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An aqueous ribose-cysteine model system, heated at 140°C under supercritical carbon dioxide (SC-CO2) and super-
critical nitrogen (SC-N2), was investigated with emphasis on the formation of volatile compounds. In general, SC-CO2 
facilitated the overall intermediates accumulation while suppressing the advanced stage of browning. 3-Methyl-1, 
2-dithian-4-one increased with increasing SC-CO2 pressure, and was always more concentrated than in the case 
of SC-N2-treatment. The formation of thiols, disulfides, and formyl substituted thiophenes was also promoted in  
SC-CO2-treated reaction products, while the effect of high pressure on the individual components followed different 
patterns. The reversible pH decrease and reinforced acid-base catalysis of 2, 3-enolisation by SC-CO2 could attribute 
to the decreased browning and higher amounts of most intense meaty aromatic compounds.
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Supercritical carbon dioxide (SC-CO2), an excel-
lent alternative to conventional organic chemical 
solvents, has found wide applications in organic 
synthesis, essential extraction, dyeing, particle 
formation, etc (Sihvonen et al. 1999; Oakes 
et al. 2001; Beckman 2004; Maeda et al. 2004; 
Vemavarapu et al. 2005; Herrero et al. 2006). 
Over the past 10 years, the SC-CO2 processing, 
one of the novel non-thermal food-processing 
techniques, has been the subject of intense scru-
tiny in view of the sterilisation of microorganisms 
and inactivation of enzymes, providing alterna-
tive functional properties and/or conservation 
of freshness (Damar & Balaban 2006). SC-CO2 
processing, involving pressure below 50 MPa, is 
now commercially viable for selected foods or food 

ingredients. For this reason, interest has grown in 
the chemical and biochemical changes occurring 
in foods or food ingredients subjected to SC-CO2, 
but only a few such studies have been reported 
concerning the Maillard reaction. Yalpani (1993) 
demonstrated a high degree of water soluble imine-
linked, branched chitosan derivatives conversion 
in the SC-CO2-treated mixtures of chitosan and 
glucose or malto-oligosaccharides. Casal et al. 
(2006) treated lactose-ovine caseinmacropep-
tide (CMP) and lactose-β-lactoglobulin (β-lg) in 
static SC-CO2 conditions at 30 MPa and 50°C for 
up to 5 h and found that SC-CO2 did not favour 
lactosylation of CMP or β-lg, or the formation 
of the intermediate product, furosine. Xu et al. 
(2008a,b) showed that the amounts of thiols and 
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furfural in ribose-cysteine system treated with 
SC-CO2 at 140°C and 40 MPa were enhanced in 
comparison with those generated in conventional 
reaction systems.

Pressure is an important parameter of super-
critical fluids. The Maillard reaction under high 
pressure, especially high hydrostatic pressure 
(HHP), has been investigated to a certain extent. 
However, there was not a consistent pattern of 
pressure on the initial and advanced stages of the 
Maillard reaction. Hill et al. (1996) found that 
HHP retarded the browning taking place with 
glucose and lysine in the acidic system, while 
it accelerated the advanced reaction in alkaline 
systems with pH values > 8.0. The reduced reac-
tion rate of buffered system was accounted to the 
decrease of pH with pressure-induced ionisation 
of the carboxylate group. Moreno et al. (2003) 
also observed a retarded initial stage of the Mail-
lard reaction in pH ≤ 8.0 buffered systems and 
attributed it to the decrease of pH. Bristow and 
Isaacs (1999) demonstrated that the formation of 
Amadori rearrangement product was accelerated 
by high pressure while its degradation was greatly 
suppressed, and the maximum concentration of 
4-hydroxy-5-methyl-3(2H)-furanone was much 
diminished. The effect of pressure on the Maillard 
reaction in SC-CO2 has to be investigated well 
before applying such technique in the process of 
flavours manufacturing, which is based mainly on 
the Maillard reaction.

To achieve the understanding of high pres-
sure effects on the Maillard reaction, ribose and 
cysteine, the two most important precursors of 
meat flavours, were used as a model system and 
treated in SC-CO2 at 140°C under high pressure 
(ranged from 10 MPa to 40 MPa) for one hour. 
The Maillard reaction of the same model system in 
supercritical nitrogen (SC-N2) was also investigated 
for exploring the possible mechanisms.

MATERIALS AND METHODS

Chemicals. l-Cysteine mono hydrochloride 
hydrate, sodium pyrophosphate tetrabasic, n-hexane, 
and n-heptane were obtained from Sinopharm 
Chemical Reagent Co. Ltd. (Shanghai, China). 
Sodium pyrophosphate dibasic, alkane standard 
solution C8–C20, and tridecane were purchased 
from Sigma-Aldrich Chemical Co. (Shanghai, 
China). d-Ribose was purchased from Amresco Inc. 

(Ohio, USA). The authentic aromatic chemicals 
used to determine linear retention indices (LRI) 
were purchased from Sigma-Aldrich (Shanghai, 
China), and were of the highest purity grade avail-
able.

Reactions. d-Ribose and l-cysteine mono hy-
drochloride (0.1M) in 0.2M pyrophosphate buffer 
at pH 5.6 were prepared separately. All the Mail-
lard reactions in SC-CO2 were carried out using 
a CWYF-2 apparatus (Hua’an Petroleum Scien-
tific Instrument Co., Nantong, China) following 
the procedures described previously (Xu et al. 
2008a). To detect the volatiles formed by the Mail-
lard reaction and attributed to SC-CO2 or high 
pressure, ribose-cysteine reaction mixtures, with 
the introducing nitrogen, were heated at 140°C 
for the same period of time using the same reac-
tion apparatus and procedures. The conventional 
control experiments were also conducted on the 
same apparatus without the pressure media. All 
the samples of the reaction products were stored 
below –18°C until the analysis.

Analysis. The overall intermediate and final 
products in the reaction mixtures were measured by 
a UV-VIS spectrophotometer (UV757CRT, Shanghai 
Precision & Scientific Instrument Co., China) at 
280 nm and 420 nm, respectively (Carabasa-
Giribet & Ibarz-Ribas 2000; Komthong et al. 
2003). Appropriate dilutions were made before 
the measurements. 

The volatile compounds in the reaction mixture 
as well as the three absorption buffers were analysed 
by headspace solid-phase microextraction in 
tandem with gas chromatography coupled to mass 
spectrometry (HS-SPME-GC-MS). The absorption 
using DVB/CAR/PDMS fibre (50/30 µm, 1 cm, 
Supelco Co., Bellefonte, USA) was carried out at 
60°C for 20 minutes. The oven temperature was 
initially set at 40°C, then raised to 60°C at 20°C/min,  
and held for 5 min, then raised to 250°C at 4°C/min  
and kept at this temperature for 10 minutes. 
Approximate quantities of the volatiles from 
each sample adsorbed with the SPME fibre were 
estimated by comparing their peak areas, integrated 
using the TIC signals, with that of the tridecane 
internal standard (15.13 ng) using a response factor 
of 1. The concentration and type of the volatile 
compounds reported were the combined results 
obtained with the reaction mixture and the three 
absorption buffers. All the results were expressed 
as mean values of independent experiments. The 
mean coefficient of variance (CV) for the quantities 
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of the individual components was < 20%; with the 
exception of some compounds that were present 
in relatively small amounts, no compound showed 
a CV > 47%.

Statistical analysis. The whole experiment was 
conducted in duplicate and all analyses were done 
at least in triplicates. The data were analysed by 
one way analysis of variance (ANOVA) using the 
OriginPro 7.5 software (OriginLab Corporation, 
Northampton, USA). Significant differences of 
means were determined by the Tukey test.

RESULTS AND DISCUSSION

Overall intermediates and final browning 
products

The trends of the overall intermediate and final 
products accumulation in the ribose-cysteine 
model system, treated with different pressure me-
dia, were different (Figure 1). In general, SC-CO2  
favoured the formation of intermediates but sup-
pressed the final browning when compared with 
those generated in SC-N2 system. In the SC-CO2-
treated samples, the absorbance values at 280 
nm showed maximum in the reaction mixtures 
treated under 10 MPa. When the pressure was 
elevated to 20 MPa, 30 MPa, and 40 MPa, the con-
centration of the overall intermediates decreased 
to not significantly different levels (P > 0.05) as 

compared with that of the control, and was in a 
good agreement with the results found by Casal 
et al. (2006). The overall intermediates showed 
a gradient decrease in SC-N2-treated reaction 
mixtures, although the decrease was so small that 
the slope of the linear fit curve was only –0.002 
(where: Abs280nm = –0.002 P + 0.6906, R2 = 0.9979, 
Abs280nm = Absorbance at 280 nm, P = pressure). 
The higher amount of the overall intermediates 
in the SC-CO2-treated reaction mixture under 
10 MPa could be due to the predominant effect 
of pH decrease in the reaction matrix with the 
presence of carbon dioxide (Gevaudan et al. 
1996). As can be seen from the figure reported by 
Gevaudan et al. (1996), a saturated carbon dioxide 
system would take place beyond 20 MPa and no 
further pH decline would happen. The differences 
between the overall intermediates concentrations 
in the mixtures treated under 20 MPa, 30 MPa, and 
40 MPa, could be overlooked (P > 0.05), while a 
high pressure (< 40 MPa) showed a less important 
effect on the overall intermediates accumulation 
than did carbon dioxide (Figure 1a).

SC-CO2 had a significant suppressing effect on 
the nonenzymatic browning over the pressure 
range studied (Figure 1b). There was a gradient 
decrease of the absorbance at 420 nm from the 
conventional control (0.3 MPa) to 20 MPa. The 
general final browning revealed no significant dif-
ferences (P > 0.05) between the reaction mixtures 
treated at 20 MPa, 30 MPa, or 40 MPa. There was 

1 1

Figure 1. Relative overall intermediate (a) and final (b) products of ribose-cysteine model system in SC-N2 (solid 
line) and SC-CO2 (dash dot line) system under different pressure values. Treatments were carried out in duplicate, 
each sample underwent triplicate analyses at 280 nm and 420 nm with different dilutions. Error bars represent ± 1 
standard deviation, n = 2

(a)	 (b)
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no significant effect either (P > 0.05) of high pres-
sure generated with SC-N2 on the browning of the 
given model system. These results indicated that 
high pressure, below 40 MPa, had a small effect on 
the browning of the ribose-cysteine model system 
buffered with 0.2M pyrophosphate (pH 5.6). Both 
Hill et al. (1996) and Komthong et al. (2003) 
found that Maillard browning, occurring under 
the treatment with HHP, increased with the el-
evation of pH and vice versa. The decrease of pH 
due to carbon dioxide dissolving in the matrix 
could account for the decrease of the absorbance 
at 420 nm of the SC-CO2-treated samples. With 
the pressure above 20 MPa, a similar browning 
extent, occurring in the SC-CO2-treated mixtures, 
was probably due to a saturated carbon dioxide 
solution as described above.

Volatile compounds

The volatile compounds generated in ribose-
cysteine model system can be classified as thiols, 
thiophenes, disulfides, furans, pyrazines, and other 
sulfur-containing compounds. Typical chromato-
grams obtained by HS-SPME-GC-MS are shown 
in Figure 2. All kinds of total volatiles, generated in  
SC-CO2 and SC-N2 at different pressure levels, are 
shown in Figure 3. The differences between total vola-
tiles at different pressure levels cannot be expressed in 
a simple way while the differences between different 
pressure media are easy to figure out, except total 
thiophenones. The relative amounts of total thiols, 
total thiophenes, total disulfides, and total polysulfur 
heterocyclic compounds were higher in SC-CO2-
treated samples than those in the SC-N2-treated 
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Figure 2. Typical total ion chromatograms of volatiles from ribose-cysteine model system reacted in SC-N2 (a) and 
SC-CO2 (b) system (40 MPa, 140°C, 60 min)
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ones. However, total fused bicyclic compounds were 
favoured in SC-N2 and conventional control systems. 
The characteristics of the volatiles given in Table 1, 
as formed at various pressure levels and in different 
media, are discussed below.

Key intermediates. Furfural and 4-hydroxy-5-
methyl-3(2H)-furanone are the two key interme-
diates in the Maillard reaction where pentoses 
are involved. Furfural increased with the pres-
sure increasing in the SC-CO2-treated reaction 
mixtures. By comparison, furfural in the SC-N2-
treated samples was present at such a low level 
as was that detected in the control. Based on the 
lower degradation rate of ribose in SC-CO2 (data 
not shown), the decrease of pH in the SC-CO2-
treated matrices during the reaction could inhibit 
the advanced stage of the Maillard reaction and 
furfural accumulation. 4-Hydroxy-5-methyl-3(2H)-
furanone is derived from the Amadori compound 
via 2, 3-enolisation pathway favoured in high pH 
systems (Mottram & Nobrega 2002). At first 
sight, a slight discrepancy occurred between the 
decreasing pH in the SC-CO2 system and the high 
4-hydroxy-5-methyl-3(2H)-furanone accumu-
lation. Following the conclusion of Mottram 
and Nobrega (2002), 2,3-enolisation of Amadori 
compound was catalysed by buffers and the effect 
of catalysis was greater than any effect of pH. The 

reinforced catalysis by carbon dioxide favoured 
the accumulation of 4-hydroxy-5-methyl-3(2H)-
furanone. The high amounts of the two key in-
termediates indicated that they were produced 
simultaneously, or the Amadori compound deg-
radation underwent the enolisation pathways via 
1, 2-enol and 2, 3-enol in parallel.

Thiols. The mercapto group containing volatiles, 
including 2-furanmethanethiol, 2-methyl-3-furan-
thiol, 3-thiophenethiol, 2-methyl-3-thiophenethiol, 
3-mercapto-2-pentanone, and 3-mercapto-2-bu-
tanone, are always characterised by extremely low 
thresholds and meat-like, sulphury, roast odour 
quality. As shown in Table 1, there are more thiols 
generated in the SC-CO2-treated samples than in 
SC-N2-treated ones. With the increasing pressure, 
the quantities of thiols in the SC-CO2-treated 
mixtures increased to a peak and then dropped, 
the pressure corresponding to the maximum point 
of the thiols being at 20 MPa except for 3-thio- 
phenethiol (30 MPa). There were no significant 
differences (P > 0.05) between the quantities of 
2-furanmethanethiol and 2-methyl-3-furanthiol 
in the SC-CO2-treated ribose-cysteine mixtures. 
2-Furanmethanethiol was produced from hydrogen 
sulfide with furfural, and 2-methyl-3-furanthiol 
was produced from 4-hydroxy-5-methyl-3(2H)-
furanone above 140°C (Van Den Ouweland & 

Figure 3. Relative abundances of 
each class volatiles for ribose-cys-
teine reaction products at different 
pressures
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Peer 1975; Hofmann & Schieberle 1998; Whit-
field & Mottram 1999). The higher amounts of 
the two key intermediates in the SC-CO2-treated 
mixtures, as described above, could account for 
these results. The pressure caused by SC-N2 showed 
a small effect on the accumulation of thiols in 
comparison with the data detected in the con-
ventional control reaction mixtures.

Thiophenes. Thiophene and its substituted de-
rivatives were an important category of compounds 
found in aqueous ribose-cysteine reaction products. 
High pressure did not show a consistent pattern 
in their formation. An interesting phenomenon 
was that nearly all the formyl group substituted 
thiophenes found in the SC-CO2-treated samples 
were larger than those found in the SC-N2-treated 
and control samples, such as 2-thiophenecarbox- 
aldehyde, 3-methyl-2-formylthiophene, 2-formyl-
2,3-dihydrothiophene, 3-ethyl-2-formylthiophene, 
etc. With the increasing pressure, the increasing 
densities of carbon dioxide and nitrogen in each 
system seemed to have no apparent effects on their 
formation. The probable explanation for such dif-
ferent results may be the higher concentrations of 
4-hydroxy-5-methyl-3(2H)-furanone, a precursor 
of formyl thiophenes (Whitfield & Mottram 
1999), detected in the SC-CO2-treated mixtures.

Fused bicyclic compounds. Thienothiophenes 
and thienofurans are two main fused bicyclic 
compounds detected in ribose-cysteine reaction 
mixtures. Different pressure media showed dif-
ferent patterns of the individual fused bicyclic 
components. Quantitatively, one dihydrothienothi-
ophene (LRI = 1325), contained in the highest 
concentration of the volatiles identified in all the 
systems, decreased with the pressure increasing 
in SC-CO2 system, while in SC-N2, a peak value 
(520 ng/ml) was reached under 20 MPa and then 
decreased with the pressure increasing. The intro-
duction of SC-CO2 during the Maillard reaction 
alleviated the polymerisation of thiophene and its 
derivatives in comparison with those generated in 
the conventional and SC-N2-treated systems. The 
decrease of pH in the SC-CO2-treated matrices 
may be the dominant reason for this phenomenon 
considering the acceleration of polymerisation at 
high pressure. In the SC-N2-treated samples, the 
amount of 2,3-dihydro-6-methylthieno[2,3-c]furan 
increased with the pressure of up to 30 MPa and 
then decreased. As concerns the samples treated 
with SC-CO2, a gradual decrease of the amount of 
2,3-dihydro-6-methylthieno[2,3-c]furan occurred 

and then declined even below that detected in the 
conventional control. The gradient decrease of the 
amount of 2,3-dihydro-6-methylthieno[2,3-c]furan, 
which is favoured at higher pH (Xu et al. 2008a), 
could be a combined effect of the pH decrease 
and homogeneous phase reaction.

Disulfides. Disulfides are dimers of thiols , 
their extremely low thresholds impart them a 
high potency in the odour profile of flavourings. 
The covalent bond formation of disulfides was 
more ready in SC-CO2 than in SC-N2, the largest 
amount of disulfides being presented by bis(2-
methyl-3-furyl)disulfide which had a peak value 
of 30.60 ng/ml at 20 MPa and then declined with 
the pressure further increasing. The data suggest 
that the high concentration of disulfides in the 
SC-CO2-treated samples can be ascribed to their 
high quantity of monomers.

Polysulfur heterocyclics. Polysulfur hetero-
cyclics, such as 3,5-dimethyl-1,2,4-trithiolane 
(E or Z), are the characteristic identifiers of the 
condensation of the thermal breakdown products 
of cysteine (Chen & Ho 2002). In SC-CO2-treated 
mixtures, large amount of carbon dioxide could 
terminate the Strecker degradation of cysteine 
(Xu et al. 2008b), no 3,5-dimethyl-1,2,4-trithiol- 
ane (E or Z) having been detected. A decline of  
3,5-dimethyl-1,2,4-trithiolane (E or Z) in SC-N2-
treated samples also occurred due to high pressure 
inhibiting the cleavage of cysteine. 3-Methyl-1,2-
dithian-4-one, one of the different volatiles detected 
in the reaction mixtures on the treatment with 
SC-N2 and SC-CO2, drastically increased in the 
SC-CO2-treated samples and increased progres-
sively with the elevating of carbon dioxide pressure. 
It could be detected in model systems containing 
thiamine (Hartman et al. 1984; Güntert et al. 
1990; Cerny & Briffod 2007) at different pH 
values and temperatures, and also be found in 
“ribose-cysteine” model system, which was heated 
above 140°C (Farmer et al. 1989; Meynier & 
Mottram 1995). The mechanism of 3-methyl-1, 
2-dithian-4-one formation was suggested to be 
similar to that of 2-methyl-4,5-dihydro-3(2H)-
thiophenone (Hartman et al. 1984), while the low 
pH values inhibited its formation (Farmer et al. 
1989). In the present study, the higher concentra-
tions of 4-hydroxy-5-methyl-3(2H)-furanone under 
different pressure levels in SC-CO2 could account 
for the high levels of 3-methyl-1,2-dithian-4-one. 
In the SC-N2-treated mixtures, 3-methyl-1,2, 4-
trithiane amount first increased up to 20 MPa, 
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and then declined. While in the SC-CO2 system 
no 3-methyl-1,2,4-trithiane was detected.

In summary, SC-CO2 treatment could result in 
fewer browning reaction products. The level of 
the overall intermediates reached the maximum at 
10 MPa and then decreased to that usual in the con-
ventional control. There was no significant effect of 
high pressure on the overall intermediate and final 
products amounts in the saturated carbon dioxide 
system within the pressure range studied. Except 
thiols, the quantities of furfural, 4-hydroxy-5-me-
thyl-3(2H)-furanone, 3-methyl-1,2-thian-4-one, 
and formyl substituted thiophenes, as determined 
in SC-CO2, were larger than those obtained in SC-
N2 treatment. This could be due to the reinforced  
2,3-enolisation for Amadori compound degrada-
tion by carbon dioxide dissolving in the matri-
ces. The high pressure within the range studied 
showed no significant effect on the accumulation 
of most volatiles, while the high quantity of high 
potency aromatic compounds and fewer brown-
ing products, generated in the SC-CO2 treatment, 
indicate that SC-CO2 has a potential application 
in manufacturing of process flavours.
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