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Precise control of supramolecular architecture is an important
challenge in the field of molecular self-assembly.1 Self-assembly
of peptide-containing molecules has been an active area of research
for more than a decade, and with amino acid building blocks it is
possible to make nanotubes,2 ribbons,3-5 and helices.6-8 The
varying shapes of these nanostructures arise from an interplay of
several factors, including hydrophobic interactions, hydrogen bond-
ing, crystallization, electrostatic interactions, steric effects, and π-π
stacking,9-11 along with the possible involvement of growth
kinetics.12 This complex balance of forces makes a priori prediction
of self-assembly behavior a difficult pursuit, and thus further
understanding of how these forces interact to create different
morphologies, including metastable structures, is an important focus
of current research. In the context of peptide assembly, specific
attention has been given to the amyloid � (A�) protein because of
its role in Alzheimer’s disease and other neurodegenerative diseases.
Efforts to find the minimum peptide segment necessary for A�
protein fibrillization have yielded the KLVFF sequence.7,13,14

Phenylalanine residues are of particular importance in the aggrega-
tion of A�.15 In this context, Gazit et al. demonstrated that only a
dimer of phenylalanine is needed to assemble into nanotubes as a
result of the π-π stacking.16-18 Here we studied the self-assembly
behavior of a peptide amphiphile (PA) containing three phenyla-
lanine residues and directly observed a morphological transition
from short twisted ribbon segments to long twisted ribbons which
then transform into helical ribbons. Studying the transitions and
metastable states of peptide-based nanostructures can give insight
into the nature of molecular self-assembly and contribute further
to mechanistic research on amyloid fibrils.

To monitor the assembly behavior at the earliest stages, PA 1
was first dissolved in hexafluoroisopropanol (HFIP) to disrupt any
aggregation that occurs during peptide synthesis and purification.
After removal of the HFIP with rotary evaporation, the dried sample

powder was resolubilized in ultrapure water, and cryogenic
transmission electron microscopy (cryoTEM) was done to observe
the first steps of self-assembly. Thirty seconds after dissolution,
very short twisted bilayer ribbon segments were observed to be
the dominant morphology (Figure 1a). By 3 min, these structures
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Figure 1. CryoTEM of PA 1 forming (a) short twists 30 s after the water
was added to PA 1 after being molecularly dissolved, (b) long twisted
ribbons when completely dissolved in water, (c) a twisted ribbon (white
arrow) transforming into a helix (black arrow), and (d) helical ribbons after
being aged at 25 °C for 1 month. (e) Schematic illustrations.
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rapidly combine to form long twisted ribbons (Figure S1, Supporting
Information (SI)). When PA 1 is completely dissolved in water at
a 10 mM concentration, a dense network of twisted ribbons is
formed (Figure 1b). Interestingly, these twisted ribbons undergo a
morphological transformation to helical ribbons over 4 weeks when
aged at 25 °C, as shown in Figure 1c. This indicates that the twisted
ribbon is a metastable state and not the thermodynamically stable
end point. After 2 weeks of aging, roughly half of the twisted
ribbons have undergone the transformation (Figure S2, SI), and by
4 weeks they have all converted to helical ribbons (Figure 1d).
These transitions are shown schematically in Figure 1e. Figure 1b
reveals that these twisted ribbons are 5-6 nm thick and 20-40
nm wide, have a periodicity of 150-200 nm, and are micrometers
in length. The relative uniformity in nanostructure width is thought
to be a balance of steric packing of chiral molecules and �-sheet
hydrogen bonding. Both the ribbons and the helices have right-
handed twists and have similar periodicities for a complete ribbon
rotation, 200-400 nm, which corresponds to two periods of the
twisted ribbon or one turn of the helix. This twist and periodicity
were also seen in AFM (Figure S4, SI).

In order to understand the role of the phenylalanine side chains
in the self-assembly process we prepared PA 2, which lacks the
aromatic groups found in PA 1. Under exactly the same solution
conditions, PA 2 forms cylindrical nanofibers of 7-9 nm diameter.
Notably, these cylindrical nanofibers of PA 2 remain unchanged
even after being aged for 4 weeks at 25 °C (Figure S5, SI). We
performed X-ray diffraction (XRD) on the PA solutions to probe
the arrangement of the molecules within the nanostructures. These
experiments clearly demonstrate the presence of order in PA 1 in
both freshly dissolved and aged solutions, with spacings of 4.8 and
12.6 Å. The values of 4.8 and 12.6 Å are similar to those seen in
fibrillar protein aggregates, such as A� plaques.13 Previous work
has indicated that the 4.8 Å peak likely belongs to the hydrogen-
bonding distance in the �-sheet, whereas the 12.6 Å peak is
attributed to the spacing between �-sheets.7 In contrast, PA 2
showed no significant diffraction in either the freshly dissolved
solution or any of the aged solutions (Figure S6, SI). This is not
surprising, as it is difficult to obtain crystallinity in cylindrical PA
nanofibers composed of �-sheets.19,20

To probe the secondary structure of these peptides, Fourier
transform infrared spectroscopy (FTIR) and circular dichroism (CD)
were carried out on the samples. In all cases, FTIR showed the
major amide I peak located near 1630 cm-1, indicative of a �-sheet
secondary structure (Figure S7, SI).19,21 The CD was more difficult
to interpret, due to n-π* transitions from the aromatic stacking in
the phenylalanine PAs (Figure S8a, SI). It is, however, consistent
with that of other aromatic peptides in the literature,22 and the
increase in the intensity of the n-π* transition is indicative of
increased interactions among aromatic side groups.23 A hypochro-
mic shift of the absorbance maximum, which indicates that aromatic
groups are in a more hydrophobic environment, is consistent with
increased aromatic interactions (Figure S8b).25 Interestingly, fluo-
rescence spectra of PA 1 (Figure S9, SI) showed a greatly increased
ability to bind thioflavin T (ThT) after 4 weeks, suggesting that
the normal ThT binding pockets24 are not present initially but open
up after aging, likely due to aromatic sidegroup rearrangement. This
is supported by UV fluorescence measurements, which show a blue
shift of the fluorescence maximum (Figure S9a) Although both the
XRD and FTIR indicate �-sheet formation, we were unable to
experimentally determine if the �-sheets are perpendicular or
parallel to the long axis of the nanostructure. However, previous

work in our laboratory suggested that the �-sheets run parallel to
the long axis of the ribbon, and this is likely true of the PAs studied
here.3

We hypothesize that the observed structural transformation from
twisted ribbons to helical ribbons is closely associated with changes
toward a more stable molecular packing within the assemblies. One
of the fingerprints of this process is the aromatic stacking rear-
rangement observed as the nanostructures transform from twisted
to helical ribbons. Also, the alkyl tails are less likely to crystallize
in the saddle-like or Gaussian curvature of a twisted ribbon but
could do so upon transformation to a helix, which has cylindrical
curvature.26 The seemingly unstable molecular packing within the
twisted ribbon may be related to inhomogeneous twisting of
�-sheets (see Figure S10, SI). In the twisted ribbon, �-sheets at the
periphery can be less twisted than those near the center, whereas
in the helical ribbon they can have a similar twist throughout the
width of the ribbon (due to the cylindrical curvature). A uniform
and optimum amount of twist of �-sheets for molecular packing
would favor the transformation of the kinetic twisted shape to the
helical ribbon.
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