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ABSTRACT

This study aims to investigate the effects of freeze-drying on the structure of freeze-dried
Oreochromis niloticus tilapia fish at different processing times. Foram analyzed water
activity (Aw), texture, core and Varredura Electron Microscopy (MEV). The results
demonstrate alterations in the theory of mass and structure of two fibers over a long period
of time, with the formation of fissures and detachment of muscle fibers. The effects of the
process are greater than we file them with less mass theory (2.5 kg) freeze-dried for 36
hours. The use of freeze-drying for dehydration of tilapia fish has been shown to be
effective, providing the removal of water theory from two tissues. Meanwhile, its use causes
alterations in the physical-chemical and structural properties of the food. For this reason,
even sensory analysis is necessary, aiming to better understand the effects of the process
on the other characteristics and oilability of the product, such as the flavor of the filé.
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INTRODUCTION

Aquaculture and fishing have guaranteed food security and nutrition for the
populations of several countries, especially those with developing economies such as Brazil
(Andrade et al., 2024; Oliveira et al., 2023; Rodrigues et al., 2024). In 2022 alone, global
aquaculture production reached a record 185 million tonnes, of which 51% (94 million
tonnes) came from aquaculture. This growth was driven by increased global aquatic food
consumption (20.7kg per capita in 2022) (FAO, 2024).

In 2023, Brazil reached the historic mark of 655.3 tons in the production of farmed
fish, resulting in a production value of 6.7 billion reais, with tilapia Oreochromis niloticus
being the main species cultivated in the country and the state of Parana being the largest
producer of the species in the national territory (PPM, 2023). The choice of tilapia by
Brazilian producers is related to its rusticity, genetics, easy reproduction and market
potential, and white meat and mild flavor (Pedroza Filho et al., 2020; Gées-Favon et al.,
2021). In the national market, tilapia is sold mainly as fresh or frozen fillets (Silva et al.,
2022).

Currently, different techniques are used to preserve foods of aquatic origin, from
more traditional methods, such as drying (natural, by salting or with hot air), to those with
high-performance technology (microwaves, heat pump, combined drying and vacuum
freeze-drying) (Zeng et al., 2024). Freeze-drying is a dehydration process based on the
sublimation of ice to remove liquids from foods or products (Harguindeguy and Fissore,
2020. The use of this method has been growing within the food industry because it
generates high-quality products with low loss of food characteristics, such as flavor and
aroma, being used in different types of food (Zeng et al., 2024; Oyinloye and Yoon, 2020).
Thus, it is becoming a new technological tool companies use in food. It provides added
value to the product, increased production and reduced costs with equipment, energy,
waste, transportation and storage (Pisano et al., 2014).

Although freeze-drying causes little loss of food characteristics, depending on the
process conditions, interference may occur mainly in structural properties, such as
denaturation and oxidation of proteins, changes in density, porosity and shrinkage, in
addition to changes in the color and texture of food (Nowak and Jakubczyk, 2020; Lee et
al., 2024). In this case, monitoring parameters such as water activity (Aw), color, texture and
Scanning Electron Microscopy (SEM) are essential to determine food quality. Water activity

(Aw) helps prevent and limit microbial growth in food, being a necessary parameter for
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inhibiting microbial growth and thus ensuring shelf stability of food based on its moisture
content (Barbosa-Canovas et al., 2007; Santos et al., 2012; Lemos et al., 2015; Magro et
al., 2016). Appearance (color) and texture are among the main factors of food quality,
influencing consumer preference, and are evaluated in different food processing operations
(Rustagi, 2020). Scanning Electron Microscopy (SEM) has been very important in the food
industry, as it makes it possible to observe the damage caused to the structure of foods
(Dalvi-Isfahana et al., 2019).

In Brazil, only some studies still involve the freeze-drying of aquatic foods. Some
studies seek to evaluate the physical-chemical composition of freeze-dried flour based on
waste from native species, such as the pirarucu Arapaima gigas, aiming at adding value to
new products (Barbosa et al., 2021). Others have developed freeze-dried frog meat soups
aimed primarily at consumers on hypoallergenic diets (Andrade et al., 2022). However,
research on the freeze-drying process and its effects on fish meat is still in its infancy
(Paula da Costa et al., 2023; Souza et al., 2024). Therefore, the objective of the present
study was to investigate the effects of the freeze-drying process on the structure of tilapia

fillets from the fishing industry.

MATERIALS AND METHODS
FREEZING AND FREEZE-DRYING OF TILAPIA FILLETS

For the experiment, 50 kg of fresh tilapia fillets were used, which were initially frozen
at -30 °C for 24 hours in a freezer (Dynamic 1,030 L). A prototype vertical freeze dryer (BR
10 2020 010874 3) was used to freeze-dry the fillets.

After freezing, the samples were randomly arranged on the freeze dryer shelves in
non-standard sizes until reaching the desired weight. Four times and three processes with

different weights for each time were established for dehydration (Table 1).

Table 1: Freeze-drying time for Nile tilapia Oreochromis niloticus fillets and the three processes with different
initial masses.

Time (Hours) Mass (kg)
18 2,500 3,500 4,500
24 2,500 3,500 4,500
30 2,500 3,500 4,500
36 2,500 3,500 4,500
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WATER ACTIVITY (Aw)

The Aw analyses were performed using an Aqualab 4 TE food water meter. Initially,
the samples were placed in polyethylene containers for later reading on the device. The
reading time varied between 10 and 20 minutes, and the temperature was maintained at
25°C.

TEXTURE

The texture of the fillets was determined according to the shear force exerted to cut
the sample using a TA HD Plus texturometer equipped with a WarnerBratzler triangular
cutting blade, 3.0 mm thick and 70 mm wide. The samples were cut into 2 cm3 cubes,

always in the transverse direction of the muscle fibers.

COLOR

To determine the color standards, the guidelines described by the CIEL*a*B* model
recommended for colorimetric food tests were followed. The results were expressed in
terms of lighthess—L* (black-white), hue—a* (red-green) and chromaticity—b* (yellow-blue)
(1). The analyses were performed using a Konica Minolta Chroma Meter model CR400

colorimeter.

SCANNING ELECTRON MICROSCOPY (SEM)

Observations of the microstructures of the fillets were obtained using a scanning
electron microscope (SEM), TESCAN brand, model VEGA 3 with a resolution of 3nm and
magnification capacity of up to 300kX. Initially, samples were collected from the dorsal
region of the fillets after freeze-drying in 2 cm cubes and fixed in FAA (formaldehyde 50 ml
(37%), acetic acid 50 ml and ethyl alcohol 900 ml (63%) for 24h. After the 24-hour period,
the samples were transferred to vials with 70% alcohol. Subsequently, the samples were
subjected to the LEICA EM CPD300 critical point, where the material was dehydrated in a
carbon dioxide (CO2) bath and fixed on stubs, with the aid of double-sided carbon tape and

coated with a 5nm layer of gold Denton Vacuum Desk V Standard metalizer.
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RESULTS
FREEZE-DRYING, ACTIVITY (AW), TEXTURE AND COLOR OF FILLETS

The water loss percentages increased exponentially during the process times for all
weights. However, fillets weighing 2,500 kg freeze-dried for 30 and 36 hours were those
that presented the highest percentages of water loss during the freeze-drying process (63.6
and 68.3%, respectively) (Figure 1). Meanwhile, fillets with higher weights (4,500 kg)
subjected to the same processing time obtained lower water loss percentages (Figure 1).
Among the different weights, the lowest percentages of water loss recorded were for 4.500

kg fillets with 18 and 24 hours of freeze-drying (25.3 and 35.4%, respectively) (Figure 1).

Figure 1. Fillet water content (H20) changes during freeze-drying at different times for Nile tilapia Oreochromis

niloticus.
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The water activity indexes (Aw) of the fillets reduced throughout the process (Figure
2). In general, fillets weighing 4.500 kg presented the highest water activity indexes (Aw) at
the different process times, especially at 18 and 24 hours of the process (0.99 each) (Figure
2). The lowest water activity value observed was for fillets weighing 2.500 kg freeze-dried
for 36 hours (0.75) (Figure 2).
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Figure 2. Water activity (Aw) of fillets during freeze-drying at different times for Nile tilapia Oreochromis
niloticus.
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The texture was below 13 kgf for fillets weighing 4,500 kg at the different processing

times (Figure 3). On the other hand, these values ranged between 17.6 (18 hours) and 18.2

kgf (36 hours) in fillets weighing 3,500 kg (Figure 3). The highest value of this parameter
was recorded for fillets weighing 2,500 kg processed for 30 hours (23.4 kgf) (Figure 3).

Figure 3. Texture of fillets during freeze-drying at different times for Nile tildpia Oreochromis niloticus.
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Color measurements demonstrated that the luminosity indexes (L*) gradually
increased during the freeze-drying of fillets with different weights, consistently above the
scale's center (50) at different process times. However, the highest indices (L*) were
observed in fillets freeze-dried for 36 hours, mainly in fillets weighing 3.500 kg, indicating a
light gray coloration. A pattern is similar to that observed in fillets weighing 2.500 kg after 30
hours and fillets weighing 3.500 kg after 18 hours (Table 2). Regarding hue (a*), positive
values were observed in fillets weighing 3.500 kg at 24 hours and 2.500 kg at 18 hours. No
negative values of b* were found in the chromatic coordinate for fillets of either size (Table
2).

Table 2: Color of Nile tilapia Oreochromis niloticus fillets freeze-dried at different times. A) Fillets weighing
2.500 kg, B) Fillets weighing 3.500 kg and C) Fillets weighing 4.500 kg. L* = luminosity (black to white), a* =
hue: red (+a*) to green (-a*) and b* = chromaticity: yellow (+b) to blue (-b).

Color of freeze-dried tilapia fillets

Freeze-drying time (hours)

18h 24h 30h 36h

Mass (kg)

ontrol | .500 | .500 | .500 | .500 | .500 | .500 | .500 | .500 | .500 | .500 | .500 | .500

123 | 292 | 278 | 645 | 051 | 1.20 | 8.15 | 585 | 4.12 | 293 | 270 | 6.63 | 4.11

280 | 911 | 692 [ 1105 ) 840 | 475 | 486 | 343 | 6.36 | 403 | 428 | 452 | 7.75

001 | 1.71 | 1.04 .04 1.85 .98 1.07 | 261 | 1.41 | 0.86 | 0.98 | 1.86 | 0.45

121 | 1.06 | 0.89 | 445 | 045 | 239 | 097 | 047 | 120 | 1.80 | 1.92 | 0.84 | 1.80

.04 353 | 696 | 7.36 | 454 | 819 | 535 | 3.12 | 7.04 | 582 | 6.23 | 6.91 | 8.00

101 | 3.07 | 200 | 279 | 186 | 144 | 140 | 1.30 | 146 | 1.38 | 1.68 | 1.21 | 1.98

.13 368 | 702 | 7.79 | 466 | 833 | 542 | 3.39 | 7.16 | 592 | 6.35 | 7.03 | 8.08

088 | 3.05 192 | 322 | 186 | 160 | 1.39 | 1.21 | 143 | 142 | 164 | 1.17 | 1.97

075 | 766 | 3.84 | 839 | 7.30 | 7.38 | 419 | 0143 | 493 | 3.38 | 3.89 | 6.38 | 1.66

10.02 | 455 | 3.79 | 13,07 | 192 | 706 | 3.69 | 2,78 | 426 | 6.09 | 6.86 | 299 | 5,78
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SCANNING ELECTRON MICROSCOPY (SEM)

Using scanning electron microscopy, some changes were observed in the muscle
microstructure of the fillets after the freeze-drying process (Figure 4). In processes involving
4,500 kg fillets for 18 hours, the muscle fibers are complete and surrounded by the
perimysium, with pores between the myofibrils that remain surrounded by the endomysium
(Figure 41). These aspects were different from those observed with 2,500 and 3,500 kg
fillets freeze-dried for the same time, which did not present differences in microstructure,
and the fibers were detached and entangled with the perimysium, presenting fissures
between them (Figure 4A and E). On the other hand, cracks were lower in 4.500 kg fillets
processed for 24 hours, where the muscle fibers were denser than those observed in fillets
of the same mass processed for a shorter time (18 hours) (Figures 4J and [). Similar
microstructural characteristics can be considered for the other fillets processed for 24 hours
(2.500 and 3.500 kg), where complete muscle fibers were observed, but with the

perimysium breaking (Figures 4B and F).

Figure 4. Microphotograph of Nile tilapia Oreochromis niloticus fillets freeze-dried at different times: 18h (A:
2,500 kg; E: 3,500 kg; I: 4,500 kg); 24h (B: 2,500 kg F: 3,500 kg J: 4,500 kg); 30h (C: 2,500 kg; G: 3,500 kg;
K: 4,500 kg); 36h (D: 2,500 kg; H: 3,500 kg; L: 4,500 kg) (magnification: 500x).
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In 4,500 kg fillets freeze-dried for 30 hours, the presence of voids in the tissue
microstructure was observed, as well as a compressed and tangled appearance, possibly
due to the formation of ice crystals during the dehydration stages (Figure 4K). At the same
time, muscle fibers in the 2,500 and 3,500 kg fillets were also observed to be deformed,
ruptured or detached due to dehydration (Figure 4C and G). When 4,500 kg fillets were
subjected to longer freeze-drying times (36 h), the muscle fibers appeared compressed and
deformed with the perimysium peeling (Figure 4L). The same was true for the 2,500 and
3,500 kg fillets (36 h), where fissures and ruptures were observed between the compressed

muscle fibers (Figure 4D and H).

DISCUSSION

All fillets showed a gradual increase in water loss throughout the process. However,
the dehydration percentages were higher in fillets with smaller masses (2,500 kg) freeze-
dried for 30 and 36 hours. Different factors can influence the results of food freeze-drying,
such as heating temperature, use of pre-treatments, equipment load capacity, degree of
vacuum and freezing, which can interfere with the quality of the product, whether in
appearance, moisture content or nutritional composition (Nowak and Jakubczyk, 2020).

The present study shows probable differences between fillet dehydration rates, which
may have been influenced by heat transfer rates between different fillet masses. Sample
thickness and the cellular structure of the material can interfere with sublimation rates,
restricting the mass transfer coefficient and decreasing dehydration rates (Oyinloye and
Yoon, 2020).

Processing time is also a factor that can contribute to changes in the quality of the
freeze-dried product. For example, Paula da Costa et al. (2023) noted that freeze-drying
time significantly influenced the quality (Aw, moisture, and yield) of Gymnura altavela skate
meat. It requires a drying time of 24 hours to reach a moisture content of 3.7%, which is
considered ideal for inhibiting the proliferation of microorganisms.

Knowing the water activity (Aw) is essential for preserving dried fish and other foods,
as it regulates the products' microbial load (Nguyen et al., 2014; Tapia et al., 2020; Fitri et
al., 2022). Foods with high water content, such as fish, with water activity (Aw) values
greater than 0.90 become prone to microbiological contamination (Abbas et al. 2009).
Therefore, for dried fish, water activity (Aw) values are expected to be between 0.60 and

0.85 (Fitri et al., 2022). In the present study, only smaller fillets (2.500 kg) processed for 36
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hours reached Aw values within the recommended range for dried fish (0.75). Although there
is little change in the number of bacteria during freeze-drying due to the low drying
temperature, some pathogen spores can survive the process stages if they are present in
the raw material or acquired through contamination during processing (Citrakar et al.,
2019).

Texture, like color, is among food's most important physical properties, directly
influencing consumer preference (Baingana, 2024; Kamei et al., 2024 ). During the drying
process in food, significant textural changes occur due to reduced water and moisture
content, resulting in muscle contraction and increased rigidity and porosity (Nowak and
Jakubczyk, 2020; Agregan et al., 2024). These findings are consistent with the results of our
study, where fillets that presented higher percentages of water loss were also those that
obtained greater hardness. Tests with different drying methods on the yellow croaker
Larimichthys polyactis also demonstrated more rigid textural properties using the freeze-
drying method than the others (Kim et al., 2020). In addition to water content, the
concentration of lipids and proteins in the muscle, the drying methods and parameters
used, the type of raw materials, fat composition, pH, genetics and proteolytic potential are
factors that can also contribute to the occurrence of changes in the texture of dehydrated
foods (Nguyen et al., 2014).

The texture results demonstrated that the fillet tissue stiffened during the freeze-
drying process. This is similar to that described by Nie et al. (2022), who noted an increase
in the hardness and thickness of vacuum-freeze-dried tilapia skins (60 and 150 minutes).
According to the researchers, these effects were attributed to the processing time, which
directly affected the skin properties by removing water (bound, retained, and free) during
drying. In freeze-dried products, porosity is an essential element for predicting quality since
the distribution and size of pores especially influence crispness (Nowak and Jakubczyk,
2020). Therefore, different methods have emerged to evaluate the textural changes in fish
fillets affected by vacuum freeze-drying. For example, researchers Ma et al. (2017) used
hyperspectral imaging models (400 nm to 1000 nm) to simultaneously predict textural
changes in Ctenopharyngodon idella grass carp fillets subjected to vacuum freeze-drying,
including characteristics such as hardness, chewiness and gumminess.

The appearance of the fillets changed during the process, especially with increasing
L* (luminosity) and with the samples darkening. Fish muscle discoloration can be affected

by different factors: drying, postmortem storage, microbial and biochemical changes, salting
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and brining, modified atmosphere packaging using CO2 and thermal processing (Singh et
al., 2022). Compared to other dehydration methods, freeze-drying has proven to be efficient
in preserving aquatic foods' physical and chemical qualities, especially their color. An
example of this can be observed between freeze-drying and hot air drying in the processing
of Penaeus vannamei shrimp, where it was noted that the use of the first method provides
better conditions for controlling lipid oxidation rates and preserving the color of the product
(Li et al., 2020). In the study by Zhu et al. (2022), the authors employed different drying
methods on Takifugu obscurus pufferfish fillets and noted a low color change in vacuum
freeze-dried fillets when compared to the other methods; in addition, the respective
treatment was the only one in which the oxidation of fatty acids and the Maillard reaction
during the process was absent, events attributed to the low temperatures that are generally
employed in this type of drying.

The formation of empty spaces in the muscles of the freeze-dried fillets was
observed, as well as the deformation of the muscle fibers. According to Lee et al. (2024),
during the freeze-drying of meat and aquatic products, denaturation and oxidation of
proteins can occur, thus altering the sensory and nutritional attributes of the food and
affecting the quality of the product. For this reason, the authors recommend better planning
in the choice of the type of sample and in the operational conditions of the freeze-drying
process, aiming to obtain high-quality products. In addition, other relevant factors in the
drying of meat and fish are the fibrils (thin fibers of the connective tissue) and the
sarcolemma (thin layer of connective tissue wrapped around the muscle fiber), essential for
the diffusion of water during the process (Harguindeguy and Fissore, 2020).

Unlike our findings, Paula da Costa et al. (2023) did not notice differences in the
structure of freeze-dried (16-24 hours) G. altavela skate meat. In this case, such differences
may be associated with the type of raw material and processing time used in the
experiment, the latter being shorter than that used in the present study. In food freeze-
drying, controlling the freezing rate is also essential since the shape and position of ice
crystals directly affect the properties and structures (Nowak and Jakubczyk, 2020; Tan et
al., 2021). In addition to the morphological characteristics of the products, in freeze-drying,
the shape and size of the ice can also interfere with the sublimation rates (Petzold and
Aguilera, 2009). Among the main physical changes caused by freezing on the
microstructure of food tissues are recrystallization (or maturation), cryoconcentration, cryo-

deformation and freezer burn (Dalvi-Isfahana et al., 2019).
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In the literature, some studies also demonstrate the effects of dehydration methods
on fish fillets' structural characteristics, including freeze-drying. For example, in the
research conducted by Luo et al. (2021), the researchers noted that the concentration of
free water in the muscles of tilapia fillets increased with the rupture of cell membranes
during the different drying stages. Meanwhile, Zhu et al. (2022) reported that the use of
vacuum freeze-drying preserved the myofibril and maintained lower shrinkage in semi-dry

fillets of T. obscurus pufferfish compared to other drying methods.

CONCLUSION

It is concluded that freeze-drying is an effective method for dehydrating tilapia fillets.
However, its use resulted in changes in the structural characteristics of the fillet muscles, as
evidenced by the analyses performed in the study. Such chances can directly influence the
final quality of the product, such as appearance, texture or flavor. Therefore, to better
elucidate the effects of the processo n the characteristics of tilapia fillets, it would be
importante to include sensory analyses in future studies to observe whether the process

also causes changes in the flavor of the food.

ACKNOWLEDGMENTS
This study was partially funded by the Coordination for the Improvement of Higher
Education Personnel (CAPES) — Financial Code 001. The authors would like to thank
CAPES for granting the doctoral scholarship to the first author, the fishing industry of Toledo
for donating the samples, especially the Zero Grau industry for agreeing to use the facilities
to carry out the tests, as well as the Federal Technological University of Parana -UTFPR,

Medianeira campus, for assistance in analyzing the experiment.

REVISTA ARACE, Sio José dos Pinhais, v.7, n.1, p.310-326, 2025

- 322



Revista Py

AD ANC

IN7 VN

ISSN: 2358-2472

REFERENCES

1. Andrade, J. C., Oliveira, A. T., Amazonas, M. G. F. M., et al. (2024). Fingerprinting based
on spectral reflectance and chemometrics - An analytical approach aimed at combating
the illegal trade of stingray meat in the Amazon. *Food Chemistry, 436*, 137637.
https://doi.org/10.1016/j.foodchem.2023.137637

2. Andrade, M. L. A., Filho, J. T. S., Rodrigues, E., et al. (2022). Development of freeze-dried
products with frog meat for special diets: microbiological and sensory traits. *Revista
Ciéncia Agronémica, 53*, e20207474. https://doi.org/10.5935/1806-6690.20220013

3. Abbas, K. A., Saleh, A. M., Mohamed, A., et al. (2009). The relationship between water
activity and fish spoilage during cold storage: A review. *Journal of Food Agriculture and
Environment, 7*, 86—90.

4. Agregan, R., Echegaray, N., Munekata, P. E. S., et al. (2024). Freeze-Drying of Meat and
Seafood Products. In Waghmare, R. B., Kumar, M., & Panesar, P. S. (Eds.), *Freeze
Drying of Food Products: Fundamentals, Processes and Applications* (pp. 105—120).
John Wiley & Sons Ltd. https://doi.org/10.1002/9781119982098.ch4

5. Barbosa-Canovas, G. V., Fontana Jr., A. J., Schmidt, S. J., et al. (2007). *Water Activity in
Foods: Fundamentals and  Applications.*  Blackwell Publishing  Asia.
https://doi.org/10.1002/9780470376454

6. Barbosa, M. C., Guida, L. M., Feitosa, A. C., et al. (2021). Avaliagcdo da composicao fisico-
quimica do concentrado proteico e farinhas liofilizadas obtidas a partir de residuos do
pirarucu (*Arapaima gigas®). *Scientia Plena, 177, 081504.
https://doi.org/10.14808/sci.plena.2021.081504

7.Baingana, M. (2024). Food Texture Perception and Its Influence on Consumer Preferences.
*International Journal of Food Science, 5*, 43-55. https://doi.org/10.47941/jfs.1847

8. Citrakar, B., Zhang, M., & Adhikari, B. (2019). Dehydrated foods: Are they microbiologically
safe? *Critical Reviews in Food Science and Nutrition, 59* 2734-2745.
https://doi.org/10.1080/10408398.2018.1466265

9. Dalvi-Isfahana, M., Jha, P. K., Tavakoli, J., et al. (2019). Review on identification, underlying
mechanisms and evaluation of freezing damage. *Journal of Food Engineering, 255*,
50-60. https://doi.org/10.1016/j.jfoodeng.2019.03.011

10. FAO. (2024). *The State of World Fisheries and Aquaculture 2024 - Blue Transformation
in Action.* Rome. https://doi.org/10.4060/cd0683en

11. Fitri, N., Chan, S. X. Y., Lah, N. H. C., et al. (2022). A Comprehensive Review on the
Processing of Dried Fish and the Associated Chemical and Nutritional Changes.
*Foods, 11*, 29388. https://doi.org/10.3390/foods11192938

12. Goées-Favon, S. P.,, Marica, E. G. S., Shigematsu, E., et al. (2021). Transglutaminase
microbiana (MTGase) na elaboragao de fishburguer com aproveitamento de carne

REVISTA ARACE, Sio José dos Pinhais, v.7, n.1, p.310-326, 2025

- 323



*

Revista

ARACE

mecanicamente separada de tilapia (*Oreochromis niloticus*) — Revisao de literatura.
*Brazilian Journal of Food Technology, 4*, 20-35. https://doi.org/10.38152/bjtv4n1-002

13. Harguindeguy, M., & Fissore, D. (2020). On the effects of freeze-drying processes on the
nutritional properties of foodstuff: A review. *Drying Technology, 38*, 846-868.
https://doi.org/10.1080/07373937.2019.1599905

14. Kamei, M., Nishibe, M., Araki, R., et al. (2024). Effect of texture preference on food texture
perception: Exploring the role of matching food texture and preference. *Appetite, 192%,
107078. https://doi.org/10.1016/j.appet.2023.107078

15. Kim, B. S., Oh, B. J., Lee, J. H., et al. (2020). Effects of Various Drying Methods on
Physicochemical Characteristics and Textural Features of Yellow Croaker
(*Larimichthys Polyactis*). *Foods, 15%, 196. https://doi.org/10.3390/foods9020196

16. Li, D. Y., Zhou, D. Y., Yin, F. W,, et al. (2020). Impact of different drying processes on the
lipid deterioration and color characteristics of *Penaeus vannamei*. *Journal of the
Science Food and Agriculture, 100%, 2544—-2553. https://doi.org/10.1002/jsfa.10280

17. Liu, Y., Zhang, Z. Y., & Hu, L. (2022). High efficient freeze-drying technology in food
industry. *Critical Reviews in Food Science & Nutrition, 62*, 1-20.
https://doi.org/10.1080/10408398.2020.1865261

18. Lee, S., Han, S., Jo, K., et al. (2024). The impacts of freeze-drying-induced stresses on
the quality of meat and aquatic products: Mechanisms and potential solutions to acquire
high-quality products. *Food Chemistry, 459*, 140437.
https://doi.org/10.1016/j.foodchem.2024.140437

19. Lemos, J. R. G., Oliveira, A. T., Santos, M. Q. C., et al. (2015). Influéncia do Transporte
na Relacdo Peso-Comprimento e Fator de Condigdo de *Paracheirodon axelrodi*
(Characidae). *Biota Amazénia, 5*, 22-26. https://doi.org/10.18561/2179-
5746/biotaamazonia.vbn4p22-26

20. Luo, J., Li, M., Zhang, Y., et al. (2021). The low-field NMR studies the change in cellular
water in tilapia fillet tissue during different drying conditions. *Food Science & Nutrition,
9%, 2644—-2657. https://doi.org/10.1002/fsn3.2221

21. Magro, N. M., Oliveira, A. T., Davies, A., et al. (2016). First report and description of a
*Cyrilia* sp. (Apicomplexa: Haemogregarinidae) from a freshwater Cururu Stingray
*Potamotrygon cf. histrix* (Elasmobranchii: Potamotrygonidae), from the Amazon
Region, Brazil. *The  Journal of  Fish Disease, 39%, 907-911.
https://doi.org/10.1111/jfd.12425

22. Ma, J., Qu, J. H., & Sun, D. W. (2017). Developing hyperspectral prediction model for
investigating dehydrating and rehydrating mass changes of vacuum freeze-dried grass
carp fillets. *Food and Bioproducts Processing, 104, 66—76.
https://doi.org/10.1016/j.fbp.2017.04.007

REVISTA ARACE, Sio José dos Pinhais, v.7, n.1, p.310-326, 2025

- 324



*

Revista

ARACE

23. Nowak, D., & Jakubczyk, E. (2020). The Freeze-Drying of Foods — The Characteristic of
the Process Course and the Effect of Its Parameters on the Physical Properties of Food
Materials. *Foods, 9%, 1488. https://doi.org/10.3390/foods9101488

24. Nguyen, M. V., Arason, S., & Eikevik, T. M. (2014). Drying of fish. In I. S. Boziaris (Ed.),
*Seafood Processing: Technology, Quality and Safety* (pp. 161-175). John Wiley &
Sons, Ltd. https://doi.org/10.1002/9781118346174.ch7

25. Nie, Y., Chen, J., Xu, J., et al. (2022). Vacuum freeze-drying of tilapia skin affects the
properties of skin and extracted gelatins. *Food Chemistry, 374, 131784.
https://doi.org/10.1016/j.foodchem.2021.131784

26. Oliveira, A. T., Rodrigues, P. A., Ramos Filho, A. M., et al. (2023). Levels of total mercury
and health risk assessment of consuming freshwater stingrays (Chondrichthyes:
Potamotrygoninae) of the Brazilian Amazon. *International Journal of Environmental
Research and Public Health, 20,* 6990. https://doi.org/10.3390/ijerph20216990

27. Qyinloye, T. M., & Yoon, W. B. (2020). Effect of freeze-drying on quality and grinding
process of food produce: A review. *Processes, 8,* 354.
https://doi.org/10.3390/pr8030354

28. PPM - Produgédo da Pecuaria Municipal. (2023). Produgédo da Pecuaria Brasileira 2023.
IBGE: Diretoria de Pesquisas, Coordenacgao de Estatisticas Agropecuarias da Pecuaria
Municipal, v.51. Disponivel em:
https://biblioteca.ibge.gov.br/visualizacao/periodicos/84/ppm_2023 v51_br_informativ
o.pdf. Acesso em 12 de novembro de 2024.

29. Paula da Costa, J., Pinheiro de Souza, J. H., Neto, L. G. M., et al. (2023). Aplicagéo do
processo de secagem por liofilizacdo em raia (*Gymnura altavela*). *Revista Principia,
60,* 781-796. https://doi.org/10.18265/1517-0306a2021id6352

30. Pedroza Filho, M. X., Ribeiro, V. S., Rocha, H. S., et al. (2020). Caracterizagcédo da cadeia
produtiva da tilapia nos principais polos de producédo do Brasil. Palmas: Tocantins,
documento 49. Disponivel em: https://www.embrapa.br/busca-de-publicacoes/-
/publicacao/1125358/caracterizacao-da-cadeia-produtiva-da-tilapia-nos-principais-
polos-de-producao-do-brasil. Acesso em 19 de dezembro de 2024.

31. Pisano, R., Fissore, D., & Barresi, A. A. (2014). Intensification of freeze-drying for the
pharmaceutical and food industries. In E. Tsotsas (Ed.), *"Modern Drying Technology*
(Vol. 5, pp. 131-160). Wiley-VCH Verlag GmbH & Co. KGaA.
https://doi.org/10.1002/9783527631728.ch33

32. Petzold, G., & Aguilera, J. M. (2009). Ice morphology: Fundamentals and technological
applications in foods. *Food Biophysics, 4,* 378—-396. https://doi.org/10.1007/s11483-
009-9136-5

33. Rodrigues, P. A., Oliveira, A. T., Ramos-Filho, A. M., et al. (2024). Human health risks
assessment of the fluctuations in mercury levels in seafood from different key regions

REVISTA ARACE, Sio José dos Pinhais, v.7, n.1, p.310-326, 2025

- 325



*

Revista

ARACE

of Rio de Janeiro, Brazil. *Environmental Science Pollution Research International, 31,*
30467-30483. https://doi.org/10.1007/s11356-024-33267-0

34. Rustagi, S. (2020). Food texture and its perception, acceptance, and evaluation.
*Biosciences Biotechnology Research Asia, 17,* 651-658.
https://doi.org/10.13005/bbra/2869

35. Santos, M. Q. C., Lemos, J. R. G., Pereira, C. N, et al. (2012). Length-weight
relationships of four freshwater ornamental fish species from the Brazilian Negro River
basin. *Journal of Applied Ichthyology, 28,* 148—-149. https://doi.org/10.1111/j.1439-
0426.2011.01895.x

36. Silva, I. M., Bergamini, S. V., Barros, H. P., et al. (2022). Mercado de filés de tilapia na
cidade de Sao José do Rio Preto, Estado de S&o Paulo. *Informag¢des Econémicas,
52,* eie172020. https://doi.org/10.56468/1678-832Xeie1720.2022

37. Singh, A., Mittal, A., & Benjakul, S. (2022). Undesirable discoloration in edible fish muscle:
Impact of indigenous pigments, chemical reactions, processing, and its prevention.
*Comprehensive Reviews in Food Science and Food Safety, 21, 580-603.
https://doi.org/10.1111/1541-4337.12866

38. Souza, P. L., Junior, L. B., Ladislau, D. S., et al. (2024). Effects of freeze-drying on the
textural properties and water activity of Nile tilapia fillets (*Oreochromis niloticus®).
*Revista Caderno Pedagogico, 21,* 1-21. https://doi.org/10.54033/cadpedv21n10-047

39. Tapia, M. S., Alzamora, S. M., & Chirife, J. (2020). Effects of water activity (*faw*) on
microbial stability as a hurdle in food preservation. In G. V. Barbosa-Canovas, A. J.
Fontana, Jr., S. J. S., & T. P. Labuza (Eds.), *Water Activity in Foods: Fundamentals and
Applications* (pp. 239-271). John Wiley & Sons.
https://doi.org/10.1002/9781118765982.ch14

40. Tan, M., Mei, J., & Xie, J. (2021). The formation and control of ice crystal and its impact
on the quality of frozen aquatic products: A review. *Crystals, 11, 68.
https://doi.org/10.3390/cryst11010068

41. Zeng, J., Song, Y., Cong, P., et al. (2024). A systematic review of drying in aquatic
products. *Reviews in Aquaculture, 16,* 47—65. https://doi.org/10.1111/raq.12820

42. Zhu, Y., Chen, X., Pan, N., et al. (2022). The effects of five different drying methods on

the quality of semi-dried *Takifugu obscurus* fillets. *LWT - Food Science and
Technology, 161,* 113340. https://doi.org/10.1016/j.lwt.2022.113340

REVISTA ARACE, Sio José dos Pinhais, v.7, n.1, p.310-326, 2025

- 326



