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It has been noticed recently that there is a possibility of elution of chemical substances from packages of
foods. The chemicals act as harmful substances such as environmental hormones for biological bodies at very
low concentration. It is therefore necessary to develop a sensing device, which can detect such substances eas-
ily and quickly. The purpose of the present study is high sensitive measurement of environmental hormones
using electrode polarity controlling method. The responding ability of the polarity-controlled sensor covers
various chemicals from electrolytes to nonelectrolytes and from hydrophilic to hydrophobic substances. As
a result, we could sensitively detect bisphenol-A at about 50 ppb and dibutyl phthalate at about 3 ppb, and
the sensor could distinguish such chemicals from ordinary taste substances.
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1. Introduction

A variety of chemical substances have a possibility to
elute from packages of foods. Such chemicals change the
taste of foods and are thought to be harmful to living
bodies. In addition, it was revealed that micro-toxins
and environmental endocrine disruptors (environmental
hormones) have been comprised in foods. The sensors
that can detect such harmful substances using simple
and quick procedures have not been developed. Thus
the technical developments of such a sensing device to
detect and to remove such substances in manufacturing
process of foods are indispensable and desired strongly.

The purpose of the present study is to develop the
high-sensitive technique that can easily and quickly
identify chemical substances eluting from packages of
foods. The required sensor must have an ability to de-
tect partial structure of chemicals, because chemicals
that are micro-toxins and environmental hormones gen-
erally have fat-soluble benzene ring in their molecule
structures @ @ & There are no simple and quick meth-
ods to detect such substances in advance. It is of urgent
necessity to develop methods to detect them quickly.

In this paper, we describe a sensor using surface polar-

ity controlled method using a simple Pt electrode ¢ ).

With this method, some chemicals considered as envi-
ronmental hormones can be detected and can be distin-
guished with high sensitivity. The sensor can be used
for the first step method to select a doubtful one from
various target chemicals.

2. Materials and Methods
We experimented on the high sensitive detection of

environmental hormones using electrode polarity con-
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trolled method. This method would try to detect the
chemical substances with changes of electrochemical in-
terface impedance depending on interaction between the
target chemicals and the electrode surface whose polar-
ization is controlled .

2.1 Measurement system The measurement
system is shown in Fig.1. It consists of the potentio-
stat, the frequency response analyzer (FRA) and a com-
puter. Three electrodes; working electrode (WE), ref-
erence electrode (RE) and counter electrode (CE), are
connected to the potentiostat and regulated potential
from FRA is applied through the potentiostat. The po-
tential difference between WE and RE is controlled by
the potentiostat. We used Ag/AgCl in saturated KCl
solution for the RE and Pt wire for the CE.

Potentiostat FRA

GPIB

[N ]

l_..I_L__l
Computer

Fig. 1.

Measurement system.



2.2 Working electrode We used platinum as
the electrode material of the working electrode. Ini-
tially, the Pt wire is set in an acrylic board with a hole
Smm in diameter and filled the hole with epoxy resin.
The epoxy resin and Pt are polished using sandpaper
and a fine alumina polishing suspension until the Pt
wire surface become smooth. Before each experimen-
tal procedure, we polish the surface with a fine alumina
polishing suspension. The roughness of the electrode
surface changes the impedance characteristics as men-
tioned in 2.4.
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Fig.2. Working Electrode.

2.3 Measurement procedure The electrode
potential was controlled at a certain DC potential value
using the potentiostat and a minute sine wave of 0.01
V amplitude from the FRA is superimposed. The elec-
trode potential was swept from -0.8 V or -0.7 V to 0.3
V at 0.05 V steps, and the phase boundary impedance
of the electrode was measured. An electrode poten-
tial controlled the polarity of the electrode surface and
the boundary of scanning potential were determined to
avoid an electrochemical reaction of water.

A 10 mM KCI solution was used as a standard solu-
tion and the value in the standard solution was consid-
ered to be the baseline. The responses to chemicals are
the values obtained by the subtraction of the baseline
from the measurement value, which is measured after
addition of sample solutions.

2.4 Frequency response in a standard solution
Fig.3 shows the frequency dependencies of the electrode
impedance of the Pt electrode in a standard solution,
10 mM KCI. In the present experimental conditions, no
redox reaction arises, for example generation of hydro-
gen. An equivalent circuit of the present Pt electrode
(WE), which represent the frequency dependency shown
in Fig.3, is shown in Fig.4. R; is mainly a solution resis-
tance, Cq; is an electric double layer capacitance of the
electrode surface. A parallel resistance r is an interface
impedance of the electrode surface and inversely pro-
portional to w, angular frequency, so r can be written
as r=o/w where w is angular frequency and « is con-
stant. In Fig.3, 6, a slope to the real axis, is caused by
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roughness of the electrode surface ® . If the surface
is ideal smooth and no redox reaction occur, r becomes
infinity and € seems to be 90 degrees.

Im Z[kQ]
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Re Z[kQ]
Fig.3. Vector trace of Pt electrode (WE)

impedance in complex plane.

In the present experiment, we measured complex
impedance values at three frequency points, 32 Hz, 45
Hz, and 75 Hz with 0.01 V amplitude. Then we regard
the value at the point where the trace crosses the real
axis, that is w=00, as Rs and Rys is estimated from the
real part value at 45 Hz. Cg is estimated from imagi-
nary part which changes with 1/w.
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Fig.4. Equivalent circuit of Pt electrode (WE).

2.5 Potential profile for a standard solution
The electrode potential dependencies of Rys and Cq1 in
the standard solution are shown in Fig.5. R4s5 and Cy
depend on the electrode potential. It is considered that
the dependencies are caused by the adsorption of hy-
drogen and oxygen to the Pt electrode(WE) surface and
the formation of an oxidation layer on the surface. Point
of zero charge (PZC) is located around -0.1 V. This is
an electrode potential point where the rate of change
of Rys and Cy are maximum. In Pt electrode (WE),
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Fig.5. Potential profile for a standard solution.
Vertical bars are standard deviations.

there is not only the surface polarization of electrode
but also various states of surface, so we could expect
various interactions with the chemicals in the solution.

3. Results

3.1 Responses to basic taste substances Po-
tential profiles for typical taste substances are shown in
Fig.6.

We can summarize the character of the patterns of
the potential profiles as following;

e NaCl, salty taste, has concave in the -0.2 V and had

a gentle peak in the 0.1 V area.

o HCl, sour taste, has a peak in the -0.3 V area.

e Sucrose, sweet taste, increases Rys as the electrode

potential increased.

o Quinine-HCl, bitter taste, has a peak in the -0.65

V area.

o MSG, umami taste, has a peak in the 0.1 V area.

e Capsaicin, pungent taste, has a peak in the -0.65 V

area.

Using these profile patterns, we can get the charac-
teristic potential profile for each of the taste substances.
Furthermore the similar pattern appeared for the chem-
icals which have similar taste, so it seems that R45 has
enough information about taste. It should be noticed
that we could detect the sweet and the pungent sub-
stances. These substances are difficult to measure using
the multichannel lipid membrane taste sensor ® ), so
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Fig.6. Potential profiles of electrode impedance
to taste substances. Vertical bars are standard
deviations.

this method is expected to make up for the taste sensor
with high taste detecting ability.

This method can detect nonelectrolytes such as cap-
saicin and sucrose with the same magnitude as elec-
trolytes that can be easily detected using electrochem-
ical methods such as potentiometry or amperometry.
Obtained potential profiles due to taste substances are
different from each other and the profiles consist of
many peaks; each peak corresponds to adsorption and
interaction with the electrode surface at different elec-
trode potential, i.e., electrical polarity of the electrode
surface.

Capsaicin and quinine-HCl have the same peak at
about -0.6 V. Similar potential profile patterns can
be obtained for caffeine, L-tryptophan and pipperine.
The peak caused by a common partial structure of the



molecules. In this case, the common partial structure
of the taste substances is benzene ring. It is confirmed
that peaks in potential profiles depend on partial struc-
ture of molecules of other various taste substances.

3.2 Responses to environmental hormones
We measured a bisphenol-A (BPA), one of the envi-
ronmental hormones considered as a chemical that may
elute from food packages ©. Fig.7 shows potential pro-
file for BPA. The potential profiles had a peak around
the -0.65 V electrode potential area, and had a slight
peak in the 0 V area too. Such characteristic of the pro-
file pattern was identified at concentrations above 0.2
pM. Concentration of 0.2 uM BPA is 45.6 ppb, so it was
proved that the electrode polarity controlled method
can detect BPA with high sensitivity. Comparing with
potential profile by taste substances in Fig.6, capsaicin,
pungent taste substance and quinine-HCI, bitter taste,
both hydrophobic substances possessing the benzene
ring, had a peak in the -0.65 V area. BPA has the same
peak, common so it is implied that this peak seems to
derive from the benzene ring in the molecules. BPA po-
tential profiles also resemble sucrose and ethanol (date
not shown) in positive potential area, because of hy-
droxyl group properties of BPA and sucrose ® 4.
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Fig.7. Potential profile for bisphenol-A. Vertical
bars are standard deviations.

Results for dibutyl phthalate (DBP) are shown in
Fig.8. DBP is one of the environmental hormones,
and is used as a plasticizer for various polymer prod-
ucts. We display a typical measurement result in order
to abstract the character of the potential profile. The
response to DBP was less reproducible than BPA as
shown in Fig.8, because DBP does not stably exist in
water solution. DBP can be detected more sensitively
than BPA. Threshold concentration for DBP response
is under 0.01 M (2.78 ppb). In Fig.8, it is found that
potential profiles for DBP had a peak in the -0.65 V
area that seems to be brought about by benzene ring.
As well as BPA, it had a peak in the 0 V area while
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the peak could not be seen in the potential profiles cap-
saicin and quinine-HCl as shown in Fig.6. So, it is con-
cluded that BPA and DBP have similar potential pro-
file. With these results it can be confirmed that there is
a possibility of grouping chemicals using sensor output
patterns. This result is important in environmental hor-
mone detection because numerous candidate chemicals
for environmental endocrine disruptors exist in our cir-
cumstance and the sensor must detect the categorized
chemicals with near chemical characteristics and same
partial structure in the molecules. At the present, how-
ever, peak around 0 V cannot be discussed in relation
to molecular structure of chemicals because only a few
similar pattern can be obtained from sample substances.
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Fig.8. Potential profile for dibutyl phthalate.

4. Discussion

The eluted chemicals have a possibility to change
taste of foods. We measured BPA with multichan-
nel taste sensor to make sure the detecting ability of
BPA in the sense of taste. The taste sensor uses lipid
biomembranes as multiple receptors, and has what is
called global selectivity. The multichannel lipid mem-
brane sensor has been successfully used in detection of
various taste substances and controlling food produc-
tion ® . The measurements were taken using a mul-
tichannel taste sensing system (SA401, Anritsu).

The taste sensor responded to BPA at about 2 uM
(Fig.9). Although the responses of positively charged
membranes are large, they have a large experimental
deviation, so it seems that it is difficult to distinguish
BPA from other chemicals such as taste substances.

The multichannel lipid membrane taste sensor is sen-
sitive to electrolytes because the sensor measures the
membrane potential. However, it cannot detect electri-
cally neutral substances, which are often seen in sweet

-and Dbitter substances, so it seems to get no advices
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about many environmental hormones. Because BPA
is also electrically neutral substance with low electrical
polarity, it is supposed that BPA makes no noticeable
effect to the membrane potential.

The surface polarity-controlled sensor can respond to
variety of chemicals both hydrophobic and hydrophilic,
so the sensing technique can be utilized for the eluting
environmental hormones. As a result, the sensor can
detect the target chemicals with high sensitivity. How-
ever, there exist variety of taste substances in real appli-
cation, then it is difficult to detect dilute environmental
hormones in such a dense solution and to identify the
chemical candidate clearly. The present sensor will be
utilized for the purpose of the first step assay to detect
doubtful and uncertain food samples. To determine a
kind of chemicals, HPLC or gas chromatography will
be used after screening through a sensor technique with
simple and quick procedure as the proposed detecting
method here.

For interfering substances eluting from sample which
become an adhesive agent to working electrode, more
sensitive and reproducible sensor is expected with wide
dynamic range of responses to target chemicals. The
stability and durability of the present electrode is suffi-
ciently high, so pretreatments such as filtration of sam-
ples should be adopted to eliminate the interference of
coexisting chemicals. In the present experiment, we
measured only two samples, so we will measure other
'substances which may coexist in target samples and
compare with the potential profile pattern.

40F T T T T T ™

@02 M
A2y M
N 0.02 mM

Response Potential [mV]

DA OA DOP 55 3:7 TOMA OAm
Channel

Fig.9. Response potential for bisphenol-A. Verti-
cal bars are standard deviations. Horizontal axis is
lipid materials of the membrane constituent. DA :
decyl alchol, OA : oleic acid, DOP : dioctyl phos-
phate, 5:5 : the ratio of mole DOP:TOMA=5:5, 3:7:
the ratio of mole DOP:TOMA=3:7, TOMA : tri-
octylmetylammonium chloride, OAm : oleyl amine.

5. Conclusion

The present study is tried to detect environmental
hormones easily with high sensitivity by changing elec-
trical polarity of the Pt electrode. Results were ad-
vanced to detect, in ppb order, chemical substances
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considered as environmental hormones and to have
concentration-dependent responses by electrical polar-
ities. The results therefore implies that quantification
and identification of environmental hormones are possi-
ble. ‘

(Manuscript received June 16, 12, revised November
20, 12)

References

S. Shiiba, “Pollution abatement for environmental hor-
mones,” NTS, pp.3-16, 1998 (in Japanese).

Y. Ikada, “ Environmental Hormone,” Kodansha, 1998 (in
Japanese).

S. Kobayashi and A. tanaka, “ New trend for endocrine dis-
rupting chemicals,” CMC, pp.104-116, 1999 (in Japanese).
K. Hayashi and K. Moriyama, “ Sensing of organic sub-
stances by controlling surface polarization of electrodes,”
Trans. IEEJ, 117-E, pp.95-99, 1997.

M. J. Ju, K. Hayashi and K. Toko, “ Analysis of taste of amino
acids using surface polarity controlling sensor,” Technical re-
port of IEICE, pp.59-64, 2000

S. Iseki, K Ohashi and N.Nagaura, “Impedance of the oxygen-
evolution reaction on noble metal electrodes,” Electrochimica
Acta, 17, pp.2249-2265, 1972.

E. Chassaing and B. Sapoval, “ Electrochemical impedance
of bloking quasi-fractal 3-d electrode,” J. Electrochem. Soc.,
141, pp.2711-2715, 1994.

K. Toko, “ A taste sensor,” Meas. Sci. Technol., 9, pp.1919-
1936, 1998.

K. Toko, “ Biomimetic sensor technology,” Cambridge univ.
press, 2000.

T. Futsuno, S. Takagi, K. Toko and A. Taniguchi, “ Devel-
opment of quality evaluation technique for recycled package
using multichannel sensor,” Trans. IEEJ, 119-E, pp.143-148,
1999 (in Japanese).

F. Huerta, E. Morallén, J.L. Vézquez and A. Aldaz “Electro-
chemical behavior of amino acids on Pt(hkl). A voltammet-
ric and in situ FTIR study Part IV. Serine and alanine on
Pt(100) and Pt(110)” J. Electroanal. Chem. 475, pp.38-45,
1999.

(1)
(2)
(3)
(4)

(5)
(6)
(7)

(8)
(9)

(10)

(11)

Kosuke Hayama (Student Member) received his B.E. de-

L grees in electrical engineering from Kyushu
University in 1999. He has been enrolled in
a master cource of Kyushu University since
1999.

Masaaki Habara (Student Member) received his B.E. and
M.E. degrees, both in electrical engineering
from Kanazawa Institute of Technology in
1995 and 1998, respectivery. He has been en-
rolled in a doctor course of Kyushu University
since 1999.



Kenshi Hayashi (Member) received his B.E., M.E. and
» Ph.D. degrees, all in electronics, from Kyushu
University in 1984, 1986 and 1990, respec-
tivery. He is now an associate professor in
. the Department of Electronic Devices, School
. of Information Sciences and Electrical Engi-
20 neering, Kyushu University. Dr. Hayashi is
. a member of the Japan Society of Applied
Physics, the Institute of Electrical Engineers
of Japan and the Biophysical Society of Japan.

(Member) received his B.E., M.E. and Ph.D.
degrees, all in electronics, from Kyushu Uni-
versity in 1975, 1977 and 1982, respectivery.
He is now a professor in the Department of
Electronic Devices, School of Information Sci-
¢ ences and Electrical Engineering, Kyushu Uni-
- versity. Dr. Toko is a member of the Japan
- Society of Applied Physics and the Biophysical
Society of Japan.

220 ) T.IEE Japan, Vol. 121-E, No. 4, 2001



