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lacks native conductivity to be the active 
conductive element in a conventional 
sensor structure.

In contrast, the electrically conduc-
tive protein nanowires (e-PNs) harvested 
from the microbe Geobacter sulfurredu-
cens are intrinsically conductive.[12,13] e-PN 
conductivity can be tuned with genetic 
modifications to yield a range of conduc-
tivities (≈10 µS cm−1 to 1 kS cm−1) in thin 
(≈3  nm) wires.[12,13] e-PN conductivity is 
highly responsive to pH, with changes 
of 5000-fold in individual wire conduc-
tivity over a range of pH 2–10.5.[14] These 
results demonstrate that e-PN conduc-
tivity is highly sensitive to changes in 
surface charge state, a desirable feature 
for designing sensing capabilities because 
surface adsorbates often induce a change 
in surface charge.[15,16] Although they 
are comprised of protein, G. sulfurreducens 

e-PNs are highly robust with stability over a broad pH range 
(e.g., pH 2–10), at high temperatures (>100 °C) and in organic 
solvents.[12] Unlike silicon nanowires,[17,18] e-PNs do not dissolve 
in physiological fluids. e-PNs can be mass-produced from inex-
pensive renewable feedstocks without the need for hazardous 
chemicals in processing and there are no toxic components 
in the final product.[12,13] They are fabricated from renewable 
feedstocks, with energy requirements 100-fold less than for pro-
cessing silicon.[19] Thus, e-PNs are a “green” electronic material, 
with the low-cost, low-energy, and low-waste properties desir-
able for many dispensable wearable devices.

2. Results

2.1. Basic Device Performance

Here, we report on an initial evaluation of e-PNs as the 
active sensing component in electronic sensors. We focused 
on humidity sensing, a common start in the evaluation of 
new materials for sensor technologies and an important 
metric related to diverse environments, human activities, and 
health.[20–23] For example, humidity sensors play important 
roles in wearable devices for monitoring body position,[24,25] res-
piration,[20–23] hydration,[26–28] and wound healing.[29–31]

The prototype sensor device was fabricated by drop-
casting e-PNs harvested from G. sulfurreducens onto a pair of 
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1. Introduction

Electronic sensors are advantageous for wearable applications 
ranging from energy harvesting, motion control, physiological 
monitoring, disease diagnostics, to biomedical remedies.[1–8] 
Sustainably produced, biocompatible and flexible electrically 
conductive materials are required for the development of 
next-generation wearable sensors.[9–11] Biologically produced 
materials are especially attractive because they share many 
properties with biological tissues. For example, silk has been 
incorporated into various sensing devices.[10,11] However, silk 
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interdigitated Au electrodes patterned on a polyimide (PI) sub-
strate (Figure  1a–c; Figure S1, Materials and Methods, Sup-
porting Information). Scanning electron microscopy (SEM) 
revealed that the nanowire films were ≈2 µm thick (Figure 1c). 
The current–voltage (I–V) response in the ambient environ-
ment (Figure  1d) was nearly linear, and passed through the 
origin, consistent with the ohmic-like response previously 
observed in e-PN films with a comparable planar device con-
figuration and a pair of symmetric electrodes.[15] This response 
contrasts to the previously reported[32] I–V response observed 
with a vertical pair of asymmetric electrodes across the film, 
which yields an I–V curve that does not pass through the origin 
due to current production that is derived from a vertical mois-
ture gradient within the film. The planar device configuration 
employed here is not expected to develop an in-plane moisture 
gradient and hence no electric energy output. This is evident 
from the observation that the device acted as a conventional 
resistive sensor with the I–V passing through the origin. There 
was negligible change in current output when the device was 
exposed to increased concentrations of air components such as 

N2, O2, and CO2 (Figure 1e). In contrast, the current increased 
substantially when the relative humidity (RH) was increased 
(Figure 1e).

To further quantify the humidity response, the device was 
exposed to a broad range of RH. Current increased more than 
two orders of magnitude when the RH was increased from 20% 
to 95% (Figure 2a). The dependence of sensor response on film 
thickness was further studied. A trend of increasing response 
was observed with the decrease in film thickness below 4 µm 
(Figure S2a, Supporting Information). This is consistent with 
the general expectation of increasing surface-to-volume ratio 
in thinner film and hence enhanced sensitivity, which is also 
observed in other nanomaterials.[33,34] However, a reverse trend 
was observed for film thickness >4  µm, in which the sensor 
response increased with the increase in film thickness and 
saturated at ≈8 µm (Figure S2b, Supporting Information). This 
opposite trend can be understood from the depth-dependent 
adsorption. The bottom interface had reducing moisture 
adsorption with increasing film thickness, due to the unique 
chemical and structural properties in protein nanowires.[32] 

Figure 1.  Protein nanowires and devices. a) (Top) Schematic of microorganism Geobacter sulfurreducens with outer-membrane protein nanowires, and 
(bottom) schematic of the sensor device made from harvested protein nanowires. b) TEM images of purified protein nanowires. Scale bar, 100 nm. 
c) (Left) Fabricated flexible protein nanowire device, which conformally covers on a glass vial (inset). (Right) Cross-section SEM image of the protein 
nanowire film. Scale bar, 1 µm. d) Representative I–V curve recorded from a protein nanowire device under ambient environment (RH ≈ 50%). e) Cur-
rent response from a protein nanowire device to atmospheric gases. A voltage bias of 1 V was applied to the device. The baseline current was measured 
at RH ≈ 5%, so here the relative signal change (∆I/I) at RH = 30% was higher than that in Figure 2a using a baseline current measured at RH = 20%.
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For thick film, this means that the overall sensor resistance 
is dominated by a layer of high-resistance, moisture-depleted 
nanowires at the bottom contacts (Figure S2c, Supporting 
Information), which is evident from the observation that the 
device resistance actually increased with the increase in film 
thickness (Figure S2d, Supporting Information). As a result, 
the increase in thickness effectively increases the average 
resistivity in the sensor, which is known to generally improve 
sensitivity in resistive sensors.[7,35] Importantly, the thickness 
of ≈8  µm for the saturation in sensor response (Figure S2d, 
Supporting Information) coincided with a similar thickness to 
reach the adsorption depletion at the bottom interface in the 
protein nanowire film.[32] This thickness-dependent electrical 
response in turn provides further evidence for the vertical mois-
ture gradient observed in protein nanowire film.[32] Overall, the 
current response is comparable to the highest responses of 
previously described humidity sensors.[20–31] Importantly, the 
sensor maintained a similar level of sensitivity (e.g., >6% rela-
tive conductance change per 1% RH change) across a wide 
RH range (Figure S3a, Supporting Information), showing the 
consistent detection capability that was not affected by varied 
RH baselines in real environment (Figure S3b, Supporting 
Information). The current response for different RHs was very 
stable over 15 d (Figure 2b).

Previous studies have demonstrated that e-PN films adsorb 
moisture from the air.[32,36,37] Water adsorption in the e-PN 
devices described here was confirmed with Fourier-transform 
infrared spectroscopy (Figure S4, Supporting Information). 

Quantitative measurements with a quartz crystal micro-
balance demonstrated that the amount of water adsorbed was 
dependent on RH (Figure S5, Supporting Information), more 
water was absorbed at higher RH (Figure S5b, Supporting 
Information). The amount of water adsorbed was stable over 
time (Figure S5c, Supporting Information). A likely explanation 
for the water adsorption capacity of the e-PN films is that the 
abundant carboxyl and hydroxyl groups confer hydrophilicity 
to this proteinaceous material. This stable water adsorption (at 
a stable RH) is the result of a dynamic adsorption–desorption 
equilibrium,[32,38,39] which accounts for the dynamic change of 
adsorption amount in response to RH change (Figure S5b, Sup-
porting Information) and sensor dynamics is further discussed 
in this context.

Adsorbed water molecules are expected to be ionized and to 
induce ionization in the high-density functional groups in the 
protein nanowires.[32,40] This ionization could enhance the con-
ductivity of e-PN films in several ways (Figure 2c). Most simply, 
the ionized mobile species will generally contribute to the 
extrinsic ionic conduction. For example, adsorbed water mole-
cules can form a relay network for proton transport through 
the Grotthuss mechanism for enhanced conduction.[40,41] Also, 
the ionized species are expected to substantially enhance elec-
tron transfer between wires within the film. This is important 
because wire-to-wire resistance appears to be high, as the con-
ductivity of individual e-PNs[42] is >103-fold higher than e-PN 
films.[43] Furthermore, water adsorption can modify the sur-
face charge state of diverse materials.[38,39] The large surface 

Figure 2.  Performance of humidity sensing. a) Relative current change (∆I/I0) in the nanowire device with respect to the relative humidity (RH). I0 is 
the baseline current measured at RH = 20%. The inset shows the logarithmic scale. b) A half-month continuous measurement of the current (I) in a 
same device at RH of 40% (gray), 60% (red), and 80% (green). c) Schematic of multiple charge (blue dots) transfer processes contributing to the overall 
conduction in a protein nanowire film. Path 1, 2, and 3 indicate the general external ionic conduction, interwire conduction, and intrawire conduction, 
respectively. d) Temporal correlation between moisture adsorption (ΔWH2O, black curve) in a protein nanowire film and current change (ΔI, red curve) 
in a nanowire device when RH changed from 30% to 90% by bubbling method (Materials and Methods, Supporting Information). The values are 
normalized. e) Sensor response to an instant RH change from 30% to 90%. The inset shows the response time (∆t), defined as the rising time from 
10% to 90% of the signal peak. f) Sensor response to 55 repeated RH changes from 40% to 90%. g) Sensor current (I) at different bending radii with 
respect to current (Iflat) measured at flat state. (Inset) sensor current in repeated bending test at a bending radius of 0.5 mm. h) Current (I) from a 
sensor in the temperature range of 25–50 °C, measured at RH of 40% (red), 60% (blue), and 90% (gray). All the data were obtained at a bias of 1 V.
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area and high density of functional groups in e-PNs may 
enhance this effect. The large impact of “proton doping” on 
e-PNs conductivity[14] suggests that surface charge state is an 
important factor in determining the conduction in individual 
e-PNs, although the molecular mechanisms warrant further 
investigation.

There was a close correspondence between the time 
required for water adsorption in the e-PN films and the cur-
rent response (Figure  2d), further supporting the sugges-
tion that water adsorption induced a change in conductance 
of the e-PN films (Figure  2c). There was a very fast response 
(≈12.7 ± 2.3  ms  (n  = 3)) to instant RH change from 30% to 
90% (Figure 2e). Decreasing the film thickness (e.g., to 1 µm) 
further reduced the response time to 7  ms (Figure S6, Sup-
porting Information). This response is among the fastest of 
known humidity sensors.[20–31,44] The rapid change of the water 
adsorption in response to an environmental humidity change 
indicates that the water in the e-PN film maintains a dynamic 
equilibrium with the environment. This finding is consistent 
with the previously documented rapid adsorption–desorption 
exchange of water molecules at air–solid interfaces.[32,38,39] 
When the local RH declined the conductance was rapidly 
restored to the initial baseline. An increase in the film thick-
ness yielded an increase in both the response time and decay 
time (Figure S6, Supporting Information), consistent with the 
expectation of an increasing diffusion time in thicker films. 
The dynamic response to local RH change was highly repeat-
able and reproducible (Figure 2f).

2.2. Wearable Implementation

Prototype wearable nanowire sensors were fabricated on a PI 
layer, further supported by a polydimethylsiloxane (PDMS) 
substrate that can conform to the body surface (Figures S1 
and S7, Materials and Methods, Supporting Information). The 
nanowire sensor showed negligible conductance change at a 
bending radius of 0.5  mm (Figure  2g), negligible degradation 
after repeated bending (inset), and an unchanged dynamic 
sensing response (Figure S8a, Supporting Information). As 
a result, it minimized interference from bodily movement 
such as bending at the finger joint (Figure S8b, Supporting 
Information). Furthermore, the nanowire sensor was largely 
insensitive to temperature change at varied humidity levels 
(Figure  2h). The extrapolated maximal temperature sensitivity 
(e.g., <0.5% °C−1) was much smaller than the humidity sensi-
tivity (e.g., >6% RH−1,  Figure S3a, Supporting Information), 
indicating that environmental or bodily temperature variation 
will introduce negligible interference to humidity sensing. Col-
lectively, the protein nanowire sensor showed the potential for 
wearable detection of bodily humidity for health monitoring 
and diagnosis.

Therefore, we further investigated wearable sensing of bodily 
humidity. First, devices placed close to the nose responded 
to the local RH change created by the breath, providing a 
real-time monitoring of the respiratory rate (Figure  3a) that 
increased during exercise compared to a resting state. Second, 
skin hydration levels can be indicative of various health and 
disease states.[26–31] Skin hydration leads to a RH change close 

to the skin surface, thus a moisture sensor can also monitor 
the hydration state.[26–28] The e-PN-based sensor could detect 
local RH differences at i) different body locations (Figure  3b) 
and ii) different body states (Figure  3c). These results dem-
onstrate that the sensor arrays can provide both spatial and 
temporal mapping of body hydration state for comprehensive 
diagnostics.

2.3. Noncontact Perception

Orthogonal to the surface distribution of RH, is a vertical 
RH gradient with RH decreasing as distance from the skin 
increases. The high sensitivity for RH enabled a dynamic 
detection of a finger movement above the sensor, in which the 
translational and vertical distance of the fingertip was inferred 
through the sensing signal (Figure  3d). Reversing the voltage 
bias in the sensor yielded a corresponding reversal in the signal 
signs (Figure S9a, Supporting Information), and wearing a 
glove reduced the signal to negligible level (Figure S9b, Sup-
porting Information). These controls unambiguously demon-
strated that the detection was from skin humidity and not from 
artifacts (e.g., mechanical perturbation). Quantitative analysis 
revealed that the nanowire sensor responded to a RH gradient 
from the finger, with an approximately linear decrease in the 
sensing signal with the increase in distance from the fingertip 
(Figure  3e). A finger distance as far as 10  mm was readily 
detected. Previously, tactile sensors have been integrated in 
arrays to map pressure distribution and for intelligent object 
differentiation.[45,46] By employing a similar concept, the protein 
nanowire sensors may be used to realize noncontact percep-
tion for performance augmentation in intelligent applications 
(Figure 3f, top left). In a proof-of-concept demonstration with a 
4 × 4 sensor matrix (Figure 3f, bottom left), the relative signal in 
each sensor reflected its relative position to the fingertip placed 
above the matrix and these data enabled a reconstruction and 
location of the fingertip (Figure 3f).

Moisture gradients that form in e-PN films with an asym-
metric vertical device structure in the ambient environment 
yield electric current outputs.[32] Therefore, it was of interest 
to determine whether an external humidity/moisture gradient 
in a symmetric device structure might induce current in an 
unbiased device. Various energy conversion, harvesting, trans-
mission, and storage strategies have been developed to support 
the continuous powering of wearable devices,[2,47–50] because 
harvesting energy from the environment yields clean and sus-
tainable powering.[2,51] Humidity carries both electrostatic and 
kinetic energy that can be converted into electric energy.[52] 
Specifically, a moisture gradient in conductive porous materials 
can either induce an ionization gradient for charge diffusion 
or nanofluidic water transport that carries charge flow, both of 
which generate electric current.[51–54]

2.4. Powerless Sensing

The e-PN films have high-density nanoscale pores or chan-
nels for moisture adsorption and transport (Figure S5b, Sup-
porting Information).[32] The high-density surface functional 
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groups (e.g., carboxyl and hydroxyl) in the nanowires will pro-
duce mobile charges (e.g., protons) upon moisture-induced 
ionization.[32] If a moisture gradient is induced in the film, the 
resultant ionization gradient would induce charge diffusion in 
the mobile species and hence a nonlocal electric current flow 
(Figure  4a). For example, increasing the humidity gradient in 
the device plane by rotating the device from a parallel to a per-
pendicular position to the water surface increased the current 
signal in an unbiased sensor (Figure 4b).

As moisture-gradient-induced streaming potential can also 
induce current generation,[53] we performed additional study 
to further evaluate the proposed mechanism (Figure  4a). 
Specifically, streaming current is dependent on the surface 
charge state or a zeta potential ζ. Changing the sign of sur-
face charge resulted in a sign change in the current.[55] How-
ever, the charge-diffusion mechanism does not predict a sign 
change in the current (Figure  4a). We therefore varied the 
surface charge state in protein nanowires by modulating the 
pH in the preparation solution. Specifically, a low pH (e.g., 
≈2) and high pH (e.g., ≈10) were predicted to introduce posi-
tive and negative charges in protein nanowires, respectively.[56] 
The control showed that the produced current maintained the 
same sign independent of modulated surface charge states 

(Figure  4c), excluding the streaming mechanism and con-
firming the diffusion mechanism. In addition, the current 
direction was consistent with the analysis of charge (H+) dif-
fusion,[32] directing from the downstream to the upstream of 
the moisture gradient. A trend of current increase was observed 
with the decrease in pH (Figure 4c), which was consistent with 
previous study showing that a lower pH increased the conduc-
tivity in protein nanowires.[14]

These results demonstrated the potential for powerless 
sensing of bodily signals. An unbiased nanowire sensor placed 
close to the nose, where a humidity gradient was anticipated 
from exhaling, produced a peak current signal ≈100 nA with the 
periodicity matching to the breathing rate (Figure 4d), resulting 
in self-powered respiratory monitoring. The baseline RH can 
affect the current output for given humidity gradient between 
the two electrodes (Figure S10, Supporting Information), which 
can be readily explained by the RH-dependent device resist-
ance (Figure  2a). Practically, body generally produces a stable 
range of humidity, thus yielding an instant RH change with 
fixed peak value; such bodily RH change can also be differenti-
ated from a wide range of ambient RH baselines (Figure S11, 
Supporting Information). The self-powered humidity sensor 
can be readily converted to a wearable energy generator to 

Figure 3.  Proof-of-concept implementation of protein nanowire sensors. a) Current responses from a protein nanowire device placed close to the 
nose, measured at (red) normal state and (gray) after exercise. b) Current responses from a protein nanowire device placed on the hand palm (gray 
curve) and on the back of the hand (red line). c) Current responses from a protein nanowire device placed on the arm (gray) before and (red) after 
exercise. d) Current responses from a protein nanowire device to repeated (four times) finger movements of (top) swiping across and (bottom) gradual 
elevating. The insets show the schematics of finger track, with the numbers indicating the positions. e) The current response in a protein nanowire 
device with respect to the distance (D) to a vertical fingertip. f) (Top left) Schematic of mapping noncontact objective using nanowire sensor arrays. 
The moisture adsorption in each sensor unit is relevant to the distance to the objective, which is further converted to current signal. (Bottom left) 
A proof-of-concept 4 × 4 nanowire device matrix fabricated on a Si substrate. (Right) Reconstructed contour map of current signal with respect to a 
noncontact fingertip placed above the matrix.
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charge up a capacitor for powering electronics (Figure S12, 
Supporting Information). Other than chemical doping in nano-
wires (Figure  4c), structural optimizations in the devices are 
also expected to improve the power efficiency and continuity, 
but such exploration is beyond our current focus in the sensor 
context.

3. Conclusions

In conclusion, we have demonstrated a novel type of elec-
tronic sensor made from sustainably produced e-PNs. The 
high-performance humidity sensing demonstrated here has 
potential applications in physiological monitoring and remote 
body tracking with the added possibility of powerless sensing. 
We expect that that the sensing capabilities of e-PN based 
devices can be expanded to the detection and quantification 
of a broad range of medically and environmentally significant 
chemicals/metabolites because the outer surface of e-PNs 
can be functionalized peptide ligands designed to specifically 
bind analytes of interest.[57] Mass production of e-PNs with a 
specially designed E. coli chassis is possible.[58] Thus, devices 

fabricated with e-PNs show substantial potential as a new 
“green” sensing technology.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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