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Abstract: Fresh aquatic products, due to their high water activity, are susceptible to microbial
contamination and spoilage, resulting in a short shelf life. Drying is a commonly used method
to extend the shelf life of these products by reducing the moisture content, inhibiting microbial
growth, and slowing down enzymatic and chemical reactions. However, the drying process of
aquatic products involves chemical reactions such as oxidation and hydrolysis, which pose challenges
in obtaining high-quality dried products. This paper provides a comprehensive review of drying
processing techniques for aquatic products, including drying preprocessing, drying technologies, and
non-destructive monitoring techniques, and discusses their advantages and challenges. Furthermore,
the impact of the drying process on the quality attributes of dried products, including sensory quality,
nutritional components, and microbial aspects, is analyzed. Finally, the challenges faced by drying
processing techniques for aquatic products are identified, and future research prospects are outlined,
aiming to further advance research and innovation in this field.

Keywords: aquatic product; drying technology; non-destructive monitoring techniques; drying
pretreatment technology; drying quality

1. Introduction

Aquatic products have nutritional characteristics, such as a high protein content, low
fat content, and rich variety of vitamins and trace elements, which are easily digestible [1,2].
However, effective preservation measures or processing techniques must be adopted to
prevent the spoilage of fresh aquatic products after harvest [3]. Drying technology for
aquatic products aims to reduce the moisture content, improving product stability and shelf
life. Simultaneously, drying processing enriches the variety of products and application
domains [4]. As a result, drying technology for aquatic products has become a key research
topic in the field of food drying, attracting significant attention.

Figure 1 reveals the processing flow of aquatic products. The drying preprocessing
techniques, drying technologies, and non-destructive monitoring techniques play an impor-
tant role in achieving high-quality and -efficiency drying processes of aquatic products [5,6].
Drying preprocessing techniques treat materials by physical or chemical means to improve
their drying efficiency and drying quality [6-8]. Recent studies have shown that the use of
novel preprocessing techniques such as electric fields, ultrasound, and plasma largely solve
the problems of traditional preprocessing techniques by changing the internal structure of
materials, effectively retaining nutrients, and solving the food safety problems related to
chemical residues [9,10], which has gradually become an important research direction in the
field of aquatic product drying. Traditional drying and processing technologies, including
natural drying and hot air drying, are commonly used because of their significant economic
advantages, but they have low drying efficiency and poor drying quality. Therefore, high-
quality drying technologies that combine efficiency and quality, such as cold air drying,
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heat pump drying, microwave drying, vacuum freeze drying, and infrared drying, have
become the focus of research in the modern food processing industry. At the same time,
combined drying technologies that utilize the advantages of various technologies have
been developed to achieve higher drying efficiency, better drying quality, and lower costs.
In recent years, many scholars have realized the real-time monitoring of the parameters
of moisture, protein, lipid content, and other substances in the drying process through
non-destructive monitoring techniques, including computer vision systems, near-infrared
spectroscopy, hyperspectral imaging, and low-field nuclear magnetic resonance, which is
of great significance for the precise control of drying effects and improvement of drying
quality. In addition, studying and analyzing the effects of different drying processes on
the sensory quality, nutrient content, and microbiological aspects of aquatic products is
essential for obtaining high-quality drying processes.
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Figure 1. Processing flow chart of aquatic products.

In the field of drying technology for aquatic products, there is currently fragmented
literature. This paper aims to provide researchers with a comprehensive review, enabling
them to obtain a complete understanding of the drying technology for aquatic products and
to drive further research and innovation. This paper presents a comprehensive overview of
multiple stages in the drying process of aquatic products, including drying preprocessing
techniques, drying processing techniques, non-destructive monitoring technologies, and
the influence of the drying process on the quality characteristics of aquatic products. It
analyzes the characteristics and applicability of various drying processing techniques.
Through a summary of the drying technology for aquatic products, this review accurately
reveals the existing challenges and future development trends, offering essential references
for the research and development of drying processes for aquatic products.
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2. Preprocessing Techniques for Drying Aquatic Products

The preprocessing stage is an important preparatory step for aquatic products before
drying. Its purpose is to employ various techniques such as physical, chemical, or biological
methods to appropriately process the products, thereby altering the material’s structure to
enhance product quality. Furthermore, it helps to reduce drying processing time, minimize
energy consumption, and improve the quality of dried aquatic products [9-12]. Prepro-
cessing techniques for product drying can be categorized into two main types: traditional
preprocessing and novel preprocessing.

2.1. Traditional Preprocessing Techniques

Traditional preprocessing techniques for drying aquatic products include salting, hot
water blanching (HWB), and chemical preprocessing.

Salting is a traditional preprocessing technique widely used in the food industry [13,14].
It reduces the water activity and moisture content in aquatic products through osmotic
pressure, leading to the deactivation of harmful microorganisms by dehydration. This
technique effectively enhances the water-holding capacity of aquatic products and achieves
preservation and antibacterial effects. However, the high-salt environment possesses oxida-
tive properties that accelerate lipid oxidation in aquatic products, resulting in the generation
of a significant amount of cholesterol oxidation products. This, in turn, affects the oxidative
stability of aquatic products, leading to a decline in product quality and a shortened shelf
life [13-20]. In a study by Yu et al. [21], using Pacific saury as the material, changes in the
physicochemical characteristics during the salting process were analyzed and determined.
The results revealed a 7% decrease in moisture content in Pacific saury flesh after salting
preprocessing. Aubourg et al. [22] investigated the impact of different concentrations of
salt (5%, 10%, and 20% NaCl) preprocessing on the lipid stability of frozen albacore. The
study found that the thiobarbituric acid index (TBA-i) values of the samples increased as
the NaCl concentration increased during frozen storage, indicating an accelerated lipid
oxidation effect with higher NaCl concentrations on aquatic products.

HWB involves placing aquatic products in boiling pure water or saline solution to
eliminate microorganisms and inactivate enzymes, thereby reducing their water-holding
capacity and accelerating the drying process [6]. However, HWB treatment can easily
compromise the quality of aquatic products, such as softening of texture, significant loss
of nutrients, particularly water-soluble substances, and degradation of pigments and
flavors [8,23]. Zhu et al. [24] conducted a study on Irish brown seaweed and found that
although HWB can reduce the drying time during oven drying, it also affects the color,
biological structure, and quality of the seaweed samples. The solid loss of the samples
ranged from 4.33 £ 1.81 to 3.13 & 1.71 g/200 g after blanching treatment.

Chemical preprocessing encompasses liquid-phase immersion preprocessing (high-
osmotic-pressure solutions, acid /alkaline solutions, sulfite solutions, etc.) and gas-phase
immersion preprocessing (ozone, carbon dioxide, etc.). Liquid-phase immersion prepro-
cessing can enhance the permeation of moisture on the surface of aquatic products, thereby
maintaining product quality and improving the drying process. Zhang et al. [25] found
that chemical preprocessing reduced the drying time of blueberry fruit by 50%, confirming
the feasibility of chemical preprocessing in the field of fruits and vegetables. However,
the application of chemical preprocessing in the domain of aquatic products has yet to be
reported, requiring further in-depth research in the future. Additionally, the presence of
residual chemical agents in aquatic products poses safety concerns, and the proper disposal
of large volumes of chemically corrosive waste solutions is also a serious issue. Ozone
possesses sterilizing and antibacterial effects with no residual effects; however, ozone
preprocessing can enhance protein oxidation in aquatic products, leading to a reduction
in protein fiber and changes in the color and odor of the products [26,27]. Carbon dioxide
preprocessing offers food safety and environmental friendliness but typically requires a
preprocessing time of 12 to 72 h [28].
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2.2. Nowvel Preprocessing Technigues

In recent years, the development and application of new preprocessing techniques
have demonstrated significant advancements in preserving the nutritional properties of
dried aquatic products, improving drying efficiency, and enhancing their overall effective-
ness. Based on the different processing methods, these new preprocessing techniques can be
classified into new thermal preprocessing and new non-thermal preprocessing techniques.

New thermal preprocessing techniques include high-humidity hot air impingement
blanching (HHAIB), infrared radiation blanching (IRB), microwave blanching (MWB), and
other preprocessing methods. Compared to traditional HWB, these techniques offer ad-
vantages such as higher heating efficiency and reduced loss of nutritional components [12].
Gao et al. [29] found that HHAIB resulted in an approximately 6% reduction in cooking loss
and about a 3.6% increase in water-holding capacity for Pacific white shrimp samples com-
pared to HWB. Shrimp samples treated with HHAIB exhibited superior textural properties
(hardness, elasticity, chewiness, and gelatinous characteristics) and visual appearance (color
and tissue structure) as compared to those treated with HWB. Binsi et al. [30] investigated
the effects of MWB on the quality characteristics of catfish fillets and found that microwave
preprocessing increased the hardness and chewiness of the fillets while preserving the
inherent sensory properties of catfish meat. Furthermore, the treated catfish fillets exhibited
high stability during subsequent storage.

New non-thermal preprocessing techniques, including ultrasound (US), ultra-high
pressure (UHP), pulsed electric field (PEF), and cold plasma (CP), have emerged. These
techniques offer the potential to overcome the issues associated with thermal preprocessing,
such as tissue cell membrane damage, protein denaturation, and thermal degradation of
nutrients [7]. They help to maintain the freshness and nutritional value of aquatic products
to a certain extent and show significant potential in the field of food drying preprocessing.
Ultrasound preprocessing involves the disruption of cell structures using sound waves,
enhancing heat and mass transfer during the drying process and improving drying rates
while preserving the physicochemical characteristics of the products. Zhao et al. [31]
investigated the impact of US preprocessing duration (0, 10, 20, 30 min) on the drying
kinetics and quality of scallop adductor muscles using heat pump drying. They found that
longer US preprocessing durations resulted in more pronounced cavity and sponge effects
at the same moisture ratio, promoting the diffusion of internal moisture to the external
surface and enhancing drying efficiency. For example, when scallop adductor muscles
reached a moisture ratio of 0.3, the corresponding drying times for US preprocessing
durations of 10, 20, and 30 min were 7.11, 6.42, and 6.12 h, respectively. PEF preprocessing
involves applying high electric fields to create potential differences across cell membranes,
altering cell permeability and disrupting tissue cell membranes. This improves the rate
of moisture transfer in aquatic products while minimizing the impact on their physical
and chemical properties. Semenoglou et al. [32] evaluated the effect of PEF preprocessing
(1.6 kV/cm, 1500 pulses/19.7 k] /kg) on the osmotic dehydration of sea bass fillets and
found that PEF preprocessing increased the effective water diffusion coefficient and solute
diffusion coefficient by 50% and 66%, respectively. CP preprocessing involves applying
sufficient energy to gas to induce plasma formation at low temperatures. It eliminates
microorganisms and deactivates enzymes in aquatic products, reducing their water-holding
capacity and extending their shelf life. This technique offers advantages such as high
efficiency, environmental friendliness, mild reaction conditions, and strong controllability.
Wang et al. [33] demonstrated that CP preprocessing can improve drying efficiency and
enhance the quality of meat products. However, the application of CP preprocessing in the
drying of aquatic products has not been reported yet and requires further in-depth research.

2.3. Comparative Summary

Pretreating aquatic products before drying significantly enhances their drying char-
acteristics, improves drying efficiency, and enhances drying quality. Table 1 reveals the
research findings of drying preprocessing techniques in recent years, leading to two conclu-
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sions: (a) Traditional preprocessing techniques, characterized by their low cost, simplicity,
and wide applicability, are still extensively used in the preprocessing stage of aquatic
product drying. (b) Novel preprocessing techniques aim to maximize the retention of their
inherent flavors, textures, and nutrients while enhancing drying efficiency and reducing
energy consumption. However, most of these techniques are still in the experimental stage,
and their safety, scalability, and cost-effectiveness require further validation. Consequently,
developing a new type of drying preprocessing technique that is broadly applicable, less
influenced by various factors, and highly beneficial represents a significant challenge for
future advancements in preprocessing techniques for drying aquatic products.

Table 1. Comparison of results of studies on drying pretreatment techniques.

Preprocessing

Technical Features and Performance

Category Technology Material Indicators Limitations References
Pacific saur Reduction in water activity Accelerates lipid oxidation and
. Salting y and water content in aquatic products affects the oxidative stability of [21,22]
Traditional albacore b i e duct
preprocessing Hioh y 0SmMo l1(§Hpres_sure ) aquatic products
techniques Irish brown 1gh temperature ills microorganisms Prone to loss
HWB seaweed and passivates biological enzymes in of water-soluble nutrients [24]
aquatic products
o . Reduces cooking loss by about 6% .
New thermal HHAIB Pacsllfllrcighlte and increases water-holding capacity Prdo;}%:g z)lrsleehisi arfl(e);rtoswe [29]
preprocessing P by about 3.6% compared to HWB. quip
techniques MWB Catfish Improved firmness and chewiness Uneven heating and limited 130]
of dried products depth of penetration g
Enhances heat and mass transfer
New uUs Scallop in the drying process by destroying Limited by treatment depth [31]
non-thermal the cell structure through sound waves.
preprocessing Material effective moisture diffusion
techniques PEF Sea bass coefficient and solute diffusion coefficient May cause cell damage [32]

increased by 50% and 66%, respectively and tissue softening

3. Application of Drying Processing Techniques in Aquatic Products

Aquatic products are processed into dried products using various drying techniques,
thereby extending their shelf life. These drying techniques utilize different drying principles
to control the moisture content. Commonly used drying methods include traditional drying
techniques, high-quality drying techniques, and combined drying techniques.

3.1. Traditional Drying Techniques
3.1.1. Natural Drying

As a traditional drying technique, natural drying (ND) possesses significant advan-
tages in terms of economic benefits, making it the primary method for drying aquatic
products in many developing countries. ND methods commonly include sun drying, air
drying, and shade drying. However, the drying efficiency and quality of the dried products
are limited by natural factors. During the drying process, aquatic products are susceptible
to contamination from dust and infestation by birds and insects, making it challenging
to meet the required quality and food safety standards [33]. In a study conducted by Liu
et al. [34] using abalone as the raw material, the drying rate and quality of abalone dried by
CAD and natural drying methods were compared. The results showed that CAD exhibited
higher drying efficiency, requiring approximately 70% less time compared to natural sun
drying. Moreover, the samples dried by cold air retained a greater amount of nutrients.
However, due to limitations imposed by objective conditions, ND lacks control, has low
drying efficiency, and cannot meet the demands of large-scale production. Consequently,
this method is gradually being replaced by modern artificial drying methods.

3.1.2. Hot Air Drying

Hot air drying (HAD) is a traditional drying technique that uses hot air as the drying
medium to remove moisture from materials through convection circulation, achieving
the desired level of dryness. This method is known for its simplicity, low equipment
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investment, and high productivity, making it widely adopted by small- and medium-sized
enterprises worldwide. Zeng et al. [35], focusing on silver carp, confirmed that hot air
temperature is the primary factor influencing the drying rate in HAD. To further investigate
the impact of hot air temperature on dried products, Zhao et al. [36] analyzed the effects of
different HAD temperatures (70, 80, 90 °C) on the drying characteristics of mackerel. They
examined the relationship between hot air temperature, drying efficiency, and product
quality. The experimental results further demonstrated that higher hot air temperatures
resulted in higher drying efficiency, with a falling-rate drying pattern observed. However,
HAD still has limitations. When employing high-temperature hot air for rapid drying, a
hard shell and other drying effects may form on the product surface, impeding the diffusion
of moisture from the interior, thereby causing uneven drying [37]. Zhao et al. [36] also
discovered that increasing hot air temperature significantly increased the hardness and
chewiness of dried products. Furthermore, the high-temperature environment of HAD
can lead to lipid oxidation and beauty browning, resulting in undesirable odors, tissue
structure degradation, and the loss of heat-sensitive components, thus diminishing product
quality. Li et al. [38] found through their research that HAD can lead to a reduction in
the content of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in South
American shrimp. Comparing the lipid content in shrimp samples subjected to HAD for
3 min and 7 min with the control group, reductions of approximately 17.2% and 22.6%,
respectively, were observed.

3.2. High-Quality Drying Technology
3.2.1. Cold Air Drying

Cold air drying (CAD) is a method that utilizes low temperature, low humidity, and
high air velocity to reduce the moisture content of materials and achieve the desired level
of dryness. The CAD system controls the temperature and humidity of the drying envi-
ronment, effectively addressing issues such as lipid oxidation, protein denaturation, and
nutrient loss that can occur during HAD. This technique helps maintain the microstructure,
appearance, and quality of the materials while also being energy-efficient and environ-
mentally friendly. It is particularly suitable for drying high-fat and high-protein aquatic
products. Sun et al. [39] compared CAD and HAD methods for drying oysters. The results
indicated that compared to HAD, CAD resulted in milder Maillard reactions and protein
oxidation in the dried products. Moreover, the total amino acid content was higher in the
products dried using cold air, especially the content of sweet-tasting amino acids. Therefore,
oyster products prepared through CAD not only possess high nutritional value but also
exhibit a more pronounced flavor, indicating superior quality compared to HAD. Dong
et al. [40] conducted a similar study and confirmed that CAD provided better protection
to the internal structure of South American white shrimp compared to HAD, resulting in
higher-quality dried products. Their research also revealed that after 16 h of CAD, the dried
South American white shrimp exhibited optimal appearance, good elasticity, hardness,
and a rich flavor, receiving the highest sensory scores. Kilic. [41], using rainbow trout (On-
corhynchus mykiss) as the raw material, investigated the changes in key drying indicators
at different CAD temperatures (4, 10, 15, 20 °C). They found that the quality of the dried
rainbow trout samples was superior at lower drying temperatures (4 °C). However, due to
its lower drying temperature, CAD has a slower drying rate and longer drying time [42].

3.2.2. Heat Pump Drying

Heat pump drying (HPD) is a highly efficient and cost-effective drying method that
utilizes the principle of the reverse Carnot cycle. It consumes a small amount of reversible
cycle work to absorb heat from a low-temperature heat source and effectively utilize the
absorbed heat as useful energy at a higher temperature. The HPD system mainly consists
of a compressor, evaporator, internal and external condensers, and expansion valve, among
other components. During the HPD process, the high-temperature and high-pressure
refrigerant gas discharged from the compressor enters the condenser, where it transfers
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heat to the air and condenses into a high-pressure liquid at ambient temperature. After
throttling through the expansion valve, it enters the evaporator, where it absorbs heat from
the moist air coming out of the drying chamber and transforms into a low-temperature and
low-pressure gas. It is then drawn into the compressor for compression, completing the
repetitive cycle.

Compared to conventional HAD, HPD has the unique performance of heat recovery,
making the entire process more efficient and energy-saving. This conclusion was confirmed
in the study conducted by Shi et al. [43]. By optimizing the HPD process of bamboo fish
using response surface methodology, they achieved superior quality of dried products
compared to HAD while significantly reducing energy consumption. Additionally, HPD
allows for precise and independent control of the drying medium temperature, humidity,
and airflow [44,45], thereby avoiding the oxidation of unsaturated fatty acids in aquatic
products, reducing protein thermal denaturation, and preventing material deformation,
discoloration, and loss of flavor-related substances [46]. It is particularly suitable for
aquatic products containing heat-sensitive and oxygen-sensitive substances. Mu et al. [47]
focused on sea cucumbers as the research subject and compared HPD with the traditional
“high-temperature salt hanging” method. They found that HPD had a shorter drying
time, faster drying rate, simpler process operation, and a higher degree of automation.
Sea cucumbers dried using the heat pump method had lower moisture content compared
to traditionally dried sea cucumbers, while maintaining their color and appearance and
significantly improving sensory quality. Mu et al. [48] conducted drying experiments on
arctic shrimp using heat pump technology, which also demonstrated the feasibility of
processing aquatic products with HPD. Based on comprehensive experimental indicators,
it was determined that at an air temperature, relative humidity, and airflow rate of 35 °C,
20%, and 1.5 m/s, respectively, arctic shrimp achieved good quality while achieving energy-
saving effects. However, HPD still faces challenges such as increased energy consumption
ratio and reduced drying rate in the middle and later stages of drying, uneven material
heating, refrigerant leakage affecting the environment, and high equipment maintenance
requirements [38]. Therefore, a common approach is to combine HPD with other drying
techniques to achieve complementary advantages.

3.2.3. Microwave Drying

Microwaves are high-frequency electromagnetic waves with frequencies ranging from
300 MHz to 300 GHz, known for their strong penetration capability. In the 1940s, mi-
crowave technology was first applied in the food industry and gained popularity due to
its advantages such as fast heating, simple operation, and low energy consumption. It
found extensive applications in food heating, cooking, drying, and sterilization processes.
Microwave drying (MD) is a complex process of heat and mass transfer based on volumet-
ric heating. During the drying process, high-frequency electromagnetic waves generated
by radiation are directed into the material, causing rapid rotation and frictional heating
of polar molecules (e.g., water) inside the material. This leads to the evaporation of a
significant amount of liquid water within the material, followed by diffusion to the surface
through internal pressure gradients, resulting in rapid dehydration [49]. This technology
revolutionizes the traditional heating methods that primarily heat from the surface. MD has
the advantages of uniform drying and rapid temperature rise, preserving the nutritional
content and flavor of the food. The resulting dried products exhibit minimal shrinkage,
good rehydration properties, excellent sensory quality, and high yield. Moreover, the
drying environment can be adjusted by varying the microwave radiation power, making
MD easily controllable and suitable for continuous production [50]. Additionally, MD
technology offers antimicrobial and preservation effects, reducing the probability of bio-
logical contamination during processing and storage, thus enhancing product safety. As
a result, MD technology has been extensively studied and applied in the field of aquatic
products. Christie et al. [51] concluded through their research that MD is the optimal rapid
drying method to replace traditional oven drying for high-moisture foods like fish. To
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further investigate the characteristics of MD, Alfiya et al. [52] conducted experiments using
shrimp as the sample material. They studied the quality changes of dried products under
ND and MD conditions and found that compared to ND, MD reduced the drying time
by 58.3%. The microwave-dried samples exhibited a superior rehydration rate, shrinkage
rate, and effective moisture diffusion coefficient compared to the naturally dried samples.
Similarly, to compare the characteristics of HAD and MD, Peng et al. [53] performed drying
experiments on grass carp fillets using 50 °C HAD and 400 W MD. Comparing the quality
parameters during the drying process of grass carp fillets, they found that MD resulted
in a more rapid decrease in moisture content, higher relative protein and fat content after
drying, a greater variety of volatile compounds, and improved fish flavor. However, un-
even heating caused by microwaves can result in localized charring and the development
of off-flavors in certain areas of the material during the final stages of drying. Additionally,
it is challenging to determine the drying endpoint accurately with MD, which can lead to
over-drying [49].

3.2.4. Vacuum Freeze Drying

Vacuum freeze drying (VFD), also known as sublimation drying, is a high-quality
drying technique. The freeze dryer consists of components such as a drying chamber,
heating plates, a condenser, and vacuum valves. By adjusting the temperature control of
the freeze dryer’s plates, the moisture-containing material is pre-frozen below the eutectic
point temperature. Once the internal moisture of the material is completely frozen into
small, uniform ice crystals, the condenser is cooled to an appropriate temperature, and
then the vacuum pump is used to maintain a vacuum degree of 1.3~13 Pa inside the
chamber. The low-temperature and low-pressure environment causes the moisture within
the material to directly sublime from solid ice to water vapor, and then the water vapor
is condensed by the condenser of the vacuum system, removing the internal moisture of
the material to achieve dehydration [54]. VFD, as a semi-automated, low-pressure, and
low-temperature dehydration technique, possesses numerous advantages [54-57]: (a) The
low-temperature, low-pressure, and low-oxygen drying environment is suitable for drying
heat-sensitive and easily oxidizable aquatic products. (b) Sublimation dehydration after
material freezing forms a stable framework internally, allowing for the maximum retention
of the material’s original physical form, chemical properties, and biological characteristics.
(c) The dried product shows no shrinkage, presenting a porous sponge-like structure
internally, which facilitates easy rehydration and excellent reconstitution properties. The
quality of the rehydrated product is essentially the same as or even identical to its fresh
state before freeze drying. (d) Thorough dehydration removes 95~98% of the moisture
from the material, enabling long-term preservation and convenient transportation at room
temperature. (e) Since the material is in a frozen state during the drying process, with low
temperatures, the heating source does not require high temperatures, and there is minimal
heat loss during the process, resulting in high thermal efficiency.

To investigate the impact of VFD technology on the quality of aquatic products, Lin
et al. [58] conducted sensory evaluations on Antarctic krill as the experimental material. Af-
ter undergoing VFD treatment, the dried Antarctic krill products were found to effectively
preserve the original protein and fat content and exhibited significantly better appearance
and color compared to HAD and vacuum tray drying. Moreover, the flavor compounds in
the dried products closely resembled those of the original shrimp. Hu et al. [59] compared
the effects of three drying methods, namely HAD, microwave vacuum drying, and vacuum
freeze drying (VFD), on the quality of hairtail fish. The results similarly demonstrated the
superiority of VFD technology. The moisture content of the vacuum freeze-dried products
was only 4.0%, and they exhibited better rehydration ability compared to products dried
using other methods. Additionally, they received higher sensory scores in terms of flavor,
color, and texture. To analyze the characteristics of VFD, Zhou et al. [60] conducted a flavor
analysis of catfish fillets dried using different drying methods. The results indicated that
VFD had the least impact on the drying characteristics of catfish fillets. Furthermore, many
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researchers have optimized the VFD process. For instance, Zhang et al. [61] employed
response surface methodology to optimize the VFD process for sea cucumbers. The experi-
mental results showed that the freeze-dried sea cucumbers achieved a sensory evaluation
score of 8.62, a moisture content reduction of over 90%, a shrinkage rate of 91.42%, an
elasticity of 93.39, and a comprehensive index value of 1.53, which were consistent with
the predicted results. The response surface optimization yielded favorable outcomes. VFD
has the potential to significantly enhance product quality; however, its adoption in the
aquatic product processing industry has been slow. The main reasons for this are the
higher equipment and facility requirements, as well as the larger investment needed for
equipment. Additionally, the production costs are high due to the prolonged duration
of the freeze-drying process, which typically exceeds 20 h and consumes more energy
compared to conventional drying methods [54]. Therefore, VFD technology is better suited
for the dehydration processing of high-value aquatic products such as sea cucumbers, fish
maw, and abalone.

3.2.5. Infrared Drying

Infrared radiation possesses strong thermal radiation effects and is an electromagnetic
wave with a wavelength ranging from 0.75 to 1000 pm. Based on the different wavelengths,
it can be divided into near-infrared, mid-infrared, and far-infrared regions [62]. In material
drying, far-infrared is mainly used, which, compared with near-infrared and infrared, has a
stronger radiation capacity. Infrared drying (ID) is a form of heat transfer radiation drying,
distinct from MD, which generates heat through friction. Infrared radiation absorbed by
the material’s surface matches the inherent frequency of molecular vibration and internal
polar molecule movement, resulting in intense molecular vibrations and frictional heat
generation. This process facilitates the rapid diffusion of internal moisture to the material
surface, where it vaporizes, achieving efficient drying [63]. Figure 2 illustrates the concept
of ID. Energy transfer during ID does not require a medium, making it highly efficient,
uniform in heating, and advantageous in terms of product quality, energy consumption,
and environmental impact. It is considered an ideal drying method. Moon et al. [64]
investigated the drying characteristics of sea cucumbers under two drying methods: far-ID
and HAD. They found that far-ID significantly reduced the drying time. Under the same
conditions, the moisture content of sea cucumbers changed by 1.38~3.23% per minute more
during far-ID compared to HAD. Furthermore, sea cucumbers dried using far-infrared
experienced less surface damage and exhibited better quality. Wang et al. [65] studied the
influence of infrared wavelength and air velocity on the drying characteristics and product
quality of dried squid filaments. They discovered that a wavelength of 2.5-3.0 pm and an air
velocity of 0.5 m/s were the optimal drying conditions for squid filaments. Moreover, they
observed that compared to HAD, ID resulted in lower drying shrinkage, a brighter color,
better rehydration capacity, and a similar muscle fiber structure in rehydrated samples,
resembling fresh samples. Ning et al. [66] similarly confirmed that far-ID exhibited faster
drying rates, higher quality, and lower energy consumption compared to HAD.
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Figure 2. Schematic diagram of infrared drying.

Although ID demonstrates significant advantages in terms of drying efficiency and
energy consumption, it still has certain limitations. Due to the limited penetration ability
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of infrared radiation and the multi-layer drying of certain aquatic product materials,
ID can cause uneven drying. Therefore, ID is only suitable for thin-layer drying [67].
This results in lower production efficiency and higher production costs associated with
ID. Hence, the combination of ID with other drying techniques offers a more extensive
and efficient application.

3.3. Combined Drying

Combined drying is a composite drying technique used in practical production, which
involves the phased combination of two or more drying methods based on the characteris-
tics of the drying material. This approach not only enhances drying efficiency and reduces
energy consumption but also improves product quality while preserving the original
sensory attributes of the material to the greatest extent possible.

Currently, in the processing of aquatic products, common combined drying tech-
niques include heat pump-hot air combined drying, infrared-heat pump combined drying,
infrared-hot air combined drying, microwave-hot air combined drying, and microwave—
vacuum freeze drying.

Heat pump-hot air combined drying (HPD + HAD) is a phased combined drying
method where HPD is followed by HAD. This approach addresses the issues of increased
energy consumption and slower drying rates typically observed in single-stage HPD. It
allows for the full utilization of the advantages offered by heat pump technology, resulting
in reduced production energy consumption, improved product quality, and alleviation of
surface crust formation in aquatic products. In a study conducted by Ren [68], using fresh-
frozen squid as the test material, a comparison was made among HAD, HPD, and HPD
+ HAD in terms of sample quality and energy consumption. The findings demonstrated
that combined drying effectively preserved the quality of dried squid, with the combined
drying samples exhibiting a Specific Moisture Extraction Ratio (SMER) value of 163.04%
compared to HAD samples and 122.95% compared to HPD samples.

Infrared—heat pump combined drying (ID + HPD), compared to HPD alone, con-
tributes to the formation of desirable texture and microscopic porous structure in the
drying process of aquatic products. It also addresses the issue of uneven heating caused by
the limited penetration ability of infrared radiation in ID. This combined drying method
offers advantages such as high efficiency, energy savings, rapid drying rates, no need for
heating media, good heating uniformity, and the ability to preserve the overall quality of
food products. Deng et al. [69] discovered that compared to HPD alone, ID + HPD resulted
in lower levels of trimethylamine, volatile basic nitrogen, and aerobic microorganisms in
dried squid slices. Aktas et al. [70] conducted a study and found that by incorporating an
infrared heater into the system for infrared-assisted HPD, the drying time was reduced by
48.8% under HPD conditions (45 °C).

Infrared-hot air combined drying (ID + HAD) is suitable for the drying and processing
of most heat-sensitive materials. It offers advantages such as shorter drying time, lower en-
ergy consumption, reduced processing costs, and improved product quality. Additionally,
ID + HAD can realize sterilization, effectively avoiding microbial contamination issues.
Cai et al. [71] investigated the influence of far-infrared-assisted HAD on the drying charac-
teristics and quality of Pacific saury. They found that compared to HAD alone, combined
drying reduced the drying time by 10% to 13%. Moreover, the mackerel slices dried through
the combined method exhibited superior color, texture properties, and sensory evaluation
compared to those dried using hot air alone.

Microwave-hot air combined drying (MD + HAD) addresses the issue of uneven
heating encountered in single MD, to avoid localized hotspots during the later stages of
drying, which lead to the emergence of burning at the edge of the material or sharp corners.
It offers advantages such as reduced drying time, fast dehydration rate, good rehydration
properties, retention of characteristic aromatic compounds, and high product quality. Duan
et al. [72] conducted MD + HAD on fresh tilapia fillets and found that compared to HAD,
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combined drying significantly reduced the drying time while maintaining better flavor and
quality in the dried tilapia products.

Microwave—vacuum freeze drying (MD + VFD) is a drying method that involves
the sublimation drying of frozen solid wet materials under low-temperature and low-
pressure conditions, with the application of microwave radiation to provide latent heat
of sublimation to the material in its frozen state, thereby reducing the material moisture
content. This combined drying method achieves efficient and rapid heating, minimal loss
of vitamins and water-soluble nutrients, thorough dehydration with excellent rehydration
properties, ease of automation and continuous production, and low energy consumption.
It is suitable for high-end and heat-sensitive aquatic products. Wu et al. [73] discovered
that the drying time of MD + VFD was approximately one-third shorter than that of VFD.
The energy consumption of MD + VFD was about 40% lower compared to VFD. The
product quality obtained using microwaves as the heat source for freeze drying showed
no significant difference compared to conventional freeze drying. Moreover, MD + VFD
exhibited certain bactericidal properties.

3.4. Comparative Summary of Drying Techniques

Table 2 reveals the application status of drying technologies in the aquatic product
industry. Through analysis, the following conclusions can be drawn: (a) Although tradi-
tional drying techniques have significant advantages in terms of economic benefits, they
suffer from drawbacks such as low drying efficiency and poor controllability, making it
challenging to obtain high-quality dried products. (b) High-quality drying technologies can
yield superior dried products, but they still face disadvantages such as high costs, limiting
their extensive application. (c) Combined drying combines the advantages of different
drying methods, effectively improving drying efficiency, reducing energy loss, and maxi-
mizing the preservation of the original sensory qualities of the materials, thus enhancing
product quality. However, most of these technologies are still in the laboratory stage.
(d) The continuous pursuit of combined drying technologies with low energy consumption,
low costs, and high quality represents the future direction of drying technology.

Table 2. Application of aquatic product drying.

Category Drying Method Material Key Findings Reference
Abalone ND drying efficiency was low, with poor [34]
controllability.
ND The SMER value of ND was 0.84 kg/kw.h, the
Fish drying efficiency was 20-30%, the rehydration [44]
performance was poor, but the cost was low.
The average effective moisture diffusion
coefficient of dried silver carp increased from
Silver carp 1.3 x 10711 t04.3 x 10711 m?2/s, and its value [35]
increased with an increase in hot air temperature
. and air velocity.
Traditional The hardness and chewiness of dried mackerel
dry.mg 1 meat increased significantly with increasing
techniques Mackere drying temperature, and the TBA, a*, and b* [36]
HAD values showed a significant increase.
South The EPA and DHA contents of the samples
American decreased by 55.11% and 45.08%, respectively, [38]
shrimp after HAD.
The relationship between the effective diffusion
Scomberomorus coefficient and temperature during drying [74]
niphonius showed a good linear relationship with a

determinant value of R2 of 0.9768.
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Table 2. Cont.

Category

Drying Method

Material

Key Findings

Reference

CAD

Oysters

South
American
white shrimp

Oncorhynchus
mykiss

The total EPA and DHA content in the cold
air-dried products was higher than that in the
hot air-dried products at 4558.40 mg/kg.
The moisture content of the shrimp was reduced
to 46.8% after 16 h of cold air drying, and the
dried shrimp obtained at this time had moderate
hardness, good chewiness, and rich flavor.
The optimal drying temperature for rainbow
trout was 4 °C, but drying to 27% moisture
content at this point took 26 h.

[39]

[40]

HPD

Bamboo fish

Sea cucumber

Arctic shrimp

By using response surface methodology to
optimize the HPD process of mackerel, the best
dry product quality was obtained at a drying
temperature of 30 °C and an air velocity of
1.5m/s.

The drying time of sea cucumbers dried by heat
pump was reduced by 7~8 h compared to that of
traditional drying, the color and shape of the
material could be preserved intact, and the
sensory quality was better.

At air temperature, relative humidity, and flow
rate of 35 °C, 20%, and 1.5 m/s, respectively,
Arctic shrimp obtained better quality and
achieved energy savings at the same time.

[43]

[47]

High-quality
drying
technology

MD

Fish

Shrimp

Grass carp

MD is the best fast-drying method to replace the
traditional oven drying of high-moisture foods
such as fish.

The drying time of MD was reduced by 58.3%
compared with ND, and the rehydration rate,
shrinkage rate, and effective moisture diffusion
coefficient were all better.

The relative wet matter content of fat in
microwave-dried grass carp fillets was 10.91%,
the relative wet matter content of protein was
74.42%, and there were 52 types of volatile
substances.

VFD

Antarctic krill

Hairtail fish

Catfish

Sea cucumbers

Litopenaeus
vannamei

The protein content of the vacuum freeze-dried
products was 56.53%, the fat content was 3.98%,
and the total amount of amino acids was
4848.11 mg/(100 g), which were higher than the
content of the hot air-dried products.

The moisture content of vacuum freeze-dried
products was 4.0%, and they had better
rehydration ability and higher sensory scores
than HAD and microwave vacuum-dried
products.

The shrinkage rate of vacuum freeze-dried
catfish fillets was 5.44%, with a* and b* values of
0.57 and 10.09, respectively, which was
significantly lower than that of HAD, MD, and
vacuum drying.

The VFD process of prickly ginseng was
optimized by response surface methodology to
obtain freeze-dried prickly ginseng with a
sensory evaluation score of 8.62, a water removal
rate of over 90%, and a shrinkage rate of 91.42%.
The shrinkage rate of vacuum freeze-dried
shrimp was 30.11%, and the rehydration rate
was 74.98%, which had the characteristics of low
shrinkage and high rehydration rate compared
with HAD.

[58]

[59]

[60]
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Table 2. Cont.

Category

Drying Method Material Key Findings Reference

The change in the moisture content of materials
dried by far-infrared under the same conditions
Sea cucumbers  was 1.38-3.23%/min higher than that of HAD, [64]
and the dry products obtained were of better
quality with less surface damage.
ID The best quality of shredded squid was obtained
when the infrared wavelength was 2.5~3.0 pm
Squid filaments and the wind speed was 0.5 m/s, when the [65]
drying shrinkage was the lowest and the
rehydration capacity was the best.

Combined
drying

The dried squid obtained from HPD + HAD

Squid possessed better quality and lower energy [68]
consumption SMER values than HAD and HPD.
HPD + HAD The quality of dry products obtained by
Pseudosciaena  HPD + HAD was higher than that of HAD, and [76]
polyactis the drying energy consumption was lower than
that of HAD.

The content of oxidized trimethylamine, volatile
salt nitrogen, and aerobic microorganisms in the

ID + HPD Squid products of ID + HPD was lower, and the drying [69]
time was reduced by 48.8% compared with that
of HPD.
Compared with HAD, ID + HAD saved 10% to
ID + HAD Pacific saury 13% of drying time, and at the same time, it had [71]

better performance in color, texture index, and
sensory evaluation.
The drying time of MD + HAD was significantly
MD + HAD Tilapia fillets shortened, and the flavor and quality of dried [72]
products were better.
The drying time of MD + VFD was 1/3 shorter
MD + VFD Tea cucumbers  than that of VFD, and the energy consumption [74]
was 40% less than that of VFD.

4. Non-Destructive Monitoring Technology for Drying Processes
4.1. Computer Vision Technology

The fundamental principle of computer vision (CV) technology is to utilize visual
sensors to acquire high-quality image signals of target objects and transmit the image infor-
mation to a visual system to extract the target’s characteristic information. By analyzing and
processing the feature information from different frames, the precise changes in the drying
process of the product can be captured [77]. In the drying process of aquatic products,
parameters such as color, dehydration status, and texture characteristics can be accurately
reflected through images. Therefore, numerous studies have employed CV technology for
monitoring the drying process of seafood products. The flow of non-destructive monitoring
using CV technology in the drying process is shown in Figure 3. Mohebbi et al. [78] utilized
a digital camera to measure the color characteristics in the RGB color space and converted
them into the lab system to estimate the dehydration level of shrimp under different drying
conditions. Moreover, they also established multiple linear regression and artificial neural
network prediction models based on the correlation between shrimp moisture content and
color features, with correlation coefficients of 0.80 and 0.86, respectively. To further achieve
real-time detection of the drying process, Hosseinpour et al. [79] developed a CV system for
continuous and online monitoring of color variations in shrimp during thin-layer drying,
integrating it with a hot air dryer. The quadratic regression model established in this
study accurately represented the relationship between sample color parameters and drying
time, with an absolute coefficient of determination (R2) of 0.9659 and a mean square error
(MSE) of 0.0016, demonstrating that the CV system can achieve the real-time prediction,
control, and optimization of drying product quality attributes. Furthermore, Hosseinpour
et al. [80] designed a novel image processing method to extract translation, rotation, and
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scale-invariant visual texture feature parameters during shrimp drying, enabling online
monitoring and control of product quality.

Non-destructive monitoring of aquatic products
drying process based on computer vision technology
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Figure 3. Application of computer vision technology in drying process.

CV technology achieves online non-destructive monitoring by capturing information
from product images, providing support for precise control of the drying process, and
enhancing drying efficiency and product quality. Moreover, this method demonstrates
significant advantages in terms of economic costs. However, during the drying process,
internal component information of aquatic products, such as protein and lipid content,
cannot be obtained through image analysis. Therefore, relying solely on CV technology is
insufficient for comprehensive monitoring of the drying process. It is necessary to integrate
other intelligent technologies to accurately measure the content and distribution of internal
components in aquatic products, thus providing more comprehensive and precise data
support for the drying process of aquatic products.

4.2. Near-Infrared Spectroscopy Techniques

Near-infrared (NIR) spectroscopy is an electromagnetic wave spectrum that falls be-
tween visible light and mid-infrared light, with wavelengths ranging from 780 to 2526 nm
and wave numbers ranging from 12800 to 3959 cm~! [81]. NIR spectroscopy technology
utilizes the non-harmonic vibrational characteristics of chemical bonds to reflect the vibra-
tional behavior of different chemical components [82]. Organic substances in food generate
stable signals in the NIR spectral region, and the vibrational forms of different hydrogen-
containing groups differ from their environment, leading to differences in absorption peak
intensity and position. Therefore, NIR spectroscopic analysis offers advantages such as
rapidity, non-destructiveness, high precision, no requirement for chemical reagents, and
no need for sample preprocessing. Currently, this technology has been widely applied in
various fields, including freshness assessment, quality evaluation, heavy metal content
detection, adulteration identification, traceability of origin, and shelf-life prediction for
seafood products [83-85]. Although NIR spectroscopy can extract vibrational characteristic
information of different organic substances, aquatic products contain a wide range of
organic compounds, posing challenges in feature extraction. Hence, many studies have in-
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corporated intelligent technologies such as machine learning to enhance feature extraction
capabilities. Zhou et al. [86] collected the NIR spectra of mandarin fish in the range of 1000
to 1799 nm and used partial least squares regression (PLSR) to construct prediction models
for pH value, the total volatile basic nitrogen (TVB-N) content, the thiobarbituric acid
reactive substance (TBARS) value, and adenosine triphosphate (ATP)-related compounds
(K value). The correlation coefficients of the models were 0.961, 0.958, 0.961, and 0.829,
respectively. The study demonstrated the feasibility of using NIR spectroscopy for rapid
freshness detection in mandarin fish. Additionally, Khodabux et al. [87] employed NIR
spectroscopy combined with PLSR to develop calibration models for moisture, protein,
total fat, and free fat content in tuna. The corresponding model determination coefficients
were 0.98, 0.99, 0.95, and 0.96, showcasing the potential of NIR spectroscopy combined
with chemometrics for rapid, accurate, and non-destructive determination of nutritional
components in fish, enabling tracking and assessment of changes in seafood quality. To fur-
ther improve detection accuracy, Chen et al. [88] established discrimination models based
on infrared and Raman spectroscopy data using three discrimination methods: partial
least squares discriminant analysis, least squares support vector machines (LS-S5VMs), and
random forests. The discrimination models achieved 100% overall correct discrimination
when identifying fish poisoned by a single heavy metal or a mixture of heavy metals,
and maintained identification accuracy above 90% when analyzing samples with different
heavy metal poisoning. The results indicated that NIR spectroscopy could be used for the
rapid non-destructive detection of heavy metal (Zn, Cu, Cd) contamination in seafood. In
conclusion, NIR spectroscopy is an effective method for the qualitative and quantitative
analysis of seafood quality components. However, it still has certain limitations, including
challenges in analyzing dispersed samples, limited range of individual region detection,
single detection content, and low accuracy due to the non-uniform distribution of sample
components [82,85].

4.3. Hyperspectral Imaging Technology

Hyperspectral imaging (HSI) technology is a fusion technique that combines imaging
and spectroscopy to obtain both external image information and spectral data in different
wavelength bands of the target sample. It can capture the external characteristics, surface
defects, and stains of products, as well as analyze the internal physical structure and
chemical composition of objects [89,90]. In recent years, HSI technology has been exten-
sively researched and applied in the field of agricultural product quality inspection [91],
assessment of foodborne contaminants [92], and food certification aspects [93]. It has also
gained increasing attention in the area of non-destructive and rapid quality detection of
aquatic products. Figure 4 presents a schematic diagram of an HSI system used in the
drying process. Cheng et al. [94] discussed the research and potential industrial applica-
tions of HSI technology in the quality inspection, analysis, and control of fish and other
marine products. These applications include the detection of nematode contamination,
measurement of physical properties such as color, texture, and water-holding capacity,
determination of chemical components such as fat, protein, and moisture, detection of
microbial spoilage, measurement of moisture content and distribution, food adulteration
identification, and prediction of edible meat quantity. Another study by Cheng et al. [95]
developed visible-near-infrared HSI technology to determine the content of TVB-N during
the frozen storage of grass carp. They established a quantitative calibration model by
correlating the spectral data extracted from HSI using PLSR and LS-SVM with the reference
measurements of TVB-N. This model aimed to further increase the understanding of the
loss of fish freshness during the frozen storage process. The aforementioned research
has demonstrated the significant potential of HSI technology in monitoring changes in
the quality of aquatic products. However, it also faces certain limitations that need to be
addressed in future research and industrial applications. HSI contains much unnecessary
information compared to single-color images, resulting in a longer data acquisition time
and complex data processing for HSI technology. These limitations restrict its real-time pro-
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cessing applications. Overcoming these drawbacks primarily depends on the advancement
of computer technology and improved computational capabilities.
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Figure 4. Schematic diagram of the HSI system used in the drying process.

4.4. Low-Field Nuclear Magnetic Resonance Technology

Low-field nuclear magnetic resonance (LF-NMR) technology applies a radio-frequency
pulse to samples placed in a constant magnetic field below 0.5 T to measure the resonance
and absorption of proton energy. This process is also known as relaxation [96-98]. The
relaxation process includes longitudinal relaxation time (T1) and transverse relaxation
time (T2), which depend on the state of hydrogen protons and the physical and chemical
environment. They effectively reflect the mobility of water molecules in biological systems.
For instance, when water is tightly bound to muscle tissue, the T2 value is smaller [99].
Therefore, low-field NMR technology offers fast and non-destructive advantages, making
it suitable for detecting water content, water distribution, and water migration processes
in aquatic products. It serves as a powerful tool for moisture analysis, adulteration iden-
tification, and origin traceability in the field of dried aquatic processing. Song et al. [100]
conducted an experiment using abalone as the sample and constructed a highly correlated
prediction model for moisture content in abalone samples using the low-field NMR relax-
ation method. The resulting correlation coefficient was as high as 0.933. Similarly, Deng
et al. [101] monitored the rehydration process of dried squid under three drying methods
(HPD, freeze drying, and HAD) using LE-NMR technology. The experiments demonstrated
that low-field NMR technology accurately reveals the water migration process in different
drying techniques for aquatic products. Additionally, this technology can predict the
physicochemical changes in aquatic products during the drying process and provide a
visual observation of the internal analysis for assessing product quality. To further analyze
the drying characteristics of aquatic products, Zang et al. [102] employed low-field NMR
technology to investigate the water dynamics during the drying process of dried anchovies.
They established prediction models for moisture and fat content in anchovies based on
relaxation data obtained from low-field NMR, combined with principal component re-
gression (PCR) and PLSR. The experimental results showed that the established models
exhibited good predictive performance for moisture and fat content in anchovies. The
cross-validation coefficient of determination (Rcv?) was 0.9877 and 0.9054, and the root
mean square error was 0.7132 and 0.1512, respectively. These studies indicate the potential
of low-field NMR technology, combined with PLSR and other modern information tech-
nologies, for predicting physicochemical indicators during the drying process. However,
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due to higher economic costs and technical barriers, the application of this technology is
somewhat limited, and further optimization is required for future research.

4.5. Comparative Summary of Non-Destructive Monitoring Techniques for Drying Processes

At present, numerous scholars have conducted research and applied non-destructive
testing techniques for quality and safety monitoring during the drying process of aquatic
products, achieving certain results. Table 3 presents the applications of non-destructive
testing techniques in quality monitoring of aquatic products. Through comparative analysis,
the following two conclusions can be drawn: (a) Non-destructive monitoring techniques
enable rapid, accurate, and non-destructive quality and safety monitoring of the drying
process of aquatic products. This not only ensures the quality and safety of dried aquatic
products but also improves the efficiency of detection, saving manpower and resources.
(b) Non-destructive monitoring techniques have made certain achievements in the field
of drying aquatic products, but they still have their respective limitations. Therefore,
continuously enhancing the detection capability and accuracy of the testing techniques is
the future development direction of non-destructive monitoring technology.

Table 3. Application of non-destructive monitoring techniques in aquatic product quality monitoring.

Non-Destructive . Technical Characteristics e s e
e . . Material . Limitation Reference
Monitoring Techniques and Performance Indicators

Accurately characterizes the
relationship between sample color

.. . Internal compositional
characteristics and moisture p

information cannot be

Ccv Shrimp content obtained by image [78-80]
or drying time, with a correlation ros or}llse &
coefficient P
of over 0.85

Trace and dispersed

Applied to the evaluation of samples are difficult to

freshness, quality

NIR spec.t roscopy Hypophthalrmc.hthys assessment, detection of heavy analyze, [86-88]
techniques nobilis tuna fish . e and the area and
metal content, and identification of content of the
adulteration of aquatic products individual is limited
Further lﬁzﬁggt;ﬁzsghe loss of Long data collection
HSI technology Grass carp . time and complex data [94,95]
during frozen storage can be .
sained processing
Detection of moisture phase,
moisture distribution and
Dried anchovies, moisture migration in samples,

LE-NMR technology Susceptible to artifacts [100-102]

abalone with a prediction model
correlation of over 0.93% for
sample moisture content

5. Effect of Drying Process on Aquatic Product Quality
5.1. Effect of Drying Process on Sensory Quality of Aquatic Products

The sensory quality of dried aquatic products is one of the important indicators
reflecting their edible quality and directly influencing consumer purchasing decisions.
This quality is affected by the pretreatment processes and drying techniques of aquatic
products, primarily manifested in terms of color, flavor, and texture. Among them, color is
usually described using three color parameters: L* (lightness), a* (redness—greenness), and
b* (yellowness-blueness). Studies have shown that low-temperature drying environments
better preserve the original color of aquatic products. Flavor substances include volatile and
non-volatile compounds, mainly resulting from chemical reactions such as lipid oxidation,
hydrolysis, Maillard reaction, and Strecker degradation during the drying process. Texture
refers to the hardness and chewiness of dried aquatic products, and the drying temperature
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has a significant impact on it. High temperatures can cause denaturation and deformation
of muscle proteins, leading to surface hardening. Therefore, the differences in drying
processes are key factors influencing the sensory quality of aquatic products. By employing
suitable drying techniques and optimizing temperature and duration, it is feasible to attain
desirable sensory attributes and economic advantages. Table 4 lists recent studies on the
evaluation of the sensory quality of aquatic products using different drying methods.

Table 4. Comparison of sensory quality evaluation of aquatic products by different drying methods.

i S lit
Material I\I/)[rir;n% ensory Quality Reference
etho Color Flavor Texture
Dehydrated samples were
darker in tone compared to Product hardness
Salmo salar L. HAD fresh Atlantic salmon, while No comparison increased with increasing [103]
there was only a slight drying temperature.
difference in brightness.
As the drying temperature
increased, the color of the
Brown seaweed gradually
HAD became lighter and No comparison No comparison [104]
seaweed ¢ .
the chromatic aberration
value and chromatic
saturation increased.
Hot air-dried fish fillets were Hot air-dried fish fillets
yellowish brown, with a had a collapsed tissue
curled surface and a large structure, were tightly
degree of shrinkage; contracted together, and
Tilapia HAD/VFD vacuum freeze-dried fish No comparison had a blurred texture [105]
fillets were white, with no structure, whereas
cracks vacuum freeze-dried fish
on the surface and an intact fillets had a loose structure
shape. and a clear texture.
Twenty-three and
Hot air-dried fillets had nmete?en
. volatile
higher d
L* values (brighter color) and compounds were
Bighead carp HAD/MD identified in the No comparison [106]
lower a* values (less e
. fish fillets treated
reddening) compared
. . by the two
to microwave-dried ones.
methods,
respectively.

5.2. Effect of Drying Process on Nutrient Composition of Aquatic Products
5.2.1. Protein

Aquatic products are rich in high-quality animal proteins that are essential and im-
portant for the human body. However, protein denaturation, oxidation, and degradation
are prone to occur in complex drying environments [107]. Protein denaturation usually
takes place during the high-temperature drying process of aquatic products, as the pro-
tein’s internal molecular structure is disrupted and loses its original physical and chemical
properties in high-temperature environments [108]. Protein denaturation is a significant
influencing factor in the texture of dried aquatic products. It is mainly caused by the rapid
evaporation of surface moisture from the aquatic products and muscle protein contraction
under the effect of heat, resulting in increased hardness of the dried products [109]. Lv
et al. [110] studied the protein denaturation status of scallops using HPD and found that
the thermal denaturation of myofibrillar proteins occurred between 55 and 60 °C, leading
to myofibrillar protein contraction and the formation of hydrogen bonds between proteins,
thereby increasing the hardness and elasticity of the dried products. Protein oxidation refers
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to the chemical reactions that occur in protein molecules under the influence of oxygen,
which is a common phenomenon during the drying process of aquatic products and is
usually associated with the adopted drying techniques. Relevant studies have indicated
that compared to ND and HAD, CAD exhibits lower levels of protein oxidation. Zhang
etal. [111] investigated the changes in tissue structure and rheological properties of dried
abalone meat using CAD and ND methods. The results showed that both drying methods
led to muscle fiber contraction in abalone meat, but CAD exhibited superior performance
in terms of muscle fiber contraction when drying was stopped. Additionally, the elastic
modulus, viscous modulus, and fracture strength of cold air-dried abalone meat were lower
than those of the original samples. Furthermore, protein carbonylation is a widely used
indicator for assessing the degree of protein oxidation in aquatic products. Higher protein
carbonyl content indicates a higher degree of protein oxidation. To further study protein
oxidation during the drying process, Chen et al. [112] investigated the changes in protein
carbonyl content at different stages of drying in scallops. They found that protein carbonyl
content was higher under high-temperature and low-moisture conditions. Specifically, after
boiling, rinsing, and drying, the protein carbonyl content increased by 4.25-fold, 5.27-fold,
and 5.81-fold, respectively. Protein degradation refers to the decomposition of protein
molecules into nitrogenous substances, such as Total Volatile Base Nitrogen (TVB-N) and
trimethylamine (TMA), under the action of various enzymes and microorganisms. The con-
tent of these substances is often used as an important indicator in evaluating the spoilage
of aquatic products. Nagwekar et al. [113] investigated the changes in TVB-N and TMA
content in fish under different drying methods. The results showed that among the four
processes tested, namely, natural sun drying (TSD), hot air drying (HAD), cold air drying
(FD), and solar drying (SCD), there was no significant difference in TMA content in the fish.
However, compared to the other three methods, fish dried using the SCD process exhibited
the lowest TVB-N content, while fish dried using the TSD process exhibited the highest
TVB-N content.

5.2.2. Lipid

Lipids are essential nutrients in aquatic products, and retaining lipids during the
drying process can enhance the nutritional value of the products. Fatty acids are the primary
components of lipids in aquatic products, with unsaturated fatty acids being predominant in
fish and saturated fatty acids in shellfish [114]. Under the influence of light, microorganisms,
and enzymes, lipids in aquatic products are prone to oxidation and hydrolysis during the
drying process. Lipid oxidation, primarily involving unsaturated fatty acids, undergoes
chemical reactions in the presence of oxygen, resulting in the formation of acids and
ketones [115]. The peroxide value (POV) and total oxidation value of oil (TOTOX) are
widely used indicators to measure the degree of lipid oxidation. Lipid hydrolysis refers to
the process in which triglycerides in aquatic products are enzymatically hydrolyzed into
fatty acids and glycerol, with the acid value (AV) commonly used as an indicator of the
degree of lipid hydrolysis [116]. Liu et al. [117] investigated the impact of HAD on lipid
oxidation and hydrolysis in Philippine clams and found a positive correlation between POV,
TOTOX, and drying temperature. Direct drying of fresh samples increased the AV value,
while boiling the samples maintained a stable AV value at different drying temperatures.
Lin et al. [118] examined the changes in lipids in dried mackerel fillets during HAD and
observed lipid hydrolysis reactions catalyzed by esterases and phosphorylases, with AV
increasing with drying time. Therefore, these studies suggest that HAD significantly
promotes lipid oxidation and hydrolysis, leading to high levels of oxidation and poor lipid
stability in the dried samples.

5.3. Effect of Drying Process on the Microorganism Content of Aquatic Products

The activity of microorganisms is the primary cause of spoilage and deterioration
in aquatic products. Due to their relatively fragile muscle tissue, near-neutral pH, high
moisture content, and protein content, aquatic products are susceptible to the invasion of
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spoilage microorganisms, leading to spoilage and deterioration [119]. Therefore, control-
ling the growth of spoilage bacteria in aquatic products is essential for maintaining their
food safety, microstructural integrity, and sensory characteristics. The drying process can
remove moisture from aquatic products, reducing their moisture content and inhibiting the
proliferation and growth of bacteria. Additionally, heat treatment can disrupt the cellular
structure of aquatic products, or processes such as VFD at extremely low temperatures can
decrease bacterial activity, thereby reducing bacterial load, extending the shelf life of aquatic
products, and preserving their sensory and biochemical attributes [120]. Currently, total
viable count is commonly used as an indicator to evaluate the microbial content of seafood
products in the food industry. However, there is relatively limited research reported on the
variation in microbial content in aquatic products during the drying process. Therefore,
future studies can explore dynamic monitoring techniques for microbial changes during
the drying process of aquatic products to develop more advanced drying processes and
enhance the quality and food safety of dried products.

6. Concluding Remarks

This paper provides a summary of the application of preprocessing techniques, drying
methods, and non-destructive monitoring techniques in the drying process of aquatic
products, as well as their impact on the quality of aquatic. In the past few decades, drying
processes have experienced rapid development; however, several challenges still exist,
primarily encompassing the following aspects:

1.  Preprocessing techniques before drying present challenges such as nutrient loss and
chemical residue, making it difficult to meet the practical production demands of
the food industry. Preprocessing is a crucial step prior to the drying process of
aquatic products as it helps prevent the oxidation of antioxidants during drying,
improves drying efficiency, and enhances the quality of dried products. Traditional
preprocessing techniques are widely used due to their cost advantages but still suffer
from issues related to nutrient loss and residual chemical agents. Novel preprocessing
techniques, employing methods such as electric fields, US, or plasma, can modify the
internal tissue structure of the material, maximizing the preservation of its original
flavor, texture, and nutritional content. However, these techniques are still influenced
by various factors, including the drying process, making it challenging to meet the
industrial-scale requirements of large-scale drying processes.

2. The drying process of aquatic products needs to be optimized. The quality of dried
products and the efficiency of the drying process are key considerations in aquatic dry-
ing. Traditional drying techniques have significant advantages in terms of economic
benefits, but they still face challenges regarding low drying efficiency and the diffi-
culty of obtaining high-quality dried products. Nutrients such as proteins and lipids
are prone to losing their original quality in the drying environment. High-quality
drying techniques, compared to traditional ones, can achieve higher-quality dried
products and better control over the drying process. However, they often have higher
energy consumption and lower economic benefits. Combined drying techniques,
which leverage the advantages of various processes, can improve drying efficiency
and realize a drying process that is comprehensive, energy-efficient, and economically
beneficial. Nevertheless, most of these techniques are currently in the theoretical
research stage and face challenges in achieving industrial-scale implementation.

3. The reliability of non-destructive monitoring techniques in the drying process needs
improvement. Non-destructive monitoring techniques in the drying process are a
prerequisite for precise drying and provide data support for high-quality drying
technologies. These techniques employ intelligent technologies such as CV to achieve
real-time online monitoring of material color, texture, moisture content, and distribu-
tion during the drying process of aquatic products. The feedback is then integrated
into the drying control system to achieve accurate control. However, existing monitor-
ing techniques still have shortcomings. For example, CV techniques face challenges in
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obtaining moisture content and achieving comprehensive monitoring. Moreover, the
high-temperature environment during drying can affect the monitoring capabilities.

In summary, to overcome the limitations of existing aquatic drying processing tech-

niques, researchers should focus on the following aspects:

1.

Regarding novel preprocessing techniques, researchers will strive to integrate the
characteristics of different technologies, study their mechanisms of action, and de-
velop preprocessing techniques that are widely applicable, minimally affected by
external factors, and highly beneficial. Different aquatic products have varying
tissue structures, and different preprocessing techniques offer distinct advantages.
Therefore, future research will focus on combining the characteristics of different tech-
niques, studying their mechanisms, and developing new preprocessing techniques
that have a broad scope, fewer influencing factors, and high efficiency. This will
enable the achievement of optimal quality in dried products and the optimization of
the drying process.

Exploring new drying processes for aquatic products that are low-cost, highly efficient,
and of high quality. Improving drying efficiency, reducing energy consumption, and
enhancing the drying quality of aquatic products are crucial issues in the drying
process. Existing advanced drying processes optimize drying equipment, utilize new
drying media, and control parameters such as humidity and temperature to achieve
faster, more uniform, and efficient drying processes. However, these technologies are
still in the theoretical research stage, and their promotion costs are high. Therefore,
the mainstream direction in the food-drying industry is to optimize drying equipment,
improve energy utilization efficiency, and reduce costs. Additionally, the drying
environment of aquatic products can cause variations in nutrients such as proteins and
lipids. Future research will delve deeper into the changes and reaction mechanisms
of substances, including moisture migration, changes in solid matter, and oxidation
of proteins and lipids, in order to maximize the retention of sensory and nutritional
quality of aquatic products.

Researching intelligent drying systems integrating non-destructive monitoring and
control technologies. Existing non-destructive monitoring technologies rely on pow-
erful data computation, making it difficult to achieve real-time monitoring in edge
devices and comprehensively monitor the drying process. Consequently, drying sys-
tems cannot adjust drying parameters based on real-time material conditions. Future
research needs to address the challenges of real-time and comprehensive monitoring
in non-destructive monitoring technologies and utilize information technology, sensor
technology, and intelligent control technology to develop advanced automated control
systems. Through real-time monitoring and feedback control, precise adjustment of
parameters such as temperature, humidity, and airflow during the drying process
can be achieved, optimizing and stabilizing the drying process of aquatic products to
obtain high-quality dried products.

Developing more accurate and comprehensive evaluation methods. The quality of
dried products is an important indicator for assessing the effectiveness of the drying
process. Future research will focus on developing accurate and comprehensive quality
evaluation methods and investigating the mechanisms through which the drying
process affects the quality of aquatic products. This will help uncover the physical,
chemical, and biological changes that occur during the drying process, providing
scientific foundations for optimizing drying processes.
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Abbreviations

HWB Hot water blanching

HHAB High-humidity hot air impingement blanching
IRB Infrared radiation blanching
MWB Microwave blanching

us Ultrasound

UHP Ultra-high pressure

PEF Pulsed electric field

CP Cold plasma

ND Natural drying

HAD Hot air drying

CAD Cold air drying

HPD Heat pump drying

MD Microwave drying

VFD Vacuum freeze drying

ID Infrared drying

HPD + HAD  Heat pump-hot air combined drying
ID + HPD Infrared-heat pump combined drying
ID + HAD Infrared-hot air combined drying
MD + HAD  Microwave-hot air combined drying

MD + VFD Microwave—vacuum freeze drying
Ccv Computer vision

NIR Near-infrared

PLSR Partial least squares regression
TVB-N Total volatile basic nitrogen

TBARS Thiobarbituric acid reactive substance
LS-SVM Least squares support vector machine
HSI Hyperspectral imaging

LE-NMR Low-field nuclear magnetic resonance
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