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Research and development of taste sensors as a novel analytical tool

By Kiyoshi Toko*!f

(Edited by Toshio YANAGIDA, M.J.A.)

Abstract:

Gustatory and olfactory receptors receive multiple chemical substances of

different types simultaneously, but they can barely discriminate one chemical species from others.
In this article, we describe a device used to measure taste, i.e., taste sensors. Toko and colleagues
developed a taste sensor equipped with multiarray electrodes using a lipid/polymer membrane
as the transducer in 1989. This sensor has a concept of global selectivity to decompose the
characteristics of a chemical substance into taste qualities and to quantify them. The use of taste
sensors has spread around the world. More than 600 examples of taste-sensing system have been
used, while providing the first “taste scale” in the world. This article explains the principle of
taste sensors and their application to foods and medicines, and also a novel type of taste sensor using
allostery. Taste-sensor technology, the underlying principle of which is different from that of
conventional analytical instruments, markedly affects many aspects including social economy as

well as the food industry.
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1. Introduction

Various kinds of analytical instruments and
methods are indispensable to chemical analyses of
materials and chemical substances. These typically
include mass spectrometry such as gas or liquid
chromatography mass spectrometry (GC/MS or
LC/MS), spectroscopic analysis devices such as an
ultraviolet visible adsorption spectrophotometer
(UV-Vis), nuclear magnetic resonance spectroscopy
(NMR), X-ray photon spectroscopy (XPS), electron
probe microanalyzer (EPMA), and electrochemical
analyzers represented by a pH meter. These analyt-
ical devices make it possible to clarify the chemical
structure and identify and quantify the chemical
species that are constituents of materials. They are
very effective for studying the characteristics of
objects because all the constituent materials are
composed of many kinds of chemical species.
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Chemical analyses are carried out to detect
and identify chemical substances and species. Let
us consider enzyme reactions and antigen—antibody
interactions in biological systems from the viewpoint
of detection of target materials. An enzyme binds
with a ligand on the target, whereas an antibody
recognizes a specific antigen. In other words, the
selectivity of enzymes and antibodies is very high.

How about the senses of taste and smell in
biological systems? The method to detect chemical
substances in biological systems through these
chemical senses is different from the above. Gusta-
tory and olfactory receptors receive multiple chemical
substances of different types simultaneously, but they
can barely discriminate one chemical species from
others. In fact, one type of sweet receptor receives
glucose (monosaccharide) and sucrose (disaccharide)
simultaneously, and the receptor does not discrim-
inate between glucose and sucrose. This similar
situation holds for the sense of smell; one type of
chemical substance binds with multiple receptors of
different types, whereas one type of receptor receives
several chemical substances of different types. As a
result, the odor is recognized first in the brain.

The olfactory sense enables the judgement of
whether a chemical substance is harmful to the body
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Table 1. Main substances and features of seven taste qualities

Taste Main substances Feature

Sweetness Sucrose, glucose, artificial sweetener Source of energy

Bitterness Caffeine, theobromine, quinine, humulone, etc. Warning of toxicity

Saltiness Sodium, potassium, metal cations Supply of minerals

Sourness Acids, which supply protons Activation of metabolism, signal of rotten
materials

Umami Monosodium glutamate, disodium inosinate, Supply of indispensable amino acids and

disodium guanylate nucleotides

Astringency Compounds of tannin series Binding to proteins and bitterness
receptors on the mucous surface

Pungency Capsaicin, allyl isothiocyanate, piperine Binding to heat and pain receptors

or not before it enters the mouth, whereas the
gustatory sense enables the judgement of whether a
chemical substance is harmful or not once it enters
the mouth. For example, sweetness is associated with
sources of energy, whereas bitterness is a warning
of toxicity. Sweetness, bitterness, saltiness, sourness,
and umami are recognized as the five basic taste
qualities. Astringency and pungency are not consid-
ered basic tastes but are included when considering a
wider spectrum of seven basic taste qualities. Table 1
summarizes the main substances and features of the
seven taste qualities.”) ™

As is well known, it takes time for a biological
system to produce an antibody for a target antigen.
Taste and odor substances directly affect the body,
and animals including human beings can survive by
eating foods, i.e., chemical substances. Animals have
to judge instantly whether a chemical substance is
poisonous or not in order to live. As a result, animals
evolved to first be able to classify substances into
harmful or useful ones from the viewpoint of their
effect on the body.

In this article, we describe a device used to
measure taste, i.e., taste sensors developed by the
author. Many review papers on taste sensors have
been published so far,%'%) and hence, this article is
focused on the measurement principle, its application
to foods, and recent developments using modifiers for
measuring noncharged bitter substances (xanthine
derivatives) such as caffeine and theobromine. Due
to their reliance on a potentiometric measurement
method, taste sensors have limited ability to detect
noncharged substances. Recent taste sensors with the
receptive membrane modified with aromatic carbox-
ylic acids on the basis of the allosteric mechanism can
measure noncharged bitter substances.

2. Taste sensors: Electronic tongue
with global selectivity

Let us look back on the situation for the
evaluation of taste in the 1980s when Toko and
colleagues started research and development of a
taste sensor. Taste was evaluated by food companies
to control food quality and develop “palatable food”.
Taste was also evaluated in the pharmaceutical
industry to develop ‘“easy-to-take medicines”. Well-
trained panelists used to actually eat and evaluate
the taste of foods and medicines; hence, individual
differences and physical conditions affected the
results. In order to remove these disadvantages and
obtain objective results, it was necessary to perform
a large-scale human sensory evaluation with 15—-30
panelists. Furthermore, the sensory evaluation of
medicines was sometimes harmful to panelists and
is not a pleasant experience. Owing to the low
objectivity, low reproducibility, high training cost,
and ethical problems, taste evaluation is difficult and
takes time. Therefore, a novel evaluation technique
that rapidly and easily provides objective results
was highly desired. However, very many chemical
substances that have taste are included in foods.
Moreover, there are interactions between several
taste substances or qualities such as suppression or
enhancement of taste. The addition of sweet sub-
stances to a bitter solution suppresses bitterness,
whereas saltiness is enhanced by a small amount of
sour substances. It was thought at this time that
the practical use of a device to evaluate taste was
difficult.

Although several technologies were proposed,
they were not put into practical use for the
evaluation of tastes composed of the five basic taste
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qualities in foods. A pH meter can be used to evaluate
sourness, an electric conductivity meter to evaluate
saltiness, and a refractometer to evaluate sweetness.
However, the data derived from an electric conduc-
tivity meter and refractometer are not specific to
saltiness and sweetness, respectively. Therefore, they
are less useful for foods, which may contain over one
thousand types of taste substance. The contribution
of each substance to the taste of foods remains
uncertain. Furthermore, there are interactions be-
tween taste substances or qualities; hence, the
detection of such interactions at the reception level
is indispensable. No method or sensing device to
evaluate taste existed prior to the 1980s. Thus, the
first “taste sensor” created high expectations for a
sensor to provide a globally applicable common taste
scale.

Toko and colleagues performed research on the
dynamic electrical properties of lipid membranes in
the 1980s, and they applied the results to the sensing
of taste.'9718) In 1989, Toko et al. filed a patent
application for their taste sensor, which utilized a
lipid/polymer membrane as the transducer and
featured multiarray sensor electrodes.'?2%) They
adopted a development policy focused on global
selectivity, which aimed to decompose the character-
istics of a chemical substance into taste qualities
and quantify them, rather than focusing on individ-
ual chemical discrimination.?~'®) As demonstrated
in Table 1, and mentioned previously, the taste of
foods is broken down into various types by each taste
receptor in the human tongue. This approach differs
from the selectivity principles of chemical /biosensors,
which correspond to a specific chemical substance on
a one-to-one basis.

The electronic tongue (e-tongue) proposed?!) in
1995 and many types of e-tongue?? % using different
measurement methods developed afterwards also do
not focus on the identification of each chemical
substance. Measurement methods using voltamme-
try, colorimetry, impedance, and gustatory cells have
been actively developed in sequence together with
the development of sensing materials. Taste sensors
to measure liquid samples, such as the e-tongue, are
multisensory systems composed of low-selectivity
sensors, which utilize multivariate analysis to obtain
useful information from multiple sensor outputs. In
a method with voltametric measurements, several
different types of metallic electrode were adopted in
the working electrodes, and then the obtained output
patterns were analyzed using principal component
analysis (PCA). In a similar way, colorimetric sensor
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Fig. 1. Taste sensing system T'S-5000Z manufactured by Intelli-
gent Sensor Technology, Inc.

arrays were composed of multiple dyes to chemically
respond to taste substances and succeeded in the
identification of foods such as beer and soft drinks.
Research on sensors using gustatory cells is now
very active and hence can be expected as a promising
tool in the future. Comparison of these e-tongues and
taste sensors including several commercialized sens-
ing systems were made previously.??”) Nowadays,
a taste sensor is sometimes called an e-tongue with
global selectivity.')25):28)

The taste-sensing TS-5000Z system (Fig. 1),
developed and marketed by Intelligent Sensor Tech-
nology, Inc., uses a receptor membrane composed of a
lipid, a plasticizer, and polyvinyl chloride (PVC) to
detect taste substances. Multiple lipid/polymer
membranes generate potential outputs that quantify
the taste of the substance, which can be easily
converted into a taste scale due to the logarithmic
nature of the sensor response. Since its initial launch
in 1993, the TS-5000Z, which was released in 2007,
has undergone various improvements, making it a
reliable tool for developing new food products,
ensuring food quality, and aiding in marketing
efforts. With over 600 units in use worldwide, the
TS-5000Z has revolutionized the field of taste analy-
sis and visualization.

Table 2 shows a list of lipid /polymer membranes
and their compositions, i.e., lipids and plasticizers.
They affect the hydrophobicity and electrical charge
of the membranes. Sensors to measure the bitterness
of medicines (BTO0), bitterness of foods (C00), sour-
ness (CA0), umami (AAE), saltiness (CTO0), sweet-
ness (GL1), and astringency (AE1) have been put
into practical applications. Additionally, two sweet-
ness sensors for artificial sweeteners are still at the
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Table 2.

[Vol. 99,

Chemical components of each taste sensor

Taste sensor Lipid

Plasticizer

Bitterness sensor BTO (for bitter
hydrochloride salts)

Phosphoric acid di-n-decyl ester (PADE)

Bis(1-butylpentyl) adipate (BBPA),
Tributyl o-acetylcitrate (TBAC)

Bitterness sensor C00 (for acidic
bitter substances)

Tetradodecylammonium bromide (TDAB)

2-Nitrophenyl octyl ether (NPOE)

Sourness sensor CAQ
Oleic acid,

Phosphoric acid di(2-ethylhexyl) ester (PAEE),

Dioctyl phenylphosphonate (DOPP)

Trioctylmethylammonium chloride (TOMA)

Umami sensor AAE

Phosphoric acid di(2-ethylhexyl) ester (PAEE),

Dioctyl phenylphosphonate (DOPP)

Trioctylmethylammonium chloride (TOMA)

Saltiness sensor CT0
1-Hexadecanol

Tetradodecylammonium bromide (TDAB),

Dioctyl phenylphosphonate (DOPP)

Sweetness sensor GL1 (for

noncharged sugars) Trimellitic acid

Tetradodecylammonium bromide (TDAB),

Dioctyl phenylphosphonate (DOPP)

Astringency sensor AE1

Tetradodecylammonium bromide (TDAB)

Dioctyl phenylphosphonate (DOPP)

Sweetness sensor for negatively
charged high-potency sweeteners

Tetradodecylammonium bromide (TDAB)

Phosphoric acid tris(2-ethylhexyl)
ester (PTEH)

Sweetness sensor for positively
charged high-potency sweeteners

Phosphoric acid di-n-decyl ester (PADE)

2-Butoxyethyl oleate (BEO)

research and development stage.’”*) The present
lipid/polymer membranes are formed targeting speci-
ficity to each taste by selecting different compounds
and appropriate concentrations. Taste substances
interacting with these membranes affect the mem-
brane potential mainly composed of the surface
potential generated at the membrane/solution inter-
face. Changes in membrane potential are measured
using a potentiometric technology.

The C00 sensor membrane, depicted in Fig. 2,
consists of PVC, tetradodecylammonium bromide

Aqueous solution

Positively charged lipid

=)

Plasticizer

Fig. 2. Schematic of the receptive membrane of bitterness sensor
C00 used to measure foods.

(TDAB), and 2-nitrophenyl octyl ether (NPOE).
This particular sensor is specifically designed to
measure the bitterness of food compounds such as
iso-a acid. The TDAB molecule’s hydrophilic group
faces the water phase, whereas the hydrophobic
group interacts with PVC through hydrophobic
interactions, ensuring thermodynamic stability with-
in the membrane. The surface structure created by
this arrangement is crucial in detecting taste
substances. Preconditioning using several types of
taste solution is essential for realizing this surface
structure before the measurement.*?43)

The measurement procedure is shown in Fig. 3.
The electric potential in the reference solution, which
is nearly tasteless, is first measured. The measure-

Measurement of potential in
reference solution (V,)
Relative value v
V,=V,)

Measurement of potential in

CPA value sample solution (V)

(v, =V,) v
Measurement of potential in
reference solution (V,”)

v
Washing in cleansing solution 'J

Fig. 3. Measurement procedure for using the taste sensor.
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ments are repeated for the potential to become stable
so as to satisfy the criterion of a reading below
0.5mV. Let us denote the obtained potential as V.
Next, the potential in the sample solution is
measured for 20s. If we denote this potential as Vi,
then we call the difference between the two potentials
(Vs — V,) the relative value, which corresponds to
taste usually felt by humans. After measurement of
the sample potential (V;), the sensor electrode is
gently washed and then immersed once more into
the reference solution for subsequent measurements.
However, during this stage, the membrane does not
return to its initial state when the V, was first
recorded because the hydrophobic taste-conferring
substances, such as bitterness, astringency, and
umami, remain adsorbed onto the membrane. As a
result, the potential generated during subsequent
measurements (V) differs from the initial reference
potential (V).

The difference (V] —V,) indicates the Change
in the membrane Potential due to the Adsorption of
taste substances onto the membrane (abbreviated as
the CPA value). This value depends on both the
amount of adsorbed taste substances and the state
of the electrical charge of the membrane.*”) The CPA
value is a highly selective measure for adsorptive
taste substances and does not reflect electrolytic taste
qualities, such as saltiness and sourness. Instead, it
represents the aftertaste experienced by humans, and
thus, by measuring the CPA value, it is possible to
quantify the aftertaste associated with the five basic
taste qualities. In particular, the food industry
involved in the production of broths and soups places
significant value on the quantification of “koku” or
rich taste, which is mainly attributed to umami
substances, because the CPA value is in good
agreement with human sensory evaluations.*”) Bitter-
ness in dipeptides and medicines also remains on the
tongue, and hence estimates of bitterness becomes
possible using the CPA value.047) As the final step,
to restore the membrane to its initial state and
remove any adsorbed taste substances, the membrane
is washed extensively using a designated cleansing
solution. This process is essential for reviving the
membrane and ensuring accurate subsequent meas-
urements. This cycle of steps to measure V,, V,, and
V! and washing is repeated three to five times.

3. Response characteristics

The taste sensor responses to the five basic taste
qualities, including astringency, are presented in
Fig. 4.9719 All samples were prepared using 1 mM
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KCI as the solvent, and hence the sensor response
obtained for 1mM KCI solution was taken as the
origin. The response of the lipid membrane sensor
specific to each taste quality, as listed in Table 2, is
shown in the graph. The CPA values are shown for
BTO, C00, and AE1 in Fig. 4.

According to Fig. 4, the responses demonstrate
a proportionality to the concentration’s logarithm
in certain regions. This finding aligns with human
perception, which relates the stimulus intensity to
the logarithm of the sensation. The threshold values
for each taste quality are as follows: quinine bitter-
ness ranges from 1 to 10 pM, tartaric acid sourness
is approximately 0.1 mM, NaCl saltiness ranges from
1 to 10mM, sucrose sweetness ranges from 3 to
30mM, and umami (monosodium glutamate: MSG)
is approximately 1mM. The thresholds shown by
arrows in Fig. 4 are close to these values.

The bitterness sensor BTO is highly specific to
bitter substances such as quinine, cetirizine, hydrox-
yzine, and bromhexine, and has a negligible response
to sourness, umami, saltiness, sweetness, or astrin-
gency. The magnitude of the sensor output varies
depending on the intensity of bitterness of the
chemical, such that the response is higher for highly
bitter substances such as loperamide and lower for
mildly bitter ones such as ambroxol. In other words,
the BTO sensor responds proportionally to the
bitterness perceived by humans and can be used to
quantitatively measure the level of bitterness in a
given sample.

Similar results have been obtained for other
taste qualities, with the development of high-selec-
tivity membranes and measurement procedures. To
achieve membranes that respond only to specific
taste qualities, the lipid and plasticizer proportions
have been finely tuned. This property depends on
achieving a balance between electrical charges and
hydrophobicity. For instance, the saltiness sensor
CTO enhances hydrophilicity by increasing the
proportion of charged lipid, thereby promoting more
electrostatic interactions with ions. Conversely, the
bitterness sensor BTO reduces lipid content, thus
increasing hydrophobicity. The use of CPA value is
another crucial factor in enhancing selectivity for
hydrophobic substances.

Let us discuss the membranes for CT0 and BT0
as examples to demonstrate the selectivity to the five
basic taste qualities.'¥) Five concentrations of NaCl
(10-1000 mM), tartaric acid (0.3—30mM), quinine
hydrochloride (0.01-1mM), MSG (1-100mM) and
sucrose (30—3000 mM) were set within the range from
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Fig. 4. Responses of the taste sensor to five basic taste qualities and astringency.!

3) The detection threshold of each taste quality is shown

using an arrow. From Toko et al. (2021), reproduced with permission of IOP Publishing Limited through PLSclear.

the human threshold to values one hundred times
higher than the threshold. The horizontal axis in
Fig. 5 represents an equidistant scale of taste
intensity (7 1, 2, 3, 4, 5) for the five basic taste
qualities, where each numerical value on the scale
denotes the same subjective taste intensity, regard-
less of the specific taste quality being evaluated. All
the samples included 10 mM KCI as the solvent, and
hence the origin of the sensor response was obtained
with 10mM KCl. The comparison of response
selectivity as a function of the scale of intensity felt
by humans is much different from the usual
comparison of selectivity for ions such as Li*, Na™,
K*, and Cs* or chemical species in the Nicolsky—
Fisenman equation. The comparison of ion selectivity
is not usually made in the comparison of taste
response, because the sensitive concentration region
differs largely among taste qualities, as shown in
Fig. 4 and in humans, as mentioned above. Figure 5
indicates that the relative value of CTO increases
with the saltiness intensity of NaCl and demonstrates
very little sensitivity to the other taste character-
istics. The sensor response to NaCl is about —110 mV
at 100mM NaCl in Fig. 4, whereas it is about

—60mV in Fig. 5; this difference was caused by the
solvents 1 mM KCI (Fig. 4) and 10mM KCI (Fig. 5).
The almost 50mV difference, which amounts to the
response to 10 mM NaCl in Fig. 4, appeared in Fig. 5.
Likewise, the CPA value of BT0 increases solely with
the intensity of quinine bitterness. The relationship
between the sensor response and taste intensity of
NaCl and quinine has been modeled using least-
squares regression lines. A similar situation holds for
other taste qualities such as umami (AAE), bitter-
ness (C00), sourness (CAO0), sweetness (GL1), and
astringency (AE1), as reported previously.” ")
These results imply that each sensor has taste-
specific sensitivity.

4. Response mechanism

As stated above, the selectivity to each taste
quality was obtained by controlling the balance
between electrical charges and hydrophobicity and
measuring the CPA value. The mechanism by which
the lipid/polymer membranes change their electric
potentials upon the application of taste substances
was also clarified on the basis of an electrochemical
theory.®® In a broad sense, taste sensors are ion
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Reprinted from Wu and Toko (2023) with permission from Elsevier.

Solution I

Solution I

Negatively
charged
membrane

100 mM KCl1 1 mM KCl
+ added taste substances

Fig. 6. Electric potential profile in a negatively charged mem-
brane system.

selective electrodes fabricated using PVC matrix
membranes based on ion-exchangers. The potential
profile is illustrated in Fig. 6. Here, we consider the
lipid/polymer membrane composed of a lipid phos-
phoric acid di(2-ethylhexyl) ester (PAEE), a plasti-
cizer dioctyl phenylphosphonate (DOPP), and PVC
as a typical negatively charged membrane. This
membrane is not used at present, but it is helpful in
elucidating the response mechanism underlying the
lipid/polymer membranes of the current taste sen-
sors. The charged membrane acts as a barrier
between two KCI solutions, labeled I and II, with
the outer solution II containing the taste substances.
The membrane potential is composed of the electric
potential at the aqueous interface of the membrane
and the potential due to ion diffusion within the
membrane. The effects of salty and bitter substances,
NaCl and quinine hydrochloride, respectively, on the
membrane potential are considered here.

The membrane potential V;, defined in Fig. 6 is
expressed by

‘/m — ‘/Smlt 4 ‘/;1 _ ‘/;in7 [1]

where V" and V;n are the surface electric potential
formed in the aqueous phase of the outer and inner
sides across the membrane, respectively, and Vj is
the diffusion potential.

To explain the response to taste substances, it
is necessary to consider the relationship between the
change in the surface potential V" and the ion
concentration in the outer bulk solution. This can be
achieved by taking into account the change in the
surface charge density o, which is caused by the
hydrophilic groups of the lipid of the membrane
facing the aqueous phase. Specifically, when HT
dissociates from lipid molecules, it causes a change
in the electric charge density o, leading to a change
in the surface electric potential V°". This process
is similar to what occurs in lipid membranes or
colloidal systems.*?-51)

To determine the charge density o at the
membrane surface, the Gouy—Chapman theory of
the electrical double layer is employed as the
simplest approximation. The Poisson—Boltzmann
equation is then solved to calculate the ion distribu-
tion near the membrane surface and the surface
charge density o. By taking into account the
boundary conditions, we obtain the expression for o
as a function of Vo

Vout
o= n'sinh(ék‘;T); 2]




180 K. TOKO

’ 9 ]{ZBT
K -

[8mce?
" = EkBT ’ [3]

where ¢ denotes the ion concentration in the bulk
solution containing Nat or quinine ions, ¢ the
dielectric constant, e the elementary charge, kg the
Boltzmann’s constant, and 7T the absolute tem-
perature.

The inverse of the parameter x in Eq. [3], 1/k,
can be regarded as the thickness of the diffuse double
layer. Its value reduces with increasing ion concen-
tration and shows values of roughly 10, 3, and 1nm
for 1, 10, and 100mM solutions of NaCl, in this
order.

The electrolyte NaCl affects the electrical double
layer, and the surface electric potential V" can be
changed. Using the degree of H binding 6, we can
express the surface charge density o as

Tom e

e

A

o (1-20), [4]
where A is the occupied molecular surface area per
lipid molecule.

By minimizing the Gibbs free energy in the
charged membrane system with respect to 6 by
taking account of Eq. [4], we obtain the following

equation:
2] [H+] _e‘/sout
1-6 K “PUker ) 1]

where [H'| is the H™ concentration in the bulk
solution and K is the dissociation constant.

The variables o, 6, and V" are calculated using
the three Egs. [2], [4], and [5]. Therefore, the surface
potential V" of the membrane directly related to
the measurement can be obtained as a function of the
NaCl concentration c.

When quinine hydrochloride is contained in the
taste solution, its hydrophobic character causes it to
bind to the hydrophobic portion of the membrane.
Therefore, the surface charge density o of the
membrane is easily changed by binding of charged
quinine. The expression for ¢ becomes

e e
o= A(l 9)+A0q. [6]

Here, 6, represents the degree of binding of
quinine ions, which depends on both the quinine
concentration near the membrane surface and the
electric charge state of the membrane. The expression
for 6, is therefore established:

[Vol. 99,

_ evout

0, =a(l - 9)20q exp( k‘B% ), [7]
with the bulk quinine concentration ¢, and a
numerical parameter denoted by a. For factor
(1 —6)% it is assumed that more quinine ions are
bound to the membrane when the degree of H*
binding is low because there exist more non-occupied
sites at the surface. The surface potential V" can be
calculated using Egs. [2], [6], and [7] for the case
containing quinine.

Next, we will now contemplate the diffusion
potential V; within the membrane, which stems from
the dissimilarity in the mobility of cations and anions.
In the case of ion selective electrodes with PVC
matrix membranes based on ion-exchangers, the
surface potential contributes to most of the response
potential, as concluded in several reports.”?*3) Tons
can hardly permeate through a lipid/polymer mem-
brane made of PAEE. This conclusion can be
acknowledged because the membrane electric resist-
ance is as high as over 1MQ-cm? In this high-
resistance state, ion permeability cannot be expected.
The change in V; is not necessary to consider. The
surface potential VI is of course constant.

Figure 7 shows the comparison of theoretical
results with the observed response potentials of the
PAEE membrane, where the lines represent the
theoretical results, circles and squares denoting
experimental data® on NaCl and quinine, respec-
tively. The theoretical data agree quantitatively
with the observed data. The parameter values were
chosen to explain the experimental results in the best
fit within their reasonable ranges: K =10"*M, A =
1.2nm?, and a = 150. The occupied molecular surface
area A was estimated from the volume of the
membrane and the amount of lipid PAEE used.

The theoretical results®® of the surface charge
density o and the degree of H' binding 6 showed that
the membrane made of PAEE is not highly electri-
cally charged at low ionic strengths and then becomes
more negatively charged by H' dissociation that is
accelerated with increasing NaCl concentration. The
dense packing of lipid molecules in the membrane
inhibits the dissociation of H' from the hydrophilic
group of the lipid, which creates a significant
electrical repulsion between charged lipid molecules.
The electric screening upon the addition of NaCl
enables H" dissociation. The essentially same phe-
nomena are observed in other systems.?"):?):56)

The above calculation is related to the relative
values defined in Fig. 3. Similar evaluations of CPA
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Data on NaCl and quinine are shown as open circles (O) and
closed squares (H), respectively. The theoretical results are
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values, e.g., resulting from quinine binding, are
possible in principle, by adopting 6, as the initial
value in the surface charge density o in Eq. [6] when
the membrane is immersed in the reference solution.

5. Taste sensor based on allostery
for noncharged substances

Allostery is a phenomenon that occurs in many
enzymes and receptors including taste receptors,
where binding with a ligand at one site affects
binding with a different or the same type of ligand
at another distant site of the enzyme or receptor
molecule.’” ™) As previously discussed, BT0 and
CO00 sensors demonstrate high sensitivity and selec-
tivity to bitter substances in medicines and foods, as
reflected in their CPA values. However, because these
sensors rely on potentiometric measurement, the
potential change arises mainly from alterations in
surface charge density induced by interactions with
charged substances. As a result, both the BT0 and
C00 sensors are insensitive to noncharged substances.
Recently, a novel type of taste sensor based on
allostery has been developed to detect noncharged
bitter substances such as caffeine and theobro-
mine.%03) Modifying the surface of the lipid/
polymer membrane with an aromatic carboxylic acid
creates a hydroxy group that interacts with caffeine
molecules. This interaction ultimately affects the
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H* dissociation of a carboxy group at a separate
site on the membrane surface. This, in turn, causes
an increase in surface charge density, resulting in an
elevation of membrane potential.

Caffeine, an alkaloid belonging to the purines, is
contained mainly in tea leaves and coffee beans. It is
a type of xanthine derivative, which is an aromatic
heterocyclic organic compound consisting of a
pyrimidine ring and an imidazole ring. Although
alkaloids are typically basic nitrogen compounds,
caffeine lacks basic properties and is therefore non-
charged.

In our prior research,® we focused on
developing a new sensor capable of detecting non-
charged bitter substances like xanthine derivatives
(e.g., caffeine, theophylline, and theobromine), which
are frequently present in drinks and medicinal items.
To do so, we created a sensor electrode composed of
a membrane containing lipid TDAB, the plasticizer
DOPP, and PVC, which was then modified by
immersing it in a solution containing 0.05 wt% of
2,6-dihydroxybenzoic acid (2,6-DHBA).

The taste sensor developed in this study
demonstrated a strong correlation with sensory tests
for caffeine at various concentrations (1, 3, 10, and
30mM), with an R? value of 0.94. Additionally, the
sensor exhibited high correlations of 0.90 and 0.81
for theobromine and theophylline, respectively. The
sensor exhibited high sensitivity and selectivity
towards caffeine, displaying the largest response
(about 50mV) to caffeine, while showing only about
15mV in response to sourness and negligible
responses (less than 5mV) to other taste samples.
Although the sensor did respond to sourness, this
effect could be eliminated by using the bitterness
sensor developed in this study in conjunction with a
commercially available sourness sensor, as previously
reported for substances that contain both sweetness
and bitterness or saltiness.'*%)

The sensor used in this study had lipid /polymer
membranes modified with 0.05 wt% aromatic carbox-
ylic acid, and its response to caffeine was measured in
the range of 1-100mM in the reference solution.®”)
The results, depicted in Fig. 8, showed that two
membranes modified with 2,6-DHBA or 2,4,6-trihy-
droxybenzoic acid (2,4,6-THBA) exhibited notable
responses to caffeine. Moderate responses to caffeine
were observed in the two membranes modified with
2,3-dihydroxybenzoic acid (2,3-DHBA) or 2,5-dihy-
droxybenzoic acid (2,5-DHBA). As the concentration
of caffeine increased, these responses increased.
However, the other three membranes that were

)-63)
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Fig. 8. Responses of membranes formed using the surface modification method with seven aromatic carboxylic acids to 100 mM
caffeine.%) The numerical figures “2”, “1”, and “0” indicate the number of intramolecular H bonds. Reprinted from Yoshimatsu et al.
(2020).

treated with 3,4-dihydroxybenzoic acid (3,4-DHBA),
benzoic acid, or 4-hydroxybenzoic acid (4-HBA) did
not exhibit any response to caffeine.

These results can be explained by considering
the properties of aromatic carboxylic acids.®4)%%) For
2,6-DHBA and 2,4,6-THBA, caffeine binding with
the hydroxy groups breaks two intramolecular H
bonds of the substances, resulting in the carboxy
group taking back dissociated H" from the solution.
This leads to an increase in the surface charge density
of the membrane, which in turn causes an increase in
membrane potential. For 2,3-DHBA and 2,5-DHBA,
which have only one intramolecular H bond, the
change in surface charge density is smaller than that
in the case of 2,6-DHBA and 2,4,6-THBA. Finally,
3,4-DHBA, 4-HBA, and benzoic acid showed no
response to caffeine since they lack intramolecular
H bonds. These results and interpretations suggest
that the configuration of a molecular structure
with carboxy and hydroxy groups on both sides,
and an intramolecular H bond, is effective in inducing
a response to caffeine.

The effect of the intramolecular H bond is found
in the acid dissociation constant (pKa). The pKa
values of benzoic acid, 4-HBA, 3,4-DHBA, 2.3-
DHBA, 2,5-DHBA, 24,6-THBA, and 2,6-DHBA
are 4.08, 4.38, 4.16, 2.56, 2.53, 1.95, and 1.64,
respectively. Further evidence supporting the for-
mation of intramolecular H-bonds can be found in
the cocrystallization behavior of aromatic carboxylic
acids. Specifically, 2,3-, 2,4-, 2,5-, 3,4-, and 3,5-
DHBA form cocrystals with piracetam, whereas 2,6-

DHBA does not,®® likely because of two intra-
molecular H bonds formed between the hydroxy
groups and carboxy group of the molecule.

Moreover, recent research%) has suggested
that both the response to caffeine and reference
potential are influenced by the partition coefficient
(log P) and pKa of the HBAs. Notably, a sensor
modified with 2,6-DHBA demonstrated high sensi-
tivity to caffeine in the region where the reference
potential sharply decreased with increasing 2,6-
DHBA concentration.

The above response mechanism was confirmed
by 'H NMR. The results obtained from the taste
sensor and '"H NMR analysis for the five modifiers are
presented in Table 3.5V Tt was observed that caffeine
interacts with all three HBAs and resorcinol, but the
sensor modified with 2,6-DHBA exhibited a substan-
tial response. The membrane potential change was
moderate with 2-HBA and almost negligible with
3,5-DHBA, as shown in Table 3. The discussion

Table 3. Summary of taste sensor and 'H NMR results.®)
Reprinted from Ishida et al. (2022)

Interactions investigated
Sensor response

by 'H NMR
2,6-DHBA 52mV Yes
2-HBA 15mV Yes
3,5-DHBA 7TmV Yes
Resorcinol 3mV Yes
Aniline —2mV No
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similar to the above holds on these three modifiers,
2,6-DHBA, 2-HBA and 3,5-DHBA, which surely
interact with caffeine.

The change in chemical shift occurred in
resorcinol. These results for the three HBAs and
resorcinol suggest that the hydroxy group of modi-
fiers participates in the interaction with caffeine. It is
quite reasonable that the resorcinol-modified sensor
did not show much response to caffeine, because
resorcinol lacks a carboxy group that would allow for
the formation of intramolecular hydrogen bonds in
the same way as 3,5-DHBA. Similarly, aniline, which
lacks a hydroxy group, does not interact with caffeine
and therefore does not elicit a response from the
taste sensor. The presence of intramolecular hydro-
gen bonds in HBA is necessary for the taste sensor
to effectively measure the bitterness of caffeine, as
confirmed by both the taste sensor and 'H NMR
results.

We conducted nuclear Overhauser effect spec-
troscopy (NOESY) measurement to identify the type
of bond formed in the interaction.) We can predict
that caffeine and 2,6-DHBA have a stacked structure
as shown in Fig. 9 by taking into account two facts,
i.e., “the hydroxy group of HBA participates in the
interaction”, as shown by the 'H NMR results, and
“protons are close to each other”, as shown by the
NOESY results. The reports regarding cocrystals
provide evidence that supports the aforementioned
prediction, specifically that the hydroxy group of
HBA forms hydrogen bonds with the carbonyl group
(=0) or N (imidazole) of caffeine. The interaction
between caffeine and 2,6-DHBA was found to occur
through the formation of hydrogen bonds between
the hydroxy group of HBA and the carbonyl group
or N (imidazole) of caffeine, in addition to the 7 — 7
interaction between the aromatic rings.

To summarize, at the surface of the membrane
in the reference solution, two intramolecular hydro-

2,6-DHBA
(@) OH

caffeine

HO
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gen bonds are formed between one COO™ group and
two OH groups of 2,6-DHBA. When the sensor
electrode is submerged in a taste solution containing
caffeine, the carbonyl group of caffeine can poten-
tially form a hydrogen bond with the hydroxy group
of 2,6-DHBA, specifically an O—HO bond.®” This
interaction leads to the disruption of the pre-existing
intramolecular hydrogen bonds in 2,6-DHBA, result-
ing in an unstable HT dissociation state of the
carboxy group. As a result, a 2,6-DHBA molecule
becomes electrically neutral by accepting HT from
the solution, leading to an increase in the membrane
potential.

This measurement utilizing allostery is based on
a newly found mechanism of potentiometry. The
sensitivity may be increased by choosing modifiers
with lower pKa and higher log P.%9) The present
results provide a novel sensing mechanism by which
an aromatic carboxylic acid contained in the recep-
tive membrane binds with noncharged bitter sub-
stances through H bonds and 7 — 7 interaction to
induce the H binding at a distant carboxy group of
the modifier.

6. Application to foods

Taste sensors are presently employed for assess-
ing a range of foods and drinks such as coffee,'?)-03)-71)
green tea, ™) ginseng tea,”™ black tea, ™ beer,”) )
sake,®?) wine,®V water,*? juice,®®) milk,397%9) soup,*®)
soy sauce,’”) amino acids,® and dipeptides.*®) In
addition to food and beverages, bitterness sensors
are utilized for assessing the bitterness of medicines
in research study and product development.*”):89)-93)

Figure 10 illustrates a taste map that evaluates
world beers based on the readings of bitterness and
sourness sensors, namely C00 and CAO, respectively.
The vertical axis of the map represents the intensity
of bitterness, which is indicative of the “malt taste”.
On the other hand, the horizontal axis represents

Fig. 9. Prediction of the binding form of 2,6-DHBA and caffeine.) Reprinted from Ishida et al. (2022).
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the intensity of sourness, which is representative of
the “dry taste”. The scales for bitterness and sourness
are clearly marked on the taste map, where each
scale unit denotes the minimum difference in taste
intensity that can be perceived by humans. Specifi-
cally, a difference of one scale unit is equivalent to a
1.2-fold increase in concentration of iso-« acid (for
bitterness) and tartaric acid (for sourness). If the
difference between two taste intensities is over two
scale units, it is considered to be significant. This
“taste scale” can be obtained by a proportional
calculation using the response values of the taste
Sensors.

According to Fig. 10, Sapporo Yebisu (Japan)
and Bavaria (Netherlands) beers exhibited a pro-
nounced bitter taste. In order to make a comparison
with other beers, Budweiser (U.S.A.) was selected as
a representative. On the other hand, Edelweiss
(Austria), Inedit (Spain), Hoegaarden White (Bel-
gium), and Weissbier (Germany) beers possessed a
very mild bitterness. As for the sourness component,
Asahi Super Dry (Japan), Chang (Thai), Kronen-
bourg 1664 (France), and Castlemaine XXXX
(Australia) beers were noted to have a sour taste.
Because the taste sensor can measure six kinds of
taste quality, the presentation of the taste of foods

is also made using a radar chart composed of these
axes indexed by each taste quality.”')15) Thus, we
are able to visualize the taste using this approach.

7. Future prospects

The development and principle of taste sensors
and their applications to foods have been described
in this article, and a novel type of taste sensor
using allostery for noncharged bitter substances was
explained in detail. Six hundred commercialized taste
sensors are now being utilized for evaluating the
taste of foods and medicines. The taste sensors are
widely used in food and pharmaceutical companies to
digitize taste felt by humans, the underlying principle
of which is different from that of conventional
analytical instruments. Nevertheless, current taste
sensors cannot measure noncharged taste substances
such as caffeine because they are based on potentio-
metric measurement. However, as for noncharged
sweet substances, the measurement has become
possible by modifying the lipid/polymer membrane
with aromatic carboxylic acids such as trimellitic
acids.” ") The sensor for noncharged sweet sub-
stances is GL1 listed in Table 2. The problem of
noncharged bitter substances is now being solved
using allostery. The phenomena based on the
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allosteric mechanism has been reported for G protein-
coupled receptors (GPCR)®)™) that receive pho-
tons, hormones, neurotransmitters, odor substances,
and taste substances. Therefore, the application of
allostery to taste sensors is not unusual at all. The
present results promote the practical use of taste
sensors using allostery and their application to
general biosensing.

A collaborative effort between Itochu Corpora-
tion, the Taste & Aroma Strategic Research Institute
Co., Ltd., and WingArclst Inc. has resulted in
the development of a digital transformation (DX)
support service called “FOODATA” (https://www.
itochu.co.jp/en/news/press/2021/210709.html).  This
service utilizes a database of taste information
obtained from taste sensors and is designed to assist
with the planning and development of food products.
By combining “product data” related to taste,
nutrition, and ingredients of food with “human data”
on consumer behaviors and preferences such as
identification point-of-sale (ID-POS) data, aware-
ness, and reviews, FOODATA serves as a data
analysis tool for the food industry. The use of
FOODATA allows food companies to address three
key challenges in the product planning and develop-
ment process: 1) providing evidence to support
intuitions and experiences, 2) reducing the time
required for analysis, and 3) minimizing the cost of
data acquisition. FOODATA provides an environ-
ment for evaluating ideas and supports the improve-
ment of a product plan, ultimately enhancing the
product development capabilities of food companies
while increasing the efficiency of the supply chain and
reducing losses such as food waste.

The taste-sensor technology markedly affects
many aspects including social economy as well as
the food industry. The taste database obtained from
taste sensors is utilized in a wide range of research
and development of drinks, processed foods, and
seasoning, agricultural, livestock, and pharmaceut-
ical products. Food companies can determine the
favorite trends of consumers using the taste database,
which becomes the standard of product choice for
the consumers. The impact of taste-sensor technology
will continue in the future. Various types of lifestyle
to avoid crowding are recommended owing to the
corona virus disease (COVID-19) pandemic. How-
ever, panelists with training always check the taste
and quality of foods in food factories. This situation
will be drastically improved by the spread of taste
sensors together with odor sensors (e-noses) and
other types of sensor. Sight and sound information
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can be transmitted to distant locations through
devices (displays and speakers) to currently express
available sight and hearing, as well as sensors
(cameras and microphones). Information including
taste and smell can, therefore, now be transmitted to
distant locations. Integration of plural outputs from
these different types of sensor and instrument enables
the expression of low-level Kansei words such as
sweetness, sourness, the odor of apple, red apple, the
scent of roses and crunchy. Then, high-level Kansei
words such as watery, fruity, heavy, ripe, and rotten
can be obtained using artificial intelligence (AI) and
multivariate analyses. This process leads to the final
evaluation, i.e., palatable or not. It means that the
spread of sensors to detect the five senses enables
the design of palatable foods as well as quality control
in terms of taste and smell in many factories,
regardless of the location of evaluators at home and
elsewhere, at one place simultaneously.

We face the need of developing nutritious
delicious food for the superaged society, the diversity
of palatability in a globalized society, and the wide-
spread use of e-commerce and delivery services in
response to COVID-19. Taste sensors enable the
preparation of meals taking into account individual
palatability by visualization of taste. Innovation in
the food industry will overcome the long-time
problems for food, and as a result, contributing to
the future creation of societies with individuals who
can enjoy meals and health throughout life across
generations and national borders.
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