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Harvesting energy from the environment offers the promise of clean power for selfsustained systems1,2. Known technologies—such as solar cells, thermoelectric devices
and mechanical generators—have specific environmental requirements that restrict
where they can be deployed and limit their potential for continuous energy
production3–5. The ubiquity of atmospheric moisture offers an alternative. However,
existing moisture-based energy-harvesting technologies can produce only
intermittent, brief (shorter than 50 seconds) bursts of power in the ambient
environment, owing to the lack of a sustained conversion mechanism6–12. Here we
show that thin-film devices made from nanometre-scale protein wires harvested from
the microbe Geobacter sulfurreducens can generate continuous electric power in the
ambient environment. The devices produce a sustained voltage of around 0.5 volts
across a 7-micrometre-thick film, with a current density of around 17 microamperes
per square centimetre. We find the driving force behind this energy generation to be a
self-maintained moisture gradient that forms within the film when the film is exposed
to the humidity that is naturally present in air. Connecting several devices linearly
scales up the voltage and current to power electronics. Our results demonstrate the
feasibility of a continuous energy-harvesting strategy that is less restricted by
location or environmental conditions than other sustainable approaches.

The ubiquity of atmospheric moisture has generated interest in
developing moisture-based energy-harvesting technologies6–14. In
one strategy, the moisture gradients near sources of liquid water drive
microfluidic or nanofluidic water transport in thin films in order to
induce charge transport for electric output6–10,13. However, this
approach is limited to environments in which there is a liquid water
source, and may be difficult to scale up. Alternatively, ambient humidity
can generate a vertical gradient of ionized mobile charge (for example,
of H+ ions) in carbon materials engineered with a heterogenous vertical
distribution of hydroxyl groups11,12. But the power output of ambienthumidity-driven devices has so far produced only brief (shorter than
50-s) bursts of current (of around 0.9 µA cm−2, or a power density of
about 30 µW cm−3) before the device voltage collapses12. Re-establishing
the voltage (to around 0.2 V, or about 20 V cm−1) through self-recharging
takes more than 100 s. Thus, the charging time greatly exceeds the
duration of power output.
Here, we fabricated an electric generator from a thin film of protein
nanowires that produces continuous current for at least 20 h before selfrecharging, with a more than two orders of magnitude improvement in
power density (to roughly 4 mW cm−3) compared with previous energyharvesting technologies that rely on ambient, atmospheric moisture.
The device consists of a thin (roughly 7-µm) film of protein nanowires
deposited on a gold electrode (with an area of around 25 mm2) patterned
on glass (Fig. 1a). The protein nanowires are electrically conductive, and

are sheared from the microorganism G. sulfurreducens15–17. A smaller
gold electrode (of around 1 mm2) is placed on top of the nanowire film
(Fig. 1a and Supplementary Fig. 1).
Transmission electron microscopy (TEM) images of dried nanowire
preparations suggest that the wires (of size 3 nm × 1–3 µm) form a mesh
network in the film (Fig. 1a and Supplementary Fig. 1). The current–
voltage (I–V) curve between the two electrodes shows approximately
linear behaviour (Fig. 1b), which is consistent with the ohmic behaviour observed previously in protein-nanowire networks and individual
nanowires18,19. However, the I–V curve did not pass through the origin.
The open-circuit voltage (Vo) was around 0.5 V and the short-circuit
current (Isc) was roughly −250 nA. The effect was robust and highly
reproducible, with a uniform Vo (0.53 ± 0.03 V, N = 16) from different
devices of the same film thickness. Outputs were similar in the dark,
indicating the lack of a photovoltaic effect (Fig. 1b). Instead, a reduction
in relative humidity reduced Vo and Isc (Supplementary Fig. 2). Both Vo
and Isc lasted for more than 12 h (Supplementary Fig. 3), indicating that
the power output was not a transient phenomenon caused by a charging effect during the measurement. Moreover, the gold electrodes
would not be expected to generate current through electrochemical
reactions. Similar voltages were generated with inert carbon electrodes
(Supplementary Fig. 4), providing additional evidence that the electrode material was not contributing to the observed voltage. Further
quantifications and analyses ruled out the possibility that chemical
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Fig. 1 | Nanowire devices and electric output. a, Top, TEM images of the
purified nanowire network (right panel) produced by the microorganism
Geobacter sulfurreducens (dark shape in the left panel). Scale bars, 100 nm.
Bottom, diagram of the device structure. b, Typical I–V curves from the device
with ambient lighting (red) and in the dark (black) at an ambient relative
humidity of about 50%. c, Evolution of I (red) and Vo (black) from a nanowire
device in the ambient environment (at a relative humidity of about 50%). The
device initially had a Vo of approximately 0.52 V (at times from 0 to 5 h).
Connecting to a load resistor (R L = 2 MΩ) yielded a continuous and gradually
stabilized I of about 110 nA for 20 h (red curve; 5 h to 25 h). Then R L was

disconnected and Vo was recorded (indicated by the arrow at t = 25 h). Vo
gradually increased to the initial value of 0.5 V (from 25 h to 30 h), showing a
self-recharging process. Reconnecting to R L yielded a repeated continuous
powering to the R L (I is approximately 115 nA) (red curve; 30–50 h).
Disconnecting the R L yielded a second self-recharging process (50–55 h), which
brought Vo back to 0.5 V again. The inset shows the circuit diagram, in which
connections to terminals 1 and 2 correspond to I and Vo measurements,
respectively. d, A continuous recording of Vo from a device for more than two
months. The ambient relative humidity (blue curve) was also recorded.

decomposition in the protein nanowires was the source of energy of
the observed electrical outputs (Supplementary Figs. 5, 6). Removal
of oxygen or nitrogen from the gas phase had no impact on voltage
generation (Supplementary Fig. 7).
Analysis of current through a load resistor further demonstrated
continuous current production for more than 20 h (Fig. 1c). After 20 h
of current production the voltage had declined from around 0.5 V to
0.35 V, but was restored to 0.5 V within 5 h (Fig. 1c). Harvesting electric
energy through the resistor for an additional 20 h again slightly reduced
the voltage, which could be repeatedly self-recharged (Fig. 1c). These
results are a substantial improvement over the transient current (of
shorter than 50 s) in previous ambient environment generators12, with
a more than hundredfold greater power output. The currents varied
with different load resistances, consistent with typical output from an
electric power source (Supplementary Fig. 8).
In longer-term monitoring, the device maintained a stable direct-current voltage of some 0.4–0.6 V for more than 2 months (1,500 h; Fig. 1d).
Fluctuations in voltage were associated with changes in the ambient
relative humidity in the laboratory environment (Fig. 1d). Both the field
amplitude (of about 700 V cm−1) and the sustainability of the voltage
represented a more than tenfold improvement over the best results
from previous ambient generators (for example, roughly 40 V cm−1 for

120 h)11,12. In a controlled humidity environment, a relative humidity
of some 40–50% yielded the highest voltage, but substantial voltages
were still generated at a relative humidity as low as 20% (comparable
to a desert environment) as well as at 100% humidity (Supplementary
Fig. 9). This output trend contrasts with that of carbon-based ambient
electric generators, which showed a unidirectional increase in output
voltage with increasing relative humidity11,12.
The moisture adsorption ratio,WH2 O(the weight of adsorbed moisture
divided by the total film weight), measured with a quartz crystal microbalance (Supplementary Fig. 10), was inversely proportional to the
film thickness (d), reaching approximately 27% for thin films (of less
than 1 µm) and approximately 15% for thick ones (of more than 8 µm)
(Fig. 2a). This result is consistent with our analysis of a vertical moisture
gradient in the film (Fig. 2b), with a WH2 O of around 27% at the surface
(at a depth of less than 1 µm) and of approximately 3% at the bottom
(at a depth of more than 8 µm), yielding the observed overall WH2 O of
roughly 15% in thick films. The moisture gradient, or rather a depthdependent local adsorption, in the film was confirmed by our observation and analysis of increased adsorption in films with both interfaces
exposed (Supplementary Fig. 11). Modelling this apparent difference
in moisture adsorption (ΔWH2 O) between the top (exposed) and bottom
(sealed) interfaces demonstrated a clear correspondence between

2 | Nature | www.nature.com

b

c
Vo
–

V +

2

2

H2O gradient

20

0.5

20

0.4

15

0.3
10

0.2

5
15
2

4

6
d (μm)

8

0

10

e

0.5

0.6

0.4

–

–
V Vo
+

0.2

Vo (V)

Vo (V)

0.3

0.1

Vo +
–

Water

0.2

Bottom pair

1

t (h)

2

3

12

14

0.0

0.4

0.0

0.0
0

8
10
d (μm)

0.2

0.0
–0.1

6

– V +
Vo

0.6

V

0.4

4

0.8

+

V Vo

2

f

Top pair

Vo (V)

d

0.1

0

0

Vo (V)

WH O (%)

25

0.6

25

ΔWH O (%)

30

a

0

100

200

300
400
t (s)

500

600

0

1

2

t (h)

3

4

Fig. 2 | Moisture gradient in nanowire film and electric output. a, WH2 O in
nanowire films is plotted against film thickness (d) at an ambient relative
humidity of roughly 50%. b, Diagram showing a vertical moisture gradient in
the nanowire film. c, ΔWH2 O and output voltage (Vo) plotted against d.
ΔWH2 O = 2 × (27% − WH2 O) is the estimated difference in moisture-adsorption
ratios between the top and bottom interfaces. d, A residual Vo of roughly
−0.05 V is produced by a symmetric nanowire device with both top and bottom
surfaces sealed. e, Inset, diagram of a nanowire device (area 1 × 2 cm2, thickness

roughly 7 µm) aligned vertically with the moisture gradient (blue arrow) above
the water surface, with a pair of electrodes placed at either the top or the
bottom interface. The Vo from the top (black) and bottom (red) pairs of
electrodes changed (at times longer than 300 s) after the devices were placed
close to the water surface. e, A residual Vo of about 0.8 V is measured from a pair
of top electrodes in a nanowire device with half of the top surface covered by a
glass slide. The error bars in a, c represent the standard deviation of the
statistical means from multiple measurements (n is 3 or more).

increasing ΔWH2 O and increasing Vo, up to a plateau of roughly 0.55 V
for thick films with d values of approximately 10 µm (Fig. 2c). Moisture
contents, and thus presumably the proposed moisture gradients,
remained stable over time (Supplementary Fig. 12), consistent with
the long-term stability of Vo (Fig. 1d). The moisture gradient built up
from a non-gradient ambient environment renders our films fundamentally different to all previous moisture-based technologies that
lack this capability6–14. This indicates an intrinsically different mechanism for sustained power generation.
Further evidence for the importance of the adsorption-differenceinduced moisture gradient in generating voltage was the observation
that a voltage was not generated when the top film was completely covered with a gold electrode (Fig. 2d). Near-zero voltages were obtained
when two electrodes were placed on top of the film. However, if the film
was positioned vertically over water to produce a moisture gradient
between the two top electrodes, then a voltage was produced (Fig. 2e). A
pair of electrodes placed underneath the film produced a considerably
smaller voltage, consistent with the expected lower moisture adsorption at depth (Fig. 2e). Alternatively, creating an adsorption difference
and hence a moisture gradient between two top electrodes by covering
a portion of the film with a glass slide also generated a stable voltage
(Fig. 2f). Reducing the moisture gradient by driving water out of the film
with heat reduced the voltage across the film; as the film rehydrated,
the voltage was restored (Supplementary Fig. 13).
The protein nanowires, which may have several compositions17,20,21,
have non-uniform diameters with periodic surface structures along
the axis20–23. As a result, we expect nanometre-scale pores or nanopores to form at nanowire–nanowire interfaces in a nanowire film. Molecular-dynamics simulations support the assumption that, even in the
most compact stacking configurations of different wires, there are still
nanopores that allow for the passage of water molecules

(Supplementary Fig. 14). In a real film, the nanowires are randomly
distributed (Supplementary Fig. 1c, e), indicating a wide distribution
of nanopores. The presence of a high density of these nanopores in the
film helps to account for the existence of a moisture gradient. Specifically, a lowering of vapour pressure is generally observed in a porous
medium owing to the contribution of a capillary pressure, and the
effect is stronger for smaller pore sizes24. In fact, for water vapour, a
substantial effect can be observed only with a nanometre-scale pore
size24. At steady state, it is expected that a vapour-pressure gradient
must exist at the air–material interface (Fig. 3a). For a thin nanowire
film (of less than 7 μm, for instance), the entire thickness is expected
to be within this interfacial vapour-pressure gradient, whereas a thicker
film extends outside of the finite gradient region. Water adsorption at
a solid surface is a dynamic equilibrium involving constant adsorption–desorption exchange at the interface25–27. In general recombination dynamics28, the adsorption is expected to be proportional to
molecular concentration of water molecules in air or the vapour pressure. As a result, the induced vapour-pressure gradient in the nanowire
film will lead to a moisture gradient, as we observe (Fig. 2a). Saturation
in the vapour-pressure difference for a thicker film leads to a saturation
in moisture-adsorption difference (ΔWH2 O) that is also consistent with
our experimental observations (Fig. 2c).
This moisture gradient can account for the voltage generation in our
nanowire films. The surface functional groups (for example, carboxylic
groups) innate to the nanowires are a source of exchangeable protons20–23. The moisture gradient is expected to create an ionization
gradient in the carboxylic groups or a concentration gradient in mobile
protons (against an immobile COO− anionic background). The proton
gradient leads to the diffusion of protons, possibly facilitated by a
hole-like conduction in the nanowire18. This charge diffusion is expected
to induce a counterbalancing electrical field or potential analogous to
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Article
c

Gradient interface

200
150

I (nA)

Pv

RH = 55%

100
RH = 35%
50

RH = 0%

0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
t (h)

b

Seal

A
RL

I (nA)

200

100

0
0

1

2
t (h)

3

4

Fig. 3 | Mechanisms for electric output. a, Diagram showing a lowering of
vapour pressure (P v) in a porous material and the existence of a vapourpressure gradient close to the air interface. b, Continuous current output from
a nanowire device in the ambient environment (relative humidity roughly 45%)
is disrupted (black arrow) when the top interface is covered with a parafilm
(inset). The current disruption persists (grey region) until the seal is removed,
when the current begins to return to its original value (blue arrow). R L = 2 MΩ.
c, Current output from a nanowire device at different relative humidities (RH).

the resting membrane potential in biological systems29. Our experimental observations show that the lower-moisture side always had a
higher (positive) potential (Figs. 1, 2), consistent with the predictions
of this diffusion model (Supplementary Figs 15, 16). In particular, the
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diffusion dynamics implies that the built-up voltage is proportional
to the difference in proton concentration12, which is considered to be
closely related to ΔWH2 O (Supplementary Fig. 13). This is again consistent with our experimental observation that ΔWH2 O correlates closely
with output voltage (Fig. 2c). A maintained moisture gradient, which
is fundamentally different to anything seen in previous systems6–14,
explains the continuous voltage output from our nanowire device
(Fig. 1d).
The analyses above indicate that a high density of nanopores is key
to forming the moisture gradient, and that a high density of surface
functional groups subsequently leads to a potential gradient by charge
diffusion in the film. Control devices made from other porous thin
films, which feature either larger pore sizes30 or nanoscale pores without functional groups, did not yield electric output (Supplementary
Fig. 17). Thin films made from a nanowire derivative, Aro-5—in which
the amino acid alanine is substituted for aromatic amino-acid groups,
but which still maintains a similar wire structure and a high density of
carboxyl groups31—yielded similar electric output (Supplementary
Fig. 18). This positive control indicates that a wide range of synthetic
protein nanowires19–21 is likely to satisfy both the chemical and the structural requirements for electric output. We further substantiated the
device performance intrinsic to the material properties by excluding
side effects (for example, an effect of pH) from the preparation solution. Nanowire films prepared from close-to-neutral solution yielded
similar electric output (Supplementary Fig. 19), whereas films made of
other materials prepared in low-pH solutions did not yield an electric
output (Supplementary Fig. 20).
We experimentally determined that the ambient humidity was the
source of energy input to the nanowire device. First, we found that
blocking water-molecule exchange at the nanowire–air interface by
sealing the top interface of the nanowire film drained the electric output, whereas removing this seal restored continuous output (Fig. 3b).
Second, increasing the water-molecule exchange rate by increasing
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standard deviation of the statistical means from multiple measurements (n is 3 or more).

4 | Nature | www.nature.com

the relative humidity correspondingly increased the electric output
(Fig. 3c), which was also reversible (Supplementary Fig. 21).
We therefore propose the following qualitative mechanism for
energy harvesting in the nanowire film. Water molecules in air naturally comprise ionized species25–27, or are ionized when adsorbed on
the nanowire surface. The ionized clusters (for example, H(H2O)n+/
HO(H2O)n−) donate charge (for example, H+/e−) to the nanowire, supplying the closed-loop current flow driven by the voltage resulting from
the moisture gradient. A dynamic adsorption–desorption exchange
of water molecules at the interface provides a continuous input. The
ambient environment provides a large reservoir for this continuous
exchange of water molecules to generate a sustained electric output
(Fig. 1c). This mechanistic picture is consistent with previous findings
of spontaneous surface charging on solid interfaces by atmospheric
moisture25–27. Our nanowires seem to yield a particularly efficient charge
transfer for continuous electric output, probably because of collective
effects from surface groups with high affinity for water molecules and
a self-maintained electric field that facilitates ionization and charge
transfer. Future studies are required to determine the specific charge
species and associated transfer processes.
Our device can be reduced in size, and several devices can be connected
in series or in parallel to linearly increase the output voltage or current. A
Vo of around 0.5 V is maintained even with a device size as small as 1 mm2
or so (Fig. 4a), whereas Isc gradually decreases to some 170 nA. The reduction in Isc is a direct result of the nonlinear increase in the film resistance
between a pair of asymmetric electrodes (Supplementary Fig. 22). The
areal power density (estimated by (Vo·Isc)/4) increases with the increase
in film thickness and saturates at roughly 5 µW cm−2 at a film thickness of
about 14 µm (Fig. 4b), consistent with the trend in voltage output (Fig. 2c).
This power output is estimated to be around 4% of the theoretical upper
limit (Supplementary Fig. 23). The converted volumetric power density
of about 4 mW cm−3 is more than two orders of magnitude larger than
the power density obtained in previous carbon-based systems11,12. As
ambient humidity diffuses over three dimensions, stacking thin-film
devices in the vertical direction with a 1/1 film/airgap ratio can lead to a
practical volumetric power density of more than 1 kW m−3 (Supplementary Fig. 24), potentially outperforming solar cells, which are intrinsically
surface confined2. The devices could be connected in series or in parallel
to linearly increase the output voltage or current (Fig. 4c); we found that
a voltage of 10 V was achieved by connecting 17 devices in series (Supplementary Fig. 25). Connected devices charged a capacitor to power a
LED (Fig. 4d, left) or a LCD (Fig. 4d, right, and Supplementary Fig. 26). A
single device could power a semiconductor nanowire transistor32,33 for
logic operation (Fig. 4e, Supplementary Fig. 27), demonstrating typical
p-type transport behaviours. Logic control and signal amplification
without an external power supply could lead to low-cost, self-sustained
and environment-driven sensing and computing systems.
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Methods
Synthesis and purification of protein nanowires
Geobacter sulfurreducens was routinely cultured at 25 °C under strict
anaerobic conditions (80/20 N2/CO2) in chemostats34 in a previously
described35 mineral-based medium containing acetate (15 mM) as the
electron donor and fumarate (40 mM) as the electron acceptor. Cells
were collected with centrifugation and resuspended in 150 mM ethanolamine buffer (pH 10.5). The nanowires were harvested and purified
as described36. Briefly, protein nanowires were sheared from the cells
in a blender. Cells were removed by centrifugation. The nanowires in
the supernatant were precipitated with ammonium sulfate followed
by centrifugation. The precipitate was resuspended in ethanolamine
buffer and additional debris was removed by centrifugation. Nanowires
were collected with a second 10% ammonium sulfate precipitation
and subsequent centrifugation at 13,000g. The nanowires were resuspended in ethanolamine buffer. This nanowire preparation was dialysed
against deionized water to remove the buffer and stored at 4 °C.
Fabrication of protein-nanowire devices
The bottom electrode (Cr/Au, 10/100 nm) was first defined on a glass
slide (25 × 75 mm2; Fisher Scientific) by standard metal electron-beam
evaporation using a shadow mask. A polydimethylsiloxane (PDMS,
Sylgard 184, 10/1 mix ratio; Dow Corning) film (3–5 mm thick) was
cut with an opening (1–25 mm2), which served as the well for holding
the nanowire solution and placed on the glass slide with the opening aligned to the defined bottom electrode. The purified nanowire
solution was tuned to pH 2.0 with hydrochloric acid (HCl) solution to
improve nanowire conductivity37 and drop-casted into the PDMS well.
Nanowire film prepared by as-purified, close-to-neutral solution without HCl yielded a similar electric output (Supplementary Fig. 19). The
glass slide was then placed on a hot plate (at roughly 80 °C) to facilitate
solvent (water) evaporation in order to form the nanowire thin film
(Supplementary Fig. 1a). Note that the nanowires have been found to be
stable at temperatures higher than 100 °C (ref. 16). The final nanowirefilm thickness was controlled by tuning the solution volume over the
unit area. Empirically, a 110 µl cm−2 nanowire solution (150 µg ml−1)
yielded an average film thickness of roughly 1 µm. The PDMS mould
was removed after nanowire-film assembly. Finally, a confined gold
electrode was placed on top of the nanowire film to complete the device
structure for electrical measurement. Two forms of top gold electrodes
were used (Supplementary Fig. 1g). The first was a braided gold-plated
shield (diameter roughly 0.7 mm, model CC-SC-50; LakeShore) and the
second was a polyethylene terephthalate (PET) thin-film stripe (roughly
0.5 mm wide) coated with 50-nm gold film. Both top electrodes yielded
close electrical outputs. For control protein-nanowire devices using
printed carbon electrodes (Supplementary Fig. 4), conductive carbon
film was printed using a desktop inkjet printer (DMP-2831, Dimatix;
carbon ink JR-700HV, NovaCentrix) on the glass slide and on a paper
stripe to form the bottom and top electrodes, respectively.
Germanium–silicon nanowire transistor
We synthesized Ge–Si core-shell nanowires using the gold-nanocluster-catalysed vapour–liquid–solid method described previously32,33.
Specifically, a growth substrate (Si substrate with 600-nm thermal
SiO2, Nova Electronics) was first dispersed with gold nanoparticles
(10 nm, Ted Pella). Then the growth substrate was placed in a quartztube reactor. The Ge core was synthesized at 270 °C and 450 Torr, with
30 standard cubic centimetres per minute (sccm) of germane (GeH4,
10% in H2) and 200 sccm H2 serving as the reactant and carrier gases,
respectively. The growth time was about 1 h, yielding Ge nanowires
with an average length of around 50 μm and an average diameter of
10 nm. The epitaxial Si shell was grown immediately after the growth of
the core at 460 °C and 5 Torr for 2 min, with 5 sccm silane (SiH4) as the
reactant gas. The epitaxial growth yielded an average Si shell thickness

of roughly 2–3 nm, resulting in core–shell nanowires with an overall
diameter of roughly 15 nm. Synthesized Ge–Si nanowires were first
dispersed in ethanol solution, assisted by a brief ultrasonication. Then
the dispersed nanowires were drop-casted onto a Si substrate coated
with 600 nm SiO2 (Nova Electronics). The source and drain contacts
of the nanowires were defined by standard electron-beam lithography, followed by the thermal evaporation of metal contacts (Cr/Ni,
1/40 nm) and lift-off process. A tri-layer Al2O3/ZrO2/Al2O3 (2/5/5 nm)
was deposited by atomic-layer deposition to serve as the top-gate
dielectric33. The top-gate contact was defined by standard electronbeam lithography, thermal evaporation of metals (Cr/Au, 4/65 nm),
and a lift-off process.

Electrical measurements
Electrical measurements were performed in an ambient environment,
unless otherwise specified. The output voltage (Vo) in the nanowire
devices was first buffered by a unit-gain amplifier (LM 741; Texas Instruments) and the short-circuit current (Isc) was amplified with a preamplifier (DL-1211; DL Instruments). Both signals were then recorded at an
acquisition rate of 10–100 Hz using a 16-channel A/D converter (Digidata 1440A; Molecular Devices) interfaced with a computer running
recording software. We used a unit-gain amplifier (LM 741; Texas Instruments) for voltage-signal buffering because the nanowire devices have
an internal resistance in the range of MΩ (Fig. 1b), which is comparable
to the input resistance of the A/D converter (roughly 1 MΩ), so a direct
connection would induce measurement error. The relative humidity in
the ambient environment was recorded by using a humidity datalogger
(R6030; Reed Instruments). The I–V sweep in the nanowire devices was
performed using a source meter (Keithley 2401; Tektronix) interfaced
with computerized recording software. The transfer characteristics
in the Ge–Si nanowire transistors were measured using a semiconductor characterization system (Keithley 4200-SCS; Tektronix). Individual capacitors (CAPXON Electrolytic Capacitors; 1,000 μF, 16 V)
were charged by nanowire devices with an average voltage output of
approximately 0.55 V. The LCD (ADM1602K-NSW-FBS/3.3 V; Sparkfun
Electronics) was lit by ten capacitors in series and the LED (630-HLMPK150; Mouser Electronics) was lit by four capacitors in series.
Humidity control
For some specific device characterizations, we varied the relative
humidity through two approaches. First, carrier gases (for example,
N2, O2, air) bubbling through a water-containing conical flask were led
into a gas-purge desiccator cabinet (H42053-0002; Bel-Art), and the
flow rate was adjusted to control the relative humidity in the desiccator cabinet. The relative humidity was monitored in real time using a
hygrometer (model 8706; Reed Instruments). We used the bubbler
method to control the relative humidity in different gas environments
(Supplementary Fig. 7) and for moisture adsorption measurements
(Supplementary Fig. 10). Alternatively, we controlled the relative
humidity by tuning the equilibrium vapour pressure of sulfuric acid
solutions, that is, the concentration of sulfuric acid38. We used the
equilibrium-vapour method to stabilize the relative humidity over the
long term (Fig. 1c), to change the relative humidity instantly (Fig. 3b, c
and Supplementary Fig. 21), and to produce wide-range relative humidities (Supplementary Fig. 9).
Imaging
We measured the thickness of protein-nanowire films using a desktop
scanning electron microscope (SEM, EM-30 Plus; Element Pi). We took
optical images of the Ge–Si nanowire device using an upright microscope (Olympus BH2-UMA). We imaged the nanowire networks using
a transmission electron microscope ( JEM-2200FS, JEOL). The bonding
spectra in protein nanowires were characterized by Fourier-transform
infrared spectroscopy (FTIR; Perkin Elmer) with a universal attenuatedtotal-reflection (ATR) sampling accessory.

Molecular-dynamics simulation
Atomistic molecular-dynamics simulations of the protein nanowires
were performed using the CHARMM program39 with the latest CHARMM
36m force field40. The initial structure was obtained from previous modelling work23. We included 12 monomers, which is sufficient to provide
an intact filament environment for the flexible carboxy-terminal tails
of the first six monomers (Supplementary Fig. 14). Simulations were
performed in the vacuum phase, which mimics the fully dehydrated
state of the film, to examine the nanoscale water-permeable pores
that may be formed in a nanowire network (Supplementary Fig. 14).
Consistent with the vacuum condition, all glutamate, aspartate, lysine
and arginine amino acids were simulated in their neutral states. Inspired
by the TEM images, we focused primarily on parallel configurations in
which the filaments would achieve the tightest packing.
We carried out 588 simulations, in which the relative positions of
the two filaments were shifted along two directions—parallel or perpendicular to the filament axis—and one of the filaments was rotated
along the filament axis (Supplementary Fig. 14a). One filament was
defined as the reference filament, and the other was mobile. We set
up 21 windows along the direction of the filament axis, with the relative shift of two filaments ranging from −4 nm to 4 nm with a spacing
of 0.4 nm. At each shift along the filament axis, four windows were
used along the direction perpendicular to the filament axis, with the
relative distance between two filaments varying between 3.3 nm and
4.2 nm with an interval of 0.3 nm. Seven windows were used for the
rotation of one filament, with rotation angles between 0 and 60° with
an interval of 10°. At each window, molecular-dynamics simulations
were performed to equilibrate interfilament interfacial packing. During molecular-dynamics equilibration, all Cα atoms of the helical core
segment (residues 4–50) were fixed, in order to maintain the integrity of
both filaments and to minimize modelling error due to undesired structural changes. Each system was first energy minimized for 2,000 steps,
and then slowly heated from 100 K to 300 K in 5,000 steps. Production
simulations were performed under 300 K for 3 ns. During analysis, the
first half of each trajectory was discarded as the equilibration process,
and the averaged potential energy was computed for each window. This
allowed us to identify the interfilament distance and filament rotation
with the minimal averaged potential energy for each shift distance
along the filament axis. The maximum enclosed pore was then analysed
using the HOLE program41 for the most stable configuration identified
at each shift along the filament axis.
We also used similar approaches to examine the formation of waterpermeable pores in OmcS–OmcS filaments and OmcS–pili filaments. In
both cases, one OmcS filament was defined as the reference filament,
and the other was mobile (Supplementary Fig. 14b, c). We set up 21
windows along the direction of the filament axis, with the relative shift
of two filaments ranging from −10 nm to 0 nm with a spacing of 0.5 nm.
Given that the OmcS filament showed a sinusoidal shape with a period
of around 20 nm (refs. 20,21), we expect that the pore radii as a function

of their relative shift in this direction will be symmetric with respect to
a relative shift of 0 nm. At each shift along the filament axis, we used six
windows along the direction perpendicular to the filament axis, with
the relative distance between two filaments varying between 4.2 nm
and 5.7 nm with an interval of 0.3 nm in this direction. In the system of
OmcS–OmcS filaments, we used nine windows for the rotation of one
filament, with rotation angles between 0 and 80° with an interval of
10°. In the system of OmcS–pili filaments, we used seven rotational windows with rotation angles ranging from 0 to 60° with a spacing of 10°.
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