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Introduction

Bioelectronic noses are artificial olfactory sensing devices for 
odorant detections and recognitions.  They can percept odor 
molecules both qualitatively and quantitatively, by combining 
olfactory elements, such as receptors, cells, and tissues, to 
physical or chemical sensors.1–3  With well-persevered biological 
selectivity and sensitivity, bioelectronic devices have great 
potentials in fields of medicine, environment, food industry, and 
the military.4–6  Among these bio-devices, olfactory cell-based 
biosensors, which combine olfactory cells and even olfactory 
tissues with sensor chips, are widely studied as a kind of typical 
bioelectronic noses.7–9  These biosensors can well-mimic the 
biological perception of olfactory receptors expressed on cells.  
Both natural expressed and bioengineering expressed olfactory 
receptors can bind with odor molecules and transform the 
biochemical binding into electrophysiological signals, which 
can then be detected by physicochemical sensors, such as, 
microelectrode arrays and field-effect transistors.10–12

However, the detecting capabilities of these bioelectronic 
noses were often influenced by varieties of inevitable noises, 
such as intrinsic noises of devices, random noises, biochemical 
shot noises, and coupling noises between biological elements 
and electronic devices.13,14  These noises could overwhelm small 
response signals, reduce the signal-to-noise ratio (SNR), and 

then weaken the detection sensitivity, which all greatly limited 
applications of these biosensors.15  Thus, many efforts were 
made to reduce noises and to amplify signals so as to improve 
the sensitivity of bioelectronics noses.  For instance, 
nanostructures, such as nanowires and nanoparticles, were often 
fabricated on electrode surfaces to increase compact attachment 
and to minimize any extra influence from the bath solution.16,17  
But, most methods reported seemed to be complicated and 
expensive to mass produce, thus limiting their applications.

Olfactory receptors were reported to function as metalloproteins 
for their metal binding sites.18  Metals are likely to play 
important roles in both odorant detection and recognition.  
As  one of the most studied metals associated with olfactory 
receptors, zinc is an essential metal element for organisms, and 
has been found in olfactory bulbs and olfactory epithelium.19,20  
Clinical studies even suggested that dietary zinc deficiency 
could cause diseases, such as anosmia, which indicated the 
importance of zinc in the olfactory system.  Recently, animal 
studies reported that colloid zinc nanoparticles (NanoZn) 
isolated from blood could enhance the response signals of 
olfactory receptor cells.21  Based on these results, it could be 
inferred that nanoparticles, especially NanoZn, might play a role 
in improving the sensitivity of bioelectronics noses.

With natural receptors well preserved and basic structures of 
neuronal population kept integrated, the electrophysiological 
activities of receptor cells could be recorded by olfactory 
epithelium combined with microelectrode arrays (MEAs) in our 
previous study.8,22  MEA could be employed to better capture 
the dynamics of native biological elements, and to provide a 
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means to detect non-destructively, record from many individual 
cells or synapses simultaneously, and to study spatio-temporal 
patterns of electrical activity in dissociated cells or tissues.  For 
biosensor applications, MEA coupled with biological elements 
in vitro could be considered as a more advanced and high 
sensitive system, which strongly depends on the compatibility 
between its electrodes and the bio-recognition elements.23–25  
As  a result, it was a valuable tool for long-time network-level 
electrophysiological investigations, but also persecuted by 
noises.  Here, a NanoZn-equipped biosensor, based on olfactory 
receptor cells combined with MEA, was further developed in 
order to explore analytical methods for improving the 
performance of olfactory biosensors.  In experiments, the effect 
of NanoZn with the biosensor was investigated at different 
concentrations, and then the optimized concentration of the 
nanoparticles could be found for different kinds of odorant 
measurements.  This study mainly focused on exploring whether 
the enhancement of NanoZn can be used in the biosensor design, 
and which point of the enhancement can be used to improve the 
performance of the biosensor.  Results suggested that the 
equipment of the NanoZn could improve the performance of the 
bioelectronic nose, such as SNR and sensitivity, by the effect on 
the olfactory biosensing process, itself, which provided a more 
sensitive platform for odorant detections, and might stimulate 
great progress for applications of bioelectronic noses.

Experimental

Preparation of the olfactory cell-based biosensor
Sprague-Dawley rats with weights of 250 – 300 g were 

purchased from the Laboratory of Animal Research Center 
(Zhejiang Province, China).  After being anaesthetized, the 
olfactory mucosa of the rat was removed, as described in our 
previous work.22  The isolated epithelium (about 5 × 5 mm) was 
rinsed with Ringer’s solution and placed with the ciliated side 
up on the microelectrode area of MEA, as shown in Fig. 1.  The 
MEA used in this study was composed of 64 microelectrodes, 
which were coated with platinum black so as to reduce noises of 
the electrodes.  The electrodes could couple with olfactory 
receptor cells in the epithelium and receive responses of them to 
odor stimuli, thus realizing the real-time recording of odorant-
induced signals at different sites of the epithelium.  After 

rinsing, the buffer solution was removed from the MEA chamber 
and the epithelium could be fixed by a plastic ring-shaped frame 
covered with a tightly stretched piece of mesh.

Olfactory cell-based biosensor detection platform
The whole olfactory detecting system is shown in Fig. 2.  The 

fixed epithelium was perfused with oxygenated Ringer’s 
solution at a flow rate of 10 μL/min by peristaltic pumps 
(FPU500, OMEGA, USA).  The odor compounds and NanoZn 
were bath-applied through an active perfusion system.  The 
responses of the odor compounds were recorded using the 
MEA1060-Inv system from Multichannel Systems (MCS, 
Reutlingen, Germany).  The analog extracellular neuronal 
signals were AC amplified, then sampled at 20 kHz, and stored 
on a compatible computer for subsequent off-line analysis.  All 
recordings were subsequently subjected to analysis using 
MATLAB (MathWorks, Natick, MA).

Chemicals and conditions for odorant detection
The obtained responses were elicited by typical odor stimuli 

with the standard phosphate buffer solution (PBS) and NanoZn.  
Different concentrations of isoamyl acetate and acetic acid 
(Sigma, St. Louis, MO) were chosen as odor stimuli to olfactory 
cells.  The concentrations of isoamyl acetate and acetic acid 
were 10–7, 10–5 and 10–3 M.  NanoZn was obtained from Purest 
Colloids Inc. (United States), which was filtered through 

Fig. 1　Schematic of the olfactory cell-based biosensor and its primary olfactory perception 
mechanism with NanoZn.  (A) Sensing portion of the biosensor.  (B) Schematic of one cilium on the 
olfactory epithelium.  (C) Structure of the olfactory receptor on the cytomembrane and its odor 
perception mechanism.

Fig. 2　Schematic of the detection platform of the olfactory biosensor.
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0.22-μm Millipore Express Filters and centrifuged at 40000g for 
90 min at 18°C,21 then the supernatant fluid was used for 
following biosensor experiments.  The concentrations of 
NanoZn used in this research were 10–15, 10–14, 10–12, 10–10, 10–8, 
10–7, 10–6 and 10–5 M.  PBS was purchased from Sigma, and all 
solvents used for dilution were deionized water.  Native and 
NanoZn-induced electrophysiological activities of olfactory 
epithelium were recorded for 150 s as the control.  After 
odorants were perfused into the testing chamber, the recording 
also lasted for about 150 s.  Then, stimuli were thoroughly 
washed out from the chamber by PBS.  All solutions were added 
by peristaltic pumps, and selective valves were controlled by a 
personal computer.  All recordings were performed at 25°C 
(room temperature).

Results

Detecting effect of the nanoparticle-equipped biosensor
By combining the olfactory epithelium with the MEA, 

a  bioelectronic nose was established to measure real-time 
extracellular potentials caused by interactions between odor 
molecules and odor receptors on different sites of the epithelium 
(Fig. 3A).  It could be seen that the electrophysiological 

activities of receptor cells in the intact epithelium could be 
effectively analyzed by the multi-channel recording.  In 
experiments, the effects of NanoZn equipped with the biosensor 
were first examined under stimulations of isoamyl acetate, 
which was a covalent compound and a representative of aromatic 
substances, and had been broadly utilized in olfactory 
researches.26  Through comparisons of the two-dimensional 
results in the presence of nanoZn with that in the absence of the 
particles (Fig. S1, Supporting Information), it could be found 
that there were many channels appeared responses and larger 
signals in the channel with a higher firing rate after the addition 
of nanoZn.  As a result, one of multiple channels with the 
highest firing rate in each recording was chosen for further 
analyzing and processing, and it could be seen that, under the 
treatment of NanoZn at 10–15 M, the biosensor could be more 
activated by isoamyl acetate, as shown in Fig. 3B.

To quantitatively analyze the effect of NanoZn on the 
responses of the biosensor to isoamyl acetate, we subsequently 
identified and extracted effective extracellular signals of the 
preprocessed single-channel signals.  Figure 4 is a statistical 
comparison of the peak-to-peak amplitudes and inter-stimulus 
intervals (ISIs) of effective signals obtained, respectively.  
Consistent with Fig. 3B, the amplitudes of extracellular signals 
intensified with increasing isoamyl acetate concentrations 

Fig. 3　Detection results of the olfactory cell-based biosensor to isoamyl acetate stimuli at different 
concentrations.  (A) Example of 60-channel signal responses of the biosensor under stimulations of 
isoamyl acetate by 10–7 M mixed with NanoZn by 10–10 M.  (B) Single-channel signals under 
stimulations of isoamyl acetate.  Signals in red showed response signals detected by a biosensor 
equipped with NanoZn, while the black ones represented that without NanoZn as a control.
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(Fig. 4A), while ISIs decreased (Fig. 4B).  On the other side, 
without isoamyl acetate stimuli, both amplitudes and ISIs 
recorded by the biosensor equipped with NanoZn were almost 
the same as that without NanoZn, as shown in histogram insets.  
From Fig. 3B, it could be found that the noise levels were 
similar for all stimulations.  Therefore, the larger were the 
signals, the greater was the SNR.  Taking S/N ≥ 3 as the 
condition of signal extraction, it could be calculated from 
statistical results that the sensitivity of the biosensor was 
increased by greater than 1.6 times.  As a result, the presence of 
NanoZn gave rise to an enhancement of SNR and the sensitivity 
of the biosensor, which indicated more effective detection 
capacity of the biosensor equipped with NanoZn.

Concentration optimization of nanoparticles with the biosensor 
for covalent odorant detection

To further explore the enhanced effect of NanoZn on odorant 
detection of the olfactory biosensor, the influences of NanoZn 
at  different concentrations were also investigated.  Taking 
responses to isoamyl acetate alone as the control, the effects of 
NanoZn at different concentrations were detected and analyzed 
with fixing isoamyl acetate at 10–5 M.  After extracting (S/N ≥ 3) 
and clustering effective response signals by a K-mean clustering 
algorithm, the average characteristic signals obtained were 
found, as displayed in Fig. 5A, showing that increasing the 
concentration of NanoZn could lead to stronger characteristic 
signals in a certain range.

As basic characteristics, the waveform, amplitude, duration 
and the firing rate (or ISI) of extracellular potentials were 
usually used to represent the response intensity to stimuli.27  

Fig. 4　Statistical comparison of the peak-to-peak amplitudes (A) and ISIs (B) under stimulations of 
different concentrations of isoamyl acetate (IA) with and without 10–15 M NanoZn equipment (mean ± SD).

Fig. 5　Effective signal responses of the biosensor equipped with different concentrations of NanoZn 
to 10–5 M isoamyl acetate.  (A) Average characteristic signals obtained by clustering effective response 
signals.  The insert figure was the structure of isoamyl acetate.  (B, C and D) Statistical comparison of 
peak-to-peak amplitudes (Vpp), durations and ISIs.  (mean ± SD) The control trail represented response 
values detected by non-equipped olfactory cell-based biosensor.
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In this study, the peak-to-peak amplitudes, durations and ISIs of 
effective signals under stimulations were also analyzed.  It can 
be seen quantitatively from Figs. 5B and 5C that the amplitudes 
of isoamyl acetate were significantly enhanced by NanoZn in a 
certain range of concentrations, while the durations fluctuated 
slightly.  Besides, Fig. 5D reflected that ISIs diminished with 
increasing concentrations of NanoZn in a certain range, which 
meant that the firing frequency of the biosensor’s responses 
increased as well.  On the other hand, when the concentration of 
NanoZn increased beyond 10–8 M, the enhanced effect of 
NanoZn gradually decreased, which indicated the limits of 
NanoZn’s enhanced effect.  In summary, increasing the 
concentration of NanoZn in a certain range could enhance the 
responses of the biosensor in the amplitudes and firing frequency.  
Specifically, the average peak-to-peak amplitudes of the 
responses were increased by nearly four times compared to the 
control when NanoZn was at 10–10 M, indicating an optimal 
concentration of NanoZn equipped with the biosensor for 
detection of this covalent odorant.

Concentration optimization of nanoparticles with the biosensor 
for ionic odorant detection

To explore whether the enhancement effect and the optimal 
dose of NanoZn with the biosensor was universal or not, 
concentration optimization experiments were also carried out 
under stimulations of acetic acid, which is an ionic compound 
and also a typical kind of odor stimuli that serve as a 
representative in odorant detection.28  Figure 6A shows the 
characteristic signals of electrophysiological responses recorded 
by the biosensor to acetic acid with NanoZn.  The responses 
were also increased by NanoZn at different concentrations, and 
the average SNR obtained from response signals could be 
approximately increased by 5 times when equipped with 10–7 M 
NanoZn.  As shown in Figs. 5B, 5C and 5D, NanoZn showed a 

significant enhancement in amplitude of the responses from 
biosensor as well, which was similar to its enhancement for 
isoamyl acetate detection.  However, when the concentration of 
NanoZn increased beyond 10–7 M, the enhancement of the 
nanoparticles gradually changed from increasing into decreasing, 
showing that the optimal concentration of NanoZn was around 
10–7 M in the enhancement for acetic acid detection, which was 
different from that for isoamyl acetate detection.  As a result, the 
enhancement effect of the nanoparticles equipped with the 
biosensor seemed to be universal for odorant detection, 
indicating broad-spectrum characteristics in improvement for 
the performance of the olfactory biosensor.  On the other hand, 
the optimal concentration of NanoZn varied with different 
odorants, which might also be helpful for odorant discrimination 
with the nanoparticles-equipped biosensor.  Thus, NanoZn could 
be applied in plenty of odorant detections by the olfactory cell-
based biosensor.

Discussion

Over the last couple of decades, significant efforts have been 
made to develop bioelectronic noses that combine biosensing 
components to physicochemical transducers, in the field of 
environmental monitoring, food safety and medical 
diagnosis.6,25,29–31  Although bioelectronic noses have good 
selectivity and sensitivity, they still suffer from intrinsic and 
external noise interference.  Thus, various ultrasensitive 
transducers (e.g., field-effect transistor, surface plasmon 
resonance and quartz crystal microbalance) have been used to 
detect signals from biomolecular binding.  However, it has been 
known that the detection limit of bioelectronic noses depends 
not only on measurement technique and detecting instruments, 
but also on signals obtained from biological elements.32–34  Thus, 

Fig. 6　Effective signal responses of the biosensor equipped with different concentrations of NanoZn 
to 10–3 M acetic acid.  (A) Average characteristic signals obtained by clustering effective response 
signals.  The insert figure shows the structure of acetic acid.  (B, C and D) Statistical comparison of 
peak-to-peak amplitudes (Vpp), durations and ISIs.  (mean ± SD) The control trail represented response 
values detected by non-equipped olfactory cell-based biosensor.
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it can be assumed that enhancing original biological signals will 
improve the odorant detection of bioelectronic noses, especially 
olfactory cell-based biosensors.  In our study, we showed the 
design of a nanoparticle-equipped biosensor for odorant 
detection.  The electrophysiological enhancement of NanoZn 
was utilized in the biosensor design for some performance 
improvements.  In this study, the physiological signals of 
olfactory tissues with an enhancement of nanoZn were used as 
the responses of the biosensor for odorant detections.  The 
signal features, such as the amplitude, duration, and firing rate, 
were investigated and chosen as the responses of the improved 
biosensor.

Studies have found that many kinds of metals, such as Cu, Mn 
and Fe, besides Zn, may also have effects on olfaction for their 
relations with neural systems.9,35,36  The effects were related to 
the states, valences and sizes of metals.  For example, copper 
ions could react with specific odorants to enhance the responses 
of MOR244-3,37 while copper nanoparticles could not improve 
the olfactory sensing.21  In this study, the improvement of 
odorant detection sensitivity of the olfactory cell-based biosensor 
was realized by combining NanoZn with olfactory cells.  Our 
results showed that both the average amplitude and the firing 
frequency of the responses to odor stimuli were increased when 
the olfactory cell-based biosensor was equipped with suitable 
concentrations of NanoZn.  In a certain range, the larger was the 
concentration of the odorant, the stronger was the effect.  
Besides, this NanoZn equipped olfactory biosensor had shown 
dose-dependence and broad-spectrum characteristics in 
measurements, indicating wide applications in the field of 
olfactory biosensors.

According to studies about the mechanism of the enhanced 
effect of NanoZn, it has been speculated that NanoZn acted as a 
“protein metal” when NanoZn was combined with olfactory 
receptor cells.  One single receptor/Golf (olfactory-related G 
protein) complex may be composed of two receptors, one zinc 
particle and one Golf.38  Responses under odor stimulations 
mixed with NanoZn came from two olfactory receptors, and 
transmitted by one Golf, making signals easier to superimpose.  
As a result, the amplitude and the firing frequency of response 
signals could both be increased, while the waveform of the 
signals fluctuated slightly.  Besides, the enhancement did not 
exist when NanoZn was added alone without odor molecules 
(Fig. 3B), because the receptor/Golf complexes were not elicited.  
Moreover, when under stimulations of different kinds of 
odorants, the optimal concentrations of NanoZn for detection 
was different, which might be due to different amounts of Golf 
mobilized by combination of olfactory receptors with covalent 
and ionic odor molecules.  This speculation indicated that our 
method could also be used for other olfactory cell- and 
receptor-based biosensors to improve the odorant detection of 
bioelectronic noses.  As a result, this research provided an 
experiment basis for olfactory perception mechanisms of metal 
nanoparticles.  The approach could be applied to more 
explorations with different kinds and sizes of metals to further 
expand the application fields of bioelectronic noses.

Conclusion

In this research, an olfactory cell-based biosensor was equipped 
with different concentrations of NanoZn so as to improve its 
odorant detecting performance.  The physiological signals of 
olfactory tissues with enhancement of nanoZn were used as the 
responses of the biosensor for odorant detections.  The results 
showed that the responses of the biosensor, especially amplitudes 

of electrophysiological signals, could be increased significantly 
by the nanoparticles in odorant detections for both isoamyl 
acetate and acetic acid, indicating broad-spectrum characteristics 
in improvements for the performance of olfactory biosensors.  
The NanoZn-equipped biosensor was demonstrated with a 
higher SNR and a lower detection limit than that without the 
nanoparticles, providing a well-performed sensing platform to 
further fabricate bioelectronic noses.  However, the optimal 
concentration of NanoZn varied with different odorants, which 
might also be helpful for odorant discrimination with the 
biosensor.  In summary, this study offers a potential method to 
investigate olfactory perception mechanisms and interactions 
between nanoparticles and olfactory receptor cells.
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Supplementary figure to compare the multi-channel responses to 
isoamyl acetate in the presence of nanoZn with that in the 
absence of the particles (Fig. S1).  As shown in the figure, 
Fig. S1A represented multi-channel responses of the biosensor 
in 2 min without nanoZn while Fig. S1B displayed that with 
nanoZn.  This material is available free of charge on the Web at 
http://www.jsac.or.jp/analsci/.
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