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Abstract: Nowadays, the utilization of a taste sensor with lipid/polymer membranes is one of the
most accurate and objective ways to evaluate the tastes of solutions. However, it has been difficult
to evaluate uncharged sweet substances, such as sucrose, because the conventional taste sensor
uses the potentiometric measurement, which is mainly based on changes in the surface electric
charge density of the membrane. Previous studies have reported that a sweetness sensor called
GL1 can evaluate the sweetness of sugars and sugar alcohols, and is commercially available for
food, beverage, and pharmaceutical industries. However, the response mechanism of GL1 has not
been fully elucidated. In this study, we focus on clarifying the effect of concentrations and types of
metal ions in the conditioning solution on the response mechanism of the sweetness sensor GL1.
Moreover, according to the different concentrations and types of metal ions in conditioning solutions,
the complex formation and the hydrated radius were considered to influence the membrane potential
measured in a reference solution and the sensor responses. The purpose of this study is to elucidate
the response mechanism and improve the selectivity and sensitivity of the sweetness sensor.

Keywords: taste sensor; lipid/polymer membrane; uncharged sweet substances; conditioning solu-
tion; trimellitic acid; sweetness sensor

1. Introduction

The most common taste felt by humans consists of five basic tastes: saltiness, sourness,
umami, bitterness, and sweetness [1–3]. The five basic tastes have the following indications
on the human body: saltiness indicates the presence or absence of electrolytes; sourness
and bitterness are signals of putrefaction and toxicity, respectively; umami indicates the
presence of protein; and sweetness indicates the presence of sugars, which provide energy
for the body. In the human taste sense, there are sensory organs on the tongue, which
work as sensors to perceive the five basic tastes and are called taste buds. Taste buds
are composed of approximately 50–150 taste receptor cells [4,5]. In previous studies, the
taste mechanisms of taste receptor cells have been partially elucidated [2–5]. Sweeteners
are compounds with different chemical structures and sizes, for example, sugars (such as
sucrose), sugar alcohols (such as xylitol), sulfonyl amides (such as saccharin), peptides (such
as aspartame), D-amino acids (such as D-tryptophan) and proteins (such as thaumatin).
Sweet taste receptors are heterodimeric proteins consisting of two G-protein-coupled
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receptors (T1R2 and T1R3). The T1R2 and T1R3 heterodimeric receptors are activated by
all sweeteners [6–9]. Sweet-tasting components activate the GPCRs on the top of taste cells
and trigger taste transduction. The activation of GPCRs depolarizes taste cells, raises cAMP
and Ca2+ concentrations, and, finally, closes basolateral K+ channels to act on the gustatory
nerves that are afferent to the brain [10].

Objective evaluations of the quality of liquid samples, such as foods, have been
performed worldwide, using electronic tongues (e-tongues) [11–15]. E-tongues with metal-
or ion-selective electrodes generally use principal component analysis (PCA) and partial
least squares (PLS) analysis to analyze the taste information obtained from the output of
the sensors [16–18]. E-tongues are also suitable to compare and differentiate liquid samples,
i.e., for quality control [19–23]. In general, examinations of sweetness in foods have been
developed, such as the near-infrared (NIR) spectroscopy techniques [24,25] and Brix meter
(refractometer) [26]. The method of the Brix meter and NIR mainly estimate the amount of
sugars, but not the intensity of their sweetness.

At present, a taste sensor is an electronic tongue [14,27,28] that uses lipid/polymer
membranes, which can be used to evaluate basic tastes objectively [28]. The lipid/polymer
membranes of the taste sensor consist of lipid, polyvinyl chloride (PVC), and a plasticizer
as sensing parts. The taste sensors that use several sensor electrodes with lipid/polymer
membranes can quantify the intensity of each basic taste with specific physicochemical prop-
erties, but differentiate between each substance, which is called “global selectivity” [27,28].
It plays an important role for taste sensors to respond similarly to the human tongue.
In the measurement system, a sensor electrode and a reference electrode are used. The
outputs of the sensor use the change in membrane potential between the two electrodes,
which is caused by the electrical and hydrophobic interactions between the lipid/polymer
membranes and taste substances.

It is difficult to develop a sweetness sensor that can detect all sweeteners similarly
to sweetness receptors, due to the diverse chemical structures and charged states. There-
fore, we divided the sweet substances into three types of sweet substances: uncharged
electrolytes (such as sugars), positively charged electrolytes (such as peptides), and nega-
tively charged electrolytes (such as sulfonyl amides), under acidic conditions (most food
environments) [29].

As we know, potentiometric sensors are usually used to detect small ions, such as
hydrogen (H+), potassium (K+), and chloride (Cl−) ions, but not usually for uncharged
species [30]. By now, we have developed sweetness sensors that can detect positively
charged, negatively charged, and uncharged sweeteners selectively. Moreover, the sweet-
ness sensor for uncharged sweeteners, such as sugars and sugar alcohols, called GL1, has
been commercialized by Intelligent Sensor Technology, Inc., and has been applied to the
evaluation of beverages, such as tomato juice [31], citrus juice [32], amazake (a traditional
sweet Japanese beverage) [33], and so on. Organic acid was added to the traditional
lipid/polymer membrane, resulting in a potential response to uncharged sweet substances.
In our previous study, 31 kinds of organic acids were tried as the sweet-responsive sub-
stances (SRSs) in the lipid/polymer membrane. The membrane with trimellitic acid added
showed the highest sensor response [34]. Moreover, the evaluation of the sensor response,
by using the sweetness sensor (GL1), indicated that the sensor needs gallic acid analogs,
including carboxyl or phosphate groups, whereas a hydroxyl group or benzene ring struc-
ture is not essential [29,34,35]. In addition, the pH of the sample solutions is reported to
affect the sensor response. The sensor response of the sweetness sensor decreased at pH 4
or lower and increased at pH 10 or higher [29,34,35]. In addition, it was suggested that in
the measurement process, it is necessary for the sensor conditioning solution to include
metal ions, or it will not obtain a sensor response [29]. However, improvement in the
sensor response is still required compared to the other sensor electrodes, and the response
mechanism of uncharged sweeteners has not been fully elucidated yet.

This research is an effort to further clarify the response mechanism of the sweetness
sensor (GL1) with lipid/polymer membranes used for uncharged sweeteners, such as
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sucrose and sucralose, and, finally, to improve the sensor response. We focused on the
effect of the conditioning solutions on the sensor responses. Therefore, we used different
types and concentrations of metal ions (K+, Na+, Li+, and Ca+), which are used as mem-
brane materials for surface modification in the sensor conditioning solutions during the
measurement procedure.

2. Experimental Section
2.1. Reagents

Polyvinyl chloride (PVC), dioctyl phenyl-phosphonate (DOPP), sucrose, potassium
hydroxide (KOH), sodium hydroxide (NaOH), lithium hydroxide (LiOH), calcium hydrox-
ide (Ca(OH)2), lithium chloride (LiCl), calcium chloride (CaCl2), and hydrochloric acid
(HCl) were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).
Tetradodecylammonium bromide (TDAB) was purchased from Sigma-Aldrich Japan K.K.
(Tokyo, Japan). Sucralose and trimellitic acid were purchased from Tokyo Chemical In-
dustry Co., Ltd. (Tokyo, Japan). Potassium chloride (KCl), sodium chloride (NaCl), and
tartaric acid were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). The chemical
structures of the membrane components are shown in Figure 1.

Figure 1. Structure of membrane components: (a) TDAB; (b) DOPP; (c) trimellitic acid.

2.2. Lipid/Polymer Membrane

The lipid/polymer membranes of the sweetness sensor electrodes are usually com-
posed of a lipid, a plasticizer, an SRS (sweetness-responsive substance), and a polymer
supporting reagent. Among 31 kinds of SRSs, trimellitic acid is chosen as the SRS for
the sweetness sensor (GL1), which improved the sensor response [34]. In this study, the
lipid/polymer membrane of the sweetness sensor was made of tetradodecylammonium
bromide (TDAB) as a lipid, dioctyl phnylphosphonate (DOPP) as a plasticizer, PVC as a
polymer supporting reagent, and trimellitic acid as an SRS. The mass ratio of trimellitic acid
and TDAB is 4.16% and 0.042%, respectively. The membrane is approximately 300–400 µm
in thickness. Firstly, the TDAB, DOPP, PVC, and trimellitic acid were mixed in tetrahydro-
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furan (THF) to make the mixture solution of the lipid/polymer membrane. Secondly, we
poured the mixture solution into the 90 mm ϕ Petri dish. Finally, the lipid/polymer mem-
brane formed about 3 days after the THF volatilized. Before the measurements were taken,
we carried out a preconditioning process on the sensors with lipid/polymer membranes,
by immersing the sensor membrane in a reference solution (30 mM KCl and 0.3 mM tartaric
acid) for 24 h [29,34,35].

2.3. Measurement Procedure of Taste Sensor

The identification of sweetness is determined by the difference in electric potential
between a reference electrode and sensor electrodes. To ensure the reproducibility of the
experiment, the taste sensor consists of two reference electrodes and eight sensor electrodes
with the same lipid/polymer membrane. At the sensor electrodes, a lipid/polymer was cut
to a size of approximately 5 mm × 8 mm, and was attached to the hollow part of the probe,
which is the reception part of the sensor electrode (Figure 2). Ag/AgCl and saturated
potassium chloride (KCl) were injected into the sensor electrode and the reference electrode.
The potential difference between the sensor electrode and reference electrode is defined as
the membrane potential.

At the same time, the reference electrode was immersed in a saturated potassium
chloride solution for 24 h. Figure 3 shows the measurement procedure of the taste sensor.
Firstly, we immersed the sensor electrode and reference electrode in a reference solution for
30 s to obtain the membrane potential (Vr). Secondly, the two electrodes were immersed in
the sample solution for 30 s to obtain the membrane potential (Vs) of the sample solutions.
Finally, the membrane was washed using conditioning solution (10 mM KOH, 100 mM KCl,
and 30 vol% EtOH) to refresh the surface of the membrane. The difference in membrane
potential between Vr and Vs, which was used as the sensor response, means the changed
response caused by the samples (sweet-tasting components). The above measurement pro-
cedure is defined as one cycle. Five cycles were conducted for each sample during the actual
measurement. We used the average values of the last three cycles of measurement, because
the first two cycles of sensor outputs tend to be unstable during the measurement [29,34,35].

In the cases of the other taste sensors, the conditioning solution only has the function
of cleaning the membrane, which is also called membrane-washing solution. In the case of
the sweetness sensor GL1, the conditioning solution also has the effect of improving the
membrane to obtain a higher response to sugars. In this paper, the conditioning solution
has the function of washing and modifying the sensor membrane.

Figure 2. The diagram of taste sensing system.
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Figure 3. Measurement procedure of taste sensor.

2.4. Measurement Samples

The sample solutions of uncharged sweetness substances were prepared by adding
them to the reference solution (30 mM KCl and 0.3 mM tartaric acid, pH 3.5). Deionized
water was used as the solvent. Sucrose and sucralose are common sweeteners used in
commercial beverages. Sucralose is one of the high-intensity sweeteners that is about
600 times sweeter than sugar. According to their different thresholds and degrees of
sweetness, we set six concentrations of samples, as shown in Table 1.

Table 1. Concentration of sucrose and sucralose.

Sample Concentration
(mM)

Sucrose 100, 300, 1000
Sucralose 0.4, 4, 40

2.5. Effect of Concentrations of Metal Ions in Conditioning Solutions on Sensor Responses

In the previous research, it was reported that it is necessary for the conditioning
solution to include metal ions to obtain the sensor response. Therefore, in this study, the
conditioning solution is important not only for refreshing the membrane, but also for
optimizing the membrane to obtain a higher response. The concentrations of potassium
chloride (KCl) in the conditioning solution were set to 0, 50, 100, and 1000 mM to investigate
the effect of K+ on the sensor responses and Vr. The conditioning solutions were made by
different concentrations of KCl, 30% ethanol and 10 mM KOH (deionized water was used
as the solvent).

2.6. Effect of Types of Metal Ions in Conditioning Solutions on Sensor Responses

The purpose of this experiment is to clarify the effect of the type of metal ions included
in conditioning solutions on the sensor responses to uncharged sugars. We measured the
reference solution and sweet samples (shown in Table 1) and chose four metal ions, Li+, K+,
Na+, and Ca2+, as the candidate metal ions. HCl was added in the conditioning solutions
containing four kinds of metal ions to maintain the same pH (pH = 12.3). The conditioning
solutions, including different types and concentrations of metal ions, are shown in Table 2,
e.g., 30 vol% ethanol, 10 mM KOH, and 100 mM KCl.

Table 2. The composition of different types of metal ions in the conditioning solutions.

Metal Ions Ethanol Concentration
(vol%)

Alkaline Solution (-OH)
(mM)

Salt Solution (-Cl)
(mM)

Li+ 30 10 100
K+ 30 10 100

Na+ 30 10 100
Ca2+ 30 10 100
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3. Results and Discussion
3.1. Influence of Conditioning Solutions on Vr

Figure 4 shows the variations in membrane potential in a reference solution (Vr)
during the five cycles using the conventional conditioning solution (10 mM KOH, 100 mM
KCl, and 30 vol% EtOH) during the measurement. Vr does not mean the potential of the
reference electrode, but the potential difference between the sensor electrode and reference
electrode in a reference solution. Firstly, each point represents the Vr after measuring each
sample shown in Table 1. According to Table 1, we measured a reference solution and six
samples, so there are seven points in one cycle. Figure 4 shows that the Vr increases rapidly
during the first two cycles of measurements and becomes stable during the last three cycles.
Therefore, the first two cycles are considered dynamic preconditioning, and the sensor
responses after the third cycle are considered valid.

Figure 5 shows the sensor responses of 300 mM sucrose by using the conventional
conditioning solution during five cycles. Figure 5 shows that the sensor responses increase
with the increasing measurement times, using the conventional conditioning solution.

Figures 4 and 5 show that both the Vr and sensor responses increase with the measure-
ment times. The phenomenon indicated that the rise in Vr was probably caused by metal
ions in the conditioning solution, which can be regarded as a modification to the membrane.
Consequently, a higher Vr is needed to obtain a higher response of the sweetness sensor.
Since the modification by metal ions raised both the Vr and sensor responses, we changed
the concentration of K+ in the conventional conditioning solution to investigate its effect on
Vr in the next experiment.

Figure 4. Change in Vr during five cycles.

Figure 5. The sensor response to 300 mM sucrose by using conventional conditioning solution.
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The X-axis in Figures 6 and 7 represents the amount of KCl added to the condition
solutions. Figure 6 shows that the more KCl in the conditioning solutions, the higher the
Vr will be. The range of the Y-axis is from −19 mV to 15 mV, with the increase in the
metal ion concentration in the conditioning solution. Figure 7 shows that the more KCl in
the conditioning solutions, the higher the sensor response will be. In general, the results
implied that the Vr was relevant to the K+ concentration in the conditioning solutions.
For this reason, Figures 6 and 7 raised the possibility that metal ions continue to adhere
to the membrane surface, which causes the Vr to increase. TDAB is positively charged
and neither DOPP nor PVC are charged. Therefore, it is reasonable to speculate that the
trimellitic acid dissociates H+ and becomes the only negatively charged component in the
membrane, so that Vr initially shows a negative value (Figure 8a). The phenomenon shows
that after the lipid/polymer membrane is washed by a conditioning solution, metal ions,
which are the only cations in conditioning solutions, are bonded with the trimellitic acid by
electrostatic interactions in the sensor membrane, raising the Vr to a positive value. This
can be regarded as a modification to the membrane (Figure 8b). Me+ means the metal ions
in the conditioning solution. This phenomenon is not present in other taste sensors, and is
considered to be a new kind of response mechanism.

The reference solution contains metal ions, so does the conditioning solution. The
reference solution and the conditioning solution, which contain metal ions, have an effect
on the Vr. However, the concentration of metal ions in the reference solution is about
30 mM, while the concentration of metal ions in the conditioning solution (KOH 10 mM
and KCl 100 mM) is about 110 mM. The quantity of metal ions in the conditioning solution
is more than that in the reference solution. Therefore, we conclude that the metal ions
in the conditioning solution have a significant effect on the Vr and sensor response of
the membrane.

Figure 6. Vr of conditioning solutions with different KCl concentrations.

Figure 7. The sensor response to 300 mM sucrose using conditioning solutions with different
concentrations of KCl.
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Figure 8. Models of response mechanism of the sweetness sensor with lipid/polymer membranes:
(a) membrane in reference solution; (b) membrane in conditioning solution including univalent metal
ions, such as K+.

3.2. Influences of Conditioning Solutions including Different Types of Metal Ions on Sensor Responses

Figure 9 shows the responses to three concentrations of sucrose and sucralose by using
different metal ions in the same pH (pH = 12.3) conditioning solutions. When using the
same conditioning solution, the sensor responses to sucrose and sucralose both increase
with the increasing concentration of sweeteners. Because sucralose is hundreds of times
sweeter than sucrose, the concentrations of sucralose were set lower than sucrose.

As shown in Figure 9, the conditioning solutions including Na+ showed the highest
response to sucrose and sucralose in all concentrations. Moreover, the conditioning solu-
tions including K+ showed a higher sensor response than Li+ to sucrose (≥300 mM) and
sucralose (≥40 mM) in high concentrations. On the other hand, the conditioning solutions
including K+ and Li+ showed almost the same sensor response to sucrose (≤100 mM) and
sucralose (≤4 mM) in low concentrations. As for the conditioning solutions including Ca2+,
the sensor showed the lowest sensor responses, as well as the highest error bars, to sucrose
and sucralose in all concentrations.

In the case of Na+, we found that complex formation is a possible combination be-
tween sugars and metal ions [36]. The ionic radius of the cations is significant for the
complex formation. The radius of Na+ is in the best radius range (100–110 pm) for complex
formation [36,37]. Therefore, Na+ formed the strongest complex with the hydroxyl groups
in sweeteners, which caused the highest sensor response among all the metal ions. The
strength of the complex formation among the univalent metal ions is K+, Li+ < Na+ [36,37].

In the case of K+ and Li+, we divided them into two concentration cases, high concentra-
tions (sucrose > 300 mM and sucralose > 40 mM) and low concentrations (sucrose < 300 mM
and sucralose < 40 mM). As we all know, the hydrated radius is inversely proportional to
the atomic radius. The atomic radius of Li+ is 76 pm and K+ is 138 pm; hence, the hydrated
radius of Li+ is bigger than K+. The hydrated radius has the ability to combine with water
molecules, so Li+ is easier to bind to water molecules than K+, which made it more difficult
for Li+ to bind to the lipid/polymer membrane than K+. From Section 3.1, we know that
the experiment data are taken from 3–5 cycles, which are relatively stable. Therefore, before
measuring the Vr, sensor electrodes were immersed in the conditioning solution and the
metal ions could attach to the surface of the lipid/polymer membrane.

When measuring high concentrations of sweeteners (sucrose > 300 mM and sucralose
> 40 mM), according to the complex formation, the sweeteners combine with metal ions on
the lipid/polymer membrane surface after the membrane is immersed in the conditioning
solutions. When the membrane is immersed in the sample solutions, the uncharged
sweeteners pull the metal ions away from the lipid/polymer membrane, which causes a
decrease in the Vr, which is regarded as the sensor responses. Figure 10 shows the changes
in Vr due to conditioning. As shown in Figure 10, the ability of metal ions to attach to
the COO− on the surface of the membrane, which is called the conditioning ability, is
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Ca2+ < Li+ < K+ < Na+. According to the hydrated radius and changes in Vr (shown in
Figure 10), the amount of K+ bonded with more COO− of trimellitic acid than that of Li+;
hence, the amount of K+ combined with sweeteners is more than that of Li+. Therefore, the
sensor responses using the conditioning solution including K+ were higher than that using
Li+ in the case of high-concentration sweeteners. On the other hand, when measuring samples
in the case of low-concentration sweeteners (sucrose < 300 mM and sucralose < 40 mM), there
are only a few sweeteners that can combine with a few metal ions on the lipid/polymer
membrane. Therefore, in the case of measuring sweeteners at low concentrations, the
conditioning solutions including K+ and Li+ show almost the same sensor responses.

In the case of Ca2+, as we know, divalent cations form stronger complexes than
univalent cations, as usual [36], so the conditioning solution including Ca2+ should obtain
the highest sensor responses, but actually obtain the lowest. There are two reasons to
explain the results. Firstly, as we know, trimellitic acid has two neighboring carboxyl
groups and it dissociates into COO− in solutions. If the membrane is immersed in the
conditioning solution including Ca2+, the Ca2+ will ionically bond with the neighboring
two COO−; the repulsive force acting between the neighboring Ca2+ could be stronger than
the other univalent metal ions (Figure 11). Therefore, only a few Ca2+ can bind to trimellitic
acid, which causes a few combinations with Ca2+ and the low Vr (Figure 12). Secondly, the
sensor responses to the sample solutions are consistent with the ability of metal ions to form
complexes other than Ca2+. In addition, the error bars of the Ca2+ conditioning solution
were large because Ca2+ has low solubility and the washing solution was a suspension.

Generally, in the case of metal ions such as Li+, K+ and Na+, they can completely
dissolve and keep the same metal ion concentration in the conditioning solutions. The
factors that affect the sensor response are the best radius range (100–110 pm) for complex
formation and the hydrated radius. The effect of the best radius range (100–110 pm) for
complex formation is larger than the hydrated radius.

Figure 9. Sensor response to sweet substances: (a) sucrose; (b) sucralose.

Figure 10. Change in Vr due to conditioning.
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Figure 11. Models of response mechanism of the sweetness sensor with lipid/polymer membranes:
membrane in conditioning solution including Ca2+.

Figure 12. Models of response mechanism of the sweetness sensor with lipid/polymer membranes:
membrane in sample solution.

4. Conclusions

In the study, a sweetness sensor with a lipid/polymer membrane (GL1) was used to
measure uncharged sweeteners. We aimed to find out the response mechanism of GL1.
From the results of the changes in membrane potential in a reference solution (Vr), we found
that the interactions between uncharged sweeteners and metal ions in the conditioning
solutions were due to the metal complex formation. In the process of the measuring
procedure, Vr raised from −60 mV to 10 mV, which was a modification to the membrane.
The modification to the membrane was caused by the attachment of metal ions to the
membrane, which raised the Vr. With the help of the modification, the sensor response of
GL1 to sucrose increased by four times compared to that before modification. Moreover,
we investigated the modification effects of the conditioning solutions including four kinds
of metal ions (Li+, Na+, K+, and Ca2+). As a result, Na+, whose radius is in the best radius
range (100–110 pm) for complex formation, formed the strongest complex with the hydroxyl
groups in sweeteners. Therefore, the metal ion Na+ caused the highest sensor response
among all the metal ions. The bigger hydrated radius of Li+ makes it more difficult to bind to
the lipid/polymer membrane than K+. The conditioning solution including Ca2+ obtained
the lowest sensor responses because of the low solubility and the repulsive force acting
between the neighboring Ca2+. The effect of metal ions in conditioning solutions on the
sensor response was revealed for the first time. The study gives a new insight into the role
of the conditioning solution. Future research in this field could be an inspiration to design
potentiometric taste sensors corresponding to more uncharged taste substances. Finally,
we aim to apply more new sensors for the development of new foods and quality control
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at food manufacturing lines, as measuring equipment, to detect the tastes measurable by
human beings and to evaluate the tastes objectively.
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