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ABSTRACT 
Electronic sensors based on biomaterials can lead to novel green technologies that are low cost, renewable, and eco-friendly. 
Here we demonstrate bioelectronic ammonia sensors made from protein nanowires harvested from the microorganism Geobacter 
sulfurreducens. The nanowire sensor responds to a broad range of ammonia concentrations (10 to 106 ppb), which covers the range 
relevant for industrial, environmental, and biomedical applications. The sensor also demonstrates high selectivity to ammonia 
compared to moisture and other common gases found in human breath. These results provide a proof-of-concept demonstration for 
developing protein nanowire based gas sensors for applications in industry, agriculture, environmental monitoring, and healthcare. 
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1 Introduction 
Methods to quantify the constituents of gases have important 
applications in industry, agriculture, environmental monitoring, 
and healthcare. Ammonia is often a key gaseous component 
[1]. For example, ammonia is commonly used to produce 
fertilizers and pharmaceuticals, but can be toxic if inhaled [1]. 
In poultry farming, the ammonia levels need to be closely 
monitored and controlled as high levels lead to production 
losses, higher feed conversion ratios, compromised bird 
health, and non-compliance with animal welfare guidelines [2]. 
Environmental monitoring of ammonia is important because 
its toxicity has damaging effects on the ecosystem and human 
health [3–5]. Accurate environmental monitoring of ammonia 
gas concentrations near cities requires sensitivity in the 20–  
30 ppb range [4]. For potential biomedical applications, high 
levels of ammonia in the breath may indicate asthma and 
bacterial infections in the lungs [6, 7], as well as chronic kidney 
disease (CKD). Healthy human ammonia breath concentrations 
are usually sub-ppm (< 1 ppm), ranging from ~ 30 to 1,800 ppb 
[7–13], but are typically elevated to multiple ppm (~ 1–15 or 
a mean ~ 5 ppm) [8] in the case of renal damage and CKD 
[7, 8, 10, 13]. This effect is not exclusive to adult patients, since 
elevated levels of breath ammonia have also been observed 
in the earliest stages of pediatric CKD patients [14]. Renal 
and liver diseases can be tracked with ammonia breath levels 
[7, 8, 15, 16], which are also useful for monitoring halitosis 
[7, 17] and epileptic patients [7]. Altogether, there is clearly a 
need to evaluate patients by measuring ammonia in the breath 
using portable point-of-care sensors.  

Electronic biosensors are advantageous due to their compact 
size and easy integration, enabling portable point-of-care 
diagnostics [18]. Various electronic sensors based on carbon 
nanotubes [19–25], silicon nanowires [26–29], metal oxides 
[24, 30–36], and other hybrid materials [37–42] have been 
developed for ammonia detection, but the majority lack the 
sub-ppm sensitivity required for environmental and health 
monitoring. Incorporating low-dimensional nanomaterials 
for improved surface coupling and signal transduction has, 
in some instances, enabled ammonia detection at tens of ppb 
[4, 43, 44] based on conductance modulation through field or 
charge effects introduced by ammonia adsorption. However, 
the selectivity of these sensors for ammonia and their 
susceptibility to nonspecific interference is not well known, as 
surface adsorbates can have generic charge or field effects that 
modulate the conductance in nanomaterials [45]. Ammonia 
sensors based on optical waveguide techniques typically 
incorporate pH sensing dyes that are responsive to adsorbed 
ammonia [46]. Optical waveguide sensors can achieve high 
sensitivity for ammonia detection [46], but are often too large, 
complex, and expensive for portable applications. 

Electrically conductive protein nanowires are a potential 
alternative active component of electronic sensors [47, 48]. 
Protein nanowires were shown to be highly responsive to 
pH with a widely tunable conductivity, indicating the effect of 
proton doping [49, 50]. Since ammonia is known to modulate 
protonation, protein nanowires may be a promising candidate 
for highly sensitive and selective ammonia sensing. In addition, 
protein nanowires can be microbially produced from renewable  
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feedstocks at a fraction of the energy requirements for fabricating 
silicon nanowires or carbon nanotubes, without harsh chemical 
processes or toxic components in the final product [47, 48]. 
Although they are physically and chemically robust (functional 
at pH 2–10.5 and temperatures up to ca. 100 °C) [47, 48, 50], 
protein nanowires are biodegradable, eliminating the growing 
environmental and health concerns associated with electronic 
waste [48, 51, 52]. Thus, protein nanowires are an attractive 
sustainable, “green” electronic material.  

Here we demonstrate that highly effective electronic ammonia 
gas sensors can be made from protein nanowires harvested 
from the microorganism Geobacter sulfurreducens. The sensors 
detected ammonia at low (10 ppb) concentrations with high 
selectivity among various gases commonly found in breath, 
indicating the potential for disease monitoring in biomedical 
applications.  

2 Experimental section  

2.1 Fabrication of protein nanowire sensors 

Protein nanowires (Fig. 1(a)) were purified from cultures of 
Geobacter sulfurreducens as previously described [53], and 
suspended in water. Interdigitated electrodes were fabricated 
on polyethylene terephthalate (PET) substates with standard 
lithography, metal deposition (Cr/Au, 3/50 nm), and lift-off 
processes. Scotch tape was used to define a 10 mm × 2 mm 
area to be deposited with the protein nanowire film. The 
prepared protein nanowire solution was drop-casted across 
the Au electrodes on the substrate, and the water in the protein 
nanowire solution was dried at 23 °C, to fabricate the thin- 
film sensor structure (Figs. 1(b) and 1(c)). Film thickness was 
estimated using an optical profilometer.  

2.2 Electrical measurement setup 

The protein nanowire sensor was placed in a custom-built 
airtight vapor chamber to control gas concentration (Fig. S1 in 
the Electronic Supplementary Material (ESM)). A gas injection 
port was designed to inject ammonia gas via syringe into the 
chamber. A miniature fan was installed within the vapor chamber 
to disperse the gas throughout the chamber. The baseline 
humidity in the chamber was controlled by tuning the equilibrium 
vapor pressure of sulfuric acid solutions by varying the  

 
Figure 1 (a) Transmission electron microscopy (TEM) image of harvested 
protein nanowires for sensor devices. Scale bar, 100 nm. (b) Schematic of the 
sensor device made by drop-casting protein nanowires on gold electrodes. 
(c) Photograph of a protein nanowire sensor fabricated on a PET substrate; 
scotch tape defined the assembly region. 

concentration of sulfuric acid [54]. The humidity was measured 
continuously using a hygrometer (Reed 6030). Temperature 
was kept constant at 23 °C.  

During electrical measurements, a constant voltage of 1 V was 
applied to the sensor and the current was measured continuously 
by a semiconductor parameter analyzer (Keithley 4200-SCS). 
The vapor chamber was sealed to maintain a constant relative 
humidity level. A syringe was used to extract volatilized gas 
from the head space of a container of ammonium hydroxide 
(32%, Merck) in-situ and inject the gas directly into the vapor 
chamber through the gas injection port. The concentration of 
the injected ammonia gas was calculated using the ideal gas law, 
given the known partial pressure of ammonia in the ammonium 
hydroxide solution. After the sensor response reached a steady 
state signal, ammonia gas was purged from the vapor chamber, 
returning the current output to its original state. 

To test the humidity response of the sensor, the relative 
humidity was varied from 45%–100% by evaporating a droplet 
of water inside the vapor chamber. The current output was 
continuously measured, as was the humidity level using the 
hygrometer. To analyze the isolated effect of water vapor (e.g., 
compared to a mixture of ammonia and water vapor), pure 
water vapor was injected via the syringe.  

To elucidate the response of protein nanowire sensor to 
various gases, the syringe injection method was used to expose 
the sensor to gases and volatile organic compounds (VOCs) 
that are commonly found in the breath. Physiological con-
centrations of 1 ppm ammonia, acetone, and ethanol gases 
were tested by injecting gas extracted from the headspace of 
containers of liquid. Nitrogen and carbon dioxide were directly 
injected as pure gases.  

3 Results and discussion  
The sensors were made by depositing a protein nanowire 
suspension on interdigitated electrodes to yield a thin conductive 
film after air-drying (Figs. 1(b) and 1(c)). It was previously 
shown that a thicker protein nanowire film yielded a lower 
adsorption of gas molecules (e.g., moisture) due to an increasing 
diffusion barrier to deeper layers [55]. As a result, we expect 
reduced gas sensitivity in thicker protein nanowire films, a 
trend that is also observed in other nanomaterials [56, 57]. 
This may result from a reduced effective surface-to-volume 
ratio in thicker films. Therefore, we used a thin layer of 
protein nanowires (e.g., ~ 40 nm with σ = 2.3 × 10−7 S/cm) for 
testing with potentially improved sensitivity. The nanowire 
sensor was biased at a constant direct current (DC) voltage of 
1 V, and current was monitored in real-time as dilute ammonia 
gas was repeatedly injected into and purged from the vapor 
testing chamber (Fig. S1 in the ESM). Increasing the con-
centration of ammonia gas introduced to the chamber yielded 
a distinct increase in current (Fig. 2(a)). The sensor responded 
to a broad range of ammonia concentrations (Fig. 2(b)), with a 
lower detection limit of 10 ppb. This is, to our knowledge, 
among the lowest detection limits of existing electronic ammonia 
sensors [4, 43, 44] (Table 1). Sensor sensitivity, defined as the 
relative conductance change (ΔG/G) per ppm, increased at 
lower concentrations (Fig. 2(b)), which is commonly observed 
in other ammonia sensors [20, 21, 23, 28, 38, 41, 58]. The 
dynamic response range of the sensor is suitable for most 
environmental and biomedical applications (e.g., 30–15,000 ppb) 
[8, 9, 13]. The response time of the sensor, defined as the time 
required for the baseline current signal to increase to 90% of 
its peak saturation value, was 46 s, which is faster than most 
existing electronic ammonia gas sensors that can achieve low 
(e.g., sub-ppm) detection (Table 1). Repeated exposures to 
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8.5 ppm ammonia gas demonstrated that the electrical response 
was consistent and reproducible (Fig. 2(c)). As protein nanowires 
are highly stable in ambient environments, the protein nanowire 
sensors demonstrated robust functionality, maintaining a 
consistent response when tested repeatedly over 90 days   
(Fig. S2 in the ESM). The result is consistent with a previous 
study demonstrating long-term stability of a protein nanowire 
device in an ambient environment [55], which can be attributed 
to the material robustness in protein nanowires even in harsh 
environments [47, 48, 50].  

Water can affect the sensing signals of various electronic 
ammonia sensors [4, 43, 44, 58–61]. Therefore, the conductance 
of the protein nanowire sensor was measured over a range of 
relative humidity, from 45%–100%. It was observed that the 
conductance changed by approximately three orders of magnitude 
(Fig. S3(a) in the ESM). Low-dimension electronic materials 
are often highly responsive to humidity [4, 43, 44, 61]. Proton 
conduction assisted by adsorbed water molecules may account 
for this conductance increase [61]. The protein nanowires adsorb 
considerable moisture [55] (Fig. S4 in the ESM), due to a high 
density of hygroscopic functional groups in the constituent 
amino acids (e.g., carboxyl and amine groups) [62, 63].  

The protein nanowire sensor exhibited a much stronger 
response to ammonia than to moisture. The maximal sensitivity 
to water vapor, extrapolated from the current response curve, 
was ~ 0.25% ppm−1 with an average < 0.1% ppm−1 (Fig. S3(b) in 
the ESM), whereas the sensitivity to ammonia was 9.4% ppm−1 
at low concentrations and an average > 1% ppm−1 over the  
full range of ammonia concentrations evaluated (Fig. 2(b)). 
Additional analysis demonstrated that the sensor response to 
water vapor was negligible compared to the response to ammonia 
gas (Fig. 3(a)).  

In order to further evaluate the influence of humidity on 
ammonia sensing, the ambient humidity inside the vapor 
chamber was varied (35%–90%) to study the electrical response 
of the sensor at different initial baseline conductivities after  

 
Figure 3 (a) Real-time response of protein nanowire sensor to injected 
air, pure water vapor (0.3 and 10 ppm), and a mixture containing 10 ppm 
ammonia + 0.3 ppm water vapor. The initial sharp spike for each injection 
results from an artifact (e.g., mechanical perturbation to contacts/ 
connections). Temperature was kept constant at 23 °C. (b) Dose-dependent 
response of protein nanowire sensors to injected ammonia gas (10 ppm) at 
various baseline environmental relative humidity levels. 

injecting ammonia concentrations of 10 ppm. There was no 
substantial difference in response to ammonia over this broad 
range of humidity (Fig. 3(b)). This converged ammonia sensitivity 
(e.g., > 4% ppm−1) indicated that the sensor functions effectively 

 
Figure 2 (a) Real-time response of the nanowire sensor to injected ammonia gas at a baseline relative humidity of 45%. (b) Sensor response (ΔG/G %) 
with respect to a wide range of ammonia concentrations (10 ppb to 1,000 ppm) at 55 %RH. The inset shows the response from 10 ppb to 1 ppm. 
(c) Reproducible responses from the sensor by repeated injection of 8.5 ppm ammonia at 50 %RH. The temperature was kept constant at 23 °C. 

Table 1  Comparison of protein nanowire sensor with representative electronic ammonia gas sensors 

Material Sensitivity range (ppb) Measured limit of detection (ppb) Response time (s) Reference
Protein nanowires (this work) 10–1,000,000  10 46 This work 

SWCNT/indium-tin oxide (ITO) nanoparticles 20–3,400,000 20 ~ 60; not reported [4, 43] 
SWCNT/COOH-functionalization 30–30,000  30 60 [25] 

Si NW/SiO2  170–20,000  170 900 [29] 
Si NW/tellurium nanoparticles 10,000–400,000  10,000 5 [28] 

MoO3 50–1,000  50 not reported [44] 
Perovskite halide (CH3NH3PbI3) 1,000–50,000  1,000 ~ 100–130  [41] 

rGO/Co3O4 nanofibers 5,000–100,000  5,000 4 [40] 
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in varied environmental humidity, maintaining excellent sensing 
performance.  

Analysis of ammonia in breath for disease diagnosis requires 
the ability to discriminate between ammonia and other common 
breath components. At a concentration of 1 ppm, ammonia 
gas elicited a percent change in current of 10.3%, significantly 
higher than the response to acetone, ethanol, carbon dioxide, 
or nitrogen, with percent changes of 0.13%, 0.33%, 0.23%, and 
−0.02%, respectively (Fig. 4).  

The results demonstrate that protein nanowires can function 
as highly sensitive, selective, and robust sensors for ammonia 
with ultra-low power consumption (e.g., ~ picowatt (pW), 
Fig. 3(a)). The unique structural and physical/chemical properties 
of protein nanowires may account for the changes in the protein 
nanowire thin-film conductivity in the presence of ammonia. 
Specifically, protein nanowire films contain abundant nanometer 
or subnanometer pores at the nanowire-nanowire interfaces [55], 
providing more opportunities for ammonia gas permeation 
into the films and more gas-nanowire surface interactions than 
in existing thin-film sensors [31, 58, 59, 64, 65]. Meanwhile, a 
high density of hygroscopic groups (e.g., amine and carboxyl 
groups with an estimated density of 10 nm−1) innate to protein 
nanowires [55, 62] may promote the adsorption of water and 
ammonia through hydrogen bonding. The small diameter of 
protein nanowires (e.g., 3 nm) results in a large effective surface 
area for adsorption. As a result, a substantial adsorption of 
moisture from the ambient atmosphere was experimentally 
observed [55]. Surface water adsorption in turn can further 
enhance ammonia adsorption [66]. Collectively, the protein 
nanowire film is expected to be highly effective in ammonia 
adsorption.  

Previous studies of Geobacter protein nanowires showed 
that a low pH in the preparation solution could substantially 
enhance the conductivity in individual nanowires or nanowire 
thin films [49]. It was also indicated that a wild-type nanowire 
film had a p-type conduction trend [67]. These findings 
suggested the possibility that proton-doping mediates the con-
ductance modulation in protein nanowires. We speculate that 
ionization in adsorbed ammonia, which was revealed to be 
greatly enhanced with a molecular layer of water [68], produces 
protonation sites (e.g., NH4

+) that yield similar doping effects 
to the protein nanowires. However, the conduction mechanisms 
in Geobacter protein nanowires are not fully understood [47], 
which makes it difficult to develop an in-depth mechanistic 
understanding for how the doping effect from ammonia 
modifies protein nanowire film conductivity. In addition, proton 
transport through the Grotthuass mechanism [69] (NH4

+ + 
NH3 → NH3 + NH4

+) may further contribute to the increased  

 
Figure 4 Response of the sensor to 1 ppm of various gases found in 
human breath using the syringe injection method. Temperature was kept 
constant at 23 °C. 

conductance. The recent development of a method for producing 
electrically conductive protein nanowires with Escherichia coli 
can now provide the substantial quantities of protein nanowires 
required for further mechanistic studies [70].  

In addition, a protein nanowire sensor integrated on a 
25 μm-thick polyimide (PI) substrate can be folded (e.g., at a 
bending radius < 1 mm), demonstrating a negligible change  
in conductance (Fig. S5(a) in the ESM). As a result, the sensor 
attached to a finger joint experienced minimal mechanical 
perturbation during bending (Fig. S5(b) in the ESM). These 
preliminary results provide evidence that the protein nanowire 
sensors can sustain mechanical strain induced from body 
movements for flexible and wearable applications [71]. 

4 Conclusions 
In conclusion, we have demonstrated a novel type of electronic 
ammonia sensor made from sustainably produced protein 
nanowires. The high sensitivity and selectivity demonstrated 
here indicate the potential for ammonia sensing in healthcare 
and environmental applications. The outer surface of protein 
nanowires can be further decorated with peptide ligands [72] 
designed to specifically bind chemicals of interest, suggesting 
possibilities to develop sensors for the detection of a wide 
range of analytes. These capabilities, coupled with the sustainable 
fabrication and disposal properties of protein nanowires [48], 
suggest that protein nanowires will prove to be desirable 
sensing components for applications in industry, agriculture, 
environmental monitoring, and healthcare.  
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