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Abstract: Technologies for quantifying bitterness are essential for classifying medicines. As previ-
ously reported, taste sensors with lipid polymer membranes can respond to bitter hydrochloride
substances in pharmaceuticals. However, the acid hydrolysis reaction between the lipid phosphoric
acid di-n-decyl ester (PADE) and the plasticizer tributyl o-acetylcitrate (TDAB) led to a deterio-
ration in sensor responses during storage. Given the cost of transportation and preservation for
commercialization, membrane components that maintain physical and chemical stability during
long-term storage are needed. Here we present a membrane electrode based on hydrophobic tetrakis
[3,5-bis (trifluoromethyl) phenyl] borate (TFPB) and a plasticizer 2-nitrophenyl octyl ether (NPOE)
for the quantification of pharmaceutical bitterness; they maintain a stable response before and after
accelerated deterioration, as well as high selectivity and sensitivity. It is a first attempt to use a
completely dissociative substance to replace non-completely dissociative lipids. Our work offsets the
long-term stability issue of a bitterness sensor with a negatively charged hydrophobic membrane.
Meanwhile, we provide the opportunity to select surface charge modifiers for a membrane surface
using ester plasticizers containing oppositely charged impurities.

Keywords: bitterness; tetrakis [3,5-bis (trifluoromethyl) phenyl] borate; fully dissociated; hydropho-
bicity; surface charge density; adsorption amount

1. Introduction

Taste plays a vital role in the acceptance of a pharmaceutical formulation. Many active
pharmaceutical ingredients (APIs) have a bitter taste, and therefore are aversive not only for
children, but also for many adults [1]. To deal with this problem, the evaluation of bitterness
has become an important step during the process of pharmaceutical development [2].
Traditional sensory testing relies on the subjective feelings of panelists, with the limitations
of low reproducibility, low objectivity, and possible side effects. In the past few decades,
several studies on electronic tongues have been drawing intense research interest because
of their potential application in taste assessment [3-9]. The use of an electronic tongue,
called a “taste sensor,” provides an objective solution for taste evaluation. The taste sensor
is an analytical sensor array system with different artificial lipid polymer membranes.
Unlike other electronic tongues with cross-selectivity, each sensor electrode of the taste
sensor can detect substances with specific physiochemical properties (or taste qualities).
We call global selectivity. The two-electrode method is used as the measurement system,
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with a sensor electrode and an Ag/AgCl reference electrode. The membrane potential
between the two electrodes is measured by a potentiometer. When a sensor membrane
is immersed in a taste sample, hydrophobic and electrical interactions occur between the
taste substances and the membrane, which causes a change in the membrane potential.
The changes in membrane potential are used as the outputs of the taste sensor [10-15].

A bitterness sensor called BTO has been reported as one of the sensor electrodes of
the taste sensor [12,16]. It shows global selectivity to hydrochloride drugs and has been
used to quantify the bitterness of commercial hydrochloride medicines. The BTO mem-
brane contains phosphoric acid di-n-decyl ester (PADE), bis(1-butylpentyl) adipate (BBPA),
and tributyl o-acetylcitrate (IBAC), with polyvinyl chloride (PVC) as the supporting mate-
rial. PADE is a phospholipid, which adjusts the surface charge density of the membrane.
BBPA and TBAC are plasticizers, which change the hydrophobicity of the membrane. Ear-
lier studies have suggested that the BT0 sensor possesses high sensory correlation as well
as a good reaction to the bitterness suppression effect of sucrose and other bitter-masking
materials [16]. However, long-term preservation at room temperature is still a challenge,
and humidity is a drawback in the laboratory. A previous study has suggested that the
sensor response gradually decreases by half after one year and keeps decreasing to almost
zero after two years. We revealed that the reason behind the deterioration is that the
phospholipid PADE creates hydrogen ions, which promote TBAC hydrolysis [17].

Tetrakis [3,5-bis (trifluoromethyl) phenyl] borate (TFPB) is a highly hydrophobic
fluoroaromatic borate ion with little nucleophilicity and high chemical durability [18-20].
Because of the trifluoromethyl groups, the ipso-carbons of TFPB have low electron density.
Thus, TFPB is stable under acidic conditions [19]. It has been used as an anion phase-
transfer catalyst in Friedel-Craft alkylation or diazo coupling reactions [21], and as an ion
exchanger in ion-selective electrodes (ISEs) [22-24]. As an anionic lipophilic additive for
potentiometer sensors, appropriate TFPB content is important for cation sensing to have
better sensitivity and a shorter response time [25]. To sum up, TFPB can be considered an
ideal anion amphiphile for sensing bitter hydrochloride substances in pharmaceuticals,
which are usually hydrophobic and positively charged. Also, as a completely dissociative
substance, TFPB does not create an acidic environment in the sensing element and the
degree of dissociation is not affected by pH conditions.

The purpose of this paper is to develop a bitterness sensor for quantifying pharma-
ceutical bitterness with high stability in long-term storage. In this work, a completely
dissociative TFPB was first used as an anionic amphiphile in the sensor membrane instead
of the non-completely dissociative lipid PADE. To obtain good sensitivity, we determined
the optimal concentration of TFPB and adopted NPOE as the plasticizer, which contains
positively charged impurities to neutralize the excessive surface charge density of TFPB.
The results of this paper proved that the surface charge density of the sensor membrane
determines the sensitivity of sensor responses to the adsorption of bitterness substances
into the membrane. Finally, the sensor withstood the long-term stability test and showed
high selectivity and sensitivity for pharmaceutical bitterness.

2. Materials and Methods
2.1. Materials

Sodium tetrakis [3,5-bis (trifluoromethyl) phenyl] borate (Na-TFPB) was supplied
by Dojindo Laboratories Co., Ltd. (Kumamoto, Japan). Phosphoric acid di-n-decyl ester
(PADE) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). The plas-
ticizers, bis(1-butylpentyl) adipate (BBPA), 2-nitrophenyl octyl ether (NPOE), and tributyl
O-acetylcitrate (TBAC) were purchased from Sigma-Aldrich Japan K.K. (Tokyo, Japan) and
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Polyvinyl chloride (PVC) purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and tetrahydrofuran (THF)
purchased form Sigma-Aldrich Japan K.K. (Tokyo, Japan) were used as the supporting
material and the organic solvent, respectively. The structures of membrane components are
summarized in Figure 1. Potassium chloride (KCl), tannic acid, monosodium glutamate
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(MSG), tartaric acid, quinine hydrochloride, iso-alpha acid, and sucrose were obtained
from Kanto Chemical Co., Inc. (Tokyo, Japan). Azelastine hydrochloride was obtained
from LKT Laboratories, Inc. (St. Paul, MN, USA). Cetirizine hydrochloride and eperisone
hydrochloride were obtained from Combi-Blocks, Inc. (San Diego, CA, USA). Loperamide
hydrochloride was obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Hydroxyzine hydrochloride was obtained from Sigma-Aldrich Japan K.K. (Tokyo, Japan).
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Figure 1. Structures of membrane components: (a) BBPA; (b) NPOE; (c) TBAC; (d) Na-TFPB;
(e) PADE.

A reference solution composed of 30 mM KCl and 0.3 mM tartaric acid was used as
a buffer solution to prepare all taste samples. A cleaning solution composed of 30 vol%
ethanol and 100 mM HCI was used to clean the membrane for the next measurement.

2.2. Fabrication Process of the Sensor Electrode

The membrane electrode based on TFPB has been fabricated in a multistep sequence
(Figure 2). First, Na-TFPB and plasticizers BBPA, TBAC (or NPOE), and PVC were mixed
by THF for 1 h. The mixture solution was then poured into a glass Petri plate to dry
naturally. After three days, a transparent membrane had formed on the bottom of the
Petri plate. Then the membrane was divided to fit the size of the sensor probe. Finally,
an Ag/AgCl electrode was fixed to the sensor probe after injecting an inner solution (3.3 M
KCl and saturated AgCl). To obtain the best performance for over multiple measurements,
the sensor electrode was covered with a reference solution comprised of 30 mM KCI and
0.3 mM tartaric acid for 24 h before measurements. This conditioning process aimed to
optimize the structure of the membrane surface to reach a stable initial potential [26].
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Figure 2. Fabrication process of sensor electrode.
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2.3. Measurement Procedure

As shown in Figure 3, the two-electrode method was used to measure membrane
potentials between the sensor electrode and the reference electrode. Before the measure-
ment, the sensor membrane was immersed in a reference solution for one day to obtain
a relatively stable initial membrane potential. The measurement procedure is shown in
Figure 4. First, the membrane potential V, was obtained in a reference solution. Second,
Vs was obtained in a sample solution. All samples were made with a reference solution
as a buffer. Third, membrane potential V} was obtained after lightly rinsing the sensor
electrodes in a reference solution. The values of V;/ and V; are often different because some
hydrophobic substances from the samples remain on the membrane after a light rinse,
causing changes in the membrane potential. The change in membrane potential caused by
the adsorption is called the CPA value. Finally, the membrane potential was restored to
the original value after sufficiently rinsing the sensor electrodes with a cleaning solution
comprised of 30 vol % ethanol and 100 mM HCI. The relative value and the CPA value,
determined using the following equations, were used as the sensor outputs [27,28]:

Relative value = V, =V, 1)

CPA value = V] —V,. )
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Figure 3. Experimental setup of taste sensor system.
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Figure 4. Measurement procedure using taste sensor.

2.4. Investigation of TFPB Contents

As shown in Figure 1, TFPB is fully dissociated with a sodium ion as the counter ion
in the solution. There are four benzene rings around the boron ion, which makes TFPB
have high hydrophobicity. On the other hand, PADE becomes negatively charged when
it dissociates from hydrogen ion. The degree of the dissociation is not complete, and is
influenced by the pH of the environment. Moreover, previous research has suggested that
PADE generates an acidic environment in the BTO membrane and promotes the hydrol-
ysis of the ester plasticizer TBAC, which causes a decrease in membrane sensitivity [17].
The carbon chains (C10) on both sides make PADE have high hydrophobicity, but the
hydrophobicity of PADE (logD: 4.307) is weaker than that of TFPB (logD: 9.735). In the
first experiment, a sensor electrode was fabricated with different contents of TFPB, while
TBAC and BBPA were used as plasticizers in certain amounts. Considering the content
of PADE used in the BT0 sensor as well as the difference in the dissociation of TFPB and
PADE, the minimum concentration of TFPB (0.1 wt %) was set to be smaller than that of
PADE. To test the bitterness sensitivity of sensor membranes containing TFPB, 0.1 mM
quinine hydrochloride was measured for each membrane.

2.5. Contact Angle

The contact angle of the surface of each membrane containing TFPB was measured
using a contact angle meter (DM 500, Kyowa Interface Science Co., Ltd., Saitama, Japan).
The contact angles were measured with a 2 uL water droplet.

2.6. Adsorption Amount

The adsorption amount of quinine hydrochloride was measured using an UV-visible
spectrometer (UV-1800, Shimadzu Corp., Kyoto, Japan). First, a calibration curve was
calculated by measuring the absorbance of quinine hydrochloride solutions with known
concentrations. Then 5 mL of quinine hydrochloride solution were poured onto the Petri
plate. The absorbance of the solution extracted from the Petri plate was measured after
30 s of soaking. Finally, the sample concentration can be estimated from the obtained
absorbance using the calibration curve. After the measurement, the cleaning solution was
poured into the Petri plate for 1 min. to wash the membrane for reuse.

2.7. Evaluation of TFPB-NPOE Membranes

The plasticizers BBPA and TBAC were replaced with NPOE. The TFPB content in
TFPB-NPOE membranes was set to 0.0025-2.5 wt %. The initial membrane potential and
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Relative value (mV)

CPA values were measured for quinine hydrochloride using each TFPB-NPOE membrane.
To confirm the selectivity to the different taste qualities, the responses to saltiness, sourness,
umami, astringency, bitterness, and sweetness were measured by the TFPB-NPOE sensor.
Two representative bitter substances were chosen for the bitterness sensing: 0.01 vol %
iso-alpha acid (called “bitterness (—)”) was used as the representative of the acidic materials
included in food or beverages, and 0.1 mM quinine hydrochlorde, azelastine hydrochlorde,
cetirizine hydrochlorde, loperamide hydrochlorde, eperisone hydrochlorde, hydroxyzine
hydrochlorde (called “bitterness (+)”) were used as representatives of the hydrochloride
salts included in medicines. In this taste sensor system, the two types of bitterness were
evaluated by two different types of bitterness sensors with opposite membrane potentials.
In this paper, we aim to design a bitterness sensor that responds to the bitterness of
pharmaceuticals. Therefore, the selectivity of bitterness (+) is expected.

2.8. Long-Term Stability Test

Since it is not efficient to wait for the natural deterioration of the membrane, we accelerated
the deterioration process to test the long-term stability of the sensor electrode. The sensor
membranes were put in a chamber at 45 °C and 95% relative humidity (RH) for 28 days.
The accelerated deterioration process was initiated according to our previous report [17].
The sensor responses (CPA values) to a 0.1 mM quinine hydrochloride solution before and
after the accelerated deterioration process were defined as Ry fore and Ry ey, respectively.

The residual voltage ratio D was defined by the following equation to evaluate the
degree of deterioration:

D= Rafter/Rhefore % 100%. 3)

3. Results and Discussion
3.1. Bitterness Responses with TFPB-BBPA-TBAC Membranes
3.1.1. Sensor Responses

The relative values and CPA values are shown in Figure 2. As shown in Figure 5a, there
was a consistent decrease in the relative values with respect to the increase in the concentration
of TFPB until 1.8 wt %. The relative value remained unchanged under 5 mV during 1.84.3 wt %
TEPB. As shown in Figure 5b, the CPA values were found to be insignificant with a maximum
of 67 mV, while the CPA value of the BT0O sensor was about 36 mV for 0.1 mM quinine
hydrochloride [17]. It can be seen that the TFPB-BBPA-TBAC membrane showed poorer
performance than the conventional BT0. The hydrophobic interaction between the membrane
and quinine hydrochloride contributed little to the sensor output, and a low response is likely
to be obtained around the high concentration of TFPB.

60 10
~ 8 i
>
40
gl
2
E
20 <
&)
2 |
0 1 1 0 1 1
0.01 0.1 1 10 0.01 0.1 1 10
Concentration of TFPB (wt %) Concentration of TEPB (wt %)
(a) (b)

Figure 5. Responses of sensor membranes with different TFPB contents in TFPB-BBPA-TBAC membranes to quinine hydrochloride
(0.1 mM): (a) Relative values; (b) CPA values. The results are expressed as means £ SD (1 = 16, 4 membranes x 4 times).
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3.1.2. Characteristics of Adsorption

According to Figure 6, there was a consistent decrease in the contact angles with
respect to the increase in the concentration of TFPB. From the results, we found that the
hydrophobicity of the membrane surface decreased with the increased concentrations of
TFPB. As the contact angle of the conventional BT0 sensor was about 75°, the membranes
with 0.1-0.3 wt % TFPB showed the same surface hydrophobicity as the BTO.

80

Contact angle (°)
~ ~
S G

AN
W
T

L

1 10
Concentration of TFPB (wt %)

[*))
S

o

Figure 6. The surface contact angles of TFPB-BBPA-TBAC membranes in different TFPB concentra-
tions. The results are expressed as means %+ SD (n = 9, 3 membranes x 3 times).

In terms of the measurement procedure of the taste sensor, bitter substances are
attracted to the sensor membrane mainly by electrostatic interaction (reflected by relative
values) and then adsorbed in the membrane by hydrophobic interaction (reflected by
CPA values) after being lightly washed. In this experiment, relative values were obviously
observed in the low-concentration region of TFPB, which indicated electrostatic interactions.
On the other hand, although the membrane with 0.1-0.3 wt % TFPB showed the same
surface hydrophobicity as the BT0, the CPA values (maximum: 6-7 mV) were much smaller
than that of the BTO (about 36 mV).

The wavelength we used was 249 nm. The adsorption amounts of 0.1 mM quinine
hydrochloride on the membranes of conventional BT0 and the sensor containing 0.14 wt %
TFPB were investigated. As shown in Figure 7, the adsorption amount on the BT0 and
TFPB membrane was 1.25 and 0.56 j1g/cm?, respectively.

2
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&
g 1
o
<
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g 05
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PADE membrane (BT0) TFPB membrane

Figure 7. Amount of adsorbed quinine hydrochloride (0.1 mM) on BT0 (PADE-BBPA-TBAC) and TFPB-
BBPA-TBAC membrane. The results are expressed as the means £ SD (1 = 6, 3 membranes x 2 times).
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As shown in Figure 8, the CPA value of the BT0 sensor membrane increased with
the increasing adsorption amount of quinine hydrochloride, but the CPA value of TFPB
membrane showed no significant change. The results also showed that the BT0 membrane
has larger CPA values than the TFPB membrane even if the adsorption amount of quinine
hydrochloride was the same. These results suggested that the TFPB-BBPA-TABC membrane
had low sensitivity for quinine hydrochloride.

40

P—é—i
30 o~ The membrane using PADE (BT0)
20

[ The membrane using TFPB

CPA value (mV)

—
(o)

T

|
—

0 1 1 1 !
0 0.5 1 1.5 2 2.5

Amount of adsorption (ug/cm?)

Figure 8. The change of CPA value with the amount of adsorption of quinine hydrochloride
(0.1 mM) onto the membrane. The blue dots indicate the BTO sensor and the orange dots indi-
cate the sensor with the TFPB-BBPA-TBAC membrane. The results are expressed as means £ SD
(n = 6,3 membranes x 2 times).

Previous research has suggested that the responses of the taste sensor were determined
by both the charge density and the adsorption amount on the membrane surface [29,30].
In this experiment, the low CPA values of the TFPB membrane may be caused by the
excessive surface charge density caused by negatively charged TFPB because the amount
of adsorption indeed rose.

3.2. Evaluation of Bitterness Sensining with TFPB-NPOE Membranes

Since the TFPB-BBPA-TBAC membrane showed much lower output than the con-
ventional BTO, and the further reduction of TFPB caused the instability of the membrane
potential (data not shown), we chose to change the plasticizers to adjust the surface charge
density. As we know, the plasticizers are ester compounds mainly synthesized from acids
and alcohols [31]. For example, adipic esters, such as BBPA, are synthesized by alkylating
the adipic acids. Citrates such as TBAC are synthesized by alkylating citric acids. However,
it is conceivable that acids such as adipic acid and citric acid that were not totally alkylated
during the synthesis exist as impurities in the reagent. All these acids released protons
and showed negative charge, which was thought to contribute to increasing the nega-
tive charge density on the sensor membrane surface. In a previous study, a NPOE-PVC
membrane (without TFPB) showed a positive membrane potential in a reference solution,
which indicants the existence of positively charged impurities in NPOE [32]. Therefore,
we chose NPOE as a new potential plasticizer of the TFPB membrane. NPOE has also
been used as the plasticizer in other taste sensors [10]. Figure 9 shows the CPA value for
each TFPB-NPOE membrane with different TFPB contents. A response peak for quinine
hydrochloride appeared around 0.08-0.25 wt % of TFPB, and the CPA value was about
27 mV. Although the response value was about three-quarters of that of the BT0 (36 mV),
it was much higher than that of TFPB-BBPA-TBAC (6-7 mV). The results revealed that the
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positively charged impurities in NPOE were helpful in neutralizing the excess negative
charges of TFPB and provided an appropriate surface charge density.

40

CPA value (mV)
3] W
[e] [e]

—
(e
T

0 1 1 1
0.001 0.01 0.1 1 10

Concentration of TFPB (wt%)

Figure 9. The relationship of CPA values and TFPB contents in TFPB-NPOE membranes. The results
are expressed as means + SD (n = 16, 4 membranes x 4 times).

Figure 10 shows the membrane potentials of each TFPB-NPOE membrane in the
reference solution. It can be seen that the membrane potential gradually becomes saturated,
and a high response is likely to be obtained around the low concentration of TFPB, where a
small change in TFPB concentration can make a large change in the membrane potential.

40

N N

—120 f

Membrane potential (mV)

—160
0.001 0.01 0.1 1 10
Concentration of TFPB (wt %)

Figure 10. The membrane potential of TFPB-NPOE membranes with different TFPB contents. The re-
sults are expressed as means =+ SD (1 = 16, 4 membranes X 4 times).

Among the above TFPB-NPOE membranes, the sensor membrane with 0.25 wt % TFPB,
which had the highest CPA value response to the quinine hydrochloride, was subjected
to the long-term stability test. Figure 11 shows the residual voltage ratios (D), expressed
by Equation (2), of the TFPB-NPOE membrane and BTO sensor. From the results, it can
be said that, although the response was somewhat reduced, the reduction was not as
large as for the BTO sensor. Therefore, the response of the TFPB-NPOE membrane is
less likely to deteriorate at room temperature and in humid conditions during long-term
storage. We investigated the concentration dependence of the TFPB-NPOE sensor for
quinine hydrochloride (Figure 12). The results indicated that this sensor response was
proportional to the logarithm of the concentration of quinine hydrochloride from 0.001 to
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3 mM. In addition, as shown in Figure 13, the TFPB-NPOE sensor membrane responds
selectively to the bitter pharmaceutical drugs hydrochloride, but not to any other taste
qualities, indicating this sensor has global selectivity to bitterness.

140

120 | m Before ® After

100

80

60

40

Residual voltage ratio (%)

20

BTO (using PADE) New (using TFPB)

Figure 11. Residual voltage ratios of the BTO and new TFPB-NPOE sensor. The blue columns
represent the residual voltage ratio before the accelerated deterioration process. The orange columns
represent the residual voltage ratio after the accelerated deterioration process. The results are
expressed as means & SD (n = 20, 4 membranes x 5 times).

300 60
250 R 50 r
_ y=3221In(x) + 203.1 .~ y= 37 4205 A
g - £ -
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E g 2 30 t -
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= 100 | & 20 L
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e JUE.
0 e | | ! 0 L L L
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Concentration of quinine hydrochloride (mM) Concentration of quinine hydrochloride (mM)
(a) (b)

Figure 12. Concentration dependence of TFPB-NPOE sensor on quinine hydrochloride: (a) Relative values; (b) CPA values.
The results are expressed as means £ SD (1 = 20, 4 membranes x 5 times).
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Figure 13. The CPA values for different taste qualities. (1) Saltiness sample (300 mM KCl); (2) sour-
ness sample (3 mM tartaric acid); (3) umami sample (10 mM sodium glutamate); (4) astringency
sample (0.05% tannic acid); (5) bitterness (+) sample (0.1 mM of hydrochloride salts of (5) quinine,
(5-1) azelastine, (5-2) cetirizine, (5-3) loperamide, (5-4) eperisone, (5-5) hydroxyzine; (6) bitterness (—)
(0.01 vol% iso-alpha acid); (7) sweetness sample (1 M sucrose). All taste samples were prepared with
the reference solution.

4. Conclusions

Taste sensors using non-completely dissociative lipids have been used for the taste
evaluation of foods and pharmaceuticals. Since the non-completely dissociative lipids are
prone to produce an acidic environment in the sensor membrane and affect the degradation
rate of the membrane, we attempted to construct a bitterness sensor for the quantification of
pharmaceutical bitterness based on TFPB as a completely dissociative anionic amphiphile.
With the use of highly hydrophobic TFPB, only a small amount of TFPB can realize a
highly hydrophobic membrane surface, which is suitable for the detection of bitter sub-
stances. The replacement of the conventional plasticizers BBPA and TBAC with NPOE,
which contains impurities with charges opposite to TFPB, avoided the excessive surface
charge density and improved the response sensitivity of TFPB membranes to quinine
hydrochloride. It necessarily follows that the response sensitivity is determined not only
by the amount of adsorption of bitter substances, but also by the surface charge density.
Finally, by using the fully dissociated TFPB instead of the conventional PADE, which is a
partially dissociated phosphoric acid, response deterioration was significantly prevented.
The TFPB-NPOE sensor withstood the long-term stability test and showed high selectivity
and sensitivity for pharmaceutical bitterness. This sensor also provided a route for the
design of the surface charge density of membrane surfaces using ester plasticizers that
contain oppositely charged impurities. In the future, the sensory correlation and the reac-
tion to bitterness suppression effect should be discussed in more detail using commercially
available medicines.

As the novelty of our research, taste sensor using a completely dissociative substance
is the first attempt ever made. The new attempt helps to improve the long-term stability
of bitterness sensor and is also expected to be applied to the membranes of taste sensors
using non-completely dissociative lipids other than the bitterness sensor.
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