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ABSTRACT: Squid sucker ring teeth (SRT) have emerged
as a promising protein-only, thermoplastic biopolymer with
an increasing number of biomedical and engineering
applications demonstrated in recent years. SRT is a
supra-molecular network whereby a flexible, amorphous
matrix is mechanically reinforced by nanoconfined β-
sheets. The building blocks for the SRT network are a
family of suckerin proteins that share a common block
copolymer architecture consisting of amorphous domains
intervened by smaller, β-sheet forming modules. Recent
studies have identified the peptide A1H1 (peptide
sequence AATAVSHTTHHA) as one of the most abundant
β-sheet forming domains within the suckerin protein
family. However, we still have little understanding of the assembly mechanisms by which the A1H1 peptide may
assemble into its functional load-bearing domains. In this study, we conduct a detailed self-assembly study of A1H1 and
show that the peptide undergoes β-strands-driven elongation into amyloid-like fibrils with a rich polymorphism. The
nanostructure of the fibrils was elucidated by small and wide-angle X-ray scattering (SAXS and WAXS) and atomic force
microscopy (AFM). The presence of His-rich and Ala-rich segments results in an amphiphilic behavior and drives its
assembly into fibrillar supramolecular chiral aggregates with helical ribbon configuration in solution, with the His-rich
region exposed to the solvent molecules. Upon increase in concentration, the fibrils undergo gel formation, while
preserving the same mesoscopic features. This complex phase behavior suggests that the repeat peptide modules of
suckerins may be manipulated beyond their native biological environment to produce a wider variety of self-assembled
amyloid-like nanostructures.
KEYWORDS: self-assembly, peptide, SAXS, WAXS, AFM

There has been increasing interest in the past decade
toward development of peptide-based materials with
controlled self-assembled structures for technological

and biomedical applications.1−4 Peptides and proteins can self-
assemble and aggregate into mesoscopic materials and are
widely found in the human body,5,6 e.g., blood fibrin,7,8

collagen,9,10 and actin11,12 fibrils. Naturally occurring peptides
self-assemble into conformationally stable regular secondary/
tertiary structures controlled by their amino acid side chain
residues, and they have inspired novel designed or biomimetic

peptide sequences for applications in biotechnology, biominer-
alization, bioelectronics, biosensing, and biomedicine, to name
only a few.13−20

Special attention has been devoted to amphiphilic peptides,
with surfactant-mimicking properties and bioactive functions,
due to their tendency to generate ordered, self-assembled
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nanostructures for applications in drug delivery, tissue
engineering, or smart hydrogels with a response triggered by
changes in pH, light, ionic strength, and temperature.21−28

One of the most studied mesoscopic structures are β-sheet
amyloid fibrils, peptide-based 1D nano-objects exhibiting
cross-β-sheet structure, where the β-strands are arranged
perpendicular to the fibril axis,29 which are implicated and were
discovered in the context of neurodegenerative diseases, such
as Parkinson’s, Alzheimer’s, and Creutzfeldt−Jakob’s.30−32
Additionally, such fibrillar structures also show some
physiological roles in living organisms, e.g., fibrils production
for cell adhesion, melanosomes development in mammalian,
and peptide hormone storage in humans.33−35 Nowadays,
amyloid fibrils are increasingly used as templates for the
development of nanotechnological materials in the production
of biomembranes, biosensors, and energy conversion devices
among other applications.36−41

Suckerins are a class of proteins identified in the sucker ring
teeth (SRT) from Humboldt squids (Dosidicus gigas) with
robust mechanical properties inferred due to the presence of
amyloid-like β-sheet-rich regions.42−46 Specifically, suckerins
exhibit a block copolymer-like modular structure consisting of
alanine (Ala)- and histidine (His)-rich modules (M1)
intervened by longer Gly- and Tyr-rich modules (M2). Wide
angle X-ray scattering (WAXS) studies have demonstrated a
semicrystalline network in native SRT,46 whereby M1 modules
form nanoscale β-sheet regions within an amorphous matrix
made of M2 modules. This structure is reminiscent of silk
fibroins, with a major difference that the β-sheet (amyloid-like)
domains in SRT are randomly oriented while they are
preferentially oriented along the fiber axis in silk.47 In addition,

small angle X-ray scattering (SAXS) investigations have shown
that suckerins self-assemble into larger-scale fibrils packed into
a hexagonal network, with temperature-dependent SAXS and
WAXS indicating that β-sheets are stable up to 220 °C.48

Recent solution NMR studies of model suckerins have
confirmed that M1 modules adopt β-sheet conformation,
whereas M2 modules are stabilized by π−π stacking
interactions of their aromatic residues.49

Recently, the A1H1 sequence abundantly found in the
suckerin protein family (peptide sequence AATAVSHTTHHA
from M1 modules) has been studied in terms of self-assembly
in water media. A1H1 assembled into a highly compact crystal-
like structure of β-sheets with intra- and inter-β-sheet distances
of 4.4 and 5.4 Å, respectively,50 which is more compact than
the common distances observed in parallel or antiparallel β-
sheet structures.51−53 Moreover, due to its amphiphilic
behavior, this peptide self-organizes hierarchically into long
fibers composed of submillimeter bundles of micron-size fibrils
formed by the association of ca. 10 nm width-long crystal-like
β-sheet structures in water.
In this work, we show that the self-assembly behavior of the

short peptidic sequence A1H1 can be manipulated beyond the
original self-assembly in water by using a less polar solvent
media (acetonitrile/water azeotrope), which induces the
formation of chiral hollow core−shell cylindrical objects due
to the presence of a His-rich (polar and bulky, H1: HTTHHA)
and Ala-rich (apolar and compact, A1: AATAVS) segments.
Such long rod-like objects are fibrillar supramolecular chiral
aggregates with helical ribbon configuration in solution, with
the His-rich region exposed to the solvent molecules.
Moreover, upon increase in concentration and over time, the

Figure 1. 1D WAXS intensity profile (left) and FTIR spectrum and peptide secondary structure population analysis (right) for (A) the
annealed A1H1 sample at 120 °C under N2 atmosphere and (B) the dried A1H1 sample from the 2 wt % dispersion. β, β-sheets; α, α-helices;
r, random coils.
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fibrils undergo gelation while preserving the same mesoscopic
features.

RESULTS AND DISCUSSION
In order to understand the nature of the A1H1 supramolecular
aggregates in solution, we first studied the self-assembly
behavior in the bulk state. A clear formation of β-sheet
secondary structures was found, as revealed by the WAXS
diffractogram after annealing the sample at 120 °C under N2
atmosphere or after removal of the solvent under vacuum from
the 2 wt % A1H1 dispersion (Figures 1 and S2). In the
following sections, “annealed samples” refer to solid samples,
whereas “dispersions” refer to samples in the liquid state. A
peak at q = 13.4 nm−1 (dβ‑strand = 4.7 Å) was found for both
bulk samples, with correlation length values of ξβ‑strand = 9−11
nm. The β-sheet spacing was evaluated from the peak at ca. q =
6.1 nm−1 (dβ‑sheet = 1.04 nm), with low correlation length
values of ξβ‑sheet = 3−4 nm. Moreover, FTIR analysis on both
bulk samples showed enrichment of hydrogen bonded β-strand
structures (from 60 to 70%), as confirmed by the strong β-
sheet component of the amide I band at ca. 1620 cm−1

(Figures 1 and S3) corresponding to the CO stretching
vibrational mode.
SAXS and WAXS experiments were conducted on the 0.5, 1,

and 2 wt % A1H1 dispersions in the acetonitrile/water
azeotrope in order to obtain information about the supra-
molecular structure of the β-strand rich self-assembled peptide.
The 0.5 wt % A1H1 dispersion did not show any clear SAXS
pattern (Figure S4A), while the 1 and 2 wt % A1H1
dispersions clearly showed a characteristic intensity profile
(Figures 2A,B and S4B,C), with some degree of anisotropy for
the latter. The WAXS intensity profile for such low
concentrated samples (Figure S5) only indicated the presence
of solvent with a characteristic broad peak at q = 17.2 nm−1

(dsolvent = 3.7 Å). The 2 wt % A1H1 dispersion exhibited
birefringence. These properties were confirmed by the test
tube-inversion method and by polarized light experiments
(Figure S6), confirming the anisotropic colloidal nature of the
peptidic nanostructures.
A1H1 dispersions were prepared and analyzed after 1 week

by SAXS experiments. The 1D SAXS intensity profiles from
the 1 and 2 wt % dispersions were fitted (Figure 2A,B)
following the hollow poly core two-shells cylinder form factor
P(q) model (see SI) in order to extract the core radius and its
polydispersity, and both the inner and outer shell thickness.
This model could explain the presence of a hydrophilic (His-

rich) and a hydrophobic (Ala-rich) segment in the peptide
sequence when self-assembled and dispersed in the acetoni-
trile/water azeotrope. The fitted scattering data resulted in a
main core radius value of rcore = 2.25 nm (pcore = 0.26), and
thicknesses of tin = 1.98 nm and tout = 2.47 nm were evaluated.
These thickness values match well the distances obtained from
molecular simulations where the fully stretched A1H1 peptide
has a length of 4.45 nm, and the His-rich segment
(hydrophilic) has a length of 2.47 nm (Figure S1). The
corresponding diameter of such cylindrical objects was
Ddispersion = 13.4 nm, calculated from the previous geometrical
fitted parameters, with the peptide chains oriented perpendic-
ular to the cylinder axis and distributed radially due to the
formation of β-sheets.
As shown in Figure 2B, the 1D SAXS intensity profile of the

2 wt % A1H1 dispersion shows a deviation from the
experimental data at low q-values because of interactions
between the rod-like objects, which is reflected by the presence
of the structure factor S(q). Such structure factor can be
deduced from the anisotropic 2D pattern and the birefringence
of the sample under polarized light. Thus, by dividing the 1D
SAXS intensity profile I(q) by the fitted form factor P(q) at 2
wt %, hollow poly core two-shells cylinder model, the structure
factor S(q) could be obtained showing a maximum at ca. 46
nm, which could be attributed to the most probable nematic
rod−rod distance of the A1H1 hollow cylinders in the
dispersion medium (Figure S7).
Further insight into the peptide self-assembly was gained by

AFM experiments (Figures 3 and S8) upon depositing the
three dispersions on mica. The 1 wt % A1H1 dispersion was
not birefringent (Figure S6), and the 2D SAXS pattern was
fully anisotropic (Figure S4). This is not the case for the 2 wt
% A1H1 dispersion, which showed birefringence (domain sizes
ranging from 400 to 800 nm) and anisotropy in the 2D SAXS
experiments (presence of nematic field). The deposition on
mica of the 2 wt % dispersion, or higher concentration,
revealed a random distribution of nematic domains already
existing in the bulk, which are transferred in full to the
substrate. For the 1 wt % AFM sample, on the other hand, the
first single long-rod object deposited on the surface induced
side-packing of the next fibrils (Figure S9) with the
corresponding local alignment only due to deposition.
Therefore, there were no nematic domains for dispersions at
concentration 1 wt %, or lower, in the bulk. In contrast, when
deposited on mica the 1 wt % A1H1 dispersion exhibited an

Figure 2. 1D SAXS intensity profile for A1H1 dispersions in acetonitrile/water at (A) 1 wt %, and (B) 2 wt %. Note: The green fitting curve
corresponds to the form factor P(q).
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almost perfect alignment of the long rod-like objects in the
scanned area.
Fast Fourier transform (FFT) of AFM images clearly

indicated the presence of such anisotropic objects (Figure
4). The 360° azimuthally averaged intensities of the FFT signal
(green curve) were plotted as single curves versus the
reciprocal distance (q), along with averaged intensities
measured over a circular sector of the FFT signal, where the
anisotropic peaks appeared and were isolated from the
averaged signal. The corresponding analysis indicated the
presence of characteristic distances related to the rod-like
object’s features and fibril’s internal periodicity. The interfibril

distance corresponded to the orthogonal signal to the fibril’s
axis (red curve), and the intrafibril distance to the internal
periodic bands along the fibril axis (blue curve). For example,
the image from the 1 wt % A1H1 dispersion only contains
information about the distance between the rod-like objects
with a mean value of ca. 15 nm−the cross section AFM
analysis indicated a local mean value of ca. 28 nm with a full
width height maximum (fwhm) of 20 nm (Figure S10). The
images from the 2 and 4 wt % A1H1 dispersions also contain
information about the observed tilted pattern obliques to the
main fibril axis. The corresponding rod-to-rod distance and the
distance between the tilted layers is 16 and 8.5 nm, and 15 and

Figure 3. AFM height (left) and amplitude (right) profile image of the deposited (A) 1 wt %, (B) 2 wt %, and (C) 4 wt % A1H1 dispersion in
acetonitrile/water. Note: Scale bar is 60 nm.

ACS Nano Article

DOI: 10.1021/acsnano.8b03582
ACS Nano 2018, 12, 9152−9161

9155

http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b03582/suppl_file/nn8b03582_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b03582


8.6 nm for the 2 and 4 wt % A1H1 dispersions, respectively.
The cross section AFM analysis showed a local mean value of
ca. 15 nm with fwhm of 11 nm (Figure S10), where the
average distance was calculated from the distance between
maxima and the fwhm by deconvolution of the peaks,
respectively. Measuring the tilt angle between both distance
directions (48° for the 2 wt % A1H1 dispersion and 53° for
the 4 wt % A1H1 dispersion) allowed the calculation of the tilt
angle of the periodic bands with respect to the fibril axis and
thus, the pitch of such fibrils which results to be ca. 11.4−11.6
nm.
These fibrillar structures arise from the coiling up of ribbons

assembled from several β-sheets of the A1H1 peptide, with its
bulky His-rich domains exposed to the solvent molecules.
Thus, the β-sheet planes appear radially distributed as “paddle
wheels” and when the concentration of A1H1 increases a

helical pitch appears due to axial sliding of β-sheets. The
handedness of such helical structure, identified as left, has to be
linked to the topology of the parallel β-strands (amino acid
residues oriented perpendicular to the β-sheet plane) and
demonstrates that supramolecular chirality assists the coiling of
such ribbons.
Finally, after more than 3 months, the 2 wt % A1H1

dispersion transformed into a dense gel material on the bottom
of the flask, which could be manipulated by tweezers, and the
supernatant solvent mixture remained on top of it. SAXS and
WAXS experiments were performed on both the gel and the
corresponding dried material (Figures 5A,B, S11, and S12).
The SAXS intensity profile for the gel material showed a shift
of the scattering intensity toward higher q-values, indicating
that such hollow structures squeezed while keeping the
thickness of the shell mostly identical (Dgel = 12.2 nm vs

Figure 4. 2D (left) and 1D FFT plots (right) of the (A) 1 wt %, (B) 2 wt %, and (C) 4 wt % A1H1 in acetonitrile/water from the AFM profile
images in Figure 3. The red curve is the sector integration corresponding to the distance between the long rods, the blue curve is the sector
integration corresponding to the pitch within the long rods, and the green curve is the 360° radial integration.
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Ddispersion = 13.4 nm; rgel‑core = 1.65 nm vs rdispersion‑core = 2.25
nm). These dimensional variations suggest desolvation from
either the core of the cylindrical objects or during the
formation of the 3D network, which can only hold a certain
amount of solvent in the cages (syneresis). The WAXS
intensity profile clearly indicated the presence of β-strands, as
shown by the peak at q = 13.3 nm−1 (dβ-strand = 4.7 Å) over
the solvent peak at q = 17.2 nm−1 (dsolvent = 3.7 Å). Upon
drying the gel, the resulting transparent and brittle material
showed no peaks in the SAXS region, while the common
pattern for β-sheets in the WAXS region remained, confirming
the presence of the β-sheet secondary structure of such self-
assembled nanostructures.
AFM analysis was also carried out on the dry sample, which

showed different types of long rigid objects (Figure S13). It
seems that original long helical ribbons merged during gelation
and/or upon drying, with the resulting objects becoming the
building blocks for the formation of thicker microscopic
bundles. The AFM analysis of such structures is better
visualized in Figure 5C, where these long paired thin objects
aligned into domains supporting the birefringent nature of the
dried material (Figure S14). Analysis of the images showed the
presence of such helical ribbons, which paired and twisted
forming a bundle. FFT analysis indicated the presence of two
peaks related to the pair-to-pair and to the rod-to-rod distance
of ca. 44 and 21 nm, respectively, which is in agreement with

the cross section AFM analysis, i.e., local mean value of ca. 45−
55 nm with a fwhm of 15−20 nm (Figure S15).
The formation of these supramolecular colloidal aggregates

is caused by the self-assembly of the A1H1 peptides by means
of hydrogen bonding between the amide moieties from parallel
peptide backbones, which form the characteristic β-sheet. Such
a 2D hydrogen-bonded-rich flat structure interacts with other
structures of the same nature. The presence of bulky histidine
groups forces the β-sheet assembly to tilt, and thus the planes
are not perfectly parallel, and a hollow cylinder can be formed.
This is further supported by molecular dynamic simulations on
these same peptides.50 In this way, the His-rich segments are
exposed to the solvent enhancing the dispersibility of the
supramolecular object. The final nanostructure is concen-
tration dependent: for dispersions 1 wt % or lower, smooth
rod-like objects are observed, whereas for dispersions 2 wt % or
higher, a pitch along the fiber axis appears due to axial sliding
between the radially distributed β-sheet planes (see Figure
S16). Such structural models are summarized in Figure 6.
Moreover, the evolution of highly concentrated dispersions,
e.g., 2 wt % or higher, yields solid-like materials that keep the
same nanostructure of the precursor dispersions. Upon drying
such gel materials, the helical objects pair to form bundles of
two or more fibrils, which self-assemble into long and thicker
rod-like objects capable of forming dense solids.

Figure 5. (A) 1D SAXS and (B) 1D WAXS intensity profile of the A1H1 gel (filled circles) in acetonitrile/water from the 2 wt % dispersion,
and the corresponding dry gel (empty circles). (C) AFM height profile image (left) and FFT plot (right) of the dry gel. The red curve is the
sector integration corresponding to the distance between the long rods, and the green curve is the 360° radial integration. Note: Scale bar is
300 nm; scale bar in the inset is 60 nm.
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Examples of similar systems showing hollow cylinders have
been described in the literature. For example, His-function-
alized chiral peptide amphiphile (lauryl hexapeptide) assem-
blies underwent structural transitions from nanosheets to
completely closed nanotubes upon increasing pH of the water
media.54 Equimolar mixtures of a positively charged peptide
amphiphile (Lys-containing lauryl hexapeptide) with a
negatively charged counter-partner (Glu-containing lauryl
hexapeptide) formed twisted ribbons or nanotubes when Phe
or Val amino acids were present in the peptide sequence,
respectively.55 In both cases, a similar radial distribution of β-
sheets was proposed for the nanotube assemblies, where the
hydrophobic lauryl tail is located in the inner part of the
cylindrical shape exposing the bulky peptide residues to the
water media. In a similar manner, a shorter peptide amphiphile
(His-containing lauryl pentapeptide) containing a planar
aromatic chromophore at the end of the hydrophobic part of
the molecule formed nanofibers with a supramolecular chirality
transferred from the chiral peptide to the π−π stacking core.56

A few additional comments are needed to explain the
evolution of structural features upon removing the solvent of
the different self-assembled objects in this work, i.e., the
dispersions, the gel, and the dry samples. A1H1 dispersions (1
and 2 wt %) show scattering profiles in the small-angle region
(Figures 2 and S4) but not in the wide-angle region where only
the solvent signal was detected (Figure S5). Thus, this hollow
cylindrical rod has a corona constituted by the self-assembly of
β-sheets arranged in a radial orientation toward the central
axis. The angular gradient and a low plane−plane correlation
prevents the detection of the peaks at q = 6.2 and 13.4 nm−1,
i.e., in the real space region spanned by the diverging plane−

plane interdistance across the corona. Once the A1H1 gel is
formed, the signals in both the small- and wide-angle regions
become visible. The SAXS profile indicates the shrinkage of
this hollow tube (Figures 5a and S11). As a result, the β-sheets
come closer, with one of the characteristic peaks emerging at q
= 13.4 nm−1 (Figures 5a and S12), corresponding to the
interstrand distance in the β-sheet. A different scenario arises
for the A1H1 dry sample (annealed or after drying), where a
precise scattering signal with the two characteristic peaks was
observed in the wide-angle region (Figures 1A,B, 5B, S2, and
S12), which corresponded to the expected inter β-sheet (1.0
nm) and inter β-strand (0.47 nm) distances. Collectively, these
data support the idea that the weak and low β-sheet-correlated
self-assembly of A1H1 from the dispersions evolves toward the
formation of denser structures after solvent removal, as
indicated by the WAXS pattern and the FTIR spectrum of
the dry system (Figures 1, S2, and S3). This is also consistent
with the increased contrast to X-rays upon solvent removal,
which can ingress the interplane space in the external region of
the corona where spacing is sufficiently large to allow for
solvation effects.

CONCLUSIONS

The self-assembly of the peptidic A1H1, an abundant peptide
from the suckerin protein family forming squid SRT (peptide
sequence AATAVSHTTHHA from M1 modules of suckerins),
has been investigated in bulk and in dispersion. Depending on
the concentration, the peptide sequence aggregates into β-
sheets, in which the His-rich segments are exposed to the
solvent molecules forcing a tilt between the β-sheet planes into
a radial axisymmetric organization of fibrils with hollow cores.
Upon increasing the concentration, such planes interact
strongly and a shift between the planes along the fibril axis
produces a nanostructural pitch of left-handedness. Finally,
such chiral filaments form stable 3D networks, which partially
expel the solvent from the inner core. Drying these solvent-
containing systems yields compact materials formed by the
interaction of long rigid filaments. These findings expand the
understanding of self-assembling peptides with β-sheet forming
propensity, the nature of their self-assembly under different
conditions, such as concentration, solvent type, and solvent
removal, and they also shed light on how supramolecular
chirality ensues from the interplay among these factors. This
study also shows that SRT-derived repeat peptides can be
manipulated beyond their native biological environment to
form a richer diversity of hierarchical structures. Owing to its
amphiphilic nature, high aqueous solubility, and elevated His
content, A1H1 offers attractive potential as a nanoscale drug
carrier with pH-dependent release governed by the proto-
nation state of His. This feature can, for instance, be exploited
to accelerate intracellular release of entrapped drugs because
the release kinetics is faster at a weakly acidic pH
corresponding to the endosomal pH, as demonstrated for a
full-length suckerin.57 Likewise, His-rich peptides have been
exploited in gene transfection applications, with the key
advantage of inducing nucleic acid release by the proton
sponge effect.58 Full-length suckerin/nucleic acid complexation
was further enhanced by hydrophobic interactions with β-sheet
domains,57 and this mechanism should also be achievable with
A1H1 given its very high β-sheet content.

Figure 6. Self-assembly of the 1 wt % A1H1 (A) cross-section and
(B) perspective of the hollow core-two-shell cylinder and 2 wt %
A1H1 (C) cross-section and (D) perspective of the hollow core-
two-shell cylinder with helical pitch, in acetonitrile/water.
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METHODS
Materials. Peptide synthesis was performed via Fmoc-chemistry

solid-phase peptide synthesis on chlorotrityl chloride resin support as
reported previously.50 Peptide was purified with a reverse phase
Agilent 300SB C-18 HPLC column on an Agilent Infinity 1260 to
achieve >95% purity, and the molecular weight of the purified peptide
was verified on a Thermo Finnigan LCQ Fleet LC/MS in ESI+ mode.
Figure S1 shows the chemical structure of the A1H1 peptide together
with both the end-to-end distance and the His-rich segment
(hydrophilic) domain distance.
Techniques. Simultaneous SAXS and WAXS experiments were

performed using a Rigaku MicroMax-002+ microfocused beam (4 kW,
45 kV, 0.88 mA) in order to obtain direct information on the SAXS
and WAXS reflections. The Cu Kα radiation (λCuKα = 1.5418 Å) was
collimated by three pinhole (0.4, 0.3, and 0.8 mm) collimators. The
scattered X-ray intensity was detected by a Fuji Film BASMS 2025
imaging plate system (15.2 × 15.2 cm2, 50 μm resolution) and a two-
dimensional Triton-200 X-ray detector (20 cm diameter, 200 μm
resolution) for WAXS and SAXS regions, respectively. An effective
scattering vector range of 0.1 nm−1 < q < 25 nm−1 was obtained,
where q is the scattering wave vector defined as q = 4πsin θ/λCuKα,
with a scattering angle of 2θ.
Fourier-transform infrared (FTIR) spectra were obtained using a

Varian 640 FTIR spectrometer equipped with a Specac Diamond
ATR Golden Gate single attenuated total reflection (ATR) system.
Samples were scanned at room temperature over the range of 4000−
600 cm−1 with a resolution of 4 cm−1, averaged over 64 scans, and
baseline corrected. The amide I region was normalized, resolved by
second-derivative analysis, and peak deconvoluted using Igor Pro
6.3.4.1 software.
Tapping mode atomic force microscopy (AFM) was carried out on

a Multimode 8 Scanning Force Microscope (Bruker). Bruker AFM
cantilevers for the tapping mode in soft tapping conditions were used
at a vibrating frequency of 150 kHz. Images were simply flattened
using the Nanoscope 8.1 software, and no further image processing
was carried out. A 30 μL aliquot of solution at a certain concentration
of A1H1 was deposited onto freshly cleaved mica, incubated for 1
min, and dried with pressurized air.
Scanning Electron Cryomicroscopy (CryoSEM) images were

obtained at −120 °C and 4 kV in a field emission SEM Leo Gemini
1530 (Carl Zeiss, Germany) equipped with a cold stage (VCT
Cryostage, Bal-Tec/Leica). Three μL of liquid sample was placed on a
glow discharged carbon coated 6 mm sapphire-disc (Rudolf Brügger
SA, Switzerland). After manual plunge freezing in a mixture of liquid
ethane/propane, the sample was freeze-dried up to −80 °C in a
freeze-fracturing system BAF 060 (Bal-Tec/Leica, Vienna), coated
with tungsten (1.5 nm at an elevation angle of 45°, and 1.5 nm at
90°).
Preparation of the Self-Assembled Structures. AFM and

SAXS samples were prepared by dissolving 0.5, 1, 2, and 4 wt % of
A1H1 in the acetonitrile/water azeotrope (83.72% of acetonitrile and
16.28% water, which correspond to molar fractions of xACN = 0.69 and
xH2O = 0.31, respectively). For the SWAXS powder diffraction
experiment, A1H1 was prepared by solvent evaporation from the
solutions or after annealing the sample as received from the synthesis
at 120 °C under nitrogen atmosphere.
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Antoni Sańchez-Ferrer: 0000-0002-1041-0324
Ali Miserez: 0000-0003-0864-8170
Raffaele Mezzenga: 0000-0002-5739-2610
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS
We thank the funding support from the Singapore Ministry of
Education (MOE) through an Academic Research Fund
(AcRF) Tier 1 grant (MOE2015-T1-002-064) and an AcRF
Tier 2 grant (MOE2015-T2-1-062). We also acknowledge
support from the strategic initiative on sustainable and
biomimetic materials (ISBM) at NTU. R.M. acknowledges
ETH core funding, without which this work would not be
possible.

REFERENCES
(1) Deming, T. In Peptide-Based Materials; Springer-Verlag: Berlin,
Heidelberg, 2012.
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(13) Löwik, D. W. P. M.; van Hest, J. C. M. Peptide-Based
Amphiphiles. Chem. Soc. Rev. 2004, 33, 234−245.
(14) Fairman, R.; Åkerfeldt, K. S. Peptides as Novel Smart Materials.
Curr. Opin. Struct. Biol. 2005, 15, 453−463.
(15) Pepe-Mooney, B. J.; Fairman, R. Peptides as Materials. Curr.
Opin. Struct. Biol. 2009, 19, 483−494.
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