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The purpose of this study was to investigate the volatile flavor changes in silver carp mince (SCM) gel glycated
with different reducing sugars (glucose, L-arabinose, and xylose) based on E-nose, GC-IMS, and sensory evalu-
ation. These results showed that glycation reduced the fishy smell of SCM gel and increased the meaty, toasty,
and burnt smell. A total of 10 volatile compounds were considered as characteristic flavor compounds and po-
tential markers. Among them, the main contributors of fishy included hexanal, heptanal, n-nonanal, octanal, etc.

Toasty and burnt were mainly related to the production of 3-methylbutanal and furfurol. These results heralded
that glycation could be used to improve the volatile flavor of SCM. This research provided a theoretical basis and
technical support for glycation in aquatic food flavor quality control, aquatic pre-made food development, and

aquatic leisure food processing.

1. Introduction

China is a large country in freshwater fish breeding, but because of its
intense fishy smell, the processing efficiency of cultured freshwater fish
is generally not high at present. To solve this predicament, scientists and
food manufacturers have developed various methods, such as saline
soaking, spices pickling, Maillard reaction, fermentation, and enzymatic
hydrolysis. However, the current methods have some problems, such as
poor fishy-removing effect and narrow application range, which can no
longer meet people’s increasing pursuit of healthy, nutritious, and de-
licious fish products. Therefore, it is still necessary to develop a new
flavor enhancement technology to promote the development and utili-
zation of fish products.

Glycation is one of the protein molecular modification techniques
and usually occurs in the early stages of Maillard Reaction (Pirestani,
Nasirpour, Keramat, & Desobry, 2017). Glycation is the covalent cross-
linking reaction between the free amino group in the side chain of food
proteins and the free carbonyl group in reducing sugar through the
Maillard reaction to form glycoprotein (Chen, Tume, Xu, & Zhou, 2015).
Silver carp (Hypophthalmichthys molitrix) is low in price and large pro-
duction, which is a typical freshwater fish in China. In our early study,

the effects of different amounts of L-arabinose on the sensory quality and
digestibility of sausages prepared with silver carp mince (SCM) were
analyzed. The results showed that glycation could effectively improve
the smell, taste, and texture of silver carp sausage, and enhance the
overall acceptability of the product without changing the protein di-
gestibility (Liu, Huang, Feng, Luo, & Shi, 2022). In addition, we also
investigated the changes in protein structure, protein nutritional value,
glycation site, and volatile compounds of silver carp mince under
different heating times with and without glucose (Liu, Hu, Wei, & Shi,
2022; Liu, Shen, Xiao, Jiang, & Shi, 2022). Based on the above studies,
we found that different reducing sugars (L-arabinose and glucose) may
have different effects on the odor characteristics of silver carp mince,
which may be related to the degree of glycation, which could be regu-
lated by the type of reducing sugar. However, the effect of different
types of reducing sugar on the flavor characteristics of silver carp mince
under a single variable was not clear. The types of characteristic flavor
compounds were also unclear. Therefore, it is necessary to explore the
above issues clearly through some technical means, such as electronic
nose (E-nose), headspace-gas chromatography-ion mobility spectrom-
etry (HS-GC-IMS), and quantitative description analysis (QDA).
Compared with oligosaccharides or polysaccharides,
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monosaccharides exhibit higher activity and efficiency in the glycation
process (Ai, Xiao, & Jiang, 2021). Glucose, the most widely distributed
and most important monosaccharide in nature, was selected as reducing
sugar. In addition, considering the health strategy of a low-sugar diet,
xylose and L-arabinose (two new sucrose substitutes) were also chosen
as reducing sugar. Simulating the fish sausage processing system, SCM
and reducing sugar were mixed and heated. The effect of different
monosaccharides on the odor characteristics of SCM gel was analyzed by
an E-nose, HS-GC-IMS, and artificial sensory evaluation (QDA). Based on
multivariate statistical analysis, volatile compounds with significant
differences were screened out, and their relationship with the odor
characteristics of SCM gel was further analyzed, which laid the foun-
dation for further research on flavor formation mechanisms. This
research will provide a theoretical basis and technical support for gly-
cation in aquatic food flavor quality control, aquatic pre-made food
development, and aquatic leisure food processing. Moreover, this
research will have important economic and social benefits to promote
the high-quality and high-value processing and utilization of freshwater
fish.

2. Materials and methods
2.1. Chemicals

D-(+)-glucose (CeH1206, MW 180.16), L-(+)-arabinose (CsHi(Os,
MW 150.13), and D-(+)-xylose (CsH100s, MW 150.13) (All 99% purity)
were purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). O-phthalaldehyde (OPA), disodium hydrogen phos-
phate, sodium dihydrogen phosphate, methanol, sodium dodecyl sulfate
(SDS), borax, and p-mercaptoethanol were of analytical reagent grade
and supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China).

2.2. Preparation of SCM gels added with different reducing sugars

SCM was prepared according to our previous report (Liu, Huang,
et al., 2022). Silver carp (10 pieces, average weight 5 kg) were pur-
chased from a farmer’s market in Shanghai, slaughtered (blow to the
head), and shipped to the laboratory. The back meat is collected uni-
formly and minced using a meat grinder. The chemical composition of
raw minced meat was determined (moisture (78.23 + 0.15) %, protein
(19.76 + 0.15) %, fat (1.02 + 0.15) %, ash (1.32 + 0.15) %, pH 6.78 +
0.15, AOAC, 2000), divided into 400 g per bag, and frozen in —80 °C
refrigerator until use.

Defrost the raw SCM in a 4 °C refrigerator until the center is free of
lumps. SCM was weighed (200 g) and mixed with 5% (w/w) glucose, L-
arabinose, or xylose in a homogenizer (L13-Y91S, Joyoung, Zhejiang,
China). Afterward, mixed samples were separated into 50 mL centrifuge
tubes with threaded caps, and heated in a thermostatic water bath
(HWS-24, Huitai, China) at 90 °C for 40 min. Another 200 g of SCM
(without sugar) was performed in the same procedure as the control
group. The heated SCM gel was placed in iced water for 30 min prior to
overnight storage at 4 °C for further analysis.

2.3. Determination of degree of grafting (DG)

DG was determined by a modified OPA method, and the OPA reagent
was prepared based on our previous report (Liu, Shen, et al., 2022).
When tested, 0.5 g of glycated SCM was weighed and mixed with 50 mL
50 mM phosphate buffer solution (PBS, pH 7.0, containing 0.1 M NaCl),
followed by a layer of gauze filtration. Then the 200 pL sample solution
was mixed with 4 mL OPA reagents in a whirlpool oscillator and heated
in a water bath at 35 °C for 2 min. The absorbance at a wavelength of
340 nm was determined by a UV-1800PC spectrophotometer (Shanghai
Mapada Instrument Co., Ltd., Shanghai, China). Besides, 4 mL of OPA
solution and 200 pL of deionized water were used as a blank. DG is
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calculated as follows:

DG (%) = (A — Ai/Aq x 100 )

where Ag and A; are the content of free amino groups of SCM in reaction
time of 0 and t min, respectively.

2.4. E-nose testing

The E-nose testing was carried out according to our previous report
(Liu, Huang, et al., 2022). Approximately 4 g samples homogenously
mixed with 0.18 g/mL brine (1: 1, w: v) were weighed and loaded in a
10 mL head-space vial. Samples were incubated at 60 °C for 15 min and
then injected into a FOX 4000 E-nose odor analysis system (Alpha MOS,
Toulouse, France). Injection volume: 2500 pL. Injection temperature:
40 °C. The obtained data were analyzed by principal component analysis
(PCA) using the AlphaSoft v12.0 software supported by the software of
the instrument.

2.5. HS-GC-IMS testing

VFCs were evaluated using a GC-IMS Flavor analyzer (FlavourSpec®,
Dortmund, Germany) based on Li, Wang, Yang, Dong, and Lin (2020).
Two grams of sample was added into a 20 mL headspace injection vial
and injected into the injector (500 pL, 85 °C, splitless mode) after
incubating at 60 °C for 15 min. The chromatographic column type
chosen was MXT-5 (column length 15 m, inner diameter 0.53 mm, film
thickness 1.0 pm) provided by Restek Corporation (Bellefonte, Penn-
sylvania, USA). The heating procedure was set as follows: 2 mL/min for
2 min, 10 mL/min for 8 min, and 100 mL/min for 10 min. Drift gas
(nitrogen gas) flow rate: 150 mL/min. IMS ionization chamber tem-
perature: 45 °C. The retention index (RI) of each compound was
calculated by the external standard method. Volatile compounds were
identified by comparing RI and drift time (Dt) with the GC x IMS Library
Search (FlavourSpec®, Dortmund, Germany). The plug-ins of Gallery
Plot and Dynamic PCA of VOCal supported by HS-GC-IMS instrument
were used to draw fingerprint spectra, PCA plot, and fingerprint simi-
larity analysis (FSA) plot.

2.6. Sensory evaluation

Sensory evaluation was carried out using the method of quantitative
descriptive analysis based on Gomez and Lorenzo (2013) with a minor
modification. The sensory panel consists of eight trained professionals (3
men and 5 women), who signed the Sensory Evaluation Consent State-
ment in advance and were trained for at least six months with the at-
tributes and the scale to be used. Training details according to the
methodology proposed by ISO regulations (ISO 8586-2:2008). Odor
intensity and four sensory attributes (fishy, meaty, toasty, and burnt)
were screened and assessed on a four-point scale: 0 = none, 1 = mild, 2
= moderate, and 3 = strong. Among them, odor intensity was scored on
a three-point scale: 1 = low, 2 = medium, and 3 = high. The flavor
model for sensory evaluation was adopted (Table S1) as reported by Liu,
Liu, He, Song, and Chen (2015) and Cai et al. (2016). Before the
experiment, the sample was cut into fixed-size slices and placed on a
table in the sensory evaluation analysis room (25 °C, incandescent
lamp). All samples were subjected to sensory evaluation under the same
conditions. Ethical permission was not required for this trial.

2.7. Statistical analysis

The experiment was repeated three times. Each measurement was
performed at least three times during each experiment. The results were
presented as the mean =+ standard deviation (SD). Significance analysis
was performed by one-way analysis of variance (ANOVA) and Duncan’s
multiple range tests at the level of 0.05 (P < 0.05) using SPSS 21.0
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software (IBM, Armonk, NY, USA). Radar map was drawn by Origin
2019b (OriginLab Corporation, MA, USA). Orthogonal partial least
squares discriminant analysis (OPLS-DA) method was carried out using
SIMCA 14.1 (Umetrics Corporation, Malmo, Sweden). Partial least
squares regression (PLSR) was operated by XLSTAT (Annual Version
2021.2.2, Addinsoft Inc., New York, NY).

3. Results and discussion
3.1. Change in DG

DG represents the degree of binding between protein and reducing
sugar (Pirestani et al., 2017; Wang et al., 2019). The higher the DG
value, the higher the degree of glycation. As shown in Fig. 1, the DG was
affected by monosaccharide types. The DG value of SCM gel glycated
with xylose was the highest, followed by L-arabinose, while glucose and
control group N were the lowest. Glycation extent was affected by the
type of reducing sugar, the ratio of reducing sugar to protein, heating
temperature, heating time, pH, moisture content, and ionic strength
(Oliveira, Coimbra, De Oliveira, Zunlga, & Rojas, 2016). The reactivity
of the reducing sugar used in this experiment was: L-arabinose > D-
xylose > glucose. However, The DG value of sample X was greater than
sample A, indicating that the optimum conditions for the formation of
maximum DG of different types of sugar were different. The most suit-
able reaction conditions should be determined according to the actual
production needs. In this study, changes in each indicator were evalu-
ated only based on the current reaction system.

3.2. E-nose analysis

E-nose technology is an effective way to distinguish discrepancies
between aroma profiles for different samples. Fig. 2 shows the radar
map, PCA plot and discriminant factor analysis (DFA) plot of odor
profiles of SCM gels glycated with different monosaccharides. According
to the response values of the E-nose sensors in Fig. 2A, the control group
had lower response values at sensors TA/2, T40/1, T40/2, P30/2, P40/
2, PA/2, T70/2, P40/1, P10/2, P10/1, and T30/1. After glycation, the
response values of the above sensors in all SCM samples increased to
varying degrees. The sensitive substance types corresponding to E-nose
sensors are shown in Table S2 (Xie et al., 2022). As seen in Table S1, it
could be concluded that glycation changed the concentration of polar
compounds, ketones, amines, hydrocarbons, and other polar
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Fig. 1. Changes in DG of SCM gels glycated with different monosaccharides.
SCM: silver carp mince; N: SCM without sugar; G: SCM with glucose; A: SCM
with L-arabinose; X: SCM with xylose.
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Fig. 2. Radar map (A), PCA plot (B), and DFA plot (C) of E-nose data of SCM
gels glycated with different monosaccharides. SCM: silver carp mince; N: SCM
without sugar; G: SCM with glucose; A: SCM with L-arabinose; X: SCM
with xylose.

compounds.

To further distinguish the difference in aroma profiles, the response
value signals were analyzed by PCA and DFA. As seen in Fig. 2B, the first
principal component (PC1) explained 97.414% of the sample variance,
the second principal component (PC2) explained only 2.059%. This
result suggested that the majority of the variation captured by PC1 for all
volatile compounds allowed for the distinction between the samples.
PC2 remained important in distinguishing aroma profiles of different
samples, although there were notably small variations (Zhou, Chong,
Ding, Gu, & Liu, 2016). Discrimination index (DI) represents the degree
of sample discrimination provided by the electronic nose statistics
software. A positive DI value indicates that the samples are independent
of each other (Wang, Zhang, Zhu, Wang, & Shi, 2018). Moreover, the
larger the DI value, the better the differentiation effect, and the DI value
between 80 and 100 indicates effective differentiation. In this experi-
ment, DI was 71, indicating that the samples could be distinguished
(such as A and X) but there was similarity among the samples (such as N
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and G). This result might be due to the fact that xylose and L-arabinose
are five-carbon sugars and have a higher glycation reaction rate than
samples N and G.

DFA is designed to further analyze data based on PCA to better
distinguish samples. As seen in Fig. 2C, the contribution rates of DF1 and
DF2 were 84.845% and 13.019% respectively, and the cumulative
contribution rate was over 85%. Therefore, DF1 and DF2 could
comprehensively represent the original information of the sample. DFA

measurement rn | se¢ [min]
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showed that the four groups of samples could be completely distin-

guished and there was the similarity between samples A and X, which
did not conflict with PCA results.

3.3. HS-GC-IMS analysis

3.3.1. Qualitative and quantitative analysis of VFCs
HS-GC-IMS is a simple, rapid, and sensitive measurement technique
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Fig. 3. Two-dimensional topographic plot (A), fingerprint spectra (B), PCA plot (C), and FSA plot (D) of volatile compounds in SCM gels glycated with different
monosaccharides. SCM: silver carp mince; N: SCM without sugar; G: SCM with glucose; A: SCM with L-arabinose; X: SCM with xylose.
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for VFCs and has been demonstrated to isolate and identify VFCs in
complex matrices, such as aldehydes, ketones, alcohols, and other vol-
atiles (Li et al., 2020). Fig. 3 shows the two-dimensional topographic
plot, fingerprint spectra, PCA plot, and FSA plot of VFCs in SCM gels
glycated with different monosaccharides. The vertical red line in Fig. 3A
represents the reactive ion peak (RIP) normalized to the drift time (DT).
Each dot on the two-dimensional topographic plot represents a VFC. The
color of the dot represents the concentration of the VFC. Blue means
lower concentration, and red means higher concentration (Li et al.,
2020). As seen in Fig. 3A, the color point distribution contours of all
samples were similar, that is to say, and the types of VFCs of SCM gels
glycated with different monosaccharides were similar.

To further compare the differences of VFCs in the samples, the
fingerprint spectra was generated in Fig. 3B. Each line in the graph
represents all signal peaks selected from a sample, and each column in
the graph represents the signal peak of the same VFCs in different
samples (Xie et al., 2022). A total of 50 signal peaks were obtained in
this study. Among them, 14 VFCs could not be identified in the migra-
tion spectrum library and were replaced by numbers (1-14). Another 36
VFCs were accurately identified (Table S3), including 18 aldehydes, 7
ketones, 8 alcohols, and 3 esters. As seen in Fig. 3B, the fingerprint
spectra of VFCs in the three groups of samples G, A, and X were different
from that of control group N. The concentrations of VFCs (red region 1 of
Fig. 3B) in N were higher than those in other samples, mainly including
aldehydes, ketones, alcohols, and esters. In addition, the concentrations
of VFCs (red region 2 of Fig. 3B) in X and A were similar, and they were
higher than those in other samples, mainly including: 2-butanone
(monomer and dimer), 3-methylbutanal (monomer and dimer), 3-
methyl-3-buten-1-ol, acetone, and furfurol (monomer and dimer).

Aldehydes were mainly produced by lipid oxidation and Maillard-
induced amino acid degradation (Han et al., 2020; Li et al., 2021). Ke-
tones are another significant flavor precursor in the Maillard reaction
system (K. Chen et al., 2020), and are related to the degree of lipid
oxidation, especially the p-oxidation of fatty acids derived from tri-
glycerides (Yin et al., 2021). Alcohols are mainly derived from the
oxidation and degradation of lipids (Yin et al., 2021). Linear alcohols
were the main lipid oxidation products, while branched alcohols were
the degradation products from the corresponding branched aldehydes
(Yin et al., 2021). Esters are usually produced by esterification reactions
between carboxylic acids and alcohols (Lorenzo & Carballo, 2015).
Therefore, the decrease in VFCs in red region 1 of Fig. 3B was related to
the Maillard reaction, lipid oxidation and degradation, and their inter-
action. In red region 2 of Fig. 3B, 3-methylbutanal (dimer and monomer)
and furfurol (dimer and monomer) are two important Maillard reaction
intermediates. 3-methylbutanal participated in the Maillard reaction
and Strecker degradation, related to branched amino acids (valine,
isoleucine, and leucine), and usually provided the pleasant odor of
peach, chocolte, malt, and bitter almonds (Luo, Nasiru, Zhuang, Zhou, &
Zhang, 2021). Furfurol is another typical intermediate Maillard reaction
product, formed mainly from pentose at low pH values (pH < 7.0), and
provides the odor of caramel and bread (Li, Belloch, & Flores, 2021;
Martins, Jongen, & Boekel, 2000). The peak area of 3-methylbutanal
and furfurol increased with the increase of DG, indicating that glyca-
tion promoted the Maillard reaction. The peak area of 2-butanone
(dimer and monomer) and acetone, associated with lipid oxidation,
increased with the increase of DG, indicating that glycation promoted
lipid oxidation. Ethanol and 3-methyl-3-buten-1-ol usually do not have
an impact on the sensory characteristics in the food system owing to
their high odor thresholds (Wang, Zhang, Wang, Wang, & Liu, 2019).

To further explore the effect of glycation on the overall aroma profile
of samples, all VFCs were classified into four categories (aldehydes,
ketones, alcohols, and esters), and the peak volume of each category is
shown in Table S3. The peak volume of total aldehydes and total VFCs in
control group N were significantly higher than those in other samples.
After glycation, sample G with low DG had lower VFCs of all classes than
control group N, except total esters. Sample X with high DG had higher

Food Chemistry: X 22 (2024) 101335

VECs of all classes than sample G. These results showed that glycation
enhanced the overall aroma profile of SCM gels.

3.3.2. PCA and DFA of VFCs

PCA and FSA were performed to further evaluate the differences in
overall aroma profile between samples. As can be seen from Fig. 3C, PC1
and PC2 could explain 72% and 18% of the variation in volatile com-
pounds in the samples, respectively. PCA showed that four samples
could be distinguished and samples X and A had similar odor profiles. In
the FSA plot (Fig. 3D), the closer the distance between the samples, the
smaller the difference. FSA indicated that samples X and A were similar,
which was similar to the results of fingerprint spectra and E-nose DFA.

3.3.3. OPLS-DA of VFCs

OPLS-DA is a supervised and newly developed statistical method of
discriminant analysis to achieve the prediction of sample classifications
(Zhang, Zhang, & Xing, 2021). To find out the significantly different
VFCs in samples, the OPLS-DA model was established. Fig. 4 shows the
OPLS-DA score plot, permutation plot, and variable importance for the
projection (VIP) plot of VFCs in SCM gels glycated with different
monosaccharides. The OPLS-DA score plot (Fig. 4A) showed the differ-
ences between samples consistent with the GC-IMS PCA plot (Fig. 3E).
R%X (cum), R%Y (cum), and Q2 represent the cumulative interpretation
rate of the model in the X-axis and Y-axis, as well as the cumulative
prediction rate of the model in multivariate statistical analysis
modeling, respectively. Larger values for R%X (cum), R%Y (cum), and Q2
indicate better models. In this study, the R2X (cum), R%Y (cum), and Q2
were 0.987, 0.971, and 0.931 respectively, and RZX-R%Y < 0.3, indi-
cating that the OPLS-DA model was excellent. The permutation plot
(Fig. 4B) was conducted to verify the reliability of the model by R? and
Q? values. All permuted Q2 values were lower than the original ones,
and the Q2 regression line had a negative value of intercept, verifying
this model performed pretty well and was not overfitted.

The VIP plot was applied to screen VFCs with significant differences
(Fig. 4C). When the VIP value of VFC is >1 (VIP >1), the VFC is
considered as a characteristic flavor compound that can be used as a
potential marker. As illustrated in Fig. 4C, 10 VFCs were considered to
be characteristic flavor compounds and potential markers, including
hexanal (dimer and monomer), 3-methylbutanal (dimer), ethanol, 2-
butanone (dimer), acetone, methyl benzoate (dimer), heptanal
(dimer), n-nonanal (monomer), and octanal (monomer). Among them,
hexanal (4.5 ng/g), heptanal (2.8 ng/g), n-nonanal (1.1 ng/g), octanal
(0.587 ng/g), and 3-methylbutanal (0.2 ng/g) usually have a greater
effect on food flavor due to their low thresholds (Zhou et al., 2016).
Hexanal is derived from the oxidation of n-6 fatty acids such as linoleic
acid and arachidonic acid, while heptanal, n-nonanal, and octanal are
the autooxidation products of oleic acid (Luo et al., 2021). 3-methylbu-
tanal is a typical Maillard reaction intermediate. Alcohols (ethanol),
ketones (2-butanone dimer and acetone), and esters (methyl benzoate
dimer) usually have high odor thresholds and do not affect the sensory
characteristics of products (Wang, Zhang, et al., 2019). To sum up, five
volatile compounds (hexanal, heptanal, n-nonanal, octanal, and 3-meth-
ylbutanal) should be paid more attention to in the subsequent research
on the molecular mechanism of glycation affecting flavor formation in
SCM gels.

3.4. Sensory evaluation

Mean sensory scores for SCM gels glycated with different mono-
saccharides are shown in Fig. 5. Glycation had a significant effect on
odor intensity (P < 0.05). The fishy smell of control group N was strong,
but the fishy smell of the SCM after glycation weakened. Instead, meaty,
toasty, and burnt became the main aroma characteristics. In all the
samples, sample A had the highest score for toasty flavor, and sample X
had the highest score for burnt flavor. Meaty and toasty flavor are
pleasant aromas, while burnt is the opposite (Cai et al., 2016). Meat
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Fig. 4. OPLS-DA score plot (A), permutation plot (B), and VIP plot of volatile
compounds modeling in SCM gels glycated with different monosaccharides.
VIP: variable importance for the projection; SCM: silver carp mince; N: SCM
without sugar; G: SCM with glucose; A: SCM with L-arabinose; X: SCM
with xylose.

flavor was related to the generation of thiazoles, sulfides, aldehydes, and
ketones. Toasty was mainly contributed by pyrazines, pyrroles, and
miazines. In addition, toasty might be changed into disagreeable burnt
owing to the caramelization of sugar or the overreaction of materials.
This burnt smell could be suppressed by controlling glycation extent,
which is affected by the amount of reducing sugar added, heating time,
heating temperature, and other factors (Liu, Huang, et al., 2022). This
result that A and X had a similar and interchangeable aroma charac-
teristic could also explain why A and X were close in the E-nose PCA and
DFA results. These results suggested that glycation is an effective tech-
nique for enhancing the sensory quality of SCM.
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Fig. 5. Radar map of sensory scores of SCM gels glycated with different
monosaccharides. SCM: silver carp mince; N: SCM without sugar; G: SCM with
glucose; A: SCM with L-arabinose; X: SCM with xylose.

3.5. PLSR of sensory evaluation data and GC-IMS data

To further analyze the relationship between sensory attributes and
odor compounds, PLSR was performed between sensory evaluation data
(X matrix) and GC-IMS data (Y matrix) (Yan et al., 2024; Zhang et al.,
2022). The two circles in Fig. 6A (inner circle and outer circle) represent
50% and 100% of the explanatory variance, respectively. The R2X
(cum), R%Y (cum), and Q2 in Fig. 6B represent the cumulative inter-
pretation rate of the model in the X-axis and Y-axis, as well as the cu-
mulative prediction rate of the model in multivariate statistical analysis
modeling, respectively. Larger values for R2X (cum), R%Y (cum), and Q2
indicate better models. Moreover, RZX-R2Y < 0.3 indicates an excellent
model. As seen in Fig. 6B, the R%X, R%Y, and Q2 cumulated index of
Compl were 0.908, 0.684, and 0.394, respectively. The R2X, R?Y, and
Q? cumulated index of Comp2 were 0.997, 0.932, and 0.811, respec-
tively. The difference of R?X-R%Y in the two components was <0.3,
indicating that the PLSR model provided an excellent quality predictive
model.

According to PLSR results, there were significant correlations be-
tween sensory attributes and odor compounds in SCM gels to varying
degrees. Fishy was related to heptanal (7, 8), octanal (11,12), n-nonanal
(17, 18), hexanal (20), 1-pentanol (4), 1l-hexanol (5), 1-pentanol
(21,22), and 2-heptanone (33, 34). This result was consistent with the
report of Zhou et al. (2016), which reported that the smell of fishy was
mainly derived from aldehydes, ketones, and alcohols. The reduction of
these substances could effectively reduce the smell of fishy. In partic-
ular, four substances (heptanal, octanal, n-nonanal, and hexanal) with
lower thresholds and significant differences (in OPLS-DA) may have a
more important contribution to the reduction of fishy odor.

As shown in Fig. 6A, meaty was close to the roast flavor. Toasty and
burnt in the same quadrant, and showed a significant positive correla-
tion with 3-methylbutanal dimer (30) and furfurol (1). 3-methylbutanal
and furfurol are two important intermediates of the Maillard reaction.
These results indicated that meaty, toasty, and burnt could be trans-
formed into each other, and their formation was closely related to the
Maillard reaction. This result did not conflict with that of OPLS-DA,
which shows that 3-methylbutanal was an important characteristic fla-
vor compound (VIP > 1). In addition, this result was also consistent with
our previous reports that glycation promoted the production of more
aroma substances through the Maillard reaction (Liu, Shen, et al., 2022).
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Fig. 6. Correlations loadings (A) and model quality (B) of PLSR. Figs. (1-36) in Fig. 6A correspond to the number of volatile compounds in Table S3.

All in all, PLSR showed that different reducing sugar types (different
degrees of glycation) have different effects on the volatile flavor char-
acteristics of SCM gels.

4. Conclusion

The aroma characteristics of SCM gels could be effectively improved
by glycation with glucose, L-arabinose, and xylose. Among them, xylose
and L-arabinose were effective in enhancing the volatile flavor of fish.
Glycation reduced the fishy smell of SCM gel and increased the meaty,
toasty, and burnt smell. PCA of E-nose and GC-IMS data showed that the
samples could be distinguished effectively. GC-IMS showed that glyca-
tion improved the overall aroma profile of SCM gel by promoting
Maillard reaction and lipid oxidation. OPLS-DA showed that a total of 10
VFCs were considered as characteristic flavor compounds and potential
markers. Among them, hexanal, heptanal, n-nonanal, octanal, and 3-
methylbutanal had more potential to be used as markers to analyze

the mechanism of glycation affecting the volatile flavor of SCM due to
their low thresholds. Furthermore, PLSR showed that the main con-
tributors of fishy included hexanal, heptanal, n-nonanal, octanal, etc.
Toasty and burnt were mainly related to the production of 3-methylbu-
tanal and furfurol. In a word, this research heralded that glycation could
be used as an aroma improvement technique for developing fish
products.
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