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D-Psicose (Psi) might be an ideal sucrose (Suc) substitute for food products due to its sweet taste,
easy processing, and functional properties (noncaloric and low glycemic response). In the present
study, the effects of Psi on foaming properties of egg white (EW) protein and the quality of butter
cookies were analyzed to find a better use of Psi in aerated food systems. The results showed that
Psi could improve the foaming properties of EW protein with increasing whipping time in comparison
to Suc and D-fructose (Fru). The addition of Psi to butter cookies, as partial replacement of Suc, had
no influence on the cook loss while significantly contributing to a color change of the cookie crust
through a nonenzymatic browning reaction. Furthermore, Psi-containing cookies possessed the highest
antioxidant capacity in all tested cookies using two assays of radical scavenging activity and ferric
reducing power. It was found that there was a close correlation between the crust color and the
antioxidant activity of the cookie. The results suggest that the addition of Psi enhanced the browning
reaction during cookie processing and, consequently, produced a strong antioxidant activity.
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INTRODUCTION

Hen eggs provide many desirable attributes as an ingredient
in food products. They contribute not only a high nutritional
quality of their proteins but also multifunctional properties, such
as gelling, foaming, emulsification, color, and flavor (1). One
of the typical functional properties is foaming, and egg white
(EW) proteins with high foaming capacity are extensively used
in aerated food systems to provide a range of unique textures
that are associated with many foods including cake, nougat,
whipped cream, and chocolate mousse (2).

Sucrose (Suc) is a principal ingredient in aerated foods.
Besides its contribution to product flavor, Suc also contributes
to foaming properties. During the making of foam, the presence
of sugar enhances the foam stability by increasing the viscosity
of lamellar water and thereby retarding liquid drainage (3). In
food products such as sponge cake, Suc contributes to bulk and
volume, and the reduction of its levels in a cake system affects
structural and sensory properties (4). However, the excessive
consumption of Suc can be ill-advised because of the high
calorie content and a high glycemic response. On the other hand,
artificial intense sweeteners (such as aspartame, sucralose,
saccharin, and cyclamate) are almost calorie-free, but their
function is only to sweeten and inherently lack the bulk of Suc.
Food formulators generally need to blend them with sugar to

obtain successful end products. Hence, Suc cannot be substituted
by only intense sweeteners.

As expected, an ideal Suc substitute would retain Suc’s clean
taste and valuable functional properties. D-Psicose (Psi), a non-
calorieketohexoseraresugarwitha lowerglycemicresponse(5,6),
could help food processors meet these requirements. Psi has
70% of the sweetness of Suc and has a higher solubility that
makes it easy to use for food processing. It has been reported
that the addition of Psi in food products improved the gelling
behavior and produced good flavor and high antioxidative
substances, namely, Maillard reaction products (MRPs) (7, 8).
Furthermore, food products containing Psi maintained a high
level of antioxidant effect over a long period of storage, which
was able to delay the onset of lipid autoxidation and extend the
food storage time (8). In summary, Psi could give proper
sweetness, smooth texture, desirable mouthfeel, and great shelf
stability to food products. All of these characteristics would
qualify Psi as an invaluable complement to Suc and artificial
intense sweeteners.

In our previous studies, it was reported that the addition of
rare sugars in food products formed a considerable amount of
antioxidant substances (MRPs), which showed strong radical
scavenging activity and reducing power (7, 9). These MRP
functional compounds are currently gaining a lot of attention.
Many studies have reported that there was a high antioxidant
capacity of MRPs in model foods, such as coffee (10) and
bakery products (11). It was indicated that the MRPs may offer
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substantial health-promoting activity as they can act as reducing
agents, metal chelators, and radical scavengers (12–14). Re-
cently, we have also focused on one way to achieve a healthy
food product by replacing Suc with Psi in food processing (8).
A functional food with a low calorie content and high antioxi-
dant properties would offset the degenerative changes of aging
and may help prevent diseases related to lifestyle (15).

At present, however, it is not clear whether the addition of
Psi as a Suc substitute would affect the foaming properties of
protein and the quality of aerated food products. In this study,
the objective was to investigate the flow behavior and foaming
properties of EW solutions in the presence of Psi in comparison
to Suc and Fru. Furthermore, the effects of Psi, as a partial
substitute for Suc, on the color of cookie crust, cook loss, and
antioxidant activity were investigated in a model butter cookie,
as a function of baking time, at the two temperatures of 130
and 150 °C. The relationship between the color change of the
crusts of cookies and their antioxidant activity was also analyzed
to give insight into the functional ingredient changes taking place
in food processing.

MATERIALS AND METHODS

Chemicals. D-Psicose was provided by Kagawa Rare Sugar Research
Center (Takamatsu, Japan). Potassium ferricyanide [K3Fe(SCN)6] was
purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan).
1,1-Diphenyl-2-picrylhydrazyl (DPPH) was purchased from Nacalai
Tesque, Inc. (Kyoto, Japan). Fresh egg, butter, wheat flour, Fru, and
Suc were obtained from a local supermarket. All reagents used were
of analytical reagent grade.

Determination of Viscosity. The EW solution was separated from
the egg yolk, and the chalazae were removed. The EW solution was
gently homogenized and freeze-dried. The viscosity of the EW solution
(5 wt % of EW powder in distilled water) containing different sugars
was determined at 25 ( 0.1 °C using a rotational viscometer (TV-20,
Toki Sangyo Co., Tokyo, Japan), which was based on torque measure-
ments when a cone plate (1° 34′ × R 24 mm) rotates in a container.
Viscosity (τ) was recorded at a rotational speed (γ) ranging from 0.3
to 60 rpm. The measurement errors were within 5%. A power law model
[τ ) K(γ)-n] was used to analyze the flow curves, where K and n are
fluid consistency and flow behavior index, respectively.

Determination of Foaming Properties. The EW powder (5 wt %)
and sugar (15 wt %) were dissolved in distilled water, and the mixed
solutions were allowed to stand for about 2 h at room temperature to
ensure dissolution of constituents. After that, the sugar-EW solution
(200 mL) was whipped at ambient temperature using a KitchenAid
mixer (KSM5, FMI Co., Osaka, Japan) in a bowl with rotating beaters
at rotational speed setting 8 (230 rpm).

Foaming capacity was characterized using the increase in the volume
of foam, foam overrun, according to the method described by Phillips
et al. (16, 17). Foam was gently scooped from the bowl with a rubber
spatula, and a preweighed polypropylene vessel (110 mL) was carefully
filled with the foam. This phase of the procedure was limited to <2
min. The overrun was calculated by the equation

overrun (%)) [(Ws -Wf) ⁄ Wf] × 100 (1)

where Ws is the weight (g) of the unwhipped protein solution and Wf

is the weight (g) of the whipped protein foam.
To measure foam stability, a hole (� ) 3 mm) was drilled in the

bottom edge of the polypropylene vessel (110 mL), and the hole was
sealed with sticky tape before the vessel was filled with foam sample.
This modified vessel was carefully filled with foam sample and quickly
weighed, and then the vessel was placed above a plastic container at
about a 30° angle. The hole was always the lowest point. The tape
was removed, and the liquid generated from the foam sample was
collected in the container. The liquid in the container was weighed at
regular intervals during the time course of the experiment. Foam
stability was evaluated using the rate of liquid drainage rate (percent)
for a specified amount of time according to the modified method of
Phillips et al. (16, 17).

drainage (%)) (Wd ⁄ Wf) × 100 (2)

Wd is the weight (g) of the drained liquid, and Wf is the weight (g) of
the whipped protein foam.

Preparation of Model Butter Cookie and Its Extract. The control
butter cookie (Ct-cookie) was prepared according to the following
recipe: 20 g of wheat flour, 10 g of butter, 55 g of egg solution, and
15 g of Suc. The sample butter cookies (Psi- and Fru-cookies) were
prepared by replacing 20% of Suc with Psi and Fru, respectively. The
fresh egg solution and sugar were weighed directly into a mixing bowl
and whipped to form the well-emulsion foam. The wheat flour was
added and mixed, and then the premelted butter was added. Portions
of 15 g of the pastry were rolled out to cake ware (diameter 8 cm)
after which trays of these wares were baked in an electric baking oven
(Nichiwa Co.) at 130 and 150 °C, respectively. Cookies were produced
from each recipe by baking for 10-30 at 5 min intervals.

For the determination of the antioxidant activity of the samples, 15 g
of pastry and a cookie baked from 15 g of pastry were suspended in
30 mL of 75% ethanol and homogenized using a Polytron (PT10-35,
Kinematica AG). The slurry sample obtained was then cooled at 4 °C
for 1 h to ensure good phase separation and then centrifuged at 12000
rpm for 10 min at 4 °C. Finally, the ethanolic cookie extract was filtered
through a paper filter. The obtained extracts were stored at 4 °C for
not more than 15 h in hermetically sealed containers. Storage exceeding
24 h led to a significant loss of antioxidant activity.

Antioxidant Activity Determination. ScaVenging ActiVity of the
DPPH Free Radical. Each of the 2 mL samples was mixed with 0.5
mL of a 1 mM DPPH radical solution in 99.5% methanol. The mixture
was shaken vigorously and allowed to stand at room temperature for
30 min, and then the absorbance was measured at 517 nm (18). For all
experiments, a 75% ethanol solution instead of sample solution was
used as a control. The DPPH radical scavenging effect was calculated
as

scavenging effect (%))
[(OD517control -OD517sample)/(OD517control)] × 100 (3)

Ferric Reducing AntioxidatiVe Power. The reducing power of sample
was determined according to the Oyaizu method (19). The sample (1
mL) was mixed with a sodium phosphate buffer (1 mL, 0.2 M, pH
6.6) and potassium ferricyanide (1 mL, 1.0%). The mixed solution was
incubated at 50 °C for 20 min. After trichloroacetic acid (1 mL, 10%)
was added, the mixed solution was centrifuged at 10000 rpm for 5
min. The resulting supernatant (2.5 mL) was mixed with distilled water
(2.5 mL) and ferric chloride (0.5 mL, 0.1%), and the absorbance was
measured at 700 nm.

Color and Cook Loss Measurement. Color measurements were
carried out using a colorimeter (ND-300A, Nippon Denshoku Ind. Co.,
Japan) as defined by the Commission Internationale de l’Eclairage (20).
The colorimeter was standardized with a white plate, and the values of
L* (luminosity) and a* and b* (chromaticity coordinates) were recorded
(21). For each treatment, three cookies were measured, and four readings
were taken on each test with rotation of 90°. Color change (∆E*) was
calculated for the samples in comparison to the control cookie using
the following equation (22):

∆E * ) [(∆L*)2 + (∆a*)2 + (∆b*)2]1⁄2 (4)

Cook loss of cookies was defined by the percent weight loss after
baking, and the percent weight loss was then calculated using the
equation

cook loss (%)) [(Wp -Wc) ⁄ Wp] × 100 (5)

where Wp is the pastry weight (g) and Wc is the cookie weight (g) after
baking for different times.

Statistical Analysis. Data from this study are reported as the mean
and standard deviation for at least three independent replicates for each
sample. Differences between samples were statistically evaluated by
means of Student’s t test. A two-tailed p value lower than 0.05 was
considered to be significant. Correlation was expressed with the R2

coefficient of the correlation.
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RESULTS

Viscosity Measurement. The flow behavior of sugar-EW
solution influences the foaming capacity and the quality of the
final products. First, as an example, the flow curves of Psi-
containing EW solutions are depicted at 15, 30, and 45 wt %
of Psi concentration as shown in Figure 1. This variation in
viscosity was found to be exponential in both EW alone and
sugar-EW solutions and exhibited a shear-thinning behavior.
Furthermore, the good fits in power law model (R2 > 0.99) for
the shear rate dependence of viscosity are shown in Figure 1,
and the values of fluid consistency (K) and flow behavior index
(n) are listed in Table 1. The n values of sugar-EW solutions
were lower than those of Ct-EW solution, which indicated a
decreasing trend with increasing sugar concentration, suggesting
that the shear-thinning behavior became less pronounced with
the addition of sugar. As expected, the increase in K values
with increasing sugar concentration was observed in all sugar-
EW solutions tested. At 15 wt % of sugar content, the viscosity
of Psi-EW was similar to that of Suc- and Fru-EW solutions,
but the former was lower than the latter at 30 and 45 wt %,
suggesting that the effect of sugars on the fluid consistency of
protein solution had a concentration dependency.

Foaming Properties. The EW protein foams are the basis
for the production of a variety of flour confectionery and other
aerated foods. For all of these applications, the protein foam
must first obtain a desired level of air phase volume (foaming
ability) and then maintain foam stability when subjected to a
variety of processes. In this study, the EW solutions were
subjected to whipping for 5, 10, and 15 min in the presence of
different sugars. Compared to the foams from EW solution alone

(Ct-EW), the foams from all sugar-EW solutions were smooth,
showing smaller bubble size and less sensitivity to foam
collapse.

Moreover, their foaming ability against overrun was inves-
tigated and is shown in Figure 2. The overrun values of foams
from all sugar-EW solutions were higher than those of from
Ct-EW solution, indicating that sugar is very important to
foaming capacity. On the other hand, the addition of different
sugars also affected the foaming capacity of EW proteins, and
this effect was strongly dependent on whipping times. The
foaming ability for Psi-EW solution kept increasing as the
whipping time was extended to 15 min; by contrast, for Suc-
EW solution, foaming ability reached a maximum at 10 min of
whipping, after which time the overrun significantly decreased
(p < 0.05). As for the Fru-EW solution, the overrun did not
show a significant change between 10 and 15 min of whipping.
In summary, the longer whipping times had a negative impact
on foaming ability for Ct-EW and Suc-EW solutions, whereas
the Fru-EW appeared to be fairly unaffected. Conversely, the
addition of Psi to EW solution significantly improved foaming
ability beyond 10 min of whipping (p < 0.05).

The foam stability of the Ct-EW solution as a model was
measured using the rates of liquid drainage (percent) at an
interval of 2.5 min for 60 min (Figure 3). The results showed
that the drainage (percent) for Ct-EW foam significantly
increased with the increase of whipping time, indicating that
the EW foam easily collapsed due to longer whipping time.

Figure 1. Effect of D-psicose concentration (wt %) on flow curves of
viscosity versus rotational speed at 25 °C for 5 wt % EW solution.

Table 1. Effect of Different Sugars on the Consistency (K) and Flow
Behavior Index (n) of EW Solutions at the Different Sugar Contents

sugar content (%) Ka n R2

Ct-EW 0 304.59 ( 10.32a 0.952 0.999
Suc-EW 15 318.52 ( 4.94b 0.924 0.999
Fru-EW 15 317.02 ( 2.56b 0.919 0.999
Psi-EW 15 314.72 ( 4.74b 0.916 0.998
Suc-EW 30 337.78 ( 5.08c 0.914 0.999
Fru-EW 30 343.61 ( 6.95c 0.915 0.999
Psi-EW 30 324.67 ( 4.35d 0.906 0.999
Suc-EW 45 378.13 ( 4.11e 0.892 0.998
Fru-EW 45 383.60 ( 9.21e 0.904 0.999
Psi-EW 45 355.14 ( 5.82f 0.875 0.999

a K values followed by different letters are significantly different (P < 0.05).

Figure 2. Overrun (%) versus whipping time for 5 wt % EW alone and
with three added sugars (Suc, sucrose; Fru, D-fructose; Psi, D-psicose)
at 15 wt % of concentration.

Figure 3. Drainage rate patterns of EW protein dispersions (5 wt %) at
different whipping times.
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There was a linear relationship of drainage against standing time
in the range of 0-15 min, and then the drainage increased
slowly beyond 20 min and finally reached a plateau. From this
result, a specified amount of standing time (10 min) was selected
as a function of time point for measuring the drainage (percent)
to compare foam stabilities of different sugar-EW solutions.

Figure 4 shows the effect of sugar on foam stability of EW
solution. The results indicate that the sugar-EW samples were
far more stable compared to the EW solution, especially for
reducing sugar-containing EW solutions. In the sugar-EW
solutions, Suc- and Fru-EW samples reached the maximum foam
stability at 10 min of whipping and the longer whipping times
resulted in a stability decline. The Psi-EW sample was found
to have a foam stability similar to that of Fru-EW at 10 min of
whipping, but the Psi-EW sample remained a very stable foam
at 15 min of whipping. These results indicated that the addition
of Psi could either keep good foam stability or significantly
improve foaming ability of EW protein solution by controlling
the whipping time.

Color Properties and Cook Loss. The Ct-cookie (100% Suc)
and Fru- and Psi-cookies (Fru and Psi replaced 20% of the Suc)
were prepared at 130 and 150 °C, respectively. To evaluate the
color change of the cookie crust, the colorimetric values of L*
(black-white component, luminosity), a* (+, red; -, green
component), and b* (+, yellow; -, blue component) were
measured, and the results are shown in Figure 5. The instru-
mental analysis of color showed a notable decrease in the L*
value with the increase of baking time for all cookies, and the
L* value of cookies prepared at 150 °C was lower than that of
those prepared at 130 °C (Figure 5a,b). As baking time
increased, the L* values of the Fru- and Psi-cookies decreased
away from those of the Ct-cookies. Similarly, the cookies
containing reducing sugars (Fru and Psi) showed lower b* values
under all baking conditions (Figure 5c,d). These results expose
a remarkable loss in lightness and yellowness; that is, the Psi-
and Fru-cookies are more “brown” in overall color. Although
the L* and b* values showed a drastic decrease in the cookie
containing reducing sugars, Fru- and Psi-cookies were not very
different from each other in luminosity and yellowness, and the
color of both cookies was on an acceptable level in appearance
under the tested conditions.

Conversely, the a* value tended to increase with baking time,
although this increase was less pronounced beyond 20 min of
baking time (Figure 5e,f). This might be explained by the fact
that the color of the cookies was browner as the baking time
increased, and the prominent brown in cookie masked the red

component. Furthermore, by comparison of the three cookies,
the Psi-cookie showed the highest redness as shown in the a*
values, and it was exhibited in the following order: Psi- > Fru-
> Ct-cookies. It was inferred that differences detected in the
color of cookie crust could be related to the fact that the reducing
sugars, especially Psi, were able to significantly promote
browning reactions during heat treatment.

As moisture is lost during cooking, cookie quality, such as
flavor, tenderness, and texture, can be negatively affected.
Figure 6 shows the changes of cook loss for different cookies
prepared at two baking temperatures. The results note that
raising the baking temperature and prolonging the baking time
significantly increased the cook loss. However, no difference
in cook loss was found among three cookies under each baking
condition tested. In addition, there were no differences in the
thickness and diameter of each cookie (data not shown).
Therefore, the partial addition of Psi as substitute of Suc did
not influence the cook loss and the volume of cookies.

Antioxidative Activity. Many studies have demonstrated that
the browning reaction products possessed very high antioxidant
activity (23). In this study, each pastry (15 g) and cookie
prepared from the same pastry at different baking times and
temperatures were extracted, and their antioxidant activities were
measured. The results indicated that the antioxidant activity of
the pastries containing different sugars showed no differences
and was very low (data not shown). In the cases of short baking
times (10 and 15 min), similar but low antioxidant activities
were observed in cookies prepared at 130 °C (Figure 7a,c).

Furthermore, the cookies, especially Fru- and Psi-cookies,
exhibited stronger antiradical activity and reducing power with
baking time. As shown in panels a and b of Figure 7, when
the baking time increased to 30 min, the radical scavenging
activity of the Psi-cookie extract remarkably increased to 25.7
and 69.0%, whereas that of the Fru-cookie extract increased to
12.8 and 46.3% at 130 and 150 °C, respectively. However, the
antiradical capacity of the extract from Ct-cookies showed a
very low value (about 5%) at 130 °C and almost no increase
with an increase of baking time. In the case of baking at 150
°C, there was a slight increase in the antiradical activity of Ct-
cookies with an increase in the duration of baking, reaching
17.1% when baked for 30 min.

Similar patterns were found in the reducing power of cookies
(Figure 7c,d). In the case of baking at 130 °C for 30 min, the
reducing power values of Ct-, Fru-, and Psi-cookies were 0.32,
0.66, and 1.1, respectively. At 150 °C for 30 min, their values
were 0.53, 1.39, and 2.13, respectively. The results also
suggested that the antioxidant activity was much more pro-
nounced at high baking temperature, and the degree of anti-
oxidant activity significantly depended on the type of sugar.
An explanation for the findings could be that reducing sugars,
especially Psi, reacted favorably with free amino group through
the MR; however, in the case of Suc, a certain heating and
reaction time were needed to break the bond between Glc and
Fru, releasing the two reducing sugars, which would then cause
the MR.

DISCUSSION

Several studies have shown that Suc improves the foam
stability of protein solutions (3, 24). This was partly explained
as being due to the increased viscosity of the air bulk phase
and the delayed thinning of lamellae around the bubbles. Our
results indicate that sugar-EW solutions showed a higher
consistency index of viscosity than the EW solution alone. This
may be one of the reasons the foam properties of EW protein

Figure 4. Effect of three sugars on foam stability of EW solution (5 wt
%) following 10 min of drainage.
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solution were significantly improved by the addition of sugars.
However, it was found that both foaming ability and foam
stability of the Suc-EW solution were curtailed compared to
the Psi-EW solution. The Psi-EW solution, unlike the Suc-EW
solution, did not show a remarkable decrease in foaming ability
and foam stability with an increase in whipping time (Figures
2 and 4). These results showed that enhancement of foaming
properties was not simply accompanied by the differences in
viscosity among three foam-forming solutions at 15 wt % of
sugar content, implying that viscosity was not a determining
factor in the increased foam capacity of EW solutions containing
different sugars.

The above results did not show a clear mechanism by which
addition of Psi induced the high foaming property of EW
protein, but confirmed that the addition of Psi was much more

effective than the addition of Suc, especially in the case of a
longer whipping. In general, egg white proteins act as am-
phiphilic emulsifiers between the air and the aqueous phase to
stabilize the foam. The quality of protein-based foams depends
largely on the conformational characteristics of proteins. In a
previous paper (7), it was inferred that, first, Psi might reduce
the water activity and make water-protein interactions less
effective, to easily cause the partial unfolding of protein; and,
second, Psi might interact directly with the protein through
hydrogen bonding (H-bonding) and lead to a change in the
protein surface hydrophobicity. Consequently, the presence of
Psi could enhance hydrophobic interaction on the surface of
protein, and such surface hydrophobicity might be increased
further due to the input of higher amounts of mechanical energy
with increasing whipping time. The protein structure with both
hydrophobic and hydrophilic groups on the surface and good
flexibility is needed for a protein to generate good foams. Hence,
the partial unfolding of these globular proteins in the presence
of Psi could expose more hydrophobic groups on the surface
and increase their amphiphilic nature and flexibility, so that their
foaming properties could be improved.

Lopez de la Paz and others (25) have used NMR and IR to
study how the orientation of hydroxyl (OH) groups in carbo-
hydrate derivatives influences H-bond cooperativity in the
molecule. It was reported that for the six-carbon D-sugars, the
different isomeric forms have different water H-bonding net-
works using a computational approach (26). Furthermore, Furuki
(27) investigated the effect of stereochemistry on the antifreeze
characteristics of aqueous solutions of hexoses and pentoses.
Of these monosaccharides, a rare sugar, Psi, presented a higher
unfrozen water value as compared to other ketohexoses. It has
been supposed that more water molecules unfrozen in the
aqueous solutions of carbohydrates indicate poorer compatibility

Figure 5. Variation of color parameters for L* value (a, b), a* value (c, d), and b* value (e, f) of cookie crust: left, baking at 130 °C; right, baking at 150 °C.

Figure 6. Variation of cook loss versus baking time for butter cookies
prepared at 130 °C (solid symbols) and 150 °C (open symbols), res-
pectively.
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with the three-dimensional H-bonding network of ice, suggesting
reduced water activity in the Psi solution. These studies proved
that although the sugar molecules had the same chemical
formula and the same functional groups, the arrangement of
water molecules is quite different around the different isomeric
forms of sugars. Comparison of the effects of Psi to thsoe of
Fru, in which two ketohexoses differ only in the position of
the OH group on the third carbon, on the flow behavior and
foaming properties of EW solution showed that the effects were
very different. Hence, the isomeric-dependent water activities
could be an important reason for the difference of functional
properties in sugar-protein solutions.

Baking is a complex process that brings about a series of
physical, chemical, and biochemical changes in a product such
as volume expansion, evaporation of water, formation of a
porous structure, crust formation, and browning reaction. Our
study above revealed that the addition of Psi in a butter cookie

as partial substitute for Suc did not influence the cook loss and
volume while significantly enhancing nonenzymatic browning
reaction. Although the crust color of the Psi-cookie showed less
luminosity than that of the Ct-cookie, its color change was
similar to that of the Fru-cookie, and their crust color could be
visually acceptable. These results suggested that Psi might be
an ideal replacement for Suc because it can reduce the calorie
content of the final products without affecting the quality and
it is suitable for diabetics and weight-conscious people.

We have previously analyzed the relationship between
browning and antioxidant activity of the MRPs generated from
the glycated EW with different reducing sugars (28). Here, we
extended the study to butter cookies including sugar and egg
protein as a model food product. The above results showed that
as the baking time was increased, the L* and b* values decreased
and the a* value increased. These color changes (∆E*) are
further calculated from the three parameters based on eq 5. The

Figure 7. Variation of the DPPH radical scavenging activity (a, b) and reducing power (c, d) as a function of baking time for ethanolic cookie extracts:
left, baking at 130 °C; right, baking at 150 °C.

Figure 8. Relationships between between radical scavenging activity and color change ∆E* (a, b) and between reducing power and color change ∆E*
(c, d) generated from Ct-, Fru-, and Psi-cookie model systems: left, baking at 130 °C; right, baking at 150 °C.
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results showed the ∆E* values also varied largely, ranging from
0 to 20, for butter cookies baked from 10 to 30 min under two
baking temperatures (Figure 8). There was a linear relationship
between the ∆E* value and antioxidant activity; the coefficients
of correlation were 0.87 and 0.93 for radical scavenging activity
and 0.80 and 0.89 for reducing power when baked at 130 and
150 °C, respectively. Some pigments in Maillard browning
products, which were formed during the heating phase in the
presence of sugar, contribute substantially to the color change
of cookies. These browning products possessed a high antiradical
activity and reducing power. Consequently, the color change
of the cookie showed a strong influence on the antioxidant
activity of the cookies. This is in agreement with the earlier
studies by Woffenden et al. (29), who reported a positive
correlation between color and antioxidant properties in foods
in which the formation of antioxidant MRPs is the prevalent
event during processing.

In this study, we used two assays to measure the antioxidant
activity of butter cookies, and the Psi-containing cookie showed
the strongest antioxidant activity in all tested cookies. However,
Psi-containing pastry, like other pastries, failed to show any
antioxidant activity, suggesting that the strong antioxidant
activity of Psi-cookie was produced during baking rather than
addition of Psi itself. In our previous study, an excellent
antioxidant activity could be obtained in custard pudding gels
generated from milk/egg protein and Psi by heating in the range
from 80 to 95 °C (7). Sumaya-Martinez et al. (30) pointed out
on a ribose-tuna stomach hydrolysate model system that sugar
caramelization could also contribute to the antiradical activity
measured by DPPH test and browning reactions at high
temperatures. There is substantial evidence suggesting that
antioxidative food components suppress oxidative stress and
have potential health benefits in preventing aging and diseases
related to lifestyle (14, 31). In addition, the antioxidant activity
of MRPs can result in retarding lipid autoxidation and prevent
fat spoilage and consequently increase the stability and shelf
life of food products (32, 33). Further work on the characteriza-
tion of antioxidant compounds in Psi-added bakery products is
in progress to elucidate their physiological effects.

In conclusion, Psi-EW solution in flow consistency was
similar to Fru- and Suc-EW solutions at 15% of sugar content,
and its fluid consistency had a decreasing tendency with
increasing sugar content. When the samples were subjected to
longer whipping time, the Psi-EW solution was found to be
better in foaming capacity compared to Suc- and Fru-EW
solutions. Furthermore, the addition of Psi as partial replacement
of Suc did not affect the quality of cookies. Conversely, it
dramatically increased antioxidant substances produced through
the MR during heat processing. The antiradical activity and
reducing power of the cookies are strongly related to the color
change of the cookie crust. Thus, Psi could be used as a
sweetener to develop a functional food with a high antioxidant
activity and a low calorie content by controlling the color change
of the final products.
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