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ABSTRACT: In order to investigate the thermal degradation of glucose and maltose solutions after high temperature and
high pressure (HTHP) treatment, the samples were treated at temperatures of 110, 120, 130, 140, and 150°C for 1, 2, 3,
4, and 5 h in an apparatus for HTHP treatment. Glucose and maltose solutions (20% w/w) were prepared by weighing
glucose and maltose and adding distilled water in the desired proportion. Chromaticity, pH, organic acids, 5-hydrox-
ymethylfurfural (HMF), free sugar contents, electron donating ability (EDA), and ascorbic acid equivalent antioxidant ca-
pacity (AEAC) were evaluated. With increasing heating temperatures and times, the L-, a-, and b-values decreased. The
pH and free sugar contents decreased, and organic acids and HMF contents increased with greater temperatures and
times. EDA (%) and the AEAC of the heating sugars increased with the increases in temperatures and times.
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INTRODUCTION

Thermal degradation of sugars may occur by two differ-
ent major reaction pathways: the Maillard reaction,
which takes place in the presence of amino acids, and
caramelization, that occurs when simple sugars are heat-
ed at high temperatures (1,2). Caramelization is the
common name for a group of reactions that occur when
carbohydrates are exposed to high temperatures with no
amino groups involved. This reaction is influenced by
pH and sugar concentrations (3-5). Caramelization com-
monly occurs when sugars are heated, dry or in con-
centrated solution, either alone or with certain additives
6).

When highly concentrated sugar solutions are heated
at high temperatures and neutral pH, sugar degradation
occurs (3,4). Such solutions are especially important in
confectionery products or during sugar boiling for white
sugar production. The first reaction step in the carameli-
zation process is sucrose hydrolysis leading to glucose
and fructose production (7,8). Further degradation of
these products is responsible for the formation of other
compounds, with special preponderance to the thermo-
dynamically stable 5-hydroxymethylfurfural (9-11). Little
information is available on the kinetics of the thermal

degradation of sucrose at high concentrations. Eggleston
et al. (7) modeled the reaction assuming a pseudo-first-
order reaction for concentrated sucrose thermal degrada-
tion in the presence of different salts. Haghighat Khajavi
et al. (12) found this type of behavior in the thermal
degradation of sucrose in subcritical water. Most of such
studies reported the sucrose thermal degradation, but
no study has examined changes in physicochemical char-
acteristics in a glucose and maltose model system, with
varying temperature and time.

Most studies reported sucrose thermal degradation,
but we reported glucose and maltose thermal degrad-
ation. Thus, the objective of this study was to inves-
tigate the thermal degradation characteristics of glucose
and maltose model system at neutral pH and absence of
impurities. To achieve that, experiments were carried
out in 20% (w/w) glucose and maltose solutions at vari-
ous heating temperatures and times. After heating, chro-
maticity, pH, organic acids, 5-hydroxymethylfurfural
(HMF), free sugar contents, electron donating ability
(EDA), and ascorbic acid equivalent antioxidant capacity
(AEAC) were investigated.
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MATERIALS AND METHODS

Materials and sample preparation

Glucose, maltose, 1,1-diphenyl-2-picrylhydrazyl (DPPH),
2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic  acid)
(ABTS), potassium persulfate, acetic acid, citric acid,
formic acid, lactic acid, and levulinic acid were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). HMF
was purchased from Wako Pure Chemical Inc. (Osaka,
Japan). Water, acetonitrile, and methanol were pur-
chased from ].T. Baker (Phillipsburg, NJ, USA). All oth-
er reagents were of analytical grade.

Twenty percent glucose and maltose solutions were
prepared by weighing glucose and maltose, and adding
distilled water in the desired proportion. Glucose and
maltose solutions were placed in sample bottles and
sealed tightly. Sample bottles were heated using high-
pressure steam generated by a temperature-controlling
apparatus (Jisico, Seoul, Korea). Sample bottles were
heated to 110, 120, 130, 140, or 150°C for 1, 2, 3, 4, or 5
h (13-15). Heated samples were centrifuged (1,800 g, 10
min) and then the supernatant was filtered through a
0.45 pum syringe filter (Millipore, Billerica, MA, USA).
Filtered samples were kept at —20°C until analysis.

Color measurement

Samples were poured into a clear glass petri dish, and
color parameters were determined using a tri-stimulus
colorimeter (Chroma Meter CR300, Konica Minolta
Holdings, Inc., Tokyo, Japan). Results were calculated by
the equipment based on the Hunter Lab color scale. In
this scale, the L-value (lightness) ranges from 0 (black)
to 100 (white), the a-value indicates degree of greenness
(for negative a values) and degree of redness (for pos-
itive a results), and the b-value ranges from negative to
positive values indicating, respectively, degree of blue-
ness to yellowness. The apparatus was calibrated with a
standard white tile (L-value=98.90, a-value=—0.10, and
b-value=—0.36) before use. The mean values were ob-
tained from triplicate measurements.

pH and organic acid contents

A pH meter (Model 320, Thermo Orion, Beverly, MA,
USA) was used for the determination of pH values.
Organic acid contents were measured according to a
modification of the method of Sturm et al. (16). The
separation of organic acids was performed with a high-
performance liquid chromatograph (HPLC; Thermo Sep-
aration Products, San Jose, CA, USA), using an Aminex
Ion Exclusion HPX-87H (7.8 X300 mm, Bio-Rad Labora-
tories, Hercules, CA, USA) column with a guard column
(Aminex Cation-H guard column, Bio-Rad Laborato-
ries). Elution was carried out at a solvent flow rate of
0.6 mL/min, isocratically, with sulfuric acid (0.008 N) as

the mobile phase. Detection was performed with a UV
detector set at 215 nm. All samples were analyzed in
triplicate.

Analysis of free sugars

The free sugar content was measured according to a
modification of the method of Woo et al. (17), using
fructose, glucose, and maltose as standards for calibra-
tion curves. Samples were filtered through a 0.45-um sy-
ringe filter (Millipore) and analyzed by HPLC (Waters
2695, Waters, New Castle, DE, USA). The analytical col-
umn was for carbohydrates (4.6x150 mm, Waters) and
the mobile phase was water-acetonitrile (25:75, v/v) at a
flow rate of 1 mL/min. The injection volume was 20 pL,
and the detector was an evaporative light scattering de-
tector (Waters 2420, Waters). All samples were ana-
lyzed in triplicate.

Analysis of HMF contents

HMF contents were measured according to a mod-
ification of the method of Woo et al. (17). Samples were
filtered through a 0.45 um syringe filter (Millipore) and
analyzed by HPLC (Thermo Separation Products). The
analytical column was an LC-18 (4.6x250 mm), ob-
tained from Phenomenex (Torrance, CA, USA). Water-
acetonitrile (80:20 v/v) was used at a flow rate of 0.8
mL/min. The injection volume was 20 uL, and the UV
detector was set at 280 nm. The standard used was
HMEF, and all samples were analyzed in triplicate.

Radical scavenging activity

The scavenging activity of samples for the DPPH radical
was measured according to the method of Woo et al.
(15), with some modifications. An aliquot of 0.8 mL of
0.2 mM DPPH methanolic solution was mixed with 0.2
mL of sample. The mixture was shaken vigorously and
left to stand for 30 min under low light. The absorbance
was measured at 520 nm. The scavenging activity of the
extracts for the ABTS cation radical was measured ac-
cording to the method of Woo et al. (14), with some
modifications. The ABTS cation radical was generated by
adding 7 mM ABTS to 2.45 mM potassium persulfate
solution, and leaving the mixture to stand overnight in
the dark at room temperature. The ABTS cation radical
solution was diluted with distilled water to obtain an ab-
sorbance of 1.4~1.5 at 735 nm (molar extinction co-
efficient, e=3.6x10* mol™ + cm™). Diluted ABTS cation
radical solution (1 mL) was added to 50 uL of extract,
ascorbic acid standard solution, or distilled water. After
60 min, the absorbance was measured at 735 nm. The
ABTS cation radical scavenging activity was expressed in
terms of AEAC, as milligrams of ascorbic acid equiv-
alents per gram of sample (mg AA eq/g sample).
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Statistical analysis

Data were expressed as mean=standard deviation (SD).
The significance of differences among treatment means
was determined by one-way analysis of variance
(ANOVA) and Duncan’s multiple range tests using SAS
version 9.2 (SAS Institute, Cary, NC, USA) with a sig-
nificance level of 0.05.

RESULTS AND DISCUSSION

Chromaticity

Changes in the color of glucose solution under different
heating temperatures and times are shown in Table 1.
The L-, a-, and b-values of unheated glucose solution
were 40.66, 0.40, and —1.24, respectively. L-value de-
creased with increasing heating temperatures and time
from 40.49 at 110°C for 1 h to 21.02 at 140°C for 4 h,
and then increased thereafter. The a-value decreased at
140°C for 3 h and increased afterward. The b-value of
heated glucose solution increased at 130°C for 3 h and
decreased afterward. The L-, a-, and b-value of the heat-
ed glucose solution at 130°C for 3 h were 31.74, 1.98,

and 12.13, respectively. The L-, a-, and b-value of the
heated glucose solution at 140°C for 3 h were 22.61,
5.47, and 4.53, respectively.

The L-, a-, and b-value of the unheated maltose sol-
ution were 38.92, 0.05, and 0.01, respectively. With in-
creasing heating temperature (110 to 150°C) and time
(1 to 5 h), L-value of heated maltose solution decreased.
The a-value of heated maltose solution decreased after
treating at 140°C for 5 h and increased afterward. The
b-value of heated maltose solution increased at 140°C
for 3 h and decreased afterward. The L-, a-, and b-value
of the heated maltose solution at 140°C for 3 h were
31.29, 2.18, and 11.39, respectively. There was a clear
darkening of heated glucose and maltose solutions, eval-
uated by a decrease in the L-value, and a significant de-
velopment of color expressed through the increase of
heated glucose and maltose solution (3,5). Also, glucose
and maltose thermal degradation products such as furfu-
ral, 5-methylfurfural, and HMF increase darkness (18).

pH
The pH of 20% glucose and maltose solutions under var-
ious HTHP treatment conditions is shown in Table 2.

Table 1. The chromaticity of 20% glucose and maltose solutions treated with high temperature and high pressure

Temperature Time Clucose Maltose
(0 (h) L a b L a b
Control 40.66+0.21° 0404002  —124+001° 38.92£1.27°  005£0.05% 001001
110 1 40.49+0.45° —099+0.04°  —0.03+0.03" 38.89+1.02°  0.11+0.02' 0.46%0.02°
2 39.894037°  —0.84+0.01° 0.94+0.03° 37594049  0.05+0.01™  0.82+0.04°
3 39.824050®  —0.63£0.02° 2.60+0.07" 38.1140.99®  0.07+0.03’ 1.14+0.17°
4 39.0740.95™  —0.27+0.02" 3.36+0.02 38.27+1.08°  —0.03+0.06" 1.36+0.02"
5 37914084  —0.05+0.01" 4.97+0.32 38.40+1.57*°  —0.10+0.03 1.44+0.08"
120 1 39.5940.99%°  —1.36+0.05° 3.4610.09 39.20+0.70°  —0.04+0.03" 1.1240.01°
2 38.88+£0.93°¢  —1.30+0.06" 7.3240.16° 3836081  —0.12+0.04 1.99+0.03"
3 38.46+057°°  —0.85+0.04° 7.55+0.15% 38.22+027*  —0.22+0.04" 2.10%0.05"
4 37.334064% 036003 8.87+0.20° 38.35+0.35°  —0.70+0.04° 4.88+0.04
5 36.45%0.26' —0.31+0.06" 11.1740.11° 36.01£1.05°  —0.57+0.04° 5.19£0.05"
130 1 36.49+0.97" —1.2340.09' 10.46%0.23° 38.96%0.24  —0.82+0.05° 3.75£0.05
2 32.13+0.97° 0.47+0.07¢ 11.1440.38° 3653+1.06™  —0.66£0.06®  6.50+0.34°
3 31.74+048° 1.98+0.08° 12.13+0.23° 36.11+1.13°  —0.57+0.06° 7.54+0.12'
4 29.20£0.14" 3.72+0.03 11.0240.21° 35.49£0.41°  —0.47+0.01" 9.610.10°
5 27.1040.21 5.3240.05" 9.32+0.17° 34284003  —0.03+0.06"  10.75+0.05°
140 1 30.2240.35" 3.42+0.04° 11.19£0.09° 36714043 —1.05+0.02" 9.52+0.10°
2 26.43+0.81' 5.29+0.09° 7.62+0.15' 33.93+0.19' 0124004 11.61£0.11°
3 22614038 5.47+0.10° 4531021 31.2940.73° 21840.05°  11.39+0.06°
4 21.02+1.46 3.41+021° 2.29+0.12° 28.18£0.19" 4.43+0.14° 9.27+0.31°
5 21.63+0.07¢ 1.71£0.05" 1.66£0.11° 25.39+0.47 5.13%0.08 7.47+0.20'
150 1 21.70%0.13¢ 4.36%0.08° 2.97+0.04" 28.98+0.40" 356003  10.46%0.31°
2 21.9440.49" 0.61£0.02 2.18+0.06° 23.410.72 4.9140.12° 4.82+0.24
3 2413£1.10 0.53+0.05" 3.74%0.18" 22.1140.40¢ 1.46+0.06° 2.61%0.09'
4 25.22+0.22 0.97+0.05 4.39+0.03 23.42%0.47 0.57+0.05" 3.03+0.07"
5 26.38+0.39 2.23+0.04' 5.96%0.03" 24.33+0.44" 1.74£0.03' 4724018

Each value is mean+SD (n=3).

Means in the same column followed by the same letters (a-s) are not significantly (P<0.05) different by Duncan's multiple range

test.
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The pH of the water alone was about 5.0. The pH of the
untreated glucose and maltose solutions was 4.53 and
4.04, respectively. The pH of heated glucose solution
was acidic for all conditions and was generally between
values of 2.89 and 4.14. The pH of heated maltose sol-
ution was acidic for all conditions and was generally be-
tween values of 3.03 and 3.78. The pH of heated 20%
glucose and maltose solutions decreased with increased
heating temperatures (110 to 150°C) and times (1 to 5
h). At a given heating time, higher temperatures gave
lower pH values. At a given heating temperature, higher
times gave lower pH values. The pH decrease with high
temperature and high pressure can be attributed to the
increase in yields of organic acids such as formic acid,
lactic acid and levulinic acid (18-20). High temperatures,
high pressures and heating times seem to promote the
production of organic acids.

Organic acid contents

The organic acid contents of 20% glucose and maltose
solutions with HTHP treatment are shown in Table 2.
The organic acid of the untreated glucose and maltose
solutions were not detected. The contents of organic
acid such as formic acid, lactic acid and levulinic acid in-
creased with increasing heating temperatures (110 to
150°C) and times (1 to 5 h). Formic acid content of
heated glucose solution was not detected at 120°C for 4
hr. The formic acid content of heated glucose solution
was 0.17 mg/mL at 120°C for 5 h and increased after-
ward. The maximum contents of formic acid treated at
150°C for 3 h were 0.50 mg/mL. Lactic acid content of
heated glucose solution was not detected at 120°C for 1
h. The maximum contents of lactic acid treated at 150°C
for 5 h were 0.85 mg/mL. Levulinic acid content of heat-
ed glucose solution increased with increasing heating
temperature and time. The maximum contents of formic
acid treated at 150°C for 5 h were 0.51 mg/mL. Formic
acid content of heated maltose solution was not detected

1 1 1o°c [ 120°C
257 El 140°C 150°C

ab
aby, ababy, abb bb

Glucose contents (g/100 mL)

Heating time (h)

at 140°C for 4 h. Lactic acid content of heated maltose
solution was not detected at 140°C for 1 h. Levulinic
acid content of heated maltose solution increased with
increasing heating temperature and time. The maximum
contents of formic acid, lactic acid, and levulinic acid
treated at 150°C for 5 h were 0.65, 0.67, and 0.51
mg/mL, respectively. Aida et al. (19) and Shaw et al.
(21) reported strong relationships between organic acid
contents and heating conditions.

Free sugar contents

The glucose and maltose contents of 20% glucose and
maltose solutions with HTHP treatment are shown in
Fig. 1. The glucose and maltose contents of the un-
treated glucose and maltose solution were 20.07 and
20.14 g/100 mL, respectively. The glucose and maltose
contents of heated glucose and maltose solutions slowly
decreased with increasing heating temperature and time.
However, the fructose contents of the maltose solution
were suddenly decreased at 140 and 150°C (data not
shown). The case of heat treatment on maltose solution
was decomposed than glucose and fructose. Carameliza-
tion is the common name for a group of reactions that
occur when carbohydrates are exposed to high tem-
peratures. They often occur during the preparation of
traditional sucrose syrups and caramels, which are ex-
tensively used in confectionery and pastry products (22).
The case of heat treatment on fructose was formed than
heat degradation products such as furfural, 5-methyl-
furfural, HMF, formic acid, lactic acid, and levulinic acid
(18).

HMEF contents

HMF contents of 20% glucose and maltose solutions
with HTHP treatment are shown in Fig. 2. HMF is a key
furan derivative readily accessible from renewable re-
sources like carbohydrates, in particular through acid-
catalyzed dehydration of fructose or fructose-precursors.

1 1 10°Cc  [CJ 120°C B 130°C
—~ 257 El 140°C 150°C
-
E a
S 20{=2aa aba 5 abp B_bb bp
= b b
)
£ 151 a °
S d
z e
8 10 b
[0}
(72
2 c
g 57 d
e
0 T T T T
1 2 3 4 5

Heating time (h)

Fig. 1. Glucose and maltose contents of glucose and maltose solution treated with high temperature and high pressure treatment.
Glucose content of untreated glucose solution was 20.07 g/100 mL. Maltose content of untreated maltose solution was 20.14 g/100
mL. Means within the same temperature followed by the same letter (a-e) are not significantly (P<0.05) different by Duncan's

multiple range test.
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Fig. 2. 5-Hydroxymethylfurfural (HMF) contents of glucose and maltose solution treated with high temperature and high pressure
treatment. HMF contents of untreated glucose and maltose solution were 0.04 and 0.02 mg/mL, respectively. Means within the
same temperature followed by the same letter (a-e) are not significantly (P<0.05) different by Duncan's multiple range test.
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Fig. 3. DPPH radical scavenging activity of glucose and maltose solution treated with high temperature and high pressure treatment.
DPPH radical scavenging activity of untreated glucose and maltose solution were 0.00% all. Means within the same temperature
followed by the same letter (a-e) are not significantly (~P<0.05) different by Duncan's multiple range test.

HMEF is a particularly suitable starting material for the
preparation of further furanic monomers required for
the preparation of non-petroleum-derived polymeric ma-
terials such as polyesters, polyamides and polyurethanes
(23). The contents of HMF increased with increasing
heating temperatures (110 to 150°C) and times (1 to 5
h). The HMF content of the untreated glucose and mal-
tose solution was 0.40 and 0.16 pg/ml, respectively.
The HMF contents of glucose and maltose solution in-
creased with increasing heating temperatures (110 to
150°C) and times (1 to 5 h). The maximum contents of
HMF of heated glucose and maltose solution treated at
150°C for 5 h were 217.99 and 243.02 pg/mL, respec-
tively.

Radical scavenging activity

DPPH radical scavenging activities (EDA) of 20% glu-
cose and maltose solution with HTHP treatment are
show in Fig. 3. The EDA increased with increasing heat-
ing temperatures (110 to 150°C) and times (1 to 5 h).
EDA of the untreated glucose solution and heated glu-
cose solution at 110°C for 3 h and the untreated maltose

solution and heated maltose solution at 110°C for 1 h at
concentration of 1 g/mL were zero. The EDA of heated
glucose and maltose solutions increased at 150°C for 5 h
and the maximum EDA observed at 150°C for 5 h were
29.04 and 34.72%, respectively. ABTS cation radical
scavenging activity (AEAC) of 20% glucose and maltose
solutions with HTHP treatment are shown in Fig. 4.
AEAC of the untreated glucose and maltose solution
were 1.72 and 1.40 mg AA eq/g. The AEAC increased
with increasing heating temperatures (110 to 150°C)
and times (1 to 5 h). The AEAC of heated glucose and
maltose solutions increased at 150°C for 5 h and the
maximum AEAC observed at 150°C for 5 h were 9.59
and 2.96 mg AA eq/g, respectively. AEAC results appear
identical to the EDA. Several researchers indicate that
heating causes enhanced antioxidant activity in fruits
and vegetables because of the enhancement of the anti-
oxidant properties of naturally occurring compounds or
the formation of novel compounds such as Maillard re-
action products that have antioxidant activity (24,25).
Francisco and Salvio (26) reported that there exists a
proportional relationship among the degree of browning
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Fig. 4. ABTS cation radical scavenging activity of glucose and maltose solution treated with high temperature and high pressure
treatment. ABTS cation radical scavenging activity of untreated glucose and maltose solution were 1.72 and 1.40 mg AA eq/g
sample, respectively. Means within the same temperature followed by the same letter (a-e) are not significantly (~P<0.05) different

by Duncan's multiple range test.

of melanodin, radical scavenging effect, and antioxida-
tion. Also, Yilmaz and Toledo (27) reported that Mail-
lard reaction products (MRPs) had antioxidant activity.
MRPs, especially melanoidins, have been reported to
have antioxidant activity through scavenging oxygen
radicals or chelating metals.
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