel-forming hypothesis are a few possible models to explain this
phenomenon.

4.1. Cytotoxicity of amyloid aggregates

Loss of function hypothesis postulates that toxicity to cells comes from
a loss of native protein function due to misfolding and aggregation.
However, there are many proteins with non-homologous amino acid
sequences associated with amyloid diseases and it seems unlikely that
loss of protein function would be the main reason for cytotoxicity. In
fact transgenic mouse models show that inserting amyloid protein-
encoding gene also produces amyloid-related disease. Amyloid peptides
may directly induce oxidative stress by producing free radicals which in
turn causes mitochondrial dysfunction and death [59]. It has not been
confirmed that free radicals can be generated by peptides alone but it
was clearly shown that oxidative stress does occur in cells affected by
amyloid proteins. This explanation is referred to as the oxidative stress
hypothesis [60].

There is a growing consensus in the scientific community that the
channel hypothesis [61] provides an adequate explanation of the most
probable molecular mechanism to amyloid protein cytotoxicity. Most,
maybe even all, amyloid peptides can aggregate to 3-sheet structures
which can spontaneously insert themselves into lipid membranes.
When inserted these peptide aggregates function as relatively stable
ion channels [6,61,62].

It has been shown that such channels have devastating consequences
for cells. They have a large ring diameter, are non-selective, heterogeneous,
voltage-independent, irreversible, can be inhibited by aggregation-

1

Fig. 3. TEM images of the protofibrils (A) and fibrils (B). Model protein human stefin B. Thanks are due to Dr. Magda TuSek Znidari¢ (National Institute of Biology, Ljubljana).
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preventing agents such as Congo red dye and are blocked by zinc ions. It is
likely that such channels form a pathway for ions across the membrane.
Increased flux of ions decreases trans-membrane potential and ion con-
centration gradients. The concentration of vital intracellular ions, such
as K* and Mg? ™, is reduced. This in turn increases the influx of toxic
Ca®™ jons. Consequently, ion pumps work harder and consume more en-
ergy. There is also quite some experimental evidence that supports the
channel-forming hypothesis [61].

Although channel-forming is necessary for cytotoxicity, it is not suf-
ficient. In fact, Lin has noted the existence of two channel-forming var-
iants of AB25-35 that do not cause cell death [63,64]. Channel activity
can be increased by lipids carrying a net-negative surface charge and de-
creased by higher concentration of salts. Introduction of membrane-
stiffening agents, such as cholesterol, decreases ion channel activity.
This observation confirms that the membrane plays a critical role in
AP toxicity. In order to form channels AB25-35 need to be at least 10
residues long which corresponds to 30 A lipid bilayer thickness. Though
even a shorter variant of AB31-35 has been reported to form membrane
channels it is not clear whether such a channel is comprised of two
hemi-channels. Fibroblasts can be killed by both AB1-40 and AR1-42.
Toxicity can be inhibited by antibodies but not by antioxidants again
confirming the channel-forming hypothesis over the oxidative stress
hypothesis. Whether mitochondria or endocytic trafficking are involved
is being looked at [65,66].

Some properties of amyloid induced channels (pores) may resemble
the pore-forming toxins [67,68].

All putative mechanisms leading toward cytotoxicity by the
“amyloid toxins” are drawn in the scheme (Fig. 4).

4.2. Studies of peptide nanotube toxicity

Peptide nanotubes as typical nanoparticles are toxic depending on
their size, shape and surface properties, however, many studies were
performed on carbon nanotubes. Carbon nanotube toxicity studies
have been performed due to the need for safety as these particles are
intended for usage as a delivery agent or for diagnostic means in bio-
medicine [69-71]. In general, the entrance into cells is thought to

occur either via active or passive endocytosis. Inside cells some of the
smaller-sized nanotubes are collected by macrophages, while the bigger
ones cause more problems, floating around. Reactive oxygen species are
produced and consequently inflammation, due to traces of metal ions or
by electron donor and acceptor sites on nanotube surface, promoting
production of superoxide radicals O3 . Increased oxidative stress can fi-
nally lead to apoptosis [72].

5. Functional amyloid structures
5.1. Function in vivo systems

Functional amyloids are spread over bacteria, plant and animal sys-
tems [73]. In bacteria amyloid fibrils are involved in biofilm formation
and cell/cell cell/substrate adhesion. Curli proteins in Escherichia coli
and Salmonella are able to form amyloid structures [74]. Spider silk
[75] and silk-worm silk are networks of amyloid [76,77].

In humans, a functional amyloid is made up of a protein called
pmel17 which is involved in polymerization of the pigment melanin.
The melanin precursors are sequestered inside melanosomes by
pmel17 amyloid to avoid cellular toxicity of free melanin molecules
[78]. Amyloids also serve as natural storage of peptide hormones [79].

5.2. Bio-nanomaterials on the basis of amyloids and possible applications

Amyloidogenic motifs are attractive for the design of new nano-
structures and nanomaterials [80].

Exceptional stability, mechanical strength and increased resistance
to degradation are hallmark of many proteins in their amyloidal state.
Additional desirable properties are high melting-point temperature
and increased resistance to the presence of sodium dodecyl sulfate.
Highly amyloidogenic proteins, especially the smaller ones, are capable
of rapid self-assembly.

Many potential technological applications rely on the remarkable
properties of amyloid fibrils. By using the bottom-up approach for the
fabrication of molecular bionanomaterials, amyloid fibrils offer them-
selves as excellent candidates for self-assembly of wires, layers, gels,

Fig. 4. Scheme: globular oligomers with B-sheet conformation and protofibrils (beads of such oligomers) formed by amyloid forming proteins induce cytotoxicity via membrane interac-
tions and actual channel (pore) formation. AF: amyloid fibril, PF: protofibril, AC: amyloid channel, PM: plasma membrane, C: cytoplasm, L: lysosome, AG: aggresome, M: mitochondrion, N:
nucleus. We thank Janja Sirovnik from the Vetsuisse Faculty, University of Bern for help with the drawing.
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scaffolds, templates and liquid crystals. Structural compatibility, nano-
scale dimensions, efficient self-assembly into well-defined ultrastruc-
tures, ease of production and low cost are the most important reasons
why amyloid fibrils are so desirable for nanotechnological applications.
An additional advantage is that the properties of the formed nanostruc-
tures can be varied considerably by making changes in amino acid se-
quences of amyloidogenic proteins. The perspective paper in ACS
Nano [20] discusses the promising future of self-assembled structures
comprising amyloid fibrils as advanced functional materials with appli-
cations in nanotechnology and biomedicine.

Several studies have been done showing the use of amyloid fibrils as
functional templates [28,81,82]. For example, it has been demonstrated
that conductive nanowires can be fabricated by coating amyloid fibrils
with gold. First, a genetic modification of N-terminal and middle region
of yeast prion Sup35 was done to include a cysteine residue on its sur-
face. After fibrillization cysteine residues were used to covalently link
gold particles to amyloid fibrils. The coated fibrils were 80-200 nm
wide and showed conductance competitive to solid conducting wires
[81].

In tissue engineering, in the efforts to produce a material capable of
mimicking real bone, the most frequent approach was based on colla-
gen self-assembled structures. However, besides collagen-based extra-
cellular matrices, many non-collagenous nanofibrous scaffolds, among
them amyloid fibrils. These proved perfect to replace collagen. They
possess exceptional mechanical and physical properties, they can be
made from affordable protein sources, and their growth can be accu-
rately controlled in-vitro. Most importantly, they strongly adhere to
both hydrophobic and hydrophilic surfaces and exhibit excellent bio-
compatibility, therefore, can be used for cell attachment and prolifera-
tion [83].

Amyloid fibrils also serve as a biofunctional material. Graphene is a
hydrophobic molecule which limits its use in biological applications.
New composite materials have been composed from graphene and am-
yloid fibrils.This biodegradable composite material has interesting
properties; from high conductance to reversible change in shape with
variation in humidity, this latter is used to design biosensors for measur-
ing the activity of enzymes [84]. Other applications of amyloid for bio-
sensors are being reported [85].

Besides many polymers, liquid crystals can be formed by
amyloidogenic proteins. Hen lysozyme is known to efficiently form am-
yloid fibrils at low pH and elevated temperatures. A network of
lysozome fibrils can be described by a liquid-crystal phase [86]. This is
a large number of liquid crystal domains that form a liquid crystal
glass. The reason for domains is the lack of a long-range order in a sys-
tem with a large number of amyloid fibrils. Additional studies revealed
that pH can serve as a trigger for reversible self-assembly of peptides
into B-sheet tapes, ribbons, fibrils and fibers. This can be thought of as
a controlled polymerization of monomeric peptides from isotropic
fluids up to nematic gel states. By exploiting this property self-
assembled polymers with controlled mechanical properties and new di-
verse soft solid-like nanostructured materials that are biocompatible
and biodegradable can be designed.

5.3. Biomaterials based on peptides; hydrogels and nanotubes

By combining the 20 proteinogenic amino acids a range of nano-
structures can be synthesized from hydrogel to nanotubes. Amphiphilic
sequences have been designed that fold into 3-hairpins in aqueous solu-
tion. With self-assembly into a network of fibrils a hydrogel is formed. If
the primary amino acid sequence is slightly modified the process can be
triggered and reversibly controlled by changes in pH, ionic strength,
temperature and by UV irradiation. Such amino acid sequences are like-
ly to find their application in the construction of predictably responsive
materials.

It has been reported recently [87] that a hydrogel can be formed
from very short peptide conjugate building blocks. Namely, naphtalene

(Nap)-Phe-Phe conjugates can polymerize into biocompatible
hydrogels. First, the peptide conjugates formed nanofibers which later
self-assembled into hydrogel. Stability of the hydrogel structure was
achieved by a network of - and hydrogen-bonding interactions. The
Fmoc derivative of the AR diphenylalanine core motif can form a rigid
hydrogel as well. It is composed of a fibrous network with fibril diame-
ter on the interval between 10 and 100 nm. Considerable stability at a
broad range of temperatures and pH values is characteristic of this hy-
drogel. The Fmoc-diphenylalanine hydrogel is remarkably strong and
rigid in comparison to other peptide hydrogels. Thus it is a very promis-
ing candidate for several applications. It can be used as a scaffold for cell
growth or it can get fabricated into a solid biocompatible mold that is
suitable for encapsulation and controlled drug release.

Experimental evidence shows that certain amphiphilic B-sheet
peptides with 7-17 amino acid residues composed of repeating pairs
of hydrophilic and hydrophobic amino acid residues can efficiently
self-assemble at the air-water interface and form a highly ordered
two-dimensional B-sheet crystalline layer. The formed layer provides
a planar scaffold and promises numerous nanoscale applications due
to its exceptional one-dimensional elastic characteristics.

Furthermore, cell culture scaffolds have been produced [88] by de-
signing artificial amphiphilic peptides based on various models of alter-
nating polar and non-polar segments. A perforated hydrogel with more
than 99% of water content can be formed from chemically customized
peptides that undergo ordered self-assembly into 10-nm-wide fibrils
in aqueous solution. Because of extremely high water content in hydro-
gel such peptides are suitable for the fabrication of scaffolds. Potential
applications include a range of novel cell growth supports for applica-
tions in three-dimensional cell cultures, controlled cell differentiation,
tissue engineering, and regenerative medicine.

Ghadiri et al. [89] noticed that B-sheet-like stacked cyclic peptides
can form peptide nanotubes (Fig. 2). Stabilized by hydrogen bonds
such structures show large axial symmetry. Studies by Reches and
Gazit have shown [28,90] that peptide nanotubes with six-fold crystal-
line symmetry and nanospheres can be self-assembled from synthetic
dipeptide H-Phe-Phe-OH. Gorbitz [91,92] has analyzed conformational
packing of 160 dipeptides in order to establish a link between amino
acid sequence and peptide nanotube structure. Based on his model pep-
tide nanotubes with desired dimensions, shape, crystalline symmetry
and wettability properties can be predicted and designed.

6. Biophysical properties of peptide nanotubes
6.1. Optical properties

Peptide nanomaterials can form various types of structure, such as
nanotubes, nanobelts and nanospheres. If dimensions of material are
comparable to de Broglie wavelength of confined charges quantum
confinement phenomena can be observed [93]. Order of quantum con-
finement can range from two-dimensional quantum wells and one-
dimensional quantum wires to quantum dots of zero dimension. This
phenomenon gives rise to bioluminescence [93,94].

Density of electron states as a function of energy in three dimensions
is quasi-continuous. By confining such system in one dimension, we ob-
tain a quantum well and density of states changes dramatically, i.e. we
get a step-like behavior. Density of states becomes a piecewise-
constant function. By confining the system in two dimensions or three
dimensions we get a quantum wire or a quantum dot. In both cases
the density of states shows spikes. Changes in density of states result
in remarkable optical properties that are used in light-emitting diodes
and lasers.

Absorption spectra provide a confirmation that confinement
phenomena really occur and allow for determination of the length of
confining dimension. Experiments show [9] that this length approxi-
mately equals 2 nm which corresponds to two to three crystal unit
cells. Excitons that are so tightly bound are responsible for pronounced
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photoluminescence at room temperature. Therefore, peptide nanotubes
are a promising material of biological origin for development of a new
generation of quantum well lasers.

6.2. Piezoelectricity

Analysis of a wide range of bioinspired dipeptides shows that they
are packed into a crystalline arrangement lacking a center of symmetry
[92]. A study of diphenylalanine and dileucine [29] shows that both di-
peptides can self-assemble into peptide nanotubes and crystallize into
asymmetric crystal structure. Piezoelectric phenomenon is a linear di-
electric effect. By using atomic force microscopy the longitudinal com-
ponent of piezoelectric coefficient can be measured. Its value for
diphenylalanine peptide nanotubes was found to be 60 pm/V [95],
well above the typical values measured in biological tissues.

6.3. Second harmonic generation

Another effect that can be observed in ordered structures with no
center of symmetry is second harmonic generation. Intrinsic and highly
noncetrosymmetric protein nanotubes have been intensely studied [9]
by two-photon spectroscopy to assess the presence of second harmonic
generation. By using a pulsed power density of 1 GW/cm? a narrow sec-
ond harmonic peak is obtained for diphenylalanine peptide nanotubes.
Detailed studies show that for low power the intensity of second har-
monic generation is a quadratic function of the excitation light power
density. Measured non-linear optical susceptibility of peptide
nanotubes is 20 pm/V, comparable to the best inorganic non-linear
materials.

7. Biophysical properties of amyloid fibrils

If one compares the peptide nanotubes and amyloid fibrils the aro-
matic or charged amino-acid side chains get positioned at finite, regular
distances along the axis because of the repetitive oligomeric structure of
the filaments. From the repetition of aromatic and ionic side chain
amino-acid residues, putative special optical and electrical properties
can be anticipated. However, not much research has been performed
about the optical, electrical and even less quantum properties of amy-
loid fibrils.

Here we have collected some data on biophysical properties of pep-
tide nanotubes (previous section). We suggest that most of them could
hold also for amyloid fibrils. For example, to see amyloid structures in
living organisms without any label the effect of bioluminescence, simi-
lar to the one observed with nanotubes [93,94], has been used [96].

We propose some new experiments, such as measuring coherence
length in liquid crystals and optical properties of amyloid fibrils, either
directly or as a function of some external parameter. Studies of optical
absorption and photoluminescence would reveal if, like peptide nano-
tubes, also amyloid fibrils exhibit quantum confinement effects. If so,
we could calculate characteristic length of confinement and speculate
where in the structure of amyloid fibrils the confinement actually
occurs.

Another possible study is to measure non-linear optical susceptibil-
ity in second harmonic generation experiment. From the obtained value
we could determine symmetry properties of amyloid fibrils.

Optical spectra further lead to the possibility of quantitatively evalu-
ating the van der Waals interactions between amyloid fibrils just as it is
done for e.g. carbon nanotubes or other filamentous structures [97]. This
means that the frequency-dependent dielectric permittivity could
be used in the Lifshitz formula wherefrom one could extract forces
and torques between amyloid fibrils in various mutual geometric
arrangements.

Lastly, already now it is known that amyloid-fibril-based films can
function as protective coats for some species. This opens a whole new
area of potential applications. Such amyloid fibril films could be used

as a functionalized coating to improve properties of the coated material,
for example increase electrical capacity of electrodes in batteries.

8. In perspective

In this review we left out from consideration ATP-driven self-
assembly processes of actin filaments, which occur in the cell dynamics,
linked to cell shape, transport and signaling, even shaping and strength-
ening synapses in the process of consolidation memories [98]. Cells con-
tain two types of actin networks. One type, associated with the plasma
membrane, is planar or two-dimensional, like a web; the other type, as-
sociated with the cytosol, is three-dimensional, giving cytosol gel-like
properties. In both, the bundles and networks, the filaments are held to-
gether by actin cross-linking proteins such as fascin and gelsolin. It is of
note that gelsolin is a known amyloidogenic protein itself. The F-actin
filaments (negatively stained by uranyl acetate) as observed by trans-
mission electron microscopy, appear as twisted strings of beads with di-
ameter from 7 to 9 nm [99].

We suggest that biophysical properties of the actin filaments and
amyloid fibrils may not be so distinct, however, we did not explore im-
plications of such a possibility any further.
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