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Abstract

All-solid-state electrodes were tested in contact with sour taste electrolytes. The tested electrodes consist of
two types of membranes. The first sub-layer covering directly the glassy carbon disc is an electroactive polymer,
poly(3,4-ethylenedioxythiophene), used as ion-to-electron transducer. The influence of thickness of this membrane
on electrode response was examined. The second, outer layer of the sensor, is an ion selective lipophilic
compound—polymer membrane. The influence of the thickness and mass ratio of lipophilic compound/polyvinyl
chloride of this second layer on the sensor response was also examined. It was found that the thickness of the
electroactive polymer has no effect on sensitivity and stability of electrodes used. On the contrary, increase of the
thickness of lipophilic compound—polymer membrane causes decrease of sensitivity of electrodes to sour
substances and improvement of their stability. It was found that all-solid-state electrodes with positively charged
and neutral polyvinyl chloride membranes behave similarly in full contradiction to traditional ion selective
electrodes with inner solution. The response of all-solid-state electrodes with positively charged membranes to
hydrochloric acid is linear independently on mass ratio of lipohilic compound/polyvinyl chloride used. This
suggests that they might work for pH determination.
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1. Introduction

Taste is composed of five basic taste quali-
ties: sourness, bitterness, saltiness, sweetness
and umami [1]. The first one is produced by
hydrogen ions (e.g. citric, acetic and hydrochlo-
ric acids). Bitterness is caused usually by quinine
hydrochloride or caffeine, whereas saltiness is
due to sodium chloride. Sweetness is caused by
different sugars (e.g. sucrose, glucose, fructose)
or by so called “artificial sweeteners” (e.g.
aspartame). The taste umami is used to designate
a pleasant gustatory sensation that is qualita-
tively different from sour, bitter, salty and sweet.
This taste is produced mainly by monosodium
glutamate or disodium guanylate [1].

The taste of foodstuff is usually estimated by
organoleptic methods which are based on human
senses [2]. When taste substance is reaching the
biological membrane of gustatory cells in taste
buds on the tongue the information is trans-
formed into an electric signal. It is transmitted
along a nerve fiber to a brain, where it is
perceived [1]. The taste estimated by organolep-
tic methods is influenced by many factors from
which the nature of living organism and its
sensitivity threshold play an important role.
This means that organoleptic methods cannot
be objective enough for quality control of food-
stuffs. Therefore, an elaboration of instrumental
taste sensors for estimation and/or quality control
of products is strongly desired in food industry.

Recently, many investigations are focused on
elaboration of a taste sensor [3—10]. One of them
is potentiometric taste sensor composed of seven
or eight lipid-polymer membrane electrodes
transforming information of taste substances
into electric signals [3]. This sensor was used
for recognition of similar products from different
brands and for evaluation of taste of foodstuffs
such as beer, sake, coffee, mineral water, toma-
toes, etc. [3]. Its commercialized versions, i.e.
Taste Sensing Systems SA401A and SA402B are
applied mainly in the quality control of foodstuffs

and in pharmaceutical industry. However, there
are difficulties with purchase of these types of
sensor. It seems that they are not stable enough for
longstanding application.

Another potentiometric taste sensor consists
of five lipid, lipid like-polymer membrane
electrodes [7,9]. It is sensitive to bitter, sour
and salt substances and not sensitive to sweet
agents. This sensor was applied for quality
control of different kinds of soft drinks [7].

A sensor called “electronic tongue” based on
impulse voltammetry consists of four electrodes
of different metals, a reference electrode and a
counter electrode [4]. It was applied for recogni-
tion of different teas, milk, drinking water and
different fruit juices [4,5]. This sensor requires
expensive apparatus (potentiostat and generator)
and complex numerical analysis (principal com-
ponent analysis, PCA).

All these taste sensors have rather complicated
construction and unsatisfactory stability and
reproducibility. Therefore, the all-solid-state elec-
trodes (ASSEs) are investigated in the present
work for easy application as a base for taste sensor.
Since ASSEs do not have liquid inner solution
they seem to have simpler construction [12] than
traditional ion selective electrodes (ISEs) [11—-13].

An all-solid-state electrode (ASSE) consists
of two layers covering glassy carbon disc. One is
electroactive polymer, poly(3,4-ethylenedioxy-
thiophene), doped with polystyrene sulfonate
(PEDOT/PSS). The other one (outer) is made
from polyvinyl chloride (PVC) containing lipo-
philic compound and plasticizer.

Since it was previously shown [7] that potential
responses of ISEs with positively charged mem-
branes are opposite to ISEs responses with neutral
PVC membranes, the aim of this work is to
test if this holds true also for ASSEs. Hence, four
ASSEs containing two kinds of lipophilic com-
pounds in PVC membranes: positively charged
(benzyldimethyltetradecylammonium  chloride,
dodecyltrimethylammonium bromide) and neutral
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(palmitic acid, stearic acid) were tested in different
solutions (hydrochloric acid, citric acid, acetic
acid). ASSEs stability and sensitivity to sour
substances were examined. The effect of thickness
of lipophilic compound—PVC membrane and of
electroactive polymer layer (dpyc, dpepot respec-
tively) on electrode responses was examined. The
influence of two different mass ratios of lipophilic
compound to PVC on responses of ASSEs in sour
substances solutions was discussed. The first mass
ratio (ASSEs I), was proposed by Bobacka [12],
the latter (ASSEs II) was chosen from a set of mass
ratios investigated by us.

2. Experimental
2.1. Materials

Dodecyltrimethylammonium bromide, palmi-
tic and stearic acids, dioctyl phenylphosphonate
(DOPP), the monomer 3,4-ethylenedioxythio-
phene (EDOT) and poly(sodium 4-styrenesulfo-
nate) (NaPSS, MM ~70,000) were from
Aldrich. Anhydrous benzyldimethyltetradecy-
lammonium chloride and high molecular weight
PVC were from Fluka. Tetrahydrofuran (THF)
was distilled under LiAlH,. The other chemicals
used were of analytical grade. Distilled water
was used to prepare all solutions.

2.2. Electrochemical synthesis of PEDOT

Three-electrode electrochemical cell was used
with a glassy carbon (GC) disc working electrode
(area = 0.12 cm?), platinum mesh auxiliary elec-
trode, and Ag/AgCl/CI™ (0.1 M KCI) reference
electrode. Prior to polymerization GC working
electrodes were polished with 0.05 pm alumina,
rinsed with distilled water, and cleaned ultrasoni-
cally. PEDOT was deposited on the GC working
electrodes by galvanostatic electrochemical poly-
merization from a deoxygenated solution contain-
ing 0.01 M EDOT and 0.1 M NaPSS as supporting
electrolyte at constant electric potential (850 mV/

Ag/AgCl/0.1 M KCI). Polymerization charges of
10 and 20mC were produced, which refer to
0.5 um and 1.0 pm thicknesses of PEDOT doped
with polystyrenesulfonate layer, respectively.

2.3. All-solid-state electrodes preparation

ASSE were prepared [12] by coating GC/
PEDOT electrodes with an ion selective lipophi-
lic compound—polymer membrane of the follow-
ing compositions:

ASSE I 2mg of appropriate lipophilic com-
pound, 60mg PVC (mass ratio: lipophilic
compound/PVC =0.0330), 120 mg DOPP in
1.5mL THF.

ASSE 1II: 2.5mg of appropriate lipophilic
compound, 300 mg PVC (mass ratio: lipophi-
lic  compound/PVC =0.0083), 483.5mg
DOPP in 10 mL THF.

The solution was put on the electrodes
covered with PEDOT/PSS layer and dried. The
obtained lipophilic compound—polymer mem-
brane films of 10 pm and 100 pm thickness were
transparent and colourless. All ASSE were
conditioned in 0.1 M KCl for 1 day before use.

2.4. Experimental setup

The four ASSE and a reference electrode
Ag/AgCl/CI™ (3M KCI) were immersed in the
appropriate sour solution (10 *~10"" M). The
electrode responses were measured using high-
input—impedance voltmeter Hach EC30 (23 +
2°C) (Fig. 1). The electrodes were conditioned in
0.1 M KCI prior to and between measurements.

3. Results and discussion

The experimental setup consists of four
ASSEs, each with different lipophilic compound
in PVC. Similarly as in case of ISEs [7]
lipophilic compound—PVC membranes can be
divided into two groups:
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Fig. 1. Experimenal setup: 1—four ASSEs, 2—Ag/AgCl/
Cl1™ reference electrode.

1. positively charged membranes containing
benzyldimethyltetradecylammonium chloride
or dodecyltrimethylammonium bromide, and
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The membranes of group 2 can be considered
as neutral since these lipohilic compounds are
not dissociated in aqueous solution.

The results obtained with ASSEs of two
lipophilic compound/PVC mass ratios are dis-
cussed (ASSE I and ASSE II, see “Experimen-
tal” section).

3.1. Sensitivity of ASSE 1

Sensitivity of ASSE I to sour compound
concentrations is presented in Fig. 2. In case of
hydrochloric acid the E =f(C) relationships for
electrodes with positively charged membranes
are linear with the slopes of 18.9 and 25.4
for benzyldimethyltetradecylammonium chloride
(Fig. 2a, curve 1) and dodecyltrimethylammo-
nium bromide (Fig. 2a, curve 2), respectively.
The response of neutral membrane electrodes is

(b) Citric acid
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Fig. 2. Electric potential (£) changes of ASSE I (dpyc =10 pum, dpgpor =1.0 pm) with ¢ — benzyldimethyltetrade-
cylammonium chloride (1), o — dodecyltrimethyl ammonium bromide (2), B — palmitic acid (3), x — stearic acid (4) as

a function of sour substances concentrations (C).
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Fig. 3. Stability of ASSE I with stearic acid of different dprpor and dpyc as a function of citric acid concentration (C)
after: o — 1 day, ® — 2 days, ¢ — 3 days, x — 8 days; (a) dpyc =10 um, dpgpor =0.5 pm, (b) dpyc =10 pm, dpgpot =

1.0 pm.

not linear (Fig. 2a, curves 3 and 4). ASSEs
I containing dodecyltrimethyl ammonium bro-
mide (curve 2 in Fig. 2b) and palmitic acid
(curve 3 in Fig. 2b) in citric acid solution are
only sensitive in the range of concentration of
107'-1072M. In acetic acid solutions, this
sensitivity (curves 2 and 3 in Fig. 2c) is even
lower. It should be noted that electrode
responses of ASSE 1 with stearic acid (curve 4
in Fig. 2a—c) have much lower potential values
than the other ASSEs I in all sour solutions
examined.

These results suggest that ASSEs I are not
sensitive enough to sour substances concentra-
tion, especially in case of citric and acetic acids
solutions. Since those acids are mainly used in
food industry it seems that ASSEs I are not
suitable for sour taste sensing.

3.2. Stability of ASSEs I

Stability of ASSEs I was also investigated
(Figs. 3 and 4). The results obtained for ASSEs I
with two dprpot values (Fig. 3a,b) show that in
both cases the changes of £ =f{(C) relationships
with time are similar. This means that PEDOT/
PSS thickness has influence neither on stability
nor on sensitivity of ASSEs I.

ASSE I with stearic acid of higher dpyc and
dpepoT thicknesses was also tested in citric acid
solution (Fig. 4). As it can be seen the stability
of electrode was improved but unfortunately its
sensitivity decreased. This confirms a general
phenomenon well known in the field of mem-
brane science: improving stability brings about
loss of sensitivity [14].

To improve sensitivity of ASSEs, the differ-
ent mass ratios of lipophilic compound/PVC
were tested. ASSEs II were characterized by
better sensitivity in comparison to the other
ASSEs investigated.
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Fig. 4. Stability of ASSE I with stearic acid of dpyc =
100 pm, dpgpor =1.0pum as a function of citric acid
concentration (C) after: A — 1 day, ® — 2 days, ¢ — 3
days, x — 8 days.
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Fig. 5. Electric potential (£) changes of ASSE II (dpyc =10 um, dpgpor =0.5 um) with ¢ — benzyldimethyltetrade-
cylammonium chloride (1), o — dodecyltrimethyl ammonium bromide (2), B — palmitic acid (3), x — stearic acid (4) as

a function of sour substances concentration (C).

3.3. Sensitivity of ASSE 11

Sensitivity of ASSE II was tested in sour
solutions of different concentrations (Fig. 5). In
the case of hydrochloric acid solutions (Fig. 5a)
straight lines of £ =f(C) are observed for each
electrode used. The slopes of E=f(C) are the
following: 32.5, 39.3, 34.4, 41.6 for benzyldi-
methyltetradecylammonium chloride (1), dode-
cyltrimethylammonium bromide (2), palmitic acid
(3) and stearic acid (4), respectively. They are
much higher than slopes obtained for ASSEs I
(Fig. 2a). This means that ASSEs II are more
sensitive than ASSEs 1. The other effect observed
was that sensitivity of positively charged and
neutral membranes to concentration of hydro-
chloric acid is rather similar.

The shapes of the E =f{(c) curves obtained in
citric acid solutions (Fig. 5b) are different from

those obtained in hydrochloric acid. The mem-
brane electrodes are sensitive to citric acid con-
centration only in the range of 10~ 2~10"> M. In
case of acetic acid solution (Fig. 5¢), the £ =f(C)
relation is linear for ASSE II with neutral mem-
branes (slope 28.1 and 30.8 for palmitic acid (3)
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Fig. 6. Electric potential (E) of ASSE II with stearic
acid concentrations (C) of dpyc=100mm, (@)
dpepor =0.5 pm, or (W) dpgpor =1.0 pm.
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Fig. 7. Electric potential (£) of ASSE II with (a) dodecyltrimethylammonium bromide, dpyc =10 mm, dpgpor =0.5 mm
in citric acid solutions, (b) stearic acid, dpyc =10 mm, dpgpot =0.5 mm in citric acid solution of different concentrations

(C) after: o — 1 day, m — 2 days, ¢ — 3 days, x — 8 days.

and stearic acid (4), respectively). Responses of
ASSE 11 with positively charged membranes
(curves 1 and 2 in Fig. 5c) are not linear.

Straight line relationship of £ =f(C) for HCI
and its higher sensitivity in comparison to citric
and acetic acids suggest that ASSEs responses are
due to H" concentration directly. HC1 molecules
are fully dissociated in water (pK,= —7),
meanwhile this is not the case of citric and acetic
acids. pK, values for citric acid are the following:
pKa1 =3.13, pK,, =4.76, pK,3 =6.40 and for
acetic acid pK, is equal to 4.76 [15].

All these results indicate that such electrodes
might be used for pH determination after
calibration before measurements.

The influence of dprpot on ASSE 1I sensi-
tivity was also examined. Two different dpgpor
values were used: 0.5 pum and 1.0 um (Fig. 6).
As it can be seen the shape of £ =f(C) function
is similar for both dpgpor values. These results
confirm that PEDOT/PSS thickness has no
influence on ASSE II sensitivity in citric acid
solutions, as in the case of ASSE I. The shift of
responses results from the inner potential of the
electroactive polymer.

3.4. Stability of ASSE 11

Stability of ASSE II membrane electrode with
dodecyltrimethylammonium bromide (group 1)

and with stearic acid (group 2) was also tested.
The potential responses of positively charged
(Fig. 7a) and neutral membrane electrodes
(Fig. 7b) are changing with time. Systematic
shift of electrode responses is observed for each
case. The reason of this shift is not clear;
however, it is very likely that inner membrane
PEDOT, which is a cation-selective film, inter-
feres with the response of the outer layer. This
hypothesis seems to be confirmed by the
examination of ASSEs I with thicker PVC outer
layer.

4. Conclusions

Multichannel taste sensors with positively
charged and neutral ion selective membranes
(ISEs) were successfully applied in quality control
of foodstuffs. Since these electrodes have liquid
inner solutions, all-solid-state electrodes with
positively charged membranes (benzyldimethylte-
tradecylammonium chloride, dodecyltrimethylam-
monium bromide) and neutral membranes
(palmitic acid, stearic acid) were tested in selected
sour solutions (hydrochloric acid, citric acid,
acetic acid).

It was found that ASSEs with positively
charged and neutral PVC membranes behave
similarly in full contradiction to ISEs [7,9].
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Straight line relationship of £ =£(C) for HC] and
its higher sensitivity in comparison to citric and
acetic acids suggest that ASSEs responses are
due to H* concentration directly since HCI
molecules are fully dissociated in water. This
indicates that such electrodes can be used for pH
determination provided that calibration is done
before measurements.

ASSEs II of mass ratio of lipophilic com-
pound/PVC proposed by us are more sensitive to
tested sour substances than ASSEs I [12], but
they are less stable.

The thickness of PEDOT has no influence on
stability and sensitivity of tested systems. On the
contrary, the higher thickness of lipophilic
compound —PVC membrane improves electro-
des stability but decreases their sensitivity to
sour substances.

At the present stage it is difficult to judge if
ASSEs can be used for taste sensing. The
stability and sensitivity should be improved. It
is planned to test ASSEs with PEDOT doped
with anion selective additive, e.g. perchlorate ion
(PEDOT/CIO,)  which  should  remove
time-dependent shifting effects of electrode
responses.
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