
Enhancement of Sucrose Sweetness with Soluble Starch in Humans

Norikazu Kanemaru, Shuitsu Harada and Yasuo Kasahara

Department of Oral Physiology, Kagoshima University Dental School, 8-35-1 Sakuragaoka,
Kagoshima 890-8544, Japan

Correspondence to be sent to: S. Harada, Department of Oral Physiology, Kagoshima University Dental School, 8-35-1 Sakuragaoka,
Kagoshima 890-8544, Japan. e-mail: harada@phy.hal.kagoshima-u.ac.jp

Abstract
The effect of  soluble starch (acid-modified starch) on taste intensity was investigated in human subjects. Different
concentrations of sucrose (Suc), six sweeteners, NaCl, quinine–HCl (QHCl) and citric acid (Cit) were dissolved in either distilled
water (DW; standard) or starch solution (test solution). The solutions were presented to naive subjects and each subject was
requested to taste and compare the sweetness intensity between the standard and test solutions based on a scale ranging from
+3 (enhanced) to –3 (inhibited). A greater sweetness intensity occurred with Suc at different concentration (0.1–1.0 M)
dissolved in soluble starch (0.125% to 4.0%) than with Suc in DW. Similarly, five other different products of soluble starch
at 0.25 and 4.0% resulted in enhancement of sweetness for 0.3 and 1.0 M Suc. With the sole exception of the taste of
0.3 M Suc, sweet enhancement did not occur with 0.43 M fructose, 0.82 M glucose, 0.82 M sorbitol, 0.0037 M aspartame,
0.0042 M saccharin-Na or 0.016 M cyclamate. Neither the saltiness of NaCl (0.01–0.3 M), the bitterness of QHCl (0.00003–
0.001 M) nor the sourness of Cit (0.0003–0.01 M) were affected by the soluble starch. These results suggest that the taste
enhancing effects of soluble starch on Suc sweetness might depend not only on the taste transduction mechanism, but also
on the molecular interaction between Suc and soluble starch.

Introduction
The modulation of sweet taste has been observed in humans
(Birch, 1999). The selective inhibition of sweetness, a
type of negative modulation, is induced by gymnemic acid
(Bartoshuk et al., 1969), hodulcin (Kennedy et al., 1988;
Kolodny and Kennedy, 1988) and ziziphin (Kennedy and
Halpern, 1980). These inhibitory modulations of sweet taste
were explained by direct action on the receptor molecule
responsible for the sweet sensation. In contrast, positive
modulation on binary mixtures of intense sweeteners has
also been reported (Wells, 1989; Schiffman et al., 1995;
Hutteau et al., 1998). Although the precise mechanisms that
produce synergism among the sweeteners are not known, it
is suggested that multiple receptors and  multiple trans-
duction mechanisms may be involved (Schiffman and
Erickson, 1993; Schiffman et al., 1995).

Recently, we observed an enhancing effect of 2% soluble
starch on the sucrose neural response in the rat greater
superficial petrosal nerve (unpublished data). Also, we
found that sweetness intensity of sucrose is enhanced by
acid-modified starch (soluble starch) (Kanemaru et al.,
2000). The properties of the enhancement by soluble starch
may be different from those reported previously, since
soluble starch itself does not produce a sweet sensation at
relatively low concentrations. Therefore, the present experi-
ments were designed to assess the characteristics of the

enhancement of  the synergism produced by soluble starch
on sweet taste sensation in humans.

Materials and methods

Subjects

The subjects were 131 male and 51 female Kagoshima
University Dental School students aged 20–36 years (mean
23.9 ± 0.3 SE). All of the subjects were healthy and of Asian
ancestry.

Stimuli

Stimulus solutions were made with reagent grade chemicals
(Nacalai Tesque Inc.) in distilled water (DW) or in soluble-
starch solutions where DW was  the solvent.  Chemicals
included sucrose (Suc), maltose (Mal), lactose (Lac),
fructose (Fru), glucose (Glu), sorbitol (Sorb), aspartame
(Aspar), saccharin-Na (Sacc), cyclamate (Cyclo), NaCl,
citric acid (Cit), and quinine–HCl (QHCl).

The soluble starches were different reagent grade products
from different companies: Nacalai nos 321-22 (N-22),
321-26 (N-26) and 321-31 (N-31); Merck no. 1.01252
(Mer); and Wako nos 191-03985 (W-L) and 195-03961
(W-H, high-grade compound for biochemical research). The
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soluble-starch solution was gelatinized by heating to 80°C
for a few minutes.

The stimuli were: (i) 0.1, 0.3 and 1.0 M Suc dissolved in
DW and in DW along with W-H soluble starch at 0.125,
0.25, 0.5, 1.0, 2.0 and 4.0%; (ii) 0.3 and 1.0 M Suc dissolved
in DW and 0.25 and 4.0% N-22, N-26, N-31, Mer, W-L and
W-H soluble-starch solution; (iii) 0.3 M Suc, 0.67 M Mal,
1.0 M Lac, 0.43 M Fru, 0.82 M Glu, 0.82 M Sorb, 0.0037 M
Aspar, 0.0042 M Sacc and 0.016 M Cyclo dissolved in W-H
or W-L solution at 0.25 and 4.0%; and (iv) NaCl (0.01–
0.3 M), QHCl (0.00003–0.001 M) and Cit (0.003–0.01 M)
dissolved in 0.25 and 4.0% W-H solution. The soluble-starch
solutions were adjusted to pH values of between 5.3 and 5.6
by titration with 0.3 M tris(hydroxymethyl)-aminomethane
(TRIS). The TRIS solution was tasteless even at 90 mM, the
maximum concentration resulted in the titration.

Viscosity for 0.1, 0.3 and 1.0 M Suc dissolved in DW and
0.25 and 4.0% of W-H was measured five times with a
Viscotester (RION, VT-03) and each mean ± SE calculated.

Test solutions were prepared daily and presented at 22 ±
1°C, i.e. room temperature.

Procedure

The solutions were presented to naive subjects and each
subject was asked to taste and compare the sweetness
intensity between the standard (DW solution) and test
(soluble-starch) solutions based on a scale ranging from +3
(enhanced) to –3 (inhibited).

Data analysis

Differences  in  the effect  of soluble  starch on sweetness
intensity were analysed by ANOVA, and a post hoc multiple
comparison (Bonferroni/Dunn) was used for testing the
statistical significance (P < 0.05) of the difference in
sweetness between each possible stimulus pair.

Results

Taste of soluble starch solution

Soluble starch (W-H) solutions at concentrations <0.5%
produced no taste in 55.8–65.4% of the subjects, and at
concentrations <1.0% in 28.8–38.5% of  subjects (Table 1).
The percentage of subjects who perceived the W-H solution
as slightly sweet ranged from 3.8 to 13.5% at concentrations
ranging from 0.125 to 4.0%. The percentage of subjects who
perceived the taste of the W-H solution as other than
sweetness ranged between 28.9 and 55.8%, although the
sensations were weak. No difference was observed between
males and females.

Enhancement of Suc sweetness by soluble starch

The sweetness intensity of 0.1 M Suc increased with an
increase in W-H concentration, while that of 0.3 and 1.0 M
sucrose reached a peak at 0.25%, then decreased and
increased again with an increase in  W-H  concentration

ranging from 0.125 to 4.0% (Figure 1). A similar concen-
tration–intensity curve with two phases was obtained for
1.0 M sucrose in W-L solution (n = 43). The sweetness
intensities of 0.1 M Suc with 4.0% W-H, 0.3 M Suc with
0.25% W-H and 1.0 M Suc with 4.0% W-H were signifi-
cantly greater than that of the Suc alone (Bonferroni/Dunn,
P < 0.05). Also, the W-L solution at 0.25 and 4.0%
significantly (Bonferroni/Dunn, P < 0.05) enhanced the
sweetness of 1.0 M Suc. No statistical difference was
observed between the sensitivity of males and females.

The viscosity of each solution is listed in Table 2. The vis-
cosity of Suc in DW increased with increasing Suc concen-
tration, reaching 6.95 ± 0.11 mPa·S at 1.0 M. The viscosity
of 4.0% W-H in DW was almost half that of 1.0 M Suc in

Table 1 Percentages of answers by subjects (n = 52) tasting soluble
starch (W-H) solutions at different concentrations, ranging from 0.125
to 4.0%

Taste Concentration (%)

0.125 0.25 0.5 1.0 2.0 4.0

No taste 59.6 65.4 55.8 38.5 28.8 34.6
Slightly sweet 11.5 3.8 11.5 13.5 13.5 9.6
Slightly bitter 17.3 13.5 13.5 17.3 26.9 19.2
Slightly sour 11.5 9.6 9.6 23.1 11.5 17.3
Slightly astringent 1.9 3.8 5.8 1.9 3.8 4.7
Powder-like 0.0 1.9 1.9 1.9 3.8 3.8
Other taste 3.8 5.8 7.7 13.5 19.2 19.2

Subjects were requested to express their perceived taste of given
solutions as precisely as possible. Answers may overlap more than one
taste. ‘Other taste’ includes ‘metallic’, ‘vegetable’, or ‘inexpressible’
tastes.

Figure 1 Enhancement of relative sweetness (see Materials and methods)
of Suc at 0.1 (n = 31), 0.3 (n = 32) and 1.0 M (n = 30) by soluble starch
(W-H) at different concentrations, ranging from 0.125 to 4.0%. Error bars
show standard error of the mean. Asterisks indicate a statistically significant
enhancement (Bonferroni/Dunn, P < 0.05).
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DW. The viscosity of the solution of 1.0 M Suc in 4.0% W-H
was the highest (11.5 ± 0.47 mPa·S), 1.65 times higher than
that of 1.0 M Suc in DW.

Effects of different soluble starches

To determine properties of sweetness enhancement, subjects
were divided into two groups based on the effects of W-H:
(i) a ‘sweetness-enhanced’ group (relative sweetness > 0) and
(ii) a ‘no sweetness effect’ or ‘inhibited’ group (relative sweet-
ness 0). In the sweetness-enhanced group, five additional
products  of soluble starch at 0.25 and 4% significantly
enhanced sweetness of Suc at 0.3 or 1.0 M (Figure 2A). Suc
sweetness was significantly  enhanced  (Bonferroni/Dunn,
P < 0.05) by soluble N-22 starch at 4.0% for 0.3 and 1.0 M
Suc, 0.25% N-31 for 1.0 M Suc and 4.0% Me for 0.3 M Suc.
No significant effects of soluble starch were observed in the
non-enhanced group (Figure 2B).

Effects of soluble starch on sweetness of different
sweeteners

To determine properties of sweetness enhancement, subjects
were divided into two groups based on the effects of W-H:
(i) a ‘sweetness-enhanced’ group (relative sweetness > 0)
and (ii) a ‘no sweetness effect’ or ‘inhibited’ group (relative
sweetness 0). In both groups, there were no significant
effects of the addition of soluble starch (W-H and W-L) at
0.25 (Figure 3A,B) and 4.0% (Figure 4A,B) to six sweeteners
with similar sweetnesses relative to that of 0.3 M sweetener
alone.

Effects of soluble starch on the four basic tastes

As Figure 5 (NaCl, QHCl and Cit), there was no effect of
soluble starch (W-H) at 0.25 or 4.0% on the intensity of
saltiness (0.01–0.3 M NaCl), bitterness (0.00003–0.001 M
QHCl) or sourness (0.0003–0.01 M Cit).

Discussion
The treatment of starch with acid, without substantially
changing the granular form, results in modified starch with
properties that have commercial value in food and tech-
nological industries. Although soluble starch has the same
granular appearance, similar birefringence and essentially
the same insolubility in cold water as the parent starch,

soluble starch can be expected to exhibit a higher ratio of
cold- to hot-paste viscosity, higher osmotic pressure and
increased solubility in water at temperatures just below the
gelatinization temperature (Rohwer and Klem, 1984).

Soluble starch inhibited responses to different sugars in
the labellar sugar receptor cell of the blowfly (Hara, 1983).
In experiments using affinity electrophoresis, the addition of
soluble starch into the running polyacrylamide gel resulted
in a competitive inhibition of the pyranose site of the
labellar sugar receptor in the blowfly (Ozaki, 1988). These
results suggest that soluble starch has an affinity to the sugar
receptive protein of the labellum of the blowfly. If this is
also applicable for human taste mechanisms, the addition of
soluble starch in a sugar solution may competitively inhibit
the sweet taste of the sugar. However, we have demonstrated
previously that soluble starch (W-L) at relatively weak
concentrations ranging between 0.125 and 4.0% enhanced
the sweetness of  1.0 M Suc (Kanemaru et al., 2000). This

Table 2 Viscosity (mPa·s) for 0.1, 0.3 and 1.0 M Suc containing 0.25
or 4.0% soluble starch (W-H)

W-H DW Suc

0.1 M 0.3 M 1.0 M

DW 2.35 ± 0.09 2.78 ± 0.06 3.36 ± 0.10 6.95 ± 0.11
0.25% 2.62 ± 0.04 3.03 ± 0.09 3.49 ± 0.07 7.19 ± 0.26
4.0% 3.94 ± 0.04 4.44 ± 0.15 4.89 ± 0.17 11.5 ± 0.47

Figure 2 Effects of six different soluble starch at 0.25 and 4.0% on 0.3 or
1.0 M Suc sweetness. Subjects were divided into two groups, depending on
whether the sweetness of sucrose (Suc) was enhanced or not by the soluble
starch (W-H). (A) Enhanced group (ANOVA; 0.25% with 0.3 M Suc, n = 19,
P = 0.0154, F = 2.765, d.f. = 6; 0.25% with 1.0 M Suc, n = 15, P =
0.0168, F = 2.764, d.f. = 6; 4.0% with 0.3 M Suc, n = 18, P = 0.0019,
F = 3.779, d.f. = 6; 4.0% with 1.0 M Suc, n = 27). (B) Non-enhanced
group (0.25% with 0.3 M Suc, n = 21; 0.25% with 1.0 M Suc, n = 21; 4.0%
with 0.3 M Suc, n = 22; 4.0% with 1.0 M Suc, n = 11, P < 0.0001, F =
5.034, d.f. = 6). Error bars show standard error of the mean. Asterisks
indicate statistically significant enhancement (Bonferroni/Dunn, P < 0.05).
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enhancement effect of Suc sweetness with soluble starch was
confirmed in the present experiment for 0.1, 0.3 and 1.0 M
Suc in 0.125–4.0% soluble starch (W-H). Furthermore, five
different products of soluble starch at relatively weak
concentrations (0.25 and 4.0%) in 0.3 and 1.0 M Suc resulted
in the enhancement of sweetness. Therefore, soluble starch
apparently plays a different role in the perception of sweet-
ness in humans from that in the blowfly.

The synergistic effects of Suc in enhancing the sweetness
of various sweeteners (Schiffman et al., 1995; Hutteau et al.,
1998) have been previously reported, but the mechanisms
were unknown. It was, however, suggested that multiple
receptors as well as multiple transduction mechanisms
played a role in the synergy (Schiffman et al., 1995). In the
present experiments, only 3.8–13.5% of the subjects per-
ceived a slightly sweet taste with soluble starch and the
perceived sweetness was extremely low compared to that
for Suc. Since the synergistic enhancement in sweetness by
soluble starch was only observed with Suc, the mechanism

may be different from that observed in the experiments on
binary mixtures of sweet  compounds (Schiffman et al.,
1995).

Gymnemic acid abolished both the sweet sensation and
the chorda tympani nerve response to Suc and Sacc in
human subjects (Diamant et al., 1965). Similarly, gurmarin,
a protein extracted from Gymnema sylvestre, significantly
depressed the phasic taste responses to sugars and Sacc
recorded from both the rat chorda tympani (Imoto et al.,
1991) and greater superficial petrosal nerve (Harada and
Kasahara, 2000). Single fiber analysis of the chorda
tympani response in monkeys revealed that across-fiber
correlation coefficients between responses to Sacc and Suc
were highly significant in macaque (Sato et al., 1975) and
cynomolgus monkey (Sato et al., 1994). In conditioned taste
aversion qualities in hamsters (Frank, 1973) and in mice
(Ninomiya and Funakoshi, 1989), Suc and Sacc showed
similar patterns of sensation across four tastes. All of the
previous reports suggested that the sweeteners tested in the

Figure 3 Effects of soluble starch (W-H and W-L) at 0.25% on the
perceived sweetness of seven sweeteners. (A) enhanced group (W-H, n =
37; W-L, n = 37). (B) Non-enhanced group (W-H, n = 22; W-L, n = 22).
Error bars show standard error of the mean. Asterisks indicate a statistically
significant enhancement (Bonferroni/Dunn, P < 0.05).

Figure 4 Effects of soluble starch (W-L) at 0.25 and 4.0% on the perceived
sweetness of seven sweeteners. (A) enhanced group (0.25%, n = 33; 4.0%,
n = 33). (B) Non-enhanced group (0.25%, n = 19; 4.0%, n = 19). Error
bars show standard error of the mean. Asterisks indicate a statistically
significant enhancement (Bonferroni/Dunn, P < 0.05).
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present experiments, especially Suc, Sacc and Fru, share the
same transduction mechanism(s). The enhancement of
sweetness by soluble starch, however, was observed solely for
Suc among the tested sweeteners. Therefore, the synergistic
effects of soluble starch on the taste of Suc are difficult to
explain by a direct activation of sweet receptor protein(s).

It is proposed that the interaction between a sweet com-
pound and a receptor protein occurs at two electronegative
atoms, A and B, separated by 2.5–4.0 Å resulting in inter-
molecular hydrogen bonding between A-H and B in each
of the molecules (Shallenberger and Acree, 1967). A third
structural feature (X) relative to the A-H/B features may
be involved in dispersion bonding with an appropriate
molecular structure, suggesting that the X may be related
to the intensity of  the sweetness (Kier, 1972). Considering
these hypotheses, one possible mechanism of synergism by
soluble starch may be that Suc selectively combined with the
soluble starch, offering a new X site in the soluble starch that

resulted in the synergistic effect on the sweetness of the
mixture of starch and Suc. A change in structure in the
parent starch, suggested by the different physical properties
of soluble starch compared with the parent starch (Rohwer
and Klem, 1984), is consistent with this hypothesis. In
contrast, the enhancement effect was not observed for 0.3
and 1.0 M Suc dissolved in any of the four products of re-
fined starch—wheat, potato A and B, and corn (Kanemaru
et al., 2000).

Another possible explanation for the synergism of Suc
sweetness by soluble starch is that the sweetness of Suc may
emerge due to the masking of other tastes. However, this
explanation is not consistent with a single receptor mech-
anism for sweet substances, since the tastes of the other
sweeteners tested were not affected by the soluble starch.
Also, the increase in viscosity of the tested taste solution due
to the addition of the soluble starch was not a factor in the
resulting synergism, since viscosity lowers the perceived
sweetness of both Sacc and Suc (Arabie and Moskowitz,
1971) and increases the threshold values of primary tastes
(Paulus and Hass, 1980).

In conclusion, the present results suggest that the taste-
enhancing effects of soluble starch on Suc sweetness might
depend not only on the taste transduction mechanisms, but
also on the molecular interaction between Suc and soluble
starch.
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