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A B S T R A C T   

This study evaluated how the generation of pyrazines was promoted by high-intensity ultrasound (HIU) in a 
Maillard reaction (MR) model system of glucose-glycine. Carbohydrate module labeling (CAMOLA) technique 
was adopted using D-glucose-13C6 to elucidate the carbon skeleton of both intermediate and final MR products 
(MRPs). In the D-glucose-13C6-glycine HIU-MR model system, the concentration of 11 types of pyrazines was 
significantly higher than their counterparts in the thermal MR. Results of CAMOLA analysis showed that a 
significantly lower proportion of [M]+ in pyrazines with long-length side chains was observed when compared 
with the pyrazines generated in thermal MR. This phenomenon may suggest the aldol-type condensation was 
promoted by the HIU, which is a conversion from pyrazines with short-length side chains to those with long- 
length side chains involving carbonyl compounds. Furthermore, the analysis of isotopomers distribution in 
2,3-dimethyl-quinoxaline as the o-phenylenediamine-derivatized 2,3-butanedione indicated that the increased 
proportion of [M + 4]+ in 2,3-dimethyl-quinoxaline (15.74% ± 0.11%) was attributed to a cleavage of D-glu
cose-13C6 promoted by the HIU. The above-mentioned findings elucidate that the aldol-type condensation and 
cleavage of D-glucose contribute to the promoted synthesis of pyrazines. The HIU would generate an extremely 
high temperature and pressure environment that is favored by the aldol-type condensation as a high-pressure 
favored reaction. The HIU, therefore, can be further developed as a promising technique to promote flavor 
generation through the MR.   

1. Introduction 

Pyrazines are a group of heterocyclic compounds with strong 
flavoring impacts in food products. In general, pyrazines provide char
acteristic sensory impacts that are normally described as desirable 
roasted, baking, nutty flavors, etc. [1]. During the thermal treatment of 
foods, pyrazines are normally generated through Maillard reaction (MR) 
that is involved reducing sugars and amino acids/peptides/proteins [2]. 
In general, the Strecker degradation at the final stage of MR mainly 
contributes to synthesizing the pyrazines. However, the extent of 
Strecker degradation is relatively low that normally has a high value of 
activation energy (Ea) [3]. Meanwhile, its corresponding precursors are 

generally unstable and the content of some intermediate MR products 
(MRPs) is relatively low, such as 1-deoxyglucosone (1-DG), 3-deoxyglu
cosone (3-DG), methylglyoxal (MG), glyoxal (GO), etc. Furthermore, the 
α-dicarbonyl compounds are possibly involved in many other reactions 
and therefore, only partial α-dicarbonyl compounds are involved in the 
synthesize of pyrazines [4,5]. Due to these reasons, it is necessary to 
develop a new technique to promote the MR and thereby synthesize 
more pyrazines with better quality. This technique could be also adopted 
to enhance food flavors and properties via MR during food processing 
[6]. 

Among emerging technologies, high-intensity ultrasound (HIU) has 
been proved to significantly promote MR and more importantly, 
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synthesize higher content and more types of flavor compounds [7]. 
Starting from the year 2010, Guan, Wang, Yu, Xu and Zhu [8] evaluated 
the impacts of HIU at different intensity levels on a glycine-maltose MR 
model system. The HIU at the intensity of 17.83 W/cm2 for 100 min 
significantly promoted the MR to generate MRPs with a higher antiox
idant capacity. Another follow-up study in a MR model system consist
ing of glucose and glycine observed that the production of flavor 
compounds was promoted with the assistance of HIU at the same in
tensity level, including trimethyl pyrazine, 2,5-dimethyl pyrazine, (Z)-9- 
octadecenamide, etc. [9]. More progress on the HIU-assisted MR (HIU- 
MR) have been made in recent years. For example, the generation of 2- 
methyl thiophene and tetramethyl pyrazine was optimized in the HIU- 
MR model system consisting of xylose and cysteine [10]. There was a 
similar finding reported in an HIU-MR model system containing 
methionine and glucose, which reported a promoted generation of 
methional and 2,5-dimethyl pyrazine [11]. Results of both studies 
indicated that not only nitrogen-containing but also sulfur-containing 
odor-active MRPs could be promoted with the assistance of HIU. Yu, 
Seow, Ong and Zhou [3] utilized multi-response kinetic modeling to 
reveal key reaction steps that were significantly promoted by HIU in a 
MR model system of glucose-glycine. There were two generation path
ways, i.e. 1-DG and 3-DG as precursors of pyrazines, that required more 
than 40% less of Ea compared with those in thermal MR. The Strecker 
degradation as a key step to synthesize pyrazines was promoted as well, 
which required 11.12% to 25.85% less of Ea to synthesize 2,3,5-tri
methyl pyrazine, 2,5-dimethyl pyrazine, tetramethyl pyrazine, and 3- 
ethyl-2,5-dimethyl pyrazine compared with those in thermal MR. It is 
noticeable that 3,5-diethyl-2-methyl pyrazine, and 2-vinyl-3,5-dimethyl 
pyrazine were only synthesized in the HIU-MR instead of the thermal 
MR. These phenomena were attributed to a favorable high temperature 
and pressure environment generated by HIU that promoted the forma
tion of two pyrazines. 

Although almost all the previous studies have observed the promoted 
generation of pyrazines as a common phenomenon, there is no insight 
into the generation mechanisms of pyrazines. In addition, the question 
remained uncertain whether the HIU treatment would alert the reaction 
pathway to generate those unique pyrazines in the HIU-MR model sys
tem. To further elucidate generation mechanisms, the carbon module 
labeling (CAMOLA) technique was adopted as a powerful tool to eluci
date the carbon skeleton of the MRPs and therefore, clarify the pathway 
of pyrazines generation in the HIU-MR model system. The CAMOLA 
technique is capable of identifying the origins of 13C-labeled atom to 
further speculate potential generation pathways through the analysis of 
13C-labeled final MRPs and their corresponding precursors [12]. For 
instance, the CAMOLA technique was utilized in a 1,4-13C-labeled 
ascorbic acid and glutamic acid MR model system. It was successfully 
determined that C-4 in ascorbic acid participated in the generation of 
pyrazines instead of C-1. Furthermore, several active intermediates, 
such as acetol, butanedione, and hydroxy butadione, were pyrolyzed 
from ascorbic acid in the MR model system; these intermediate MRPs 
subsequently reacted with the ammonia as a degradation product of 
glutamic acid to synthesize α-amino carbonyl or α-amino hydroxy 
compounds as precursors of pyrazines [13,14]. Another study on a MR 
model system that involved alanine-leucine dipeptide and xylose has 
identified 7 new Amadori-type conjugates followed by elucidating their 
roles in the formation of pyrazines. It was summarized that these 
Amadori-type conjugates significantly influenced the quantities and 
ratios of pyrazines [15]. 

In the present study, a MR model system of L-glycine and equal molar 
of D-glucose-13C6 and unlabeled glucose was chosen to study the effects 
of HIU on the generation mechanisms of pyrazines. The CAMOLA 
technique was utilized to analyze differences in the carbon skeleton of 
the pyrazines and their corresponding precursors. Based on these results, 
a systematic reaction scheme of the HIU-MR model system with glucose 
and glycine was established. Meanwhile, potential reaction pathways 
were proposed to elucidate how the generation of pyrazines was 

promoted by the HIU. 

2. Materials and methods 

2.1. Preparation of Maillard reaction model system 

The chemicals in this study included glycine (≥99.0%), sodium 
chloride (≥99.0%), D-glucose (≥99.0%), and o-phenylenediamine 
(OPD) (≥98.0%), which were purchased from Aladdin (Shanghai, 
China). In addition, D-glucose-13C6 (≥99.0%) was purchased from 
Sigma-Aldrich. Equal amounts (0.05 mol) of labeled and unlabeled D- 
glucose combined with glycine (0.1 mol) were dissolved in 100 mL of 
deionized water. The pH of the sample solution was adjusted to 10.0 by 
adding sodium hydroxide. 

2.2. High-intensity ultrasound (HIU) treatment 

An ultrasound system (UIP 500, Hielscher, Germany) was chosen to 
conduct high-intensity ultrasonic treatment. Twelve mL of the reaction 
solution was transferred into a 50 mL bioreactor. A rubber plug was 
sealed at the top of bioreactor; a titanium ultrasonic probe with a frontal 
diameter of 22 mm (BS2d22, Hielscher, Germany) was inserted into the 
bioreactor. The distance between the ultrasonic probe and the bottom of 
the bioreactor was kept constant at 10 mm. Cooling water was kept 
pumping through a water jacket outside the bioreactor. The temperature 
of ultrasound treatment was maintained at 95℃. The output power of 
ultrasound was set to 90 W and the intensity was calculated to be 23.69 
W/cm2. The duration of each treatment was 90 min. At the end of the 
process, the processed sample solution was collected and sealed into a 
20 mL headspace bottle followed by immersing in ice water before 
further tests. 

2.3. Thermal treatment 

The same bioreactor was used for the thermal MR as described in 
section 2.2. The reaction temperature was maintained at 95℃ and the 
duration was 90 min. The processed sample solution was collected and 
sealed into a 20 mL headspace bottle followed by immersing in ice water 
before further tests. 

2.4. Determination of α-dicarbonyl compounds 

2.4.1. Derivatization of α-dicarbonyl compounds 
Qualification of α-dicarbonyl compounds was conducted followed by 

the method described in Yu, Seow, Ong and Zhou [3] with modifica
tions. The sample solution was pre-derivatized by OPD. In brief, a 1.2 mL 
sample solution was mixed with 0.8 mL of OPD at the concentration of 
10 mg/mL in methanol. The pH value of mixture was adjusted to 12.0 
with the addition of sodium hydroxide. Subsequently, 8 mL of ethyl 
acetate was added to the mixture and then extracted the derivatized 
α-dicarbonyl compounds using a magnetic stirrer (RCT B S025, IKA, 
Germany) at 900 rpm for 5 min. The extract was then centrifuged (TGL- 
16 M, Bioridge, China) at 1,240 g at 4℃ for 10 min. Two μL of super
natant was collected and injected into the inlet of GCMS for further 
analysis. 

2.4.2. GCMS analysis of α-dicarbonyl compounds 
A GCMS system (GC-HRT 4D+, LECO Pegasus, US) equipped with a 

DB-Wax column (30 m × 0.25 mm × 0.25 μm, J &W Scientific, US) was 
adopted to separate the α-dicarbonyl compounds. Helium and nitrogen 
were used as the carrier gas (1.5 mL/min) and make-up gas (5 mL/min), 
respectively. The spitless injection mode was chosen at 250℃. The oven 
program was set as follows: the initial temperature was set to 40℃ and 
maintained for 2 min. The oven temperature was then raised to 230℃ at 
20℃/min followed by maintaining the temperature for 6 min at 230℃ 
until the end of analysis. The GCMS transfer line temperature was 
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250℃. Electron-impact mass spectra were generated at 70 eV in an m/z 
scan range from 40 to 500. The mass spectrum source temperature was 
210℃. The derivatized compounds were identified and compared their 
spectra with that in an MS library (mainlib NIST2014). 

2.5. Determination of volatile MRPs 

For extracting volatile MRPs in the samples of HIU-MR and thermal 
MR, a triple-phase micro-extraction (SPME) fiber with 50/30 μm 
divinylbenzene/carboxen (DVB/CX) on poly dimethylsiloxane (PDMS) 
coating was inserted into a glass vial with the 4 mL processed sample. At 
the end of a 20 min-extraction, the SPME fiber was injected into the 
GCMS inlet for further analysis. 

The mode of GCMS was the same as described in section 2.3. Internal 
standard was 2-methyl-3-heptanone. Helium was used as the carrier gas 
at a flow rate of 1 mL/min. The effluent from the capillary column was 
split 1:1 (mL/mL) between the mass spectrometry detector and the 
sniffing port. The initial temperature of GC oven was set to 40℃ and 
then maintained for 3 min. Subsequently, the oven temperature was 
increased to 230℃ at a rate of 10℃/min followed by holding at 230℃ 
for 6 min. The MS conditions were the same as reported in the previous 
section. The volatile compounds were identified and compared their 
spectra with that in an MS library (mainlib NIST2014). Retention indices 

(RI) were obtained from the National Institute of Standards and Tech
nology (NIST) WebBook Database (https://webbook.nist.gov/ch 
emistry/). 

2.6. Identifying transient intermediates using CAMOLA technique 

The CAMOLA technique was designed to understand the effect of 
ultrasound-assisted MR on the pyrazine synthesis pathway. Equal molar 
of D-glucose-13C6 and unlabeled D-glucose was mixed as reactants. The 
relative isotopic contents in the MRPs were calculated by analyzing the 
relative signal intensities (m/z) of the ions in the high-resolution MS of 
the respective compounds [15]. 

2.7. Determination of melanoidins 

Absorbance at 420 nm was measured by UV–Vis spectrophotometer 
(UV–vis 1280, Shimadzu, Japan) as an indicator of melanoidins content 
in the MRPs. The sample solution was diluted 20 times before the 
analysis. The concentration of melanoidins was calculated based on the 
Lambert-Beer law. An extinction coefficient, i.e. 0.60 L/(mmol × cm), 
was utilized as reported in Kim [16]. 

Table 1 
Summary of volatile MPRs detected in both HIU-MR and thermal MR model system of glucose-glycine.  

Classification Volatile MRPs Retention indices1 Concentration (μg/L) 

Measured Documented HIU-MR Thermal MR 

Alcohols Heptanol 1454 1457  1.16 —2 

2-ethyl-1-Hexanol 1488 1484  2.13 1.48 
1-Octanol 1556 1561  3.24 0.12 
Acetone alcohol 1309 1290  0.99 0.07 
5-methyl-2-Furanmethanol 1727 1720  10.91 — 

Aldehydes Hexanal 1084 1078  1.23 1.31 
Heptanal 1188 1181  2.35 0.34 
Benzaldehyde 1538 1529  19.09 3.61 
Nonanal 1397 1397  1.66 0.78 

Ketones 2-Heptanone 1185 1184  182.32 178.99 
2-Octanone 1288 1297  39.56 0.04 
2,3-Pentanedione 1065 1062  18.38 0.18 
Acetoin 1289 1285  0.40 0.05 
Acetophenone 1666 1652  1.21 0.27 
Benzophenone 2507 2470  4.65 1.39 
(E)-6,10-dimethyl-5,9-Undecadien-2-one 1861 1862  5.65 1.76 
1-(1-methyl-1H-pyrrol-2-yl)- Ethanone 1669 1647  3.43 0.17 
1-(1H-pyrrol-2-yl)- Ethanone 1984 1980  7.57 0.18 
1-(2-pyridinyl)- Ethanone 1617 1602  5.61 0.14 

Esters ethyl Acetate 897 887  23.43 6.61 
2,2,4-trimethyl-1,3-Pentanediol diisobutyrate 1881 1882  11.53 0.94 
Diethyl Phthalate 2386 2401  47.25 0.58 

Pyrazines (heterocyclic compounds) 2-methyl Pyrazine 1271 1264  157.89 116.02 
2,6-dimethyl Pyrazine 1333 1338  0.23 — 
2,5-dimethyl Pyrazine 1326 1316  3.37 1.19 
2,3-dimethyl Pyrazine 1352 1346  1194.77 29.70 
2-ethyl-6-methyl Pyrazine 1389 1393  534.00 325.01 
2-ethyl-5-methyl Pyrazine 1396 1399  1417.59 495.58 
2,3,5-trimethyl Pyrazine 1409 1408  154.44 122.55 
3-ethyl-2,5-dimethyl Pyrazine 1449 1455  32.96 3.53 
2-ethyl-3,5-dimethyl Pyrazine 1466 1467  9.57 0.63 
tetramethyl Pyrazine 1479 1478  733.77 895.12 
3,5-diethyl-2-methyl Pyrazine 1517 1503  0.48 0.07 
2-vinyl-3,5-dimethyl-Pyrazine 1547 1547  25.47 8.07 

The rest of heterocyclic compounds 2-methyl Furan 876 877  207.45 30.73 
2-acetyl-5-methyl Furan 1624 1624  1.28 4.23 
2-formyl Pyrrole 2041 2036  4.11 1.80 
2-methyl Pyridine 1223 1227  4.15 5.61 
Quinoxaline 1929 1879  3.22 10.37 
Quinoline 1960 1942  7.65 6.15 
5-methyl Quinoxaline 2051 2051  0.44 0.31 
Phenol 2014 2010  1.09 0.44  

1 Retention indices documented in the National Institute of Standards and Technology (NIST) WebBook Database (https://webbook.nist.gov/chemistry/). 
2 The symbol of “—” refers to not detected. 
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2.8. Statistical analysis 

All data presented in this study was a mean of triplicate. Significant 
difference test among the data was tested by SPSS (version 20, IBM, US) 
using one-way analysis of variance (ANOVA) with Duncan’s multiple 
range test (p < 0.05). 

3. Results and discussion 

3.1. Volatile MRPs generated from HIU-MR and thermal MR model 
systems of D-glucose-L-glycine 

Volatile MRPs generated from HIU-MR and thermal MR model sys
tems of D-glucose-L-glycine are summarized in Table 1. The reaction 
temperature and duration of HIU-MR and thermal MR were 95℃ and 90 
min, respectively. For HIU-MR, the power of ultrasound input into the 
system was 90 W; the intensity level of ultrasound was 23.69 W/cm2. 
There were 41 volatile MRPs detected in the HIU-MR, which were four 
more volatile MRPs in the thermal MR, i.e. heptanol, hexanal, 2,2,4-tri
methyl-1,3-pentanediol diisobutyrate, and quinoline. Furthermore, the 
content of volatile MRPs generated in HIU-MR was relatively higher 
than those generated in the thermal MR. These results are in accordance 
with the concentration of melanoidins generated in the two types of MR. 
For HIU-MR, the concentration of melanoidins (19.29 ± 0.49 mmol/L) 
was significantly higher than that in the thermal MR (14.14 ± 0.19 
mmol/L), which reflected the extent of MR as shown in Fig. 1. The 
content of pyrazines generated in the HIU-MR was generally higher than 
those in the thermal counterpart. For example, the peak area of 2- 
methyl-pyrazine with a short-length of side chain in the HIU-MR was 
157.89 μg/L, which was higher than that in the thermally processed 
sample (116.02 μg/L). Besides the 2-methyl-pyrazine, the concentration 
of 2,3,5-trimethyl pyrazine in the HIU-MR (154.44 μg/L) was also higher 
than those in the thermal MR (122.55 μg/L). It is noticeable that the 
peak area of pyrazines with long-length of side chains in the HIU-MR 
was about two or more times higher than those in the thermal MR, 
including 2-ethyl-6-methyl pyrazine, 2-ethyl-5-methyl pyrazine, 3- 
ethyl-2,5-dimethyl pyrazine, 2-ethyl-3,5-dimethyl pyrazine, 3,5- 
diethyl-2-methyl pyrazine, and 2-vinyl-3,5-dimethyl-pyrazine. As long 
as the methyl-groups in the pyrazines were replaced by ethyl-groups, the 
odor thresholds would be significantly decreased. Such a low odor 
threshold would give a sufficiently high impact on food flavor with a 
high commercial value. 

It is commonly known that the pyrazines are generated through the 
Strecker degradation as shown in Fig. 2. In the glucose-glycine MR 
model system, the initial condensation of the two reactants is initiated to 
generate N-glycosylamine and then convert to Schiff base. The Schiff 
base is further converted to an Amadori compound, which is N-(1- 
deoxy-D-fructose-1-yl)-glycine (DFG) in this MR model system. The pH 
conditions have influences on the hydrolysis of DFG. At a low pH con
dition, DFG prefers to undergo 1,2-enolization and generated 3-DG; 1- 
DG is largely formed via 2,3-enolization at a relatively high pH condi
tion. Besides 3-DG and 1-DG, MG and GO are the other two important 
α-dicarbonyl compounds that are largely formed in the MR model sys
tem [17]. The cleavage of 3-DG generates MG and glyceraldehyde. For 
GO, it mainly comes from the cleavage of glucose directly. As key in
termediate MRPs, 3-DG and 1-DG are confirmed as precursors of colored 
MRPs (i.e. melanoidins) and organic acids (i.e. formic acid and acetic 
acid) [18–20]. Hydrogen or hydroxyl radical formed during the ultra
sound treatment could also attributed to the enhanced formation of 
organic acids [20]. For pyrazines identified in this study, the majority is 
generated through a pathway that is known as Strecker degradation 
[21]. Glycine as the amino source in this MR model system condensates 
with α-dicarbonyl compounds to generate α-amino ketones. The two 
α-amino ketones are randomly combined together through a self- 
condensation to generate pyrazines with different side chains and 
release a molecule of H2O [2,22]. Some other α-dicarbonyl compounds, 
including 2,3-butanedione, 2,3-pentanedionie, and 2-oxobutanal, are 
precursors of some specific types of pyrazines, such as 2-vinyl-3,5- 
dimethyl pyrazine, 2-ethyl-3,5-dimethyl pyrazine, 2-ethyl-5-methyl 
pyrazine, and 2-ethyl-6-methyl pyrazine. There are many other prod
ucts generated through the Strecker degradation (e.g. Strecker alde
hydes, oxazoles, thiazoles, etc.) and some carbonyl compounds 
generated through intermediate MRPs; these MRPs also provide 
distinctive flavors in the MR [23]. 

Results of pyrazines generation in the HIU-MR may indicate poten
tial generation/transformation pathways since a significant difference in 
the concentration of pyrazines with relatively long-length side chains in 
the HIU-MR and thermal MR, i.e. 2-ethyl-6-methyl pyrazine, 2-ethyl- 
3,5-dimethyl pyrazine, trimethyl pyrazine, and 2-vinyl-3,5-dimethyl 
pyrazine. According to Hill, Isaacs, Ledward and Ames [24], although 
high hydrostatic pressure significantly inhibited the total amount of 
pyrazines generated in a MR model system of glucose-lysine, a higher 
content of pyrazines with long-length side chains was observed 
compared with that in the thermal control. This phenomenon is attrib
uted to a pressure-favored reaction, namely aldol-type condensation 
[19]. To further confirm the aldol-type condensation as a potential 
transformation pathway that starts from pyrazines with short-length 
side chains and various aldehydes to generate the pyrazines with long- 
length side chains, the CAMOLA technique was adopted to label half 
of D-glucose-13C6 and further react with L-glycine. Results of isotopic 
distribution in OPD-derivatized α-dicarbonyl compounds and pyrazines 
would identify origins of the 13C-labeled atom and further speculate 
potential generation pathway. These contents are to be discussed in the 
following section. 

3.2. Isotopomers generated from HIU-MR and thermal MR model systems 
of D-glucose-13C6 and L-glycine 

3.2.1. Isotopomers in pyrazines 
The proportion of isotopomers in pyrazines is summarized in Table 2. 

The mass signal fragments of D-glucose-13C6 shown as [M]+ to [M + 9]+

were compared with the unlabeled compounds. There were six pyr
azines that showed a similar isotopic distribution generated in both HIU- 
MR and thermal-MR model systems, including 2,5-dimethyl pyrazine, 
2,3-dimethyl pyrazine, trimethyl pyrazine, 3-ethyl-2,5-dimethyl pyr
azine, tetramethyl pyrazine, 3,5-diethyl-2-methyl pyrazine. A similar 
isotopic distribution may indicate that these pyrazines originated from 
the same carbon skeleton [15]. 

Fig. 1. Concentration of melanoidins generated in HIU-MR and thermal MR 
model systems of D-glucose-L-glycine. 
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The rest of pyrazines had a different distribution of isotopomers. In 
general, the proportion of [M]+ in the pyrazines generated in HIU-MR 
was significantly lower than that in thermal MR. For instance, the pro
portion of [M]+ in 2-methyl pyrazine was 21.96% ± 0.08% in the 
sample treated by HIU, which was significantly lower than that in 
thermal MR (23.44% ± 0.38%). Similarly, the proportion of [M]+ in 2,6- 
dimethyl pyrazine was 19.95% ± 0.06% in the sample treated by HIU, 
which was significantly lower than that in thermal MR (21.23% ±

0.20%). In addition, the proportion of [M]+ in 2-ethyl-5-methyl pyr
azine was 11.43% ± 0.08% in the sample treated by HIU, which was 
significantly lower than that in thermal MR (12.23 ± 0.10%). Except for 
[M]+ proportion in the three pyrazines with short, the proportion of the 
rest isotopomers had no significant difference between HIU-MR and 
thermal MR. Looking at the ratio of isotopomers, 2-methyl pyrazine, 2,6- 
dimethyl pyrazine, and 2-ethyl-5-methyl pyrazine were mainly gener
ated through the condensation of α-amino ketones that came from 

Fig. 2. Reaction scheme of D-glucose-L-glycine HIU-MR model system.  
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α-dicarbonyl compounds through the Strecker degradation. For 2- 
methyl pyrazine, it was condensed with C2 and C3 units from α-dicar
bonyl compounds. In addition, two C3 units as well as C3 and C4 units 
from α-dicarbonyl compounds were reacted together to generate 2,6- 
dimethyl pyrazine and 2-ethyl-5-methyl pyrazine, respectively. 

For the pyrazines with long-length side chains, the proportion of 
[M]+ in 2-ethyl-6-methyl pyrazine was 10.23% ± 0.07 % in the sample 
treated by HIU, which was significantly lower than that in thermal MR 
(10.88% ± 0.16%). The proportion of [M]+ in 2-ethyl-3,5-dimethyl 
pyrazine was 11.43% ± 0.08% in the sample treated by HIU, which 
was significantly lower than that in thermal MR (12.23% ± 0.10%). It is 
also noticeable that the proportion of [M + 5]+ in 2-ethyl-3,5dimethyl 
pyrazine was 8.44% ± 0.14% in the sample treated by HIU, which 
was significantly higher than that in thermal MR (7.88 ± 0.11 %). A 
similar find was observed in dimethyl-2-vinyl pyrazine. The proportion 
of [M]+ was 5.70% ± 0.03% in the sample treated by HIU, which was 
significantly lower than that in thermal MR (5.98% ± 0.09%). The 

proportion of [M + 6]+ and [M + 7]+ in dimethyl-2-vinyl pyrazine was 
5.75 ± 0.02% and 7.52 ± 0.06% in the sample treated by HIU, respec
tively, which was significantly higher than those in thermal MR (5.59% 
± 0.02% and 6.98% ± 0.14%, respectively). Guerra and Yaylayan [25] 
evaluated dimerization of azomethine as an intermediate MRPs to form 
pyrazines in a MR model system of glyoxylic acid and glycine using 
CAMOLA. The 2-ethyl-3,6-dimethyl pyrazine and tetramethyl pyrazine 
were mainly generated through nonoxidative pathways [26]. 

According to the results of CAMOLA analysis, it is speculated that 
aldol-type condensation was promoted with the assistance of HIU, which 
is a conversion from pyrazines with short-length side chains to those 
with long-length side chains involved carbonyl compounds. As shown in 
Fig. 3, the unlabeled 2,6-dimethyl pyrazine, 2-methyl pyrazine, and 2- 
ethyl-5-methyl pyrazine would react with either labeled or unlabeled 
aldehydes to generate labeled 2-ethyl-6-methyl pyrazine, 2-ethyl-3,5- 
dimethyl pyrazine, trimethyl pyrazine, and 2-vinyl-3,5-dimethyl pyr
azine. The proportion of [M]+ in methanal and ethanal could be than 

Table 2 
Proportion of isotopomers in pyrazines generated from D-glucose-13C6 and L-glycine MR model systems with the assistance of HIU and thermal treatment.  

Pyrazines Type of 
MR 

m/z Proportion of labeled carbon atoms in the molecules (%) 

M M + 1 M + 2 M + 3 M + 4 M + 5 M + 6 M + 7 M + 8 M + 9 

2-methyl Pyrazine Thermal 
MR 

94.0525 23.44 ±
0.38 a,1 

4.50 ±
0.11 a 

27.04 ±
0.43 a 

21.16 ±
0.24 a 

6.97 ±
0.09 a 

16.87 ±
0.35 a 

—2 — — — 

HIU-MR 21.96 ±
0.08b 

4.79 ±
0.02 a 

28.47 ±
0.10b 

20.41 ±
0.06b 

8.14 ±
0.01b 

16.20 ±
0.01 a 

— — — — 

2,5-dimethyl 
Pyrazine 

Thermal 
MR 

108.0682 21.54 ±
0.91 a 

3.01 ±
0.09 a 

5.82 ±
0.07 a 

41.32 ±
0.12 a 

3.25 ±
0.03 a 

4.50 ±
0.18 a 

20.55 ±
0.84 a 

— — — 

HIU-MR 21.63 ±
0.36 a 

2.83 ±
0.04 a 

5.77 ±
0.09 a 

41.65 ±
0.14 a 

3.05 ±
0.03b 

4.25 ±
0.08 a 

20.79 ±
0.49 a 

— — — 

2,6-dimethyl 
Pyrazine 

Thermal 
MR 

108.0682 21.23 ±
0.20 a 

4.64 ±
0.85 a 

8.54 ±
1.38 a 

37.93 ±
1.78 a 

4.73 ±
0.76 a 

6.25 ±
0.90 a 

16.66 ±
1.96 a 

— — — 

HIU-MR 19.95 ±
0.06b 

6.02 ±
0.13 a 

11.12 ±
0.42 a 

34.59 ±
0.55 a 

6.27 ±
0.14 a 

8.11 ±
0.35 a 

13.92 ±
0.43 a 

— — — 

2,3-dimethyl 
Pyrazine 

Thermal 
MR 

108.0682 15.66 ±
0.11 a 

11.03 ±
0.23 a 

16.97 ±
0.09 a 

23.76 ±
0.00 a 

11.28 ±
0.04 a 

13.39 ±
0.25 a 

7.88 ±
0.02 a 

— — — 

HIU-MR 15.76 ±
0.09 a 

10.26 ±
0.18 a 

17.18 ±
0.11 a 

23.76 ±
0.04 a 

10.80 ±
0.15b 

14.48 ±
0.22b 

7.73 ±
0.08 a 

— — — 

2-ethyl-6-methyl 
Pyrazine 

Thermal 
MR 

122.0838 10.88 ±
0.16 a 

12.25 ±
0.37 a 

18.45 ±
0.56 a 

21.42 ±
0.43 a 

15.50 ±
0.28 a 

8.88 ±
0.28 a 

9.21 ±
0.51 a 

3.38 ±
0.06 a 

— — 

HIU-MR 10.23 ±
0.07b 

12.26 ±
0.34 a 

19.70 ±
0.57 a 

21.09 ±
0.39 a 

15.54 ±
0.27 a 

9.41 ±
0.44 a 

8.42 ±
0.08 a 

3.32 ±
0.12 a 

— — 

2-ethyl-5-methyl 
Pyrazine 

Thermal 
MR 

122.0838 12.23 ±
0.10 a 

5.60 ±
0.07 a 

18.69 ±
0.13 a 

27.01 ±
0.10 a 

10.62 ±
0.11 a 

5.98 ±
0.01 a 

13.79 ±
0.09 a 

6.05 ±
0.05 a 

— — 

HIU-MR 11.43 ±
0.08b 

5.55 ±
0.01 a 

18.39 ±
0.12 a 

26.92 ±
0.04 a 

10.80 ±
0.08 a 

6.39 ±
0.06b 

14.44 ±
0.12b 

6.07 ±
0.06 a 

— — 

2,3,5-trimethyl 
Pyrazine 

Thermal 
MR 

122.0838 14.16 ±
0.16 a 

11.30 ±
0.16 a 

4.81 ±
0.01 a 

26.45 ±
0.07 a 

19.08 ±
0.04 a 

3.89 ±
0.06 a 

12.38 ±
0.15 a 

7.91 ±
0.07 a 

— — 

HIU-MR 14.22 ±
0.15 a 

10.68 ±
0.19 a 

4.64 ±
0.03b 

26.65 ±
0.38 a 

18.75 ±
0.19 a 

3.87 ±
0.04 a 

12.99 ±
0.14b 

8.18 ±
0.17 a 

— — 

3-ethyl-2,5- 
dimethyl 
Pyrazine 

Thermal 
MR 

136.0995 8.10 ±
0.13 a 

9.32 ±
0.08 a 

20.03 ±
0.52 a 

15.49 ±
0.21 a 

15.22 ±
0.14 a 

15.58 ±
0.25 a 

7.22 ±
0.30 a 

6.08 ±
0.27 a 

2.94 ±
0.19 a 

— 

HIU-MR 7.91 ±
0.44 a 

8.34 ±
0.46 a 

19.84 ±
0.21 a 

15.13 ±
0.51 a 

15.44 ±
0.26 a 

15.71 ±
0.26 a 

7.96 ±
0.43 a 

6.56 ±
0.49 a 

3.07 ±
0.25 a 

— 

2-ethyl-3,5- 
dimethyl 
Pyrazine 

Thermal 
MR 

136.0995 13.14 ±
0.17 a 

7.90 ±
0.17 a 

12.51 ±
0.11 a 

21.80 ±
0.10 a 

16.64 ±
0.07 a 

7.88 ±
0.11 a 

9.31 ±
0.15 a 

8.72 ±
0.30 a 

2.31 ±
0.04 a 

— 

HIU-MR 12.37 ±
0.15b 

7.82 ±
0.15 a 

12.65 ±
0.02 a 

21.80 ±
0.18 a 

16.11 ±
0.44 a 

8.44 ±
0.14b 

9.46 ±
0.09 a 

8.86 ±
0.17 a 

2.46 ±
0.08 a 

— 

tetramethyl 
Pyrazine 

Thermal 
MR 

136.0995 9.39 ±
0.17 a 

12.07 ±
0.20 a 

7.89 ±
0.06 a 

18.55 ±
0.06 a 

21.29 ±
0.09 a 

9.67 ±
0.06 a 

8.88 ±
0.15 a 

9.22 ±
0.15 a 

3.03 ±
0.06 a 

— 

HIU-MR 9.64 ±
0.27 a 

11.62 ±
0.14 a 

7.56 ±
0.07b 

19.00 ±
0.41 a 

21.39 ±
0.22 a 

9.36 ±
0.24 a 

9.23 ±
0.18 a 

9.29 ±
0.08 a 

2.90 ±
0.15 a 

— 

3,5-diethyl-2- 
methyl Pyrazine 

Thermal 
MR 

150.1151 8.45 ±
0.14 a 

8.70 ±
0.16 a 

14.24 ±
0.19 a 

16.69 ±
0.17 a 

15.70 ±
0.15 a 

14.23 ±
0.05 a 

9.58 ±
0.13 a 

7.17 ±
0.11 a 

4.21 ±
0.04 a 

0.99 ±
0.02 a 

HIU-MR 8.16 ±
0.28 a 

8.61 ±
0.57 a 

14.15 ±
0.25 a 

18.00 ±
1.30 a 

15.13 ±
0.05b 

13.76 ±
0.17 a 

10.19 ±
0.32 a 

6.57 ±
0.15b 

4.16 ±
0.30 a 

1.23 ±
0.17 a 

dimethyl-2-vinyl 
Pyrazine 

Thermal 
MR 

134.0838 5.98 ±
0.09 a 

10.73 ±
0.06 a 

21.65 ±
0.07 a 

11.94 ±
0.07 a 

17.79 ±
0.06 a 

16.34 ±
0.15 a 

5.59 ±
0.02 a 

6.98 ±
0.14 a 

2.96 ±
0.06 a 

— 

HIU-MR 5.70 ±
0.03b 

10.35 ±
0.05b 

21.62 ±
0.08 a 

11.70 ±
0.10 a 

17.73 ±
0.03 a 

16.60 ±
0.07b 

5.75 ±
0.02b 

7.52 ±
0.06b 

3.00 ±
0.05 a 

—  

1 The significance test of isotopomers in pyrazines generated from HIU-MR and thermal MR was conducted. Values with different letters in the same line are 
significantly different according to Duncan’s test (p < 0.05). 

2 The symbol of “—” refers to not detected. 
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less 50% when compared with isotopomers of [M + 1]+ and/or [M +
2]+. For the [M]+ in 2-ethyl-6-methyl pyrazine, 2-ethyl-3,5-dimethyl 
pyrazine, trimethyl pyrazine, and 2-vinyl-3,5-dimethyl pyrazine, all 
the unlabeled pyrazines could be only synthesized through aldol-type 
condensation between [M]+ in 2,6-dimethyl pyrazine, 2-methyl pyr
azine, 2-ethyl-5-methyl pyrazine, and corresponding [M]+ in methanal 
or ethanal. The conversion rate of unlabeled pyrazines with either short- 
length or long-length side chains was significantly decreased. For 
example, the conversion rate of [M]+ in 2-ethyl-6-methyl pyrazine 
was<10.62% from [M]+ in 2,6-dimethyl pyrazine and 11.72% from 
[M]+ in 2-methyl pyrazine. In another word, about 90% of [M]+ in 2,6- 
dimethyl pyrazine and methyl pyrazine was converted to isotopomers in 
2-ethyl-6-methyl pyrazine. Similarly, the conversion rate of [M]+ in 2- 
ethyl-3,5-methyl pyrazine was<6.12% from [M]+ in 2-ethyl-5-methyl 

pyrazine and 10.62% from [M]+ in 2,6-dimethyl pyrazine. Therefore, 
the results of CAMOLA analysis clearly showed a significantly lower 
proportion of [M]+ in the above-mentioned pyrazines compared with 
their corresponding isotopomers. 

3.2.2. Isotopomers in OPD-derivatized α-dicarbonyl compounds 
The proportion of isotopomers in OPD-derivatized α-dicarbonyl 

compounds is summarized in Table 3. Based on the results of GCMS 
analysis, the following intermediates were identified, i.e. quinoxaline, 2- 
methyl-quinoxaline, 2,3-dimethyl-quinoxaline, and 2-ethyl-3-methyl 
quinoxaline. The intermediate MRPs, i.e. GO, MG, 2,3-butanedione, 
and 2,3-bentanedione were derivatized by OPD to generate them, 
respectively. To confirm the origin of carbon skeleton from reactions, 
the CAMOLA technique combined with GCMS analysis was adopted. For 

Fig. 3. Generation of isotopic pyrazines through the reactions between unlabeled pyrazines and labeled aldehydes in HIU-MR model system of D-glucose-13C6 and 
L-glycine. 

Table 3 
Proportion of isotopomers in OPD-derivatized α-dicarbonyl compounds generated from D-glucose-13C6 and L-glycine MR model systems with the assistance of HIU and 
thermal treatment.  

α-dicarbonyl 
Compounds 

OPD-derivatized α-dicarbonyl 
compounds 

Type of MR m/z Proportion of labeled carbon atoms in the molecules (%) 

M M + 1 M + 2 M + 3 M + 4 M + 5 

Glyoxal Quinoxaline Thermal 
MR 

130.0525 47.06 ±
0.15 a,1 

6.92 ± 0.08 
a 

46.02 ±
0.07 a 

—2 — — 

HIU-MR 46.79 ±
0.06 a 

6.95 ± 0.07 
a 

46.26 ±
0.13 a 

— — — 

methyl Glyoxal 2-methyl Quinoxaline Thermal 
MR 

144.0682 45.62 ±
0.01 a 

6.52 ± 0.02 
a 

5.14 ± 0.03 
a 

42.71 ±
0.08 a 

— — 

HIU-MR 45.53 ±
0.12 a 

6.54 ± 0.07 
a 

5.16 ± 0.15 
a 

42.76 ±
0.10 a 

— — 

2,3-Butanedione 2,3-dimethyl Quinoxaline Thermal 
MR 

158.0838 43.85 ±
0.64 a 

16.79 ±
0.07 a 

5.78 ± 0.00 
a 

18.62 ±
0.48 a 

14.95 ±
0.09b 

— 

HIU-MR 41.55 ±
0.39b 

17.28 ±
0.22 a 

5.92 ± 0.09 
a 

19.48 ±
0.20 a 

15.74 ±
0.11 a 

— 

2,3-Pentanedione 2-ethyl-3-methyl Quinoxaline Thermal 
MR 

172.0995 42.66 ±
0.27 a 

6.77 ± 0.02 
a 

1.30 ± 0.33 
a 

3.88 ± 0.01 
a 

42.69 ±
0.31 a 

2.69 ±
0.26 a 

HIU-MR 41.88 ±
0.85 a 

6.23 ± 0.57 
a 

2.19 ± 0.29 
a 

3.64 ± 0.18 
a 

43.08 ±
1.07 a 

2.96 ±
0.27 a  

1 The significance test of isotopomers in OPD-derivatized α-dicarbonyl compounds generated from HIU-MR and thermal MR was conducted. Values with different 
letters in the same line are significantly different according to Duncan’s test (p < 0.05). 

2 The symbol of “—” refers to not detected. 
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quinoxaline, 2-methyl-quinoxaline, and 2-ethyl-3-methyl quinoxaline, 
the ratio [M]+ : [M + 2]+ = 1:1, [M]+ : [M + 3]+ = 1:1, [M]+ : [M + 4]+

= 1:1, respectively. The α-dicarbonyl compounds could be generated 
from decomposing Amadori compounds that lost one or more CH2O 
units. Results of CAMOLA analysis showed that the additional carbon 
atoms mainly come from the fragments of glucose. It is noticeable that 
there were 6.92% of [M + 1]+ in quinoxaline, 6.52% of [M + 1]+ and 
5.14% of [M + 2]+ in 2-methyl-quinoxaline, as well as 6.23% of [M +
1]+, 2.19% of [M + 2]+, and 3.64% of [M + 3]+ in 2-ethyl-3-methyl 
quinoxaline. For these minor isotopomers in quinoxaline, 2-methyl-qui
noxaline, and 2-ethyl-3-methyl quinoxaline, these compounds could be 
generated between existing α-dicarbonyl compounds and labeled/un
labeled aldehydes. For quinoxaline, 2-methyl quinoxaline, and 2-ethyl- 
3-methyl quinoxaline, a similar isotopic distribution was observed be
tween HIU-MR and thermal MR. These phenomena may indicate that 
these pyrazines originated from the same carbon skeleton. 

Different from those, the ratio [M]+ : [M + 1]+ : [M + 3]+ : [M + 4]+

= 3:1:1:1 in 2,3-dimethyl-quinoxaline. Results of the isotopomers dis
tribution in 2,3-dimethyl-quinoxaline indicate a condensation between 
MG and glycine. Since glycine as reactants was not labeled, [M + 3]+ in 
MG or [M + 3]+ in glyceraldehyde could react with [M]+ in glycine to 
generate [M + 3]+ in 2,3-butanedione. The condensation between [M +
3]+ in MG and unlabeled methanal was a potential reaction pathway to 
form [M + 1]+ in 2,3-butanedione. In addition, the proportion of [M]+

in 2,3-dimethyl-quinoxaline was 41.55% ± 0.39% in the sample treated 
by HIU, which was significantly lower than that in thermal MR (43.85% 
± 0.64%). In turn, the proportion of [M + 4]+ in 2,3-dimethyl-quinoxa
line was 15.74% ± 0.11% in the sample treated by HIU, which was 
significantly higher than that in thermal MR (14.95% ± 0.09%). It could 
be attributed to the cleavage of D-glucose-13C6 promoted by HIU and 
thereby increasing the proportion of [M + 4]+ in 2,3-dimethyl-quinoxa
line. Such a promotion could be mainly attributed to a high temperature 
and mechanically induced cleavage. The result of the significantly low 
proportion of [M]+ in 2,3-dimethyl-quinoxaline is also in accordance 
with the [M]+ proportion in 2-vinyl-3,5-dimethyl pyrazine. It is again 
indicated that 2,3-butanedione is a precursor of 2-vinyl-3,5-dimethyl 
pyrazine. 

3.3. HIU-promoted reaction steps for synthesizing pyrazines in HIU-MR 
model system of D-glucose-L-glycine 

Based on the results of isotopomers distribution in the pyrazines 
generated by HIU-MR and thermal MR, the aldol-type condensation 
mainly contributed to the promoted generation of pyrazines with more 
and long-length side chains. As proposed reaction pathway in Fig. 4, a 
methyl-group in a pyrazine would react with a carbonyl compound (e.g. 
aldehydes and ketones) to generate a vinyl-group in the pyrazine; 
furthermore, the vinyl-group would convert to ethyl-group in the pyr
azine that eventually achieves a length extension of side chains in the 
pyrazines. During the HIU treatment, an extremely high-pressure con
dition is generated during the alteration of compression and expansion 
cycles [27]. Both base-catalyzed ionization of the methyl-group in pyr
azine, as well as dimerization of the –CH2 moiety and carbonyl com
pounds, show a negative volume of reaction. As a mean of extending the 
length of side chains in pyrazines, the aldol-type condensation favors a 
high pressure condition generated by the HIU [24]. 

The aldol-type condensation has been proved to be accelerated in a 
glucose-lysine MR with the assistance of high hydrostatic pressure 

processing (i.e. 600 MPa) at an initial pH = 10.1 [24]. Results show that 
the content of methyl pyrazines formation under the high-pressure 
condition was about 10 times lower when compared with the MR 
sample solution treated under the atmospheric pressure. The generation 
of ethyl-methyl pyrazines, however, was significantly promoted. 
Therefore, as speculated by the authors that the aldol-type condensation 
started from the methyl pyrazines to generate the pyrazines with ethyl 
groups. This phenomenon consists of observations in MR model systems 
of xylose-lysine, glucose-serine, and glucose-methionine, which also 
observed the promoted generation of 3-ethyl-2,5-dimethyl pyrazine and 
2-ethyl-3,5-dimethyl pyrazine [11,21,28]. 

4. Conclusions 

This study elucidated how the HIU promoted the generation of 
pyrazines with long-length side chains in the MR model system of D- 
glucose-13C6 and L-glycine. GCMS results of isotopomers distribution in 
these pyrazines indicated the HIU-promoted conversion from pyrazines 
with short-length side chains to those with long-length side chains 
involved carbonyl compounds, namely the aldol-type condensation. In 
addition, the CAMOLA analysis of isotopomers distribution in 2,3- 
dimethyl-quinoxaline indicated the promotion of D-glucose-13C6 cleav
age with the assistance of HIU. The extremely high pressure and tem
perature environment generated by the HIU contributed to the 
promotion of both aldol-type as a high-pressure favored reaction and 
cleavage of glucose. Therefore, the HIU treatment has a great potential 
to promote the flavor generation, especially the generation of pyrazines 
with with high values, which have relatively high content and low odor 
threshold. It is also recommended to conduct further studies to verify 
whether such a promotion is observed in different MR model systems. 
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