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ABSTRACT: Protein-based electronic biomaterials represent an
attractive alternative to traditional metallic and semiconductor
materials due to their environmentally benign production and
purification. However, major challenges hindering further develop-
ment of these materials include (1) limitations associated with
processing proteins in organic solvents and (2) difficulties in
forming higher-order structures or scaffolds with multilength scale
control. This paper addresses both challenges, resulting in the
formation of one-dimensional bundles composed of electrically
conductive protein nanowires harvested from the microbes
Geobacter sulfurreducens and Escherichia coli. Processing these
bionanowires from common organic solvents, such as hexane,
cyclohexane, and DMF, enabled the production of multilength scale structures composed of distinctly visible pili. Transmission
electron microscopy revealed striking images of bundled protein nanowires up to 10 μm in length and with widths ranging from 50−
500 nm (representing assembly of tens to hundreds of nanowires). Conductive atomic force microscopy confirmed the presence of
an appreciable nanowire conductivity in their bundled state. These results greatly expand the possibilities for fabricating a diverse
array of protein nanowire-based electronic device architectures.

■ INTRODUCTION

A number of microorganisms express electrically conductive
protein filaments that enable them to exchange electrons with
other microbial species or minerals.1−6 The protein nanowires
of Geobacter sulfurreducens, assembled from PilA, a 61 amino
acid protein composed primarily of an α-helix, have been
studied extensively.7,8 While the exact 3D structure of these pili
has not been solved, they are hypothesized to consist of
hexahelical assemblies of PilA that are associated via
intramolecular forces (e.g., hydrogen bonding, π−π stacking,
and van der Waals attractions), which result in the microns
long, 3 nm diameter filaments observed by atomic force
microscopy (AFM) and transmission electron microscopy
(TEM).9 They are remarkably tolerant to conditions that often
denature conventional proteins, such as elevated temperature
and variable pH.10−13 The detailed mechanism responsible for
conductivity in G. sulfurreducens protein nanowires is not yet
fully understood but appears to depend on the presence of
aromatic amino acid residues.7,8 Moreover, the conductivity of
G. sulfurreducens protein nanowires has been tuned over a
broad range (from 10−6 to 103 S·cm−1) via genetic alterations
in the density of aromatic amino acids and pH modifica-
tions.3,11,12,14 In the context of macromolecular bionanomate-
rials, protein nanowires open new opportunities to advance the

field of sustainable electronics,15,16 especially as methods are
developed to process these structures into regular config-
urations amenable for integration into electronic material
components.
Broadly considered, supramolecular protein assembly is a

vibrant field with recent advances stemming from rational
computational design and corresponding syntheses that project
applications ranging from vaccine delivery to hydrogel
formation to catalysis.17−22 Mechanisms driving these protein
assemblies include electrostatics, such as those responsible for
fiber formation from velvet worms,23 lock-and-key interactions
in enzymes and lipid−antigen complexes,24 and surface
mediation, where roughness, topology, and charge influence
the morphology of protein assembly into linear, fibrillar, or
spherulitic structures.25,26 High-resolution characterizations,
including super resolution microscopy, total internal reflection
fluorescence structured illumination microscopy (TIRF-SIM),
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and aberration-corrected cryogenic electron microscopy (cryo-
EM), have been instrumental in advancing the precise
characterization and visualization of these superstructures.16,27

In addition to these synthetic constructs, naturally occurring
types of supramolecular protein assemblies under investigation
include amyloid fibrogens,28 β-sheet assemblies,17 ferritins,29

and bacterial fibrils.30

Specifically considering protein nanowires composed of
pilus-derived structures, prior reports have demonstrated their
utility in devices when processed as films or mats, such as in
the preparation of field-effect transistors.10,31,32 In addition,
prototype nanoscale device measurements have been per-
formed on individual protein nanowires that are randomly
deposited into a device configuration.11,12 However, more
rapid advancement of protein nanowire devices will require
gaining morphological and dimensional control over the
resultant superstructures. We note that aqueous suspensions
of pili natively expressed by E. coli assemble into bundles and
lattices in the presence of appropriate inducers.33 However, the
assembly of the relatively short (∼1 μm), thick (diameter 6−7
nm), and electrically insulating E. coli pili cannot reliably guide
studies of the longer, thinner, more flexible G. sulfurreducens
protein nanowires.
This paper describes the use of organic solvents to process

electrically conductive protein nanowires from G. sulfurreducens
and a strain of E. coli expressing protein nanowires comprised
of the G. sulfurreducens PilA monomer, where the solvent
environment assists in driving nanowire assembly. We found
that processing protein nanowires from common organic
solvents induced the rapid production of quasi-2D bundles of
nanowires. Electrical measurements performed on these
bundles revealed an out-of-plane conductance approaching
∼10−6 S, confirming a retention of desirable electronic
properties following this solvent processing. This fabrication
approach is projected to create new opportunities to integrate
protein nanowires into composite materials where organic
solvent processing is advantageous or required for components
of the composite material.

■ EXPERIMENTAL SECTION
Protein Nanowire Suspensions in Water. Protein nanowires

were harvested from Geobacter sulfurreducens using physical shearing
followed by multiple purification steps involving ammonium sulfate
precipitation and resuspension in ethanolamine buffer.3,31,34 Protein
nanowires assembled in E. coli from the G. sulfurreducens PilA
monomer were harvested by physical shearing, filtration, and
resuspension in ethanolamine buffer.35 For both sources of protein
nanowires, the final product was dialyzed against water to remove
buffer. The aqueous nanowire mixture (containing 0.1−0.6 μg/μL
protein) was vortexed 5−6 times for 1−2 s at high power to
resuspend the protein nanowires, and an aliquot was drop-cast onto
the oxygen plasma-treated substrate (400 mesh, 3−4 nm carbon-
coated copper TEM grids). Once deposited on the grid, the
suspension was allowed to stand for 1 min, then wicked dry with
filter paper, stained with 2 wt % aqueous uranyl acetate for 20−60 s,
wicked dry a second time, and imaged using a JEOL 2000FX TEM at
200 kV accelerating voltage or a Tecnai T12 TEM at 120 kV.
Assembly of Protein Nanowires in Organic Solvents.

Method 1. Protein nanowires were transferred from an aqueous
suspension of G. sulfurreducens (48.5 μL aliquot containing 0.165 μg/
μL protein) to a glass vial and dried under a stream of N2(g). An
organic solvent (e.g., cyclohexane, hexane, or tetrahydrofuran) was
added to a final concentration of 0.04−0.05 μg protein nanowires per
μL. This mixture was vortexed 5−6 times for 1−2 s at high power and
allowed to settle for ∼10−30 min. The sample was then vortexed 1−2

times before transferring with a syringe to an oxygen plasma-treated
substrate (400 mesh, 3−4 nm carbon-coated copper TEM grids or Si/
SiO2 wafers with gold electrodes) and drying in air. The TEM samples
were stained for 1 min with 2 wt % aqueous uranyl acetate, wicked dry
with filter paper, and imaged with a JEOL 2000FX TEM at 200 kV
accelerating voltage.

Method 2. Protein nanowires (from genetically modified E. coli)
were transferred from an aqueous suspension (30 μL aliquot
containing 0.535 μg protein/μL) to a glass vial and dried under a
stream of N2(g). An organic solvent (cyclohexane, hexane, THF, DMF,
ACN, IPA, acetone, or N-methylformamide) was added to a final
concentration of 0.10 μg nanowires per μL of solvent; the mixture was
vortexed 5 times for ∼1 second at high power and then allowed to
settle for ∼20 min. The samples were vortexed once before
transferring 5 μL with a micropipette to an oxygen plasma-treated
substrate (400 mesh, 3−4 nm carbon-coated copper TEM grids or Si/
SiO2 wafers with gold electrodes) and drying in air. The TEM samples
were stained for 20 s with 4 μL of a 2 wt % aqueous uranyl acetate
stain, wicked dry using filter paper, and imaged with an FEI Technai
T-12 TEM at 120 kV accelerating voltage.

Assembly of Protein Nanowires in Mixed Aqueous-Organic
Solvents. IPA (60 μL) was added to 20 μL of protein nanowires
(∼0.3 μg nanowire per μL) in ethanolamine buffer (150 mM, pH
10.5) and vortexed to resuspend the nanowires. The resultant
suspension was allowed to settle for ∼10−30 min and then was
vortexed 1−2 times. This suspension (2−4 μL) was transferred to an
oxygen plasma-treated substrate (400 mesh, 3−4 nm carbon-coated
copper TEM grids or Si/SiO2 wafer). Cyclohexane (20 μL) was
added to the ethanolamine/IPA mixture, and the resulting mixture
was vortexed 5−6 times for 1−2 s at high power. After allowing it to
settle for ∼10−30 min, the sample was vortexed 1−2 times before
transferring with a syringe to an oxygen plasma-treated substrate (400
mesh, 3−4 nm carbon-coated copper TEM grids or Si/SiO2 wafer)
and drying in air. The TEM samples were stained with for 1 min with
2 wt % aqueous uranyl acetate, wicked dry using filter paper, and
imaged with a JEOL 2000FX TEM at 200 kV accelerating voltage.
Optical micrographs were obtained using an Olympus BX60 light
microscope equipped with a Sony CCD-IRIS/RGB color video
camera.

Hafnium Oxide Deposition. A 3 nm thick hafnia (HfO2) film
served as an insulating sample for c-AFM control experiments (this is
similar in thickness to the diameter of the protein nanowires). These
HfO2 films were fabricated by atomic layer deposition (ALD,
Cambridge Nanotech Savannah 100) at 250 °C for 45 cycles (0.67
Å/cycle) with a tetrakis(dimethylamido)hafnium (Hf(NMe2)4)
precursor. The Hf(NMe2)4 and water ALD precursors were kept
under separate conditions (Hf(NMe2)4 heated to 75 °C and H2O at
room temperature).

AFM Characterization. Conductive AFM (c-AFM) measure-
ments were performed using a commercial system (Cypher ES,
Asylum Research, Oxford Instrument; Goleta, CA) equipped with an
ORCA dual-gain cantilever holder. Pt-coated conductive AFM tips
(Nanoworld Arrow-CONTPt; Neuchat̂el, Switzerland) were used for
noncontact mode topographic imaging and for point-mode I-V
spectroscopy in contact mode along the thickness direction of the
protein nanowire bundles. The topography image was collected in
noncontact mode under a scan rate of 1.0 Hz and setpoint of 0.02 V.
Subsequently, the x-y piezo positioner translated the tip to the specific
points on the bundle to perform point-mode I−V spectroscopy: the
tip was first engaged onto a chosen point, and then, a bias between
−100 and 100 mV, at a frequency of 0.2 Hz, was applied to the Au
electrode. The currents across the bundle thickness to the tip (held at
ground) were then recorded with the system using a transimpedance
amplifier.

■ RESULTS AND DISCUSSION

Preparation and Characterization of Protein Nano-
wire Bundles. G. sulfurreducens is capable of producing three
different types of nanowires: filaments homologous to type IV
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pili and comprised of the PilA monomer protein (3 nm
diameter) and cytochrome-based wires comprised of the c-type
cytochrome OmcS (4 nm diameter) or OmcZ (2.5 nm
diameter).7,34,36,37 For the experiments reported here, protein
nanowires were grown and harvested using methods known to
yield PilA-based protein nanowires (structurally depicted in
Figure 1a) as confirmed by AFM analysis.11,32,35 TEM

characterization revealed that drop-casting a ∼0.3 mg/mL
aqueous dispersion of the nanowires onto an oxygen plasma-
treated carbon-coated TEM grid produced a random nanowire
network upon drying (Figure 1c). Similar random networks
were obtained by drop-casting aqueous dispersions onto Si/
SiO2 wafers bridging gold electrodes.
In contrast to the results found with aqueous processing, the

protein nanowires were seen to align into distinct bundles
when aqueous nanowire suspensions were first dried under a
stream of N2(g), then dispersed in an organic solvent (to a final
concentration of ∼0.05 mg/mL), and finally drop-cast onto the
microscopy grid. For example, a cyclohexane dispersion of pili
produced axially aligned, bundled superstructures that
comprised distinct nanowire rows across their width, as
shown in Figure 1d. Protein nanowires deposited from hexane
dispersions produced long, extended, and twisted structures
(Figure 2a; Figure S1). In some regions, hundreds of
nanowires assembled side-by-side into flat ribbons (Figure
2a, left inset), while other regions appeared twisted. This
ability of the bundles to fold over one other is featured in
Figure 2a, and the more gradual bending observed in Figure
2b−d contributes to their flexibility. The solvent used in
resuspension impacts the average lengths of the protein
nanowire bundles (∼2−5 μm), their average widths (∼100−
160 nm), and the average length of their linear segments
(typically <2 μm). Both the flexibility and drapability of these
superstructures are highlighted by the ∼5.5 μm “loop” shown
in Figure 2e. Protein nanowires deposited from THF showed
splitting or multifurcation (Figure 2b), with multiple thinner

bundles emanating from the primary thicker structure. As
shown in Figure 2 and Figure S2, processing from a broad
selection of organic solvents leads to successful superstructure
formation from the protein nanowires.
While the mechanism of this protein nanowire bundling is

not fully understood, balancing the nonfavorable nanowire−
solvent interactions in aprotic, apolar organic solvents clearly
drives the interwire contact, seen in Figures 1 and 2. To
investigate the effect of solvent composition on bundle
morphology, the protein nanowires were suspended in polar
aprotic solvents, including THF, acetone, DMF, and
acetonitrile (ε = 7, 21, 37, 38, respectively), all of which
successfully produced bundles; in contrast, pili cast from
DMSO (ε = 47) appeared as individual, dispersed fibers. One
polar protic solvent, isopropanol (IPA; ε = 18), led to bundled
structures. Among these solvents, the lower dielectric constant
examples led to superstructure formation, while the higher
dielectric constant solvents tended toward nanowire dispersion
in a similar fashion to the aqueous process (ε of H2O ∼80).
Formamide, with a higher dielectric constant than water (ε
∼110), also produced pilus dispersions, but surprisingly, the
very high dielectric constant solvent N-methylformamide
(NMF; ε ∼180) produced pilus aggregates. This departure
from the observed solvent trend is not understood but might
be explained by the strong hydrogen bond donor and acceptor
sites in NMF, which the literature suggests organizes the
solvent into linear H-bonded chains.39−41 Overall, while the
organic solvent processing techniques we employed resulted in
linear bundles with few branches, minor populations of
branched and matlike structures are observed in some
instances (Figure S8).
Interestingly, we find that protein nanowire bundling can

also be achieved simply by pilus precipitation from mixed
solvents without the need for the drying and redispersion

Figure 1. (a) 61 amino acid sequence of PilA (bottom) and a
structural representation of a proposed assembly of PilA protein into
pilus nanowires. Adapted from ref.,38 copyright 2016, Scientif ic
Reports; (b) schematic of the solvent exchange process in which
protein nanowires are suspended initially in water and then in organic
solvents; (c) TEM image of protein nanowires drop-cast from an
aqueous suspension; (d) TEM image of protein nanowires that were
resuspended in cyclohexane and then drop-cast onto a TEM grid,
revealing pilus bundles (magnification shown in the upper right
portion of the image).

Figure 2. TEM images of Geobacter protein nanowire assemblies
obtained from organic solvent dispersions in (a) hexane and (b)
tetrahydrofuran. Scale bars: main images = 500 nm; insets = 100 nm;
TEM images highlighting the flexibility of E. coli protein nanowire
assemblies when drop-cast from organic solvents, using (c) cyclo-
hexane, (d) DMF, and (e) IPA, for the dispersing media; scale bars:
500 nm. The circular features in (a) result from uranyl acetate
staining. Blue arrows in (d) indicate the pilus bundles; red arrows
highlight folds in the carbon film.
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protocol described above (Figure 3a). For example, Figure
3b−d shows TEM images of structures obtained by drop-

casting a vortexed, slightly turbid dispersion of protein
nanowires from a 1:3:1 miscible mixture (by volume) of
ethanolamine buffer/isopropanol/cyclohexane. The macro-
scopic bundles revealed in these micrographs display similar
features to those described above and are distinct from the
appearance of the randomly oriented nanowires obtained from
dispersions from 1:3 ethanolamine/isopropanol mixtures
(Figure 3e). Use of aqueous/organic solvent mixtures also
appear to increase the yield of protein nanowire bundles,
following drop-casting of the nanowires from this solvent
mixture onto a Si/SiO2 wafer (Figure S3). Thus, the presence
of cyclohexane promotes precipitation and bundling of the pili
directly from a fluidic dispersion by reducing the favorability of
pilus−solvent interactions in preference for pilus−pilus
interactions.
We note that this observed dispersion and controlled

bundling of protein nanowires processed in aqueous and
organic media are distinct from the properties of more
traditional nanomaterials, such as metallic nanowires and
carbon nanotubes (CNTs). For example, CNTs agglomerate
in aqueous solutions due to strong van der Waals attraction,
thus requiring either organic dispersants that increase their
electrical resistance42 or ultrasonication that damages the
nanotubes.43,44 The protein nanowires studied here contrast
these characteristics; in aqueous environments, they exhibit a
randomized dispersion, while organic solvent processing
induces agglomeration.
Local Current Response of Protein Nanowire Bun-

dles. To determine whether the protein nanowires remained
electrically conductive after assembly from organic solvents,
electrical measurements were performed on samples that had
been drop-cast from cyclohexane suspensions onto a Si/SiO2
substrate with prepatterned Au microelectrodes. Noncontact
AFM topographic imaging was employed to identify the
location of protein nanowire bundles on the Au micro-
electrodes (Figure 4a and Figures S4A, S5A, S6A). The AFM
setup used a bias applied through the bottom Au electrode and
through the bundle, terminating at a grounded, Pt-coated

cantilever attached to a transimpedance amplifier to measure
local current at multiple positions along transects across the
bundles (Figure 4b and Figures S4B, S5B, S6B). The protein
nanowire bundles exhibited Ohmic-like I−V responses
measured in the thickness direction for each of the contact
points taken across the width (Figure 4c and Figures S4C,
S5C, S6C). In contrast to the nA-level currents observed
through the protein nanowire bundles, measurements taken
directly on the Au electrode surface exceeded the 10 μA
instrument protection threshold, even at a low applied bias
(Figure 4c inset), and measurements taken on a 3 nm HfO2
film, produced by ALD, registered pA-level noise, resulting in a
through thickness current response at least 100 times lower
than that of the least conductive protein nanowire bundle. The
bundled superstructures exhibited conductance values, calcu-
lated from the linear slopes of the current−voltage curves,
ranging from 1.4 ± 0.5 × 10−9 S to 2.3 ± 0.5 × 10−6 S. This
broad conductance range would be expected from thickness-
dependent variations in the current observed across the folded
and bent areas observed in the inherently flexible bundles
(Figure S7), though AFM tip contamination may also
contribute to variations in response, where organic debris
creates resistance within the circuit. While the noncontact

Figure 3. (a) Preparation of protein nanowire bundles from aqueous/
organic solvent mixtures; (b−d) TEM images of the resultant
bundles; (e) TEM image of dispersed protein nanowires obtained
from ethanolamine/isopropanol mixtures (i.e., without cyclohexane
addition).

Figure 4. Conductive-AFM performed on a protein nanowire bundle
drop cast from a protein/cyclohexane suspension on a gold surface.
(a) Topographic image of a bundle (fold) on the gold surface. (b)
Top: topographic image corresponding to the red rectangular area
shown in (a) indicating the positions where data were recorded in the
point-mode I−V spectroscopy; bottom: cross-sectional height profile
of the nanowire bundle across the red line shown in the top image;
the x-symbols denote the locations where each I−V curve was
recorded; (c) Ohmic-like I−V curves measured across the thickness of
the bundle at points 1−4 shown in (b); (d) Au and HfO2 c-AFM
curves from direct Au electrode contact and through-thickness
comparative measurements of a 3 nm ALD-deposited HfO2 film.
Upper inset: pA-level noise of the hafnia layer; lower inset: optical
image of the AFM probe on the hafnia-covered Au microelectrode.
Data on additional bundles are provided in Supplementary Figures
S4−S6.
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topographic imaging employed here helps avoid contamina-
tion, future studies adopting point-mode fast-force mapping
methods (typically used in nanomechanics)45 to create fast
current maps would further mitigate these issues by
minimizing raster-based wear.

■ CONCLUSIONS

In summary, this study demonstrates that electrically
conductive protein nanowires derived from Geobacter
sulfurreducens, or produced by E. coli from the G. sulfurreducens
pilin monomer PilA, assemble into bundles, comprised of
sheetlike ribbons of nanowires, through processing with a wide
range of common organic solvents, including hexane, THF,
DMF, and IPA. These protein nanowire assemblies were
visualized by TEM, exhibiting submicron widths (50−500 nm)
of distinctly visible individual nanowires, lengths extending
several microns (1.5−10 μm), and comprising of features
markedly distinct from the random nanowire mats typically
obtained from aqueous dispersion, where the majority of fibers
were observed as individual filaments and occasional “bundles”
were composed of 2−10 nanowires. cAFM through-thickness
conductance measurements yielded out-of-plane conductance
values as high as 2.3 ± 0.5 × 10−6 S, with a corresponding out-
of-plane conductivity of ∼0.5 S/cm, confirming that the
bundles retain desirable electrical properties following organic
solvent processing. Similar currents are drawn by commercial
microelectronic oscillators used in low speed internal/external
clocks as well as ultra-low power accelerometers. The results
suggest that conductive protein nanowires can be incorporated
into composite materials that require organic solvent
processing, with potential additional benefits of nanowire
bundling for applications such as the fabrication of hybrid
materials for stretchable electronics.
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