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Abstract The objective of this study was to investigate the enolization reaction and the antioxidant activity of caramelization
products (CPs) obtained by caramelization browning of glucose and fructose solutions prepared at a pH ranging from 7.0 to
12.0 at varying temperatures (80-180oC). The degradation of sugars rapidly increased at a high alkaline pH (10.0-12.0), and
fructose degraded more rapidly than glucose (p<0.05). As the pH increased, the degree of sugar enolization was higher in
fructose than in glucose. Browning and the formation of intermediate degradation products increased with the increase in
heating temperatures. The browning development was dependent upon the type of sugar, and it was generally higher at
alkaline pH than at neutral pH. The reducing power and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity of
the CPs increased with the increase in browning and formation of large amounts of intermediates. Therefore, the CPs with
pronounced antioxidant activity can be prepared by heating fructose or glucose solutions that have a very alkaline pH to high
temperatures.
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Introduction

Non-enzymatic browning reactions occurring in food during
processing and storage has known to contribute to food
quality and acceptability. Those reactions, including the
Maillard reaction, caramelization, chemical oxidation of
phenols and maderization are favored by heat treatments
(1).

Among non-enzymatic browning reactions, the Maillard
reaction has been the most intensively studied. Maillard
reaction products (MRPs) have been found to exhibit
antioxidantactivity due to radical scavenging activity (2,3),
metal chelating activity (4), scavenging of active oxygen
species (5), as well as decomposition of hydroperoxide (6).
During the development of brown color caused by the
Maillard reaction, caramelization can occur simultaneously
(7). Caramelization reactions contribute to overall nonenzymatic
browning, especially in the alkaline pH ranges, leading to
an overestimation of the Maillard reaction in foods (8,9).
Caramelization involves the heat-induced decomposition
of sugar, normally monosaccharides (10). Monosaccharides
in aqueous alkaline solutions undergo both reversible and
irreversible transformations (11). The reversible reaction
includes ionization, resulting in equilibrium of neutral and
ionized monosaccharides; mutarotation, resulting in
equilibrium of the different cyclic hemiacetal structures of
monosaccharides; and enolization, resulting in the
transformation of interconvertible monosaccharides (12).

Enolization reaction known as the ‘Lobry de Bruyn-
Alberda van Ekenstein rearrangement’ produces enediol
anion species. A subsequent chain of irreversible reactions,

known as the alkaline degradation reaction, leads to the
formation of organic acid products. Aldolization and
retroaldolization of carbonyl compounds result in an
elongation and fragmentation of the carbon chain,
respectively.

The products of alkaline degradation reaction with high
molecular weight are associated with color formation (13).
Caramelization reaction partially contributed to the browning
of Maillard reaction (8,9). Very little attention has been
paid so far to the contribution of caramelization to the
nonenzymatic browning reactions of glucose or fructose,
although studying the chemical reactions involved in
caramelization is a prerequisite for understanding the
Maillard reaction. It has, however, been clearly established
that the fragmentation of sugars occurs to a little extent at
a low pH levels (7,14) and increases considerably at a high
pH levels and temperatures, yielding colored N-free
polymers (15,16). The caramelization products (CPs) was
reported to have antioxidant activities (17). Acetone extracts
from glucose CPs reduced peroxide values of soybean oil
(18). The CPs from fructose could inhibit lipid oxidation in
saury mince effectively during iced storage (17). The CPs
from different sugars showed different reducing powers
and radical scavenging activities. Generally, the CPs
prepared in alkaline solutions exhibited greater antioxidant
activity than those obtained under neutral pH. The CPs
from hexose also had superior antioxidant activity to those
from pentose (17). However, few studies have been
conducted to compare the antioxidant activities of the CPs
by the enolization reaction of sugars. Therefore, the CPs
with high antioxidant activity could be prepared using the
appropriate sugar and pH condition. The objective of this
study was to investigate enolization reaction of sugars and
antioxidant activity of the CPs in caramelization browning
from glucose and fructose solutions prepared at a pH
ranging from 7.0 to 12.0 with heating for various
temperatures.
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Materials and Methods

Chemicals D-Glucose, D-fructose, ferric chloride, ferrous
chloride, and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were
purchased from Sigma-Aldrich Chemicals Co. (St. Louis, MO,
USA). Trichloro-acetic acid (TCA), potassium ferricyanide,
sodium carbonate, and sodium hydrogen phosphate were
purchased from Merck Co. (Darmstadt, Germany).

Preparation of CPs D-Glucose and D-fructose were
dissolved in 1 M sodium phosphate buffer, pH 7.0-9.0 or
1 M sodium carbonate buffer, pH 10.0-12.0 to obtain a
final concentration of 1 M. Ten mL of each sugar solution
were transferred to a screw-capped test tube and subjected
to heating in a silicone oil bath at various temperatures (80
to 180oC). At the heating temperatures designated, the
samples were taken and cooled in iced water immediately.
The samples were stored at 4°C until used for analysis and
performed within 48 hr.

Determination of reducing sugar and enolization reaction
The reducing sugar content and enolization reaction of the
CPs were determined using an HP 1100 liquid chromatography
(Hewlett Packard, Wilmington, DE, USA). An Agilent
quaternary pump connected to an reflectance index (RI)
detector (Model G1362A; Hewlett Packard) was used with
a zorbax carbohydrate column (4.6×250 mm, 5 µm
particle size, Agilent Technologies, Wilmington, DE,

USA). The mobile phase of acetonitrile:water (75:25, v/v)
was delivered at a flow rate of 2.0 mL/min. The column
temperature was 30oC and 1 µL portion of what was
injected into the high performance liquid chromatography
(HPLC) system. The data analysis was performed using
Chemstation software (Hewlett Packard). The changes in
reducing sugar content were expressed as the relative
concentration (%) in comparison with the original content.

Ultraviolet (UV) absorbance and browning determination
The formation of intermediate products was monitored by
their absorbance at peak values. UV absorbance was
measured at wavelengths of 270 and 285 nm using a UV-

VIS spectrophotometer (UV 160A; Shimadzu Co., Kyoto,
Japan), as described by Benjakul et al. (17). Prior to UV
absorbance determination, samples prepared at pH ranging
from 10.0 to 12.0 were diluted to 100-500 times using the
distilled water. Browning intensity was determined by
monitoring the absorbance at 420 nm. Two-hundred fold
dilution was made for samples prepared at pH ranging
from 10.0 to 12.0. The absorbance ratio (A270/A420 and
A285/A420) was also calculated to monitor the transformation
of UV-absorbing compounds into brown polymers.

Determination of DPPH radical scavenging activity
DPPH radical scavenging activity was determined according
to the method of Yen and Hsieh (3), with a slight
modification. Two-hundred fold dilution was made for all

Fig. 1. Change in the reducing sugar content of the CPs from glucose (a) and fructose (b) solutions prepared at a pH ranging
from 7.0 to 12.0 for various heating temperatures (80-180oC). Vertical bars represent the standard deviation show significant (p<0.05)
differences by Duncan’s multiple range test.
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samples before analysis using the distilled water as the
diluents. A 400 µL of the CPs solution were added with 2
mL of DPPH solution (0.12 mM in 95% methanol). The
reaction mixture was mixed well and incubated at room
temperature for 30 min in the dark. The absorbance of the
resulting solution was read at 517 nm against the blank.
The blank was prepared in the same manner except that the
buffer was added instead of the CPs. The radical scavenging
activity was measured as a decrease in the absorbance of
DPPH-sample mixture and calculated using the following
equation:

Scavenging activity sample=[1–(Asample/Ablank)]×100

Where Asample is A517 of sample and Ablank is A517 of blank.

Determination of reducing power The reducing power
of the CPs was measured as described by Oyaizu (19), with
a slight modification. Prior to analysis, 200-fold dilution
was made for the CPs prepared at pH ranging from 7.0 to
12.0. A 0.5 mL of CPs solution was mixed with 0.5 mL of
0.2 M sodium phosphate buffer, pH 6.6 and 0.5 mL of
1%(w/v) potassium ferricyanide. The reaction mixture was
incubated at 50oC for 20 min and 0.5 mL of 10%(w/v)
tricarboxylic acid (TCA) was then added. Thereafter, 2 mL
of mixture was added with 2 mL of distilled water and
400µL of 0.1%(w/v) ferric chloride. The absorbance was
read at 700 nm using a UV-VIS spectrophotometer. Any
increase in absorbance at 700 nm indicated an increased
reducing power.

Statistical analysis All experimental data were analyzed
by analysis of variance (ANOVA) and significant differences
among means from triplicate analysis at (p<0.05) were
determined by Duncan’s multiple range tests using the
statistical analysis system (SPSS 12.0 for Windows, SPSS
Inc, Chicago, IL, USA).

Results and Discussion

Degradation of sugars and enolization reaction The
reducing sugar content of the CPs from glucose and
fructose prepared at different pH levels is shown in Fig. 1.
With the increased in heating temperature, the reducing
sugar content in both the sugar solutions was found to
decrease (p<0.05). At a high alkaline pH of 10.0 to 12.0
and a temperature of 100°C, the degradation of both sugars
increased rapidly (p<0.05). Thereafter, a slight decrease in
the reducing sugar content was observed with the increase
in temperature to 180oC. At pH 7.0 and 8.0, only a slight
decrease in the reducing sugar content was evident. The
degradation of fructose was slightly greater than that of
glucose at a pH 7.0-8.0. Both fructose and glucose
degraded to a great extent at 100oC under alkaline
conditions (8,9,20). Benjakul et al. (17) also found that
sugars degraded more rapidly in alkaline solutions than in
neutral solutions.

A change in the enolization reaction in the CPs from
glucose and fructose prepared at different pH levels is
shown in Fig. 2. Glucose was converted into fructose and

Fig. 2. Change in the enolization reaction of the CPs from glucose (a) and fructose (b) solutions prepared at a pH ranging from
7.0 to 12.0 for various heating temperatures (80-180oC). Vertical bars represent the standard deviation show significant (p<0.05)
differences by Duncan’s multiple range test.
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vice versa via the Lobry de Bruyn-Alberda van Ekenstein
transformation. In the present study, for the enolization of
both sugars, the reaction temperature of enolization was
lowered with the increase pH level. The degree of
enolization of the fructose solution was greater than that of
the glucose solution. Enediol anions can be generated by
hydroxide ions in alkaline solutions via the de Bruijn van
Eckenstein rearrangement. Enediol anions are common
intermediates in the isomerization reactions of monosaccharides
and primary intermediates in alkaline degradation reactions
(13). The enolization reaction is of particular importance
because it initiates subsequent reactions that result in the
degradation of aliphatic sugars (21). Our results suggest
that both glucose and fructose underwent degradation to a
greater extent under alkaline pH conditions. The enolization
might be favored by alkaline pH condition, leading to the
transformation of these sugars.

UV absorbance and browning of CPs The UV
absorbance of the CPs from glucose and fructose solutions
that were prepared at different pH levels is shown in Fig.
3. The UV absorbance was used to monitor the intermediate
degradation products of nonenzymatic browning reactions
(9,22). In addition, the absorbances at both 270 and 285 nm
are measured to monitor the development of nonfluorescent
intermediate products in the caramelization process (17). In
the present study, for the CPs from both glucose and
fructose solutions prepared at a pH ranging from 10.0 to
12.0, the absorbances at both 270 and 285 nm increased

with the increase in heating temperature (p<0.05). The CPs
from fructose showed greater absorbances at both 270 and
285 nm than those from glucose. Even at a pH of 7.0-9.0
and an increase in heating temperature to 110oC, no
changes in the absorbances were observed at both 270 and
285 nm. However, the UV absorbance of the CPs at a pH
ranging from 10.0 to 12.0 increased continuously with the
increase in heating temperature (p<0.05). The results suggest
that the sugars underwent degradation, and the intermediate
products were formed concomitantly. Further, that the
formation of intermediate products and the degradation of
the sugars occurred simultaneously was evident by the
decrease in the reducing sugar content (Fig. 1). This result
is in agreement with those obtained by Ajandouz et al. (9)
and Benjakul et al. (17), who reported that the UV
absorbance of CPs increased with the increase in pH levels.
Thus, large amounts of intermediate degradation products
are developed at high pH levels than at low pH levels.

The browning of the CPs from both sugar solutions that
were prepared at different pH levels is shown in Fig. 4. The
final stage of the browning reaction was monitored by the
increase the absorbance at 420 nm (9). In the present study,
similar changes were observed in both sugars at 420 nm.
For the CPs derived from both sugar solutions prepared at
a pH ranging from 10.0 to 12.0, the browning intensity
rapidly increased with the increase in heating temperature
(p<0.05). The browning intensity of the CPs derived from
fructose was greater than of the CPs derived from glucose.
However, no changes in the browning intensity were

Fig. 3. Change in the UV of the CPs from glucose (a) and fructose (b) solutions prepared at a pH ranging from 7.0 to 12.0 for
various heating temperatures (80-180oC). Vertical bars represent the standard deviation show significant (p<0.05) differences by
Duncan’s multiple range test.
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observed at a pH ranging from 7.0 to 9.0 and when the
temperature was increased to 120oC. Thereafter, browning
increased continuously with the increase in temperature but
at a lower rate. The rate of browning development of both
sugars was much lower at a pH ranging from 7.0 to 9.0
than at that a pH ranging from 10.0 to 12.0. With the
increase in pH levels, the reaction temperature of browning
development decreased and the rate of the browning
reaction increased. The results are in accordance with those
obtained by Buera et al. (7), Ajandouz and Puigserver (8),
Ajandouz et al. (9), and Benjakul et al. (17), who reported
that the browning of sugars increased with the increase in
pH (alkaline). The results show that the development of
browning and the formation of intermediate products
occurred simultaneously (Fig. 3). The intermediate degradation
products formed via enolization, known as color precursors,
include methylglyoxal, glyceraldehyde, hydroxymethyl
furaldehyde, furfural, and hydroxyacetylfuran (21,23,24).
In addition, Coca et al. (13) found that the degradation
products, which have less than 6 carbon atoms, can
polymerize to form high molecular weight compounds,
which cause the color formation during the alkaline
degradation reactions. The differences in browning for
both glucose and fructose might be related to their different
relative structural stabilities, including mutarotation,
opening of the hemiacetal ring, and enolization (25).
Browning development is influenced by the type of sugar
and pH levels, and the rate at which color development

decreases as the pH decreases. Buera et al. (25) reported
that the rates of browning development for reducing sugars
via the caramelization processes were in the following
descending order: fructose>xylose>lactose>maltose>glucose.
A similar relationship between the increase in UV
absorbance and browning suggested that a large proportion
of the intermediate products were converted to a brown
polymer (9). It is suggested that the sugars caramelized to
a greater extent under alkaline conditions and that
caramelization was influenced by the type of sugar.
Generally, fructose is more prone to caramelization than
glucose, as evidenced by its greater browning as well as the
formation of large amounts of intermediates.

The absorbance ratios of glucose and fructose prepared
at different pH levels are shown in Table 1 and 2. The
highest A270/A420 and A285/A420 ratios of glucose solution
were observed with a heating temperature of 150oC, whereas
fructose had a maximum ratio at pH 7.0 when the heating
temperature was increased to 140oC. The maximum
absorbance ratio was obtained with the decrease in
temperature and increase in the pH level. The increase in
the absorbance ratios suggested that large amounts of
intermediates were generated, and their rate of transformation
to form brown polymers was low. The subsequent decrease
in absorbance ratios suggested the formation of brown
polymers from the intermediates. The higher absorbance
ratios of the CPs obtained under neutral pH conditions
indicated that large amounts of intermediates were

Fig. 4. Change in the browning of the CPs from glucose (a) and fructose (b) solutions prepared at a pH ranging from 7.0 to 12.0
for various heating temperatures (80-180oC). Vertical bars represent the standard deviation show significant (p<0.05) differences by
Duncan’s multiple range test.
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generated as compared to the final products. Similarly, the
browning intensity of the CPs obtained under alkaline
conditions, was greater than that the CPs obtained under
neutral conditions (Fig. 4). It is suggested that the sugars
are caramelized to a greater extent under alkaline conditions
and that caramelization depends upon the type of sugar.

DPPH radical scavenging activity of CPs One of the
chromogen radical compounds that can directly react with
antioxidants is DPPH (26). DPPH changes from purple to
yellow when it is scavenged by antioxidants through the
donation of a hydrogen atom to form a stable DPPH-H
molecule (27,28). The stable DPPH radical has been
widely used for the determination of primary antioxidant
activity, that is, the free radical scavenging activities of
pure antioxidant compounds, plant and fruit extracts, and
food materials (29). In the present study, the DPPH radical
scavenging activity of the CPs obtained from both sugars
increased with the increase in heating temperature and pH
levels (p<0.05) (Fig. 5). The results show that the DPPH
radical scavenging activity was greater in the CPs obtained
at higher pH levels than in those obtained at lower pH
levels (p<0.05). The DPPH radical scavenging activity of
the CPs obtained from fructose was greater than that of the
CPs obtained from glucose. The higher radical scavenging
activity of the CPs prepared at pH 12.0 corresponded to
their higher reducing power, browning, and intermediate-
product formation. A sharp increase in the DPPH radical

scavenging activity was observed for both sugars at a pH
ranging from 10.0 to 12.0 and an increase in heating
temperature up to 100oC. However, no changes in the
radical scavenging activity were observed for both sugars
at a pH ranging from 7.0 to 9.0 and an increase in heating
temperature up to 120oC (p<0.05). The activity of the CPs
obtained from both sugars was somewhat different, although
a similar pattern of changes was noticeable. DPPH is one
of the compounds that is a proton free radical with a
characteristic absorption that decreases significantly on
exposure to proton radical scavengers (30). The CPs
reduced the DPPH radical to a yellow compound called
diphenylpicrylhydrazine (17). Either the intermediate
degradation product or the brown polymer had an
antioxidant activity (10). Kirigaya et al. (31) reported that
the increase in color intensity reflects the increase in
antioxidant activity. However, Rhee and Kim (18) reported
that effective antioxidant compounds were formed at the
early stages of browning reactions. Therefore, the CPs
exhibited antioxidant activity that varied with the sugar
type and the pH of the reaction. The CPs from glucose or
fructose, especially those obtained from glucose and
fructose solutions at high alkaline pH, were effective
primary antioxidants. Furthermore, the CPs in conjunction
with the MRPs may function as antioxidants in foods
cooked at high temperatures, such as grilled or roasted
products.

Fig. 5. Change in the DPPH scavenging activity of the CPs from glucose (a) and fructose (b) solutions prepared at a pH ranging
from 7.0 to 12.0 for various heating temperatures (80-180oC). Vertical bars represent the standard deviation show significant (p<0.05)
differences by Duncan’s multiple range test.
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Reducing power of CPs In the reducing power assay,
the reductants (antioxidants) in the test samples reduce Fe3+

in the ferricyanide complex to its ferrous form (Fe2+),
which can be monitored by measuring the absorbance of
Perl’s Prussian blue color at 700 nm (32). Reducing power
is generally associated with the presence of reductones
(33), which break the free radical chain by donating a
hydrogen atom (28) or react with certain peroxide precursors,
thus preventing peroxide formation (34). In the present
study, the reducing power of the CPs, obtained from both
sugar solutions prepared at different pH level increased
with increased with the increase in heating temperature and
pH levels (Fig. 6) than those at higher pH levels (p<0.05).
At all the pH levels, the reducing power of the CPs from
fructose was slightly higher than that of the CPs from
glucose. The results reveal that the reducing power of the
CPs increased sharply after the initial heating temperature,
particularly at a pH of 11.0 and 12.0 (p<0.05). A gradual
increase in the reducing power was noted at a pH ranging
from 7.0 to 9.0, but the rate of increase was less when the
pH was low, than when the pH was high. The reducing
power was used as an indicator of hydrogen-donating
ability (17). Benjakul et al. (17) reported that the CPs
prepared at pH 7.0 possessed lower reducing powers than
those prepared at pH 10.0. The reducing power of the CPs

rapidly increased after the solution was heated to 130oC.
When the sugar solutions are being heated, especially
under alkaline conditions, reducing compounds might be
formed, and these could exhibit antioxidant activity. The
antioxidant activity of the MRPs is associated with their
reducing power (3). The reducing power of the CPs might
be due to their hydrogen donating ability (35). Therefore,
the results indicate that the increase in reducing power was
occurs simultaneously with the development of browning
and with the formation of intermediate products. This indicated
that both brown pigments and colorless intermediates had
hydrogen donating abilities, that varied with pH, sugar
type, and heating temperature.

In conclusion, this study aimed to investigate the
enolization reaction of the sugars glucose and fructose and
the antioxidant activity of their products obtained by the in
caramelization of these sugar solutions prepared at a pH
ranging from 7.0 to 12.0 at various heating temperatures.
To summarize, the CPs from fructose solutions that were
prepared under alkaline conditions exhibited the highest
degree of enolization, radical scavenging activity, and
reducing power. In particular, the CPs from the fructose
solutions that were prepared at pH 12.0 showed the highest
antioxidant activity and could be used as promising
antioxidants.

Fig. 6. Change in the reducing power of the CPs from glucose (a) and fructose (b) solutions prepared at a pH ranging from 7.0 to
12.0 for various heating temperatures (80-180oC). Vertical bars represent the standard deviation show significant (p<0.05) differences
by Duncan’s multiple range test.
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