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Abstract

Understanding the formation and properties of self-assembled peptide nanostructures is the basis
for the design of new architectures for various applications. Here we show the potential of
fluorescence and super resolution imaging to unveil the structural and dynamic features of peptide
nanofibers with high spatiotemporal resolution.

Nanostructures obtained by self-assembly of short peptides play a pivotal role in
nanotechnology and materials chemistry due to the interesting properties of these
architectures and the ease of synthesis.1-3 Despite the minimalistic size of short peptides, a
plethora of materials varying in size, shape and physicochemical properties can be obtained,
including nanoparticles, nanofibers and nanotubes.4,5 The properties of the final assembly
are encoded in the amino acid composition of the building block, allowing to explore a
remarkably extended chemical diversity by simply changing the primary sequence of the
peptides. Various materials with application-relevant properties have thus been obtained by
simple synthesis and self-organization in water or in organic solvents. Di-peptide self-
assembled materials have been reported to show good mechanical properties,6-8 high
thermal and chemical stability,9,10 and optical and electrical properties.11-13 Despite the
simple chemical nature of the building blocks, the rational design of such materials is still
highly challenging due to the complexity of the self-assembly process. Moreover, the same
properties that make self-assembled materials highly interesting, e.g. size, hierarchical
structure and dynamic nature, pose a serious challenge for their characterization and
understanding. Peptide assemblies have so far been studied by ensemble methods, such as
circular dichroism and IR spectroscopy,14 and by imaging methods, such as atomic force
microscopy (AFM)15 and electron microscopy (EM).16 Despite the many advantages of
fluorescence microscopy, including multicolour imaging, minimal invasiveness and good
spatiotemporal resolution, its use in the study of nanomaterials is still limited. Notably, the
field of optical imaging has been recently revolutionized by the advent of novel techniques
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such as super resolution microscopy or nanoscopy.17 Super resolution techniques retain
many of the advantages of classical fluorescence microscopy, while providing a resolution
below the diffraction limit. A wide range of nanoscopy methods are currently available,
including stimulated emission depletion (STED),18 structured illumination microscopy
(SIM)19 and single molecule localization microscopy (SMLM).20-22 Initially developed
for cell biology, super resolution microscopy is now emerging as a powerful tool to study
(nano)materials such as supramolecular gels,23 block-copolymers assemblies24 and DNA
origami.25 We recently show the potential of SMLM to image supramolecular materials /n
vitroand in the biological environment, paving the way towards the understanding of self-
assembly in water and to rational design of novel nanostructures.26-30 Here, we report the
use of fluorescence microscopy and super resolution SMLM imaging for the study of
diphenylalanine-based nanostructures. Diphenylalanine (FF) is a widely-used self-
assembling building block, allowing to obtain nanofibers with remarkable optical and
electrical properties. FF nanofiber structures have so far been studied mostly by AFM and
EM.5 In this framework, the optical microscopy methods presented here represent an array
of complementary tools for the study of FF structural and dynamic properties.

In order to perform fluorescent measurements, we designed two probes comprising a FF
peptide N-terminally labelled with Cy3 and Cy5 (Fig. 1A), two spectrally separated
fluorescent dyes; see ESIT for the synthesis procedure and materials characterization. Co-
assembly of FF dipeptides with the Cy3-FF probe facilitated fluorescent imaging of the
assembled nanofibers. The design of the probe is crucial given the very small size of FF as
the dye can interfere with the self-assembly process. We designed our probes so that the
dyes are exposed to the outside and do not interfere with the self-assembly process (Fig. S3,
ESIT). The co-assembly resulted in the formation of 1-dimensional objects with different
morphologies (Fig. 1B). Large tubular structures 10-15 pm in diameter were observed
together with nanofibers of smaller diameter (<1-4 pm), both several hundred um in length
(Fig. 1D and E). This is in good agreement with previous reports describing the formation of
both nanotubes and nanofibers upon FF self-assembly in water.31 Fig. 1B shows a large
fluorescence image obtained by rapid acquisition and stitching of over 300 high
magnification images. This allowed to image with a good spatial resolution and high signal-
to-noise ratio over a very large field of view, which is crucial for imaging assemblies
displaying a hierarchical structure and interesting features both at the nanometer and the um-
to-mm scale (Fig. 1C-E). Notably, these images were acquired in native conditions, /.e., in
solution without the need for sample drying, freezing or metal coating, thus highlighting the
potential of fluorescence microscopy to image peptide nanoassemblies in native conditions.

A main drawback of optical imaging is the limited resolution compared to AFM and EM. To
overcome this obstacle, super resolution imaging approaches have been proposed.32 We
recently reported the use of stochastic optical reconstruction microscopy (STORM) to image
several self-assembled nanofibers.26,33,34 Here, we introduced the use of point
accumulation for imaging in nanoscale topography (PAINT) to image peptide-based
assemblies. While STORM relies on the photoswitching of fluorescent probes to achieve
single molecule imaging and localization, PAINT is based on the reversible binding of
fluorescent probes to the structure of interest.35 In every individual binding event, a
molecule is localized with high accuracy and a super resolution map of the object of interest
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constructed based on the localizations. As shown in Fig. 2A, we used Cy5-FF as a PAINT
probe for FF self-assembly, thus facilitating super resolution imaging of the FF assembly
structure, as well as obtaining preliminary data on the surface dynamics of FF
nanostructures. Several single imaging frames highlighting individual molecules appearing
and disappearing with millisecond kinetics are shown in Fig. 2B. This indicates that the
Cy5-FF probe is capable of binding and unbinding the structures, suggesting that the surface
of FF assemblies is still exchanging monomers with the solution. Fig. 2C shows the super
resolution PAINT image of FF nanofibers (right) compared to conventional diffraction-
limited imaging (left), demonstrating the enhancement of resolution using PAINT, allowing
to detect the fine details of the structure. As shown in Fig. 2D, features below the diffraction
limits, such as the diameter of the nanofibers, can be identified and quantified. Notably, the
Cy5-FF probes adsorbed only at the surface, as expected from the structure of FF-assemblies
(Fig. 2C). Intriguingly, along with the nanofibers, PAINT revealed the presence of small
spherical aggregates (see arrows in Fig. 2D) with a size smaller than 100 nm. Size
quantification over several images revealed an average diameter of 64 nm (see Fig. S4,
ESIT). It has been proposed that the process of FF self-assembly comprises several steps,
starting with the formation of spherical peptide “dots” that hierarchically assemble into
nanofibers36 (see also time-resolved AFM characterization in Fig. S5, ESIt). However,
characterization of these dots has been elusive due to their small size and poor contrast for
optical microscopy and EM. Thus, the coexistence of larger nanofibers and small dots has
never been imaged before. Here we show that super resolution PAINT microscopy can
visualize nanoscopic features of molecular assemblies and simultaneously resolve both dots
and fibers, demonstrating the potential to image hidden features of peptide self-assembly.

Finally, we used the multicolour ability of fluorescence microscopy to investigate the
dynamic nature of FF nanofibers. The ability to continuously polymerize and depolymerize
is a key feature of supramolecular structures and it is at the basis of several unique material
properties, such as adaptivity, responsivity and self-healing.37 Peptide-based materials have
been shown to be highly dynamic38 or completely kinetically trapped,27 depending on the
monomer design. However, there are very few reports regarding minimalistic small peptides,
and unveiling their dynamic properties is therefore an important step towards their
application. To this aim we designed a 2-color kinetic experiment, as schematically
represented in Fig. 3A. First, FF was separately co-assembled with either Cy3-FF or Cy5-
FF, resulting in “green” and “red” assemblies, respectively. Subsequently, taking advantage
of the sedimentation of the large assemblies, we removed the fluorescent monomers from
the solution and exchanged them for non-fluorescent FF building blocks, in order to track
only monomers that are already part of a nanofiber. Finally, the two samples were mixed and
the signal from Cy3 and Cy5 was imaged over time (Fig. 3B). The fibers initially appeared
to be either green or red, indicating that no exchange took place. However, in the time scale
of minutes, more and more aggregates were visible in both channels, until after about 15
min, the fibers were indistinguishable as they showed strong fluorescence in both channels.
These results indicate that the fibers are dynamic and exchange monomers over time, until
reaching a thermodynamic equilibrium, where the two probes are equally incorporated.

Surprisingly, minority small fraction of the fibers (<5%) remained single-coloured even after
a long mixing time, indicating that no monomer exchange took place. This interesting
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heterogenous behaviour is very relevant for the technological application of FF materials and
can only be identified using optical microscopy, by virtue of its multicolour and single fiber
imaging abilities. Recent reports highlighted that depending on the self-assembly building
block, it is possible to obtain fully dynamic objects (e.g. benzenetricarboxamide fibers26),
fully kinetically trapped aggregates (e.g. polypeptides-based nanofibers27) and an
intermediate behaviour. FF nanofibers resemble the heterogenous behaviour of peptide
amphiphiles, where fully exchanged fibers are present together with non-exchanged static
aggregates.33

In conclusion, we present methods for the fluorescent labelling and imaging of self-
assembled nanofibers based on a minimalistic peptide. We show that by incorporation of
cyanine-labelled probes, it is possible to image FF nanofibers using epifluorescence, TIRF
imaging and PAINT super resolution imaging, thus allowing to visualize the nanostructures
from mm-scale to the nanometric level. This allowed us to unveil interesting phenomena,
such as the co-existence of different assembly topologies and the properties of monomer
exchange, crucial information for clarifying the mechanism underlying bioinspired self-
assembly and for the technological application of peptide-based self-assembled materials,
thereby paving the way towards the use of fluorescence and super resolution microscopy for
the study of a variety of self-assembled peptide structures.

Supplementary Material

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

(A?) Chemical structure of the self-assembly building block (FF) and the two fluorescent
probes. (B) Epifluorescence image of Cy3-FF nanofibers obtained by stitching of 324
frames. Scale Bar = 1 mm. (C and D) Zoom-in images from panel B. Scale Bars = 15 um
and 10 um. (E) Profile intensity for two fibers highlighted in panel D.
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Fig. 2.

(Ag Schematic representation of PAINT super resolution imaging of FF nanofibers. (B)
Representative frames from a PAINT acquisition highlighting single molecule localizations.
Scale Bar = 2 pm. (C) Comparison of a conventional TIRF imaging (left) and PAINT
imaging (right) of a FF nanofiber. Scale Bar = 5 um. (D) PAINT imaging highlighting the
co-existence of nanofibers and peptide dots. Scale Bar = 1 pum.
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Fig. 3.

(Ag Schematic representation of the imaging experiment to probe assembly dynamics. (B)
Fluorescent images of FF assemblies at different time points in the Cy3 (green) and Cy5
(red) channels. (C) Representative images showing co-existence of fully exchanged fibers
(yellow) and kinetically trapped fibers (red or green, see arrows).
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