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Under appropriate physicochemical conditions, short peptide fragments and their synthetic mimics have been shown to
form elongated cross-β nanostructures through self-assembly. The self-assembly process and the resultant peptide nanos-
tructures are not only related to neurodegenerative diseases but also provide inspiration for the development of novel
bionanomaterials. Both experimental and theoretical studies on peptide self-assembly have shown that the self-assembly
process spans multiple time and length scales and is hierarchical. β -sheet self-assembly consists of three sub-processes
from the microscopic to the mesoscopic level: β -sheet locking, lateral stacking, and morphological transformation. De-
tailed atomistic simulation studies have provided insight into the early stages of peptide nanostructure formation and the
interplay between different non-covalent interactions at the microscopic level. This review gives a brief introduction of the
hierarchical peptide self-assembly process and focuses on the roles of various non-covalent interactions in the sub-processes
based on recent simulation, experimental, and theoretical studies.
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1. Introduction
Peptide self-assembly is a process where peptides spon-

taneously form ordered supramolecular structures from the
bottom-up, driven by non-covalent interactions. When
peptides undergo self-assembly to form insoluble fibrillar
aggregates in the brain, neurodegenerative diseases such
as Alzheimer’s, Huntington’s, and Parkinson’s are often
caused.[1–4] Although the type of peptides involved in these
diseases varies significantly in amino acid composition and se-
quence, there exist similarities in the morphologies and struc-
tures they form, i.e., fibrils with cross-β structures. Clarify-
ing the mechanisms underlying their formation is critical for
circumventing and treating these associated diseases. Further-
more, the relevant peptides and fragments, as well as their syn-
thetic mimics, have been shown to form a variety of ordered
nanostructures in vitro, such as twisted and helical ribbons,
nanotubes, and nanobelts, in addition to fibrils.[5–13] These
peptide nanostructures show great promise in the development
of novel nanomaterials for biomedical and technological appli-
cations because of their unique biological functions and phys-
iochemical properties.[14–16]

The self-assembled nanostructures are dictated by the
balance between attractive and repulsive interactions, such
as van der Waals, electrostatic, hydrophobic, π–π stacking,
and hydrogen bonding interactions. The hierarchical process
and the resulting nanostructures change when this balance
is disturbed. The main strategies utilized to tune the bal-

ance include changing the peptide sequences[17–19] and so-
lution conditions (e.g., pH, ionic strength, and organic sol-
vent addition).[20–25] In addition, the self-assembly process
of elongated ordered aggregates with cross-β structures from
peptides is hierarchical and spans multiple time and length
scales, which has been demonstrated in both experimental and
theoretical studies.[26–29] Three distinctive sub-processes oc-
cur during the hierarchical process from the microscopic to
the mesoscopic level—β -sheet locking, lateral stacking, and
morphological transformation (Fig. 1). It appears that differ-
ent interactions have distinct roles with respect to these sub-
processes. In this review, we discuss the hierarchical self-
assembly process of β -sheet peptides, focusing on the roles
of various non-covalent interactions in the sub-processes. The
discussion is based on recent experimental, theoretical, and
computer simulation studies. In conclusion, an overall assess-
ment of the field is given.

2. βββ -sheet locking for the long axis growth of
cross-βββ structures

Through experimental and computational studies, β -
sheet hydrogen bonding between neighboring peptide back-
bones has been confirmed to be the initial event and then re-
sponsible for the elongation of assemblies to form various 1D
nanostructures. The β -sheet conformations can be determined
by using the circular dichroism (CD) and Fourier transform
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Fig. 1. Sub-processes in the hierarchical self-assembly of β -sheet peptides: β -sheet locking along the hydrogen bonding direction
(the long axis growth), which is responsible for the elongation of assemblies, lateral stacking of β -sheets along the side chain direction
for the width growth, and morphological transformation of assemblies with different widths. {H, S, P} is the local coordinate of the
peptide, where H is the hydrogen bonding direction, S is the side chain direction, and P is the backbone direction from the N-terminus
to the C-terminus.[30]

infrared (FTIR) spectroscopy techniques, in which character-
istic CD peaks at approximately 195 nm and 218 nm and an
FTIR peak at approximately 1624 cm−1 are readily observed
for β -sheets. Using fiber x-ray diffraction (XRD) and nuclear
magnetic resonance (NMR), the structures of cross-β sheets
were further characterized at the microscopic level, including
determination of the distance between neighboring backbones
and the packing modes (e.g., the antiparallel and parallel ar-
rangement and the residue registry).[31,32] For example, x-ray
diffraction characterization revealed an identical distance of
4.8 Å between the neighboring backbones of cross-β peptide
fibrils, irrespective of the different peptide sequences.[13,33,34]

Using all-atomistic computer simulations, additional detailed
structural information of cross-β sheets has been deduced at
the microscopic level, such as the residue registry and the
twisting angle between neighboring backbones.[35–37]

Peptides containing residues with high hydrophobicity
and a strong β -sheet forming propensity tend to pack into β -
sheets. Comparing I3K with L3K, the former self-assembles
into tubular fibrils with a β -sheet conformation while the lat-
ter forms spherical aggregates with random coils, as a result
of the stronger β -sheet forming propensity of isoleucine rela-
tive to that of leucine.[38] By systematically investigating the
effect of the side chain hydrophobicity on the critical coagu-
lation concentration of (XKXE)3, where X denotes F, I, and
V, respectively, Caplan et al. found that increasing the side
chain hydrophobicity decreased the critical coagulation con-
centration by increasing the driving force for assembly.[39]

For hydrophilic residues, the charged state and pattern along
the backbone significantly affect the packing mode of back-

bones within β -sheets. Mehta et al. observed different self-
assembled 1D nanostructures of short Aβ (16–22), which is
a hydrophobic core fragment of the amyloid-β peptide from
residues 16 to 22, at pH 2 and pH 6 to be nanofibers and nan-
otubes, respectively. Based on the results of studies combin-
ing NMR and isotope-editing FTIR, Mehta et al. suggested
an in-register antiparallel packing mode for the nanofibers
and an out-of-register antiparallel packing mode (one-residue
shift) for the nanotubes.[21] In our recent studies, we also ob-
served and simulated the effect of the distribution of charged
residues along the backbone on the packing modes of back-
bones and the final self-assembled nanostructures.[37,40] As
shown in Fig. 2, charges on the two terminals of the peptide
strengthened the propensity of KIIIIK to form β -sheets, and
the probability of forming an anti-parallel pattern in IIIIKK
was higher than that in KIIIIK. By calculating the twisting an-
gle between neighboring backbones in the trimer, the twisting
degree of the IIIIKK trimer was shown to be larger than that
of the KIIIIK trimer.

Using experimental methods alone, it is generally dif-
ficult to observe directly the packing dynamics and elonga-
tion process of β -sheets at the microscopic level. In theo-
retical and computational studies, a two-step dock-and-lock
elongation mechanism for peptide self-assembly has been
proposed.[41–43] In this mechanism, the monomer in a par-
tially structured state docks with the fibril end, and then the
monomer undergoes structural reorganization to lock itself to
the fibril as a β -sheet structure.[44] To quantify the docking
process, theoretical work has used diffusion-limited aggrega-
tion kinetics to study the association rate constant, in which the
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concentration of the monomer was considered to be the only
factor significantly affecting this process.[45] From theoretical
and simulation studies of Aβ peptides and their congeners in
aqueous solution, however, the monomeric conformation of
the peptides was found to have a large hydrophobic surface
area, suggesting that hydrophobic interactions play an essen-
tial role in the docking process of peptide self-assembly.[46–48]

By conducting extensive molecular dynamics simulations of

peptide aggregation in explicit water, Thirumalai et al. directly

observed the locking process following monomer docking at

the end of fibrils.[49,50] They found that the β -strand content

of the monomer showed a sharp transition from 0.65 for the

initial docking state to 0.8 for the final locking state and that

the hydrogen bonding interactions between backbones stabi-

lized the ordered structure in the locking state.

(a) (b)

Fig. 2. Free energy landscapes for IIIIKK and KIIIIK were calculated by all atomistic replica exchange molecular dynamics simulation.
The X axis is the contact degree g12 between peptide1 and peptide2 and the Y axis is the contact degree g23 between peptide2 and
peptide3, where the peptides in the trimer have been reordered.[37]

3. Lateral stacking of cross-βββ sheets for the
width growth
Following hydrogen bonding between backbones and the

dock-and-lock process, the resultant sheets undergo lateral
stacking along the side chain direction. In early studies
of fibrillarstructures formed by Aβ peptides with different
lengths, laminated structures with different cross-β sheet num-
bers have been reported.[51,52] Using transmission electron mi-
croscopy (TEM), small angle neutron scattering (SANS), and
small angle x-ray scattering (SAXS), Lu et al. evaluated the
structure of nanotubes formed by Aβ (16–22) at pH 2, and
demonstrated that nanotubes also arose from the lamination
of twisted cross-β sheets.[53] The laminated character of the
β -sheet for peptide nanostructures has been consolidated by
Eisenberg et al. through systematic study of the supramolec-
ular structures formed by various peptides.[31,32] In addition,
based on the atomic-level structures resolved in their work,
they classified the types of lateral stacking according to the
two criteria. One is whether sheets pack with the same or
different surfaces adjacent to one another, while the other is
whether the sheets are oriented parallel or antiparallel with re-
spect to one another. Combining types of packing modes in
cross-β sheets with the lateral stacking modes on the atomic
level, Eisenberg et al. proposed eight different elementary
structures as the common structures for supramolecular struc-
tures formed by different β -sheet peptides.[32]

Similarly to the packing of backbones, the lateral stack-
ing of β -sheets is also affected by the amino acid sequence
of peptides,[51,52] leading to nanostructures with different
widths. Because lateral stacking occurs along the side chain
direction, the interactions between side chains of neighbor-
ing cross-β sheets dominate this process. In order to under-
stand the effect of the side chain at the microscopic level,
many studies have concentrated on developing and studying
model peptides.[18,40,54,55] Experimental and simulation stud-
ies on the self-assembly of the hydrophilic polar peptide GN-
NQQNY confirmed shape complementarity of the side chains
as a steric zipper as the main driving force for stabilizing the
association of the cross-β sheets.[56,57] In the study of QQR-
FQWQFQQQ, Aggeli et al. suggested that the hydrophobic
interaction between cross-β sheets was the main driving force
for their lateral stacking in peptide self-assembly.[6] The ef-
fect of electrostatic interactions is, however, more complex
and appears to depend on the distribution of charged residues.
For the short peptides KIIIIK and IIIIKK, the charged residues
at the two ends of the hydrophobic core could strengthen the
degree of lateral stacking by preventing collapse of the hy-
drophobic core and enhancing the probability of KIIIIK adopt-
ing an extended conformation which had a large hydrophobic
surface. At the same time, the charged residues at one end
cannot prevent collapse of the hydrophobic core of IIIIKK
which gave the molecule a small hydrophobic surface relative
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to KIIIIK.[37,40] In addition, the balance between hydrophobic
and electrostatic interactions in peptide self-assembly could
be tuned not only by changing the peptide hydrophobicity and
sequence, but also by changing the solution conditions such
as pH,[20,21] ionic strength,[23,24] and the addition of organic
solvents.[22,25,58]

Based on the cross-β and lateral stacking structures ob-
served in experiments, Aggeli et al. proposed a hierarchical
self-assembly model to understand the different widths of fib-
rils formed by β -sheet peptides.[6,26,59] In this model, there
are two kinds of simplified interactions, including the inter-
sheet interaction between neighboring cross-β sheets and the
intra-sheet interaction between neighboring peptides within a
sheet. For simplicity, the inter-sheet interaction is constant
and the intra-sheet interaction is modeled by the elastic en-
ergy of a deformed sheet. The initial equilibrium structure of
a cross-β sheet is a straight twisted conformation. The back-
bones in neighboring sheets are in parallel in order to decrease
the hydrophobic exposure of β -sheets. With this geometric

constraint, the outer sheet has a larger deformation and elastic
energy penalty. When the elastic energy penalty of the outer
sheet is larger than the attractive energy between sheets, fib-
rils do not grow wider. Based on the competition between the
elastic energy penalty of sheets and attraction between neigh-
boring sheets, the physical origin of different widths observed
in experiments can be explained. Considering the electro-
static screening effect in this model, the ionic effects on β -
sheet peptide self-assembly were successfully used to explain
structure changes with changes in ionic concentration.[24,60]

Based on the hierarchical model, the different self-assembled
morphologies of IIIIKK and KIIIIK have been explained by
combining the simulation and experimental results as shown
in Fig. 3.[37,40] The secondary structures in both supramolec-
ular structures formed by KIIIIK and IIIIKK are β -sheets,
which have been confirmed by CD and FTIR, and the lami-
nated structure of cross-β sheets were confirmed by SANS in
experiments. From the simulation results, we found that both

(a)

(b)

Fig. 3. Schematic of different morphologies formed by (a) IIIIKK and (b) KIIIIK based on the hierarchical approach.[40]
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peptides had a strong propensity to form a trimer with the
cross-β structure, but the twisting degree of the KIIIIK trimer
was smaller than that of IIIIKK, and the hydrophobic surface
of the KIIIIK trimer was larger than that of IIIIKK. Both the
small twisting degree and large hydrophobic surface strength-
ened the width growth, and the width of the supramolecular
structure formed by KIIIIK was found experimentally to be
larger than that of IIIIKK. As discussed in Section 4 below,
the final morphology of the supramolecular structure is deter-
mined by the width. When the width is larger than a critical
value, the stable morphology of lamination with cross-β struc-
turesis generally ahelical ribbon or tubular, but when the width
is smaller than the critical value, the stable morphology is gen-
erally a twisted nanofibril.

4. Morphological transformation to form differ-
ent mesoscopic structures

Because the sizes of supramolecular structures formed
by β -sheet peptide self-assembly are about 10–1000 nm,
their morphologies can be easily observed by using atomic
force microscope (AFM) and TEM methods. Accompany-
ing the effect on width growth of the variations in the pep-
tide sequence and solution conditions, different mesoscopic
morphologies such as vesicles, fibrils, twisted ribbons, he-
lical ribbons, nanotubes, and nanobelts have been observed
in experiments.[5–13] Yan et al. observed that FF could self-
assemble to form vesicle-like structures with diameters about
100 nm at low concentrations, but form nanotubes with diam-
eters about 100 nm at high concentrations.[61] Adamcik et al.
observed the untwisting of fibrils formed by β -lactoglobulin
with increasing NaCl concentration in solution,[24] and Castel-
letto et al. found that two model peptides, AAKLVFF and
(β )A(β )AKLVFF, formed twisted fibers at low NaCl con-
centrations but large crystal-like nanotapes for AAKLVFF
and nanotubes for (β )A(β )AKLVFF at high NaCl concentra-
tions ((β )A denotes β 2-alanine residue).[23] AAKLVFF can
form different morphologies at different concentrations of
methanol, such as fibrils in solution with low methanol con-
tent, nanotapes in solution with 50–70 wt% methanol, and
nanotubesin solution with 100 wt% methanol.[22,58] The poly-
morphism of self-assembled nanostructures formed by pep-
tides is further confirmed by computer simulations. Using
the MARTINI[62] coarse grain model of peptides, Guo et al.
found that FF formed various thermal stable structures includ-
ing vesicles, nanotubes, and planar bilayers based on extensive
molecular dynamics simulation.[63]

Different morphologies formed by the same peptide un-
der different conditions suggest that peptides adopt different
metastable or stable states in their self-assembly processes.
Unraveling the relationships between these states with dif-

ferent morphologies is a challenging subject for understand-
ing the microscopic mechanism underpinning the formation
of different mesocopic morphologies. In a study by Yan et
al., reversible transitions between vesicles and nanotubes were
confirmed by observing a necklace-like structure that acted as
an intermediate state.[61] By monitoring self-assembly in real
time, many researchers have observed morphological trans-
formation processes prior to the final morphologies formed
in experiments.[11,12,64,65] Pashuck et al. found that the pep-
tide amphiphile C16 FFFEEE dissolved in water at 10 mM
and 25 ◦C formed short twisted nanotapes at 30 seconds,
long twisted nanotapes at 10 minutes, long structures with
both twisted and helical features at 2 weeks, and long he-
lical structures at 4 weeks.[11] Using direct imaging cryo-
TEM, the complete path to nanotube formation of another pep-
tide amphiphile, C12–β12, was observed.[64] C12–β12 formed
thin fibers with widths of less than 10 nm at 10 minutes,
twisted ribbons with widths of approximately 20 nm at 24
hours, coiled ribbons with widths of approximately 30 nm
at 1 week, unclosed tubes with a diameter of 80 nm at 4
weeks, and closed tubes with a diameter of 80 nm at 4 months.
Further, Adamcik et al. observed a similar morphological
transformation process by investigating the self-assembly of
(β )A(β )AKLVFF in solution with NaCl.[12]

The hierarchical model proposed by Aggeli et al. pro-
vides a good understanding for the different widths of various-
peptide nanostructures,[6,26,59] but cannot explain the morpho-
logical transformation process. Although a full understand-
ing of this process has not been achieved, some theoretical
studies have been devoted to unravelling the mechanisms and
pathways involved in tube formation based on the elasticity
theory applied to the self-assembly of chiral molecules.[66–71]

According to a multi-lamellar model incorporating the elastic-
ity theory, the phenomenological free energies of morpholo-
gies formed by FF in aqueous solution were determined by
Yan et al.[61] In their model, the sphere and cylinder struc-
tures were stable under different thermodynamic conditions,
and the intermediate state (necklace-like structure) was the
metastable structure. By introducing an energy penalty for
edges in the elastic strain energy of chiral ribbons, Ghafouri
et al. calculated the minimum energy of stripes as a function
of width, concluding that there were two stable morphologies
for stripes with different widths. One was the twisted rib-
bon for the small width and the other was helical ribbons for
large widths.[72] The relationship between the morphologies
and widths of stripes was also confirmed by Armon et al.[73]

In their study, using the mathematical framework of “incom-
patible elasticity”, they modeled the stripe structures by two
elastic tensors that must fulfill the Gauss–Codazzi–Mainardi
equations. The metric tensor contains in-plane stretching de-
formations, while the curvature tensor contains bending defor-
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mations. The quantitative results of the incompatible stripe’s
energy showed that the bending energy is proportional to the
square of the width, but the stretching energy is proportional
to the fourth power of the width. The competition between
stretching energy and bending energy determines the mor-
phologies of stripes with different widths. When the width
is small, the stable morphology is twisted ribbons, which de-
crease the elastic energy penalty caused by bending deforma-
tion; when the width is large, the stable morphology is helical
ribbons, which decrease the elastic energy penalty caused by
stretching deformation. By statistically analyzing the correla-
tion between the morphologies and widths observed in peptide
self-assembly experiments, Childers et al. confirmed these
theoretical conclusions.[74] They found that when the width
of a nanostructure was less than 40 nm, the morphology was
twisted ribbon, when the width was between 40 and 100 nm,
the morphology was helical ribbon, and when the width was
more than 100 nm, the morphology was tubular.

5. Summary and outlook
Extensive studies and impressive advances have been

made in the field of peptide self-assembly. As described
above, peptide self-assembly with β -sheet structures is hier-
archical and the microscopic interactions involved have dis-
tinct roles in the different sub-processes. β -sheet peptide self-
assembly can be divided into three distinct sub-processes β -
sheet locking, lateral stacking, and morphological transfor-
mation. Hydrophobic interactions drive peptide monomers
to dock onto aggregates, and hydrogen bonding interactions
between backbones then lock the peptide into the aggregates
along the long axis direction. The inter-sheet attraction arising
from hydrophobic or electrostatic interactions leads to lateral
stacking of cross-β sheets, and competition between the elas-
tic energy penalty of cross-β sheets and inter-sheet attraction
leads to different widths of the final nanostructures. With in-
creasing width, the morphology of nanostructures will trans-
form from fibrils to twisted ribbons, then to helical ribbons and
finally to nanotubes.

Because β -sheet peptide self-assembly spans multiple
time and length scales, various methods based on simulations,
experiments, and theories have been utilized to study the un-
derlying mechanisms in peptide self-assembly. The micro-
scopic dynamics of β -sheet elongation have been proposed to
follow a two-step dock-and-lock mechanism in all-atomistic
simulations, in which the competition mechanism between
different interactions and structures at the microscopic level
can be well assessed. Through systematic experimental varia-
tion of peptide sequences and solution conditions such as pH,
ionic strength, and the addition of organic solvents, the cross-
β laminated structure has been clearly demonstrated in self-
assembled peptide nanostructures. Morphological transforma-

tions at the mesoscopic level have also been observed in such
systems. Through a combination of elasticity theory on chiral
molecule self-assembly and the concepts of cross-β laminated
structure, the driving forces in morphological transformation
and the physical relationships between widths and morpholo-
gies have been demonstrated.

Despite advances in understanding β -sheet peptide self-
assembly, it remains difficult to quantitatively assess and me-
diate self-assembly processes and assembled nanostructures of
the cross-β structure. The self-assembly from the microscopic
to the mesoscopic level is not completely understood because
of the gaps between experimental and theoretical studies. In
experiments, it is usually difficult to obtain quantitative infor-
mation of the microscopic interactions required to build the-
oretical models with molecular detail. However, the hierar-
chical viewpoint developed from experiment and theory is a
common framework for studying the mechanism of peptide
self-assembly. By applying multi-scale computer simulation
methods in peptide self-assembly, the strengths of intra-sheet
and inter-sheet interactions between peptides involved in β -
sheet locking and lateral stacking can be quantitatively stud-
ied by atomistic simulations at the microscopic level, and the
structures and dynamics of morphological transformations can
be quantitatively characterized by coarse grained simulations
at the mesoscopic level. The quantitative simulation studies of
the sub-processes in peptide self-assembly are keys to bridge
the gap between experiment and theory.
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