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Introduction: Crataegi fructus (CF) is an edible and medicinal functional food

used worldwide that enhances digestion if consumed in the roasted form. The

odour of CF, as a measure of processing degree during roasting, significantly

changes. However, the changes remain unclear, but are worth exploring.

Methods: Herein, the variations in volatile flavour compounds due to CF

roasting were investigated using an electronic nose (E-nose) and headspace

gas chromatography–mass spectrometry (HS-GC-MS).

Results: A total of 54 components were identified by GC-MS. Aldehydes,

ketones, esters, and furans showed the most significant changes. The Maillard

reaction, Strecker degradation, and fatty acid oxidation and degradation are

the main reactions that occur during roasting. The results of grey relational

analysis (GRA) showed that 25 volatile compounds were closely related to

odour (r > 0.9). Finally, 9 volatile components [relative odour activity value,

(ROAV) ≥ 1] were confirmed as key substances causing odour changes.

Discussion: This study not only achieves the objectification of odour

evaluation during food processing, but also verifies the applicability and

similarity of the E-nose and HS-GC-MS.
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1. Introduction

Food processing converts normally inedible raw materials into edible, safe, and
nutritious foods and plays an important role in food preservation and biotransformation
(1). Food processing technology has evolved over thousands of years, from roasting meat
over the fire approximately 1.8 million years ago, to current methods including cooking,
preservation using heat, pickling, fermenting, freezing, and drying (2). In particular,
roasting is widely used processing methods, wherein the temperature and time are
critical factors (3). Many foods are processed by roasting, including coffee, tea, peanuts,
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and barley (4, 5). Food processing by various methods induces
changes in physical properties and is often accompanied by
biochemical reactions (6). The complexity of food processing
methods introduces new challenges for food quality evaluation.

Food flavours generally change during processing and the
composition of volatile components is key to food flavour,
actively affecting its overall evaluation (7). As an example,
volatile components of fish (ammonia, indole, histamine,
trimethylamine, and ammonia sulphide) can be used as
indicators for detecting changes in freshness (8). It has been
reported that the odour is directly related to the presence
of volatile substances (9, 10). However, the judgment of
food odour depends on human olfactory sensation, which is
subjective and affected by the environment and the physical
condition of the human, resulting in poor repeatability (11).
With continuous technological developments, precise analytical
instruments are gradually being developed for the study
of food odour. The electronic nose (E-nose) is an odour
detection technology that simulates the human olfactory system
and provides low-cost and rapid sensory information for
process monitoring and quality control during food production
(12). Advantages of the E-nose include its rapid, sensitive,
and non-destructive sample identification that objectively
reflects the tested samples. Although the overall information
regarding volatile flavour substances can be analysed by
the E-nose, specific information on volatile components
cannot be obtained. Headspace gas chromatography-mass
spectrometry (HS-GC-MS) is commonly used for qualitative
and quantitative analysis of volatile components (13, 14). It
integrates the safety, accuracy, and high separation ability of
GC with the superiority of MS for substance identification.
Compared to the E-nose, GC-MS can provide detailed and
accurate information regarding volatile flavour components
(15). However, online sample monitoring is difficult due
to high cost and long cycle for analysis. The E-nose and
GC-MS can be used for quality control, fresh grading, and
authenticity determination for fruits, vegetables, meat, cereals,
beverages, and other products (16, 17). Although the combined
use of the E-nose and GC-MS has been reported, odour
characterisation by both methods is relatively independent,
and their internal correlation has not been reported, meriting
further exploration.

Crataegi fructus (CF) is harvested from plants of the
genus Crataegus, belonging to the family Rosaceae. It is
cultivated globally in regions including Asia, Europe, and
North America (18). Previous studies have shown that CF
has a variety of physiological functions, including digestion

Abbreviations: CF, Crataegi fructus; E-nose, electronic nose; HS-GC-
MS, headspace gas chromatography–mass spectrometry; GRA, grey
relational analysis; CCF, Chao Crataegi fructus; JCF, Jiao Crataegi
fructus; TCF, Tan Crataegi fructus; ROAV, relative odour activity value;
TIC, total ion chromatogram; HCA, hierarchical cluster analysis; PCA,
principal component analysis.

promotion, reducing blood lipid levels, and antibacterial activity
(19, 20). CF has long been used as a traditional dual-
purpose material for medicine and functional foods worldwide.
Generally, fresh CF can be eaten, but it is often sliced and
dried for preservation. In China, dried CF is further roasted
to prevent gastrointestinal irritation caused by acidity, with
three different processed products formed by roasting (21).
Chao Crataegi fructus (CCF), whose fruity aroma decreases
after roasting CF for a period of time, can promote digestion.
Jiao Crataegi fructus (JCF), whose roasting time is longer than
that for CCF and has a burnt aroma, promotes digestion
and treats diarrhoea. Tan Crataegi fructus (TCF), whose
roasting time is the longest and exhibits a charcoal-like odour,
promotes haemostasis and treats diarrhoea. Therefore, during
roasting, CF odours significantly change, and its sour flavour
gradually diminishes, while the coke odour is enhanced. The
odour changes, which are considered an intrinsic property
of the fruit, indicates a change in its internal components.
Previously, we established an odour detection method for
CF based on the E-nose and identified differently processed
CFs for the first time (22). Nevertheless, it only focused on
the qualitative odour of the final products, as most of the
related literature, and the detailed changes in volatile flavour
substances remain unknown.

Hence, to comprehensively, reliably, and scientifically
identify odour changes in CF during roasting, the E-nose and
HS-GC-MS were used herein. Based on grey relational analysis
(GRA) and the relative odour activity value (ROAV), a method
that tracks and detects changes in volatile flavour compounds
during CF roasting, was established. Taken together, these
methods comprehensively and objectively reflect the changes in
volatile flavour substances. The entire experimental flowchart is
shown in Supplementary Figure 1.

2. Materials and methods

2.1. Sample collection and preparation

The dried CF slices were collected from Shandong of
China, and the sample was roasted using CGD-750 drum
roaster (Hangzhou Haishan Pharmaceutical Equipment Co.,
Ltd., Zhejiang, China). After the drum roaster was preheated
to 200◦C, the CF pieces were put into the drum roaster and
roasted for 24 min. Samples were taken every 2 min. During
roasting, the temperature of CF was controlled below 200◦C,
as monitored by infrared thermometer. Finally, 13 samples,
including the original sample (S1) and 12 roasted samples (S2–
S13) were obtained for further analysis. The profile of S1–13
sample are shown in Supplementary Figure 2. All the samples
were pulverized and sieved (50 mesh), then the powder of the
samples was sealed before analysis.
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2.2. E-nose analysis

The E-nose analyses were conducted using a commercial
Fox-4000 electronic nose (Alpha M.O.S., Toulouse, France). The
structure of E-nose consists of HS-100 autosampler, sensor array
units and pattern recognition system (Alpha Soft V11.0). The
sensor array is composed of 18 metal oxide semiconductors as
follows: LY2/LG, LY2/G, LY2/AA, LY2/GH, LY2/gCT, LY2/gCT,
T30/1, P10/1, P10/2, P40/1, T70/2, PA/2, P30/1, P40/2, P30/2,
T40/2, T40/1, and TA/2. The characteristics of sensors are
described in Supplementary Table 1.

E-nose analysis was carried out by the method as we
previously described (22). The CF samples (0.5 g) were
accurately weighed and placed in 10-ml vials. Each sample was
incubated at a temperature of 55◦C for 600 s, then 1200 µl
of the headspace air was injected into the testing chamber.
The response curves were generated based on the response
values acquired from 18 sensors within 120 s. Each sample was
analysed in triplicate.

2.3. HS-GC-MS analysis

The GC-MS analysis was performed on an Agilent GC
7890B-MS 7000C (Agilent Technologies, Palo Alto, CA, USA)
coupled with a 7697A headspace sampler. The sample (1.5 g)
was put into 10-ml headspace vials for detection. The standard
of C7–C30 saturated alkanes was provided by Sigma-Aldrich
(St. Louis, MO, USA). The GC-MS analysis was referred to the
published protocol with minor modifications (23).

(1) HS conditions: Equilibrium temperature and time were
set at 80◦C and 30 min, respectively. Loop temperature and
transmission line were set at 95◦C and 110◦C, respectively.
Oscillation frequency was set at 250 times/min. Filling pressure
was set at 15 psi. Pressurization time and injection time was set
at 0.1 and 0.5 min, respectively. The flow rate was maintained at
1.00 ml/min. The injection volume was 1,000 µl.

(2) GC conditions: The compounds were separated on a HP-
INNOWAX capillary column (30 m × 250 µm, 0.25 µm). The
injection port temperature was at 220◦C in the split mode (5:1).
Gasification chamber temperature was kept at 280◦C. The oven
temperature was programmed as follows: initial temperature
was set at 40◦C, ramped up to 65◦C at 5◦C/min, ramped
up to 90◦C at 10◦C/min, ramped up to 110◦C at 2◦C/min,
maintained isothermal for 10 min, then ramped up to 165◦C
at 5◦C/min, ramped up to 260◦C at 10◦C/min, maintained
isothermal for 5 min.

(3) MS conditions: EI source was selected. The ionization
temperature was set at 230◦C and mass spectra were obtained
by electron energy at 70 eV. Temperature of quadrupole and
detector interface were 270 and 150◦C, respectively. Multiplier
voltage was set at 1557.3 V and mass scan range was 45–
500 amu.

The mass spectra of volatiles detected from samples were
compared with those from NIST14 (National Institute of
Standards and Technology, Gaithersburg, MD, USA). Based on
the MS match factor (similarity > 750) and retention index
(RI), each volatile compound was identified. Each sample was
analysed in triplicate.

Relative odour activity value was calculated to measure the
contribution of each volatile component to the aroma profile
according to the method as previously described (24). The
equation is as follows:

ROAV i = 100 ×
Ci

Cmax
×

Tmax

Ti

where Ci and Ti indicate relative percentage content of each
volatile component and the corresponding odour threshold
(OT), respectively. Cmax and Tmax indicate relative percentage
content of the volatile component that contributed the most
to the flavor and the corresponding OT, respectively. The
compounds with 0.1 ≤ ROAV < 1 modified the aroma profile,
while the compounds with ROAV ≥ 1 were regarded as the key
volatile components.

2.4. Statistical analysis

Principal component analysis (PCA) was performed
with SIMCA-P 14.1 (Umetrics AB, Umea, Sweden). The
heatmap was conducted using TBtools.1 Gray relational analysis
was performed on DPS 7.05 software (Hangzhou Ruifeng
Information Technology Co., Ltd., Zhejiang, China).

The basic idea of GRA is to investigate the correlation
between two sets of variations (24). In this study, GRA was
applied to find out the relationships between E-nose sensor
responses of samples and their corresponding peak areas of
volatile compounds gained by HS-GC-MS at different time-
points during the processing. The specific method is as follows:
Set Ai = {ai (k)| k = 1, 2,..., n} = (ai (1), ai (2),..., ai (n)) as
the sequence of system behaviour characteristics. Set Pi = {pi

(k)| k = 1, 2,..., n} = (pi (1), pi (2),..., pi (n)) as the sequence
of system associated factors. In this study, Ai and Pi represents
the data from E-nose and GC-MS, respectively. And k refers to
the different time-point. Then, the correlation coefficient (ξ ) is
defined as follows:

ξ (ai
(
k
)
, pi

(
k
)
) =

min
i

min
k

∣∣ai
(
k
)
− pi(k)

∣∣+ ρmax
i

max
k∣∣ai

(
k
)
− pi(k)

∣∣∣∣ai
(
k
)
− pi(k)

∣∣+ ρmax
i

max
k∣∣ai

(
k
)
− pi(k)

∣∣
1 http://www.tbtools.com/
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ρ is the distinctive coefficient lying between 0 and 1, and it
is generally set as 0.5.

The grey correlation degree (ri) is the arithmetic mean of the
correlation coefficient at different time-points, and is formulated
as follows:

ri = ξ (Ai, Pi) =
1
n

n∑
k = 1

ξ (ai
(
k
)
, pi

(
k
)
)

The higher the value of ri is, the closer the sequence of
associate factors to the behaviour characteristics would be.

3. Results and discussion

3.1. Sensory evaluation of roasted CF

With extended heating time and increased CF temperature,
the fruity aroma of CF gradually diminished, and a burnt aroma
became increasingly dominant, resulting in only a charcoal-
like odour remained. Based on colour and odour judgment
by experienced personnel, among the 13 obtained samples,
S4 and S5 (sample temperature of approximately 100◦C after
roasting for 6 min) were determined to be CCF, S7 and S8
(sample temperature of approximately 130◦C after roasting for
12 min) were assigned to JCF, and S13 (sample temperature of
approximately 170◦C after roasting for 24 min) was determined
to be TCF. Corresponding images of the products are shown in
Supplementary Figure 2.

3.2. E-nose analysis

The volatile flavour characteristics of CF were
comprehensively analysed using the E-nose. The sensor
responses were influenced by the volatile component
composition and their proportions. Representative E-nose
sensor-intensity curves are shown in Figure 1A. Within
120 s, the sensor response values of LY2/G, LY2/AA, LY2/GH,
LY2/gCTl, and LY2/gCT were negative due to gas oxidation
on those sensors being the dominant reaction over reduction.
In contrast, the response of the other sensors were positive
because the gas reduction was dominant. Typically, a minimum
relative standard deviation can be established for the peak or
valley data in the same sample curve, allowing a maximum
response value for each sensor to be extracted for further
analysis. As shown in Figure 1B, the maximum response of
most sensors when exposed to CF samples during roasting
changed similarly, i.e., they initially increased and subsequently
decreased. The highest response usually occurred at S10–S12.
Notably, T40/1 and T40/2 were the only two sensors for which
the maximum response decreased during this period. A total
of 8 sensors showed higher response values (> 0.4), indicating
higher sensitivity to the CF odour. In addition, as shown in

Figure 1C, significant differences were observed for S1, S4–S5,
S7–S8, and S13, indicating a noticeable alteration in the volatile
compounds in CF during roasting. These differences can be
attributed to the formation of novel or changes in existing
volatile concentrations over time.

The above results suggest that the total concentration of
volatile flavour substances during CF roasting initially increased
and subsequently decreased. It was necessary to further analyse
the changes of these substances during this period.

3.3. HS-GC-MS analysis

3.3.1. Sum of peak areas of volatile components
To explore the volatile flavour characteristics of CF at

different roasting stages and their relationship with processing,
HS-GC-MS was performed to analyse the volatile substances
in the samples. The summed peak areas of the volatile
components in CF at different roasting times are shown in
Supplementary Figure 3. With prolonged roasting, the total
amount of volatile components in the samples initially increased
and subsequently decreased, as consistent with the sensor
response trends obtained using the E-nose. When the roasting
time was ≤ 4 min and the sample surface temperature was
< 100◦C, the total amount of volatile components did not
change significantly. However, when the surface temperature
exceeded 100◦C, the total amount of volatile components
increased rapidly, indicating that the volatile components could
only be completely released at > 100◦C. Furthermore, the
sum of the peak areas of the volatile components reached
a maximum in S9 and S10 (roasting times of 16–18 min),
implying that numerous substances increased in content or
formed during this stage.

3.3.2. Identification of volatile components in
CF during roasting

The total ion chromatogram (TIC) curves of the volatile
components during roasting are shown in Figure 2A. Overall,
57 chromatographic peaks were detected and marked in
Figure 2B. A total of 54 volatile compounds were identified
using the MS and RI database. Based on this analysis,
14 common compounds were found in 13 samples, which
were hexanal, furfural, acetone, 2,3-butanedione, 4-methyl-
2-pentanone, ethanol, acetic acid, methyl formate, dimethyl
ether, limonene, 1-methyl-4-(1-methylethylidene)-cyclohexene,
toluene, o-cymene, and 2-methyl-furan. In addition, compared
to the original sample (S1), 19 novel compounds were produced
during roasting, of which 12 were produced at 4 min and then
disappeared at 22 min, and the other 9 compounds disappeared.
The volatile compounds are listed in Table 1 and the peak
areas for the 13 samples are listed in Supplementary Table 2.
Considering their chemical properties, the volatile compounds
were divided into 9 categories that included 8 aldehydes, 14

Frontiers in Nutrition 04 frontiersin.org

https://doi.org/10.3389/fnut.2022.1035623
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1035623 January 19, 2023 Time: 15:59 # 5

Fei et al. 10.3389/fnut.2022.1035623

FIGURE 1

Typical plots of E-nose in CF roasting process. (A) Sensor intensity curves in S1; (B) the change of the maximum response value of all samples;
(C) radar fingerprint chart of maximum sensor response on typical samples.

ketones, 6 alcohols, 3 acids, 6 esters, 2 ethers, 7 hydrocarbons,
4 arenes, and 4 furans. The relative percentage accumulation
diagram is shown in Figure 2C. Aldehydes, ketones, esters,
and furans accounted for a large proportion of the volatile
components, and significantly contributed to the CF flavour.

To further examine the similarities and differences among
the samples during different roasting stages, hierarchical cluster
analysis (HCA) was performed using Ward’s clustering method.
As shown in Figure 2D, when the distance is 50, the 13 samples
can be divided into Group I (S1 and S2), Group II (S3, S4,
and S5), Group III (S6, S7, and S8), Group IV (S9, S10, S11,
and S12), and Group V (S13). The samples in Group I were
abundant in esters, accounting for ≥ 50% of the total volatiles.
In addition, the proportion of volatile compounds changed
considerably in the Group V samples, where the esters reduced
to 4%, while furans, aldehydes, and ketones accounted for 36,
18, and 18%, respectively. Furthermore, the samples in Groups
II, III, and IV contained similar volatile substance compositions,

where aldehydes accounted for the highest proportion and
reached≥ 70% in Groups III and IV.

3.3.3. Comprehensive analysis of volatile
components
3.3.3.1. Aldehydes

The 8 aldehydes detected showed high contents and
significant changes, and were considered to be the main
components that caused flavour changes during CF roasting.
2-methyl-butanal, nonanal, 5-methyl-2-furancarboxaldehyde,
5-acetoxymethyl-2-furaldehyde, and 5-hydroxymethylfurfural
are the newly produced aldehydes in this roasting process.
With increasing roasting time, the contents of hexanal and
benzaldehyde decreased sharply, while the content of other
aldehydes initially increased and subsequently decreased.
It was reported that CF could promote digestion after
roasting due to the increased content of 2-methyl-butanal,
5-hydroxymethylfurfural and furfural (25–27), and our
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FIGURE 2

Analytical plots of CF samples in roasting process by HS-GC-MS. (A) Overlays of TICs of CF by HS-GC-MS; (B) typical TIC and distribution of
volatile compounds in CF; (C) percentage chart of all kinds of volatile substances in CF; (D) HCA plot of CF by HS-GC-MS.
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TABLE 1 Volatile compounds identified in CF during roasting by HS-GC-MS.

Peak No. RTa Compounds name Formula CAS LRIb MS match factorc

Aldehydes (8)

8d 4.91 2-Methyl-butanal C5H10O 96-17-3 869 892

16* 7.51 Hexanal C6H12O 66-25-1 1039 898

31d 15.71 Nonanal C9H18O 124-19-6 1335 813

36* 18.02 Furfural C5H4O2 98-01-1 1394 941

40f 20.75 Benzaldehyde C7H6O 100-52-7 1443 828

43d 23.49 5-Methyl-2-furancarboxaldehyde C6H6O2 620-02-0 1490 915

55e 44.72 5-Acetoxymethyl-2-furaldehyde C8H8O4 10551-58-3 2136 889

57d 48.08 5-Hydroxymethylfurfural C6H6O3 67-47-0 2441 910

Ketones (14)

5* 3.93 Acetone C3H6O 67-64-1 781 948

7d 4.69 2-Butanone C4H8O 78-93-3 849 900

11* 5.71 2,3-Butanedione C4H6O2 431-03-8 930 952

12* 6.27 4-Methyl-2-pentanone C6H12O 108-10-1 967 835

15d 7.06 2,3-Pentanedione C5H8O2 600-14-6 1015 926

17f 8.34 3-Penten-2-one C5H8O 625-33-2 1083 986

25d 11.46 Dihydro-2-methyl-3(2H)-furanone C5H8O2 3188-00-9 1209 950

27f 11.99 Acetoin C4H8O2 513-86-0 1225 972

30f 13.64 6-Methyl-5-hepten-2-one C8H14O 110-93-0 1277 880

45e 24.22 4-Cyclopentene-1,3-dione C5H4O2 930-60-9 1502 838

47e 30.53 5-Methyl-2(5H)-Furanone C5H6O2 591-11-7 1590 921

49e 34.23 2(5H)-Furanone C4H4O2 497-23-4 1673 876

54e 41.81 1-(2-Furanyl)-2-hydroxy-ethanone C6H6O3 17678-19-2 1947 912

56e 45.69 2,3-Dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one C6H8O4 28564-83-2 2214 890

Alcohols (6)

9* 5.02 Ethanol C2H6O 64-17-5 879 956

13f 6.69 2-Methyl-3-buten-2-ol C5H10O 115-18-4 994 848

20d 9.83 2-Methyl-1-butanol C5H12O 137-32-6 1146 895

46e 29.76 2-Furanmethanol C5H6O2 98-00-0 1579 868

48e 31.92 2-Methyl-5-(1-methylethenyl)-, (1α,2β ,5α)-cyclohexanol C10H18O 38049-26-2 1617 777

53e 39.18 3-acetoxy-7,8-Epoxylanostan-11-ol C32H54O4 917486-30-7 1823 796

Acids (3)

35* 17.38 Acetic acid C2H4O2 64-19-7 1378 976

39e 19.97 Formic acid CH2O2 64-18-6 1430 811

41d 21.40 Propanoic acid C3H6O2 79-09-4 1454 849

Esters (6)

3* 3.58 Methyl formate C2H4O2 107-31-3 750 933

33d 16.87 5-Methyl-2(3H)-furanone C5H6O2 591-12-8 1365 881

37e 19.46 Furfuryl formate C6H6O3 13493-97-5 1421 818

42d 23.26 Pentanoic acid, 4- oxo-, methyl ester C6H10O3 624-45-3 1486 833

44d 23.84 Methyl 2-furoate C6H6O3 611-13-2 1496 885

51d 37.18 Dihydro-3-methylene-5-methyl-2-furanone C6H8O2 62873-16-9 1756 920

(Continued)
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TABLE 1 (Continued)

Peak No. RTa Compounds name Formula CAS LRIb MS match factorc

Ether (1)

1* 3.02 Dimethyl ether C2H6O 115-10-6 927

Hydrocarbons (7)

2d 3.33 1,4-Pentadiene C5H8 591-93-5 727 938

19f 9.69 1-Methyl-4-(1-methylethyl)-1,3-cyclohexadiene C10H16 554-61-0 1141 835

21* 10.15 Limonene C10H16 138-86-3 1159 910

22f 10.34 β-Phellandrene C10H16 555-10-2 1166 859

24f 11.33 γ -Terpinene C10H16 99-85-4 1204 905

28* 12.39 1-Methyl-4-(1-methylethylidene)-cyclohexene C10H16 586-62-9 1238 867

50e 35.38 1-Methyl-3-(1-methylethyl)-cyclohexene C10H18 13828-31-4 1702 812

Arenes (4)

14* 6.84 Toluene C7H8 108-88-3 1003 861

18d 8.71 p-Xylene C8H10 106-42-3 1102 901

26* 11.89 o-Cymene C10H14 527-84-4 1222 906

34f 17.27 1-Methyl-4-(1-methylethenyl)-benzene C10H12 1195-32-0 1375 892

Furans (5)

4d 3.80 Furan C4H4O 110-00-9 770 932

6* 4.41 2-Methyl-furan C5H6O 534-22-5 824 933

10d 5.44 2,5-Dimethyl-furan C6H8O 625-86-5 912 906

23d 10.80 2-(Methoxymethyl)-furan C6H8O2 13679-46-4 1185 912

38d 19.81 1-(2-furanyl)-ethanone C6H6O2 1192-62-7 1427 915

Unknown (3)

29 13.43 Unknown 1271

32 15.87 Unknown 1339

52 38.15 Unknown 1785

aRT: Retention time.
bLRI: Linear retention index on the HP-INNOWAX capillary column (Agilent Technologies), calculated via the C7-C30 n-alkanes.
cThe maximum of MS match factor is 1,000.
dCompounds produced during roasting.
eCompounds produced at first and then disappeared during roasting.
fCompounds disappeared during roasting. *Common peaks.

experimental results are consistent with those reports. In
addition, furfural and 5-hydroxymethylfurfural are typical
thermal reaction products formed by the Maillard reaction
(28). Meanwhile, the appearance of CF changed from red to
black during roasting. In conclusion, the changes in colour and
composition proved that the Maillard reaction was the main
reaction during CF roasting. Previous research has shown that
CF is rich in fatty acids such as linoleic acid and oleic acid, and
hexanal and nonanal are typical oxidative volatile degradation
products of these fatty acids. Therefore, it was speculated
that aldehyde production during CF roasting was related to
fatty acid oxidation and degradation (29). Furthermore, the
2-methyl-butanal and benzaldehyde produced during roasting
were Strecker degradation reaction products (30). Because

CF is rich in amino acids, it was speculated that significant
production aldehydes during roasting was also related to the
Strecker degradation reaction, a thermal reaction between
amino acids and carbonyl compounds (31). Additionally,
amino acids and fatty acids in CF are non-volatile, the changes
in non-volatile components in CF samples during roasting
must be further studied to confirm the contribution of Strecker
degradation and fatty acid oxidation and degradation to overall
flavour characteristics.

3.3.3.2. Ketones

The proportion of ketones (14 compounds) was relatively
stable during CF roasting and reached a maximum in S13
(roasting time of 24 min). Among the identified ketones,
acetone and 1-(2-furanyl)-2-hydroxy-ethanone accounted for
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a relatively high proportion. Throughout roasting, the CF
odour profile changed from fragrant to coke-like. The
acetone content gradually increased, which contributed to the
deterioration of flavour (32). Eight ketones were newly produced
during roasting, while only three remained (2-butanone,
2,3-pentanedione and dihydro-2-methyl-3(2H)-furanone) after
24 min of roasting.

3.3.3.3. Alcohols, acids, esters, and others

The newly produced alcohols during CF roasting are
2-methyl-1-butanol, 2-furanmethanol, and 2-methyl-5-(1-
methylethenyl)-, (1α, 2β , 5α)-cyclohexanol. Among these,
only the 2-methyl-1-butanol contents continued to increase. 2-
Furanmethanol is often produced during the Maillard reaction
(33). Acetic acid accounted for a relatively high proportion
of acids, and its change trend was the same as that of most
components during the roasting period. Acetic acid is thought
to be produced by the secondary decomposition of hexanal
during heating (34). The increased composition of acetic
acid not only stimulates the secretory function of the oxyntic
glands in the stomach, accelerating gastric breakdown and
transformation (35), but also dilates blood vessels and reduces
blood pressure (36, 37). Five of the six ester compounds in CF
were newly produced compounds, including furfuryl formate,
pentanoic acid, 4- oxo-, methyl ester, methyl 2-furoate, and
dihydro-3-methylene-5-methyl-2-furanone. The decreased
content of methyl formate, the most abundant ester compound,
was likely related to its thermal decomposition (38).

Prolonged roasting times and increased CF temperature
of promoted the production of other components such as 1,4-
pentadiene, 1-methyl-3-(1-methylethyl)-cyclohexene, p-xylene,
furan, 2,5-dimethyl-furan, 1-(2-furanyl)-ethanone, and 2-
(methoxymethyl)-furan. The production of hydrocarbons,
arenes, and furans in CF was likely promoted by chemical
reactions including the Maillard reaction and protein
degradation (39).

In conclusion, volatile components were developed through
three pathways during CF roasting: Maillard reaction, Strecker
degradation, and fatty acid oxidation and degradation.

3.4. Relative odour activity value
analysis

The significance of the volatile compound contribution
to the overall aroma depends on two factors, namely, their
concentration and OT. ROAV represent the above two factors,
and were used to assess the contribution of each volatile
compound to the overall aromatic characteristics (40). To
determine the volatiles that contributed significantly to CF
odour during roasting, the ROAVs of all volatiles were calculated
using OT literature value (41). Because 2,3-butanedione had
the lowest OT and a high relative content, it was considered

as the volatile component with the greatest contribution to
flavour. Its ROAV was defined as 100 for comparison with
other compounds. Generally, compounds with ROAV ≥ 1 were
considered to be key aromatic compounds. Supplementary
Table 3 shows 11 volatile compounds with ROAVs ≥ 1,
namely, 2,3-butanedione, 2-methyl-butanal, 3-penten-2-one,
hexanal, nonanal, limonene, 2,3-pentanedione, furfural, 5-
methyl-2-furancarboxaldehyde, 1-methyl-4-(1-methylethenyl)-
benzene, and 6-methyl-5-hepten-2-one (sorted by ROAV from
large to small). These compounds were mainly aldehydes and
ketones, which were inferred to be the main odour components
in roasted CF. Generally, the sensory threshold of small-
molecule aldehydes is lower and significantly contributes to the
overall CF aroma. Based on the odour description of volatile
components listed in Supplementary Table 3, aldehydes have
aromatic characteristics including fruity, sour, and almond
odours. Ketones have an important effect on fruit aroma.
Its contribution to odour is less than that of aldehydes. The
contribution of 2-methyl-butanal (ROAV 12.28–263.42) to
the aroma was the second-greatest throughout CF roasting,
although its content change was not significant. The ROAV of
furfural showed a broad range from 0.28 to 12.27. Although the
content of furfural varied the most, its contribution to aroma
was not as high as that of 2-methyl-butanal. Furthermore, there
were 5 components with ROAVs between 0 and 1, which are
modifiable components of odour. Unfortunately, the OT values
of 20 components have not been reported, requiring further
studies to prove inference reliability.

3.5. Chemometric analysis

3.5.1. PCA
Principal component analysis is a common analysis method

for visualising sample differences, reducing data dimensionality
while retaining most information by studying all the variable
relationships simultaneously (42). The results obtained using
the E-nose and GC-MS were statistically analysed by PCA to
highlight the differences in volatile flavour components.

The score plot of the E-nose response is presented in
Figure 3A, where higher contributions more significantly
contribute toward the principal components (PCs) that reflect
the original multi-index information. The first two principal
components (75.8 and 4.2% for PC1 and PC2, respectively)
explained 80% of the total variance, indicating that the two
components contributed most to the characteristic information
of the original samples after dimensionality reduction. The
sample spatial regions showed a clockwise rotation with
prolonged roasting time. S1, S2, and S3 were close in
dimensionality, indicating that negligible changes in volatile
flavour substances within 4 min. A similar aggregation in the
PCA was observed for S8 and S9. With increasing roasting time,
the distance between the samples gradually increased with large
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FIGURE 3

PCA plot of CF samples during roasting process. (A) Score plot based on E-nose; (B) loading plot based on E-nose; (C) score plot based on
HS-GC-MS; (D) loading plot based on HS-GC-MS.

separation of S11, S12, and S13 from the previous samples.
This indicated that roasting for 20 min at 150◦C considerably
impacted the volatile flavour substances in CF. Overall, the
samples were distinguishable across PC1: S1–S7 and S13 had
negative values on PC1, while S8–S12 occupied positive values
on PC1. The loading plot in Figure 3B shows the influence of
each sensor on sample differentiation.

The volatile components detected by HS-GC-MS were
also analysed using PCA. From Figure 3C, the cumulative
contribution rate of the two PCs exceeded 70%, and the
spatial regions of the samples showed a clockwise rotation with
prolonged roasting. The distance between samples at each time
point gradually increased, similar to the PCA distribution of the
E-nose data. These results further suggested that the E-nose and
HS-GC-MS can be used to evaluate the quality of CF during
processing, with consistent results across platforms. The loading
plot in Figure 3D shows the influence of each compound on
sample differentiation.

3.5.2. Grey relational analysis between the
E-nose and HS-GC-MS

To further verify the correlation between the data obtained
by the E-nose and GC-MS and explore the key components that
cause odour changes during CF roasting, the grey relational

method was used to calculate the correlation between each
E-nose sensor response and volatile compound. The degree of
correlation is shown in the two-colour gradient heatmap in
Figure 4, where the X-axis represents sensors and the Y-axis
represents volatile components. The last column represents
the average of the correlation degree between each compound
and sensor. In GRA, based on the criterion of the average
correlation degree (r > 0.9) of 18 sensors (43), 25 known
volatile components were screened, mainly aldehydes, ketones,
and alcohols. They were dimethyl ether, o-cymene, 1-methyl-
4-(1-methylethylidene)-cyclohexene, acetic acid, limonene,
acetone, 1-methyl-4-(1-methylethyl)-1,3-cyclohexadiene, 2-
methyl-1-butanol, toluene, 4-methyl-2-pentanone, nonanal,
2,3-butanedione, ethanol, γ-terpinene, furfural, hexanal,
5-methyl-2(3h)-furanone, dihydro-3-methylene-5-methyl-2-
furanone, 2-furanmethanol, 3-penten-2-one, methyl formate,
furan, 2-methyl-butanal, 2,3-pentanedione, and 5-methyl-2-
furancarboxaldehyde (sorted by ROAV from large to small). By
combining the ROAVs of the components in Supplementary
Table 3, the key odour compounds were further screened
(ROAV ≥ 1), which were limonene, 2,3-butanedione, nonanal,
furfural, hexanal, 3-penten-2-one, 2-methyl-butanal, 2,3-
pentanedione, and 5-methyl-2-furancarboxaldehyde. These
compounds have special odour based on the odour description,
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FIGURE 4

Heatmap of sensor response and volatile components based on grey relational analysis. GRA, a method to evaluate the correlation between
two variables based on their change curves geometric shape similarity, is suitable for analyzing dynamically changing variables. Each row in the
figure represents a volatile compound, and each column represents an E-nose sensor. The data values in the square represent the correlation
degree. Red represents the correlation degree higher than 0.9 while blue represents the correlation degree lower than 0.9.

and most of them have biological activities. For instance,
limonene, nonanal, hexanal, and 2,3-pentanedione have
antimicrobial activity (44–47). GC-MS and the E-nose are
different odour judgment technologies that characterise odours
by different indicative values and the correlative components
are related to the odour of the food. Therefore, the 9 volatile
components are identified as the main substances driving odour
changes during CF roasting.

4. Conclusion

Herein, the E-nose and HS-GC-MS were used to analyse
the changes in volatile flavour substances during CF roasting.
The results obtained by the E-nose were consistent with those

obtained by HS-GC-MS, indicating that both methods can be
used to track and detect the odour changes in CF. During CF
roasting, 54 volatile components were detected and identified by
HS-GC-MS, mostly aldehydes, ketones, acids, esters, and furans,
which are the main substances contributing to the CF flavour. It
was confirmed that the Maillard reaction, Strecker degradation,
and fatty acid oxidation and degradation were the three main
reactions during roasting. The correlation between the E-nose
response and volatile components was analysed by GRA, and
25 volatile components closely related to odour changes were
identified. Finally, 9 volatile components (ROAV ≥ 1), mostly
aldehydes and ketones, were identified as key substances driving
odour changes during CF roasting. In summary, our research
not only provides a template for seeking flavour markers in food
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processing, but also promotes the process of objectification and
controllability of judgment of processing degree.
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