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Thin metal nanowires produced by biotemplating.

Field of the invention

The present invention provides methods for the manufacturing of metal nanowires
using protein fibrils as biotemplates. The methods comprise use of a solvent providing
a dual effect by promoting the formation of protein fibrils of suitable size as well as
acting as a reducing agent. The invention further provides metal nanowires produced by

the methods according to the invention.

Background of the invention

The main challenge in the growing field of nanotechnology is the fabrication of nano-
sized structures with controlled parameters. Nature provides us with an inspiration
how to achieve this goal. The self-assembly of biological macromolecules into larger
polymers and complexes with diverse structures is a very common event in live
organisms. This phenomenon can be successfully explored for developing templates to

cast inorganic nanostructures.

The ultra-thin nanowires are in great need for constructions of the conductive circuits in
nano-scale electronics. The self-assembling biotemplates may enable us to grow the
nano-structures directly in the required places in the nano-devices avoiding the stage of
their positioning and micro-manipulations. The biotemplating involves two major
steps; firstly, the regular and hierarchical assembly of biological molecules into the
structural scaffold and then incorporation of the inorganic component with required
properties. There are a number of previous attempts to use biotemplates for this
purpose, among them the DNA molecules are most widely explored for manufacturing
of conductive metal nanowires with diameters in the range of 20 to 100 nm and the
lengths of 0.5 to 12 um'™. Utilization of viral capsids led to the synthesis of conductive
and magnetic nanowires with 3 to 25 nm diameters, but the length was limited to a few
hundred nanometers by the dimensions of capsids*®. Recently, protein complexes have

also been subjected to biotemplating. The polymerization of G-actin labelled with gold
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nanoparticles, followed by the catalytic enlargement of the nanoparticles, yielded gold
wires of 80-200 nm diameter and 1-4 pm in length’. The principle of metal coating of
the biotemplates with silver and gold was used with genetically modified prion amyloid
fibrils as templates, resulting in conducting wires of 100 nm diameter®. Another
approach of casting silver nanowires inside the hollow part of chemically synthesized

dipeptide nanotubes produced the wire of ca. 20 nm in diameter’.

Over the last two decades the extensive studies of amyloids led to the concept that any
polypeptide can assemble into this type of polymers as an alternative to its native

functionally active conformation'*"

. The amyloids possess a distinctive structural
feature such as cross-fB-sheet core packed by polypeptide chain and supported by a
dense network of hydrogen bonding as well as by hydrophobic stacking of aromatic
side-chains'®. Consequently, amyloids are remarkably stable towards mechanical
damage and chemical denaturation over a wide range of conditions, far exceeding
similar properties of other macromolecules such as DNA®. Such properties make them
particularly attractive for biotechnological applications, particularly as there is an
unlimited natural source of these species. Lysozyme is a ubiquitous protein, which, can
readily polymerize under tightly controlled conditions into regular and unbranched

fibrous structures growing up to 10 um in length'>'*.

Brief description of the invention

The present invention provides methods for the manufacturing of metal nanowires
using protein fibrils as templates. The methods comprise the use of a solvent providing
a dual effect by promoting the formation of protein fibrils of suitable size as well as

acting as a reducing agent.

We applied naturally-occurring cross-B-sheet containing proteinacecous polymers
known as amyloids to produce scaffolds for moulding silver nanowires. The diameter
of the nanowires was within 1.0-2.5 nm and reached 1-1.5 um length. Up to date this is
the thinnest silver nanowires produced by biotemplating. These results demonstrate that

the biotemplating expands boundaries for the nanoparticles production from tens to
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sub-nanometer scale, opening new horizons in quantum electronics. They provide also
an insight into the packing of amyloid core, demonstrating the absence of the cavities

within individual fibrils.

Accordingly, the present invention provides a method for the manufacture of metal
nanowires, the method comprising incubating protein fibrils in a solution of a metal salt
in a solvent, said solvent having a hydrophobic constant, logP, between 0 and 3.0 and
further having a standard reducing potential, Eq, between 0 volts and 1.5 volts, allowing

the formation of metal nanowires on the protein fibril templates.

The method can further comprise proteinase digestion of the protein fibril template
following the formation of the metal nanowire. Proteinase digestion can be made by the
use of proteinase K, other serine proteases like trypsin, o-chymotrypsin, [-
chymotrypsin and subtilisin; cysteine proteases like bromelain, papain, chymopapain,

ficin and sortase A, or aspartic proteases like rennin and pepsin.

Formation of protein fibril template is promoted by the use of a hydrophobic solvent.
The solvent can have a hydrophobic constant, log P, defined as the log of the partition
coefficient between octanol and water, which is between 0 and 3.0, preferably between

0.2 and 1.0, and even more preferably between 0.3 and 0.5.

Log Poctanol/water = 10g ( concentration of solvent in octanol

concentration of solvent in water

The solvent can have a standard reducing potential, Eq, between -0.2 volts and 1.5
volts, preferably between 0 volts and 0.8 volts, such as between 0.1 volts and 0.7 volts,

or even more preferably 0.2 volts and 0.6 volts.

A solvent with a lower reducing potential within the above ranges can be selected for
the reduction of a metal with a lower reducing potential, e.g. silver having a reducing
potential of 0.8 volts, a solvent with a higher reducing potential within the above ranges
can be selected for the reduction of a metal with a higher reducing potential, e.g. gold

having a reducing potential of 1.7 volts.
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The solvent can be a halogenated alcohol, preferably a fluorinated alcohol. The
fluorinated alcohol can be selected from a fluorinated ethanol, propanol, butanol,
pentanol, hexanol, heptanol, octanol. The alcohol can be a mono, di-, tri-, tetra-,

penta-, hexa-, hepta-, octa-, or nona-fluorinated alcohol.

The solvent can be selected from
2-Fluoroethanol,
2,2-Difluorocthanol,
2,2,2-Trifluoroethanol,
1,1,1-Trifluoro-2-propanol,
3,3,3-Trifluoro-1-propanol,
Hexafluoro-2-propanol,
2,2,3,3-Tetrafluoro-1-propanol,
2,2,3,3,3-Pentafluoro-1-propanol,
4,4,4-Trifluoro-1-butanol,
2,2,3,4,4,4-Hexafluoro-1-butanol,
2,2,3,3,4,4,4-Heptafluoro-1-butanol,
3,3,4,4,4-Pentafluoro-2-butanol,
1,1,1,3,3-Pentafluoro-2-butanol,
5,5,5-Trifluoro-1-pentanol,
4,4,5,5,5-Pentafluoro-1-pentanol,
2,2,3,3,4,4,5,5-Octafluoro-1-pentanol,
6,6-Difluoro-1-hexanol,
7,7,7-Trifluoro-1-heptanol,
1,1,1-Trifluoro-2-octanol,

2,2,3,3-Tetrafluoro-1-octanol.

The protein fibrils are preferably amyloid fibrils.

The protein fibrils can be selected from lysozyme fibrils, Alzheimer B-amyloid fibrils,
prion fibrils, insulin fibrils, bovine o-lactalbumin fibrils, S100A8 fibrils, SI00A9

fibrils, a-synuclein fibrils.
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The nanowire can be manufactured from a noble metal, i.e. silver, gold, platinum or

palladium, or from another suitable metal such as copper.

The metal salt can be provided as any suitable salt, such as a nitrate, nitrite, carbonate,

chloride, bromide, fluoride, iodide, acetate, sulphate.

The invention further provides metal nanowires produced by the methods of the

invention.

The metal nanowires according to the invention have a diameter of less than 3 nm,

preferably less than 2 nm.

The metal nanowires according to the invention have a length of more than 0.5 um,

preferably more than 1 um, or even more preferably more than 2 um.

Brief description of the figures.

Figure 1. Scheme of casting silver nanowires within amyloid scaffolds.

Figure 2. Silver nanoparticles formation by TFE reduction. Time course of silver
reduction by TFE monitored by absorbance spectroscopy (a). The atomic force
microscopy (AFM) images of the silver nanoparticles formed in TFE and the
distributions of their sizes measured by AFM after 2 hours (b, ¢) and 72 hours (d, e) of

incubation, respectively.

Figure 3. Silver nanowire formation in amyloid scaffolds. Thioflavin T binding by
different amyloids measured by fluorescence (a). AFM images of original lysozyme
amyloid fibrils (b); amyloid scaffolds incubated in TFE with silver (c) and without
silver (e); silver nanowires released from the scaffolds afier proteinase K digestion (d);

the digestion of empty amyloid scaffolds by proteinase K (f).
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Figure 4. AFM images of ultra thin silver nanowires, a network of silver nanowires (a),
a single silver nanowire (b), the distribution of diameters of silver nanowires measured

by AFM (c).

Figure 5. AFM images of amyloids with reducing agents. Amyloids in N,N-
dimethylformamide (DMF) (a) and in citric acid (b).

Detailed description of the invention

The method used for nanowire production is outlined in Figure 1. According to the
method of the invention two critical events, i.e. metal reduction and assembly of the
nanowire within the biotemplate mould occur concomitantly. A key factor in this
procedure is the use of a solvent exhibiting a dual effect, both promoting the formation
of protein fibrils of suitable size, and acting a reducing agent, the solvent being

exemplified by 2,2,2-trifluoroethanol (TFE).

Firstly, it is demonstrated that the solvent reduces ionic silver into colloidal form
following the reaction (1):

2 Ag" CF3-CH,-OH —2 Ag°+ CF;-CHO + 2H" (1)

The reaction was monitored by changes of the absorbance spectra of the solution
(Figure 2a), which were also corroborated by the colour developing from fully
uncoloured to yellow/brown'®. The samples were analysed by AFM, demonstrating the
formation of uniform silver nanoparticles. Their size depended on the reduction time;
1.2 nm particles were formed after 2 hours and 35 nm after 72 hours, respectively

(Figure 2b - 2e).

Secondly, the solvent induces the lateral assembly of individual protein fibrils into
larger and thicker scaffolds, which trap silver in inter-fibrillar space and serve a role of
the moulds. Before treatment with TFE the amyloid fibrils were characterised by 2-4
nm height in AFM images (Figure 3b), exhibiting typical amyloid tinctorial features
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such as thioflavin T dye binding'®'" (Figure 3a). After incubation with TFE in the
presence and absence of silver ions fibrils become thicker with ca 6-9 nm height
(Figure 3c, 3e), which corroborated with a slight decrease in thioflavin T binding due to
a decrease in number of exposed thioflavin T binding sites (Figure 3a). In the fibrillar
sample containing silver the yellow-brown colour was developed, indicating silver

reduction.

In order to verify formation of silver nanowires, the proteinaceous moulding scaffolds
were digested by proteinase K. In the sample without silver, the amyloid was fully
removed after 24 hours of proteinase treatment. This was confirmed by the drop of the
thioflavin T signal to the level of free dye in solution (Figure 3a) and by AFM (Figure
3e). In the sample where the silver nanowires were cast in the amyloid scaffold, the
nanowires were released and observed by AFM (Figure 3d), while the thioflavin T
signal also disappeared, indicating the degradation of amyloid structures (Figure 3a).
The nanowires were characterised by having a diameter of 1-2.5 nm and a variable
length from 0.5 to ca. 2 um (Figure 3). The nanowires were straight or banded and

sometimes a few nanowires were twisted around each other (Figure 3d, figure 4).

In control experiments the amyloids in the presence of AgNOs were treated with the
reducing agents N,N-dimethylformamide (DMF) or citric acid. While both agents

13 they did not induce fibril thickening,

initiated the formation of silver nanoparticies
but rather caused their fragmentation to shorter species of 0.5-1 um length and 2-4 nm
in height (Figure 5). Consequently, after the treatment with proteinase K all amyloid
material was removed but the silver nanowires were not detected. This indicates that
fibrillar lateral assembly and formation of the structured, hollow fibrillar interface is

essential for silver moulding, whiles the individual fibrils with a common diameter of 2

nm and less do not possess such a cavity.

Thus, naturally occurring proteinaceous amyloid polymers assembled into larger
scaffolds can be used for casting metal nanostructures. This has been utilised for this
purpose an abundant and cheep material such as hen lysozyme. The limit in

biotemplating producing the ultra thin silver nanowire of ca. 1 nm diameter has been
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reached, which is significantly below the dimensions attainable by standard electronic
manufacturing processes and also one order of magnitude thinner than nanowires
fabricated using other proteinaceous scaffolds™. The method according to the present
invention allows removing the moulding scaffold by proteinase digestion compared to
other approaches, in which the protein polymers remain within the formed metal

2.8
WIres .

For the first time it is surprisingly demonstrated that a fluorinated alcohol, TFE, can be
used as a reducing agent and has potential applications in manufacturing metal
nanoparticles. The major advantage of the methods according to the invention is the use
of a solvent such as TFE, which compared to other combinations of solvents and
reducing agents induces formation and stabilization of protein fibril scaffold
simultaneously with metal ion reduction. Less suited reducing agents, such as citric
acid and DMF causes fragmentation of the protein fibrils without the formation of

metal nanowires.

The process of biotemplating can be used as a tool to get an insight on the properties of
the scaffold itself, according to the present invention on amyloid. By analysing the X-
ray diffraction pattern of fibrillar amyloids, Perutz and co-authors suggested that the
amyloid fibrils are probably built of a few concentric cylindrical B-sheets containing
the hollow part filled with water'®. This hypothesis was supported by production of
synthetic dipeptide amyloid-like nanotubes and filling them with silver of ca. 20 nm
diameter’. However, the NMR-based analysis of amyloid fibrils of AP peptide and
prions indicate the dense packing within fibrillar interior, which rules out the cavity in

the protofilament core'”*

. In this light the data directly demonstrate the absence of the
hollow part within the individual amyloid fibrils, unlike synthetic peptide nanotubes,

prior their assembly into the larger scaffold.

The methods according to the invention can be used to form nanowires from a noble
metal, such as silver, gold, platinum, and palladium, or other suitable metal such as

copper.
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The methods according to the invention can be used to produce nanoparticles with

controlled dimensions.

Materials and methods.

Materials

Hen egg white lysozyme was purchased from Sigma (USA). Amyloid was produced by
incubation of protein in 20 mM glycine buffer at pH 2.5, 57°C. Proteinase K was
purchased from Fermentas (Lithuania). DMF, TFE and citric acid were purchased from

Fluka (Germany).

Thioflavin T binding assay.
Thioflavin T binding amyloid assay was carried out as described previously'.
Fluorescence measurements were performed on a Jasco spectrofluorometer FP 6500,

using excitation at 440 nm and measuring emission between 460 and 520 nm.

Atomic Force Microscopy.

AFM measurements were performed on a PICO PLUS microscope (Molecular
Imaging, USA) in a tapping mode using a 100 um scanner with acoustically driven
cantilevers operating at a resonance frequency in 320-370 kHz range. Scanning
resolution was 512x512 pixels. The scanning was performed in trace and retrace to
avoid the scan artefacts. Specimens were diluted in MiliQ water, incubated on freshly
cleaved mica for 10 min, subsequently washed 2 X 200 p1 with MiliQ water and dried
over night at room temperature. The parameters of nanostructures were measured by

using a Scanning Probe Image Processor software (Image Metrology, Denmark).

Reduction of silver.

The stock of 1M AgNO; in MiliQ water was diluted to a final concentration of 20 mM
with the excess of appropriate reducing agents such as TFE, DMF or citric acid and
subsequently incubated at 57°C for 72 hours. Reduction of silver was estimated by
measuring absorbance spectra at 300-700 nm on a Lambda 40 spectrophotometer

(Perkin Elmer, USA) as described previously'.
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Casting silver nanowires in amyloid fibrils.

Amyloid fibrils were sedimented for 30 min at 12000 g on a minicentrifuge
(Eppendorf, Germany). The pellet was resuspended in 100 pl MiliQ water and
sedimented again. AgNOs was added to the fibrillar pellet to 20 mM final concentration
and the sample was incubated at room temperature for 24 h. The fibrils were
centrifuged and an access of reducing agent was added to the pellet, following
incubation for 48 h at 57°C. The complexes were centrifuged, resuspended at 100 mM
Tris-HC1 pH 7.4 and 0.2 mg/ml protease K was added for 24 h at 37°C in order to
achieve the full digestion of the amyloid scaffold. Consequently, the samples were

analysed by AFM and ThT binding assay.

10
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Claims

1. A method for the manufacture of metal nanowires, said method comprising
incubating protein fibrils in a solution of a metal salt in a solvent, said solvent
having a hydrophobic constant, logP, between 0 and 3.0 and further having a
standard reducing potential, Eo, between -0.2 volts and 1.5 volts, allowing the

formation of metal nanowires on the protein fibril templates.

2. The method according to claim 1 further comprising proteinase digestion of the

protein fibril template following the formation of the metal nanowires.

3. The method according to claim 2 wherein the proteinase digestion is made by the
use of a proteinase selected from proteinase K, a serine protease such as trypsin,
o-chymotrypsin, 3-chymotrypsin and subtilisin; a cysteine protease such as
bromelain, papain, chymopapain, ficin and sortase A, and an aspartic protease

such as rennin and pepsin.

4. The method according to claim 1 wherein the solvent has a hydrophobic constant,
log P, which is between 0 and 3.0, preferably between 0.2 and 1.0, and even more
preferably between 0.3 and 0.5.

5. The method according to claim 1 wherein the solvent has a standard reducing
potential, Eq, between -0.2 volts and 1.5 volts, preferably between 0 volts and 0.8
volts, such as between 0.1 volts and 0.7 volts, or even more preferably between
0.2 volts and 0.6 volts.

6.  The method according to claim 1 wherein the solvent is a fluorinated alcohol.

7. The method according to claim 6 wherein the solvent is selected from a

fluorinated ethanol, propanol, butanol, pentanol, hexanol, heptanol, octanol.

13
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The method according to claim 7 wherein the fluorinated alcohol is selected from

a mono, di-, tri-, tetra-, penta-, hexa-, hepta-, octa-, and nona-fluorinated alcohol.

The method according to claim 6 wherein the solvent is selected from

2-Fluoroethanol,
2,2-Difluorocthanol,
2,2,2-Trifluoroethanol,
1,1,1-Trifluoro-2-propanol,
3,3,3-Trifluoro-1-propanol,
Hexafluoro-2-propanol,
2,2,3,3-Tetrafluoro-1-propanol,
2,2,3,3,3-Pentafluoro-1-propanol,
4,4,4-Trifluoro-1-butanol,
2,2,3,4,4,4-Hexafluoro-1-butanol,
2,2,3,3,4,4,4-Heptafluoro-1-butanol,
3,3,4,4,4-Pentafluoro-2-butanol,
1,1,1,3,3-Pentafluoro-2-butanol,
5,5,5-Trifluoro-1-pentanol,
4,4,5,5,5-Pentafluoro-1-pentanol,

2,2,3,3,4,4,5,5-Octafluoro-1-pentanol,

6,6-Difluoro-1-hexanol,
7,7,7-Trifluoro-1-heptanol,
1,1,1-Trifluoro-2-octanol,

2,2,3,3-Tetrafluoro-1-octanol.

The method according to claim 6 wherein the solvent is 2,2,2-Trifluoroethanol.

The method according to claim 1 wherein the protein fibrils are selected from

lysozyme fibrils, Alzheimer -amyloid fibrils, prion fibrils, insulin fibrils, bovine

alpha-lactalbumin fibrils, ST00AS8 fibrils, ST00A9 fibrils, and alpha-synuclein

fibrils.

14
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13.

14.

15.

16.

The method according to claim 1 wherein the metal is selected from a noble

metal, such as silver, gold, platinum or palladium, and copper.

The method according to claim 1 wherein the metal salt is selected from a nitrate,

nitrite, carbonate, chloride, bromide, fluoride, iodide, acetate, sulphate.

Metal nanowires produced according the method of any of claims 1 to 12.

Metal nanowires according to claim 13 having a diameter of less than 3 nm,

preferably less than 2 nm.

Metal nanowires according to claim 13 having a length of more than 0.5 pwm,

preferably more than 1 um, or even more preferably more than 2 pm..
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Figure 2
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Figure 5
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