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The current development of potentiometric taste sensing still adopts a liquid-contact design. However, works on
potentiometric electrodes suggest a shift towards all-solid-state electrodes (ASSE) with the advantage of solving
the liquid-contact limitations. Therefore, in this study, we explore the feasibility of a taste sensor using an ASSE
design by utilizing a polypyrrole-carbon black (PPy-CB) composite as an ion-electron transducer. The sensor was
fabricated by depositing an astringent-selective lipid/polymeric membrane on top of a glassy carbon-modified
PPy-CB electrode. Methods of characterization including scanning electron microscopy, cyclic voltammetry,
impedance spectroscopy, and chronopotentiometry, were systematically performed on the as-fabricated sensor.
In summary, the sensor acts similarly to the ASSE-based ion-selective electrode in that the addition of the PPy-CB
layer significantly improves the stability of the sensor, owing to its high capacitance. No evidence of a water
layer presents beneath the membrane and the sensor could still retain stability despite interference from O, and
light. The fabricated sensor is highly reusable and exhibits linear behaviour toward standard astringent substance
(tannic acid) in wide concentrations with a sensitivity of 17.997 mV/decade and R? = 0.995 in the wide sensing
range. The proposed sensor can also respond toward gallic acid and is highly selective against interfering tastes.
This demonstrates that the taste sensor can be fabricated using ASSE design, which solves some limitations of the
conventional liquid-contact electrode.

1. Introduction combination of an Ag/AgCl electrode and an inner filling solution as an

ion-electron transducer. However, this design limits sensor miniaturi-

Taste evaluation is essential to characterize the quality of food
products. A conventional way to perform such an evaluation is by
employing trained human panelists. However, this method is prone to
subjectivity and reproducibility owing to sensory fatigue [1]. An alter-
native approach is to rely on a taste sensor, which was developed by
Toko et al. since 1990 [2]. The device consists of an array of electro-
chemical electrodes with lipid/polymer membrane (LPM) as the main
sensing element. Decades of R&D by experimenting with various com-
positions of LPMs eventually led to specific membranes that selectively
respond to the basic tastes of saltiness, sourness, sweetness, umami,
bitterness, and astringency that correlated well with sensory scores [3,
4].

To perform a convenient analysis, miniaturization and portability of
the taste sensor are important. The developed and commercially avail-
able taste sensor electrode adopts a liquid contact design that uses a
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zation owing to the presence of the inner solution and the complexity of
attaching/installing the membrane on the body of the electrode.
Furthermore, the need for inner solution maintenance during storage
and the inability to measure the upside-down position render this
cumbersome in some applications. Attempts to miniaturize taste sensors
have been proposed by introducing a gel-based electrolyte layer to
replace the inner solution [5,6]. However, it has been reported that such
modifications have some limitations, including deterioration of the CI~
concentration inside the gel, sample contamination, water uptake/r-
elease, and change in gel volume which could deteriorate the electrode
response [7-9].

Since the 1970 s, scientists have proposed an all-solid-state electrode
(ASSE) as a potential replacement for liquid contact design, utilizing a
solid material (solid contact) as an ion-electron transducer. It is fabri-
cated by simply coating the solid contact with a membrane or equivalent
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sensing element. Migration to ASSE-based electrodes would solve the
conventional liquid-contact limitations and would benefit in many as-
pects including low-cost, low-material usage, adaptable measurement
positioning, rapid fabrication, and easy miniaturization [10,11].
Furthermore, recent research reported that ASSE-based electrode could
be fabricated in a flexible substrate [12,13], which further expand the
applicability of the potentiometric sensors. To produce a robust ASSE,
the solid contact material must be able to maintain a constant boundary
potential without being affected by the samples. An initial ASSE,
referred to as a coated wire electrode (CWE), hardly satisfies this
requirement because it blocks charges from passing between ions and
electrons. Its adequate response relies solely on the small double-layer
capacitance between the membrane and solid substrate. Subsequently,
conductive polymers such as poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (PEDOT:PSS) [14], polypyrrole (PPy) [15], polyani-
line [16], and poly(3-octylthiophene) [17] were preferred because of
their redox-active nature, which is capable of directly passing charges
between ions and electrons. However, further studies reported that CWE
and conductive polymers could still experience potential drift owing to
the tendency of water to manifest between the solid contact and mem-
brane [18]. Furthermore, their response might be affected by external
interference from soluble gases (such as O,) [19] and light [20]. Recent
studies have proposed advanced materials that can yield highly stable
ASSE for use as ion-selective electrodes. Improvements in the CWE were
realized by increasing the double-layer capacitance of the solid contact
using hydrophobic and inert nanomaterials, including reduced graphene
oxide [21,22], colloid-imprinted mesoporous carbon [23], and func-
tionalized carbon nanotubes [9,24]. Carbon black (CB) is a promising
material for use as a solid contact owing to its inert nature, high specific
surface area, hydrophobicity, and low cost among carbon nano-
materials. Many studies have shown that an ASSE-based ion-selective
electrode (ISE) using CB as the solid contact could significantly improve
the double-layer capacitance, highly resistant to the formation of a
water layer, and is almost unaffected by light, soluble gases, and even
redox-active analytes [25-28]. Furthermore, CB could maintain a stable
dispersion at a relatively high solid content without any functionaliza-
tion [29,30], thereby maintaining its physical properties and improving
the simplicity of the fabrication process.

The LPMs in the taste sensors are basically identical to some ion-
selective membranes, in that the lipids used in taste sensors are lipo-
philic ionic salts/acids. Tetradodecylammonium bromide (TDDAB), a
lipid used in commercial astringent taste sensor [31], is a quaternary
ammonium salt and it has identical chemical structure with ionophore
used in ISE membranes, such as tetradodecylammonium nitrate [32].
Previous work reported that TDDAB could be used as a nitrate-selective
electrode, capable of achieving a near-Nernstian slope and high selec-
tivity to interfering ions [33]. The difference between the taste sensor
and ISE lies in the measurement procedure, in which the taste sensor
uses a particular reference solution as a measurement baseline
(mimicking the role of human saliva) to obtain potential relative and
potential residues. For taste evaluation, the potential relative and po-
tential residue signify information regarding the initial taste and after-
taste, respectively.

Based on the above description, we hypothesized that a taste sensor
based on LPM fabricated using ASSE design would have a similar attri-
bute to ISE, including the ion-electron transduction mechanism.
Furthermore, the global-selective nature of the lipid-polymeric mem-
brane could render transmembrane diffusion, which eventually causes
an unstable potential if a water layer is present between the solid contact
and the membrane. Finally, the transparency of the membrane and the
vulnerability of gases to diffusion through the membrane could lead to
instability caused by light and various non-inert gases. Therefore, in this
study, we report the first attempt to investigate the stability of a taste
sensor based on ASSE design. A composite of PPy and CB (PPy-CB) was
selected as the solid contact. The presence of PPy should improve the
stability of the ASSE owing to its high redox capacitance in tandem with
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the high double-layer capacitance of CB. A higher relative mass of CB
from the composite was chosen to improve the overall resistance toward
the formation of the water layer and the interaction of light and soluble
gases during potential measurement. The investigation focused on
TDDAB-loaded LPM as main sensing element that is reported to be able
to selectively respond toward astringent substance. However, in this
study, we mainly focused on tannic acid that is known to be used as
standard for astringency and appear to be the most effective astringent
than other substances. The morphology of the solid contact will be
investigated using scanning electron microscopy. The solid contact
capacitance of the fabricated taste sensor was characterized by using
cyclic voltammetry, impedance spectroscopy, and current-reversal
chronopotentiometry. Response stability was evaluated by the well-
known water layer test and interference measurement in presence of
O, and light. Finally, the stability and performance of the sensor toward
astringent substance will be investigated by obtaining short- and long-
term repeatability, linearity, and selectivity against interfering tastes.

2. Materials and method
2.1. Materials

PPy (doped with organic sulfonic acid anion) composites with CB at
20 wt% loading (PPy-CB, CAS#30604-81-0); tetradodecylammonium
bromide >99% (TDDAB, CAS#14866-34-3), polyvinyl chloride (PVC,
CAS#9002-86-2),  bis(2-ethyhexyl) sebacate >97%  (BEHS,
CAS#122-62-3), L(+)-tartaric acid >99.5% (CAS#87-69-4); L-gluta-
mic acid monosodium salt hydrate >99% (MSG, CAS#142-47-2), qui-
nine monohydrochloride dihydrate >95% FG (Q.HCl, CAS#6119-47-7)
and tetrahydrofuran >99% (THF, CAS#109-99-9) were purchased from
Sigma-Aldrich (USA). Sodium chloride (NaCl, CAS#7647-14-5), po-
tassium chloride (KCl, CAS#7440-09-7), potassium nitrate (KNOs,
CAS#7757-79-1), citric acid (CAS#77-92-9), tannic acid
(CAS#1401-55-4), gallic acid (CAS#149-91-7), absolute ethanol
(CAS#64-17-5), and N,N-dimethylformamide (DMF, CAS#68-12-2)
were purchased from Merck (Germany). Glucose anhydrous
(CAS#50-99-7) was purchased from Himedia (Mumbai, India).
Alumina slurry (size: 0.3 um and 0.05 pm) were purchased from Elec-
tron Microscopy Science (Hatfield, PA, USA). All solutions were pre-
pared using distilled water.

2.2. Fabrication of all-solid-state astringent taste sensor

Fig. 1a shows the diagram of the proposed sensor fabrication. A
suspension PPy-CB and lipid/polymeric membrane (LPM) cocktail were
prepared in advance. The suspension was produced in 1:1 (v/v) water:
DMF medium. In detail, a 25 mg PPy-CB was added in a total volume of
30 ml water:DMF. The suspension was obtained after probe-sonicated
(intelligent ultrasonic generator, 19.9 kHz) the mixture for 5 min. The
suspension was stored at temperatures 275-281 K while not in use. LPM
cocktail was synthesized by dissolving the TDDAB (3 wt%), BEHS
(64.67 wt%), and PVC (32.33 wt%) in THF (solid content of ~20 wv%).
In detail, 300 mg BEHS, 150 mg PVC, and 13.9 mg TDDAB were dis-
solved in 2.32 ml THF. The mixture was stirred using a hotplate mag-
netic stirrer at a temperature of approximately 308-313 K until all
solutes were completely dissolved.

The proposed sensor was fabricated by coating LPM directly on the
glassy carbon (GC) modified PPy-CB electrode. The modification of GC
with PPy-CB was performed by the drop-casting method. First, a 3 mm
(active area) glassy carbon electrode was polished successively in
alumina slurry 0.3 ym and 0.05 um under microfibre cloth. The GC
electrode was then rinsed with distilled water, ultrasonicated in distilled
water for 15 min, rinsed again with distilled water, and then dried with
N gas. Next, 5 ul of the as-prepared PPy-CB suspension was deposited
on the glassy carbon by drop-cast method every 2 h (typical drying of
the suspension in the laboratory environment) for 9 cycles. This will
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Fig. 1. Diagram of GC/PPy-CB/LPM fabrication (a). The proposed sensor measurement procedure (b).

produce GC/PPy-CB electrode which will be subject to cyclic voltam-
metric analysis to investigate its capacitive performance. After that, a
single drop-cast of 40 pl LPM cocktail was performed on the GC/PPy-CB
to obtain GC/PPy-CB/LPM electrode. Glassy carbon-coated LPM
without PPy-CB as an intermediate layer (denoted as GC/LPM) was also
fabricated for comparison.

2.3. Potentiometric measurement

The zero current potential of the fabricated sensor was recorded
together with a double junction reference electrode (Hanna HI-5315)
using ECStat Electrochemical Station. The stability of the ASSE sensor
was evaluated following well-known methods, namely the water layer
test and external interference study. The water layer test was performed
by consecutively measuring electrode potential in the reference solution
(KCl 30 mM + 0.3 mM tartaric acid), KNO3 0.1 M solutions, then back
to the reference solution. An external interference study was performed
by recording the potential of the sensor in reference solution with and
without the presence of O, and Nj bubbling and ambient light.

Measurement of sample involved reference solution, sample solu-
tion, and cleaning solution (1:3 v/v of ethanol and HCl 0.1 M, respec-
tively). The measurement protocol is nearly similar to the literature
[34]. Fig. 1b shows the diagram of the measurement protocol. (1) Po-
tential of the reference solution is first measured (without stirring) to
obtain V;. (2) Potential of sample solution V; is measured until the
response is saturated. Measurement was taken under constant stirring
condition of 500 rpm to accelerate adsorption of astringent analyte and
to improve response time. (3) Potential of the reference solution is again
measured to obtain V;'. (4) To clean adsorbed analyte in the membrane,
the sensor is cleaned with the cleaning solution in constant stirring
condition of 500 rpm between 30 s and 90 s. After that, the sensor is
lightly rinsed with the reference solution before going back to (1) to start
a new measurement. Based on the protocol, we define two output pa-
rameters of the measurement:

Relative potential value = Vi, — V, (€8}

Residual potential = V, — V; (2)

Note that the newly fabricated sensor must be conditioned in the
above measurement procedure until a consistent response is obtained.
Based on our data, at least 5 cycles of the above protocol were enough.

2.4. Morphological and electrochemical characterization

The structure and morphology of PPy-CB (after treatment with

probe-sonication) were characterized using scanning electron micro-
scopy (SEM, JEOL JSM-6510LA, Japan) in vacuum at 15 kV accelerated
voltage after the material was gold-coated with auto fine coater (JFC-
1600, Japan) in vacuum for 120 s with constant current of 20 mA. Cyclic
voltammetry was performed on GC and GC/PPy-CB electrodes in
reference solution at a potential ranging from —0.2 V to 0.4 V, a scan
rate of 50 mV/s, 3 cycles, and a potential step of 10 mV. Impedance
spectroscopy and current-reversal chronopotentiometry were performed
on GC/LPM and GC/PPy-CB/LPM (as a working electrode) in a typical
three-electrode system with a Hanna HI 5315 as the reference electrode,
and a platinum sheet as the counter electrode. Electrochemical imped-
ance spectroscopy (EIS) was conducted from 100 kHz to 0.05 Hz with
100 mV AC amplitude. For current-reversal chronopotentiometry, a
potential was recorded for both electrodes under a continuous current of
4+ 1 nA each for 60 s. Prior to characterization, the electrodes were
conditioned for at least 3 days in the reference solution.

3. Results and discussion
3.1. Morphological analysis

The structure and morphology of the as-deposited PPy-CB were
analyzed using SEM. As shown in Fig. 2a, a magnification of x 10.000
revealed that the material has a nanomaze-like structure originating
from nanoparticles that agglomerated after drying from the suspended
state. In magnification of x 20.000 times, as can be seen from Fig. 2b,
the size of the nanoparticle is ranging between 50 and 120 nm. The
structure is quite similar to the structure of CB in other work [35]. Such a
structure is expected to provide the fabricated sensor with high capac-
itive electrochemical behaviour owing to its high surface area.

3.2. Ion-electron transduction characterization

Performing cyclic voltammetry before the deposition of the mem-
brane could be a fast and convenient way to characterize the solid
contact. The obtained voltammograms could provide capacitive infor-
mation on the solid contact, which determines the stability of the fully
fabricated ASSE. In this work, cyclic voltammetry was performed for
both bare and PPy-CB modified GC electrodes in a potential ranging
between — 0.2 V and 0.4 V, the scan rate of 50 mV/s, 3 cycles, and the
measurement step of 10 mV. As shown in Fig. 3a, both electrodes
exhibited capacitive behaviour, indicated by the absence of a faradaic
current. The GC-modified PPy-CB exhibited a significantly higher (ca.
2.7 times higher, measured at 0 V) capacitive current than its bare
counterpart, which indicates an improved capacitance of PPy-CB on the
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Fig. 2. SEM micrograph of PPy-CB after treatment with probe-sonication with a magnification of 10.000 (a) and 20.000 (b). The inset shows 30.000 magnification.
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Fig. 3. Cyclic voltammogram for bare and PPy-CB modified GC electrode in reference solution with a 50 mV/s scan rate, 3 cycles, and a 10-mV measurement step
(a). Impedance spectra for GC/LPM and GC/PPy-CB/LPM in the reference solution with 100 mV E,, O V E4, and a frequency range of 100 kHz-0.05 Hz (b).
Chronopotentiometry was obtained for GC/LPM, and GC/PPy-CB/LPM modified glassy carbon electrodes with a constant current of + 1 nA each for 60 s (c).

surface of the electrode. The combination of the high surface area of CB
and the redox-active of PPy is expected to be responsible for the
improvement since high double layer and redox capacitance determines
the stability of ASSE-based potentiometric electrode [10,36]. Previous
works reported similar enhancements after utilizing CB as the solid
contact, in the case of GC [27,37], screen-printed [38], and
thermoplastic-based [39] electrodes.

Impedance measurements were performed on both GC/LPM and GC/
PPy-CB/LPM from 100 kHz to 0.05 Hz at 100 mV E,. and 0 V E, in the
reference solution. As shown in Fig. 3b, high-frequency semicircles were

observed for both sensors, which could be attributed to the bulk mem-
brane resistance of 1.28 MQ and 1.34 MQ for GC/LPM and GC/PPy-CB/
LPM, respectively. This slight distinction could be attributed to the un-
certainty in the manual deposition of the membrane. However, a clear
difference was observed in the low-frequency range, where GC/LPM
exhibited a significantly larger second semicircle than that GC/PPy-CB/
LPM. The low-frequency region is characteristic of solid contact beneath
the membrane. The impedance spectrum for GC/PPy-CB/LPM at low
frequency hardly changes, giving an absolute impedance of 1.39 MQ ata
0.05 Hz, compared to the value obtained for GC/LPM, which is
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2.62 MQ. This indicates that the addition of PPy-CB considerably re-
duces the charge transfer resistance while boosting the capacitance at
the solid contact layer. Similar results were observed for ion-selective
electrodes with various types of solid contact layers, including multi-
walled carbon nanotubes [40], porous carbon sub-micrometer spheres
[41], and an inorganic buffer ionic liquid [42].

For a potentiometric sensor with ASSE design, it is necessary to
investigate the sensor’s capability to resist polarization using the
current-reversal chronopotentiometry method. For GC/LPM and GC/
PPy-CB/LPM, a constant current of + 1 nA was applied for 60 s, fol-
lowed by — 1 nA for 60s in the reference solution. As presented in
Fig. 3c, a significant drift of 55.75 uV/s (measured as slope) was
observed for GC/LPM in comparison with GC/PPy-CB/LPM, which
experienced only 4.25 uV/s. Moreover, an immediate high potential
shift occurs for GC/LPM after the negative current is applied. On the
other hand, GC/PPy-CB/LPM still retains response stability owing to the
high capacitance of the PPy-CB as a solid contact. The potential drifts
(de/dt) due to applied current i are related to the capacitance, C, of the
solid contact by the well-known relation, dg/dt = i/C. Therefore,
measured capacitances are 17.9 uF and 235 uF for GC/LPM and GC/PPy-
CB/LPM, respectively. This value is higher than the solid contact-based
inorganic redox buffer ionic liquid (170.36 uF) [43] and reduced gra-
phene oxide aerogel (142.86 uF) [44], also a much higher than that of
the CB-based solid contact ISE [39,45].
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3.3. Interference, water layer, and reversibility test

The presence of O, can affect the stability of an ASSE-based poten-
tiometric sensor by forming a half-cell in the solid contact layer.
Furthermore, light could also influence the boundary potential of the
solid contact if it is either a conductive polymer [20] or has a semi-
conductor attribute with a narrow band gap [46]. Therefore, stability of
the asfabricated GC/PPy-CB/LPM were studied by external interference
from O, and light in the reference solution. As shown in Fig. 4a, there
was no significant change in the sensor’s response during O and N gas
bubbling. The inset of Fig. 4a shows the effect of ambient light on the
electrode response stability in reference solution. It is clearly observed
that the effect of light on the electrode potential is insignificant.
Although the solid contact contains PPy, a large portion of CB is ex-
pected to reduce the instability caused by the light. This observation
indicates that the sensor exhibits good resistivity toward O and light
interference.

The water layer test is a common step to verify if the ASSE electrode
could contain water sandwiched between the membrane and the solid
contact, which mostly formed during the conditioning process. The
presence of such a layer might provide a non-stable boundary potential
caused by transmembrane diffusion of ions. An indirect method to
identify such layer is by observing recorded potential from two different
sample solutions containing primary and interfering ions. In this study,
the method was performed on GC/LPM and GC/PPy-CB/LPM after the
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Fig. 4. Effect of O, on the response stability of the GC/PPy-CB/LPM. The inset shows the effect of ambient light on the stability of the GC/PPy-CB/LPM electrode.
Both measurements were performed in the reference solution (a). A water layer test was performed on GC/LPM and GC/PPy-CB/LPM (A = reference solution, B =
0.1 M KNO3 solution). The potentials of all electrodes were shifted vertically so that they overlapped at the initial reference solution potential (b). Reversibility
response of GC/LPM and GC/PPy-CB/LPM between the reference solution and 0.1 M KNO3 (c).
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sensors were conditioned in a reference solution for over one week. If a
water layer is formed during conditioning, ions in the reference solution
is expected to occupy the water layer. The first step was to record the
potential in the reference solution (A). Because the positively charged
LPM can only respond toward anions (Donan exclusion), in step two, the
measurement was performed in different sample solutions that have
different selectivity with anions of the reference solution, which in this
case is chosen to be KNOs. In step three, we recorded the potential back
in the reference solution to observe if the recorded potential could return
to the value initially recorded in step one. As shown in Fig. 4b, no sig-
nificant potential drift was observed for the electrodes that were initially
measured in the reference solution. Following KNO3 0.1 M potential
measurements, the response GC/LPM experienced a positive drift over
time. On the other hand, the response of GC/PPy-CB/LPM was relatively
stable. After placing the electrodes in the reference solution, the
response of GC/PPy-CB/LPM did not immediately return to its original
value of the reference solution. Instead, it slowly drifted to its original
values. This might indicate that the overall composition of the ions in the
membrane is altered by nitrate anions, and it takes some time to
recondition back in the reference solution. In contrast, an immediate
negative shift was observed for the GC/LPM electrode relative to its
original value. Moreover, the electrode experienced a negative drift
further away from the original line. This behaviour is very similar to
previous reports in that the shift and drift might be owing to the intro-
duction of a water layer on the solid contact, which causes instability
and mechanical failure of the membrane from the GC electrode [47-49].
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Reversibility tests were performed between the reference solution
and KNOs to further emphasize the superiority of GC/PPy-CB/LPM over
GC/LPM. As pointed out in the original method [18], the alternating
measurement between conditioning and sample solution could not
overcome the water layer problem owing to the asymmetry of drift
introduced by primary and interfering ion transmembrane diffusion.
Furthermore, stable reversible measurement is important for taste sen-
sors because it uses the reference solution as a response baseline. Fig. 4c
shows the reversibility response of the GC/LPM and GC/PPy-CB/LPM
electrodes in the reference solution and 0.1 M KNOs solution in 12
successions. It can be clearly seen that the addition of PPy-CB as a solid
contact provides better repeatability and reversibility as compared to
the electrode that uses only bare GC as the solid contact. The inconsis-
tency of the GC/LPM response might be caused by its vulnerability to
noise, harsh conditions, and the nature of its long-term drift.

3.4. Potentiometric profile of the fabricated sensor

Selective measurement of an astringent substance, namely tannic
acid, was performed using the GC/PPy-CB/LPM, by taking the residual
potential as parameter. The repeatability characteristic was investigated
by performing reversible measurements between the reference solution
and 0.05 wt% tannic acid solution (dissolved in reference solution). As
shown in Fig. 5a, a significant potential residue could be observed,
indicated by the difference in V," and V. After measuring V,’, the sensor
was rinsed with cleaning solution between 30 s and 90 s. Following that,
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re-measurement of V, revealed that the response instantly returned to its
original value. This shows that rinsing with ethanolic solution could
quickly eliminate tannic acid residue in membrane and it does not
significantly affect the membrane. Also, the stable potential after the
rinsing indicates that the fabricated sensor has a fast response time in the
reference solution. Clearly, V, exhibits a potential drift over time due to
desorption process of the adsorbed astringent substance in the mem-
brane [50]. The concept of a taste sensor aims to objectively quantify the
taste and aftertaste perceived by a human. Therefore, it is important to
evaluate the sensor signal early in consideration of stability [34].
Despite the existence of drift, after performing 15 consecutive cycles of
reversible measurement between the reference and the tannic acid so-
lutions, the residual potential from the 0.05 wt% tannic acid (dissolved
in reference solution) exhibits relatively good repeatability of
—76.32 + 1.524 mV. This value is nearly identical to the response of the
taste sensor reported in previous work [5]. Fig. 5b shows the residual
potential obtained toward different concentrations of tannic acid from
0.0005 wt% to 1 wt%. It can be seen that the fabricated sensor exhibits
linear behaviour with a sensitivity of 17.997 mV/decade and R?> =
0.995. The inset of Fig. 5b shows that the response time of the sensor
depends on the concentrations of tannic acid, where the lower concen-
tration induces higher response time. A lower concentration than
0.0005 wt% causes a further increase in response time, which makes it a
bit impractical. Moreover, we observed that harsh stirring conditions for
a very long time (higher than 1000 s) cause deterioration of the sensor’s
response. Nevertheless, the dependency of the response time (or by
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measuring the rate of adsorption and desorption) toward the tannic acid
concentrations could potentially become a second parameter to deter-
mine astringency perception besides the residual potential. Fig. 5c
shows long-term stability and reproducibility from triplicates of
GC/PPy-CB/LPM. The sensors were periodically tested in 0.05 wt%
tannic acid (dissolved in reference solution). While not in use, the sen-
sors were stored in reference solution. As can be seen, the proposed
sensor is reproducible and still retain original responses even after nine
days of measurement.

Fig. 6a shows relative potential value response (based on Eq. 1) of the
GC/PPy-CB/LPM toward KNOs and interfering tastes of NaCl (salty
taste), citric acid (sour taste), MSG (umami taste), Q.HCI (bitter taste),
and glucose (sweet taste). The LPM is positively charged owing to the
lipid TDDAB, hence the sensor is sensitive toward anions (indicated by
the negative trend). At a very low concentrations, the relative potential
value of each substances tends to gather at ca. 175 mV above the po-
tential of the reference solution, indicating a maximum positive-charge
density generated at the membrane surface as hydrophilic group of the
lipid mostly dissociate at a very dilute aqueous solution. Taking the
relative potential value as the sensor output renders the sensor non-
selective, as their output responses toward the analytes overlapped
with others. Furthermore, the lipid TDDAB responds more sensitively
toward nitrate ions in accordance with the other work which utilizes the
lipid for nitrate-selective electrode [33]. Upon calculating the residual
potential of each substance, no significant value is observed in various
concentrations, as presented in Fig. 6b. Most of the residual potential are
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positive, which seems correlated with the relative potential value in
Fig. 6a. This indicates that the membrane does not adsorb or immedi-
ately desorb the interfering taste substances. Fig. 6¢ shows a comparison
between astringent substances, which are tannic and gallic acid, with
the interfering taste substances and KNOs. Clearly, the proposed sensor
has high selectivity to the astringent substances. Gallic acid is less
astringent than tannic acid and is reported to be more bitter rather than
astringent [51]. Tannic acid and gallic acid are known to be present in
wine [52-54] and contribute to its astringency perception. However,
commercially available astringent taste sensor (also use the same LPM
with TDDAB lipid) is reported to be able to evaluate astringency of
tannic acid, gallic acid, chlorogenic acid, caffeic acid, and epi-
gallocatechin gallate that correlate well with sensory scores (R = 0.95)
[3]. Previous work reported that the residual potential generated by the
LPM is in agreement with adsorption of epigallocathechin gallate inside
the LPM at certain limit [55]. Also, recent work used the LPM-based
taste sensor as standard comparison to evaluate astringency of cate-
chins from green tea infusion [56-58].

Table 1 summarize recent works on astringency sensing. An inter-
esting work was reported by Yeom et al. that fabricate artificial tongue
by using interdigitated electrode coated with chemoresistive mucin-
hydrogel. The sensor works by interacting the astringent compound
with the hydrogel, transforming the gel structure and changing its
chemoresistive property. The developed sensor has a similar wide
sensing range to our sensor, low response time, and high accuracy.
However, there was no evidence showing that the reported artificial
tongue is reusable. The sensor based on lipid/polymeric membrane,
however, is proven to be highly reusable. Compared to the conventional
design, the proposed ASSE-based astringent sensor has a wider sensing
range, low-cost, requiring very low amount of membrane material (a
single sensor only needs 40 ul of the membrane cocktail), is simple to
fabricate, and is easy to miniaturize. Moreover, the ASSE-based sensor
has the advantage of rapid fabrication that only needs ca. 2 h to evap-
orate the membrane cocktail on the electrode. In comparison, the re-
ported LPM for conventional taste sensors must evaporate the
membrane cocktail for at least 3 days before it can be installed on the
electrode. Furthermore, the ASSE sensor could be used in any position,
which translates to its wide-range applicability. Overall, the sensing
range of the proposed sensor are within human taste threshold of 30 yM
[59].

3.5. Proposed mechanism

A potentiometric response can be obtained if a continuous charge
transfer occurs in the system. For this, reversible charges must be passed
between the electrons in the electronically conducting measuring
equipment and the ionically conducting solution. In the Ag/AgCl
reference electrode, ion-electron transduction is governed by a sponta-
neous reaction between Ag/AgCl and C1~ ions of the internal solution. In
this study, PPy-CB replaces the role of the Ag/AgCl and CI™ in an all-
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solid-state taste sensor. A tentative sensing mechanism of the sensor is
shown in Fig. 7. Membranes constructed from plasticized PVC with
lipids could generate potential at the membrane surface owing to the
dissociation of the lipid hydrophilic group and diffusion potential from
charges flowing inside the membrane [34]. For the GC/LPM electrode,
the membrane potential could be measured using the measuring
equipment because of the double-layer capacitance formed between the
electrons in the GC and the ions in the membrane, as shown in Fig. 7a.
However, our data show that the capacitance generated was too small
for the electrode to maintain a precise and stable potential. For
GC/PPy-CB/LPM, the solid contact is composed of PPy and CB, which
provide redox and double-layer capacitances, respectively. As shown in
Fig. 7b, redox reactions occur between the counterion and the polymer
backbone involving PPy and PPy, which eventually pass charges be-
tween the solid contact and electronically conducting substrate.
Conversely, the high surface area of CB contributes to transduction,
providing a high double-layer capacitance between the electrons and
ions in the membrane. The tannic acid adsorbed onto the membrane
modifies the potential generated by the membrane, reducing its surface
charge density. Hence, a residual potential could be observed, which
provides a unique fingerprint for the electrode as a selective astringent
taste sensor.

4. Conclusions

This study presents the development of an astringent taste sensor in
an ASSE design using a PPy-CB as the solid contact. The addition of the
solid contact provides the electrode with a high capacitance of 235 uF
and lower charge-transfer resistance than its bare counterpart, which
translates well with the stability of the sensor in the reference solution.
No evidence of a water layer present beneath the membrane, and the
sensor could still maintain stability in the reference solution despite
interference from O and light. The sensor is highly reusable, providing a
residual potential of —76.32 + 1.524 mV toward a 0.05 wt% tannic acid
(dissolved in reference solution) over 15 measurements, which is nearly
identical to the value obtained in the literature. At various concentra-
tions of tannic acid (0.0005-1 wt%), the sensor exhibits linear behav-
iour with a sensitivity of 17.997 mV/decade and R?> = 0.995. Response
time of the sensor depends on the concentrations of the tannic acid
presents in the sample solution. The sensor can also respond to gallic
acid as a minor astringent substance and highly selective against inter-
fering taste and KNOs. The proposed sensor has several advantages in
comparison to conventional design, including wider sensing range, low-
cost, requiring very low amount of membrane material (a single sensor
only needs 40 yl of the membrane cocktail), rapid fabrication, and easy
to miniaturize. The development of the ASSE-based taste sensor that is
selective to other tastes such as saltiness, sourness, bitterness, umami,
sweetness, and artificial sweetness may be subject to further
investigation.

Table 1
Comparison of artificial tongue for astringency sensing reported in literature.
Sensor/Material Measurement method Sensing range Response time Selectivity, Ref.
reusability
Mucoprotein-lubricated glass Tribometry: change in frictional force ~ Tannic acid (0.5-5 wt%) N/A N/A, yes [60]
Interdigitated Amperometry: change in ionic Tannic acid (linear in 10s Yes, N/A [59]
Electrode coated with chemoresistive conductivity 0.0005-1 wt%)
mucin-hydrogel
A specific fluorescent compound that Fluorescence spectroscopy: changein ~ EGCg” (linear in N/A N/A, yes [56]
can form complexes with catechins fluorescence intensity 0.0125-0.0738 wt%)
Conventional Ag/AgCl/KCl with lipid/ Potentiometry: change in membrane Tannic acid (linear in N/A Yes, yes [4]
polymer membrane potential caused by adsorption 0.005-0.1 wt%)
ASSE based on PPy-CB solid contact with ~ Potentiometry: change in membrane  Tannic acid (linear in Variative, ~6.83 s in tannic acid Yes, yes This
lipid/polymer membrane potential caused by adsorption 0.0005-1 wt%) 0.05 wt% + reference solution work

# EGCg = epigallocatechin-3-O-gallate
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