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Abstract In this study, the effect of pH on the volatile
generation over reaction time as well as the DPPH radical
scavenging activity of volatile MRPs was investigated in
the Maillard reaction of glucose (Glc) with tyrosine (Tyr)
and histidine (His). Factor analysis showed clearly that vol-
atiles generated in 5-h open system were of similar compo-
sition to those in 0.5-h close system regardless of pH level
and amino acid, implying higher pressure in close system
could accelerate the volatile formation in Maillard reaction.
Besides, all volatiles showed increasing tendency over
reaction time under different pH levels with the exception
of pyrones which decreased with the extension of reaction
time at pH =7 and pH = 9. Furans, phenols and 2-acetyl-
pyrrole that were favored under acidic condition showed
larger increase at pH =15 over reaction time, while other
volatiles except pyrones, furans, phenols and 2-acetylpyrrole,
which were favored under neutral and alkaline conditions,
showed greater increase at pH = 7 and pH = 9 over reaction
time. The measurement of DPPH radical scavenging
activity of dichloromethane extract obtained from Maillard
reaction mixture revealed that volatile MRPs from Glc-Tyr
system showed stronger antioxidant activity under alkaline
condition, while volatile MRPs from Glc-His system
showed greater antioxidant activity under acidic condition.
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Introduction

Maillard reaction is one of the important reactions in food
chemistry because of its major contribution to the flavor of
foods [1-3]. During food processing and storage, the car-
bonyl-containing compound (such as reducing sugar) could
react with amino-containing compound (such as amino
acid, peptide and protein) to form aroma compounds. Fac-
tors that influence the volatile formation in Maillard reac-
tion include nature of reactants [4—6], reactant ratio [7],
temperature [8], pressure [9, 10], pH [11-14], mode of
heating [15, 16] and so forth, among which pH was of great
importance as the mechanism of Maillard reaction was
associated with pH [17]. Generally, furans were formed
mainly at acidic pH, while alkaline condition could pro-
mote the production of pyrazines [11, 12]. Illmann et al.
[18] reported higher pH was favorable to the production of
4-hydroxy-2,5-dimethyl-3(2H)-furanone, an important flavor
compound with intense caramel-like odor. Ames et al. [19]
reported most compounds generated in cysteine—glucose
system showed increasing amount with increasing pH. Yu
et al. [13] reported thiophenes and thiazoles were formed
mainly at alkaline condition, while thienothiophenes and
thienones were formed mainly at acidic pH in L-ascorbic
acid-L-cysteine model. Huang etal. [2] reported
the ratios of trimethylpyrazine-to-dimethylpyrazine and
dimethylpyrazine-to-tetramethylpyrazine increased, while the
ratio of tetramethylpyrazine-to-trimethylpyrazine decreased as
the pH increased in cocoa liquors. Besides, it was proposed
from the literature that pH showed great influence on the
amount of volatiles and little influence on the formation
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pathway of a particular compound [20]. It was noteworthy
that there were some reports implying the existence of
interaction between pH and temperature as well as the
interaction between pH and reaction time on the volatile
generation in Maillard reaction [21, 22]. However, the
investigation on the interaction between pH and reaction
time was still very limited to the best of our knowledge.

The objective of the present investigation is to study
the effect of pH on the volatile generation over reaction
time. Besides, volatile generation in close and open sys-
tems was also compared. Additionally, the antioxidant
activity of volatiles prepared under different reaction con-
ditions was also estimated by DPPH method. Tyrosine
(Tyr) and histidine (His) with glucose (Glc) were used as
our model systems due to the observation of strong anti-
oxidant activity in such models in our preliminary experi-
ments. Phosphate buffer was employed in this study on
account of its higher catalytic activity with comparison to
other buffers such as succinate/citrate buffer and acetate
buffer [23].

Materials and methods
Chemicals and reagents

D-glucose, L-histidine and L-tyrosine were of biological
grade and purchased from Sinopharm Chemical Reagent
Co., Ltd. (China). 1,1-diphenyl-2-picryl-hydrazyl (DPPH)
was purchased from TCI (Shanghai) Development Co., Ltd.
(China). NaH,PO,-2H,0 and Na,HPO,-12H,0 were of
analytical grade.

Preparation of Maillard reaction products (MRPs)

Glucose, tyrosine and histidine were used to prepare sam-
ples. Glucose was dissolved in phosphate buffer (0.5 mol/
L, pH=5, 7, 9) to obtain a final concentration of
0.05 mol/L. For reaction in close system, equimolar
amounts of tyrosine (0.4530 g) or histidine (0.3879 g)
were accurately weighted in 100 mL Pyrex vial and then
added with 50 mL of 0.05 mol/L glucose solution. The
vial was sealed with silicone/Teflon septa and metallic
cap. The mixture was then heated while stirring at 130 °C
for 0.5, 1.5 and 2.5 h in oil bath. For reaction in open sys-
tem, equimolar amounts of tyrosine (0.9060 g) or histi-
dine (0.7758 g) were accurately weighted in 250 mL
round-bottom flask and then added with 100 mL of
0.05 mol/L glucose solution. The flask was equipped with
spherical condenser where cold water flew through, and
then the flask was heated while stirring at 130 °C for 5 h.
The reactions were stopped by cooling under a stream of
cold water.

@ Springer

Isolation of volatiles

Aliquots (25 mL) of each reaction mixture were extracted
with 3 x 15 mL of dichloromethane, being vibrated at HY-5
maneuver style vibrator (Jintan Zhongda Instrument
Factory, China) for 3 x 20 min. Before the extraction,
50 L. of phenyl ethyl acetate in dichloromethane (1 pL/
mL) was added to the reaction mixture as internal standard.
The extract was dried over anhydrous sodium sulfate, then
concentrated to a final volume of 1 mL under vacuum
(Buchi rotavapor, model R201, 0.1 atm, water bath temper-
ature 35 °C) and filtered through 0.45 pm micropore film
prior to GC-MS analysis.

Gas chromatography—mass spectrometry

Analyses were performed using Trace GC-Ultra gas chro-
matograph coupled to ISQ mass detector (Thermo fisher
scientific, USA). Volatiles were separated using a BP-5SMS
capillary column (50 m length x 0.2 mmi.d. x 0.33 pm film
thickness, General Separation Technologies, USA). The car-
rier gas was helium at a constant flow rate of 1 mL/min. One
pL of the extract was injected into the capillary column
with a split ratio of 1:10. The oven temperature was held at
40 °C for 2 min and then programmed to 250 °C at 4 °C/
min and held for 5 min. The injector and ion source temper-
atures were 260 and 220 °C, respectively. The transfer line
to the mass spectrometer was maintained at 250 °C. The
mass detector was operated in the electron impact mode
with ionization energy of 70 eV and a scanning rage of
30-500 a.m.u. Compounds were tentatively identified by
comparing their mass spectra with those contained in the
Nist mass spectrum database and by comparison of their
retention index with those reported in the literatures [24-28].
The quantification of volatile compounds was approxi-
mately determined by comparing their characteristic ion
peak area with that of internal standard (phenyl ethyl ace-
tate) in GC-MS total ion chromatogram, using a response
factor of 1. This allowed investigation into the volatiles as
affected by reaction conditions but did not provide absolute
concentrations in the solutions.

Determination of DPPH radical scavenging activity

Antioxidant activity of the volatile compounds obtained
from the MRPs was measured using the DPPH method [29]
with some modifications. A 400 pL aliquot of the volatile
extract obtained in part “Isolation of volatiles” without con-
centration was added with 4 mL of 0.06 mmol/L DPPH
ethanolic solution. The mixture was shaken vigorously and
then kept at room temperature for 1 h. The absorbance was
measured at 517 nm using a spectrophotometer (TU-1901,
Beijing purkinje general instrument Co., Ltd., China). The
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blank was prepared in the same way with the substitution of
ethanol for sample. The percentage of DPPH radical scav-
enging activity was calculated as (4, — Ag)/A, x 100,
where A, and Ag referred to the absorbance of blank and
sample, respectively.

Statistical analysis

The results given in the tables and figures were means of
two experiments. Results of volatiles formed under differ-
ent conditions were statistically analyzed by factor analysis
using STATISTIC 6.0 (StatSoft Inc., USA).

Results and discussion
Formation of volatile compounds

The volatile MRPs prepared from Glc-Tyr/His systems
under different reaction conditions were extracted with
dichloromethane that extracted more volatiles than ether
and ethyl acetate in our preliminary experiment. Consider-
ing much fewer volatiles were detected in open system as
being compared with those in close system, longer reaction
time was chosen in this study to investigate the volatile
generation in open system. The major volatile compounds
detected in Glc-Tyr/His systems were listed in Tables 1
and 2, from which it was found that regardless of pH level
and amino acid, the composition of volatiles generated in 5-h
open system fell in between the volatiles prepared from
0.5-h close system and those from 1.5-h close system,
implying higher pressure in close system could accelerate
the volatile formation in Maillard reaction. Besides, what-
ever pH levels and amino acids were employed in this
study, volatiles increased with the reaction time in close
system. For further study on the effects of pH and reaction
time on the volatile generation, the volatiles identified in
Tables 1 and 2 were classified as aliphatic compounds, car-
bocyclic compounds, pyrazines, furans, pyrones, furanones
and others, which were discussed later in turn.

Aliphatic compounds

The aliphatic compound was formed from the retroaldoliza-
tion or f-cleavage of deoxyhexosone [30]. It could be found
from Tables 1 and 2 that 1-hydroxy-2-propanone was the
main aliphatic compound. For both Glc-Tyr and Glc—His sys-
tems in close reaction, (1) within the same pH level, aliphatic
compounds increased over reaction time in acidic condition,
while in neutral and alkaline conditions, aliphatic compounds
dropped finally after first increase over reaction time, which
might be due to the participation of reductones in the forma-
tion of end MRPs during the final stage of Maillard reaction

[31]; (2) at the particular reaction time, aliphatic compounds
showed the largest quantity in neutral condition, barely above
that in alkaline condition and much more than that in acidic
condition. Regardless of pH level and amino acid, aliphatic
compounds prepared from 5-h open reaction were much less
than that from 1.5-h or 2.5-h close reaction with the exception
of Glc-Tyr system at pH=9 where aliphatic compounds
showed larger amount than those in every close system. The
results demonstrated that difference between open and close
systems was related with pH and amino acid.

Carbocyclic compounds

Two kinds of carbocyclic compounds were detected in
Glc-Tyr/His systems under different reaction time and pH
levels, that is, cyclopentenones and cyclohexanones. Cyclo-
pentenones were of strong caramel-like odors [32] and of
much more quantity than cyclohexanones. Thus, the fol-
lowing discussion was focused on the cyclopentenones. It
could be demonstrated from Tables I and 2 that most
cyclopentenones showed increasing tendency with the
increase in pH level and the increase in reaction time in
close Glc-Tyr/His systems, suggesting the alkaline condi-
tion was favorable to the condensation between hydroxyl
ketones, which resulted in the formation of cyclopente-
nones [32, 33]. 2-Hydroxy-3-methyl-2-cyclopenten-1-one
was the main cyclopentenone, which was in accordance
with 1-hydroxy-2-propanone, the aldolization of which led
to the formation of 2-hydroxy-3-methyl-2-cyclopenten-1-
one. Compared to 1-hydroxy-2-propanone, lower quantity
of 2-hydroxy-3-methyl-2-cyclopenten-1-one was observed
in Glc-Tyr system at pH = 9 in open reaction as being com-
pared with close reaction. The result might attribute to
the positive effect of high pressure on the condensation of
1-hydroxy-2-propanone in close system.

Pyrazines

In Tables 1 and 2, thirteen pyrazines were detected and 2,5-
dimethylpyrazine was the major compound. The result
might attribute to the largest quantity of 1-hydroxy-propane
which can be converted to methylglyoxal, the intermediate
for 2,5-dimethylpyrazine. 2-Acetylpyrazine and 2-acetyl-6-
methyl pyrazine might be derived from the condensation of
I-aminobutanedione with aminoacetaldehyde or 2-amino-
propionaldehyde based on the hypothesis previously
reported [34]. It could be found that pyrazines increased in
both quantity and variety with the increase in reaction time
and pH level, which was reported in many literatures [2,
12]. Besides, more quantity and variety of pyrazines were
observed in Glc-Tyr system, suggesting tyrosine was more
active than histidine in the formation of pyrazines under our
experimental conditions. In Glc—His system, all pyrazines
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showed maximal quantity at pH =9 in 2.5-h close reaction
except for 2,5-diethylpyrazine which was produced more at
pH =7 in 2.5-h close reaction. In Glc-Tyr system, pyra-
zine, 2-methylpyrazine and C2-pyrazine (side chain con-
taining two carbons in total) reached maximum at pH=9
under 2.5-h close reaction, while the largest content of C4-
pyrazine was observed at pH = 7 under 2.5-h close reaction,
and C3-pyrazine showed maximal quantity at pH=7 or
pH =9. The above observation demonstrated that the alka-
line condition was favorable to the formation of pyrazines
with short-side chain, and the generation of pyrazines with
long-side chain was favored under neutral condition.

Furans

Four furan compounds were detected in this study, and
5-hydroxymethyl-2-furaldehyde was the main compound
(Tables 1, 2). 5-Hydroxymethyl-2-furaldehyde was formed
from the cyclization of 3-deoxyhexose, which was generated
from the 1,2-enolization of Amadori compound in acidic
condition [31]. It was noteworthy that acidic condition was
not favorable to the generation of all furan compounds.
Tables 1 and 2 showed that furfural and 5-hydroxymethyl-
2-furaldehyde reached maximum under acidic condition,
while 2-furanmethanol and 5-methyl-2-furanmethanol showed
the largest quantity under neutral condition and the least
quantity under acidic condition. Besides, total furans
increased over reaction time regardless of pH level, and
larger quantity of furans was observed in Glc-Tyr system,
similar with pyrazines.

Pyrones

3,5-dihydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one was
considered to be an effective antioxidant [35] and was the
major pyrone under our experimental conditions. As shown
in Tables I and 2, pyrones reached maximal content at
pH =5 in 2.5-h close reaction for both Glc-Tyr and Glc—
His systems, with higher amount observed in Glc-Tyr
system, contrary to pyrazines and furans. Besides, in both
Glc-Tyr and Glc—His systems, pyrones showed increasing
tendency over reaction time in acidic conditions, while
opposite tendency was observed in neutral and alkaline
conditions, implying pyrones might undergo different path-
ways at different pH levels.

Furanones

2,5-Dimethyl-4-hydroxy-3(2H)-furanone (DMHF), the major
furanone identified in Tables 1 and 2, was an important
flavor compound with an intense caramel-like aroma and
generally formed from 1-deoxyosone via acetylformoin reduc-
tion [36]. 1-Deoxyosone was derived from the 2,3-enolization

@ Springer

of Amadori compound at pH >7 [31]. Thus, larger amount
of DMHF was detected in neutral and alkaline conditions.
The data shown in Tables 1 and 2 illustrated that neutral
condition was most favorable to the formation of furanone
at particular reaction time. Additionally, there was more
production of furanones in Glc—His system than that in
Glc-Tyr system, especially under acidic condition, suggest-
ing the reactivity of amino acid in furanone generation was
related with pH.

Others

Phenols were tyrosine-specific reaction products, and
different phenol compounds showed maximal quantity
at different pH levels, such as 4-propylphenol at pH = 5,
2-hydroxy-3-(4-hydroxyphenyl)propanoic acid at pH="7
and 2,4’-methylenediphenol at pH =9 (Table 1). Taking
into account the major part of 4-propylphenol in phenols,
total phenols showed maximal content in acidic condition.
Equivalent content of phenols was observed under neutral
and alkaline conditions. 2-Acetylpyrido[3,4-d]imidazole
and 1H-benzimidazol-2-ylmethanamine were histidine-spe-
cific reaction products (Table 2), which showed increasing
tendency with increasing pH level and increasing heating
time. 2-Acetylpyrido[3,4-d]Jimidazole was formed via the
condensation of pyruvic aldehyde with the Strecker degra-
dation product of histidine [37]. 2-Acetylpyrrole was
detected in both Glc—Tyr and Glc—His systems, and its pro-
duction was favored under acidic condition.

For overall analysis of all volatiles formed under differ-
ent conditions, factor analysis was employed in this paper
with the result shown in Fig. 1. In both Glc-Tyr and Glc—
His systems, factor 1 and factor 2 expressed most of the
total variance, implying two factors were enough to
interpret all data. It was directly observed from Fig. 1c, d
that with the extension of reaction time, volatiles in neutral
condition followed the similar tendency with those in alka-
line condition which was quite different from that in acidic
condition. This observation was coherent with the mecha-
nism of Maillard reaction [17]. Besides, based on the obser-
vation that the points representing 1.5-h close reaction were
closer to the points representing 2.5-h close reaction than to
the points representing 0.5-h close reaction, it could be
demonstrated that the change of volatile composition
decreased with increasing time, especially under neutral
and alkaline conditions.

In Glc-Tyr system, pyrazines, cyclopentenones, pyridines,
furanones and aliphatics, which were of higher loadings at
factor 1, represented most important information of factor 1,
while phenols, furans and 2-acetylpyrrole of higher loading
at factor 2 represented most important information of factor 2
(Fig. 1a). Based on the interpretation of factor 1&2, the fol-
lowing conclusions could be given from Fig. 1c. Dash lines
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analysis for the volatile MRPs prepared under different conditions in
Glc-Tyr (a, ¢) and Glc—His (b, d) systems (a aliphatic compounds, ¢
cyclopentenones, p pyrazines, f furans, po pyrones, fo furanones, py
pyrroles, pd pyridines, ph phenols, b 1H-benzimidazol-2-ylmetha-

representing 1.5-h and 2.5-h close reaction showed increas-
ing tendency along first dimension and decreasing tendency
along second dimension, illustrating that under 1.5-h or 2.5-h
close reaction, pyrazines, cyclopentenones, pyridines, fura-
nones and aliphatics were favored under alkaline condition,
while phenols, furans and 2-acetylpyrrole were favored
under acidic condition. Solid lines demonstrated that vola-
tiles increased over reaction time regardless of pH level;
however, larger increase was observed in acidic condition for
phenols, furans and 2-acetylpyrrole, while pyrazines, cyclo-
pentenones, pyridines, furanones and aliphatics showed
larger increase in neutral and alkaline conditions. It was note-
worthy that not all volatiles increased over reaction time.
Pyrones were of negative loadings at factor 1 and decreased
with increasing time under neutral and alkaline conditions, in
consistent with the previous discussion.

In Glc—His system, factor 1 could be used to interpret 1H-
benzimidazole-2-ylmethanamine, 2-acetylpyrrole, aliphatic
compounds, cyclopentenones, furanones, pyrazines and 2-
acetylpyrido[3,4-d] imidazole, which showed higher loadings
at factor 1, while factor 2 could be applied in the explanation
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namine, pz 2-acetylpyrido[3,4-dJimidazole; 5-O, 7-0O, 9-O, represent-
ing 5-h open reaction at pH =5, 7 and 9; 5-C1(C2/C3), 7-C1(C2/C3),

9-C1(C2/C3), representing 0.5 (1.5/2.5) h-close reaction at pH =5, 7
and 9)

of pyrones, furans and 2-acetylpyrrole, which showed sub-
stantial negative loadings at factor 2 (Fig. 1b). In view of the
interpretation about factors, it was found from Fig. 1d that: (1)
influence of pH on the volatile generation was negligible in
the early stage of Maillard reaction as points representing 0.5-h
close and 5-h open reaction under different pH levels were
close to each other; (2) in close system, volatiles increased
over reaction time regardless of pH level; however, 1H-benz-
imidazole-2-ylmethanamine,  2-acetylpyrrole,  aliphatic
compounds, cyclopentenones, furanones, pyrazines and
2-acetylpyrido[3,4-d] imidazole, which were favored under
alkaline condition as illustrated through dash lines, showed
larger increase over reaction time in alkaline condition, while
larger increase was observed in acidic condition for pyrones,
2-acetylpyrrole and furans, which were favored under acidic
condition as illustrated from dash lines.

DPPH radical scavenging activity of volatile MRPs

Generally, the antioxidant activity of volatile MRPs was
measured by the oxidation of heptanal to heptanoic acid
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[38—40], and there was no report on the radical scavenging
activity of volatile MRPs to the best of our knowledge. Con-
sidering that DPPH radical is a free radical and acquired
directly without preparation as well as the dissolvability in
organic solvent, DPPH radical in ethanol solution was
employed in this study to estimate the antioxidant activity of
volatile MRPs. That is, the dichloromethane extract of model
solution which was concentrated prior to GC-MS analysis
was allowed to react with DPPH radical. Preliminary experi-
ments showed internal standard (phenyl ethyl acetate), and
dichloromethane had no DPPH radical scavenging activity,
suggesting that there was no interruption of internal standard
and dichloromethane on the measurement of DPPH radical
scavenging activity of volatile MRPs when using the extract
solution mentioned above as testing samples.

The DPPH radical scavenging activity of volatile MRPs
prepared under different conditions was shown in Fig. 2,
from which it was found that volatile MRPs showed increas-
ing radical scavenging activity over reaction time in close
system regardless of amino acid and pH level. Besides, in
consistent with volatile composition, volatile MRPs prepared
from 5-h open reaction showed equivalent radical scavenging
activity of those from 0.5-h close reaction. Based on the
comparison of Fig. 2a—c, it was demonstrated that the influ-
ence of pH on the antioxidant activity of volatile MRPs was
associated with amino acid. In Glc-Tyr system, volatile
MRPs generated in alkaline condition showed the highest
radical scavenging activity that was barely higher than those
in neutral condition especially under close reaction for 1.5 or
2.5 h. In Glc-His system, volatile MRPs showed decreasing
radical scavenging activity with increasing pH, which was
more significant in 5-h open or 0.5-h close reaction. Consid-
ering the discrepancy between volatile composition and their
DPPH radical scavenging activity as affected by pH and reac-
tion time, it could be deduced that not all volatiles showed
radical scavenging activity or not all volatiles showed the
equivalent radical scavenging activity. 2,5-Dimethyl-4-
hydroxy-3(2H)-furanone, 3,5-dihydroxy-6-methyl-2,3-dihy-
dro-4H-pyran-4-one and 2-acetylpyrrole were reported to be
an effective antioxidant in literatures [35, 39, 40], and such
compounds need further investigation on the contribution to
the antioxidant activity of total volatile MRPs.

Conclusions

The data obtained in our experiment as well as the factor
analysis showed clearly that in both Glc-Tyr and Glc-His
systems, volatiles generated in 5-h open system were of
similar composition to those in 0.5-h close system regard-
less of pH level, implying higher pressure in close system
could accelerate the volatile formation in Maillard reaction.
Besides, with the extension of reaction time, volatiles
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Fig. 2 Influences of pH and reaction time on the DPPH radical scav-
enging activity of volatile compounds prepared from Glc-Tyr/His
model systems (a: pH=5;b: pH=7; c: pH=9)

generated in neutral and alkaline conditions showed similar
change pattern that was quite different from that observed
in volatiles derived from acidic condition, especially for
pyrones that showed decreasing tendency over reaction
time under neutral and alkaline conditions. Additionally,
most volatiles were favored under alkaline condition with
the exception of pyrones, furans, phenols and 2-acetylpyr-
role, which were favored under acidic condition. As for the
measurement on the antioxidant activity, volatile MRPs
prepared from Glc-Tyr and Glc-His systems possessed
appreciable DPPH radical scavenging activity.
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