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Abstract

Many alkylated peptide amphiphiles have been reported to self-assemble into cylindrical nanofibers
with diameters on the order of a few nanometers and micrometer scale lengths; these nanostructures
can be highly bioactive and are of great interest in many biomedical applications. We have discovered
the sequences for these molecules that can eliminate all curvature from the nanostructures they form
in water and generate completely flat nanobelts with giant dimensions relative to previously reported
systems. The nanobelts have fairly monodisperse widths on the order of 150 nm and lengths of up
to 0.1 millimeters. The sequences have an alternating sequence with hydrophobic and hydrophilic
side chains and variations in monomer concentration generate a “broom” morphology with twisted
ribbons that reveals the mechanism through which giant nanobelts form. Interestingly, a variation in
pH generates reversibly periodic 2nm grooves on the surfaces of the nanobelts. With proper
functionalization, these nanostructures offer a novel architecture to present epitopes to cells for
therapeutic applications.

One-dimensional (1D) nanostructures have attracted extensive research interest over the past
decade due to the beneficial influence of their dimensionality on electronic and optical
materials propertlesl ~4 and very recently bioactivity combined with ability to crosslink into
gel networks 11 Interesting examples include the vapor deposition synthesis of carbon
nanotubes, semiconductor nanowires?: 3 and nanobelts#, and on the soft matter 5|de the self-
assembly of cylindrical micelles 12,13 ribbons4 and peptlde nanofibers®=7» 10, 11 The key
factor in formation of these 1D nanostructures is control of preferential growth in only one
dimension. While both cylinders (one-dimensional growth) and membranes (two-dimensional
t11r0vvth) have been frequently reported through self-assembly of molecular building units12:
5=17 ‘flat 1D nanostructures, namely nanobelts, are less common because of the difficulty of
malntalnlng two significantly different growth rates along two different dimensions.

Peptides or proteins with one or more B-sheet strands exhibit the extraordinary ablllg/
assemble into long, fibrillar nanostructures via intermolecular hydrogen bondmg 18-36
Over the past few decades, extensive research efforts have been devoted to the structure and
the formation mechanisms of amyloid fibers due to their links to neurodegenerative
diseases21—23. In other work, there has been interest in 1D nanostructures formed by self-
assembly of de novo designed peptides and peptidomimetics for their potential applications as

biomaterials. 6: 24-31, 37-41 pye to the intrinsic chirality of natural amino acids, the
observed peptidic 1D nanostructures are often twisted or helical, and occasionally, they can
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further interwind into supramolecular filamentous bundles or sheets2/, 37, 42-44 vt
untwisted belt-like structures are rare and have onl been observed with limited dimension in
width under specific solution conditions®: 28, 45-47 gch as hlgh_/y concentrated peptide
soluti0n56, in impure peptide system545, in the presence of salts#7, or through mixing of
enantiomers?6. In these systems it is likely that strong forces drlvmg lateral growth of peptide
nanostructures to significant dimensions are effectively absent.

Our previous work showed that a great diversity of peptide amphiphiles, molecules that contain
peptide sequences covalently grafted to alkyl segments, self-assemble into cylindrical
nanofibers as a result of hydrogen bonding among peptide segments and hydrophobic collapse
of alkyl tails. 11,18, 19, 48 \we show here that alternating tetrapeptide sequences in these
molecules with hydrophobic and negatively charged residues (V and E) and alkyl segments
with 16 carbons self-assemble into 1D nanostructures that lose all curvature and grow laterally
to create nanobelts (Fig. 1a, molecular synthesis, purification and characterization are provided
in supporting material). Tapping-mode atomic force microscopy (AFM) imaging (Fig. 1b—g)
reveals the flat, belt-like morphology of the nanostructures formed in aqueous solution at a
concentration of 0.1 wt% over the course of two weeks (Nanobelts are observed after 2 days).
These nanobelt assemblies exhibit lengths well over tens of micrometers (up to 0.1mm) and
widths on the order of 150 nm. AFM also reveals a variation in height (between 10nm and
20nm) among the nanobelts which exceeds the expected thickness of a peptide bilayer
(2x3.3nm). There is a consistent, quantized difference in nanostructure height of approximately
4.3nm, adistance reasonably close to that of an interdigitated peptide bilayer (4.7nm). Whereas
most have a flat surface, some reveal a terraced structure in AFM micrographs revealing their
multilayered structure (See supplemental info, Fig. S4). Stacking of bilayers along the z-
direction (thickness) is most likely due to protonation of the peptide C termini at low pH that
weakens electrostatic repulsions between different nanobelt layers. Further growth of the
nanobelts in solution over a period of two months causes them to eventually settle from aqueous
solution.

To further characterize the nanobelt morphology, cryogenic transmission electron microscope
(cryo-TEM) was carried out on the nanobelt stock solutions after two weeks of mcubatlon at
room temperature (cryo TEM offers the possibility of characterizing structure in solution? )
Fig. 2a and 2b show that the nanobelt morphology is indeed the dominant structure in solution.
Additionally, it can be seen from the cryo-TEM images that nanobelts exhibit great flexibility
in the solution state (Fig. 2b). This observation indicates that the rigid, well-extended nanobelt
morphology seen by AFM is possibly a result of specimen preparation. The cryo-TEM image
contrast is associated with different tilt angles of the nanobelts as depicted in Fig. 2c. The
darkest thin lines in Fig. 2b originate from the greater mass-thickness contrast of the nanobelts
with approximately 90° tilt angle (the nanobelt surfaces are parallel to the direction of the
electron beam). A direct measurement from cryo-TEM images reveals that the height of the
nanobelt in Fig. 2b is approximately 12 nm, suggesting a stacking of three peptide amphiphile
bilayers.

We also carried out small angle neutron scattering (SANS) experiments to characterize the
bulk solution assembly behavior at different concentrations. Fig. 2d displays absolute scattering
intensities from 0.1%, 0.5% and 1.0% peptide solutions. First, the flat nanobelt morphology
was indicated by the —2 scaling for flat particles at low g and the —4 Porod scaling for scattering
from an infinite interface at high q (Flg S5). The scaling of approximately —4 in the 2 wt %
and 1 wt % scattering curves suggests a well-defined, sharp interface between the self-
assembled nanobelts and the D,O solvent. In the 0.1 wt % solution, the high g slope is —3.54,
implying more hydrated, fractal nanobelt surfaces. Secondly, the peak at 0.145A~1 does not
shift with variations in solution concentration and was therefore identified to be the diffraction
peak corresponding to the periodic stacking of multiple bilayers of the peptide molecules in
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the nanostructures. The calculated d-spacing is 4.3nm, given by d=2x/q. This value is consistent
with the AFM measurement. Third, over the measured g range, the three SANS profiles assume
very similar shapes, indicating that nanobelts are stable and that the interactions between
nanobelts are negligible in the concentration range from 0.1 wt % to 1 wt %.

The key structural feature for nanobelt as opposed to the very common cylindrical
nanostructure is the alternating hydrophobic and hydrophilic amino acid sequence. Peptides
with alternating hydrophobic and hydro%hilic amino acids are known to have a strong
propensity to form B-sheet structures. 7+ 26, 27, 40, 51-54 Circylar dichroism (CD)
spectroscopy confirms that the peptide amphiphile studied here forms a B-sheet secondary
structure (Fig. 1h), as indicated by a minimum at 217 nm. The structural motif of VEVE, when
adopting an extended B-strand conformation, flips the hydrophilic and hydrophobic side chains
to the opposite sides of the peptide backbone. We hypothesize that in aqueous solution, the
valine surfaces have a strong tendency to associate with each other in order to minimize
exposure to water, resulting in an attractive dimerization of two peptide segments. The
existence of the peptide amphiphile dimers was inferred from the presence of the corresponding
peaks in mass spectrometry of samples (Fig. S3). It is not clear what is the nature of the
interaction among glutamic acid side chains, however, these alternating sequences seem to
allow close packing among peptide segments and therefore loss of curvature in the aggregates,
leading to the nanobelt morphology. Indeed, when we disrupted the alternating hydrophobic
and hydrophilic amino acid sequence by replacing the VEVE peptide segment with a structural
motif of VVEE, the resulting nanostructures regain their interfacial curvature, forming
cylindrical nanofibers under the exact same conditions (Fig. S6). It is therefore likely that
nanobelt flat architecture is associated with highly effective packing among p sheets with
peptides containing alternating sequences. The detailed molecular explanation remains to be
identified in the future, it may be the result of dimerization of the sequences or even the nature
of hydration between B sheets with alternating hydrophobic-hydrophilic side chains.

The growth of these nanostructures along each dimension is obviously regulated by different
forces. One dimensionality is clearly linked to fast growth along the direction of hydrogen
bonding in B-sheets relative to a much slower lateral adhesion among them. However, it is not
clear why these nanostructures exhibit a relatively uniform width (Fig. S7). A single nucleation
event followed by uniform growth in the fast and slow directions, in analogy to living
polymerization, is a possible explanation. Lateral growth of the nanobelt should depend not
only on the hydrophobic collapse of alkyl tails and amino acid side chain interactions, but also
on the elastic penalty of untwisting the natural shape of peptide [3—sheets.44 Withinacylindrical
aggregate the natural twisting of B-sheets can be easily accommodatedls, however, this would
not be the case within a flat structure of significant width like the nanobelt.

Interestingly, the flat nanobelts (Fig. 3a) can transform into “grooved” nanobelts (Fig. 3b and
3c) when the solution pH is increased. Addition of a small amount of basic solution (2mM
final concentration of NaOH in 0.1 wt % peptide solution) can separate the multilayered
aggregates into nanobelts with single bilayer (Fig. S8). In addition, nanogrooves parallel to the
nanobelt long axis were formed as a result of electrostatic repulsion among surfaces with
glutamate side chains at higher pH. The parallel dark lines, with a periodic spacing of
approximately 4.5nm, are the result of uranyl acetate deposition used to negatively stain the
TEM samples (Fig. 3b and Fig. 3c). The expected width of the peptide amphiphile dimer with
fully extended side chains is approximately 2.5 nm. Therefore, these parallel nanochannels
within the nanostructures must be approximately 2 nm wide (4.5nm-2.5nm). Although the
nanobelts can retain their belt-like shape due to hydrophobic attraction among alkyl chains,
the electrostatic repulsions of partially deprotonated glutamate surfaces are able to cause
moderate lateral dissociation (Fig. 3d). In the presence of 2mM NaOH, the width of nanobelts
was observed to decrease from ~150nm to ~50nm, and the process was found to be completely
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reversible. When the pH was restored with HCI, nanobelts with flat, seamless surfaces can be
formed again within a few hours.

We observed that lateral adhesion among B-sheets is also concentration dependant. Narrower
nanobelts and twisted nanoribbons are revealed by TEM when 0.1 wt % peptide amphiphile
solutions were diluted to 0.01 wt %. Fig. 4a and 4b show a mixture of twisted nanoribbons
with different pitches, and it is evident that the twist pitch varies with ribbon width. As expected,
all the twisted nanoribbons here are left-handed because of the intrinsic L-chirality of the amino
acids®®. Measurement on the narrowest part of each single twisted nanoribbon reveals that
they all share the same thickness of approximately 4.3nm, which is the expected value of one
single interdigitated bilayer. This suggests that, in dilute solution, the twisted nanoribbons tend
to exist as single bilayers of dimerized peptide amphiphiles. The transition from nanobelts to
nanoribbons can be directly observed when 0.1 wt % solutions containing nanobelts are diluted
to a final peptide amphiphile concentration of 0.05 wt %. The coexistence of twisted
nanoribbons and flat nanobelts can be seen after aging the solution for 24 hours. Fig. 4c—g
show a clear transition from nanobelts to twisted ribbons starting from the ends of these
nanobelts, generating a “broom” morphology. As shown in Fig. 4, the nanobelt ends have a
tendency to split into narrow nanobelts. These structures could be either flat or twisted
depending on their width and distance from the wide and flat nanobelt they sprout from. One
cansee in Fig. 4c-fagradual transition from a flat nanobelt to the separated twisted nanoribbons
of the broom morphology. Fig. 4g shows a nanobelt with both ends splitting into narrow
nanoribbons. To the best of our knowledge, observation of the “broom” morphology by TEM
in this work offers the first direct mechanistic evidence for the transition from a flat and wide
aggregate of B-sheet assemblies to twisted one-dimensional nanostructures.

In the hierarchical model developed by Nyrkova and coworkers8: 44,56 twisted f3-sheets could
associate laterally into a variety of twisted linear structures with multiple B-sheet stacks. The
stacking number is dependant on the peptide concentration and the strength of favorable
interactions among the side chains of the peptide residues. Significant lateral growth must
untwist the B-sheet to accommodate for close packing of additional sheets. If the lateral
adhesion energies are sufficiently large to offset the entropy loss of untwisting -sheets from
their natural states, a flat nanobelt morphology with unlimited B-sheet stacks would be
expected. However, the lack of well-defined lateral adhesion forces often causes the feptides
to roll into bundles due to the attractive interaction between N-termini and C-termini.42 Often
times, aggregates are formed as narrow filaments due to the unfavorable interactions between
hydrophilic peptide side chains.>: 26,53 |nthe system reported here, we hypothesize that lateral
assembly of the nanobelt morphology is due to the hydrophobic collapse of alkyl tails which
provides sufficient energy to compensate for the elastic penalty of untwisting peptide sheets.
If favorable interactions occur among the glutamate side chains at low pH, for example
hydrogen bonding, then these would synergistically contribute to lateral growth of the
nanobelts. However, if these glutamate interactions are repulsive because of sterics or
electrostatics, then hydrophobic collapse of the alkyl tails would also compensate for them in
allowing nanobelt formation. Clearly, at low pH, multilayered nanobelts are produced because
most of the COOH groups are protonated. The energies of hydrophobic alkyl attraction are
adequate to untwist the B-sheets and overcome any repulsive interactions. At high pH (in the
presence of 2mM NaOH), the deprotonation of COOH groups leads to nanobelt dissociation
in response to electrostatic repulsion among glutamate side chains. Electrostatic repulsion
causes the multilayered nanobelts to break into single bilayer nanobelts and open up the
observed 2 nm nanochannels on both sides of the nanobelt surfaces. Nyrkova’s model also
predicts that peptides tend to form smaller aggregates in more dilute solution and the observed
morphology should be less laminated, and thus, more twisted. This prediction is in good
agreement with our observations on the twisted ribbons at 0.01 wt % and the “broom”
morphology at 0.05%.
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To assess the possibility of using the flat nanobelts for cell signaling, we introduced the
bioactive cell adhesion epitope Arginine-Glycine-Aspartic acid (RGD) at the terminus of the
peptide segment.57 The RGD epitope, a small peptide sequence from extracellular matrix
proteins, has been widely used to create bioactive nanostructures.9 In our design, one glycine
(G) residue was placed as a spacer between the VEVE peptide sequence and the RGD epitope
to maintain the alternating hydrophobic and hydrophilic structural motif. In the RGD-bearing
peptide, TEM examination reveals a nanobelt morphology with a left-handed twist (Fig. 5).
The observation of twisted and narrower belt morphology formed by molecules with the
extended peptide sequence can be rooted in the greater entropic penalty for untwisting the
peptide region and possibly repulsive interactions among side chains, both limiting lateral
Erovvth. This observation is consistent with Nyrkova’s model44 and other previous reportst

2,56 that peptidic fibrillar nanostructures tend to be twisted when having limited growth in
width. Indeed, the widths of these twisted nanobelts are on average narrower by a factor of 3
relative to those without the epitope, on the order of ~50nm. In contrast to the well known
cylindrical nanostructures based on peptide amphiphiles, the wide nanobelt architecture offers
the possibility of cell signaling using a flat, SAM-like presentation of signals that can still wrap
around cells in three dimensions. Fibroblast cells (NIH/3T3), which are known to interact
strongly with the RGD epitope, were used to test their adhesion behavior with the
nanostructures. Our preliminary data show that suspensions of these fibroblasts in cell media
at a concentration of 300,000 cells/ml lead to the formation of a self-supporting gel when
combined with 0.5 wt % RGD nanobelt solutions. This observation suggests a high efficiency
of interaction between cell receptors and the nanobelts.

We have demonstrated that a short hydrophobic-hydrophilic alternating peptide sequence can
trigger self-assembly of peptide amphiphiles into wide nanobelts with completely flat
architecture. This is in great contrast to the very common 1D cylindrical morphology observed
in bioactive nanostructures designed with these molecules. Furthermore, we have shown
modifications are possible to generate twisted nanoribbons as opposed to cylinders bearing a
bioactive epitope. The system studied here also shows that electrostatic repulsions can
reversibly open 2 nm grooves in the nanobelts through changes in pH, and changes in
concentration break up the nanobelts into twisted ribbons. These observations have provided
mechanisitic insight on giant nanobelt formation. The literature suggests that at least six
residues are required to form stable B-sheet structures.® 98 The designed peptide amphiphile
studied here generates stable -sheet structures with only four amino acids. With proper
functionalization, these nanostructures offer a novel architecture to present epitopes to cells
for therapeutic applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Giant (ultralong and wide) nanobelts assembled from a peptide amphiphile containing four
amino acids and an alkyl tail. a, chemical structure of the peptide amphiphile. b—d, AFM images
of peptide nanobelts at different scanning sizes. The assembled nanobelts are the dominant
structures in the assembly system (almost artifact free). e and f, AFM images of a single-layer
and a double-layer nanobelt morphology. g, AFM amplitude image of f. h, CD spectrum of
the peptide nanobelt solution at a concentration of 0.05 wt % proves the existence of B-sheet
secondary structure in the supramolecular assemblies.
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Figure 2.

Cryo-TEM images of nanobelt morphology and small-angle neutron scattering profiles of
nanobelt solutions. a, Cryo-TEM image shows that the nanobelts can flip, tilt and entangle
with other nanobelts in solution. b, Cryo-TEM image reveals the mechanical flexibility of
nanobelts. ¢, Schematic representation of the origin of contrast in cryo-TEM images. In the
current system, the dominant contrast mechanism arises from the mass-thickness contrast
associated with different tilt angles of the nanobelt morphology. When the nanobelt is tilted at
arightangle, electrons travel the longest distance inside the nanobelt, and thus have the highest
possibility to be scattered. d, SANS profiles at different nanobelt concentrations. The similar
shape of three scattering profiles suggests a stable nanobelt morphology over the concentration
range of 0.1 wt %, 0.5 wt % and 1.0 wt %.
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Figure 3.

Grooved nanobelt morphology produced at high pH. a, TEM image of nanobelts in a 0.1 wt
% solution. b, Grooved nanobelts in a 0.1 wt % solution containing 2 mM NaOH. The parallel
nanochannels can be clearly seen in the image. c, A closer view of the grooved nanobelts in
b. d, Schematic representation of the molecular packing inside the nanobelts and the grooved
nanobelts. All the TEM samples were negatively stained with 2% (w/v) uranyl acetate aqueous
solution.
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Figure 4.

Twisted nanoribbons at 0.01 wt % aqueous solution and intermediate structures (broom
morphology) of nanobelts transforming into twisted nanoribbons at 0.05 wt % solution. a—b,
Narrower nanobelts and twisted nanoribbons are observed at a concentration of 0.01 wt %. The
twist pitch increases with an increase of nanoribbon width. c—f, Twisted nanoribbons sprouting
from one nanobelt end. d, A closer view of c. There is a gradual transition from flat nanobelt
to twisted nanoribbons. The longer the distance from the wide nanobelt, the more likely the
nanoribbons will twist in their natural states. g, Nanobelts split from both ends into narrower
nanobelts. The split ribbons are too short to be twisted because they are too close to the wide
nanobelt. g, Schematic representation of the morphological transitions with a change in
concentration. Scale bars of Fig c—g: 100nm. All the TEM samples were negatively stained
with 2% (w/v) uranyl acetate aqueous solution.
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Figure 5.
TEM images of twisted nanoribbons of C1gH310-VEVEGRGD at a 0.1 wt % concentration.

a, Negatively stained TEM image. b, Cryo-TEM image. The nanoribbons exhibit a uniform
width of approximately 50nm.
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