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and revealed the information on the highest yield and mini-
mum temperature for DDMP formation. Furthermore, the 
kinetics of DDMP formation was studied, and DDMP for-
mation in the initial stage was shown to follow an apparent 
first-order reaction with an activation energy of 68.8 kJ/mol.
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pyran-4-one · DDMP · Maillard reaction · Solid-state 
reaction · Reaction kinetics

Introduction

Maillard reaction (MR) is a nonenzymatic browning reac-
tion between carbonyl groups of reducing sugars and amino 
groups from amino acids, peptides or proteins. It occurs 
in three major stages (early, intermediate and final stage) 
producing a large number of products including aroma 
compounds [1–3] and melanoidins [4, 5]. MR has played 
an important role in improving the appearance and taste of 
food, and the MR products have shown antioxidant capaci-
ties [6, 7], metal chelation activity [7] and biological activi-
ties [8]. On the other hand, it can also reduce the nutritive 
value of food and produce mutagenic compounds [5, 9].

Among the numerous MR products, 2,3-dihydro-3,5-di-
hydroxy-6-methyl-4(H)-pyran-4-one (DDMP) is one of 
the most abundant [10, 11] and is a well-known indicator 
of 2,3-enolization pathway in MR [12, 13]. It was found to 
be the major product of Maillard reaction between reduc-
ing sugars with various amino acids and proteins [11, 12, 
14–16]. It can also be formed during heating of hexose [17, 
18]. Therefore, it universally exists in heated foods, and 
some researchers proposed DDMP as a chemical marker for 
prediction of process lethality [19, 20]. It is also easily pro-
duced in low-water foods such as prunes [21], cookies [14, 
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15], popcorns [22], sweet potatoes [23] and malts [24] dur-
ing the process of drying, baking and roasting. In addition, it 
has also been reported to be present in strawberry jam [25], 
cotton honey [26] and cigarette smoke [27]. In recent years, 
the biological activities of DDMP have garnered atten-
tion. Hiramoto et al. [28] found that DDMP could generate 
active oxygen species and cause DNA strand breaking and 
mutagenesis. On the other hand, DDMP also showed antiox-
idant activity [21, 29–31] and mushroom tyrosinase inhibi-
tory activity [32]. In addition, DDMP was found to have the 
anti-proliferation and pro-apoptotic activity [33] and to affect 
sympathetic nerve activity and metabolism of rats [34].

Simple model systems using amino acid–sugar mixtures or 
Amadori rearrangement products are usually used to investi-
gate the formation of browning or flavor instead of actual food 
samples [10, 11, 35]. Generally, these reactions can be con-
ducted in liquid phase or solid phase. The liquid-phase models 
can mimic the MR occurred during cooking or autoclaving, 
whereas the solid-phase reactions represent the procedure con-
ducted during drying, baking, roasting or cigarette smoking. 
The formation mechanism of various important MR products 
under both phases is the same although reaction phase influ-
ences MR on reaction time and number of generated products 
under comparable conditions [36]. This facilitates the analy-
sis of formation mechanism of specific MR products. Some 
model systems concerning DDMP were performed. Nishibori 
et al. [10, 15, 16] investigated the DDMP formation from fruc-
tose with various proteins or amino acids as well as the forma-
tion mechanism of DDMP from β-alanine and fructose under 
conditions used for baking. The role of DDMP in MR and its 
degradation pathways were investigated in aqueous solution 
using isotopic labeling experiments [37]. Considering the uni-
versal existence and various biological activities of DDMP, it 
is crucial to illuminate the effects of reaction conditions on the 
formation of DDMP and the formation mechanism. Although 
some researchers have mentioned that DDMP formation was 
affected by some factors, a systematical investigation on the 
effects of various factors on DDMP generation is still required 
to perform. In this paper, we investigated the influences of 
various factors on DDMP formation from reducing monosac-
charides (glucose and fructose) with amino acids (especially 
proline) in a solid-phase reaction system as a model of baking 
and cigarette smoking. The DDMP formation mechanisms as 
well as the effects of these factors on DDMP generation path-
ways were also proposed.

Materials and methods

Materials and reagents

d-glucose hydrate (C6H12O6·1H2O), d-glucose, d-fruc-
tose, l-proline (Pro), l-alanine (Ala), l-asparagine (Asn), 

l-threonine (Thr) and l-tyrosine (Tyr) were biological 
reagents. Phenylethyl acetate (internal standard), 2-fural-
dehyde, 2-furanmethanol, 2-acetylfuran, anhydrous 
sodium sulfate and the 14 hydrocarbons of C7–C20 were 
analytical pure. All the reagents mentioned above were 
purchased from J&K Scientific Ltd (Beijing, China). 
The solvent used in the experiment was dichloromethane 
(in GC grade purity) and was supplied by Tedia Com-
pany (Fairfield, USA). The proline Amadori product 
1-[(2′-carboxy)pyrrolidinyl]-1-deoxy-d-fructose (Fru–Pro) 
was synthesized according to published procedures [38, 
39].

Model reactions and sample preparations

Reducing sugar (d-glucose or d-fructose, 1  mmol) and 
amino acid (1 mmol) were mixed and sufficiently grinded 
in a mortar. The mixture or Fru–Pro (1 mmol) was placed 
in a test tube full of 10  % oxygen in nitrogen, and after 
enclosed with stopper, the compounds were heated in a 
heater block at 150 °C for 10 min. On cooling, 20 micro-
gram internal standard and 20  mL dichloromethane were 
added to the test tube, and the sample was extracted for 
15 min under ultrasonic. After dehydrated with anhydrous 
sodium sulfate and clarified by filtration, the extract was 
concentrated to 1 mL under a vacuum of 0.06 MPa. Each 
sample was prepared and detected at least in duplicate.

Gas chromatography–mass spectrometry (GC–MS) 
analysis

An HP-6890 gas chromatography coupled with HP-5975C 
mass spectrometer (Agilent Technologies, Wilmington, DE, 
USA) was used for analyses and acquisition of the electron 
impact mass spectra. One microliter of sample solution was 
injected in split mode with a ratio of 5:1. Separations were 
performed on a J&W HP-5MS column (60 m × 0.25 mm 
I.D., 0.25 μm film thickness). Ultrahigh-purity helium was 
used as carrier gas at a constant flow of 1.0 mL/min. Injec-
tor temperature was 240  °C. The oven temperature pro-
gram was from 50 °C (5 min) to 250 °C (10 min) at 8 °C/
min. The mass detector was operated in the electron impact 
mode with ionization energy of 70  eV and a scanning 
range of 35–500 a.m.u. The transfer line was maintained at 
250 °C and the ion source temperature was 230 °C.

Identification and quantitation of the compounds

The volatile compounds were identified based on the com-
parison of mass spectra with those of NIST 08 library and 
authentic compounds (when available). Their linear reten-
tion indices (LRI) were calculated according to van den 
Dool and Kratz equation [40] using the retention times of 
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the n-alkanes from n-heptane to n-tridecane and compared 
with the values from the literature or authentic compounds 
(when available). The identified compounds were quanti-
fied with respect to the internal standard using the total ion 
chromatography, assuming that the relative response factor 
was 1 and the recovery ratio was 100 %.

Thermogravimetric analysis (TG) and differential scanning 
calorimetry analysis (DSC)

The TG and DSC of the samples were performed using a 
thermogravimetric analyzer (Netzsch STA 449C, Netzsch 
Machinery and Instruments Co. Ltd., Germany) in the 
atmosphere of 10 % oxygen in nitrogen with a flow rate of 
100 mL/min. Approximate 20 mg sample powder was put 
in a standard alumina crucible and heated at a heating rate 
of 10 °C/min, with temperature rising from 30 to 600 °C.

Statistical analysis

The results were reported as mean  ±  standard deviation 
(SD). One-way analysis of variance (ANOVA) was per-
formed to determine the significance of differences among 
treatment means using IBM SPSS Statistics version 19.0 
with a significance level of 0.05.

Results and discussion

Thermogravimetric analysis (TG) and differential scanning 
calorimetry analysis (DSC)

To gain insight into the temperature required to occur solid-
state reaction, the samples (proline Amadori compound 
Fru–Pro and equimolar mixtures of proline–glucose, pro-
line–glucose hydrate and proline–fructose) were investi-
gated by TG and DSC with a heating rate of 10  °C/min. 
An atmosphere of 10  % oxygen in nitrogen was used to 
mimic the mean oxygen level throughout the pyrolysis/dis-
tillation zone inside the burning cigarette [41]. Figure  1a 
shows the TG, differential thermogravimetric (DTG) and 
DSC curves of proline–glucose mixture. In the entire tem-
perature range, there were three mass loss regions observed 
in the TG curve. The first mass change region was from 
110 to 220  °C with a mass loss of 37.3  %, correspond-
ing to the peak at 155  °C in DTG plot and an endother-
mic peak in the DSC curve. This indicated that solid-state 
reactions had occurred because proline and glucose would 
not sublime in this temperature region [39]. The second 
region with constant mass loss occurred between 220 and 
440 °C (14.4 %). The last region was from 440 to 600 °C 
(25.5  %) with a peak at 536  °C in DTG curve. Carboni-
zation and combustion might have occurred in this region 

because a strong exothermic peak was observed in the DSC 
plot [42]. A different TG curve of 1:1 (by weight) mix-
ture of proline and glucose under argon at heating rate of 
10 °C/min was obtained by Britt and Buchanan et al. [39]. 
This might imply that the atmosphere plays an important 
impact on the mass loss of the sample. The proline–glucose 
hydrate (Fig.  1b) and proline–fructose (Fig.  1c) mixtures 
and Fru–Pro (Fig. 1d) produced similar TG, DTG and DSC 
curves with that of proline–glucose mixture. However, a 
new small mass loss region was observed in low temper-
ature (55–90  °C) for the mixture of glucose hydrate and 
proline (Fig. 1b). This might mainly ascribe to the loss of 
crystal water in glucose hydrate. Similar mass loss region 
(65–100 °C) was found for Fru–Pro (Fig. 1d). This region 
was also observed for Fru-Pro under argon and attributed 
to water loss [39]. Furthermore, another mass loss region 
between 380 and 460  °C was detected for the mixture of 
fructose and proline, and an unobvious endothermic peak 
was observed from DSC plot in this region (Fig. 1c). Com-
ponent sublimation or decomposition seemed to have taken 
place in this region. The TG and DSC results indicated that 
the proline-reducing sugar mixtures and Fru–Pro all under-
went solid-state reactions at about 150  °C. Therefore, the 
model reactions were conducted at this temperature.

Identification of the compounds in the reaction of glucose 
or fructose with proline

Equimolar mixtures (1 mmol) of fructose or glucose with 
proline were heated at 150  °C for 10  min. The volatile 
compounds from the reaction mixtures were extracted with 
dichloromethane and analyzed with GC/MS. Seven volatile 
components including 5 furans and 2 pyrans were identified 
(Online Resource 1). They have been reported as MR prod-
ucts [36, 43, 44]. DDMP was the major component among 
them. 4-Hydroxy-2,5-dimethyl-3(2H)-furanone (HDMF) 
was reported as an important odorant generated from the 
MR model of glucose and proline [38, 45]. Nishibori and 
Bernhard [10] also found that HDMF was produced in 
the reactions of fructose and glucose with β-alanine under 
dry-heated conditions, which was similar with the system 
used in our study. Furthermore, no free carbohydrate deg-
radation products were detected from the glucose/fructose–
proline mixtures, and this indicated the high efficiency of 
Maillard reaction under present conditions.

Influences of amino acids on the formation of DDMP

2,3-Dihydro-3,5-dihydroxy-6-methyl-4(H)-pyran-4-one 
(DDMP) can be generated from the reaction of reducing 
sugar with various amino acids [15]. Proline (Pro), aspar-
agine (Asn), alanine (Ala), tyrosine (Tyr) and threonine 
(Thr) were chosen in this work because they are the most 
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abundant in flue-cured tobacco leaves [46–48]. Lysine 
(Lys) was also taken into account in that it is an essential 
amino acid and sensitive to food processing. The amounts 
of DDMP generated from these amino acids and two 
reducing sugars (glucose and fructose) were measured, 
and the results are shown in Fig.  2. DDMP was hardly 
produced from the mixtures of tyrosine with glucose and 
fructose. Similar results were also observed in the model 
of baking cookies [15] and in liquid-phase models [49, 
50]. More Tyr-specific products, such as phenols and aro-
matic compounds, were generated in the Tyr-glucose/fruc-
tose system. Furthermore, Tyr was also reported brown-
ing more intensively than other amino acids studied here 
when reacted with glucose and fructose [35, 51]. Major 
DDMP was generated from the reaction of alanine and 
proline with glucose and fructose. The generation amount 
of DDMP from fructose was higher than that from glu-
cose when they reacted with asparagine, alanine, lysine 
and threonine, respectively. Some researchers found that 
fructose was more effective than glucose in the forma-
tion of DDMP under conditions used for baking [15, 16]. 
Fructose was reported more reactive with amino acids 
than glucose in MR [8]. It reacted faster than glucose in 
Maillard browning reactions and in the initial stage of 

MR [52]. These differences may mainly result from their 
different carbonyl groups: the presence of an aldehydic 
group in glucose in comparison with fructose containing 
a keto group. Furthermore, fructose exists to a greater 
extent in open-chain form than glucose does, which 

Fig. 2   DDMP formation from the reaction of 1 mmol selected amino 
acid with 1  mmol glucose, glucose hydrate or fructose heated at 
150 °C for 10 min. The different letters in the same bar are signifi-
cantly different (p < 0.05)

Fig. 1   The TG, DTG and DSC curves under 10 % oxygen in nitrogen at a heating rate of 10 °C/min for selected samples: equimolar mixture of 
proline–glucose (a), proline–glucose hydrate (b) and proline–fructose (c) and proline Amadori product Fru–Pro (d)
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facilitates the reaction between carbonyl groups of reduc-
ing sugars and amino groups from amino acids or proteins 
[52]. However, we found that the formation amount of 
DDMP from glucose–proline was higher than that from 
fructose–proline, and this implied that glucose showed 
higher reactivity with proline than fructose. To confirm 
the high reactivity of glucose with proline, DDMP for-
mation from the equimolar mixtures of glucose–proline 
and fructose–proline heated at 150 °C for 2–10 min was 
compared (data were not shown). The highest DDMP 
yield was achieved faster/earlier from the glucose–proline 
mixture (8 min) compared with the fructose–proline mix-
ture (10 min). The special reactivity of proline with glu-
cose is due to its special structure. Some amino acids can 
catalyze aldol reaction [53], and the reactivity for aldol 
catalysis is similar to that of MR [54]. As a cyclic second-
ary amino acid with 5-membered ring, proline is a more 
effective catalyst compared to primary amino acids and 
noncyclic secondary amino acids, and the five-membered 
pyrrolidine ring is the most reactive for the secondary 
cyclic amine moiety [53–55]. The reactivity of proline for 
aldol reaction as well as MR with glucose was enhanced 
by its molecular structure. A detailed explanation on the 
high reactivity of proline with glucose in MR can be 
found in the literature [54].

An obvious difference in DDMP formation amount 
was observed between glucose and glucose hydrate when 
reacted with proline. Yeo and Shibamoto reported that 
moisture content had a significant impact on the amount of 
volatiles (including DDMP) in l-cysteine/d-glucose model 
system [56]. We found that DDMP generation amount 
was also affected by the crystal water in glucose for glu-
cose–proline mixtures. Water may have multiple impacts 
on MR. The reactants are more concentrated in a lower 
water activity, and this results in an increase in reaction 
rate. However, the system diffusion also becomes increas-
ingly difficult with lower water activity, the reactants meet 
each other harder, and the reaction rate decreases. Apart 
from that, water participates also in the reaction itself, for 
instance when the glycosylamine is rearranged to the Ama-
dori product (Fig.  4). Furthermore, water may affect the 
existing state of the reactants, intermediates and products 
which may further influence the reaction rate and pathway. 
Amino acids and amines are more effective for catalyzing 
aldol reactions under nonaqueous conditions where the 
amine functionality can be maintained in its reactive unpro-
tonated state [55]. The influence of water on DDMP forma-
tion actually reflected the comprehensive result of several 
specific effects.

Further investigation based on the proline–glucose sys-
tem was performed because proline was one of the most 
important and abundant amino acids in flue-cured tobacco 
leaves and effective in DDMP formation.

Effects of reactant ratios and oxygen concentration 
on DDMP formation from Fru–Pro and proline–glucose 
mixtures

Equal amount (by weight or by mole) of reducing sugars 
and amino acids is usually used in the model system con-
cerning DDMP formation [10, 16, 57]. However, the reac-
tant ratios between reducing sugars and amino acids in 
real samples (such as tobacco leaves and foods) vary dra-
matically. In order to study the effect of reactant ratio on 
DDMP generation, the mixtures with different mole ratios 
of glucose to proline were prepared and heated at 150  °C 
for 10  min. The results are shown in Fig.  3. The DDMP 
formation efficiency was higher when glucose was excess 
and achieved the highest level at the ratio of 2:1. Glucose 
was reported to be consumed faster than amino acids in MR 
[58]. Van Boekel and Martins ascribed this to the isomeri-
zation of glucose to fructose and the regeneration of amino 
acid from the initial condensed intermediates (such as Ama-
dori product) [59]. Glucose and fructose were found to 
isomerize into one another via the Lobry de Bruyn-Alberda 
van Ekenstein transformation with 1,2-enediol anion as the 
key intermediate [60, 61], and this reaction was more appar-
ent in higher temperature [58]. It seems that this transfor-
mation easily takes place taking into account of the high 
temperature used in the present study. Figure  4 shows the 
possible formation pathway of the early Maillard inter-
mediates and some volatile compounds [16, 38, 62]. The 
N-glucosylproline is formed by condensation of glucose 
and proline, and it then loses water to form the Schiff base. 
The Schiff base can tautomerize to form the enamine which 
then leads to the formation of the Amadori compound 
1-[(2′-carboxy)pyrrolidinyl]-1-deoxy-d-fructose (Fru–Pro). 
The subsequent degradation of Fru–Pro basically follows 
two main decomposition pathways. One is 1,2-enolization 

Fig. 3   DDMP generation with different reactant ratios of reduc-
ing sugars (glucose and glucose hydrate) to proline under 150 °C for 
10 min
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producing 3-deoxyhexosulose with HMF as a characteristic 
degradation product; the other one is 2,3-enolization leading 
to 1-deoxy-2,3-hexodiulose with DDMP and HDMF as typ-
ical reaction products. Meanwhile, proline was released dur-
ing the degradation of Fru–Pro through enolization. Proline 
acts to a certain extent as a catalyst in the reaction from pro-
line–sugar mixtures to the formation of deoxyosones [59]. 
Furthermore, the main product formed from the pyrolysis of 
proline alone was a cyclic diamide (proline dimer) [11], and 
this compound was found and identified by comparison with 
the mass spectrum from the literature [63]. Figure 5 shows 
the chromatograms of proline–glucose mixtures with differ-
ent reactant ratios heated at 150 °C for 10 min. No free glu-
cose pyrolysis products were detected. The peak of proline 
dimer was the most intense for the 1:1 mixture of proline 
and glucose. The formation of proline dimer was inhibited 
with excess glucose, and DDMP formation was enhanced; 
meanwhile, opposite results were obtained when the ratio of 
glucose to proline was lower than 1:1. This indicated that 
the efficiency of Maillard reaction was improved, and sec-
ondary reaction such as proline pyrolysis reaction was sup-
pressed with excessive glucose under present conditions.

In order to investigate the effect of oxygen on DDMP for-
mation, the glucose–proline mixture with a ratio of 1:1 and 
Fru–Pro were heated at 150  °C for 10  min under 0, 5, 10 
and 20 % oxygen in nitrogen, respectively. The 20 % oxy-
gen in nitrogen was used to represent the air. The results are 
shown in Fig. 6. The DDMP generation amounts were not 
significantly affected by oxygen concentration. Oxygen is 

a potent catalyst of MR between glucose and proline under 
physiological conditions [64] and may be involved in Mail-
lard browning reactions [65, 66]. However, the formation 
of DDMP was not significantly affected by oxygen in our 
study, this might imply that the reactants were not suscepti-
ble to oxidative decomposition, and oxygen was not involved 
in the formation of DDMP under present conditions.

DDMP was produced more efficiently from proline–
glucose mixture than from Fru–Pro (Fig.  6). Huyghues-
Despointes et al. [11] ascribed this to the ability of glucose 
alone to produce DDMP. However, Nishibori and Kawaki-
shi [15] stated that no DDMP was observed in the pyrolysis 
products of glucose. More secondary reactions may have 
occurred for Fru–Pro relative to the mixture. Some pyrroli-
dine derivatives and maltoxazine were produced more effi-
ciently from Fru–Pro than from the mixture under pyroly-
sis conditions [11]. The Amadori products were also found 
browning more intensively than their precursor mixtures 
[65]. The reaction products of Fru–Pro and the mixtures 
were basically the same, but their amounts and relative 
ratios varied obviously; similar results were also observed 
in somewhere else [11].

Effects of temperature and time on DDMP formation 
from proline–glucose mixture and kinetic study of DDMP 
generation

DDMP was reported to produce the most efficiently at 
150 °C heated for 10 min [16], and this was consistent with 

Fig. 4   The possible formation 
pathway for the early Maillard 
intermediates and some volatile 
compounds
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the TG results in our study and indicated that the mass loss 
of the stage around 150 °C mainly arose from the formation 
of volatile compounds such as DDMP and HDMF. However, 
the effects of temperature and time should be investigated 
together because the reaction goes faster at higher tempera-
ture, so that the time needed to reach the highest DDMP for-
mation level is shorter. Figure 7 shows the DDMP formation 
from glucose–proline mixture with a reactant ratio of 2:1 at 
100, 120, 150 and 200 °C. The formation amount of DDMP 
increased with time at first and then decreased slowly after 
the peak was achieved. This indicated that DDMP might 
lose during reaction due to degradation or oxidation because 
it was thermal instable under pyrolysis conditions [11, 12]. 
The main degradation products of DDMP after roasting 
were 5-hydroxymaltol, 2,4-dihydroxy-2,5-dimethyl-3(2H)-
furanone (acetylformoin) and maltol [37]. A good correla-
tion between DDMP and 5-hydroxymaltol or acetylformoin 
was observed in our study, and this supported the parent 
daughter relationship between the compounds. DDMP was 
found to accumulate with time in aqueous-phase model 
[20]. The reason might be that the investigated time was not 
long enough to reach the peak because Maillard reaction in 
liquid phase is much slower than its solid-phase counter-
part [36]. The time at which DDMP began to be detected 
was defined here as induction period, and the time when 
the highest DDMP amount was achieved was referred to as 
peak time. They were found to be temperature dependent: 
the higher the temperature, the shorter the induction period 
and the peak time. Furthermore, the peak value was found 
to increase with rising temperature and reached the high-
est level at 150 °C. No significant difference was observed 
between the peak value at 150 °C and that at 200 °C. This 
suggested that there might be a plateau in a certain temper-
ature range for the plot of peak value versus temperature. 
There should also be a minimum temperature for the gen-
eration of DDMP according to the influence of temperature 
on the peak value. We found that it was about 80 °C because 
little DDMP was detected at this temperature heated as long 
as 24 h.

The kinetics study for DDMP formation was performed 
to better understand and predict DDMP formation, and the 
simple kinetic model was chosen. As shown in Fig. 7, an 
exponential relationship was observed from the plots of the 
formation amount of DDMP versus time, and this indicated 
that the formation of DDMP in the initial stage of the reac-
tion followed obviously first-order kinetics:

where n0 is the initial amount of DDMP, k is the reaction rate 
constant, and t is time. DDMP formation in aqueous solution 

(1)n = n0 exp (kt)

Fig. 5   Chromatograms of proline–glucose mixtures with different 
molar ratios of glucose to proline heated at 150 °C for 10 min

Fig. 6   Formation of DDMP from 1 mmol Fru–Pro and mixtures of 
proline (1 mmol) with reducing sugars (1 mmol glucose or glucose 
hydrate) under different oxygen concentrations heated at 150 °C for 
10 min. The different letters in the same bar are significantly different 
(p < 0.05)
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was also reported to follow first-order kinetics [20]. The rate 
constants were determined through fitting of DDMP amount 
against time. They were calculated as 0.025, 0.095, 0.939 
and 2.37  μmol/min for temperatures 100, 120, 150 and 

200 °C, respectively. The temperature dependence of the rate 
constant is often expressed by the Arrhenius equation:

where k is the apparent first-order rate constant (μmol/
min), A0 is a pre-exponential constant, T is temperature 
(Kelvin), Ea is activation energy (kJ/mol), and R is the uni-
versal gas constant (8.314 J/K mol). The activation energy 
and lnA0 were determined by linear fit of lnk against 1/T:

This equation enables us to obtain the rate constant at 
any temperature between 100 and 200  °C for the solid-
phase reaction of glucose–proline mixture. We can also cal-
culate the amount of DDMP formation in the initial stage at 
temperatures 100, 120, 150 and 200 °C using Eqs. 1 and 3. 
The activation energy of DDMP formation was calculated 
as 68.8 kJ/mol. It was much lower than the activation energy 
of DDMP formation (122 kJ/mol) from the equimolar mix-
ture of d-glucose, d-ribose and l-glutamic acid monoso-
dium salt in aqueous model [20], which means that DDMP 
was easier to produce from the solid mixture of glucose and 
proline. The present kinetic analysis was performed under 
specific experiment conditions, some factors such as water 
activity and reactant ratios could affect the kinetics, and fur-
ther research still needed to perform to elucidate the influ-
ence of these factors on the kinetics of DDMP formation.

Conclusion

The effects of various factors on DDMP formation were 
investigated in dry-heated MR model system in our study. 
The Fru-Pro and mixtures of reducing sugar with proline 
produced similar TG and DSC curves, and all underwent 
solid-state reaction around 150  °C. Fructose was more 
effective in DDMP formation than glucose when reacted 
with amino acids except proline. Proline was a potent 
catalyst for aldol reaction, and for this reason, it enhanced 
the reactivity of glucose. Oxygen concentration had no 
obvious effects on DDMP formation. DDMP formation 
was favored when reducing sugar was excess, and its 
optimal proportion was the sugar–proline molar ratio at 
2:1. DDMP yield in reaction increased with time at first 
and then decreased slowly after the peak was achieved. 
The peak value increased as rising temperature and then 
seemed to reach a plateau. Furthermore, the kinetics study 
provided us valuable information that can help us to better 
understand and predict the formation of DDMP. Although 
the present work was performed under model conditions, 
it could facilitate us to better understand the formation of 
DDMP under conditions such as drying, baking and ciga-
rette smoking.

(2)ln k = ln A0 − (Ea/R)(1/T)

(3)ln k = 18.76 − 8279(1/T)

Fig. 7   Formation of DDMP from the mixture of 2 mmol glucose and 
1 mmol proline as a function of time at different temperatures. The 
solid line was the regression curve of DDMP formation in the initial 
stage
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