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In this work, sesame oligosaccharides (SOL) and sesame protein isolate (SPI) were isolated from dehulled sesame
meal, combined and then tested as a sesame model system, to investigate the effects of roasting temperature and
duration on color and flavor. The results demonstrated that SOL was more easily degraded than SPI; specifically,
SOL and SPI gradually degraded at 100 °C and 150 °C, respectively. FT-IR analysis showed that characteristic
bonds existing in the roasted samples were somewhat destroyed. Galactose, fructose, lysine, cysteine, and

arginine showed great reduction and played an important role in color variation and flavor compound formation
according to monosaccharide and amino acid analysis. Total color difference (AE) and browning intensity
increased with roasting temperature and roasting duration. The types and concentrations of volatile flavor
compounds were significantly increased, particularly heterocyclics (14.1 %-34.4 %) and phenols (28.4 %-32.4
%), corresponding to 0.3 % and 8.9 % of the unroasted samples.

Introduction

Sesame oil extracted from roasted seeds is very popular with con-
sumers due to its attractive color, taste, and distinctive aroma (Yin et al.,
2021). According to previous studies, the color and aroma of sesame oil
are attributed to the Maillard reaction, lipid oxidation, and thermal
degradation of macromolecules such as polysaccharides and protein
during roasting sesame seeds (Berk, Hamzalioglu, & Gokmen, 2019;
Goncuoglu Tas & Gokmen, 2017). Many investigations have demon-
strated that the thermal degradation of macromolecules and lipid
oxidation provides abundant precursors for the Maillard reaction (Li
etal., 2021; Ye et al., 2022). Therefore, the Maillard reaction potentially
plays a key role in producing the color and flavor of sesame oil.

Roasting is a common operation in food processing, and temperature
and duration are two very important factors influencing the texture,
color, and flavor of roasted food (Zhang et al., 2022). Roasting can
induce the Maillard reaction, which readily happens between amino
compounds and reducing sugars, producing aromatic compounds,
antioxidant species, and colors (Shakoor, Zhang, Xie, & Yang, 2022). In
addition to abundant lipids in sesame seeds, protein and carbohydrates
are the main components. Protein is one of the most important macro-
molecules in food, which has been confirmed to be closely associated
with flavor formation (Zhang, Kang, Zhang, & Lorenzo, 2021).
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Oligosaccharides are a class of water-soluble sugars that are abundant
and widely distributed in nature; they commonly consist of 2-10
monosaccharides connected by a- and - glycosidic linkages (Liu, Xie,
Gu, Luo, & Li, 2022; Xiong et al., 2021). Water-soluble sugars generally
play key roles in flavor formation during food processing; for example,
they produce furfural and pyrones which give food what consumers
recognize as a caramel flavor (Li, Shi, Li, Luo, & Li, 2022). Moreover, in
plant foods, particularly fruits, there is a close relationship between
flavor quality and water-soluble sugar content (Liu et al., 2011; Yang
et al., 2021b). While much research has been done, the specific effects of
sesame oligosaccharides (SOL) and sesame protein isolate (SPI) on color
and flavor in roasting seeds have not been investigated.

Various Maillard models are widely used to investigate the contri-
bution of specific substances to color variation and volatile flavor
compound formation under different thermal treatments. For instance,
Xu et al. (2021) used a peptide-xylose Maillard model to explore the
mechanism of volatile compound formation in bovine bone protein.
They found that taste-active peptides can produce unique flavor com-
pounds in the absence of xylose with roasting treatment. Lotfy et al.
(2021) studied the effect of pH on color and flavor compounds using a
quinoa protein hydrolysate-xylose Maillard model. They concluded that
pH had a great influence on the types of volatile compounds produced.
Ma et al. (2022) constructed a glucose-glycine Maillard model reaction
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to investigate the formation of vinylpyrazines, which is the character-
istic flavor compound in hot-processed foods. They found that the car-
bon atoms on the pyrazine ring of vinylpyrazines came from glucose and
the vinyl group was derived from both glucose and glycine. It can be
seen that the Maillard model is a convenient and feasible method to
investigate how thermal treatments produce substances that influence
the color and flavor of foods.

Therefore, a Maillard model reaction was established in this work, to
study the interactions of SOL and SPI in producing color and flavor
changes under different roasting conditions, thus exploring the contri-
butions of SOL and SPI to the distinctive aroma of sesame oil. The
chemical compositions of the unroasted and roasted SOL-SPI complex
were assessed, the degree of the Maillard reaction was determined, and
the volatile compounds produced were characterized. This work pro-
vides some information on color and flavor development in the process
of roasting sesame seeds.

Materials and methods
Materials

The sesame seeds (Zhuzhi-22) used in this experiment were provided
by the Henan Academy of Agricultural Sciences (Zhengzhou, China),
and were refrigerated at 4 °C for the next step. Sesame kernels were
manually obtained by dried decortication. The sesame kernels were
defatted firstly using a cold-press method (50 MPa, 40 min), then further
defatted with petroleum. The sesame meal was crushed to obtain the 60-
mesh powder using a high-speed grinder (FW-100, Guangming instru-
ment, China), then washed twice with 95 % ethanol at room tempera-
ture for 2 h to remove pigments, free sugars, and free amino acids. What
remained was the alcohol-insoluble substance (AIS). AIS was freeze-
dried, then used for the oligosaccharide and protein isolate extrac-
tions. All chemicals used in this experiment were provided by Shanghai
Macklin Biochemical Technology Co., Itd. (Shanghai, China) and they
were of analytical grade.

Extraction of sesame oligosaccharides (SOL)

SOL was extracted from AIS based on a method described in a pre-
vious study with some modifications (Guo, Zhao, Li, Miao, & Zheng,
2019). Briefly, 100 g of AIS was added to 2000 mL of 30 % ethanol
solution and stirred at 50 °C for 2 h, then centrifuged (4800 rpm, 15
min). The supernatant was concentrated to approximately 200 mL, then
three volumes of 95 % ethanol (v/v) were mixed with concentrates,
followed by continuous stirring at 25 °C for 1 h. The solution was
refrigerated at 4 °C for 2 h, then centrifuged again (4800 rpm, 15 min).
Subsequently, the supernatant was concentrated to approximately 200
mL and then freeze-dried to obtain sesame oligosaccharides.

Extraction of sesame protein isolate (SPI)

SPI was obtained using a method described in a previous report
(Zhong et al., 2019). Briefly, 100 g of AIS was mixed with deionized
water (1:20, w/v); the pH was adjusted to 10.0 using 1 mol/L sodium
hydroxide. The mixture was stirred at 50 °C for 1.5 h, then centrifuged
(4800 rpm, 15 min). Subsequently, the pH was adjusted to 4.5 using 1
mol/L hydrochloric acid, then centrifuged again (4800 rpm, 10 min).
The precipitate was washed three times with deionized water, then
freeze-dried and named SPI.

Preparation of SOL-SPI samples

Equal parts of SOL and SPI (1:1, w/w) were mixed, then added to
deionized water at a ratio of 1:25 (w/v), continuously stirred at room
temperature for 1.5 h, then freeze-fried. This constituted the lyophilized
sample. Subsequently, portions of this were roasted at 160,180 °C for 5/
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10 min (i.e., four different combinations of conditions). The unroasted
sample was named UOP. The samples roasted at 160 °C for 5 min and 10
min were called ROP-1 and ROP-2, respectively. The samples roasted at
180 °C for 5 min and 10 min were named ROP-3 and ROP-4, respec-
tively. In total, five samples were prepared for this experiment, i.e.,
UOP, ROP-1, ROP-2, ROP-3, and ROP-4.

Yields and chemical analysis of SOL and SPI

The yields of SOL and SPI were calculated based on the defatted
sesame kernel meal (w/w). The chemical compositions of SOL and SPI
were analyzed in terms of protein, moisture, and ash content according
to the methods of AOCS (American Oil Chemists™ Society (2017) with
minor modifications. Total sugars were measured by the phenol-sulfuric
acid method using p-glucose as standard (Dubois, Gilles, Hamilton,
Rebers, & Smith, 1956).

Thermal gravimetric measurement

The STA 449C thermal analyzer (Netzsch, Germany) was used to
measure the thermal stability of SOL and SPI. Before measurement,
approximately 10 mg of SOL and SPI were dried at 100 °C for 1 h to
evaporate free water, then placed in a crucible. In a nitrogen environ-
ment, the sample was heated from 45 °C to 650 °C at a rate of 10 °C/min.
Thermogravimetry (TG) and differential thermogravimetry (DTG)
spectra were recorded.

Fourier transform infrared (FT-IR)

FT-IR spectra of SOL, SPI, UOP, and ROP (1-4) were recorded by an
IR spectrometer (Perkin Elmer Frontier, American). Approximately 5 mg
of each sample was fully ground with 500 mg KBr, then pressed into a
pellet for measurement. Frequency range: 4000-400 cm™'; Resolution:
4cm .

Monosaccharide composition determination

The monosaccharide composition of the five samples was measured
by a high-performance anion-exchange chromatography (HPAEC) in-
strument, equipped with an AS50 auto-sampler and an ICS5000 system
(Thermo Fisher Scientific, USA). According to the method in our pre-
vious study (Guo et al., 2022), 5 mg of each sample was hydrolyzed with
0.125 mL of 72 wt% sulfuric acids at 25 °C for 45 min, then 1.35 mL of
deionized water was added, and the mixture was heated at 105 °C for
2.5 h. Subsequently, the hydrolysates were filtered through a 0.22 pm
nylon membrane, then the pH was adjusted to 7.0 using 1 mol/L hy-
drochloric acid. Finally, 50 pL of the resulting solution was injected into
the HPAEC system. Changes in the monosaccharide compositions of the
five samples were calculated using the following formula.

Content change (%) = (Ao —Ay)/Ao X 100%

where Ay represents the sugar content of UOP, and Ay represents the
sugar content of one of the four roasted samples, i.e., ROP (1-4).

Amino acid composition determination

The amino acid composition of UOP and ROP (1-4) was assessed
based on a previous method (Yang et al., 2021a). In brief, 30 mg of each
sample was put into a sealed glass tube, then 10 mL of 6 mol/L hydro-
chloric acid and three drops of phenol were added. After nitrogen was
blown over the sample for 2 min, each sample was put in an oven for 22
h at 110°C. The hydrolysates were filtered and diluted with deionized
water in a 50 mL volumetric flask. 1 mL of each solution was concen-
trated and evaporated to dryness, then 1 mL of deionized water was
added and evaporated again. Then the dried samples were dissolved in 1
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mL of citric acid solution (pH 2.2) and filtered through a 0.22 pm PES
membrane (Merck, Darmstadt, Germany). The resulting solutions were
identified using an S433D Automatic Amino Acid Analyzer (SYKNM,
Germany). The content change in amino acid was calculated using the
following formula.

Content change (%) = (Ao — Ay)/Ao X 100%

where A represents the sugar content of UOP, and Ay represents the
sugar content of one of the four roasted samples, i.e., ROP (1-4).

Color measurement

The color of UOP and ROP (1-4) was measured. Briefly, approxi-
mately 1 g of each sample was put in a dish and detected by chroma-
meter CR-400 (Konica Minolta, Japan). The values of L*, a*, b*, and AE
correspond to brightness, the degree of red and green (+red, —green),
the degree of yellow and blue (+yellow, —blue), and the total color
difference, respectively. The AE value was calculated by the formula
below.

AE= (L L) 4 (@ —a) + (0 - b))
where Ly, a;, and by, are color parameters of UOP.

Browning intensity determination

The browning intensity of UOP and ROP (1-4) was measured.
Briefly, 10 mg of each sample was added to 30 mL deionized water,
continuously stirred for 2 h at 25 °C, then centrifuged (4500 rpm, 10
min); the supernatant was collected. The absorbances of the superna-
tants at 294 nm and 420 nm were recorded using a UV-2401PC spec-
trophotometer (Shimadzu Co., Itd., Japan). Deionized water was used as
the blank control.

Identification of volatile compounds

Based on a previous report (Yuan, Peng, Zhong, Zhao, & Lin, 2021),
the volatile compounds were detected using headspace solid-phase
microextraction coupled with gas chromatography-mass spectrometry
(HS-SPME/GC-MS). In brief, 1 g of each sample was tightly sealed in a
15 mL glass vial, containing a magnet rotor, then continuously stirred
with a magnetic stirrer (60 °C, 40 min). The volatile flavor compounds
were extracted with a DVB/CAR/PDMS-50/30 pm fiber (Sigma-Aldrich,
Shanghai, China) at 60 °C for 30 min, then injected into the GC-MS
system. The system used was an Agilent 7890B GC equipped with an
Agilent 5977A mass spectrometry detector (Agilent Co., Itd., Palo Alto,
USA). An HP-5MS column (30 m x 0.25 mm x 0.25 pm, Agilent) was
used to separate volatile compounds under helium (99.99 %) with a flow
rate of 1.8 mL/min. The heating protocol: temperature kept at 40 °C for
3.5 min; increased to 230 °C (4 °C/min) and held for 8 min; then
increased to 250 °C (10 °C/min) and held for 10 min. The HP-5MS
column was used in electron mode, with an electron energy of 70 eV,
scanning over a range of 30-550 m/z at 2.0 scan/s. The temperatures of
the MS source and the quadrupole were kept at 230 °C and 150 °C,
respectively. The National Institute of Standards and Technology mass
spectral library (NIST17) was used to identify the volatile compounds.
The relative content of volatiles was calculated by the peak area
normalization method.

Statistical analysis

The experiments in this work were carried out at least three times.
The data were subjected to one-way analysis of variance (ANOVA) using
IBM SPSS statistics 21.0 software (Chicago, USA), and the values shown
are the mean =+ standard deviation (SD). Duncan’s multiple range test
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was performed and significant differences were considered when P <
0.05.

Results and discussion
Chemical compositions and yields of SOL and SPI

The yields and chemical compositions of SOL and SPI are presented
in the supplementary materials Table S1. As seen, the yields of SOL and
SPI were 10.2 % and 43.1 %, respectively; the total sugar content of SOL
and protein content of SPI were 78.4 % and 86.7 %, respectively. It can
be seen that SOL had more moisture than SPI, which was attributed to
the lower degree of polymerization of SOL, which meant that many
more hydrophilic groups were exposed to the external environment,
resulting in water being easily adsorbed to its surface. The ash content of
SOL and SPI were 4.6 % and 1.2 %, respectively; this was related to the
extraction method above.

Thermal stability

The TG and DTG spectra of SOL and SPI are presented in Fig. 1A and
B, respectively. As can be seen, the mass loss was divided into three
phases. The first phase of mass loss of SOL (<100 °C) and SPI (<150 °C)
was ascribed to the evaporation of residual water in the lyophilized
samples. The mass loss during this phase was below 2 % because SOL
and SPI had already been heated at 100 °C for 1 h to remove free water
before thermogravimetry determination. The second phase was the
phase of major mass loss for both SOL and SPI, corresponding to the
range of 100-500 °C and 150-500 °C, respectively. Mass loss during this
phase was attributed to the breakage of glycosidic bonds and peptide
bonds, resulting in depolymerization and degradation of SOL and SPI
(Bikaki, Shah, Muller, & Kuhnert, 2021; Long et al., 2022), which in turn
provided numerous intermediate compounds for the Maillard reaction
to promote color and flavor formation. The mass loss reached 50 % at
333.4 °C and 348.3 °C for SOL and SPI, respectively. Temperatures
exceeding 500 °C represented the third phase of mass loss, corre-
sponding to the charring of organic substances. SOL showed higher solid
residue content (36.0 %) than SPI (31.7 %) at 650 °C. From DTG curves,
it can be seen that SOL and SPI reached their maximum degradation
rates at 207.1 °C and 301.6 °C, corresponding to 5.8 %/°C and 5.9 %/°C,
respectively. From the TG and DTG curves of SOL and SP], it can be seen
that SOL is easier to degrade than SPI, showing high reactive activity
because SOL had lower Mw and a relatively simple structural configu-
ration compared with SPI (Yang, Dai, Sun, McClements, & Xu, 2022; Zou
et al., 2016). Therefore, SOL can easily participate in the Maillard re-
action to promote color and flavor formation. The results of total sugar
reduction as shown below also support this speculation.

FT-IR analysis

The FT-IR spectra of SOL, SPI, UOP, and ROP (1-4) are presented in
Fig. S1. As for SOL, its spectrum showed characteristic absorption peaks
in the range of 4000-500 cm . The absorption peak at 3432 cm ™! was
attributed to the stretching vibration of ~OH and the peak at 2926 cm ™!
was assigned to the stretching vibration of ~-CH(-CH,). The weak ab-
sorption at 1727 cm™! and relatively strong absorption at 1640 cm ™
were caused by the esterification and non-esterification of —COOH,
respectively. The peaks at 1415 cm™! and 1263 cm™! were related to
—CH; bending and COO- of uronic acids, respectively (Al-Wraikat, Liu,
Wu, Ali, & Li, 2022). The peaks in the range of 1000-1200 em™! were
mainly related to C—O—H and C—O—<C stretching vibrations (Bai,
Zhou, Zhu, & Li, 2022). The absorption at 925 em™! suggested the
presence of a-glycosidic bonds.

In the spectrum of SPI, the peaks at 3294 cm ™! and 2930 cm ™! were
related to the stretching vibration of N—H and —~CH(-CHy), respectively.
Commonly, the absorption peaks at 1630-1680 cm ™}, 15301560 cm %,
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Fig. 1. Thermogravimetry (TG) and differential thermogravimetry (DTG) spectra of (A) SOL and (B) SPI. SOL, sesame oligosaccharides; SPI, sesame protein isolate.

and 1260-1420 cm™! belong to amide I, amide II, and amide III,
respectively (Wang, Wu, & Liu, 2017). The sharp absorption peaks at
1654 cm ™! and 1535 cm ™! were caused by the stretching vibration of
C=O0 for amide I and the bending vibration of C—N stretching vibration
for amide II. Weak absorption bands appeared at 1450 cm™! and 1397
cm ™! due to bending stretching of N—H and stretching vibrations of
C—N, respectively, for amide III (Wang et al., 2017).

The spectrum of UOP showed strong and sharp absorptions, which
was similar to ROP-1, suggesting that the roasting conditions, i.e.,
160 °C/5 min, could not destroy the characteristic bonds of UOP.
However, as the roasting temperature and duration increased, these
peaks weakened. The spectra of ROP-2, ROP-3, and ROP-4 showed weak
and flat absorption peaks compared to ROP-1. This phenomenon indi-
cated that the higher temperature and longer duration caused a deeper
degree of the Maillard reaction, resulting in a darker color and many
more volatile flavor compounds.

Sugar composition analysis

The sugar compositions of the unroasted and roasted samples are
presented in Table 1. As can be seen, the total sugar content was 40.05,
36.27, 35.26, 33.04, and 30.63 g/100 g, corresponding to UOP, ROP-1,

Table 1
Monosaccharide composition of UOP and ROP (1-4).

Monosaccharide Samples

composition (g/1008)  ;, ROP-1  ROP-2  ROP-3  ROP-4

Ara 0.24 + 0.23 + 0.24 + 0.24 + 0.24 +
0.01° 0.01° 0.01% 0.02° 0.03?

Rha 0.76 + 0.75 + 0.71 + 0.69 + 0.65 +
0.01° 0.00° 0.00° 0.00° 0.01¢

Gal 13.06 9.50 + 9.18 + 8.75 + 8.56 +
+0.09°  0.12° 0.06° 0.08¢ 0.03¢

Gle 21.85 21.72 21.49 20.03 18.27
+0.02°  +0.04 +£0.08 +003° +0.08¢

Xyl 0.30 + 0.29 + 0.29 + 0.29 + 0.29 +
0.01° 0.00° 0.00° 0.01° 0.01°

Man 0.38 + 0.37 + 0.33 + 0.33 + 0.30 +
0.01° 0.01° 0.00° 0.01° 0.01°

Fru 311 + 3.05 + 2.68 + 2.37 + 2.10 +
0.06% 0.06° 0.02° 0.02¢ 0.02¢

GalA 0.38 + 0.37 + 0.36 + 0.35 + 0.26 +
0.01? 0.01%° 0.01%° 0.00° 0.01°

Total 40.05 36.27 35.26 33.04 30.63
+0.04  +£0.25° +£0.16° +018% +0.17°

Abbreviations: UOP, unroasted sample; ROP-1, sample roasted at 160 °C for 5
min; ROP-2, sample roasted at 160 °C for 10 min; ROP-3, sample roasted at
180 °C for 5 min; ROP-4, sample roasted at 180 °C for 10 min; Ara, arabinose;
Rha, rhamnose; Gal, galactose; Glc, glucose; Xyl, xylose; Man, mannose; Fru,
fructose; GalA, galacturonic acid. The different small letters in a row represent
the significant difference (P < 0.05).

ROP-2, ROP-3, and ROP-4, respectively. The results demonstrated that
increased roasting temperature and duration significantly accelerate
sugar reduction due to a deeper degree of caramelization and Maillard
reaction occurring. Compared to ROP-1, ROP-2 showed no obvious
difference in total sugar content but ROP-3 presented a lower total sugar
content, indicating that roasting temperature had a greater influence on
sugar reduction than roasting duration. As for the sugar composition of
UOP, glucose (21.85 g/100 g) and galactose (13.06 g/100 g) were the
predominant sugars. Fructose, rhamnose, mannose, galacturonic acid,
arabinose, and xylose were also detected. After roasting under different
conditions, the sugar composition showed obvious variation compared
to UOP as shown in Fig. 2A. Results showed a negative correlation be-
tween sugar content and strength and duration of roasting; that is, the
longer a sample was roasted and/or the higher temperature it was
roasted at, the fewer sugars remained after roasting. It can be seen that
galactose and fructose reduced most, suggesting they were the key
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Fig. 2. Changes in (A) monosaccharide content and (B) amino acid content of
the UOP and ROP (1-4). UOP, unroasted sample; ROP-1, sample roasted at
160 °C for 5 min; ROP-2, sample roasted at 160 °C for 10 min; ROP-3, sample
roasted at 180 °C for 5 min; ROP-4, sample roasted at 180 °C for 10 min.
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sugars that participated in the Maillard reaction. Although the reaction
rate of glucose was lower than galactose and fructose, the content of
glucose did decrease significantly. The results contradicted Laroque
et al. (2008), who found the sugar reactivity order was xylose > arabi-
nose > glucose ~ fructose in this sugar-hydrolysate Maillard model. The
phenomenon was mainly attributed to the differences in precursor types
and roasting conditions, which greatly influence the degree of thermal
reactions induced by roasting, resulting in color and flavor being
significantly different (Shang et al., 2019).

Amino acid composition analysis

The amino acid compositions of UOP and ROP (1-4) are shown in
Table 2. As can be seen, seventeen amino acids were detected in SPI, of
which glutamic acid (9.92 g/100 g), arginine (5.73 g/100 g), and
aspartic acid (5.17 g/100 g) were the most abundant. Total amino acids
were 50.53, 49.39, 46.96, 45.9, 43.33 g/100 g, corresponding to UOP,
ROP-1, ROP-2, ROP-3, and ROP-4, respectively. It can be seen that
increasing the roasting temperature and duration reduced the total
amino acids. Comparing the total amino acids of ROP-1, ROP-2, and
ROP-3, the total amino acids of ROP-3 decreased more than ROP-2, from
which it can conclude that roasting temperature had a greater effect on
the degree of Maillard reaction than duration. This conclusion is not
consistent with that of Sun et al. (2022), who found roasting duration
had a stronger effect on volatile compounds, presumably due to differ-
ences in materials and roasting conditions. Notably, the total amino

Table 2
Amino acid composition of UOP and ROP (1-4).
Amino Acid Samples
(/100 ) UoP ROP-1 ROP-2 ROP-3 ROP-4
Asp 5.17 + 4.94 + 471 + 458 + 4.47 +
0.02? 0.01° 0.01¢ 0.01¢ 0.02¢
Thr 2.08 + 2.05 + 1.98 + 1.92 + 1.86 +
0.01° 0.01° 0.01° 0.01¢ 0.01¢
Ser 227 + 2.24 + 212+ 2.05 + 1.90 +
0.02° 0.01° 0.02° 0.01¢ 0.01¢
Glu 9.92 + 9.94 + 9.66 + 9.43 + 9.24 +
0.09" 0.022 0.03¢ 0.024 0.01°
Gly 2.66 + 2.74 + 261 + 257 + 2.50 +
0.01° 0.01° 0.01¢ 0.02¢ 0.01°
Ala 2.80 + 2.83 + 2.70 + 2.65 + 261 +
0.01° 0.01° 0.01° 0.01¢ 0.01¢
Cys 0.18 + 0.11 + 0.10 + 0.12 + 0.09 +
0.01° 0.01° 0.01> 0.01° 0.01¢
Val 2.79 + 2.88 + 2.78 + 2.74 + 2.66 +
0.05° 0.04° 0.02° 0.02 0.03¢
Met 1.06 + 1.08 + 1.06 + 1.02 + 0.98 +
0.03? 0.03? 0.02? 0.022° 0.02°
Tle 2.40 + 2.46 + 237 + 233+ 2.26 +
0.03%® 0.05° 0.02° 0.01% 0.02¢
Leu 3.80 + 3.91 + 3.80 + 3.70 + 3.62 +
0.03° 0.03° 0.03° 0.03¢ 0.02¢
Tyr 2.06 + 1.95 + 1.78 + 1.72 + 1.76 +
0.01° 0.07° 0.02° 0.01° 0.06"
Phe 272 + 2.64 + 247 + 248 + 2.49 +
0.02? 0.02° 0.03° 0.03° 0.06°
His 1.69 + 1.67 + 1.63 + 1.59 + 1.52 +
0.02° 0.03°° 0.01> 0.01¢ 0.02¢
Lys 1.51 + 0.58 + 0.37 + 0.36 + 0.29 +
0.02? 0.01° 0.01¢ 0.01¢ 0.01¢
Arg 5.73 + 5.62 + 512 + 4.94 + 3.53 +
0.03? 0.03° 0.02¢ 0.02¢ 0.02¢
Pro 1.73 + 1.76 + 1.73 + 1.73 + 1.60 +
0.012 0.03° 0.01% 0.04° 0.03°
Total 50.53 + 49.39 + 46.96 + 45.90 + 43.33 +
0.43° 0.31° 0.33¢ 0.32¢ 0.40°

Abbreviations: UOP, unroasted sample; ROP-1, sample roasted at 160 °C for 5
min; ROP-2, sample roasted at 160 °C for 10 min; ROP-3, sample roasted at
180 °C for 5 min; ROP-4, sample roasted at 180 °C for 10 min. The different
small letters in a row represent the significant difference (P < 0.05).
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acids decreased less than total sugars, indicating that SOL was easier to
participate in the Maillard reaction than SPI because of the weak ther-
mal stability of SOL. Generally, sugars react at a faster rate than amino
compounds owing to caramelization and sugar fragmentation (Laroque
et al., 2008).

The changes in amino acid content of ROP (1-4) are shown in
Fig. 2B. It can be seen that all amino acids of roasted samples decreased
compared with the unroasted sample but the reduction rates were
different. Lysine and cysteine reduced most, followed by arginine. These
three were presumably the key amino acids involved in the Maillard
reaction, largely contributing to producing the attractive color and
distinctive aroma. After roasting at 180 °C for 10 min, the content of
lysine decreased from 1.51 g/100 g to 0.29 g/100 g, a reduction of 80.8
%, and cysteine decreased from 0.18 g/100 g to 0.09 g/100 g, a
reduction of 50.0 %. Arginine as the main amino acid in SPI also showed
a significant reduction. Similar results, i.e., with lysine and arginine
showing significant decreases, have also been found in other studies (Ji,
Liu, Shi, Wang, & Wang, 2019; Wang et al., 2021), which further
confirmed the importance of these two amino acids in color and flavor
formation.

Color analysis

The color variation and total color difference (AE) of the roasted
samples are presented in Fig. 3. As shown in Fig. 3A, L* values of all
roasted samples decreased by more than 50 % after roasting at different
temperatures and duration, suggesting roasting greatly decreased the
brightness of samples, which was possibly related to the melanoidin
derived from the Maillard reaction and caramelization reaction in
roasting (Tsai et al., 2021; Zhang et al., 2022). All samples showed a
significant difference (P < 0.05) in brightness except between ROP-2
and ROP-3. This seems to demonstrate that low roasting temperature
for a long period of time can achieve similar results as high temperature
for a short time. In Fig. 3B, the increase of a* values indicated the
redness of samples increased after roasting; this is presumably due to the
formation of brown pigments via the Maillard reaction (Kahyaoglu &
Kaya, 2006). However, the a* values gradually decreased as the roasting
temperature and duration increased, which was correlated with de-
creases in both L* values and b* values. A significant difference (P <
0.05) was not observed between ROP-2 and ROP-3 due to there being
little difference between low roasting temperature for a long time and
high roasting temperature for a short time. The b* values of the samples
are presented in Fig. 3C. As seen, ROP-1 did not differ significantly from
UOP. Significant differences showed that increasing roasting tempera-
ture and duration produced many more pigments due to a deeper degree
of the Maillard reaction.

Fig. 3D depicts the AE values of the four roasted samples. Compared
with UOP, the four roasted samples showed significant differences (P <
0.05) except between ROP-2 and ROP-3. This phenomenon was also
observed in Fig. 3A-C. Undoubtedly, among the four roasted samples,
ROP-4 showed the highest total color difference because it was roasted
at the highest temperature for the longest time. Therefore, roasting
temperature and duration are two important factors influencing the
color and flavor formation in the process of roasting sesame seeds. It is
noteworthy that roasting temperature affects color differently compared
with roasting duration (Sun et al., 2022).

Browning intensity

The Maillard reaction typically occurs in two phases, i.e., the early
stage and the advanced stage. The early stage represents the formation
of non-enzymatic intermediate compounds, while the advanced stage
represents the polymerization and degradation of intermediate com-
pounds to generate brown pigments. These brown pigments are mela-
noidins, which are also called advanced glycation end-products (AGEs).
These early and advanced phases were measured using a UV-vis
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Fig. 3. Color variations and absorbance changes of UOP and ROP (1-4). (A) L* values; (B) a* values; (C) b* values; (D) AE values; (E) absorbance at 294 nm; (F)
absorbance at 420 nm. UOP, unroasted sample; ROP-1, sample roasted at 160 °C for 5 min; ROP-2, sample roasted at 160 °C for 10 min; ROP-3, sample roasted at

180 °C for 5 min; ROP-4, sample roasted at 180 °C for 10 min.

spectrophotometer at 294 nm and 420 nm, respectively (Ye et al., 2022).
As can be seen in Fig. 3E, compared with UOP, the absorbances of ROP
(1-4) at 294 nm showed significant increases in the range of 1.2-1.4,
suggesting nearly the same amounts of browning intermediate com-
pounds were formed in all roasted samples. However, comparing ROP-1
(160 °C for 5 min), ROP-2 (180 °C for 5 min), and ROP-3 (160 °C for 10
min), the absorbance showed no apparent increase, which demonstrated
the conclusion again, that high temperature for a short time has an
equivalent effect compared with low temperature for a long time. The
absorbance of samples at 420 nm is shown in Fig. 3F. Compared with

UOP, the absorbances of all four roasted samples at 420 nm were
significantly different (P < 0.05). Furthermore, they were much lower
than the absorbances at 294 nm, indicating that there were more initial
intermediate compounds than AGEs. However, even though they were
few, these AGEs had already given a darker color to the roasted samples.

Volatile flavor compound analysis

The volatile flavor compounds of UOP and ROP (1-4) are presented
in the Supplementary Data Table S2 and Fig. 4. A total of 86 volatile
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Fig. 4. Volatile compounds of the UOP and ROP (1-4). UOP, unroasted sample; ROP-1, sample roasted at 160 °C for 5 min; ROP-2, sample roasted at 160 °C for 10
min; ROP-3, sample roasted at 180 °C for 5 min; ROP-4, sample roasted at 180 °C for 10 min.

compounds were identified and classified into 9 categories as follows:
aldehyde, ketone, alcohol, ester, alkane, olefin, heterocyclics, phenols,
and others. The total types as well as the total content of volatile com-
pounds increased with roasting temperature and duration. As seen in the
volatile flavor compounds of UOP in Table S1, toluene was the pre-
dominant component and comprised 42.1 % of all volatiles. Toluene is
one of the most important aromatic hydrocarbons; it is also abundant in
the volatile compounds formed by roasting pine nuts (Adelina, Wang,
Zhang, & Zhao, 2021). Small aldehydes, alkanes, and phenols were also
detected in UOP. The volatile profiles of roasted samples differed
significantly from UOP. Aldehydes, esters, and heterocyclics greatly
increased after roasting. Heterocyclic compound content of ROP-1, ROP-
2, ROP-3, and ROP-4 was 0.30 %, 34.40 %, 18.40 %, 14.1 %, and 20.4 %,
respectively. As can be seen in Table S1, 2,5-dimethyl pyrazine, 3-ethyl-
2,5-dimethyl-pyrazine, and 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-
pyran were the main nitrogen heterocyclic compounds among the vol-
atiles. Heterocyclics such as pyrazine are regarded as the key aroma-
active compounds in roasted sesame oil (Yin et al., 2021). Phenol con-
tent presented a great increase in the range of 28.4 %-32.4 % compared
with UOP (8.9 %), which presumably relates to the good antioxidant
activities of sesame oil (Lin et al., 2016). The results were similar to the
study of Chandrasekara and Shahidi (2011), who found the total
phenolic compounds, as well as antioxidant activities, increased as the
roasting temperature increased during roasting whole cashew and testa,
which was mainly attributed to the liberation of phenols and Maillard
reaction products.

Comparing the four roasted samples, ROP-1 showed the highest
content of heterocyclics, and this content decreased when the roasting
temperature and duration increased. Presumably, this is because these
heterocyclics convert to melanoidins under stronger roasting conditions,
resulting in a darker color. The results of color analyses support this
explanation. The content of aldehydes and esters firstly increased with
long roasting time as seen in ROP-1 and ROP-2, but later decreased with
long roasting at a higher temperature, that is in, ROP-3 and ROP-4.
Similar results were also found by Adelina et al. (2021). It is probably
because aldehydes and esters can be the precursors for the deeper degree
of the Maillard reaction. As for the phenols in the roasted samples, there
were significant differences (P < 0.05) between ROP-1 and ROP-2, and
between ROP-3 and ROP-4, but no significant difference (P < 0.05)

between ROP-2 and ROP-3. This variation suggests that roasting at high
temperatures for a short time has much the same effect on phenols
content as roasting at low temperatures for a long time. Therefore, we
speculate that stronger roasting conditions can produce much more al-
dehydes, esters, heterocyclics, and phenols, which play an important
role in the distinctive aroma and good antioxidant activities of sesame
oil (Yin et al., 2021).

Conclusion

SOL-SPI was used as a sesame Maillard model in this work to
investigate the contribution of oligosaccharides and protein to color and
flavor formation in roasting sesame seeds. SOL showed higher reactivity
than SPI. The content of SOL and SPI significantly decreased under
different roasting conditions. Higher roasting temperature and longer
roasting time contribute to a deeper degree of the Maillard reaction,
resulting in a darker color and many more volatile flavor compounds
formed. Roasting at a high temperature for a short period (180 °C for 5
min) has much the same effect on color and flavor formation as roasting
at a low temperature for a longer time (160 °C for 10 min). In the SOL-
SPI model, galactose and fructose were the key compounds involved in
the Maillard reaction. Lysine, cysteine, and arginine also decreased. The
heterocyclic compounds and phenols showed a significant increase after
roasting but their content decreased with higher roasting temperature
and a longer period. Particularly, phenols produced in roasting SOL-SPI
complex may relate to the good antioxidant of sesame oil and the for-
mation mechanism needs further investigation. In summary, the in-
teractions of oligosaccharides and protein play an important role in
color and flavor formation in the process of roasting sesame seeds.
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