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Development of Frequency Based 
Taste Receptors Using Bioinspired 
Glucose Nanobiosensor
Amin TermehYousefi1, Katsumi Tateno   1, Samira Bagheri2 & Hirofumi Tanaka   1

A method to fabricate a bioinspired nanobiosensor using electronic-based artificial taste receptors for 
glucose diagnosis is presented. Fabricated bioinspired glucose nanobiosensor designated based on 
an artificial taste bud including an amperometric glucose biosensor and taste bud-inspired circuits. In 
fact, the design of the taste bud-inspired circuits was inspired by the signal-processing mechanism of 
taste nerves which involves two layers. The first, known as a type II cell, detects the glucose by glucose 
oxidase and transduces the current signal obtained for the pulse pattern is conducted to the second 
layer, called type III cell, to induce synchronisation of the neural spiking activity. The oscillation results 
of fabricated bioinspired glucose nanobiosensor confirmed an increase in the frequency of the output 
pulse as a function of the glucose concentration. At high glucose concentrations, the bioinspired 
glucose nanobiosensor showed a pulse train of alternating short and long interpulse intervals. A 
computational analysis performed to validate the hypothesis, which was successfully reproduced the 
alternating behaviour of bioinspired glucose our nanobiosensor by increasing the output frequency and 
alternation of pulse intervals according to the reduction in the resistivity of the biosensor.

Developing taste bud-inspired circuits to designate artificial taste receptors to mimic human abilities has recently 
become a challenging topic in artificial neural studies focusing on the combination of nanomaterials and elec-
tronic science1, 2. Previous reports have indicated considerable interest in the integration of human-like nanode-
vices3, especially for those intended for taste sensing capabilities for chemical applications4. In this regard, human 
taste receptors as a whole would be far too complex. Therefore, at the most basic levels, a simpler selective taste 
receptor without a complicated neural network, such as that of mouse taste buds, is assumed to be a neuron cell 
that transmits the information signals over a central nervous system and nerve complex5. Taste buds endure 
extreme changes in temperature, pH, and osmolality. Generally, mouse taste bud cells are classified into four cell 
types: type I, type II, type III, and type IV cells6, 7. Type II and type III cells, respectively, contribute primarily to 
taste reception. In fact, a type II cell includes taste receptors for sweetness, bitterness, and umami, which the given 
taste bud cells may detect under a noisy environment8. Even under such a non-ideal condition, the taste buds per-
form robust processing of taste information. Such robust information processing with non-uniform sensory units 
potentially provides useful advancements in bioinspired taste receptors attached to artificial neural networks for 
human abilities9. One of the primary studies in this field of work uses taste bud-inspired circuits for mouse taste 
bud cells, which is the ultimate example of combination of taste receptors and artificial neurons. Generally, the 
concentration of chemical components has a direct transient effect on the output frequency of taste nerves10, 11, 
which can be recorded as a signal and transduced via an artificial neural network.

To date, electronic-based artificial taste receptors for the electronic tongue developments are only based on 
human operator experience. Although the taste bud-inspired circuits utilised in taste receptor design are not 
exempted, careful rational design can be a foundational approach for the future electronic tongue. Previously, we 
reported the successful fabrication of an electrochemical enzymatic glucose biosensor using a carbon nanotube 
composite. Furthermore, a comparative review on enzymatic glucose biosensors using electrochemical meth-
ods, especially those fabricated by functionalisation of the carbon nanotube (CNTs)12 surface with glucose oxi-
dase (GOx)13, was published. In this study, we developed a method to fabricate a bioinspired nanobiosensor for 
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glucose diagnoses following the mouse taste bud network14. The proposed bioinspired glucose nanobiosensor 
consists of two electrical circuits attached to an amperometric glucose biosensor15. In the first step, an enzymatic 
electrochemical glucose biosensor was fabricated based on a CNTs-nanocomposite using our previous reported 
method. To confirm the biocatalytic activity, the characteristics of the glucose biosensor at optimal conditions 
were investigated by chronoamperometric measurement. This measurement displayed a representative current–
time response for each successive addition of glucose. Then, a continuous pulse was generated by a combination 
of the fabricated glucose biosensor and taste bud-inspired circuits. The results confirmed that, by adding glucose 
to bioinspired glucose nanobiosensor, the output pulse frequency moved to a new stable value. However, the high 
glucose concentration caused an alternate-pulse variation in interpulse intervals. This finding was theoretically 
reconfirmed by a computational model with the given resistance values as a function of the amount of glucose 
added to the electrochemical cell. In fact, a simulation was performed to investigate the range of required resistiv-
ity of the nanobiosensor to obtain alternations of short and long interpulse intervals. The behaviour displayed by 
the mathematical model corresponded with the experimental observations. This confirmed that normal periodic 
pulses were achieved when the resistance of the glucose biosensor was higher than the required resistance for the 
alternate-pulse variation in the pulse frequency. Normal periodic pulses were achieved in the optimal resistance 
range, whereas an alternating pulse frequency arises as a consequence of the dynamic instability of the glucose 
biosensor.

Fabrication of the glucose biosensor
As reported previously16, a reagent-free glucose biosensor was prepared based on a vertically aligned multi-walled 
carbon nanotube (MWNT) composite via an electrochemical method17. The defect level of the synthesised 
MWNTs was in turn successfully optimised by using a chemical vapour deposition (CVD) method18. Figure 1(a) 
indicates the field emission electron microscopy (FESEM) images corresponding to the morphological improve-
ment of the high aspect ratio and uniform MWCNTs. The as synthesised MWCNTs were purified by heating 
under Ar flow at 600 °C for 100 min and soaked in 6 M of hydrochloric acid (HCl) solution for 1 day. This pro-
cess was followed by centrifuging19, 20. The precipitate was rinsed with deionised water and dried under air. 
GOx was immobilised on carbon nanotube/gelatin (CNTs/Gl) composite using the entrapment technique. 
Figure 1(b) demonstrates the FESEM images of the composited vertically aligned MWCNTs via Gl and GOx 
before sonication.

Figure 1.  Structural property and chronoamperometric analysis of the enzymatic glucose biosensor. (a) 
FESEM image of synthesised MWCNTs, and (b) top view of the composited vertically aligned MWCNTs with 
Gl and GOx before sonication (inset is the cross section of the composited vertically aligned MWCNTs with Gl 
and GOx befor sonication). (c) Chronoamperometric response of GOx/MWCNTs/Gl/GCE on the successive 
addition of 1.5 mM glucose in each successive addition at applied potential of +0.3 V. (d) Calibration curve of 
the electrocatalytic current on different concentrations of glucose.
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Approximately 3 µl of MWCNTs/gelatin/GOx was drop casted on GCE and well dried at 4 °C for 12 h. The 
characteristics of the GOx/MWCNTs/Gl glassy carbon electrode (GCE) at optimal conditions were investigated 
by chronoamperometric measurement17. Figure 1(c) displays a representative current–time response for the 
successive addition of 1.5 mM of glucose in each successive addition. The calibration curve in Fig. 1(d) with a 
dynamic linear range spans the glucose concentration range from 1 to 8.9 mM, and it deviates from linearity 
at higher concentrations, thereby representing a typical Michaelis–Menten kinetics characteristic21. The effects 
of selected possible interference species, such as ascorbic acid, cysteine, uric acid, lactose, and sucrose on the 
detection of glucose were subsequently investigated. The calculated sensitivity22 of the fabricated biosensors was 
0.644 µA mM−1 by the modified glassy carbon electrode. This value is higher than the sensitivity reported by 
Cui23, Chen24, and Ying22. The improved sensitivity might have two main reasons: first, the grown MWCNTs 
were statistically optimised to decrease the number of defects, thereby enhancing the electrical properties of 
the crystalline MWCNTs18. However, MWCNTs with a clean surface present a more effective platform for GOx 
immobilisation. Second, the amount of immobilized GOx on the surface of the MWCNTs is increased due to the 
functionalisation process of MWCNTs. Thus, the number of electrons increases due to the presence of a larger 
amount of GOx for involvement in the glucose detection process. Furthermore, the process by which the enzyme 
is immobilised on the high-aspect-ratio vertically aligned MWCNTs also has a direct effect on the sensor proper-
ties resulting in the micro-environment changing the enzyme and preventing its intrinsic properties, which could 
improve its affinity to glucose.

Integration of the taste bud-inspired taste bud circuit: bioinspired glucose 
nanobiosensor
According to the glucose detection method, GOx/MWCNTs/Gl/GCE is capable of electrocatalysing the glucose 
oxidation by using potassium ferricyanide as a mediator in nitrogen-saturated solutions. Therefore, a change in 
the resistance could be observed with each successive drop of glucose into the electrochemical cell. A previous 
report on the mouse taste bud network model indicated that the intensity of the chemical stimulus is encoded as 
the degree of synchronisation of neural pulses15. Thus, the bioinspired glucose nanobiosensor was additionally 
designated to extract and record the change in the resistance in the electrochemical cell and to convert it to gener-
ate frequency-based pulses. These pulses were the sum of the transmitted signals between the type II and III cells 
of the bioinspired glucose nanobiosensor, as shown in Fig. 2(a). Both taste bud-inspired circuits were inspired by 
the type II and type III cells that exist in the neural network in mouse taste buds. In fact, according to the taste 
bud network of the mouse, type III cells have synaptic contacts with taste nerve terminals to transmit the signals 
to the brain, whereas type II cells do not. Hence, in the designated circuits, type II cells were combined with the 
enzymatic biosensor and the obtained signals transmitted to the type III cells were considered as the output cells.

The bioinspired glucose nanobiosensor was designed to enable the taste bud network to continuously transmit 
signals to the pattern recognition system. In fact, the type II cell generated pulses in response to the taste stimula-
tion in the first layer. Moreover, the type III cell received the output pulses generated by the type II cell. The sum 
of neural pulses emitted by independent sources showed an exponential-like distribution of interpulse intervals 
in the first layer13, 25. In other words, the concentration of glucose is detected by the electrochemical glucose bio-
sensor attached to the type II cells, which are responsible to record the alteration in the biosensor resistance and 
then transduce to the type III cells.

Because of non-physical contact between the respective type II and III cells in the mouse taste bud net-
work, the circuit of the taste bud network was equipped with an infrared LED in the first layer (type II) and 
infrared-based photodiode in the second layer (type III) to respectively procreate signal identities and transmit 
the signals produced by the first layer. As shown in Fig. 2(b), the type II cell was responsible for generating repet-
itive pulses in the first layer. Thus, the output frequency of the type II cell had to increase with an increase in the 
concentration of glucose detected in the first layer. This finding was validated by theoretical, experimental, and 
simulation analyses.

Theoretical analysis of the frequency based taste bud-inspired circuit
Figure 3(a) illustrates the mechanism of glucose detection in the electrochemical cell. In the mediator-based 
glucose biosensor, the mediator electrons shuttle between the active side of the GOx and the electrode surface 
according to the following scheme:

+ → +Glucose GOx(ox) gluconicacid GOx(red) (1)

+ → + + +GOx(red) 2M(ox) GOx(ox) 2M(red) 2H (2)

→ + −2M(red) 2M(ox) 2e (3)

where M(ox) and M(red) are the oxidised and reduced forms of the mediator, respectively.
Electrons that are released from the bioactivity of the enzyme can be received by the working electrode in the 

electrochemical cell, thereby increasing the current26. The alteration of the current created a new resistance value 
in the electrochemical cell, which could be recorded as frequency in the type II circuit design. Furthermore, the 
recorded frequency could be transmitted to the type III circuit.

Figure 2(c) shows a pulse generator as a type II cell. The operational amplifier of the type II cell network is 
NJM4580D (JRC), whereas the output frequency of the pulse generator is determined by resistors (R1, R2, Rt1, and 
Rt2) and a capacitor (Ct). In fact, R1 provides the resistance between the working electrode and the counter elec-
trode with a fixed small series resistance. Furthermore, the duty ratio of the output pulse was adjusted by a diode 
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and two resistors (Rt1) and (Rt2). The output voltage of the pulse generator circuit was designed for ~1.5 V, which is 
a relatively high voltage for the electrochemical detection of glucose on account of the presence of the potassium 
ferricyanide. The resistance of R2 was roughly adjusted to provide the same resistance as R1, which reduced the 

Figure 2.  Illustration of electrical circuit attached to glucose biosensor. (a) Schematic diagram of mouse taste 
bud network: type II cells detect chemical components and release signalling molecules, such as Acetylcholine 
(Ach), into the extracellular space in the taste bud (paracrine signalling). Ach travels to nearby type III cells, 
which are responsible for transducing the obtained signals to the brain. (b) Schematic design of taste bud-
inspired circuits: type II cell attached to an amperometric glucose biosensor to obtain signals from the biosensor 
and transmit signals to the type III cell using light emission. The type II cell circuit produces a signal to induce 
changes in nearby type III circuit via light emission, as for the paracrine signalling. (c) Design of the frequency-
based pulse generator circuits includes an infrared LED in the first layer (type II) and an infrared-based 
photodiode in the second layer (type III) for signal transmission.

Figure 3.  Variation of resistance in the electrochemical cell during glucose detection (a) Sequence of events 
that occur in mediator-based glucose biosensors in the electrochemical cell. (b) Output voltage of the pulse 
generator after the first, second, and third glucose drop into the electrochemical cell.
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applied voltage to the electrochemical cell to the formal potential of glucose detection. In other words, according 
to the amperometric characterisations, due to the presence of potassium ferricyanide as a mediator, the detection 
voltage for glucose is approximately 0.3 V. However, the minimum required voltage for the operational amplifier 
is higher than the formal potential of the electrochemical cell for glucose detection. Thus, R2 was included in the 
first layer of the taste bud-inspired circuit, where it was designated to decrease the input voltage to an appropriate 
voltage in the electrochemical cell for glucose detection.

Based on the glucose detection mechanism and the continuous variation of resistance in the electrochemical 
cell27, R2 was also designated in the circuit to record the fraction of resistance in the electrochemical cell. Thus, 
the addition of glucose to the electrochemical cell changes the resistance of R2 and the operational amplifier is 
expected to detect the new voltage of the inverting input (Vt). The modified GCE was designed for the contin-
uous detection of glucose because the taste sensory organ identifies sweetness by analysing the unique patterns 
of responses as a continuous transmission. Thus, the multi-step glucose dropping into the electrochemical cell 
caused the experiment to generate a different output resistivity according to the glucose concentration, as shown 
in Fig. 3(b).

The proposed electrical circuit was designed to generate a pulse as a function of the resistance of the elec-
trochemical cell. The output voltage (Vo), is altered between a fixed positive value (ON state) and a fixed nega-
tive value (OFF state). The voltage difference between the non-inverting and inverting inputs of the operational 
amplifier (OP amp) determined Vo. The inverting input (Vc) is the voltage between both ends of capacitor Ct. 
When Vc < Vt, Vo is in the ON state; otherwise, it is in the OFF state. In addition, Ct is charged through Rt2 when 
the output voltage was in the ON state, while it is discharged through Rt1 when the output voltage is in the OFF 
state. The charge and discharge cycle determined the pulse frequency. If R1 is fixed, the output frequency, fpulse, of 
the pulse generator is determined by the following equation:
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where R1 is the resistance between the working electrode with MWNTs and the counter electrode, and R2 is the 
fixed resistance. The duty ratio of a pulse was determined by a ratio between the resistors (Rt1 and Rt2) in the 
feedback path.

Electrical circuit of a taste-bud-inspired circuit: single membrane by one GCE
Figure 4(a) shows the instantaneous frequency of output pulses generated by the electrical circuit during glucose 
detection. The instantaneous frequency of the output pulses was the inverse of the interpulse interval between 
the two successive pulses. This is defined by the pulse frequency. The pulse frequency successfully increased with 
an increase in the glucose concentration in the electrochemical cell. In fact, the detection of glucose by GOx in 
the electrochemical cell increases the number of electrons shuttled by the mediator. Thus, the current increases 
as the glucose concentration increases. In pursuant of the current, the decrease in the resistance of the biosensor 
can be detected as different pulses by the type II cell; moreover, the LED starts blinking due to the alteration of the 
resistance as recorded by the type III cell.

The glucose detection process is a continuous process (up to 8.9 mM); therefore, the pulse frequency contin-
uously increased as a function of glucose concentration in the electrochemical cell. In contrast, by adding phos-
phate buffer solution (PBS) solution to the electrochemical cell, the resistance between the working electrode and 
the counter electrode in the electrochemical cell remained unchanged, and the fraction between R1 and R2 was 
fixed in each PBS drop (Fig. 4(b)). Dropping glucose into the electrochemical cell caused oxidation at the elec-
trode, thereby yielding a current signal (proportional to the glucose concentration) on account of the presence of 
the mediator. Therefore, the glucose concentration was detected as the pulse frequency. Thus, it can be assumed 
that the biosensor responded to the glucose and the pulse frequency was modulated by the glucose concentration.

The conditions of the bioinspired glucose biosensor were optimised by fabricating different biosensors by 
varying the number of drops of MWCNTs/gelatin/GOx casted into GCE to analyse the reproducibility of the 
obtained frequency based on thin-film thicknesses. A thinner biosensor film on GCE behaved differently. The 
variation of the thickness of the biosensor on GCE caused irregular alternating high and low pulse frequencies, as 
shown in Fig. 4(c). Figure 4(d) displays the pulse responses of the pulse generator circuit.

The reproducibility as well as the output frequency of the pulse generator as a function of glucose concentra-
tion was validated by obtaining the dose-dependent response using five different modified glassy carbon elec-
trodes. Figure 5 displays the peak frequency due to the change in the glucose concentration in the electrochemical 
cell. The results indicate an increase in the frequency, which demonstrates the higher biological affinity of the 
pulse generator to the glucose. However, the similarity of the dose–response curves strongly suggests that the 
pulse generator containing the taste receptors for glucose is able to selectively recapitulate the glucose detection.

Computational analysis of frequency alternations of the bioinspired glucose 
nanobiosensor induced by glucose
The resistance in the electrochemical cell was modulated by the glucose concentration and the applied voltage. 
Adding glucose to the electrochemical cell modulated the fraction between R1 and R2. Consequently, the applied 
voltage to the electrochemical cell changed. This led to the reassignment of R1. Such a tuning process automati-
cally occurred and the output frequency approached a new stable state. If the resistance in the electrochemical cell 
was time variant, the output frequency might not have been derived from Eq. 4. In the present study, the output 
voltage, Vo, was calculated by a numerical integration method.

Potential Vt is determined by the fraction between R1 and R2. Inverting input Vc and non-inverting input Vt 
are determined by the following equations:
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where Vo < Vc, Rt = 10 kΩ; otherwise Rt = 100 kΩ. R2 = 2 kΩ.

Figure 4.  Instantaneous frequency of output pulses generated by the bioinspired glucose nanobiosensor during 
glucose detection. (a) The pulse frequency elevation was induced by sufficient amount of glucose. (0.5 mM 
glucose in each drop): after each drop, the total resistance of the type II cell attached to the amperometric 
glucose biosensor is changed and this increases the output frequency. (b). PBS test and analysis of selectivity of 
the bioinspired nanobiosensor to glucose by adding a 2-ml, 2-ml, and 4-ml PBS solution as the first, second, and 
third drop, respectively. (c) Continuous successive addition of glucose to the electrochemical cell to record the 
alteration of the pulse frequency (0.5 mM glucose in each drop) (d) Pulse frequency was modulated by detection 
limit amount of glucose, including the alternating frequency (0.5 mM glucose in each drop).

Figure 5.  Dose-dependent response of the pulse generator as a function of glucose concentration: the strategy 
enabled a biosensor with the pulse generator circuit with selectivity for the detection of glucose. The frequency 
is gradually increases according to each drop by adding sufficient amount of glucose to the bioinspired 
nanobiosensor.
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By adding glucose to the electrochemical cell, R1 changed as a function of the applied voltage and the glucose 
concentration as follows:

= ( )R f V[Glu], (7)1 applied

The non-inverting input, Vt, was directly proportional to the applied voltage (Vapplied). It could be assumed that 
the chemical reaction in the electrochemical cell has a delay in the reassignment of the resistance28. This can be 
described by the following equation:

τ
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where τ is a delay of the chemical reaction, and t is the reaction time.
A pulse-to-pulse variation of the pulse generator was evaluated by a computer simulation of the above 

equations. The computer program was written in the C language. The differential equation of voltage Vc was 
numerically integrated. Consequently, the output voltage of the pulse generator was obtained. The forward Euler 
integration method was used for the numerical integration.

The alternation of high and low pulse frequencies in the output pulse was clarified by a computer simulation 
of the pulse generator. The computation was performed with given values of resistance R1. Adding glucose to the 
electrochemical cell reduced R1 During the first 10 s, the computer simulation was performed with the initial val-
ues. In the next 10 s, the electrode resistance R1 was replaced with lower values in the pulse generator. The initial 
values were R1 high = 5 kΩ and R1 low = 50 kΩ.

Figure 6 shows the computer simulation results of the resistance changes that occurred while adding glucose 
to the electrochemical cell. The delay τ was 500 ms. A decrease in the resistance increased the pulse frequency 
(Fig. 6(a)). Further reductions induced periodic alternations of the pulse frequency (Fig. 6(b)) or period-three 
oscillation (Fig. 6(c)). The correspondence between the behaviour displayed by the mathematical model and 
those of the experimental observations was evident. When the resistance of the pulse generator was higher than 
the required resistance for the alternating pulse frequency, normal periodic pulses were achieved, whereas in the 
lower resistance range, the alternating pulse frequency emerged from the pulse generator instability.

The reasons for the alternation of high and low pulse frequencies may have been twofold. Firstly, decreasing 
the thickness of the thin film consisting of the biosensors increases the resistivity of the working electrode. Hence, 
each successive drop of glucose added to the electrochemical cell causes the electrons shuttled by the mediator 
to decrease R1 until electron transfer is complete. Subsequently, R1 rebounds to its initial value. This alternation 
phenomenon continues until the full detection of the glucose by the available immobilised glucose oxides on the 

Figure 6.  Dependence of the simulation results of the pulse generator on the electrode resistance. The thick 
bar below each trace represents the low resistance condition. (a) Reduction of the electrode resistance induces 
high-frequency oscillations and (b) Periodic alternations of high frequency pulse and low frequency pulse 
appear (alternative oscillations). (c) The output pulses display regular cycles every three pulses (period three 
oscillation).



www.nature.com/scientificreports/

8Scientific Reports | 7: 1623  | DOI:10.1038/s41598-017-01855-5

MWCNTs/Gl composite and the finalisation of the transformation process of the electrons in the electrochemical 
cell. Secondly, the alternation in frequency may have been caused by the alteration of the resistance during the 
oxidation and reduction of the mediator. In other words, the initial resistance is defined by the axis line in the 
frequency plot. Each oxidation increases the frequency to above the axis line and each reduction decreases the 
frequency to below the axis line.

Conclusion
A novel method to fabricate a frequency-based artificial taste receptor for glucose diagnosis using an enzymatic 
biosensor was proposed. The spiking property of the glucose stimulation in the neuron–like circuit was inves-
tigated. The first layer of the bioinspired glucose nanobiosensor functioned as a periodic pulse generator. The 
resistance of the amperometric glucose biosensor was altered on account of the glucose concentration and applied 
voltage. Those resistance alternations caused frequency changes in the bioinspired glucose nanobiosensor. The 
results clearly confirmed that the addition of glucose to the bioinspired glucose nanobiosensor changes the output 
oscillation frequency, causing the square-wave frequency to stabilise at a new level. Although the fabricated bio-
inspired glucose nanobiosensor was developed for the electrochemical detection of glucose, a potential response 
method can be developed for integration of the complete categorised artificial mouse tongue by the electrochem-
ical detection of all types of detectable tastes.

References
	 1.	 Bajpai, S., Jain, K. & Jain, N. Artificial neural networks. Int. J. Soft Comput. Eng. (IJSCE) 1, 28 (2011).
	 2.	 Dai, H. & Kong, J. Inventors; Leland Stanford Junior University, assignee. Carbon nanotube devices. United States patent US. 

6,528,020, (2003 March 4).
	 3.	 Song, H. S. et al. Bioelectronic tongue using heterodimeric human taste receptor for the discrimination of sweeteners with human-

like performance. J. ACS Nano 8, 9781–9789, doi:10.1021/nn502926x (2014).
	 4.	 Lee, J. W., Lee, J. S., Kang, M., Su, A. I. & Chang, Y. T. Visual Artificial Tongue for Quantitative Metal‐Cation Analysis by an Off‐the‐

Shelf Dye Array. J. Chem. Eur. 12, 5691–5696, doi:10.1002/chem.200600307 (2006).
	 5.	 Yee, C. L., Yang, R., Böttger, B., Finger, T. E. & Kinnamon, J. C. “Type III” cells of rat taste buds: Immunohistochemical and 

ultrastructural studies of neuron‐specific enolase, protein gene product 9.5, and serotonin. J. Comp. Neurol. 440, 97–108, 
doi:10.1002/cne.v440:1 (2001).

	 6.	 Nakada, K. et al. Stochastic Synchronization and Array-Enhanced Coherence Resonance in a Bio-inspired Chemical Sensor Array. 
J. Computational Science and Engineering. 11th IEEE Int. Conf. 307–312 (2008).

	 7.	 Lindemann, B. Taste reception. J. Physiol. Rev. 76, 719–766 (1996).
	 8.	 Zhang, Y. et al. Coding of sweet, bitter, and umami tastes: different receptor cells sharing similar signaling pathways. J. Cell 112, 

293–301, doi:10.1016/S0092-8674(03)00071-0 (2003).
	 9.	 Ghezzi, D. et al. A hybrid bioorganic interface for neuronal photoactivation. J. Nat. Commun. 2, 166, doi:10.1038/ncomms1164 

(2011).
	10.	 Schwartz, M. W., Woods, S. C., Porte, D., Seeley, R. J. & Baskin, D. G. Central nervous system control of food intake. J. Nature 404, 

661–671, doi:10.1038/35007534 (2000).
	11.	 Riul, A. et al. Artificial taste sensor: efficient combination of sensors made from Langmuir− Blodgett films of conducting polymers 

and a ruthenium complex and self-assembled films of an azobenzene-containing polymer. J. Langmuir 18, 239–245, doi:10.1021/
la011017d (2002).

	12.	 TermehYousefi, A. et al. high efficiency platform for biosensors based on optimum physical chemistry of carbon nanotubes. J. Chem. 
Vap. Deposition 21, 263–266, doi:10.1002/cvde.201507184 (2015).

	13.	 TermehYousefi, A., Tanaka, H. & Bagheri, S. Enhancement of glucose oxide electron-transfer mechanism in glucose biosensor via 
optimum physical chemistry of functionalized carbon nanotubes. J. Rev. Chem. Eng. 4, 379, doi:10.1088/1361-6528/aa6567 (2016).

	14.	 Huang, Y. A., Maruyama, Y., Stimac, R. & Roper, S. D. Presynaptic (Type III) cells in mouse taste buds sense sour (acid) taste. J. 
Physiol. 586, 2903–2912, doi:10.1113/jphysiol.2008.151233 (2008).

	15.	 Pandey, A., Prasad, A., Moscatello, J. & Yap, Y. K. In MRS Proceedings. 1204-K1213-1205 (2009).
	16.	 TermehYousefi, A., Bagheri, S., Kadri, N. A., Mahmood, M. R. & Ikeda, S. Constant glucose biosensor based on vertically aligned 

carbon nanotube composites. Int. J. Electrochem. Sci. 10, 4183–4192 (2015).
	17.	 TermehYousefi, A., Bagheri, S., Kadri, N. A., Mahmood, M. R. & Ikeda, S. Constant Glucose Biosensor Based on Vertically Aligned 

Carbon Nanotube Composites. Int. J. Electrochem. Sci. 10, 4183–4192 (2015).
	18.	 TermehYousefi, A. et al. Vectorial crystal growth of oriented vertically aligned carbon nanotubes using statistical analysis. J. Cryst. 

Growth Des. 15, 3457–3463, doi:10.1021/acs.cgd.5b00534 (2015).
	19.	 Hou, P.-X., Liu, C. & Cheng, H.-M. Purification of carbon nanotubes. J. Carbon 46, 2003–2025, doi:10.1016/j.carbon.2008.09.009 

(2008).
	20.	 Datsyuk, V. et al. Chemical oxidation of multiwalled carbon nanotubes. J. Carbon 46, 833–840, doi:10.1016/j.carbon.2008.02.012 

(2008).
	21.	 Buey, R. M. et al. Guanine nucleotide binding to the Bateman domain mediates the allosteric inhibition of eukaryotic IMP 

dehydrogenases. J. Nat. Commun. 6 (2015).
	22.	 Liu, Y., Wang, M., Zhao, F., Xu, Z. & Dong, S. The direct electron transfer of glucose oxidase and glucose biosensor based on carbon 

nanotubes/chitosan matrix. J. Biosens. Bioelectron. 21, 984–988, doi:10.1016/j.bios.2005.03.003 (2005).
	23.	 Cui, G. et al. A disposable amperometric sensor screen printed on a nitrocellulose strip: a glucose biosensor employing lead oxide as 

an interference-removing agent. J. Anal. Chem. 72, 1925–1929, doi:10.1021/ac991213d (2000).
	24.	 Chen, X. & Dong, S. Sol-gel-derived titanium oxide/copolymer composite based glucose biosensor. J. Biosens. Bioelectron. 18, 

999–1004, doi:10.1016/S0956-5663(02)00221-X (2003).
	25.	 Tateno, K. et al. Network model of chemical-sensing system inspired by mouse taste buds. J. Biol. Cybern. 105, 21–27, doi:10.1007/

s00422-011-0447-5 (2011).
	26.	 Minteer, S. D., Liaw, B. Y. & Cooney, M. J. Enzyme-based biofuel cells. J. Curr. Opin. Biotechnol. 18, 228–234, doi:10.1016/j.

copbio.2007.03.007 (2007).
	27.	 Wang, S. et al. Multi-walled carbon nanotubes for the immobilization of enzyme in glucose biosensors. J. Electrochem. Commun. 5, 

800–803, doi:10.1016/j.elecom.2003.07.007 (2003).
	28.	 Shoji, E. & Freund, M. S. Potentiometric sensors based on the inductive effect on the p K a of poly (aniline): a nonenzymatic glucose 

sensor. J. Am. Chem. Soc. 123, 3383–3384, doi:10.1021/ja005906j (2001).

http://dx.doi.org/10.1021/nn502926x
http://dx.doi.org/10.1002/chem.200600307
http://dx.doi.org/10.1002/cne.v440:1
http://dx.doi.org/10.1016/S0092-8674(03)00071-0
http://dx.doi.org/10.1038/ncomms1164
http://dx.doi.org/10.1038/35007534
http://dx.doi.org/10.1021/la011017d
http://dx.doi.org/10.1021/la011017d
http://dx.doi.org/10.1002/cvde.201507184
http://dx.doi.org/10.1088/1361-6528/aa6567
http://dx.doi.org/10.1113/jphysiol.2008.151233
http://dx.doi.org/10.1021/acs.cgd.5b00534
http://dx.doi.org/10.1016/j.carbon.2008.09.009
http://dx.doi.org/10.1016/j.carbon.2008.02.012
http://dx.doi.org/10.1016/j.bios.2005.03.003
http://dx.doi.org/10.1021/ac991213d
http://dx.doi.org/10.1016/S0956-5663(02)00221-X
http://dx.doi.org/10.1007/s00422-011-0447-5
http://dx.doi.org/10.1007/s00422-011-0447-5
http://dx.doi.org/10.1016/j.copbio.2007.03.007
http://dx.doi.org/10.1016/j.copbio.2007.03.007
http://dx.doi.org/10.1016/j.elecom.2003.07.007
http://dx.doi.org/10.1021/ja005906j


www.nature.com/scientificreports/

9Scientific Reports | 7: 1623  | DOI:10.1038/s41598-017-01855-5

Acknowledgements
This work was supported by Grants-in-Aid for Scientific Research (No. 24510150 and 15H03531) and for 
Scientific Research on Innovative Areas (No. 25110002) from the Japan Society for the Promotion of Science 
(JSPS).

Author Contributions
A.T.Y. and S.B. supervised fabrication of the glucose biosensor, writing as well as revision of the manuscript, the 
chronoamperometric response, and pulse generation measurements of the bioinspired glucose biosensor. K.T. 
supervised fabrication of the electrical circuit, theoretical calculations, revision of the manuscript, and simulation 
of pulse generation mechanism of the bioinspired glucose biosensor. H.T. designated the project, supervised the 
process. All authors discussed the results and wrote the paper.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Development of Frequency Based Taste Receptors Using Bioinspired Glucose Nanobiosensor

	Fabrication of the glucose biosensor

	Integration of the taste bud-inspired taste bud circuit: bioinspired glucose nanobiosensor

	Theoretical analysis of the frequency based taste bud-inspired circuit

	Electrical circuit of a taste-bud-inspired circuit: single membrane by one GCE

	Computational analysis of frequency alternations of the bioinspired glucose nanobiosensor induced by glucose

	Conclusion

	Acknowledgements

	Figure 1 Structural property and chronoamperometric analysis of the enzymatic glucose biosensor.
	Figure 2 Illustration of electrical circuit attached to glucose biosensor.
	Figure 3 Variation of resistance in the electrochemical cell during glucose detection (a) Sequence of events that occur in mediator-based glucose biosensors in the electrochemical cell.
	Figure 4 Instantaneous frequency of output pulses generated by the bioinspired glucose nanobiosensor during glucose detection.
	Figure 5 Dose-dependent response of the pulse generator as a function of glucose concentration: the strategy enabled a biosensor with the pulse generator circuit with selectivity for the detection of glucose.
	Figure 6 Dependence of the simulation results of the pulse generator on the electrode resistance.




