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Development of Taste Evaluation System
for Traditional Beverages and Liquors
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SUMMARY

I. Title

Development of Taste Evaluation System for Traditional Beverages and Liquors

II. Objective and Significance

The aim of this study is to develop a taste evaluation system which can be
applied to various foods including traditional beverages and liquors and to hold a

workshop having the purpose of disseminating the developed technique and device.

Sensory evaluation which is routinely used for taste evaluation of foods and
food-stuffs is a subjective method and is effective in quality control and production
in the food industry. Especially, in the beverage and liquor sector, the maintenance
of well trained panel is indispensable for the optimization of the final products.

Recently, electronic tongue as a way of an objective and instrumental evaluation
of food taste has been developed in Japan and USA. It has been reported that
electronic tongue can sense taste below the concentration range which human can
normally perceive when appropriate membrane materials are used. Hence, it is
expected that a taste evaluation system can be efficiently used with sensory

evaluation in parallel for the quality control and management in the food industry.

III. Contents and Scope

In this study, the preparation methods for polymer membranes and transducers,
and single- and multi-channel taste sensors with attached polymer membranes were

developed. The techniques for signal amplification and processing, computer inter-



facing and data interpretation were also developed, resulting in the preparation of
various taste sensors and a multi—-channel prototype taste evaluation system. Also,
various concentration combinations of basic and compound tastes were analyzed with
the developed systems, followed by the taste evaluation of the real samples. To
disseminate the research output of the current study, a workshop on the discriminant
analysis of food by electronic tongue was held with research personnels in the

universities, food industry and institutions.

IV. Results and Opinion for Future Use

1. Establishment of the preparation methods for polymer membranes and
transducers, set-up of detectors and non-linearity analysis for the sensor

signals

The cocktail solutions for polymer membranes of taste sensors were prepared by
mixing polymer matrix, plasticizer and electroactive material in the ratio of 66 : 33 :
1 et al and dissolving the resulting mixture in tetrahydrofuran. The polymer
membranes were formed over the sensitive area of the electrodes by a dip coating
and drop coating of the cocktail solutions. Alternatively, the membranes were
separately prepared by a casting procedure and a small piece of each membrane was
attached to the electrode. In this case, 14 electroactive materials such as valinomycin,
nonactin and oleylamine mainly determined the properties of the polymer membranes.
Solid-state needle-type microelectrodes, commercial ionic electrodes and quartz
crystal microbalance electrodes were used as the transducers, and a potentiostat and
quartz crystal analyzers were used as the detectors. The individual taste sensors
differing in electroactive material were measured for the responses to various
concentrations (10°~10" M or 10°~107° M) of sugar, citric acid, NaCl, caffeine and
monosodium glutamate. Based on these data, correlation of sensor responses,
direction of concentration-dependency, and scope and amount of response changes

were made. Also, non-linearity of the taste sensors against 5 basic tastes was



interpreted for sensor output itself and in natural log scale, resulting in the selection

of 10 polymer membranes showing linearity to the above basic tastes.

2. Preparation of a bench-scale taste evaluation system, analysis on the
model taste substances and construction of a taste-recognizing signal

processing system

The bench-scale taste evaluation system was prepared using the solid-state
needle-type microelectrode. The polymer membranes responsive to the individual
basic tastes were used for the analysis of the compound taste solutions which were
prapared by mixing a basic taste in 10? M with another basic taste in 10 and 107
M, which showed selective responses according to electroactive materials and taste
substances. The individual polymer membranes were also determined for the
responses to the compound taste solutions prapared by mixing a basic taste at
various concentrations with four other basic tastes in 10% M, which identified
several selective membranes such as valinomycin membrane. To develop a taste-
recognizing signal processing system, a membrane potential amplifier was developed
making use of an OP amp with high input impedance. As a multi-channel A/D
converter to save the amplified signals to a computer, SCXI series of the National
Instruments Co. were used, followed by the development of an A/D converter control
software with LabView. The complete signal processing system prepared was
evaluated for its performance in 0.1 M KCI with the solid-state taste sensor having
the dip—coated valinomycin membrane. The S/N ratio increased conspicuously over

the data number of 1000, with the accompanied reduction in standard deviation.

3. Real sample measurements and interpretation of the analytical results, and

preparation of the prototype sensor and presentation at the workshop

Based on the taste-recognizing signal processing system, the multi-channel taste

evaluation system was constructed with a non-selective taste sensor array consisted



of 8 taste sensors showing characteristic responses to food components such as
electrolytes. To remove possible multi-colinearity in the signals of the sensor array,
an algorithm was designed to convert the signal of each channel to principal
components. The individual taste sensors of the array were analyzed for their
responses to various concentrations of the standard taste substances. When 43
species of fruit beverages, ionic drinks, green tea, soju, fruit liquors and macgulri as
the traditional beverages and liquors were measured for their responses with the
taste evaluation system and the resulting data were mapped at the principal
component space, the discrimination according to the types of beverage and liquor
was possible. When the system was applied to kimchi fermentation monitoring, a
close relationship was found between the values of titratable acidity and second
principal component. Soy sauces were also well discriminated by the principal
component analysis on the obtained results and a high correlation was found
between the values of sensory evaluation and first principal component. As an
improved sensor array, the taste sensor in-situ micro-array was developed. The
preparation of the prototype taste evaluation system was done and the workshop on
the discriminant analysis of food by electronic tongue was held using the prototype
taste sensor, resulting in a good evaluation by the research personnels in the

universities, food industry and institutions who participated in the workshop.

4. Opinion for future use

Currently, we have 11 quantitative achievement including paper, presentation at
scientific meetings, application to patentship, publication of the workshop book and
presentation at the workshop. In the future, we will persue this activity further to
disseminate our research output. As the contents and quality of the research output
seem to be good, they might be exploited through the technical transfer when

required by relevant institutions, companies, etc.
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Table 1. Electroactive materials used for the preparation of polymer membranes

No. Electroactive material Supplier

1 OA (oleylamine) Aldrich, USA

2 DA (decyl alcohol) Aldrich, USA

3 TOMA (tri-n-octylmethylammonium chloride) Dosindo, Japan
DOP (dioctylphosphate = Bis(2-ethylhexyl)

4 octylphosphate 1s(2—ethylhexy Aldrich, USA
hydrogenphosphate, BEHP)

5 PCDP (DL-a-phosphatidylcholine dipalmitoyl) Sigma, USA

6 DOP : TOMA =3 :7

7 DOP : TOMA =5:5

8 DOP : TOMA = 8 : 2

9 Cholesterol Sigma, USA
TDMA - Cl (tridodecylmethylammonium )

10 i Fluka, Switzerland
chloride)

11 Valinomycin Sigma, USA

12 Nonactin Sigma, USA

13 MDE (monensin decyl ester) Fluka, Switzerland

14 TDA (tridodecylamine) Sigma, USA
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Fig. 1. Casting procedure of the polymer membranes.

Table 2. Composition of the cocktail solutions for various electrodes
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Fig. 4. Schematic diagram of the ionic electrode.
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Fig. 7. Relationships between the solid-state taste sensor output and sucrose (sweet
substance) concentrations according to the electroactive materials. A. V, bare
electrode; O, OA; €, DA; open hexagon, PCDP; closed hexagon, cholesterol. B. A,
TOMA; O, DOP : TOMA =3 :7, A, DOP : TOMA =5 :5 @, DOP : TOMA = 8
: 2; A, DOP.
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Fig. 8. Relationships between the solid-state taste sensor output and citric acid (sour
substance) concentrations according to the electroactive materials. A. V, bare
electrode; O, OA; €9, DA; open hexagon, PCDP; closed hexagon, cholesterol. B. A,
TOMA; O, DOP : TOMA =3 :7, A, DOP : TOMA =5 :5 @, DOP : TOMA = 8
: 2; A, DOP.
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Fig. 9. Relationships between the solid-state taste sensor output and caffeine (bitter
substance) concentrations according to the electroactive materials.
electrode; <>, OA; €, DA; open hexagon, PCDP; closed hexagon, cholesterol. B. A,
TOMA; O, DOP : TOMA =3 :7, A, DOP : TOMA =5 :5 @, DOP: TOMA = 8

- 2; A, DOP.
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Fig. 10. Relationships between the solid-state taste sensor output and MSG (umami
substance) concentrations according to the electroactive materials.
electrode; <, OA; €9, DA; open hexagon, PCDP; closed hexagon, cholesterol. B. A,
TOMA; O, DOP : TOMA =3 :7, A, DOP : TOMA =5 :5 @, DOP: TOMA = 8

- 2, I DOP.
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Table 4. Concentration—dependent responses of the solid-state taste sensor

Response® / Correlation coefficient (r, )

Measured potential range (mV)

El i
ectroactive AmV
material
NaCl Sucrose Citric acid Caffeine MSG
(salty) (sweet) (sour) (bitter) (umami)
+.r=0938 4+, r°=0682 —, r=095 +, r’=0684 +,1°=0808
DA 0~43.3 —33~67 6.7~1.0 —4.0~0 6.7~83
(43.3) (10.0) (5.7) (4.0) (1.6)
+, 1 =096 +,r'=098 —, r*=0450 -, =050 —,r*=0929
OA 1.0~15.0 0~10.0 51.7~10.0 —17~—57 0~-33
(14.0) (10.0) (41.7) (4.0) (3.3)
+.r=099 —, =088 +, =099 +,r=0953 -+, 1°=0959
PCDP —5.0~45.0 33~1.0 33~11.0 -10.0~0 1.0~14.0
(50.0) (2.3) (7.7) (10.0) (13.0)
+,r=0937 —,r=082 — =099 —, =092 —, =060
Cholesterol —11.7~30.7 55~27 16.7~—-6.0 -10.0~0 50~0
(42.4) (2.8) (22.7) (10.0) (5.0)
+,r =096 +,r°=0905 —, r°=0440 +,r>=08%6 +,r = 0904
TOMA —5.0~30.7 43~11.3 477~16.0 —43~-10 —10.7~-20
(35.7) (7.0) (31.7) (3.3) (8.7)
+,r=0809 —,r=0915 —, r*=0938 +,r=0605 +,r=0627
DOP 3.3~41.7 6.7~0 19.3~—15.0 0~0.7 —27~0
(38.4) (6.7) (34.3) 0.7) 2.7)
+, =092 +,rr=0214 +, =079 —, =095 —, 1 =0977
DOP : TOMA
—19.3~26.0 3.3~6.7 11.0~30.0 6.7~17 150~ —15.0
3:7
(45.3) (34) (19.0) (5.0) (30.0)
+, =092 +,r*=0668 —,r=032 +,r=0892 +, 1= 0827
DOP : TOMA
—29.3~29.3 1.7~6.7 21.3~16.0 17~80 —16.7~10.0
5:5
(53.6) (5.0 (5.3) (6.3) (26.7)
+, % =0979 +,r=037 —, =080 —,r=06%B —,r=073%
DOP : TOMA
Qo —15~233 0~70 30.0~3.4 6.7~27 83~-10.0
' (38.3) (7.0) (26.6) (4.0) (18.3)

? Concentration-dependent potential responses decreased (—) or increased (+) according to the

electroactive materials. The concentrations of taste substances (NaCl, sucrose, citric acid and

MSG) ranged from 10° to 10 * M, whereas those of caffeine from 10° to 102 M.



Table 5. Correlated concentration ranges for the responses of the solid-state taste

Sensor
Response® / Correlation coefficient (r, r°)
Electroactive Correlated concentration range (M)
material NaCl Sucrose Citric acid Caffeine MSG
(salty) (sweet) (sour) (bitter) (umami)
+,1 =099 +, = 09% ) ) )
DA . , . N
10°~10 2 10°~107"
OA b b B r2 = 0869 b b
10%~10"
PCDP b b b b b
Cholesterol b b b b b
+, 17 =094 —, 1 =0878 : :
TOMA 1 L L2 b b
g 10°~10 10*~10
DOP +, 1 = 0810 . —, 1 = 0987 ) )
10°~1072 104~10"
DOP : TOMA  +, 1" = 0982 . +, 1 = 0971 ) )
3:7 10°~102 10°~10"
DOP : TOMA ) ) ) ) +, 1 = 0994
5:5 10°~102
DOP : TOMA . . —, 1’ = 0.965 ) )
8:2 10'~10"

* Concentration-dependent potential responses decreased (—) or increased (+) according to the

electroactive materials. The concentrations of taste substances (NaCl, sucrose, citric acid and

MSG) ranged from 10° to 10 ' M, whereas those of caffeine from 10° to 10° M.

" Correlated concentration range was from 10° to 10" M.
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Table 6. Concentration-dependent responses of the QCM taste sensor

Electroactive

Response® / Correlation coefficient (r, 1)

Frequency shift range (Hz)

AHz
material
NaCl Sucrose Citric acid Caffeine MSG
(salty) (sweet) (sour) (bitter) (umami)
-, £ =095 —,r=0812 +,r° =094 +, r=087 —, 1° = 0945
DA 31~—1625 —15~—702 296 ~1274 —18~55 —83~ —652
(1656) (687) (978) (73) (569)
—, =096 +,r=0902 4+, =097 +, =059 +,r°=0972
OA — 48~ —154 —19~1274 4~833 —1~-79 31~536
(106) (1293) (829) (78) (555)
—, r = 0.483 —, = 0940 +, 1 = 0.965 +, 7 =0216 +, 1 =098
TOMA —31~—105 36~ —83 —4~435 —4~115 43~358
(74) (119) (439) (119) (315)
+, =089 +, =087 +, =098 —, =093 —,r=09%
DOP —122~901 —209~325 —31~637 13~ —345 91~ —31
(1023) (534) (668) (358) (122)
— £ =096 +,r°=0938 +,r° =098 —,r=0113 —, 1 = 0.687
PCDP —16~ —588 —157~1913 88~1125 —72~—110 —193~ —602
(572) (2070) (1037) (38) (409)

# Concentration-dependent frequency shifts decreased (—) or increased (+) according to

the electroactive materials. The concentrations of taste substances (NaCl, sucrose, citric acid

and MSQG) ranged from 5x10 *to 5x10" M, whereas those of caffeine from 5x10 ® to

5x10° M.
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Table 7. Concentration—dependent responses of the ionic electrode taste sensor

Potential change” (AmV)

Electroactive
material NaCl Sucrose Citric acid Caffeine MSG
(salty) (sweet) (sour) (bitter) (umami)
DA 20 2 70 1 1
OA —17 5 14 13 15
TOMA —18 1 —13 4 2
DOP 25 1 834 -1 4
DOP : TOMA
—31 10 62 7 4
3:7
DOP : TOMA
21 9 60 5 14
5:5
DOP : TOMA
8:9 10 9 106 6 7

# The concentrations of taste substances (NaCl, sucrose, citric acid and
MSG) ranged from 10° to 10! M, whereas those of caffeine from 10° to
10°% M.
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Table 8. Selection of the electroactive materials for the taste sensors

Taste

Recommended electroactive material

L Correlation Correlation
substance Solid-state . 5 QCM o )
tast coefficient (r, r*) tast coefficient (r, r*)
aste sensor ste sensor
asie sen (AmV) e sen (AHz)
DOP : TOMA =5 :5" 1 = 0962 (586) . )
DA?® r° = 0995 (—1656)
NaCl DA r = 0938 (43.3) )
DOP r’ = 0.839 (1023)
(salty) PCDP r = 0.959 (50.0) )
PCDP r’ = 0906 (—572)
Cholesterol r = 0937 (424)
Sucrose OA* ' = 0.989 (10.0) PCDP* r’ = 0.938 (2070)
(sweet) DA r* = 0682 (10.0) OA r = 0.902 (1293)
DOP* r’ = 0938 (—34.3) . )
o ] ) DA?® r’ = 0.994 (978)
Citric acid Cholesterol r° = 0959 (—22.7) 9
) PCDP r’ = 0938 (1037)
(sour) OA r° = 0450 (-41.7)
TOMA 2 = 0440 (317) TOMA r = 0.965 (439)
Caffeine Cholesterol” r’ = 0959 (—10.0) a 5
] DOP? r’ = 0983 (—358)
(bitter) PCDP r = 0.953 (10.0)
. . DA ' = 0945 (—569)
MSG DOP : TOMA = 3 :7 r° = 0977 (—30.0) )
. OA r° = 0972 (555)
(umami) DOP : TOMA =5:5 r = 0.827 (26.7)
DOP r = 0956 (—122)

4 Bold letters mean the recommended electroactive materials for respective taste substances.

The correlated ranges for the solid-state and QCM taste sensor were from 10 to 10t M

and from 5x10* to 5x10} M, respectively.
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Table 994 Table

Table 9. Correlation coefficients and significant probability of the electrodes on NaCl

(concentration range: 0.00001~0.1 M)

Electrode 1  Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode 6 Electrode 7

-0.5598 0.9289" 0.4999 0.4320 0.8858" 0.4458 0.4357
(0.3265) (0.0225) (0.3911) (0.4676) (0.0456) (0.4518) (0.4634)
Electrode 8 Electrode 9 Electrode 10 Electrode 11 Electrode 12 Electrode 13 Electrode 14
0.2873 0.5821 0.3716 0.6345 0.9145" 0.8328' 0.5691
(0.6393) (0.3031) (0.5380) (0.2502) (0.0296) (0.0800) (0.3167)

Note. 1) * significant at the significant level of 0.05.
2) 't significant at the significant level of 0.10.
3) ( ): represents the significant probability.



Table 10. Correlation coefficients and significant probability of the electrodes on

sucrose (concentration range: 0.00001~0.1 M)

Electrode 1  Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode 6 Electrode 7

0.5661 -0.1086 -0.6716 0.1606 0.7872 0.5302 0.5516
(0.3198) (0.8620) (0.2144) (0.7964) (0.1140) (0.3581) (0.3352)
Electrode 8 Electrode 9 Electrode 10 Electrode 11 Electrode 12 Electrode 13 Electrode 14
0.8189" 0.6478 0.1604 0.3763 0.5191 0.6915 0.5125
(0.0900) (0.2373) (0.7966) (0.5324) (0.3701) (0.1959) (0.3773)

Note. 1) 't significant at the significant level of 0.10.
2) ( ): represents the significant probability.

Table 11. Correlation coefficients and significant probability of the electrodes on

citric acid (concentration range: 0.00001~0.1 M)

Electrode 1  Electrode 2  Electrode 3  Electrode 4 Electrode 5 Electrode 6  Electrode 7

-0.0180 0.8192" 0.1677 -0.7072 0.7420 0.0674 0.8003
(0.9770) (0.0898) (0.7875) (0.1816) (0.1511) (0.9143) (0.1039)
Electrode 8 Electrode 9 Electrode 10 Electrode 11 Electrode 12 Electrode 13 Electrode 14
-0.1361 -0.4202 -0.0825 -0.4944 -0.4962 0.0351 -0.2245
(0.8272) (0.4812) (0.8951) (0.3972) (0.3952) (0.9553) (0.7166)

Note. 1) 't significant at the significant level of 0.05.
2) (). represents the significant probability.

Table 12. Correlation coefficients and significant probability of the electrodes on

MSG (concentration range: 0.00001~0.1 M)

Electrode 1  Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode 6 Electrode 7

0.7622 0.7612 0.7882 0.4994 0.8296" -0.5278 0.9327"
(0.1341) (0.1350) (0.1132) (0.3917) (0.0822) (0.3607) (0.0207)
Electrode 8 Electrode 9 Electrode 10 Electrode 11 Electrode 12 Electrode 13 Electrode 14
0.2189 0.6514 0.8535" 0.5998 0.7810 0.0729 0.5762
(0.7235) (0.2336) (0.0658) (0.2849) (0.1189) (0.9073) (0.3092)

Note. 1) ™ significant at the significant level of 0.05.
2) 't significant at the significant level of 0.10.
3) ()i represents the significant probability.



Table 13. Correlation coefficients and significant probability of the electrodes on

caffeine (concentration range: 0.000001~0.001 M)

Electrode 1  Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode 6 Electrode 7

0.0297 0.5706 -0.0546 0.9348' 0.7893 -0.5011 0.9866"
(0.9703) (0.4294) (0.9454) (0.0652) (0.2107) (0.4988) (0.0134)
Electrode 8 Electrode 9 Electrode 10 Electrode 11 Electrode 12 Electrode 13 Electrode 14
-0.1040 -0.9871" 0.6982 0.3727 0.9612" 0.9962" -0.0143
(0.8960) (0.0130) (0.3018) (0.6273) (0.0388) (0.0038) (0.9857)

Note. 1) ™ significant at the significant level of 0.01.
2) i significant at the significant level of 0.05.
3) " significant at the significant level of 0.10.

4) (). represents the significant probability.

st BHE 99 (non-equilibrium thermodynamics)oll Al &3 w71 At
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Table. 14. Correlation coefficients and significant probability of the electrodes on

NaCl (concentration range: 0.00001~0.1 M) at log scale

Electrode 1  Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode 6 Electrode 7

-0.6670 0.9232" 0.9197" 0.8340° 0.9728™ 0.7345 0.8139'
(0.2160) (0.0252) (0.0270) (0.0791) (0.0054) (0.1576) (0.0937)
Electrode 8 Electrode 9 Electrode 10 Electrode 11 Electrode 12 Electrode 13 Electrode 14
0.7092 0.9246" 0.8121" 0.9599™ 0.9247 0.9722" 0.8980"
(0.1798) (0.0246) (0.0950) (0.0096) (0.0245) (0.0055) (0.0385)

Note. 1) **: significant at the significant level of 0.01.
2) 1 significant at the significant level of 0.05.
3) 't significant at the significant level of 0.10.

4) (). represents the significant probability.

Table 15. Correlation coefficients and significant probability of the electrodes on

sucrose (concentration range: 0.00001 ~0.1 M) at log scale

Electrode 1  Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode 6 Electrode 7

0.9544" 0.5003 -0.0386 -0.4866 0.8949" 0.7016 0.8283"
(0.0116) (0.3907) (0.9509) (0.4058) (0.0403) (0.1867) (0.0832)
Electrode 8 Electrode 9 Electrode 10 Electrode 11 Electrode 12 Electrode 13 Electrode 14
0.7796 0.4367 -0.4127 -0.2631 0.9054" 0.9036" 0.6571
(0.1200) (0.4622) (0.4899) (0.6690) (0.0345) (0.0354) (0.2282)

Note. 1) ™ significant at the significant level of 0.05.
2) ' significant at the significant level of 0.10.
3) ( ): represents the significant probability.



Table 16. Correlation coefficients and significant probability of the electrodes on

citric acid (concentration range: 0.00001~0.1 M) at log scale

Electrode 1  Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode 6 Electrode 7

0.1523 0.9425" 0.3583 -0.3985 0.9756™ 0.4833 0.8968"
(0.8069) (0.0164) (0.5538) (0.5063) (0.0046) (0.4095) (0.0392)
Electrode 8 Electrode 9 Electrode 10 Electrode 11 Electrode 12 Electrode 13 Electrode 14
-0.0327 -0.0942 0.1476 -0.2931 -0.0964 0.5980 -0.2364
(0.9583) (0.8802) (0.8128) (0.6323) (0.8774) (0.2868) (0.7019)

Note. 1) " significant at the significant level of 0.01.
2) 1 significant at the significant level of 0.05.
3) (): represents the significant probability.

Table 17. Correlation coefficients and significant probability of the electrodes on

MSG (concentration range: 0.00001~0.1 M) at log scale

Electrode 1  Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode 6 Electrode 7

0.6215 0.7531 0.8843" 0.4454 0.8649' -0.8010 0.8774'
(0.2631) (0.1417) (0.0464) (0.4523) (0.0584) (0.1033) (0.0506)
Electrode 8 Electrode 9 Electrode 10 Electrode 11 Electrode 12 Electrode 13 Electrode 14
-0.4622 0.5102 0.6934 0.2581 0.6825 -0.4597 0.0630
(0.4332) (0.3778) (0.1941) (0.6750) (0.2042) (0.4361) (0.9199)

Note. 1) ™ significant at the significant level of 0.05.
2) 't significant at the significant level of 0.10.
3) (): represents the significant probability.

Table 18. Correlation coefficients and significant probability of the electrodes on

caffeine (concentration range: 0.000001~0.001 M) at log scale

Electrode 1  Electrode 2 Electrode 3 Electrode 4 Electrode 5 Electrode 6 Electrode 7

0.1948 0.1667 -0.5258 0.5744 0.9947*" -0.1546 0.8841
(0.8052) (0.8333) (0.4742) (0.4256) (0.0053) (0.8454) (0.1160)
Electrode 8 Electrode 9 Electrode 10 Electrode 11 Electrode 12 Electrode 13 Electrode 14
0.0811 -0.9043" 0.4863 0.2565 0.6745 0.8664 -0.5412
(0.9189) (0.0957) (0.5137) (0.7435) (0.3255) (0.1336) (0.4588)

Note. 1) ™ significant at the significant level of 0.01.
2) ' significant at the significant level of 0.10.
3) ( ): represents the significant probability.
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Table 19. Electrodes which showed linear responses against 5 basic tastes

Basic taste (substance)

Electrode with linear response

Sensor output

Natural log scale

Salty taste (NaCl)

Electrode 2"
Electrode 5
Electrode 12
Electrode 13

Electrode 2"
Electrode 3
Electrode 4
Electrode 5™
Electrode 7"
Electrode 9"
Electrode 10"
Electrode 11"
Electrode 12"
Electrode 13
Electrode 14"

Sweet taste (sucrose)

Electrode 8'

Electrode 1"
Electrode 5
Electrode 7°
Electrode 12"
Electrode 13"

Sour taste (citric acid)

Electrode 2'

Electrode 2"
Electrode 5
Electrode 7°

Umami (MSQG)

Electrode 5"
Electrode 7

Electrode 10"

Electrode 3"
Electrode 5°
Electrode 7'

Bitter taste (caffeine)

Electrode 4"
Electrode 7°
Electrode 9"
Electrode 12°

Electrode 13

Electrode 5
Electrode 9"

" electrode with linear response at the significant level of 0.10.

* electrode with linear response at the significant level of 0.05.

* electrode with linear response at the significant level of 0.01.
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Table 20. Correlation coefficients and significant probability between electrodes on

salty taste

Electrode

Type 2 Type 3 Type 4 Type 5 Type 7 Type 9 Type 10 Type 11 Type 12 Type 13 Type 14

Type 2 1
0.7177
Type 3 1) 1
. 0.6332  0.8079
Tyve 4 o514 0098 !
Type 5 0.9702 0.8266  0.7614 1
(0.0061) (0.0844) (0.1347)
Type 7 0.6144 0.9578 0.6214  0.7256 1
(0.2701) (0.0103) (0.2632) (0.1652)
Type 9 0.7641 09876  0.7326  0.8857  0.9738 1
(0.1325) (0.0017) (0.1591) (0.0643) (0.0051)
Type 10 05763  0.9718 0.6839  0.7054 09915 0.9674 1
(0.3091) (0.0057) (0.1983) (0.1832) (0.0009) (0.0070)
Type 11 0.7980  0.9728 08666 09095 09012 09655 09133 1
(0.1056) (0.0054) (0.0573) (0.0322) (0.0367) (0.0076) (0.0302)
Type 12 09754 0.7801 05815 09654 0.7344 0.8432 0.6842 0.8383 1
(0.0046) (0.1195) (0.3037) (0.0077) (0.1576) (0.0727) (0.2026) (0.0761)
Type 13 0.9530 0.8802 06844 09718 0.8242 09207 0.7924 09140 0.9822 1
(0.0121) (0.0489) (0.2024) (0.0056) (0.0861) (0.0264) (0.1099) (0.0299) (0.0028)
Type 14 07516  0.9703 06573 0.8273 09795 09936 09630 09310 0.8430 0.9155 1
(0.1429) (0.0061) (0.2280) (0.0839) (0.0035) (0.0006) (0.0085) (0.0215) (0.0729) (0.0291)
Note. (): represents the significant probability.



Table 21. Correlation coefficients and

sweet taste

significant probability between electrodes on

Electrode
Type 1 Type 5 Type 7 Type 8 Type 12 Type 13
Type 1 1
0.8623
Type 5 (0.0600) !
N 0.9042 0.9333
Type 7 (0.0351) (0.0204) !
Tvoe 8 0.7249 0.9702 0.8773 1
P (0.1659) (0.0061) (0.0506)
Type 12 0.8977 0.8055 0.7644 0.6497 1
b (0.0386) (0.0999) (0.1323) (0.2353)
0.9244 0.9794 0.9815 0.9245 0.8124
Type 13 1
(0.0247) (0.0035) (0.0030) (0.0246) (0.0947)
Note. (): represents the significant probability.

Table 22. Correlation coefficients and significant probability between electrodes on

sour taste
Electrode
Type 2 Type 5 Type 7
Type 2 1
0.9771
Type 5 (0.0041) !
. 0.9767 0.9226
Type 7 (0.0043) (0.0255) !
Note. (): represents the significant probability.

Table 23. Correlation coefficients and significant probability between electrodes on

umami
Electrode
Type 3 Type 5 Type 7 Type 10
Type 3 1
. 0.9953
Type 5 (0.0004) !
0.9560 0.9739
Type 7 (0.0110) (0.0050) !
Tvoe 10 0.9253 0.9531 0.9429 1
P (0.0242) (0.0121) (0.0162)
Note. (): represents the significant probability.



Table 24. Correlation coefficients and significant probability between electrodes on

bitter taste

Electrode
Type 4 Type 5 Type 7 Type 9 Type 12 Type 13
Type 4 1
. 0.5345
Type 5 (0.4665) !
0.8872 0.8640
Type 7 (01128) (01359) 1
Tvoe 9 -0.8677 -0.8771 -0.9945 )
yp (0.1322) (0.1229) (0.0054)
S 0.9848 0.6483 0.9412 -0.9166 )
ype (0.0151) (0.3516) (0.0587) (0.0833)
Tvoe 13 0.9062 0.8380 0.9964 -0.9963 0.9472
b (0.0937) (0.1619) (0.0035) (0.0037) (0.0528)
Note. ( ): represents the significant probability.

Table 25. Correlation coefficients and significant probability of 4 basic taste

responses against electrode 2

Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
o |
T |
MSG 0159 019 01099 !
Note. (): represents the significant probability.



Table 26. Correlation coefficients and significant probability of 4 basic taste

responses against electrode 3

Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
< 0.2340
Sucrose (0.7048) !
o . 0.6023 0.0142
Citric acid (0.2824) (0.9818) !
- 0.7146 -0.1583 0.0678
MSG (0.1749) (0.7992) (0.9136) 1
Note. ( ): represents the significant probability.
Table 27. Correlation coefficients and significant probability of 4 basic taste
responses against electrode 4
Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
-0.6618
Sucrose (0.2237) !
s . -0.3889 -0.4331
Citric acid (05175) (0.4663) !
0.6872 -0.0250 -0.7961
MSG (0.1997) (0.9682) (0.1070) 1
Note. (): represents the significant probability.
Table 28. Correlation coefficients and significant probability of 4 basic taste
responses against electrode 5
Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
N 0.9193
Sucrose (0.0271) 1
o . 0.9398 0.8759
Citric acid (0.0175) (0.0515) !
. 0.9197 0.9787 0.8080
MSG (0.0269) (0.0037) (0.0980) !

Note. (): represents the significant probability.



Table 29. Correlation coefficients and significant probability of 4 basic taste

responses against electrode 7

Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
- 0.5196
Sucrose (0.3695) !
o . 0.4741 0.8571
Citric acid (0.4198) (0.0634) !
< 0.5135 0.8148 0.9237
MSG (0.3762) (0.0929) (0.0250) 1
Note. ( ): represents the significant probability.
Table 30. Correlation coefficients and significant probability of 4 basic taste
responses against electrode 8
Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
0.1395
Sucrose (0.8229) 1
s . 0.6193 -0.5217
Citric acid (0.2652) (0.3673) !
-0.6722 -0.0212 -0.1284
MSG (0.2138) (0.9729) (0.8369) 1
Note. (): represents the significant probability.
Table 31. Correlation coefficients and significant probability of 4 basic taste
responses against electrode 9
Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
N 0.0752
Sucrose (0.9042) 1
. . -0.2171 0.0754
Citric acid (0.7257) (0.9040) !
. 0.1936 0.9690 -0.0517
MSG (0.7550) (0.0065) (0.9342) !

Note. (): represents the significant probability.



Table 32. Correlation coefficients and significant probability of 4 basic taste

responses against electrode 10

Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
Sucrose (_0044153)281) 1
Circ aci 06 0856) 1
MSG (0070 07183 0 !
Note. ( ): represents the significant probability.

Table 33. Correlation coefficients and significant probability of 4 basic taste

responses against electrode 11

Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
-0.4484
Sucrose (0.4487) 1
s . -0.2040 -0.0892
Citric acid (0.7421) (0.8365) !
0.2090 0.2377 -0.9271
MSG (0.7358) (0.7002) (0.0233) 1
Note. (): represents the significant probability.
Table 34. Correlation coefficients and significant probability of 4 basic taste
responses against electrode 12
Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
N 0.7530
Sucrose (0.1417) 1
o . -0.1536 0.0640
Citric acid (0.8052) (0.9185) !
. 0.6595 0.4083 -0.7055
MSG (0.2259) (0.4949) (0.1831) !
Note. (): represents the significant probability.



Table 35. Correlation coefficients and significant probability of 4 basic taste

responses against electrode 13

Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
Sucrose (8?85) 1
Cic aci 03108 s8I 1
MSG 04659) 07105 00i) :

Note. ( ): represents the significant probability.

Table 36. Correlation coefficients and significant probability of 4 basic taste

responses against electrode 14

Electrode
NaCl Sucrose Citric acid MSG
NaCl 1
o |
cwews oM om |
. 1

Note. (): represents the significant probability.
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Table 37. Electroactive materials selected for the solid-state taste sensor

No. Electroactive material

1 OA (oleylamine)

2 DA (decyl alcohol)

3 TOMA (tri-n-octylmethylammonium chloride)
4 DOP (dioctylphosphate)

5 PCDP (DL-phosphatidylcholine dipalmitoyl)

6 DOP : TOMA =5:5

7 Cholesterol

8 Valinomycin

9 Nonactin

MDE (monensin decyl ester)

—
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Table 38. Electroactive materials having good correlation with taste substances

Taste substance Electroactive material Correlation

Valinomycin sox!

NaCl MDE o]
DA 5!

OA 5!

Sucrose )
MDE *

Cholesterol *2

Citric acid DOP s
Nonactin *2

>I<>I<2

Cholesterol )

Caffeine +

PCDP .

skk

TOMA : DOP =5 :5 52

MSG )
TOMA *

! log scale; % sensor output; +, significant level of 0.10; *, significant level of

0.05; =%, significant level of 0.01.

D A9 71 sl #rbste) Aze B % Soje] 484



Az F o5 23 wEdel dd 484 Avngnh WA 49 10° M Fx=l o
F HEEE ST F 4749 vE gk £¥sa valinomycin®eo] YEE A S
Sttt Aw, MSG, caffeinec] thefA = 7] gt &< 2ol dig 2843 A9

Aol & YEMA] Zokor; FAite] tis|A = 283~575%2 7§ AolE HAFAT
w2}A valinomycin®he] 7-$- sucrose, MSG, caffeine 5°] &35 A= o &9 74

ol Aol ek F&Agol s & 5 AT (Table 39-1).

Table 39-1. Responses of NaCl added with different taste substances to valinomycin

membrane
Control Concentration Added Added . Response Difference®
taste (M) taste conce(rl\l/il;atlon (AmV) (%)
NaCl 10 - - 20
Sucrose 10 20 0
107 20 0
NaCl 10 - - 23.3
Citric acid 10 16.7 -283
107 36.7 +575
NaCl 10 - - 21.3
MSG 10 21.3 0
107 22.7 +6.6
NaCl 10 - - 21.3
Caffeine 107 21.3 0
10° 21.3 0

? Minus (=) sign means a response decrease, whereas plus (+) sign a response

increase.
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Table 39-2. Responses of NaCl added with different taste substances to MDE

membrane
, Added . .
Control Concentration Added frati Response Difference
concentration
taste (M) taste D (AmV) (%)
NaCl 10 - - 23.3
Sucrose 10 20 -14.2
1072 19 -185
NaCl 10° - 20
Citric acid 101 26.7 +335
102 40 +100
NaCl 10°° - - 20
MSG 107 183 -95
1072 6.7 -66.5
NaCl 10° - 21.7
Caffeine 10° 2% +15.2
10° 37.7 +73.7

a e . .
Minus (-) sign means a response decrease, whereas plus (+) sign a response

increase.



DA"Fe] A9 ME MSG, caffeine 10? M FEo| A= 20% olule] s W= oz
Jelgtoy A8 107 M sERoAE 107.8% A== 7redtsko] vy dA] uS3tlch

(Table 39-3).

Table 39-3. Responses of NaCl added with different taste substances to DA

membrane
‘ Added , .
Control Concentration Added trat Response Difference
concentration
taste (M) taste D (AmV) (%)
NaCl 10° - - 21.7
Sucrose 10 183 -15.7
102 -1.7 -107.8
NaCl 10° - - 23.3
Citric acid 10 31.7 +36.1
1072 38.3 +64.4
NaCl 10° - - 2%
MSG 10 20 -20
10° 3.3 -86.8
NaCl 10° - - 24
Caffeine 10° 22.3 -7.1
10° 19 -20.8

? Minus (-) sign means a response decrease, whereas plus (+) sign a response

increase.
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Table 40-1. Responses

A4 BS Aom od4dn (Table 40-1).

of sucrose added with different

L
Ho
N,
1o
rE
Ko,
S
i
a,
.Y
o

Ao

A |

taste substances to OA

membrane
Control Concentration Added Added ) Response Difference®
taste (M) taste conce(;;c[l;atlon (AmV) (%)
Sucrose 10° - - 0
NaCl 10 -5
10° -5
Sucrose 107 - - 0
Citric acid 10 33.3
10° 60
Sucrose 107 - - 0
MSG 10 -7
10° -42.7
Sucrose 10 - - 0
Caffeine 107 0
10° 5

% Not indicated owing to the control response of zero.



MDE9e] thgh e &

3]

o} wre] 7HewE OARF whxvbAE 100 2 107 Me] thE ut
TR A9kl Wah wason 1 Are Adel A9 b 2 Aow ey
t} (Table 40-2).

Table 40-2. Responses of

sucrose added with different taste substances to MDE
membrane
Control Concentration Added Added . Response Difference®
taste (M) taste conctzrl\l/t;atlon (AmV) (%)
Sucrose 10° - - 0
NaCl 10° 0
1072 43.3
Sucrose 10 0
Citric acid 10 133
10° 30
Sucrose 10° - - 0
MSG 10° 0
1072 -6.7
Sucrose 10 0
Caffeine 107 0
10° 10

? Not indicated owing to the control response of zero.



3) A4 71 sto] HIbsto] Alxg 53 gb &9 384
TAAE gt B thsle] cholesterol® o] A9 A caffeine BHAl & tdto]l= A
Aol e 5t om A 107 M3 MSG 10° M Fxe] &g tisiA 50%

oo &AMt E HoAFUH (Table 41-1).

Table 41-1. Responses of citric acid added with different taste substances to

cholesterol membrane

Control Concentration Added Added ) Response Difference®
taste (M) taste conce(;/t[zatlon (AmV) (%)
Citric acid 10 - - 40
NaCl 10" 43.3 +8.3
1077 70 +75
Citric acid 107 - - 27.7
Sucrose 10" 27.7 0
10 27.7 0
Citric acid 10 - - 25
MSG 10" 25 0
107 11.7 -53.2
Citric acid 107 - - 29.3
Caffeine 10° 29.3 0
10° 26.7 -89

? Minus (-) sign means a response decrease, whereas plus (+) sign a response

increase.



Table 41-2. Responses of citric acid added with different taste substances to DOP

membrane
, Added , .
Control Concentration Added trati Response Difference
concentration
taste (M) taste D (AmV) (%)
Citric acid 107 - - 23.3
NaCl 10! 25 +7.3
107 60 +1575
Citric acid 1072 - - 717
Sucrose 104 1.7 0
10° 65 93
Citric acid 10° - - 38.3
MSG 10 43.3 +13.1
1072 31 -19.1
Citric acid 1072 - - 35
Caffeine 107° 38.3 +9.4
10° 31.7 94
% Minus (-) sign means a response decrease, whereas plus (+) sign a response

increase.



FA%F WA 2o dlste] nonactin?te] UENE 7S4S caffeine 107 MO FEoA]
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Table 41-3. Responses of citric acid added with different taste substances to

nonactin membrane

Control Concentration Added Added ) Response Difference®
taste (M) taste conce(;;c[l;atlon (AmV) (%)
Citric acid 10° - - 30
NaCl 10" 32.3 +7.7
102 57.3 +91
Citric acid 10° - - 30.7
Sucrose 10 30.7 0
1072 25.7 -16.3
Citric acid 102 - - 29.3
MSG 10 29.3 0
10° 26 -11.3
Citric acid 10° - - 30.7
Caffeine 107 30.7 0
10° 14 -54.4

? Minus (-) sign means a response decrease, whereas plus (+) sign a response

increase.



4) Caffeine 7]+ stoll F7pste] A3 59 vt &oef 784
Caffeine =rAd o thslo] cholesterol@o] UEUE= 7S4S 29 MAur A2k
g A GFWA eekort MSG 102 MM &= 429%9° 7eA7AE HoF
t} (Table 42-1).
Table 42-1. Responses of caffeine added with different taste substances to
cholesterol membrane
) Added ) .
Control Concentration Added trat Response Difference’
concentration
taste (M) taste D (AmV) (%)
Caffeine 107 - - 36.7
NaCl 10 36.7 0
10°* 36.7 0
Caffeine 10° - - 20
Sucrose 10 20 0
10°* 20 0
Caffeine 107 - - 30
Citric acid 10 333 +11
10°* 30 0
Caffeine 10° - - 23.3
MSG 10 23.3 0
10°* 13.3 -42.9

? Minus (-) sign means a response decrease, whereas plus (+) sign a response

increase.



Caffeine BHd&ol g PCDP# o] 872

5

A MSG 10' M 552 A9stae v}
of o]ste] A3 FAH= Ao R YERYGT (Table 42-2).

i
M

Table 42-2. Responses of caffeine added with different taste substances to PCDP

membrane
Control Concentration Added Added ) Response Difference®
taste (M) taste conce(zi/t[r)atlon (AmV) (%)
Caffeine 107 - - 5.3
NaCl 10°* 6 +13.2
107 -0.7 -113.2
Caffeine 10° - - 5.3
Sucrose 10 8.7 +64.1
107 12 +126.4
Caffeine 107 - - 3.3
Citric acid 107 -16.7 ~606.1
107 -433 -1412.1
Caffeine 10° - - 6.7
MSG 107 8 +19.4
107 -9.3 -238.8

? Minus (-) sign means a response decrease, whereas plus (+) sign a response

increase.



5) MSG 71+ stel H7bshe] Azt 5§ ok & 34
MSG BHgdiel tisted TOMA/DOP (5 : 5) E3ute] Yehd+=

caffeine St E] F& A IA FdTFS ©X

Adeligoe] "dojx= Aoz yebstth (Table 43-1).

g g
3-8 ool 4 1=

Table 43-1. Responses of MSG added with different taste substances to TOMA :

DOP = 5 : 5 membrane

Control Concentration Added Added ) Response Difference®
taste (M) taste COHCG(I]’\I;EII;aUOI’l (AmV) (%)
MSG 1072 - - -233

NaCl 10 -18.7 +19.7
107 13 +105.6
MSG 107 - -20
Sucrose 10" -133 +335
107 -133 +335
MSG 10 - - -18.7
Citric acid 10 -133 +28.9
107 14.7 +178.6
MSG 107 - -20
Caffeine 10° -20 0
107 -233 -165

? Minus (-) sign means a response decrease, whereas

increase.

plus (+) sign a response



MSG st el dizte] TOMAUte] vedie #&4S 49, A7, 794, caffeine?]
B o sl 9% vivke] A AbolE yERe] TOMA/DOP (5 : 5) &34
woh delgo] 958 oz Lt (Table 43-2).

rr

Table 43-2. Responses of MSG added with different taste substances to TOMA

membrane
Control Concentration Added Added ) Response Difference®
taste (M) taste conc?;/t[r)atlon (AmV) (%)
MSG 102 - - -114.7
NaCl 10 -106.7 +7.0
10° -106.7 +7.0
MSG 10° - - -106.7
Sucrose 10 -100 +6.3
107 -96.7 +9.4
MSG 102 - - -105.3
Citric acid 10" -98.7 +6.3
10° -105.3 0
MSG 10° - - -106.7
Caffeine 10° -106.7 0
10 -106.7 0

? Minus (-) sign means a response decrease, whereas plus (+) sign a response

increase.



Table 44. Model compound taste solutions added with four different taste substances

Control Added
Control ) Added taste .
concentration concentration
taste D substance D
10! Sucrose, citric acid, caffeine, MSG 10
-2 , -4
NaCl 1073 , 107 4
10 10
10°* ' 10°*
10 NaCl, citric acid, caffeine, MSG 10
10°* ’ 10
Sucrose 4 , -4
10 10
10 ' 10
10! NaCl, sucrose, caffeine, MSG 10
o 10°* ’ 10
Citric acid
107 ' 10
10 ' 10
10° NaCl, sucrose, citric acid, MSG 10
‘ 10 ' 10
Caffeine _
107 ' 10
10° ’ 10
10! NaCl, sucrose, citric acid, caffeine 10
-2 " -4
MSG 10 10
107 ’ 10

10 ’ 10°
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Table 45. Comparison of the responses between the control taste and the added taste

with four other basic tastes in 10 * M concentration in case of cholesterol membrane

Control Control‘ Response (AmV)
taste concentration
(M) Control Added
NaCl 10! 63.3 30
10° 33.3 173
10° 3.3 117
10" -6 167
Sucrose 10! 0 167
107 -20 5
107 30 16.7
10° -3.3 20
MS3G 10" 233 117
10” -10 117
107 -15 107
10 6.7 183
Citric acid 10! 6.7 5
10° 46.7 45
10° 32.7 40
107 25 20
Caffeine 10° -0 66
10" -33 16.7
107 5 -25

10°6 -6.7 13.3




Table 46. Comparison of the responses between the control taste and the added taste

with four other basic tastes in 10 * M concentration in case of DA membrane

Control Control Response (AmV)
taste concentration

(M) Control Added

NaCl 107! 60 60

10° 36.7 433

107 10 3.3

10" 0 133

Sucrose 10" 0 167

107 0 25

107 0 o4

10" 0 16.7

MG 10 -20 833

10° -16.7 33

10° -3.3 0

10" 17 133

Citric acid 107! ]3 173

10° 15 433

10° 20 30

10" 10 133

Caffeine 10°° 33 20

10 0 133

107 0 133

106 0 -3.3




Table 47. Comparison of the responses between the control taste and the added taste

with four other basic tastes in 10 * M concentration in case of OA membrane

Control Control. Response (AmV)
taste concentration
(M) Control Added
NaCl 10! 45 80
10°* 19.3 46
10° 5 -183
10 -10 46
Sucrose 10! 0 34
107 0 42.7
10° 3.3 41.7
10" 0 33.3
MSG 10" -47.3 -20
107 -45 -46
107 -20.7 -12.7
10 -16 433
Citric acid 107 59.3 433
107 30 -31.7
10°° 36.7 43.3
10 19.3 31.7
Caffeine 10°° -3.3 32.7
10 -1.7 39.3
10° -1.7 23.3

10°° -2.7 -11.7




Table 48. Comparison of the responses between the control taste and the added taste

with four other basic tastes in 10 * M concentration in case of MDE membrane

Control Controli Response (AmV)
taste concentration
(M) Control Added
NaCl 10! 717 88.3
10° 36.7 60
10° 6.7 333
10" 0.7 25
Sucrose 10! 0 25
107 -5 26.7
107 0 26.7
10 -2.3 20
MSG 107 -23.3 -14
107 -3.3 5
10° -10 15
10 0 20
Citric acid 107 25 30
107 40 417
10° 383 433
10 18.3 20
Caffeine 10° -3.3 11.7
107 -3.3 20.7
107 0 23.3

106 -2.7 31.7




Table 49. Comparison of the responses between the control taste and the added taste

. . . —4 . . .
with four other basic tastes in 10 © M concentration in case of nonactin membrane

Control Controll Response (AmV)
taste concentration
(M) Control Added
NaCl 10! 60 88.3
10 31.7 50
10° 3.3 26.7
10" -5 -5
Sucrose 10" 0.7 11.7
107 -16.7 26.7
107 -22.7 26
10" -10 -16.7
MSG 10 -10 -6.7
10°? -8.3 1.7
10° -13.3 13.3
10" -6.7 -16.7
Citric acid 10" 23.3 33
10° 20 31.7
10° 36.7 38.3
10" 31.7 -33
Caffeine 107 12.7 33
10 -5 0
107 -5 3.3

10° -5 25




Table 50. Comparison of the responses between the control taste and the added taste

with four other basic tastes in 10 * M concentration in case of DOP membrane

Control Control Response (AmV)
taste concentration
(M) Control Added
NaCl 10* 61.7 ]17
10 30.7 56.7
10° -3.3 95
107 -1.7 10
Sucrose 10° 0 917
10 -13.3 26.7
10° -16.7 233
10 5 13.3
MSG 10! 33 0
107 -5 5
10° -8.3 15
10" 5 133
Citric acid 101 20 0
10°? 7.3 26.7
10 333 45
10" 25 133
Caffeine 107 0 933
10 5 -18.3
10° -6.7 -20.7

106 -10 83




Table 51. Comparison of the responses between the control taste and the added taste

with four other basic tastes in 10 * M concentration in case of PCDP membrane

Control Control. Response (AmV)
taste concentration
(M) Control Added
NaCl 10" 66 70
107 38.3 41.7
107° 11.7 10
10 2.7 9.3
Sucrose 10! 0 8.3
102 0 133
10° 0 133
10 0 6.7
MSG 10" -23.3 -13.3
10° -6 -5
10° -0.7 -1.7
10 0 6.7
Citric acid 10" 26.7 25
107 30 10
10° 21.7 23.3
10 11.7 10
Caffeine 10° -12.7 -6.7
10" 0 6.7
107 0 8.3

10° 0 0




Table 52. Comparison of the responses between the control taste and the added taste
with four other basic tastes in 10 * M concentration in case of TOMA : DOP = 5 :

5 membrane

Control Controll Response (AmV)
taste concentration
(M) Control Added
NaCl 10! 53.3 73.3
107 23.3 36.7
1077 1.7 -6.7
10 -3.3 20
Sucrose 10! 0 -30
107 -45 35
107 -33.3 16.7
10 -16.7 21.7
MSG 10 -26.7 -8.3
1072 -333 -35
10° -33.3 6.7
10 -13.3 17.3
Citric acid 10" -11.7 -4
10 5 24
10° 45 50
10" 30 21.7
Caffeine 1077 -35 -101.7
10 -13.3 25
107 -10 -20

10° -9.3 30




Table 53. Comparison of the responses between the control taste and the added taste

with four other basic tastes in 10 * M concentration in case of TOMA membrane

Control Control Response (AmV)
taste concentration
(M) Control Added
NaCl 10! 483 627
10 16.7 -133
10° -6.7 4
10° -10 5
Sucrose 10° 33 %6
10 117 30
107 -10 13.3
10 6.7 16.7
MSG 107! ~920 67
10 -15.3 -21.7
107 -20 117
10 -10 20
Citric acid 10" ~933 15
10° 15 %
10° 11.7 40
10 20 15
Caffeine 10° 96 70
10 -8.3 20
10° 5 10

106 -6.7 25




Table 54. Comparison of the responses between the control taste and the added taste

with four other basic tastes in 10* M concentration in case of valinomycin

membrane
Control Control. Response (AmV)
taste concentration
(M) Control Added
NaCl 10! 583 76.7
107 27.3 433
10° 6.7 1.7
107 0 7.3
Sucrose 10! 2.7 17.3
10°* 0 20
10° 0 26
10 0 20
MSG 107" -10 5
107 -7.3 0
107 -33 0
107 -0.7 6.7
Citric acid 107" 7.3 10
107 12.7 133
10° 10.7 16.7
107 16.7 21.7
Caffeine 1077 -3.3 73
107 -2.7 17.3
107 0 12.7

10° 0 -5




Table 55. Responses of the polymer membranes to basic and compound taste

solutions

Slope / Correlation coefficient

Taste substance

Cholesterol DA OA MDE Nonactin
16.97 20.67 17.93 24.3 92.34
Control 097 r=0971  r-0978 r-098 1= 0954
NaCl
17.14 18.01 16.63 217 30.32
Added ' pess p - 0784 r= 0273 r-0954 1= 0992
0 0 -0.33 559 3.81
Control r=0067 r=0707 = 0241
Sucrose
-0.70 0.10 031 2.40 859
Added 034 r=0 r=0 r=0071 1= 0.299
811 -1.01 11.33 2.18 ~4.19
Control _po14  r=0061 r=0748 r=0072  r*= 0500
Citric acid
~7.00 2.53 -4.02 2.84 1.32
Added U158 r - 0088 r=0021  r=0113 2= 0001
-0.99 0.99 -0.18 441 531
Control . _ 0600 r=0600 r=-0087 =060 1= 0600
Caffeine
11.68 6.99 14.92 -3.34 -6.84
Added _hes7 r =085 r-0720  r-0554 2= 0589
~11.89 -6.83 -12.82 4953 -0.49
Control . _ 0887 r=0904 r-088 r-093 1= 0050
MSG
-9.65 -29.31 -22.32 -36.07 1.84
Added

r = 0.881 r = 0.743 r = 0.588 r = 0.985 r’= 0.035




Taste substance

Slope / Correlation coefficient

DOP PCDP TOI\(/IBA: ZS?OP TOMA Valinomycin

16.66 2165 18.88 13.01 1955
Control 0948 r=099 r=099 r=097 r-=0928

NaCl

12.84 -21.38 19.31 18.09 24.98
Added 0638  r=0902 r=0452 r=0927 r-08%4

1.09 0 0 115 0.81
Control - 0523 r=0980 1= 0600

Sucrose

0.85 -0.48 0.32 1.32 -1.41
Added = 0107 1= 0033 r=0 r=0054 r=0245
‘ 7.08 -5.33 0.67 -12.66 2,62
Control =084  r= 0743 r=0100 r?= 0686 r= 0742

Citric acid

-1.06 -3.17 -1.08 ~10.50 -3.85
Added 0042 r=0249  r=03%2 =034 r = 0989
‘ 0.47 3.81 0 -6.12 -1.26
Control =053 = 0600 = 0655 1 = 0865

Caffeine

2.49 2.17 6.96 255 415
Added =0451  r=0166 r=0501  r2=0569 r = 0310
‘ -4.16 752 -14.07 -253 -3.19
Control = 0605  r =079 r=0815 1?0470  r = 0993

MSG

783 6.33 1848 -11.35 -0.51

Added 0763 r=0975  r=0648 2= 0613 r = 0036




Table 55. continued
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& F27] ye] AAwoln Fig 295 AT FEs)e] Wi ARzl

Table 56. Specification of the high input impedance operational amplifier

Item Specification
Model number CA3160
Maker intersil
Input impedance 15 TQ

Input current 5 pA
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Fig. 27. Amplifier circuit with high input impedance.
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Fig. 28. Inner line diagram in amplifier.



Fig. 29. Inner view of 16 channel amplifier with high input

impedance.
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Fig. 30. Measurement system for the membrane potential of electrodes.
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Table 57. Specification of components of A/D converter

Component Model Specification

D Rugged, compact 4-slot AC-powered chassis
houses any SCXI modules
@ Low-noise signal conditioning environment
Chassi SCXI-1000 @ Rack-mount, panel mount, and portable options
with forced air cooling
@ 3 internal analog buses

(® Timing circuitry for high-speed multiplexing

D 24 digital I/O lines: 2 analog outputs

@ For ISA: legacy 12-bit, 100 kS/s, 8 analog inputs
@ NI-DAQ driver software, version 6.9.1 or earlier
@ Three 16-bit, 8 MHz counter/timers

I/O Card LAB-PC-1200

(D 32 analog input channels, software-selectable gain
settings

@ Lowpass filtering

) @ 240 kS/s maximum sampling rate at full
Multiplexer  SCXI-1100 ) ) ]

bandwidth with gain up to 100

@ 6.6 kS/s maximum sampling rate with 10 kHz
filter

® 3 S/s maximum sampling rate with 4 Hz filter




3) A/D converter Ao} AZEg o] 7jat

LabView (National InstrumentsAh& ©]-&3Fo] A/D converter Alo] L~ZEgo]& 7l
Wk ith. LabViews Aw7hA A5 7l Avt std Al5S PCAA®= & 4 A =
A AZEY o] ZA Laboratory Virtual Instrument Engineering Workbench®] ©¢FA}o]
W 7HEASE PColA =8 4 UAl &to o LabViews 2REAQ] Text 7|7k
7} obd G 9o (graphical programming)2A 3F, A4 5& olo]EZo R EHeH
wiregh= gholo 2 AZAse] Tz a:MS Jfasict. SCXI A2l =& LabViewol Al #)of 3}
7] S17k =EgelHE Alwstal e, o5 ol&ste] Aol AZEOE JfEsgith
Fig. 312 Aol AZESjolo] e doly 4= 3 A Fro tholofagolt}

rulo

Data Reading ¢
|

Data Filtering 1. Sampling of N data,

‘ 2. Averaging of N data

Scaling by gain
|

Gain set in amplifier

Floating point
conditioning

Data Save

Fig. 31. Data processing routine.
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Fig. 33. Interface for control of multi-channel A/D conversion

system.
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Fig. 34. Membrane potential with 1000 Hz sampling rate.
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Table 58. S/N ratio changes according to the number of averaging point in the

measurement system of membrane potential

1000 H 10 point 100 point 1000 point
z
average/1000 Hz|average/1000 Hz| average/1000 Hz
Stand deviation
4251 21.53 0.87 0.81
(mV)
S/N ratio 1.05 2.07 51.43 55.47

dolg o] 7|7k S7hgtell whet S/NHIZF S7keb= 1S & 5 e 10070, 100074
o] dlolg Hitgtol e EFHAAIE 0.87 mV, 0.81 mVEA o]$ =& & JehfAT
ek, 2 A9 ASAHoME A5 1000782 dHolH e Huge AFsrZ skl
AL A=A A2 H71al7] 98l electrode simulator (Mettler-Toledo, USA)E

o]-&3&to] z} A do] delA B AE 3F31om, Table 599 A Al vk} 7o) 0.24 mV ©] 3}

rl

o EFAAE RS

==

Table 59. Accuracy estimation of measurement device for membrane potential

Channel 1 2 3 4 5 6

Standard

deviation 0.04 0.05 0.24 0.08 0.11 0.20
(mV)
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Az bge deoer HEste I FEAAE et olEmFH HdEYA AA o
o] (non-selective sensor array)E T/d3tth. o] wf, aiExpe; el 2tF A d=4
ojtf ol2HAE 1Ags}Ete] FEAAE AXFAL thEH e &S A8
th. Casting® ol o3 a&EAur Az A, L&A YA HAwe EolstA st7] 9
sty A A A A, 7F4AA] (DOS, [Bis(2-ethylhexyl)sebacate]), #7184 &84S 7Hzt
66 : 33 : 1 %9 v&=Z wgstel THF 1 mLell Fo]A o5& 93 ZHY §9&
Azstder o5 A4 25 cme & B©Ye o X Ho SIFES ARAE T2 A
B2 2o A 24A]3F o] THFE FTHAZOZH Eto] wdsh %

P 7 AAT AR o] FA= i 300 pmel AL ol & el wol A% B
stk o] i, 1, 223 d oA 7S =] e A7 BIEEE AN AE vt

gow sta AR 54 & ayste F 8% ArEAd=de AAsn
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(Table 60).

2) 8% A AA ofeele] Alx
e Sy Sske] ol2dFel 4§ 489 Philips AFA
(Phillips IS-561)1 L A-2e] in-situ &#o] 7hedt AA A2 42409 §2 844

PVC A4 ofelol 2 AHgataa ndd A39 29 4 MAdTe Agsar. oL

n

siAee A

)
N

i

Aol Y A d& 9 (inner filling solution) 2.2+ 0.1 M NaCl, 0.1 M KCI, 0.195
M sodium phosphate dibasic-0.0305 M sodium phosphate monobasic-0.015 M NaCl &

< o] &3ath Table 609 A AEAolvt o] 2A7F 23H 8F 9 AEAS casting



Table 60. List of the electroactive materials used in the polymer membranes

No. Electroactive material Manufacturer
Calix[4]arene .

1 (4-tert-butylcalix[4]arene-tetraacetic acid tetraethyl ester) Fluka Chemie AG

o MDE ,
(monensin decyl ester)

3 Valinomycin Sigma Co.

4  Nonactin Fluka Chemie AG

5 TDDA ,
(tridodecylamine)

6 TDMA ,
(tridodecylmethylammonium chloride)

7 TOMA »
(tri-n-octylmethylammonium chloride)

3 Mn-porphyrin ,

(meso-tetraphenylporphyrin manganese(IIll) chloride

L ot FIRA 2 Alse] sfAls 913 914 dargls A

2 AT vt HUMA 2Ee AMEEE A A ool vl e A AlA ] skt
2A AAFSEA O] EAste] HANTE AE Alole] tFTF A (multi-colinearity)
S o7 = gorg ZF Ade AsES FAE (principal component) & ® A3l

AEEE = =S dudas AAsdd. o A4 ofdlele &9 HolH= &2 A

e
2
§E
rlo
OO

LS|

o dolEHE WA= A47t Borg 239 EE 329 dolHR A
= EA (principal component analysis, PCA, Matlab 5.0,

FAE S A= AA olgele] AsE dHeolE yE XE A s oF gk
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Fig. 35. Questionnaire for the sensory evaluation of soybean sources.
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Fig. 36. Potential change by calix[4]arene membrane at various NaCl concentrations.
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Fig. 38. Potential change by valinomycin membrane at various KCl concentrations.
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Fig. 39. Potential change by nonactin membrane at various KCIl concentrations.
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Fig. 41. Potential change by TDMA membrane at various NaBr concentrations.
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Fig. 42. Potential change by TOMA membrane at various NaBr concentrations.
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Fig. 44. Responses of the individual taste
sensors in the taste evaluation system to
various beverages.

A, orange juice; B, tangerine juice; C, ionic
drink; D, ume juice; E, green tea.

1, Mn-porphyrin; 2, TDMA,; 3, TOMA, 4,
calix[4]arene; 5, valinomycin; 6, nonactin; 7,

MDE; 8, TDDA.
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Fig. 45. Amount of variance of PCs for the signal data on beverages.

O, variance; @, accumulated variance.
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principal component space.
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Fig. 48. Amount of variance of PCs for the signal data on beverages measured by
the taste evaluation system using the solid-state sensor array. O, variance; @,

accumulated variance.
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Fig. 49. Separation of orange, tangerine and ume juice, and ionic drink in the
principal component space by the taste evaluation system using the solid-state

sensor array. O, orange juice; [ ], tangerine juice; B, ume juice; A, ionic drink.
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2) T st AR

B AT E FRAE g RS Sbte] AT &F, wdeYE FREE
THI F oA b Gk gl A ojdolE TS NE b Al ofdte] #
Aetslct.

25 7%, AT 63, A 5T die gt U AE A4 ool e WA
< Fig. 520l vebidet. midFe] Aol 7 Alszt dejghe] dFo] spg Agron
2ol A oleh W 7 Almzh deighe] dAFo] Jb & Aoz yehded ol
oF ZE WAL ofF FiH dFFLe Ao F= TRlete AR A7 o5 gk
of el FEE B T 4 AAMe] Azl dEA AatskE sk ol At
st dlolEel dE FAE 242 Al FAE A2 FAEe] dA dolH wele

40%%F 65%5 7H7 Adgste Aoz yEET (Fig. 53). Fig. b4e A2 F43 A3



250

200 -

150

100 -

50

Potential (mV)

50 F

-100 L L L L L L L L

Membrane

250

200 -

150

100 -

50

Potential (mV)

50 F

-100 L L L L L L L L

Membrane

250

200 -

150 -

100

50

Potential (mV)

.50 F

-100 L L L L L L L L

Membrane

Fig. 52. Responses of the individual taste sensors in the taste evaluation system to
various liquors. A, ume wine; B, soju; C, macguiri. 1, Mn-porphyrin; 2, TDMA; 3,

TOMA; 4, calix[4]arene; 5, valinomycin; 6, nonactin; 7, MDE; 8, TDDA.
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Fig. 53. Amount of variance of PCs for the signal data on liquors.
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Fig. 55. Changes in the titratable acidity and pH in baek-kimchi during the storage
for 10 days at different temperature. O, 25C; @, 10C; [], 4TC.
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Fig. 56. Changes in the titratable acidity and pH of kimchi during the storage for 10
days at different temperature. O, 25C; @, 10C; [, 4TC.
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Fig. 57. Changes in the membrane potentials of baek-kimchi during the storage for

10 days at 4C. @, Mn-porphyrin; O, TDMA; V¥, TOMA; V, calix[4]arene; W,
valinomycin; [J, nonactin; 4, MDE; <>, TDDA.
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Fig. 58. Changes in the membrane potentials of kimchi during the storage for 10
days at 4C. @, Mn-porphyrin; O, TDMA; V¥, TOMA; vV, calix[4]larene, H,
valinomycin; [, nonactin; 4, MDE; <>, TDDA.
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Fig. 59. Responses of the total polymer membranes in the taste evaluation system to

baek-kimchi at 4C. O, PCl; @, PC2; [], PC3.
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Fig. 60. Responses of the anion-selective polymer membranes in the taste evaluation

system to baek-kimchi at 4C. O, PCl; @, PC2.
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Fig. 61. Responses of the cation-selective polymer membranes in the taste evaluation

system to baek-kimchi at 4C. O, PCl; @, PC2.
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Fig. 62. Changes in the PCs of the cation-selective polymer membranes and total
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Fig. 63. Responses of the total polymer membranes in the taste evaluation system to

kimchi at 4C. O, PC1; @, PC2; [, PC3.
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Fig. 64. Responses of the anion-selective polymer membranes in the taste evaluation

system to kimchi at 4C. O, PCl; @, PC2; [, PC3.
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Fig. 65. Responses of the cation-selective polymer membranes in the taste evaluation

system to kimchi at 4C. O, PCl; @, PC2.
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Fig. 66. Responses of the total polymer membranes in the taste evaluation system to

baek-kimchi at 10C. O, PCl; @, PC2; [, PC3.
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Fig. 67. Responses of the anion-selective polymer membranes in the taste evaluation

system to baek-kimchi at 10C. O, PCl; @, PC2.
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Fig. 68. Responses of the cation-selective polymer membranes in the taste evaluation

system to baek-kimchi at 10C. O, PCl; @, PC2.
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Fig. 69. Responses of the total polymer membranes in the taste evaluation system to

baek-kimchi at 25°C. O, PCl; @, PC2; [, PC3.
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Fig. 70. Responses of the anion-selective polymer membranes in the taste evaluation

system to baek-kimchi at 26 C. O, PCl; @, PC2.
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Fig. 71. Responses of the cation-selective polymer membranes in the taste evaluation

system to baek-kimchi at 25°C. O, PCl; @, PC2.
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Fig. 72. Responses of the total polymer membranes in the taste evaluation system to

kimchi at 10C. O, PC1; @, PC2; [, PC3.
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Fig. 73. Responses of the anion-selective polymer membranes in the taste evaluation

system to kimchi at 10C. O, PCl;, @, PC2; [, PC3.
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Fig. 74. Responses of the cation-selective polymer membranes in the taste evaluation

system to kimchi at 10C. O, PCl; @, PC2.
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Fig. 75. Responses of the total polymer membranes in the taste evaluation system to

kimchi at 25°C. O, PC1; @, PC2; [, PC3.
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Fig. 76. Responses of the anion-selective polymer membranes in the taste evaluation

system to kimchi at 25C. O, PC1; @, PC2; [, PC3.
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Fig. 77. Responses of the cation-selective polymer membranes in the taste evaluation

system to kimchi at 25C. O, PC1; @, PC2.
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Fig. 78. Responses of the individual taste sensors in the taste evaluation system to
various groups of soy sauces. A, Yangjo, B, Jin; C, Kuk; D, Jolim. 1, Mn-porphyrin;

2, TDMA; 3, TOMA; 4, calix[4]arene; 5, valinomycin; 6, nonactin; 7, MDE; 8, TDDA.
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Fig. 79. Amount of variance of PCs for the signal data on soy sauces. O, variance;

@, accumulated variance.
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Fig. 80. Principal component analysis for the signal data on various groups of soy

sauce. @, Yangjo; O, Jin; l, Jolim; [, Kuk.



Table 61. Contents of chloride ion and NaCl in various soy sauces

Sample Cl (mg%) NaCl (%)
Yangjo A 8362.5 13.8
B 8056.8 13.3
C 8547.5 14.1
D 7927.0 13.1
E 7974.9 13.2
F 8855.4 14.6
Jin G 8334.9 13.8
H 3154.2 13.5
I 7972.0 13.2
Kuk J 12478.7 20.6
K 9944.2 16.4
L 13640.1 22.5
M 12194.6 20.1
Jolim N 8106.4 134
O 8022.9 13.3
P 51475 8.5
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Fig. 81. Relationship between NaCl concentration and sensory score for various soy
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Fig. 82. Correlation between NaCl concentration and sensory score for various soy

sauces.
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Polymer membrane
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Fig. 87. Schematic diagram of the measurement device for membrane potential.
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Fig. 90. Time-dependent response (a) and concentration effect (b) of one channel
electrode having valinomycin membrane from the 4 channel taste sensor in-situ

micro-array to KCI.
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Fig. 94. Photograph of the ionic electrode taste sensor array.

Fig. 95. Photograph of the 8 channel ionic electrode taste sensor in-situ micro-array.
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Appendix 1. Protocol for operating the prototype electronic tongue

A AL A Az

1. a2 AAA (PVCO), 7HaAl (DOS), A71Z8E4S 33 166 11 (0.066 g : 0.132
mL : 002 g)°] H&= FFIr}

2. 1 mL9 tetrahydrofuran (THF)ol] =o] Ztgd fH& 1

LA

lt

o oo o, Ak
XA A 7F THF 98] 7= 4 oY vortexE ©] &3} stirring 3}

3. 47 25 cmel @ B9 Bol Lt of W, Eol FHe] HEF @i,

4 Wo) QRS ATAR e F 2447 THRE A7t
5. vt e avlel %Al AU

Polymer membrane Inner solution
Nonactin, valinomycin 0.1 M KCI

TOMA, TDMA, MDE, 0.1 M NaCl
Calix[4]arene,

Mn-porphyrin

TDDA 0.0195 M NaHPO, + 0.0305 M NaHPO, +
0.015 M NaCl
3.8/ A=E 99 olad Z gl nGgA A LA Sg.
4. ZF3) 97} overnight 3FH A & 3}A 71t}



5. Amplifiere} #H3FH o= d
6. ZeaHE JdPsta FA4st7] A 3
7b 107 o] HEE A g
7. FZ=3 28 (working electrode)S 247 amplifiere] 923 & °F 100 mL <]
DEAY FEANFEA ] AFAE o oF TR AARS kg
1'0.05 M Tris buffer pH 7.0 + 0.005 M NaCl + 0.0005 M citric acid + 0.0001 M
KCl1
8. ALlgtel kA EW EA 8t st Alge] ASAE H1a S-S A Egkt
- MG ARE AT 5 ooRE AT e R 4T AS AR
9. &4 * TFFol €7 stirring stAA AFA 9] EATS FE3] washing st
10. AlEE v 7FAA 77 RIEE §HE S gt
11. 3743 dleolH & file® #7443t
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