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Abstract: This study aimed to explore the changes in the quality of ready-to-eat peeled shrimp
(Solenocera crassicornis) during chilled storage. The cooked shrimp were soaked in hermetically sealed
jars, which were treated by three soaking methods: distilled water; 4% NaCl solution; and 4% NaCl,
0.34% citric acid, 4.23% trehalose, and 0.04% VC solution (defined as the control, experimental 1 (E1),
and experimental 2 (E2) groups, respectively). The shelf-life of the E2 group was 20 days longer than
that of the control group. Sensory scores, color, and textural results confirmed the E2 group exhibited
better sensory scores and color, and the degradation of the physical structure of shrimp muscle was
delayed during chilled storage. In addition, the total volatile basic nitrogen (TVB-N), total viable
count (TVC), and thiobarbituric acid reactive substances (TBARS) of shrimp muscle in each group all
showed an increasing trend, but these values were significantly lower in the E2 group than those in
the control and E1 groups during chilled storage. The results of gas chromatography–ion mobility
spectrometry (GC–IMS) and principal components analysis (PCA) showed that the volatile organic
compounds (VOCs) in the three groups of RTE shrimp muscle changed, but small changes in VOCs
were observed in E2 during chilled storage. These results provide new ideas and references for peeled
shrimp product development and quality assurance technology.

Keywords: Solenocera crassicornis; muscle; quality change; chilled storage; volatile odor compounds
(VOCs)

Key Contribution: In this study, we discovered that the utilization of 4% NaCl, 0.34% citric acid,
4.23% trehalose, and 0.04% VC solution significantly improved the muscle quality of ready-to-eat
shrimp, prolonged its shelf life, and maintained the stability of volatile odor compounds.

1. Introduction

Red shrimp (Solenocera crassicornis) is a popular aquaculture species and is considered
the most lucrative fishery product in several nations [1]. Processed shrimp products, such
as dried, grilled, and ready-to-eat (RTE) shrimp, have seen a steady increase in market
share in recent years. In particular, RTE shrimp are becoming increasingly popular with
consumers due to their portability, taste, and storage convenience [2].

However, the muscle in RTE shrimps is extremely perishable and degrades quickly
due to its high non-protein nitrogen content and susceptibility to infection by common
microorganisms [3]. Specifically, shrimp product shelf lives are impacted by enzymatic and
microbiological alterations that occur during processing and storage. For these reasons, it
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is evident that reducing shrimp microbiological contamination is necessary to maintain
product quality during storage [4]. Effective use of food additives can enhance the flavor,
extend the shelf life, and increase the muscle quality of ready-to-eat shrimp. In addition to
preventing microbial growth, citric acid regulates the pH of meat muscles [5]. Ke et al. [6]
discovered that the addition of citric acid to beef increased its tenderness and prevented
the oxidation of beef products in their study. Trehalose is a stable natural disaccharide that
gives a unique sweet taste to aquatic products. Trehalose can be added to meat products
to prevent rancidity and maintain the stability of muscle proteins during refrigeration, as
well as lessen the development of some off-putting byproducts [7]. A powerful antioxidant,
vitamin C (VC) inhibits proteins and lipids from being oxidized, thereby maintaining
the color of RTE shrimp [8]. Current research on the textural changes of RTE shrimp
has focused on low-moisture foods [9]. However, the textural changes in the muscle of
liquid-impregnated RTE shrimp during storage and their mechanisms are not known.

Volatile organic compounds (VOCs) are important indicators that affect consumer
acceptance of meat products. RTE shrimp is a highly perishable product, with several
VOCs generated during chilled storage producing an unpleasant odor and taste that can
ultimately cause them to become inedible. Studying the changes in VOCs in RTE shrimp
during chilled storage is beneficial for comprehending the alterations in shrimp product
quality. VOCs can be detected using gas chromatography–ion mobility spectrometry
(GC–IMS) due to its high separation efficiency, high sensitivity, fast and accurate analysis,
simplicity of operation, and visualization of the detected VOCs [10]. Importantly, it requires
almost no preparation of the RTE sample, making it suitable for the rapid detection of VOCs
in various foods. Currently, this technique has been widely used in fish [11], shrimp [12],
and so on. Che et al. [13] analyzed volatile flavor substances in shrimp paste using GC–
IMS. The authors found salted shrimp were rich in acids, aldehydes, and heterocyclic
compounds, while low-salt shrimp paste contained a greater proportion of esters.

In our previous work, we found 4% NaCl, 0.34% citric acid, 4.23% trehalose, and
0.04% VC to be the ideal soaking solution for RTE shrimp [14]. This solution successfully
preserved the sensory qualities and muscle quality of RTE shrimp. This study further
examined the physicochemical characteristics and VOCs of RTE shrimp during refrigerated
storage to develop a theoretical framework for the handling, storage, and production of
RTE shrimp and related products.

2. Materials and Methods
2.1. Materials

Fresh red shrimp (Solenocera crassicornis) were commercially obtained from Zhoushan
Fengmao market (Zhoushan, Zhejiang Province, China) and transported in ice to the
aquatic food safety laboratory within 30 min. The average weight of the shrimp samples
was 13 ± 2 g. Citric acid, vitamin C (VC), and trehalose were obtained from Xuzhou
Zhenghong Biochemical Co., Ltd. (Xuzhou, China). Glacial acetic acid, hematoxylin,
eosin, and anhydrous ethanol were purchased from Nanjing Chemical Reagent Co., Ltd.
(Nanjing, China).

2.2. Shrimp Processing and Treatments

The fresh shrimp underwent a thorough rinse with distilled water, followed by boiling
at a temperature of 100 ◦C for 3 min. Then, the shrimp were deheaded and peeled manually.
Then, the shrimp (100 ± 0.5 g) were placed in cans, and the liquid solutions (300 ± 0.5 g)
were added. For this experiment, the following liquid solutions were used: The control
was distilled water. The E1 group was treated with 4.0% (w/v) NaCl, and the E2 group
was treated with 4% (w/v) NaCl, 0.34% (w/v) citric acid, 4.23% (w/v) trehalose, and 0.04%
(w/v) VC solution [14]. Then, the cans were boiled for 5 min and rapidly hermetically
sealed. Finally, all groups were stored at 4 ◦C for 50, 60, and 70 d (the storage period was
established according to the previously determined TVB-N content and TVC values of the
RTE shrimp samples). The shrimp samples were removed at 10-day intervals and analyzed.



Fishes 2023, 8, 372 3 of 14

2.3. Sensory and Color Analysis

The determination of the sensory qualities of shrimp samples was conducted following
the protocol established by Ding et al. [15]. Ten professionally trained graduate students
evaluated shrimp at room temperature for sensory scores, including color, texture, odor,
taste, and overall acceptability. Five samples from each group were randomly distributed
onto dishes, with 15 numeric codes, and scored on a 10-point scale (Supplementary Ma-
terials Table S1). An automatic measuring spectrophotometer (NH-310, Shenzhen 3nh
Technology, Ltd., Shenzhen, China) was used to examine the color of RTE samples. The
color was represented by L* (lightness) and b* (yellowness). For each sample, the same area
of the shrimp was measured three times, and the average of each sample was calculated.

2.4. NaCl Content Analysis

The determination of NaCl content in shrimp samples was conducted following the
protocol established by Guo et al [16]. A porcelain crucible was filled with 5.0 g of shrimp.
Then, the samples were carbonized completely and diluted in distilled water to a constant
volume of 100 mL. Then, the NaCl concentration was determined using the conventional
titrimetric Volhard technique with 50 mL of the filtrate.

2.5. Texture Profile Analysis

Texture properties, including hardness and springiness of the muscle tissue of shrimp,
were measured using a TA.XT PlusC texture analyzer (Stable Micro Systems Ltd., Go-
dalming, UK). Measurements were performed on the second ventral segment with the
following parameters: compression hold time of 3 s; cylinder probe P/5; constant velocity
of 1.0 mm/s; 50% of initial height for compression. The measurements were replicated six
times per set.

2.6. TVB-N Content and TVC Value Analysis

The determination of TVB-N content in shrimp samples was conducted following the
protocol established by Malle et al. [17]. For homogenization of the shrimp samples, 10 g
was combined with 75 mL of distilled water. Then, the solution was filled with 1.0 g of
magnesium oxide powder and put into the automatic Kjeldahl nitrogen tester (KDN-
520, Shanghai Bongyi Precision Measuring Instruments Co., Ltd., Shanghai, China). The
recovered distillate was collected in a receiving flask with a 2% (w/v) boric acid solution
and a volume of 10 mL. Then, the collected solution was titrated with a hydrochloric
acid solution (0.01 mol/L). The determination of TVC values in shrimp samples was
conducted following the protocol established by Li et al. [18]. A shrimp sample weighing
25 g was homogenized for 2 min with the addition of 225 mL of sterile saline solution at a
concentration of 0.85%. We added 1 mL of each dilution to a diluted counting agar plate.
After aerobically incubating the plates at 30 ◦C for 72 h, the colony-forming units on the
plates were counted to determine the TVC values.

2.7. TBARS Value Analysis

TBARS in shrimp muscle were estimated using a malondialdehyde (MDA) assay kit
(Nanjing Jiancheng Technology Co., Ltd., Nanjing, China). We followed the instructions of
the kit to extract and analyze the supernatant. An ultraviolet–visible spectrophotometer
(UV-2802; UNICO Instruments Co., Ltd., Shanghai, China) was used to measure absorbance
values at 532 nm.

2.8. Hematoxylin and Eosin (H&E) Staining Analysis

The muscle tissues were fixed with Davidson’s fixative at room temperature for 15 h.
The tissues were then further embedded in paraffin blocks after being dehydrated with a
series of hot ethanol washes, three rinses, and 50% ethanol. The fixed tissues were then
obtained by staining 5 mm sections of the paraffin-embedded tissue with H&E staining
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solutions. Subsequently, a light microscope was used to examine the slices (B351, Olympus,
Beijing, China).

2.9. VOC Analysis

Volatile profiles of shrimp samples were measured during chilled storage (0, 20,
40 d) via GC–IMS (FlavourSpec®, G.A.S., Dortmund, Germany) according to the method
proposed by Ding et al. [15]. Two grams of shrimp muscle was incubated in a headspace
vial at 60 ◦C for 20 min, and a headspace gas sample (500 µL) was then automatically
drawn. Using a FS-SE-54-CB-1 capillary column (15 m × 0.53 mm) pre-separated at 60 ◦C.
Nitrogen gas was used as the carrier gas, with a starting rate of circulation of 2 mL/min
maintained for 2 min. The rate of flow was raised to 10 mL/min between 2 and 10 min, then
to 100 mL/min between 10 and 20 min, and finally to 100 mL/min for 10 min. The analytes
were separated after isothermal elution in an IMS ionization chamber (45 ◦C, 150 mL/min
flow rate). VOC retention indexes (RI) were measured using n-ketone C4–C9.

2.10. Data Analysis

Each experiment was carried out three times (n = 3), except where otherwise specified.
The SPSS package 13.0 for Windows (SPSS Inc., Chicago, IL, USA) was used to statistically
analyze the results. Comparisons of treatment means were carried out using Duncan’s test,
and the means were concluded to be significantly different at the level of p < 0.05.

3. Results and Discussion
3.1. Sensory and Color Analysis

The sensory score was chosen to evaluate the shrimp muscle quality, as this parameter
changes significantly during chilled storage. Figure 1 shows the sensory score results.
The initial values of 8.66, 8.85, and 9.06 for the control, E1, and E2 groups, respectively,
indicated that the sensory quality of shrimp in the three groups showed high acceptability.
In addition, the shrimp samples of the E2 group had the highest initial values of the
sensory scores, indicating that citric acid, trehalose, and VC soaking treatment improved
the acceptability of the shrimp samples during chilled storage. With increasing storage
time, the sensory ratings of all three groups declined considerably (p < 0.05), with the
control group having the lowest values. The shrimp samples in the three groups exhibited a
slight off flavor towards the end of chilled storage, and the liquid was cloudy and yellow. A
severely broken shrimp muscle was also observed in the control group. The control, E1, and
E2 samples were regarded as unacceptable on day 50 (2.3), day 60 (2.8), and day 70 (3.16),
respectively. The shelf life of the sample was increased by approximately 20 days by the E2
treatment compared to the control group. A possible reason for this is that the addition of
citric acid and VC decrease pH, resulting in less bacterial growth [19]. In addition, citric
acid is a natural metal ion chelator that indirectly inhibits the oxidation of proteins [20].

The L* value of each group is shown in Figure 2A. The L* value of all groups signifi-
cantly decreased (p < 0.05) after 50 days of storage. This might be the result of microbial
growth and lipid oxidation in the shrimp muscle during long-term storage [21]. However,
the L* value of the E2 group was significantly greater than the control and E1 groups
(p < 0.05). Trehalose from the E2 group increased the stability of the protein network struc-
ture so that water loss could be reduced [22]. Furthermore, the growth of microorganisms
in the shrimp samples of the E2 group was additionally inhibited by VC and citric acid.
During the refrigeration period of 30–40 days, the fluctuations in the L* values of the shrimp
muscle were observed in both the control and the E1 groups. The phenomenon might
be related to the structural changes in the shrimp muscle tissues and alterations in the
pigments, thereby affecting the light reflection on the surface of the shrimp muscle. In
comparison, the a* values of shrimp samples from all groups did not significantly differ.
The progressive increase in b* values of shrimp samples with storage time may be due to
the oxidation of lipids and proteins, which results in the accumulation of Schiff pigments
(lipofuscin) in shrimp muscle [23]. Nevertheless, compared to the control and E1 groups,
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the E2 group’s b* value was significantly lower (p < 0.05), which was likely correlated with
the higher antioxidant capacity of VC in group E2.

Figure 1. Sensory score of the control shrimp, shrimp preserved in 4% NaCl (E1) solution, and
shrimp preserved in 4% NaCl, 0.34% citric acid, 4.23% trehalose, and 0.04% VC solution (E2) during
chilled storage.

Figure 2. L* value (A) and b* value (B) of the control shrimp, shrimp preserved in 4% NaCl (E1)
solution, and shrimp preserved in 4% NaCl, 0.34% citric acid, 4.23% trehalose, and 0.04% VC solution
(E2) during chilled storage.

3.2. NaCl Content Analysis

Excessive intake of NaCl is linked to an increase in the risk of cardiovascular diseases
and hypertension [24]. According to the World Health Organization and the Chinese
Dietary Guidelines, the daily intake of NaCl in adults should not exceed 5 or 6 g [25].
As shown in Figure 3, there were no significant changes (p > 0.05) in the NaCl content
in the control shrimp muscle with the extension of refrigeration time. By contrast, the
NaCl content in the E1 and E2 shrimp samples both showed an increasing trend. This
was mainly because the NaCl in the solution gradually penetrated the shrimp muscle
tissues under the effect of osmotic pressure [26,27]. The gradual destruction of tissue
integrity and structure during refrigeration also caused an increase in the NaCl content in
shrimp muscle [28]. During the same refrigeration time, the NaCl content in the shrimp
muscle of the experimental group (E2) was considerably lower than that of the E1 group
(p < 0.05). This is likely because the trehalose in the E2 group acted as a protective agent,
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forming a physical protective film on the surface of shrimp muscle, which maintained
the stability of the muscle tissues. In addition, the preferential binding of trehalose to
water molecules after penetrating shrimp muscle tissues resulted in a smaller radius of the
protein solubilization layer, reduced mobility, a tighter molecular structure, and a more
stable spatial conformation. These changes also prevented NaCl from entering the shrimp
muscle tissues. Thus, the E2 soaking solution had positive effects on reducing the NaCl
content in shrimp muscle and ensuring consumer safety, and these results are in line with
the development of low-salt food products.

Figure 3. NaCl content of the control shrimp, shrimp preserved in 4% NaCl (E1) solution, and
shrimp preserved in 4% NaCl, 0.34% citric acid, 4.23% trehalose, and 0.04% VC solution (E2) during
chilled storage.

3.3. Texture Profile Analysis

The changes in texture (hardness and elasticity) of shrimp samples during chilled
storage for the three treatment groups are shown in Table 1. The hardness and springiness
of all groups degraded gradually from 0 to 10 days of storage. The changes in bacterial pro-
liferation may be the cause of the undesirable alterations in hardness and springiness [29].
For the E1 and E2 groups, the hardness and springiness values were significantly higher
when compared with the control group on day 50 (p < 0.05). The relative stabilization
of protein components during chilled storage was likely caused by the combined effect
of NaCl, citric acid, and VC solution, which inhibited bacterial proliferation. Further-
more, a significant difference was found between the shrimp samples of groups E1 and E2
(p < 0.05) during long-term storage, and this was probably due to the presence of citric acid
in the E2 group, which resulted in tissue softening. A general consensus is that changes
in textural properties during processing and storage are primarily caused by variations
in muscle fibronectin content and connective tissue strength. According to Stanisławczyk
et al. [30], the weakening of the structure of meat during curing in acidic organic solutions
may be influenced by the connective tissue changes due to the swelling of the meat.
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Table 1. Changes in hardness and springiness of shrimp muscle during chilled storage.

Storage Time
(Days)

Hardness (N) Springiness (mm)

Control E1 E2 Control E1 E2

0 3.60 ± 0.15 Ac 3.77 ± 0.06 Ae 3.75 ± 0.10 Ac 1.51 ± 0.05 Ad 1.57 ± 0.08 Ad 1.61 ± 0.08 Ade

10 4.25 ± 0.1 ABa 4.53 ± 0.07 Aa 4.14 ± 0.26 Bb 1.97 ± 0.06 Ba 2.13 ± 0.04 Aa 2.10 ± 0.08 Aa

20 4.22 ± 0.08 Ba 4.46 ± 0.11 Aab 4.47 ± 0.10 Aa 1.98 ± 0.05 Aa 2.01 ± 0.06 Aab 1.90 ± 0.06 Ab

30 4.04 ± 0.19 Bb 4.35 ± 0.05 Abc 4.30 ± 0.04 Aab 1.80 ± 0.02 Bb 1.94 ± 0.05 Abc 1.84 ± 0.04 ABb

40 3.87 ± 0.08 Bb 4.27 ± 0.10 Ac 4.16 ± 0.06 Ab 1.67 ± 0.06 Cc 1.85 ± 0.04 Ac 1.78 ± 0.07 Bbc

50 3.49 ± 0.33 Cc 4.03 ± 0.07 Ad 3.77 ± 0.10 Bc 1.50 ± 0.04 Cd 1.80 ± 0.04 Ac 1.71 ± 0.06 Bcd

60 - 3.91 ± 0.08 Ade 3.69 ± 0.08 Bcd - 1.68 ± 0.12 Ad 1.60 ± 0.06 Bde

70 - - 3.53 ± 0.03 d - - 1.56 ± 0.05 e

In the case of hardness and springiness, different uppercase letters in the same row indicated significant differences
(p < 0.05). For the control, E1, and E2 groups, different lowercase letters in the same column indicate significant
differences (p < 0.05).

3.4. TVB-N Content and TVC Value Analysis

Figure 4A shows the TVB-N changes in the three sample groups during chilled storage.
Chinese hygienic regulations state that the acceptable TVB-N content in shrimp should be
less than 30 mg/100 g. The initial TVB-N contents in the control, E1, and E2 groups were 9.8,
10.5, and 9.5 mg/100 g, respectively. As the chilled storage time was prolonged, each group
demonstrated a gradual increase at varying rates. However, the control group showed
a sharp increase at day 30, which was significantly higher than the other two groups
(p < 0.05). The TVB-N content of the shrimp samples in the control group reached
32.62 mg/100 g on day 50, whereas the content in the shrimp samples of the E1 and
E2 groups reached 30.36 and 31.62 mg/100 g on days 60 and 70, respectively. TVB-N
accumulation in aquatic products is the result of protein degradation caused by microbial
activity [31]. Thus, the results demonstrate that the E1 and E2 treatments significantly
maintained the freshness of the shrimp samples. Furthermore, at the 30th day of chilled
storage, the E2 samples exhibited relatively higher TVB-N content compared with the
E1 samples. This might be attributed to the effects of citric acid and VC on the muscle
connective tissues during the initial storage, which slightly induced the degradation of
proteins into alkaline nitrogen-containing substances. In a previous study conducted by
Mol et al. [32], the TVB-N values of crayfish soaked in citric acid exhibited a similar trend of
change during the pre-existing period as observed in the current study. With the extension
of storage time, the E2 treatment maintained better antimicrobial activities, resulting in
lower TVB-N content in the E2 samples compared with the E1 group.

Figure 4. TVB-N (A) and TVC (B) of the control shrimp, shrimp preserved in 4% NaCl (E1) solution,
and shrimp preserved in 4% NaCl, 0.34% citric acid, 4.23% trehalose, and 0.04% VC solution (E2)
during chilled storage.
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Figure 4B shows the changes in TVC values of shrimp samples. The initial TVC values
for the control, E1, and E2 groups were 4.02, 3.95, and 3.83 lg CFU/g, respectively. The
TVC values of three groups of shrimp samples increased over time, but the treated group
had significantly lower values than the control group. The TVC value of the control sample
(6.19 lg CFU/g) was found to exceed the upper limit (6 lg CFU/g) at day 50, whereas
the content in the E1 and E2 groups reached 6.21 and 6.05 lg CFU/g on days 60 and 70,
respectively. These results show the prepared E2 preservative could significantly inhibit
the growth of aerobic bacteria, thereby extending the RTE shrimp preservation time.

3.5. TBARS Value Analysis

Figure 5 shows the TBARS value in shrimp from the control, E1, and E2 groups
during chilled storage. The TBARS value serves as a metric for the malondialdehyde
content, which is one of the secondary products formed via the decomposition of unstable
hydroperoxides during oxidation process of polyunsaturated fatty acid [33]. The fresh
shrimp samples showed low TBARS values, indicating high quality. During the storage
period, the TBARS value increased exponentially. This may have occurred due to a rise in
free fatty acids caused by bacterial lipase and phospholipase. Free fatty acids are extremely
prone to oxidation, leading to the creation of unstable lipid hydroperoxides. On day 50, the
TBARS value of the control shrimp samples was significantly greater than that in the E1 and
E2 groups, indicating the shrimp samples of the E1 and E2 groups maintained the stability
of muscle lipids. In addition, after 40 days of chilled storage, the TBARS value of the E2
group was substantially lower than that of the E1 group, and this phenomenon may be
attributed to the antioxidant effects of VC and citric acid [20,34]. Similarly, at the 30th day
of chilled storage, the TBARS values of both E2 and E1 samples exhibited a similar trend
to the TVB-N content, indicating that the weakened mechanical strength of connective
tissues might accelerated the oxidation of fatty acids in the shrimp samples during the
initial storage period [35].

Figure 5. TBARS value of the control shrimp, shrimp preserved in 4% NaCl (E1) solution, and
shrimp preserved in 4% NaCl, 0.34% citric acid, 4.23% trehalose, and 0.04% VC solution (E2) during
chilled storage.

3.6. H&E Staining Analysis

Figure 6 shows the H&E staining analysis of samples in the control, E1, and E2 groups
on day 40 of chilled storage. Distinct histological variances were observed among the
samples. For the fresh shrimp muscle tissues (Figure 6A), the red-stained fibers were tightly
woven together, with little room between them (white areas). However, some fibers of the
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control group (Figure 6B) were severely disorganized, compared with the fresh sample,
and many small fragments with significantly larger extracellular spaces formed between
the fibers, suggesting further reduction due to the relatively weak mechanical strength of
the muscle connective tissue may be due to physical damage caused by microbial growth.
The muscular fibers in the shrimp muscles of the E1 group, on the other hand, were more
closely organized (Figure 6C). In addition, mature shrimp muscles in the E2 group had
significantly better physical structure than the control samples (Figure 6D), but the effect
was not as pronounced as that of the E1 treatment group. This may be because the muscle
integrity of the shrimp samples was more easily damaged during soaking. Despite the
positive structural preservation effects of trehalose on shrimp muscle, the microstructure of
shrimp was affected due to citric acid and VC, which weakened the connective tissue [4,36].
This finding is consistent with the textural and microbiological analyses. Chang et al. [37]
also demonstrated that the immersion of beef muscle fibers in the organic acids resulted
in several structural changes, including a reduction in fiber diameter, disruption of the
endomysium and perimysium, decreased thickness, the presence of protein aggregates in
the extracellular space, and disorganization of collagen fibrils, which were consistent with
the findings of current study.

Figure 6. H&E staining image of ready-to-eat shrimp (second abdominal segment, longitudinal
section). (A) Fresh ready-to-eat shrimp (0 d); (B) shrimp preserved in distilled water (control; 40 d);
(C) shrimp preserved in 4% NaCl solution (E1; 40 d); (D) shrimp preserved in 4% NaCl, 0.34% citric
acid, 4.23% trehalose, and 0.04% VC solution (E2; 40 d).

3.7. VOC Analysis

Figure 7 shows the HS-GC–IMS profiles of shrimp muscle during storage, which
were obtained by subtracting the signal peaks of the control group at 0 d from the two-
dimensional profiles of VOCs in shrimp muscle at 0 d of refrigeration as a reference. In the
red area of the graph, the concentration of VOCs is higher than that in the control sample
on day 0. By contrast, the blue area indicates the opposite, and the deeper the color, the
bigger the disparity [38,39].
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Figure 7. Changes in the VOCs of shrimp samples during chilled storage. Control, shrimp preserved
in distilled water (0 d); E1, shrimp preserved in 4% NaCl (E1) solution (0, 20, and 40 d); E2, shrimp
preserved in 4% NaCl, 0.34% citric acid, 4.23% trehalose, and 0.04% VC solution (0, 20, and 40 d).

During chilled storage, 59 VOCs (including monomers and partial dimers) were found
in all groups (Supplementary Materials Table S2). The VOCs were primarily alcohols (14),
aldehydes (14), ketones (12), esters (7), and other compounds (12). The identification of
VOCs in the shrimp samples was performed using the analyses presented in Figure 8
and Table S1, providing an effective approach to evaluate the contribution of distinct
compounds [31].

Figure 8. Fingerprint comparison of the VOCs of shrimp samples during chilled storage. Control,
shrimp preserved in distilled water (0, 20, and 40 d); E1, shrimp preserved in 4% NaCl (E1) solution
(0, 20, and 40 d); E2, shrimp preserved in 4% NaCl, 0.34% citric acid, 4.23% trehalose, and 0.04% VC
solution (0, 20, and 40 d).

VOCs in the control and E1 groups of the shrimp muscle were similar on day 0, and
the amount of propanol-M, 2-butanol-M, 1-penten-3-ol, 2,5-dimethylpyrazine, ammonia-D,
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and 2-ethylfuran in both the control and E1 samples were significantly elevated compared
to the E2 samples (p < 0.05), but the content of 2-butanone, acetic acid-M, and acetic acid-D
in the E2 samples was significantly higher than in the control and E1 samples (Figure 8
and Table S2). In addition, the levels of acetone and dimethyl sulfide remained high in all
three groups due to both thermal oxidation and thermal degradation of unsaturated fatty
acids [40]. Nevertheless, all three groups showed changes in the types and concentration of
VOCs at day 40, when compared with the initial VOCs (Figure 8 and Table S2). The levels
of several VOCs in the control samples increased dramatically on day 40, such as pentanal,
2-butanol-D, 1-propanol-D, 2-methyl-1-propanol-D, 2-methyl-2-pentenal-D, 4-methyl-3-
penten-2-one-D, trimethylamine, and triethylamine, which were also found in the E1 group.
As compared to the control group, VOCs in the shrimp samples of E1 group were mostly
ethyl isobutyrate, propyl acetate, ethyl acetate, butyl propionate-M, butyl propionate-D,
2-heptanone-M, and 2-heptanone-D. According to Figure 8 and Table S2, VOCs in the E2
group mainly comprised aldehydes (propanal, pentanal, hexanal-D, hexanal-M, nonanal,
diethyl acetal, and octanal), ketones (acetone and 2-butanone), alcohols (1-butanol-D,
1-penten-3-ol, and ethanol), and acetic acid-M, with decreases in methional, benzaldehyde,
and dimethyl sulfide. In addition, a significantly lower level of trimethylamine was found
in the E2 group than in the control and E1 groups (p < 0.05). An increase in trimethylamine
content is frequently connected with a change in the quality of fish products [41]. Thus, the
E2 group had better volatile qualities than the control and E1 groups.

3.8. Similarity Analysis of Fingerprint Based on PCA

In order to enhance the comprehension of the variations in VOCs among the nine
samples, a total of 59 significantly different VOCs were used for PCA (Figure 9). With
a 65% contribution from PC1 and a 13% contribution from PC2; PC1 and PC2 principal
components had a cumulative contribution of 78%, indicating that the similarity between
different samples can be explained [42]. From the PCA analysis (Figure 9), VOCs in the E2
group on days 0 and 20 were comparable to those in the E2 group on day 40. In addition,
VOCs of the control group on days 0 and 20 were similar to those of the E2 group on day
40. A substantial separation was observed between the control and E1 groups on day 40,
and the E1 group on day 20. This indicated different relative contents of individual volatile
compounds in all three groups at these time points. Compared with the control and E1
groups, a smaller change in volatile flavor substances occurred in E2 during chilled storage.

Figure 9. PCA plot based on the signal intensity obtained from the control, shrimp preserved in 4%
NaCl solution (E1), and shrimp preserved in 4% NaCl, 0.34% citric acid, 4.23% trehalose, and 0.04%
VC solution (E2) during 40 days of chilled storage.

4. Conclusions

A study of the changes in muscle quality and VOCs of brine-preserved RTE shrimp
during chilled storage was conducted in this work. Compared with the cooked shrimp
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soaked in distilled water (control) and 4% NaCl solution (E1), the cooked shrimp soaked in
4% NaCl, 0.34% citric acid, 4.23% trehalose, and 0.04% VC solution (E2) demonstrated a
remarkable inhibitory impact on microbial growth, effectively preventing the elevation of
TVBN and TBARS values. Color and texture results also confirmed an effective delay in the
deterioration of the physical integrity of shrimp muscles was observed in the E2 group, and
the color remained stable during chilled storage. GC–IMS and PCA results showed that,
compared with the control and E1 groups, VOCs in E2 exhibited smaller changes during
chilled storage. These findings establish a theoretical foundation for understanding the
alterations in muscle quality of brine-preserved RTE shrimp.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes8070372/s1, Table S1: Criteria for sensory evaluation;
Table S2: The volatile components and its relative content in the ready-to-eat shrimp during
chilled storage.
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