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Abstract

In nature, sophisticated functional materials are created through hierarchical self-assembly of
simple nanoscale motifs!~*. In the laboratory, much progress has been made in the controlled
assembly of molecules into one->"7 two-082 and three-dimensional? artificial nanostructures, but
bridging from the nanoscale to the macroscale to create useful macroscopic materials remains a
challenge. Here we show a scalable self-assembly approach to making free-standing films from
amyloid protein fibrils. The films were well ordered and highly rigid, with a Young’s modulus of
up to 5—7 GPa, which is comparable to the highest values for proteinaceous materials found in
nature. We show that the self-organizing protein scaffolds can align otherwise unstructured
components (such as fluorophores) within the macroscopic films. Multiscale self-assembly that
relies on highly specific biomolecular interactions is an attractive path for realizing new
multifunctional materials built from the bottom up.

We designed a strategy to take advantage of the propensity of amyloidogenic protein
molecules’!! to create highly specific, non-covalent contacts to fabricate macroscopic
materials with controlled nanostructure (Fig. 1a—c). Amyloidogenic proteins are polypeptide
molecules capable of self-assembly into B-sheet rich linear aggregates; such structures!213
were first discovered in association with a range of disease states, but are now known to be
of more general significance. Indeed, it has become apparent that many proteins that do not
possess structural similarities or sequence homology with disease-related proteins are also
capable of undergoing such fibrillar self-assembly!4. Furthermore, amyloid or amyloid-like

1115717 jp pature in contexts as diverse as

structures have been discovered in functional roles
epigenetic information transfer, catalytic scaffolds and bacterial coatings, findings consistent

with the idea that the amyloid cross- fold is accessible to a wide variety of protein
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molecules and represents a generic characteristic of polypeptide chains!!-13, Hierarchical
self-assembly has been shown to be a powerful tool for the creation of nanostructured
materials!3-1%. We use fibrillar polypeptide self-assembly in a two-step process. In a first
step, protein molecules are assembled into elongated fibrils (Fig. 1b) under conditions where
the formation of intermolecular interactions is favoured over intramolecular ones (see
Methods). The resulting nanofibrils have been shown to be highly stable and rigid>-20.
Furthermore, these densely hydrogen-bonded structures can be formed from a range of
different peptides and proteins!-112!, In a second step, the fibrils are cast into thin films
(Fig. 1c). We show (Fig. 1d and Fig. 2a—c) that, during the casting process, the fibrils align
in the film plane (Fig. 2¢) and that in the presence of plasticizing molecules the fibrils stack
with nematic order (Fig. 1d and Fig. 2b), resulting in materials that have a hierarchy of
length scales: nanometre ordering within the fibrils and micrometre-scale ordering in the
stacking of the fibrils. The nematic order on macroscopic scales in the nanostructured films
leads to interaction with visible light and can be observed clearly by polarization
microscopy. Figure 1d shows a single domain film, which transmits light uniformly when
positioned at an angle of 45° between crossed polarizers, and is opaque when parallel to one
of the polarizers. Our films have many similarities with films produced from monomeric
proteins such as those studied, for example, for applications as edible packaging materials>2.
The two-step assembly process, however, enables materials to be produced that possess a
well-defined hierarchy of length scales. Using this method, films with lateral dimensions up
to the centimetre scale could be routinely fabricated, a practical size defined essentially by
the brittleness of the films as well as by their low thickness, which makes the convenient
handling of free-standing films of significantly larger dimensions more challenging.

Characterization of the films by X-ray diffraction measurements (Fig. 2a—c) reveals that they
possess a high level of order on the nano- (Fig. 2a—c) and micrometre (Fig. 2b,c) scales.
Insight into the structure of the material can be obtained from examining the characteristic
distances and orientations of the two major length scales present. The individual B-strands
composing the nanofibrils are separated by 4.8 A along the fibril direction, and the sheets
composed of arrays of strands associate laterally to form parallel assemblies, giving rise to a
characteristic distance of approximately 12 A in the direction perpendicular to the strand
repeat?3. When the nanostructures are cast from the hydrogel (see Methods) into the films,
the long axes of the fibrils are aligned in the film plane as observed by X-ray scattering (Fig.
2¢). These results also show that the casting and drying process does not degrade the highly

regular atomic-level core structure23-24

of the fibrils. If plasticizing molecules such as small
molecular-weight polyethylene glycol are added to the suspension of nanostructures before
the casting process (see Methods), further ordering can be observed and the fibrils adopt
nematic order in the solid phase (Fig. 2b). Liquid-crystalline behaviour of elongated
biomolecular assemblies in solution is well known2>-2%, and the presence of a plasticizer
could enable this orientational order to be preserved in the solid phase through inter-fibril
lubrication, competition for inter-fibril interactions, or by enhancing the tendency for

orientational ordering as a result of depletion interactions.

To characterize the mechanical properties of the protein films, we performed flexural testing
in three-point (Fig. 3) and cantilever geometries (Supplementary Fig. S1). In the three-point
geometry (Fig. 3a) both ends of a film were supported and an oscillating load was applied to
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the suspended centre section. The results in Fig. 3b reveal that the elastic moduli of the films
ranges from 5.2 to 6.2 GPa for lysozyme films and from 6.7 to 7.2 GPa for B-lactoglobulin,
and are therefore only lowered by a small fraction when compared in Fig. 3c to the
mechanical properties of the individual structures (Young’s modulus, 2—19 GPa)>-20-27 In
particular, the films have a Young’s modulus that is similar to that of the most rigid
proteinaceous materials found in nature, such as keratin and collagen (Fig. 3c). The high
level of transmission of nanoscale mechanical properties to macroscopic films is remarkable
in view of the fact that the analogous films generated from high-performance carbon-based
nanomaterials, such as ‘bucky paper’, formed from carbon nanotubes, show an elastic
modulus and tensile strength of the bulk material that are typically several orders of
magnitude lower than the corresponding characteristics of the individual nanostructures28.
This lowering of the mechanical properties when the size of the material is scaled up is a
fundamental limitation for the production of high-performance macroscopic forms of
nanomaterials and has been ascribed to the difficulty in establishing robust contacts between
adjacent nanotubes. Protein nanofibrils, however, have an outer surface rich in functional
groups that could help to ensure efficient connectivity between the structures through
hydrophobic packing and the large surface area for van der Waals contacts.

Finally, we illustrate the power of self-assembling protein scaffolds in controlling the
organization of objects such as fluorophores that, on their own, do not generally have a
strong tendency to generate complex structures. When the fibrils adopt nematic order in the
film state, they can direct the alignment of the dipole moments of attached fluorophores in a
single direction, thereby producing a material that emits polarized light under optical
excitation. We chose as a fluorophore the planar aromatic dye Thioflavin T, which can
attach to B-sheet-rich structures with the orientation of the emission dipole parallel to the
sheet length, which coincides with the long axis of the fibril2%. The fluorescence of the
molecule is maintained in the casting and drying process. The optical characteristics of the
resulting material were tested by exciting the film with S-polarized light. The emitted light,
collected in a direction perpendicular to the excitation beam, was also transmitted through a
polarization filter, with the same orientation as the excitation wave, and the intensity at the
emission wavelength was recorded (see Methods). When the film was rotated in the plane
through 360° the intensity of the emission varied significantly (Fig. 4). Emission maxima,
separated by 180°, correspond to the dipole axis being parallel to the filter orientation, and
the minima, separated from the maxima by 90° (Fig. 3), corresponding to perpendicular
relative orientation, thereby demonstrating that the molecular-level alignment of the
fluorophores could be achieved using the organized proteinaceous scaffold.

It is interesting to note that, although structures very similar to the amyloid-like fibrils we
have used here to fabricate nanostructured biofilms are found in deposits associated with

L12 there are cases

pathological conditions such as Alzheimer’s and Parkinson’s diseases
where biology has used the amyloid-structure as a basis for functional materials!5~17. One
example of such a natural application is protein-based functional microbial coatings!0; it is
interesting to speculate that the very characteristics that are achieved in the artificial films of
the present study, such as convenient multiscale self-assembly and mechanical rigidity, also

underlie the natural function of amyloid materials as coatings in microbiology.
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In this paper we have used the high specificity of biomolecular interactions to fabricate
nanostructured films through a multiscale self-assembly process. Owing to the combination
of accurate self-assembly and chemical versatility with regard to possibilities for surface
functionalization, such protein-based nanostructured films represent an attractive path
towards realizing new multifunctional materials built from the bottom up.

Amyloid film preparation

Hen egg white lysozyme (Sigma Aldrich) was incubated as a 3% w/w solution in aqueous
10 mM hydrochloric acid at 65 °C for 14 days to induce self-assembly into nanofibrils. The
fibrillar content was improved in a second step by adding 5% v/v of this pre-formed fibril
suspension as seed material at the beginning of the subsequent polymerization reaction,
which was carried out for 7 days at 65 °C. At the end of the fibril growth step, plasticizers
(up to 0.8% v/v PEG 400 or glycerol, Sigma Aldrich) were added to the hydrogel. Films
were then cast by transferring 1 ml of the nanofibril containing hydrogel onto a flat
polytetrafluoroethylene film; the solvent and the volatile acid were left to evaporate for 24 h
and the resulting protein films could be removed with tweezers. Films containing
plasticizers could be cut to a desired shape using a razor blade, whereas films from pure
protein fibrils were more brittle and could be broken to size with the use of tweezers. Strong
nematic ordering was observed in the presence of PEG 400 (Fig. 2b), in contrast to films
cast without plasticizer (Fig. 2a). The preparation of films from B-lactoglobulin followed a
similar protocol: bovine B-lactoglobulin (Sigma Aldrich) was incubated at a concentration of
1% wi/w in 10 mM HCI at 60 °C for 48 h, resulting in the formation of a fibril hydrogel of
lower viscosity than in the case of lysozyme. Films were cast as for lysozyme. Using this
method, free-standing films with thicknesses varying from 15 um to 100 mm and lateral
dimensions in the centimetre range were produced.

Films functionalized with fluorophores

A filtered solution (pore size, 220 nm) of Thioflavin T (Sigma Aldrich) was prepared with a
concentration of 10 mg ml~! in water, and 1 ul was added to 1 ml of the lysozyme nanofibril
hydrogel containing PEG 400, prepared as described above, and mixed using a vortex mixer
for 30 s. The fluorescence of the films was measured using a Cary Eclipse Fluorimeter
equipped with polarizers. A 10 mm x 10 mm piece of the film was fixed between two round
quartz plates. The active region where emission was measured was limited to a circle by
using a mask attached to the top quartz plate to ensure that the surface over which the signal
was recorded remained constant when the sample was rotated. The sample was then rotated
in the plane through 360°, in increments of 45°, and an emission spectrum was measured
from 460 to 600 nm and the value at the maximum, 482 nm, was recorded. The excitation
wavelength used was 440 nm. Excitation and emission directions were in the horizontal
plane at right angles, and polarizers with vertical orientation were used for both the emission
and excitation paths. The azimuthal angle of the film plane was chosen such that emission
and excitation were both from one side of the film.
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X-ray diffraction studies

X-ray diffraction studies were performed at the crystallographic diffraction data collection
facility, Department of Biochemistry, University of Cambridge. X-rays with a wavelength of
1.54 A were produced by a rotating copper anode generator RU-H3R (Rigaku-MSC), and
collimated and focused by Osmic Max-ux optics. Images were acquired on a Raxis-IV++
image plate (Rigaku-MSC). Data acquisition times were between 5 and 20 min.

Mechanical measurements

Measurements were performed in a three-point bending geometry on a TA-Instruments
Q800 DMA set-up using lysozyme and p-lactoglobulin films fabricated without plasticizers.
The storage modulus E was computed from the measured stiffness K, as E = kL3/(48l),
where | = wh?/12 is the cross-sectional moment of inertia and w, h and L denote the width,
thickness and length of the suspended film3C. The oscillation amplitude was 5 um and the
oscillation frequency varied between 1 and 10 Hz. The thickness of the films was measured
by scanning electron microscopy (Fig. 1¢): fractured films were sputter-coated with
platinum and imaged using a LEO 1530 VP microscope. The lateral dimensions of the films
were measured using micrometers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fabrication of nanostructured films through multiscale hierarchical self-assembly
a, Protein molecules are first assembled into amyloid fibrils, which are then stacked into

films. b, Atomic force micrograph of the component lysozyme fibrils. ¢, Scanning electron
micrograph of the resulting free-standing protein film. d, Optical images of plasticizer
containing lysozyme amyloid films under crossed polarizers show low transmission through
the protein film when the objective polarizer is parallel to the fibril alignment in the film
(left) and maximal transmission at an angle of 45° (right).
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Figure 2. Characterization of nanostructured protein films by X-ray diffraction studies
a—c, Top row shows the exposure geometry and bottom row shows the respective X-ray

data. Film without (a) and with (b) plasticizer, illuminated from the top, showing an
isotropic orientation of the characteristic inter-sheet and inter-strand repeats (a) and
orientational order, with the inter-sheet and inter-strand orientations being perpendicular to
each other as required by the fibril geometry (b). ¢, Same film as in a, illuminated from the
side, demonstrating the alignment of the fibrils in the film plane as described in the main
text.
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Figure 3. Mechanical testing of nanostructured protein films in a three-point bending geometry
a, An oscillating load is applied (i) to the centre section (ii) of the film suspended between

the supporting clamps (iii). b, Graph shows storage modulus as a function of frequency f for
different film samples from lysozyme (green squares, three individual films) and -
lactoglobulin (blue triangles, two individual films) and the extrapolation f — 0 to give the
Young’s modulus. ¢, Comparison of Young’s moduli of different materials shows that the
artificial nanostructured protein films have moduli (dark red rectangle: three-point bending
geometry, data from Fig. 3b; light red rectangle: cantilever geometry, data from
Supplementary Information) in the upper range for biomaterials.
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Figure 4. Nanoscale alignment of fluorophores through self-organizing protein scaffolds
a, Plot showing the intensity of the emission of light from nanostructured films containing

aligned fluorophores. The emitted light was transmitted through a polarizing filter with a

fixed orientation, and the orientation of the film was changed through 360° by rotating the

sample in the plane (filled blue squares); as a guide to the eye, a fit to the function [const + A

sin(a + ¢)?]? is shown in blue, where const is an offset that includes contributions from the

emission of the unoriented population of fluorophores, A represents an amplitude of the

excitation wave and ¢ a shift between the measured film angle @ and the true direction of

Nat Nanotechnol. Author manuscript; available in PMC 2015 October 20.



sidiosnuey Toyiny swepung DN 2domy g

sidosnuey foyiny s1opung DN 2domy g

Knowles et al.

Page 11

fibril alignment. The green open squares represent data from an equivalent measurement
without the presence of the polarizers. A constant offset was subtracted from the control data
intensity to facilitate comparison. The relative error on the fluorescence intensity was
assumed to be constant and was estimated from repeated measurements at a fixed angle. b,
Fluorescence microscopy image of a non-functionalized (i) and functionalized (ii) fibril

film.

Nat Nanotechnol. Author manuscript; available in PMC 2015 October 20.



