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Taste sensing with polyacrylic acid grafted cellulose membrane
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Abstract

There are reports of fabrication of taste sensor by adsorbing lipids into Millipore filter paper, which improved the taste sensing efficiency of
membrane remarkably. We have made an attempt to prepare taste sensor material by grafting polyacrylic acid (PAA) to cellulose. The research
work covers polymer membrane preparation, morphology study, and structural characterization of the membrane and study of the taste sensing
characteristics of this membrane for five different taste substances. FTIR spectroscopic analysis and SEM were done to get an idea about the structure
and morphology of the PAA grafted cellulose membrane. Surface charge density of the membrane was estimated. The sensor characteristics like
temporal stability, response stability, response to different taste substances, and reproducibility of sensing performance were studied using PAA
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rafted cellulose membrane. Sensor device prepared with this membrane has shown distinct response patterns for different taste subst
f membrane potential. Threshold concentrations of PAA grafted cellulose membrane for HCl, NaCl, quinine-hydrochloride (Q-HCl
nd monosodium glutamate are 0.001 mM, 0.01 mM, 0.08 mM, 0.08 mM and 0.01 mM, respectively. The threshold concentrations ex
-HCl are below human threshold concentrations. Membranes also showed characteristic response patterns for organic acids like ace
cid, formic acid, etc., mineral acids like HCl, H2SO4 and HNO3, etc., salts, bitter substances, sweet substances and umami substance
evice prepared with this membrane has excellent shelf life.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Sense of taste occurs as a result of interaction between taste
uds of tongue and taste substance. Different lipid molecules in
aste buds of tongue are known to play the key role in sens-
ng tastes of food materials[1,2]. Lipid based multichannel
rtificial taste sensor was constructed for mimicking the taste
ensing ability of humans[3–7]. In these taste sensors vari-
us lipids were immobilized, such asn-decyl alcohol, oleic
cid, dioctyl phosphate (DOP), Tetradodecylammonium bro-
ide (TDAB), etc., in plasticized PVC for sensing of sour-
ess, saltiness, bitterness, sweetness and umami. Tanaka et
l. [8] have prepared membranes for taste sensing by mixing

ipids like dioctyl phosphate (DOP), trioctyl methyl ammonium
hloride (TOMA) with silicone rubber. Lee et al.[9] devel-
ped a multichannel taste sensor using evanescent field absorp-

ion in fibre optics. Dye incorporated silicone polymer and
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dye/lipid/polyvinyl chloride-polyvinyl acetate-polyvinyl alc
hol copolymer membranes have been used as sensing
rial. Kimchi, a Korean traditional pickle fermented with lac
acid bacteria, is expanding its consumption worldwide[10].
Eight polymer membranes, used in monitoringKimchi fermen-
tation, were prepared by mixing electroactive materials su
tridodecylamine (TDDA), tri-n-octylmethylammoniumchlorid
(TOMA), etc., bis(2-ethylhexyl)sebacate as the plasticizer
polyvinyl chloride in the ratio 1:66:33.

A model membrane[11,12] for taste sensing was develop
with Millipore filter and lipids extracted from bovine tong
epithelium. Lipids were adsorbed into Millipore filter paper
this purpose. It was observed that dioleyl phosphate (DO
adsorbed membrane changed its oscillatory amplitude an
quency in the presence of taste substances[13,14]. DOPH is
an unsaturated negatively charged lipid analogue, which
reaction product of oleyl alcohol and POCl3 [15]. In its non-
oscillatory state, the effect of taste substances on its re
potential showed a good agreement with the tendency obs
in biological systems regarding the order of the sensing th
old to such chemicals as quinine (bitter), NaCl (salt) and
039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2005.09.009
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(sour)[16]. Hayashi et al.[17] investigated the effect of taste sub-
stances for a lipid membrane by casting complexes of synthetic
lipid (double-chain ammonium salt) and sodium polystyrene-
sulphonate on a silicon wafer with a single minute pore. Repro-
ducibility of the electric properties was improved remarkably
by the use of the present construction method for the lipid
membrane. These authors also[18] examined lipid and ion
exchange cellulose for transducer materials of a taste sensor. The
membrane was constructed with lipid, protein, and glycocalyx.
These transducers can detect all basic tastes, excepting sweet
substances. Ethanol was also detected with the lipid/cellulose
membrane. Chitosan was alternated with sulfonated polystyrene
(PSS) to build layer-by-layer (LBL) films that are used as sensing
units in electronic tongue[19]. Using impedance spectroscopy
as the principal method of detection, an array using chitosan/PSS
LBL film and a bare gold electrode as the sensing unit was capa-
ble of distinguishing the basic tastes (salty, sweet, bitter, and
sour) to a concentration below that of human threshold. So it is
apparent that people have used lipids as taste sensing material
with polymer as supporting material.

Toko and his coworkers[3–5,7]used different lipids directly
in the polymer matrix for taste sensor application. The lipids
viz., DOP, oleic acid, TOMA,n-decyl alcohol, etc., were either
dispersed in a suitable polymer membrane, viz., PVC[3–5] or
adsorbed onto Millipore filter[11,12]. In case of dispersion,
there might not be uniform distribution of lipid molecules on
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acid was taken from Fluka AG (Switzerland). Ashless filter
paper (Whatman 41) was procured from Whatman Interna-
tional Limited (England). Quinine-hydrochloride was purchased
from E-Merck (Germany). Sodium sulphate (Na2SO4), sodium
chloride (NaCl), fructose, glucose, citric acid, sulphuric acid
(H2SO4), nitric acid (HNO3) and lactic acid were purchased
from E-Merck (India) Limited, Mumbai (India). Monosodium
glutamate (MSG), inosine monophosphate (IMP), guanosine
monophosphate (GMP), sucrose and glycine were purchased
from Sisco Research Laboratories Pvt. Ltd., Mumbai (India).
Sodium nitrate (NaNO3), sodium acetate (NaAc), sodium bicar-
bonate (NaHCO3), magnesium sulphate (MgSO4), potassium
chloride (KCl) and magnesium chloride (MgCl2) were pur-
chased from S.d. Fine-Chem Ltd., Boisar (India). Formic acid
was purchased from Sarabhai M Chemicals, Baroda (India).

2.2. Membrane preparation

Grafting of cellulose with polyacrylic acid was done using
ceric ammonium nitrate (CAN) as initiator. Grafting is an impor-
tant technique for modifying physical and chemical properties
of polymers. A particular advantage of grafting is that the modi-
fication can be performed on pre-existing polymers, which may
or may not be in the form of a shaped object such as fiber
or film. This is of particular importance in dealing with natu-
ral polymers such as cellulose[21]. The grafting methods that
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he membrane surface exposed for sensing. We anticipate
he lipid molecules, which are in random orientation in the b
f the membrane, being small and discrete, might be sl
epleted or leached out after multiple use of the membrane

rode device, although no report has been seen regardin
epeat performances of those lipid membranes. In case o
onolayer adsorbed polymer membrane taste sensor[20], where

he lipid molecules were adsorbed on to a substrate pol
embrane surface by hydrophobic–hydrophobic interaction

tronger polar–polar interaction between ionic heads of the
olecules and electrolytes in taste solution might also c
epletion of lipid molecules from the monolayer. These m
e one limitation of the physically bound lipid membranes.
cientific interest, therefore, lies in the use of chemically bo
unctional groups to a polymer backbone, which may avoid
imitations.

In the present work, instead of using lipids for taste sen
e have grafted polyacrylic acid (PAA) to cellulose. The P
rafted cellulose was characterized by FTIR spectroscop
canning electron microscopy. Response characteristics o
aterial to different tastants were evaluated in terms of m
rane potential. Taste sensing properties of the membran
tudied.

. Materials and methods

.1. Materials

Ceric ammonium nitrate (NH4)2[Ce(NO3)6] (CAN), glacial
cetic acid, potassium bromide and oxalic acid were purch

rom Qualigens, Fine Chemicals, Mumbai (India). Acry
at

-
e

d

r
t

e

,

d
is
-
s

d

ave been developed can be classified into three group
ree radical; (2) ionic; and (3) condensation and ring ope
olymerizations. The free radical methods have become
ommon due to their practicality. Free radicals are formed o
ellulose molecules either by chemical means or by irradia
he general field of grafting onto cellulosics has been revie
y a number of authors[22–29], and also in a monograph[30].
ino and Kaizerman first discussed the use of ceric ions to

iate graft polymerization in 1958[31]. Schwab et al.[32] were
mong the first to extend this method to the grafting of c

ose. The CeIV ion method has gained considerable importa
n the grafting reaction, because of its ease of applicatio
ell as its grafting efficiency. It is based on the fact that w
ellulose is oxidized by ceric salts such as ceric ammon
itrate (Ce(NH4)2(NO3)6), free radicals capable of initiatin
inyl polymerization are formed on cellulose.

Acrylic acid was purified by distillation under reduced pr
ure at 30◦C. 1.04 g cellulose (Whatman 41 filter paper) w
oaked with 5.2 ml acrylic acid, 20.7 ml 0.1N HNO3 and 42 m
ater[33] in a 100 ml three-necked round-bottomed flask. N
en gas was bubbled into the system for 30 min. Then 1
.00125 M CAN solution was added with 20 ml water. The r

ion was carried out at 20◦C for 3 h with constant nitroge
ubbling. The grafted cellulose was isolated and washed
ot water for 5 h. Then the film was dried in vacuum ove
0◦C, weighed and stored in desiccators.

.3. Measurements

.3.1. FTIR—study
For structural analysis, FTIR study of cellulose and P

rafted cellulose were done using Thermo Nicolet, NEX
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870 FTIR spectrophotometer. The spectra were recorded in
absorbance mode. Cellulose and grafted cellulose films were
finely chopped and KBr pellet was prepared.

2.3.2. Scanning electron microscopy
Study of surface morphology of the cellulose and PAA grafted

cellulose was done using JEOL-JSM 5800 scanning electron
microscope. The polymer films were gold coated before the
study. Photographs were taken at 500 magnifications.

2.4. Taste sensor property study

2.4.1. Temporal stability
In order to judge the time required for obtaining stable

response of electric potential (temporal stability) across PAA
grafted cellulose membrane, the membrane electrode device,
was dipped in 1 mM KCl solution and then the potential was
measured using a Ag/AgCl reference electrode immediately
after dipping at an interval of 1 min. The measurement was con-
tinued till stable response[3].

2.4.2. Response stability of the membrane
In order to study the stability of response of electric potential

across PAA grafted cellulose membrane in HCl, NaCl, Q-HCl,
sucrose and MSG, the membrane electrode device was dipped
into 1 mM solution of the analytes in 1 mM KCl and the poten-
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Table 1
Physical properties of cellulose (C) and PAA grafted cellulose (PAA-g-C)
membranes

Polymer membrane Polymer
loading (%)

Color Water
absorption (%)

Thickness
(�m)

C – White 43.5 180
PAA-g-C 9.7 White 42.0 200

After wiping the surface adhered water the increase in weight of
the membrane was recorded. The result was expressed as per-
centage of water absorption, which is the percentage of increase
in weight of the sample with respect to the weight of the des-
iccated sample before dipping into water. The water absorption
values were taken as an average of four samples. The data in
Table 1show that there is only a minor change in water absorp-
tion of cellulose (43.5%) after grafting of PAA (42%). This result
indicates that the grafted membrane has sufficient wettability
in aqueous medium. Moisture absorption study was also done
to have an idea about the affinity of the membranes to atmo-
spheric moisture. Moisture absorption behavior of the cellulose
and PAA grafted cellulose membranes were assessed by expos-
ing the membranes to laboratory environment within a range
of 51–81% relative humidity (RH) at 30◦C to 32◦C. Moisture
absorption of the membranes was measured as percentage of
increase in weight of the sample with respect to the initial weight
of the desiccated sample before exposure to the laboratory envi-
ronment. The moisture absorption values were measured at an
interval of 24 h upto 7 days and recorded as an average of four
samples. TheTable 2shows that there is negligible change in
moisture absorption of cellulose after grafting with PAA. It is
seen that the moisture absorption fluctuates with variation of rel-
ative humidity (RH) from 58% to 80% at temperatures between
30◦C to 33.5◦C for the duration of 7 days. In case of cellulose
the moisture absorption value ranges from 0.21% to 3.55% and
i % to
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ial was measured using a Ag/AgCl reference electrode
nterval of 30 s upto 15 min. The measurement was done
reconditioning in 1 mM KCl for 30 min.

.4.3. Response to taste substances
The membrane electrode was preconditioned in 1 mM

olution for 30 min. The effect of change in concentration
aste solutions, i.e. HCl, NaCl, Q-HCl, sucrose and MSG
he potential was measured. Responses to organic acids
ral acids, salty substances, bitter, sweet and umami subs
ere also studied. Taste substances were dissolved in 1 mM
olution[20]. All experiments were carried out at room temp
ture (25◦C).

.4.4. Changes in response with repetitive use
The change in response in terms of electric potential of

rafted cellulose membrane to each taste substance was s
n three consecutive cycles of use. After each cycle of m
urement the membrane device was rinsed with water and
mmersed in 1 mM KCl solution for 5 min prior to next cycle

easurement.

. Results and discussion

The physical properties of cellulose and PAA-g-C m
ranes are summarized inTable 1. Grafting of cellulose cause
.7% incorporation of polyacrylic acid. For measuremen

aste sensing in terms of membrane potential, wetting o
embrane surface by the taste solution is essential. So,
bsorption behavior of the cellulose and PAA-g-C was stu
he polymer membrane was immersed in water for 24 h at 2◦C.
n-
es
l

ed
-
t
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.

n case of PAA grafted cellulose the same ranges from 0.20
.38%. Thus, as evident fromTable 2moisture absorption valu
f cellulose and PAA-g-C were higher within the period of fi
2 h due to high relative humidity of about 80%. The decrea
oisture absorption of the membranes in the next 48 h is d
fall in relative humidity to 51%. Again the increase in mois
bsorption values of cellulose and grafted cellulose in the
8 h is due to a rise in RH to 75%. Thus water absorption
oisture absorption studies show sufficient hydrophilicity o
embranes for taste sensor property study in aqueous me

.1. Membrane characterization

The membrane was characterized by FTIR study, scan
lectron microscopy and surface charge density measure
he change in structures of cellulose on grafting with PAA
tudied by FTIR analysis. FTIR spectra of cellulose and P
rafted cellulose membranes are shown inFig. 1. Cellulose and
AA grafted cellulose membranes show peak at 3340 cm−1 and
411 cm−1, respectively, for hydrogen bonded –OH group
ellulose. Both cellulose and PAA-g-C show peak at 2905 c−1

or asymmetric stretching of –CH2– in –CH2OH group of
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Table 2
Moisture absorption characteristics of cellulose (C) and PAA grafted cellulose (PAA-g-C) membranes after exposure to 51–81% RH at 30–32◦C for different time
periods

Polymer membrane Moisture absorption (%)a

24 (h) 48 (h) 72 (h) 96 (h) 120 (h) 144 (h) 168 (h)

Cellulose 2.95 3.55 3.55 0.84 0.21 3.34 3.25
PAA-g-C 2.91 3.14 3.38 0.82 0.20 3.24 3.14

a Relative humidity was about 80% for 72 h and later reduced to 51% in the next 48 h and again increased to about 75% in the last 48 h.

Fig. 1. FTIR spectra of cellulose and PAA grafted cellulose in the range
4000–650 cm−1.

cellulose. A broad peak has appeared at 2905 cm−1 for the
grafted polymer. This may be due to the merging of peak for C–H
stretching of aldehyde (–CHO), which is supposed to appear
in the region between 2830 and 2695 cm−1, with the peak for
asymmetric stretching of –CH2– in –CH2OH. In case of PAA-
g-C a broad peak has appeared in the region 1725–1533 cm−1,
which may be due to merging of peak for >CO stretching of
–COOH group of grafted polyacrylic acid and >CO stretch-
ing of aldehyde group (–CHO). This indicates the presence of
polyacrylic acid in the grafted cellulose membrane. PAA-g-C
shows peak at 1058 cm−1 for –C–CHO linkage. Thus the peaks
at 2905 cm−1, 1732 cm−1 and 1058 cm−1 prove the formation
of aldehydic group in cellulose during grafting with polyacrylic

Scheme 1.

acid by CAN initiator. Thus FTIR study supports the grafting of
polyacrylic acid to cellulose as shown inScheme 1.

The scanning electron micrographs of cellulose and PAA
grafted cellulose membranes are shown inFig. 2. The study of
surface morphology by scanning electron microscopy revealed
the presence of cellulose fibre entanglements on the surface
of the membranes.Fig. 2(a) shows cellulose membrane before
grafting with PAA andFig. 2(b) shows the surface morphology
after PAA grafting. After grafting, as some polymer chains are
incorporated into cellulose membrane, the fibres in the inner
layers of cellulose membrane become invisible as shown in
Fig. 2(b). Although some diffused features as well as some open
fibrils are visible in the ungrafted cellulose but the fibre bound-
aries are to some extent smoothened due to coating of the open
fibrils after PAA grafting.

The potentiometric titration was done to estimateα, the
degree of dissociation of –COOH groups of PAA on the mem-
brane surface, in order to estimate the surface charge density
of the membrane. Estimation of –COOH groups on the PAA-
g-C membrane surface was done by potentiometric titration
with 10 mM KOH. The membrane electrode was stabilized by
dipping into a 1 mM HCl solution in a beaker for complete proto-
nation of dissociated –COOH groups, if any, on the membrane

surf
Fig. 2. Scanning electron micrograph of the
 ace of (a) cellulose, and (b) PAA grafted cellulose.
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Fig. 3. Electric potential vs. volume of KOH plot of polyacrylic acid grafted
cellulose membrane electrode[35]. The potential change from point A to point
B occured due to neutralization of HCl in the bulk solution. Potential change
from the point C to point D occurred due to the complete neutralization of
–COOH groups on the membrane surface. The point D has been accepted for
complete dissociation of all –COOH groups (α = 1) (A part of the curve from
point B to point E is shown in the inset which was used for calculation ofα of
the membrane surface in 1 mM KCl prior to the addition of taste solution).

surface. This was followed by potentiometric titration of the
surface –COOH groups with 10 mM KOH using a Ag/AgCl ref-
erence electrode. Addition of KOH resulted a gradual change in
membrane potential. The membrane potential is plotted against
the volume of KOH added (Fig. 3). At the end point of this
titration the value ofα was considered to be unity indicating
complete dissociation of all –COOH groups of PAA present on
the surface. The membrane potential value at the end point (at
α = 1) was used to calculate the value ofα on the membrane
surface in contact with 1 mM KCl prior to the addition of taste
solution (Fig. 3 inset). Then the surface charge density on the
membrane[34] prior to the addition of taste solution in 1 mM
KCl was calculated using the Eq.(1).

σ = − e

A
× α (1)

Fig. 5. Temporal stability of PAA grafted cellulose membrane in 1 mM KCl.

where e = electronic charge,A = area of membrane surface
exposed to 1 mM KCl solution.

It has been found that the surface charge density of the
membraneσ calculated from volume of KOH versus electric
potential plot prior to the addition of taste solution in 1 mM KCl
is −6.12× 10−16 C/m2. As calculated fromFig. 3 the –COOH
groups on the membrane surface shows a degree of dissociation
of 0.42 just after dipping into the 1 mM KCl solution. After dis-
sociation the –COO− groups develops charged layers with K+

and Cl− ions. When the analyte solution is added, the ions of the
analytes interact with these charged layers. Repulsion between
the ions in the charged layers and the ions from the analytes
leads to increase in membrane potential with increase in con-
centrations of NaCl, HCl, Q-HCl and MSG solutions. Sucrose
is a weak electrolyte. Still there is a possibility of development
of weak dipole-dipole interaction between the polar groups of
sucrose and –OH and –COOH groups of PAA-g-C causing slight
increase in potential at higher concentrations (from 50 mM to
100 mM).

sing
Fig. 4. (a) Experimental set-up for measurement of taste sen
 in terms of potential; (b) membrane electrode device used in the set-up.
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Fig. 6. Stability of response potential of PAA grafted cellulose in 1 mM taste
solutions (HCl, NaCl, Q-HCl, sucrose and MSG).

3.2. Taste sensor property study

3.2.1. Sensor set-up
The experimental set-up shown inFig. 4(a) was used for the

measurement of tastes of five basic taste substances, for example,
NaCl for saltiness, HCl for sourness, quinine-HCl for bitterness,
sucrose for sweetness and monosodium glutamate (MSG) for
umami. As shown inFig. 4(b) the membrane electrode device
was fabricated by mounting PAA grafted cellulose membrane
over a circular cavity on a perspex block. The cavity was filled
with 100 mM KCl solution[3,20]through a narrow hole and one

Fig. 7. Responses of PAA grafted cellulose to HCl, NaCl, sucrose, monosodium
glutamate (MSG) and quinine-HCl (Q-HCl).

Ag/AgCl electrode was inserted into the cavity. The reference
electrode was Ag/AgCl electrode[3,20]. The two electrode ter-
minals were connected to a digital multimeter for measuring the
potential across the polymer membrane.

3.2.2. Temporal stability of the membrane
The temporal stability of the potential of the PAA grafted cel-

lulose membrane in 1 mM KCl is shown inFig. 5. The potentials
were measured immediately after immersion of the membrane
electrode device in 1 mM KCl solution and the membrane poten-
tial was measured at intervals of 1 min. As revealed fromFig. 5
PAA grafted cellulose membrane shows stable response after

F ose fo interv
5

ig. 8. Responses in terms of membrane potential of PAA grafted cellul
min.
r (a) HCl; (b) NaCl; (c) Q-HCl; (d) sucrose and (e) MSG solutions at anal of
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Fig. 9. Responses in terms of membrane potential of PAA grafted cellulose to different (a) organic acids; (b) mineral acids; (c) sweet substances; (d)umami
substances; (e) salts; and (f) bitter substances.

about 40 min. Based on this observation the membrane electrode
device was preconditioned for 40 min in 1 mM KCl solution
before measuring the response of taste solutions. Lipid mem-
brane constructed by Hayashi et al.[3] showed stable response
in 1 mM KCl after 30 min.

3.2.3. Response stability of the membrane
In order to judge the response stability of the membrane in

a particular taste solution the membrane electrode device was
dipped into a taste solutions of 1 mM concentration containing
1 mM KCl and the potential was measured upto 15 min at an
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interval of 30 s.Fig. 6shows the stability of response with time
to HCl, NaCl, Q-HCl, sucrose and MSG for PAA grafted cellu-
lose membrane. This observation indicates that the membrane
is suitable for sensing tastes of different substances. Since the
magnitude of response potential is different for different taste
substances the membrane is able to recognize different tastes.

3.2.4. Responses to taste substances
The responses of polyacrylic acid grafted cellulose mem-

branes to five taste substances were studied for a concentration
range of 0.001–100 mM solution and the results are shown in
Fig. 7. The figure shows that with increase in concentration of
HCl, NaCl, Q-HCl and MSG the membrane potential increases.
In case of sucrose, which is a non-electrolyte, there is negligible
change in potential. When dipped into analyte solutions, increase
in ion concentration leads to increase in charge repulsion on the
membrane surface. This leads to increase in membrane potential
with increase in analyte concentration.

It has been observed that PAA grafted cellulose mem-
brane shows detection threshold values of 0.001 mM, 0.01 mM,
0.08 mM, 0.08 mM and 0.01 mM for HCl, NaCl, Q-HCl, sucrose
and MSG, respectively. These threshold concentrations except-
ing that for Q-HCl were below that of human threshold con-
centrations, which are 0.9 mM, 30 mM, 0.03 mM, 170 mM and
1.6 mM for HCl, NaCl, Q-HCl, sucrose[36] and MSG[37],
respectively. We have been able to improve the detection thresh-
o om-
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Na2SO4, NaAc, NaHCO3), bitter substances (Q-HCl, MgSO4,
MgCl2), sweet substances (sucrose, glucose, fructose, glycine),
umami substances (MSG, IMP, GMP) are shown inFig. 9(c–f).
The variation in slopes of the curves is due to their difference in
dissociation constants.

4. Conclusions

The main objective of our work was to develop taste sensing
membrane material using tailor-made polymer. In PAA grafted
cellulose the taste sensing groups are chemically bonded to the
membrane material thus improving the sensing reproducibil-
ity of the material. The taste sensing property of PAA grafted
cellulose membrane thus prepared was evaluated by studying
the change in membrane potential with concentration of taste
substances. The membrane shows characteristic curve pattern
with each of the taste substances. Threshold values of membrane
response for different taste substances excepting that of Q-HCl
were below human threshold values. The detection threshold val-
ues of PAA-g-C membrane for HCl, NaCl and MSG is lower than
that of PVC-lipid membranes which are 0.009 mM, 0.25 mM
and 0.08 mM, respectively. The membranes showed good stabil-
ity of response in 1 mM taste solutions. Repeatability in response
is quite good with small drift in potential (1–5 mV) excepting
in the case of Q-HCl (∼25 mV) and NaCl (∼10–12 mV). PAA
g ponse
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3], which are 0.009 mM, 0.25 mM and 0.08 mM, respectiv
he errors (%) defined by the standard deviations divide

he averaged values were 1.75, 0.40, 2.60, 0.42, and 0.8
Cl, NaCl, Q-HCl, sucrose and MSG, respectively, at 1
oncentration in each case.

.2.5. Changes in response with repetitive use
In order to see the reproducibility of response pattern o

embrane to a particular taste solution the membrane elec
evice was tested for repeatability by three consecutive
urements of response potential in each taste solution fo
oncentration range of 0.001–100 mM.Fig. 8shows the repro
ucibility of response by PAA grafted cellulose membran
ve taste substances. It was found that PAA grafted cellu
embrane shows almost identical response patterns on re
easurements though there is little drift of about 1 to 5 m
ach cycle excepting in case of Q-HCl and NaCl. For Q-

here is a drift of about 25 mV between the first and the nex
onsecutive cycles. For NaCl a drift of about 10–12 mV betw
he first and the next two consecutive cycles was observed

.2.6. Response to organic acids, mineral acids, salts,
itter, sweet and umami substances

PAA grafted cellulose membrane shows characte
esponse to organic acids like acetic acid, citric acid, fo
cid, oxalic acid and lactic acid, respectively, as show
ig. 9(a). Responses of PAA grafted cellulose membrane to
ral acids like hydrochloric, sulphuric and nitric acids are sh

n Fig. 9(b). Responses for salts (NaCl, KCl, KBr, NaNO3,
.

r

e
-
e

ed

-

rafted cellulose membrane also shows characteristic res
atterns for different organic acids, mineral acids, salts, b
ubstances, sweet substances and umami substances.
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