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A B S T R A C T   

This work studied the physicochemical properties and odor profiles of tilapia muscles after exposure to four types 
of thermal processing methods: microwaving, roasting, boiling, or steaming. The effect of thermal processing on 
textural properties followed a pH–water state–water content–tissue microstructure–mass loss–textural properties 
route, expressed in the following manner: microwaving > roasting > steaming ≈ boiling. After processing, 
muscle pH increased from 6.59 ± 0.10 to 6.73 ± 0.04–7.01 ± 0.06, and hardness changed from 1468.49 ±
180.77 g to 452.76 ± 46.94–10723.66 ± 2898.46 g. Gas chromatography-based E-nose analysis confirmed that 
these methods had significant odor fingerprint effects on the tilapia muscles. Finally, the combined analysis of 
headspace solid-phase microextraction–gas chromatography–mass spectrometry, statistical MetaboAnalyst, and 
odor activity value showed that the microwaved, roasted, steamed, and boiled tilapia muscles had, respectively, 
three (hexanal, nonanal, and decanal), four (2-methyl-butanal, 3-methyl-butanal, decanal, and trimethylamine), 
one (2-methyl-butanal), and one (decanal) relatively important volatile compounds.   

1. Introduction 

Thermal processing is an effective method to prepare food for human 
consumption. Traditional thermal processing methods include roasting, 
boiling, and steaming, and advances in the food industry have led to the 
development of many novel approaches such as microwave processing 
technology (Guo, Sun, Cheng & Han, 2017). All of these methods have 
different effects on the quality of foods (Hong, Chen, Wang, Chen & Kan, 
2023), and they also impact allergenicity (Zhang et al., 2019) and the 
human gut microbiota (Pérez-Burillo et al., 2018). 

Tilapia is the second most cultured fish in the world, with production 
spanning 140+ countries located primarily in Asia, Africa, and America. 
Not only does the species exhibit a fast growth rate, adaptability to a 
wide range of environmental conditions, and easy feeding on low tro
phic levels (Watanabe, Losordo, Fitzsimmons & Hanley, 2002), it can 
provide high-quality proteins and rich unsaturated fatty acids for human 

beings (Bi et al., 2019). Moreover, it can be processed into fillets that 
lack fish bones, which is especially suitable for consumption by the 
elderly and children. Therefore, it is commonly processed into frozen 
fillets (muscles) in factories and transported around the globe, mainly to 
Europe and America (Wu et al., 2020). 

Many studies have already explored the effect of thermal processing 
methods on the quality of tilapia muscles. Steaming, boiling, and air 
frying have different effects on the metabolites in fresh tilapia muscle, 
according to the metabolomics method (Li et al., 2021). In this study, 
our group examined the effect of steaming, boiling, and roasting on the 
lipidomics profiles of frozen tilapia muscle (Wu et al., 2020), long-chain 
free fatty acids in frozen tilapia muscle (Wu et al., 2020), and lipid 
profile migration from frozen tilapia muscle to juice (Sun et al., 2021) 
using the lipidomics method. Further, we examined the effect of roast
ing, steaming, boiling, and microwaving on the aroma profiles of acidity 
regulator-treated frozen tilapia muscle (Chen et al., 2021). The key 
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volatile compounds in soybean-fried tilapia included trimethylamine, 
hexanal, 2,3-dimethylpyrazine, dimethyl trisulfide, trans-2-octenal, 2,3- 
dimethyl-5-ethylpyrazine, (E)-2-nonenal, 2-propyl-pyridine, and (E,E)- 
2,4-decadienal (Liu et al., 2022). However, to the best of our knowledge, 
the effect of different thermal processing methods on the physico
chemical properties and volatile compound profiles of tilapia muscles 
has not been illustrated. 

The purpose of this research was to analyze the effect of four 
different thermal processing methods—roasting, steaming, boiling, and 
microwaving—on the physicochemical properties and volatile com
pound profiles of frozen tilapia muscles. First, the physical properties of 
raw and thermally processed muscles were measured. Second, the 
chemical properties of raw and thermally processed muscles were 
determined. Third, the sensory characteristics of raw and thermally 
processed muscles were analyzed using a gas chromatography-based 
electronic nose (GC-based E-nose) technique. Finally, volatile com
pound profiles were studied using headspace solid-phase micro
extraction–gas chromatography–mass spectrometry (HS- 
SPME–GC–MS), online statistical software MetaboAnalyst, and odor 
activity value analysis (OAV). 

2. Materials and methods 

2.1. Thermal processing of tilapia muscles 

Frozen tilapia fillets were purchased from Hainan Xiangtai Fishery 
Co., Ltd. (Chengmai country, Hainan Province, China) and were stored 
at − 18 ◦C in the laboratory. Tilapia fillets were naturally thawed 
(Fig. S1), and the center portions (1.5 × 1.5 cm, 4.9–5.1 g) were cut as 
tilapia muscles for subsequent thermal processing experiments; raw 
muscles were used as controls (Chen et al., 2021). Four processing 
methods were examined in the following manner: (1) microwaving—the 
tilapia sample was placed on a leaf-shaped porcelain dish, and the dish 
was positioned near the center of a commercial microwave oven (M1- 
L202B, Media Group, Guangdong Province, China) and was treated with 
a medium power level for 2 min; (2) roasting—a household electric oven 
(MG38CB-AA, Media Group) was heated for 15 min at 230 ◦C, and the 
tilapia sample was placed in aluminum foil, positioned in the center of 
the center layer of the oven at 230 ◦C, and treated for 10 min (the muscle 
was turned over after 5 min); (3) steaming—the sample was placed on a 
leaf-shaped porcelain dish, and the dish was positioned in the center of 
the steaming grid of a household electric cooker (MB-WFS5017TM, 
Media Group) with full hot steam and treated for 10 min; (4) boil
ing—the sample was put into boiled water (1000 mL) in a household 
electric cooker (MB-WFS5017TM, Media Group) and was treated for 10 
min. All samples were immediately removed for subsequent analyses. 

2.2. Analyses of physical properties 

2.2.1. Morphology and color 
The thawed and cut tilapia muscles were treated with different 

thermal processing methods, as described in section 2.1. After thermal 
processing, the samples were cooled in leaf-shaped porcelain dishes at 
room temperature for 10 min in the laboratory. The morphology and 
color changes of thermal processing tilapia muscles in the leaf-shaped 
porcelain dishes were examined with the naked eye and a digital 
camera. 

2.2.2. Texture analysis 
Texture properties of thermal processing tilapia muscle were 

analyzed using a TA.XT Plus C texture analyzer (Stable MicroSystems, 
UK) with a texture profile analysis (TPA) measurement mode (Xu, Shi, 
Wang & Wang, 2019). The diameter of the applied P/50 cylindrical 
Perspex probe was 50 m; tilapia samples were tested with a trigger 
loading of 5.0 g, a test speed of 1.0 mm/s, a sample deformation of 50%, 
and a holding time of 3.0 s between cycles. 

2.2.3. Tissue microstructure 
The microstructures of thermally processed tilapia muscles were 

observed using eosin staining and optical microscopy (Jiang, Nakazawa, 
Hu, Osako & Okazaki, 2019). Briefly, tilapia muscles were cut into 5 × 5 
× 5-mm sections. The samples were fixed in a 4% paraformaldehyde 
solution, dehydrated in a gradient series (70%, 80%, 90%, and absolute) 
of ethanol solution, and embedded in paraffin wax using a JB-P5 
embedding machine (Wuhan Junjie Electronics Co., Ltd., Wuhan City, 
Hubei Province, China). Cross sections (5 μm thick) were cut with a 
rotary microtome (RM2016, Leica, Shanghai, China), reshaped in warm 
water, mounted on glass slides, and dried for 24 h. The sections were 
dewaxed in five sequential solutions: xylene for 20 min, xylene for 20 
min, absolute ethanol for 5 min, absolute ethanol for 5 min, and 75% 
ethanol solution for 5 min. Next, the sections were rinsed with water and 
stained with hematoxylin and then eosin. Finally, the sections were 
observed by an Eclipse E100 optical microscope (Nikon, Japan). 

2.3. Analyses of chemical properties 

2.3.1. pH determination 
The pH of tilapia muscles was determined according to the Chinese 

national standard GB5009.237-2016. Briefly, tilapia muscle was cut into 
fragments measuring < 3 mm and mixed with 0.1 mol/L potassium 
chloride (1:10, mass ratio). The mixture was then mechanically sheared 
for 1 min at a homogenizing speed of 20,500 rpm using a T10 ULTRA- 
TURRAX® homogenizer (IKA, Guangzhou City, Guangdong Province, 
China). Finally, the pH of the homogenized mixture was determined 
using a pH meter (FE28, Mettler Toledo, Switzerland). 

2.3.2. Mass loss percentage 
The tilapia muscle sample was weighed before (m1) and after (m2) 

thermal processing. Then, the mass loss percentage was calculated: 

Massloss(%) =
m1 − m2

m1
× 100 (1)  

2.3.3. Ash content percentage of raw muscle 
The ash content percentage (%) of raw muscle was determined ac

cording to the Chinese national standard GB5009.4-2016. Briefly, the 
raw tilapia muscle sample was weighed before (m1) and after (m2) 
thermal processing. Then, a part (m3) of the thermally processed tilapia 
muscle sample was put in a constant-weight ceramic crucible and 
treated at 550 ± 25 ◦C to a constant weight (m4). Finally, the ash con
tent percentage of raw muscle was calculated: 

Ashcontent(%) =
m4 × m2
m3 × m1

× 100 (2)  

2.3.4. Water content percentage 
The water content (%) of raw muscle was determined according to 

the Chinese national standard GB 5009.3-2016. Briefly, the raw tilapia 
muscle sample was weighed before (m1) and after (m2) thermal pro
cessing. Then, a part (m5) of the thermally processed tilapia muscle 
sample was put in a constant-weight weighing bottle and treated at 
101–105 ◦C to a constant weight (m6). Finally, the water content per
centage of raw muscle was calculated: 

Watercontent(%) =
m6 × m2
m5 × m1

× 100 (3)  

2.3.5. Low-field nuclear magnetic resonance 
The proton relaxation times and proton density images of the raw 

and thermal-processed tilapia muscles were analyzed using a 
MesoMR23-060H-I low-field nuclear magnetic resonance (LF-NMR) 
system (Niumag Electric Corporation, Shanghai, China) (Wang & Xie, 
2019). Also, T2 was measured using the Carr-Purcell-Meiboom-Gill pulse 
sequence, operating magnetic field was 0.5 T, proton resonance 
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frequency was 21 MHz, coil diameter was 70 mm, offset frequency was 
172226.65 kHz, 90◦ pulse time was 19 μs, 180◦ pulse time was 37.04 μs, 
sampling frequency was 100 kHz, interval time was 2000 ms, the 
accumulative number was 8, and the echo number was 5000. Signal 
inversion data were collected, normalized, and used to generate pseudo- 
color images as the proton density of the raw and thermal-processed 
tilapia muscles. 

2.4. GC-based E-nose analysis 

Raw tilapia muscles were naturally thawed, and the center portions 
were then cut into muscles with a mass of 7.9–8.1 g. The tilapia muscles 
were treated with different thermal processing methods, as described in 
section 2.1. After thermal processing, the tilapia muscles were cooled at 
room temperature for 10 min and then cut into fragments (maximum 
sizes of <3 mm). The fragments were immediately put in 20-mL head
space bottles. The untreated tilapia muscles were used as controls. 

The samples in the headspace bottles were examined using a Hera
cles II fast GC-based E-nose system (Alpha M.O.S., France) (Śliwińska, 
Wísniewska, Dymerski, Wardencki & Namieśnik, 2016). The Heracles II 
system had a nonpolar chromatographic MXT-5 column and weak polar 
MXT-1701 column (length: 10 m; column diameter: 180 μm). Parame
ters were as follows: incubation temperature was 80 ◦C, incubation time 
was 20 min, and incubator speed was 500 rpm; injection volume was 
5000 μL, injection speed was 125 μL/s, injection port temperature was 
200 ◦C, and injection duration time was 45 s; initial trap temperature 
was 40 ◦C, trap shunt rate was 10 mL/min, trap duration time was 50 s, 
and the final temperature of the trap was 240 ◦C; the initial temperature 
of the column was 50 ◦C, the temperature of the column was raised to 
80 ◦C at a speed of 1 ◦C/s and then to 250 ◦C at a speed of 3 ◦C/s, the 
acquisition time was 110 s, and the detector temperature was 260 ◦C; 
and the flame ionization detection gain was 12. Data were collected 
using Alphasoft V12.44 software (Alpha M.O.S.), and experiments were 
conducted in triplicate. Two chemometric methods—principal compo
nent analysis (PCA) and discriminant function analysis (DFA)—were 
applied to analyze the odor profiles of raw and thermally processed 
tilapia muscles. Afterwards, the software was used to extract Euclidean 
distance, percentage of dispersion, and fingerprint resolution index. 

2.5. HS-SPME–GC–MS analysis 

2.5.1. HS-SPME 
Raw tilapia muscles (4.9–5.1 g) were thermally processed, cut into 

fragments, and put in 20-mL headspace bottles. Then, 5.0 mL of sodium 
chloride (0.18 g/mL) solution was added, and 5 μL of 2,4,6-trimethyl 
pyridine (TMP, 10 mg/g methanol) was added as an internal standard 
(Zhou, Chong, Ding, Gu & Liu, 2016). The bottles were immediately 
equilibrated at 50 ◦C at a magnetic speed of 600 rpm, and precondi
tioned SPME fibers (50/30 μm DVB/CAR/PDMS) were inserted in the 
bottles, with a fiber tip-sample distance of 10 mm. After 40 min, the 
fibers were inserted in the injection port (250 ◦C) of the GC–MS system 
(5977b-7890b, Agilent Technologies, California, USA). The volatile 
compounds were desorbed for 5 min. 

2.5.2. GC–MS analysis 
GC operational conditions were as follows (Wang, Zhang, Zhu, Wang 

& Shi, 2018): an elastic capillary column (HP-5MS (30-m length × 0.25- 
mm internal diameter × 0.25-μm film thickness; Agilent Technologies) 
was used; column temperature was 40 ◦C, which was raised to 100 ◦C at 
a speed of 5 ◦C/min, to 180 ◦C at a speed of 2 ◦C/min, to 250 ◦C at a 
speed of 5 ◦C/min, and then maintained for 5 min; and helium gas flow 
rate was 1.0 mL/min. 

MS operational conditions were as follows (Koca & Cevikbas, 2015): 
MS spectra in the electron impact mode was generated at 70 eV, detector 
voltage was 1.2 kV, and the mass-charge ratio range was 45–550 m/z; in 
terms of temperature, source temperature was 230 ◦C, 

quadrupole temperature was 150 ◦C, and transmission line temperature 
was 280 ◦C. 

2.5.3. Estimated concentrations of volatile compounds 
The spectra of the detected chemicals were matched in NIST 17.0 

library and Wiley MS library to identify volatile compounds with both 
matching and reverse matching degrees of >700. 

The estimated concentration of each volatile compound in raw 
tilapia muscle was determined according to the following equation 
(Zhou et al., 2016): 

Estimated concentration (μg/kg)

=
Peak area ratio

( Volatile compound
TMP

)
× Mass of TMP

Mass of raw tilapia muscle
× 1000 g/kg

(4)  

2.5.4. OAV analysis 
The OAV method was used to evaluate the contributions of volatile 

compounds, according to the following equation (Wang et al., 2020): 

OAVi =
Ci

OTi
(5)  

where Ci is the compound concentration, and OTi is the odor threshold 
of a compound in water. The volatile compounds with an OAV > 1 are 
considered significant contributors to the aroma characteristics. 

2.6 . Statistics 

All of the samples were processed in triplicate. The datum was 
expressed as average value ± standard deviation. HS-SPME–GC–MS 
data were imported in the online statistical software MetaboAnalyst 5.0 
(https://www.metaboanalyst.ca/) for partial least squares discriminate 
analysis (PLS-DA), variable importance in projection (VIP) scores, and 
heat map clustering analysis (Chong, Wishart & Xia, 2019; Shi et al., 
2019; Pang et al., 2022). The statistical analysis module was one factor; 
data were normalized by sum and auto-scaled in MetaboAnalyst 5.0, and 
confidence regions (95%) were displayed. 

3. Results and discussion 

3.1. Physical properties of tilapia muscles after thermal processing 

3.1.1. Morphological and color changes 
As shown in Fig. S2, the thawed tilapia muscles were in the red. After 

microwaving, the muscles were damaged due to uneven internal heating 
in the rapid microwave heating process (Guo et al., 2017). The muscles 
were not damaged after other thermal processing. Further study (e.g., 
low power) is necessary to avoid tilapia muscle damage during the 
microwaving process. The muscle colors changed to yellow-white after 
microwaving, to grey-white on the side and brown on the upper/bottom 
after roasting, and to milk white after both steaming and boiling. 
Myoglobin is the main pigment for the red color of fresh tilapia muscles. 
Heating treatment induced the denaturation of myoglobin, and there
fore the treated muscles might display white colors (Suman & Joseph, 
2013). In addition, roasting might induce the formation of brown color 
on the tilapia muscle due to the Maillard reaction (Zhang, Ayed, Fisk & 
Liu, 2023). 

3.1.2. Textural properties 
The quality of aquatic products is primarily related to their textural 

properties, including hardness, springiness, cohesiveness, gumminess, 
and chewiness. TPA in the texture analyzer simulates the chewing pro
cess of food in the human mouth (Vacha, Stejskal, Vejsada, Kouril & 
Hlavac, 2013); the obtained textural properties are shown in Fig. 1A–F. 
Hardness changed from 1468.49 ± 180.77 g to 452.76 ± 46.94 
(steamed), 479.32 ± 80.28 (boiled), 1272.50 ± 104.25 (roasted), and 
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10723.66 ± 2898.46 (microwaved) g after processing. The orders of 
textural properties of tilapia muscles were dependent on the thermal 
processing methods, expressed in the following manner: microwaving >
roasting > steaming ≈ boiling. This was consistent with our common 
feeling of hardness by teeth on the thermally processed fish muscles. 
Significance analyses confirmed that the microwaved and roasted sam
ples had the highest and second-highest textural values, respectively, 
compared to the other two (indicated by the different letters above the 
columns in Fig. 1D–I). Hardness and springiness are the most important 
parameters for the quality of aquatic products (Xu et al., 2019). Ac
cording to these two results (Fig. 1A–B), people could choose thermal 
processing methods appropriate for producing the desired level of 
hardness and springiness in chewing, expressed in the following manner: 
microwaving > roasting > steaming ≈ boiling. 

3.1.3. Tissue microstructures 
The microstructures of thermally processed tilapia muscles are 

shown in Fig. 1G. Raw muscle presented intact muscle cells, which were 
surrounded by endomysium. After microwaving, the muscle cells did not 
show clear morphology, which suggested the formation of significant 
muscle cell shrinkage and aggregation. After steaming and boiling, the 
muscle cells showed a similar morphology as raw muscle, with increased 
intercellular space compared to raw muscle. After roasting, some muscle 
cells (Fig. 1G: left image for roasted muscle) did not show clear 
morphology (formation of significant muscle cell shrinkage and aggre
gation), and some muscle cells (Fig. 1G: right image for roasted muscles) 
showed similar morphology, with increased intercellular space 
compared to raw muscle. Therefore, the muscle cell sizes of thermally 
processed tilapia muscles were dependent on the type of thermal pro
cessing method that was used, expressed in the following manner: 
microwaving < roasting < steaming ≈ boiling. According to the 
morphology and color analyses (Fig. S2), steaming and boiling were 
relatively mild heating treatment methods compared to roasting and 
microwaving. Moreover, steaming and boiling had larger water contents 

than roasting and microwaving (Fig. 2D). Therefore, the steaming and 
boiling had less—and similar—effects on the tilapia muscle micro
structures than roasting and microwaving. 

3.2. Chemical properties of tilapia muscles after thermal processing 

3.2.1. pH determination 
As shown in Fig. 2A, the pH values of raw, microwaved, roasted, 

steamed, and boiled tilapia muscles were 6.59 ± 0.10, 6.73 ± 0.04, 6.84 
± 0.01, 6.93 ± 0.01, and 7.01 ± 0.06, respectively. Heating treatment 
could induce a decrease of the acidic groups in the fish protein (Sobral, 
Cunha, Faria & Ferreira, 2018). Therefore, heating treatment had 
different abilities to disrupt the acidic groups in the fish proteins, 
expressed in the following manner: microwaving < roasting < steaming 
< boiling. Our previous work suggested that four classes of thermal 
processing methods had no obvious effects on the pH of acidity 
regulator-treated tilapia muscles (Chen et al., 2021). The acidity regu
lator consists of sodium bicarbonate, sodium citrate, sodium carbonate, 
DL-malic acid, and edible salt. It is generally used as a food additive for 
the preservation and flavor enhancement of jam and meat by main
taining or changing the pH of foods. Therefore, the acidity regulator 
pretreatment could inhibit the change of tilapia muscle pH after thermal 
processing. 

3.2.2. Mass loss and ash content 
As shown in Fig. 2B, the mass loss percentage order of tilapia muscles 

was dependent on the thermal processing methods, expressed in the 
following manner: microwaving > roasting > steaming > boiling; this 
finding was reversely consistent with tilapia muscle pH (Fig. 2A). As 
shown in Fig. 2C, the ash content order of tilapia muscles was dependent 
on the thermal processing methods, expressed in the following manner: 
raw ≈ microwaving ≈ roasting ≈ steaming > boiling. Ashes are the 
inorganic residues after either ignition or complete oxidation of organic 
substances in food (Hussain, Shukla, Dubey, Gautam & Tripathi, 2022). 

Fig. 1. Physical properties of thermally processed tilapia muscles. (A–F): Textural properties. Different letters above the columns indicate statistically significant 
differences at the 0.05 level. For hardness, gumminess, and chewiness results, the significance analyses of raw, roasted, steamed, and boiled samples were performed 
without the microwaved samples because they had the highest values (>20 times) compared to the others. (G): Tissue microstructures. 
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The significant ash content decrease of boiled muscle may have resulted 
from the migration of inorganic substances such as calcium, phosphorus, 
and potassium (Joshi et al., 2017) from the tilapia muscle to the 1000 
mL of soup. 

3.2.3. Water content and water state 
As shown in Fig. 2D, the water content order of the tilapia muscles 

was dependent on the thermal processing methods, expressed in the 
following manner: microwaving < roasting < steaming < boiling < non- 
treatment. The water content order was reversely consistent with the 
mass loss percentage results (Fig. 2B), which suggested that the mass 
loss might be primarily induced by the water loss. However, the water 
content order was consistent with the tilapia muscle pH results (Fig. 1B). 
Generally, the solution pH increased with the increase of water. 
Therefore, the water content after thermal processing might also affect 
the tilapia muscle pH (the isoelectric point of tilapia muscle), expressed 
in the following manner: microwaving < roasting < steaming < boiling. 

The LF-NMR method is an efficient way to analyze the water state in 
a food (Nie et al., 2022). Bound water (closely associated with macro
molecules), entrapped water (in tissue cells), and free water (between 
cells) are attributed to T21 (relaxation time of 0.1–1 ms), T22 (relaxation 
time of 1–100 ms), and T23 (relaxation time of 100–1000 ms), respec
tively, in the LF-NMR signals. In this work, LF-NMR was applied to study 
the water state in the thermally processed tilapia muscles (Fig. 2E). The 
microwaved and roasted muscles showed decreased bound (T21), 
entrapped (T22), and free (T23) water amounts than the raw muscle. The 
steamed and boiled muscles showed decreased entrapped (T22) and free 
(T23) water amounts, but increased bound (T21) water amounts 
compared to raw muscle. Some entrapped and free water molecules 
might change into bound water molecules during the steaming and 
boiling process; therefore, the water content of the steamed and boiled 
muscles was relatively higher than that of the microwaved and roasted 
muscles (Fig. 2D). 

Proton density in the thermally processed muscles was shown in the 
pseudo-color images using LF-NMR (Fig. 2F). The proton contents (red 

area amounts) were dependent on the thermal processing methods, 
expressed in the following manner: microwaving < roasting < steaming 
< boiling < non-treatments; this was consistent with the water content 
results (Fig. 2D). In particular, the proton density image of roasted 
muscle showed that there was no water content in some areas, con
firming muscle cell shrinkage and aggregation in some areas in the tissue 
microstructure image (Fig. 1G). 

Previous work suggested that the water loss of a food item after 
cooking might induce a change in its textural properties (Lin et al., 
2022). Our results (Figs. 1–2) suggested that textural properties changes 
after thermal processing involved a muscle pH–water state–water con
tent–tissue microstructure–mass loss–textural properties route. Micro
waving might induce the highest loss percentages of all the bound, 
entrapped, and free water (Fig. 2F), the highest water loss percentage 
(Fig. 2D–E), the largest muscle cell shrinkage and aggregation (Fig. 1F), 
the highest mass loss percentage (Fig. 2B), and therefore the highest 
textural properties (Fig. 1A–F). For the steamed and boiled tilapia 
muscles, even though significant water loss (Fig. 2D) and mass loss 
(Fig. 2B) occurred, the entrapped and free water molecules might 
change into bound water molecules (Fig. 2E–F); therefore, muscle cell 
morphology did not obviously change, and only the intercellular space 
increased for both the steamed and boiled muscles (Fig. 1G). Thus, the 
textural properties were similar and were the lowest among these 
thermally processed muscles. Roasting might induce significant loss of 
all bound, entrapped, and free water (Fig. 2E), as well as significant 
water loss (Fig. 2D) and mass loss (Fig. 2B). However, the water loss 
(Fig. 2F) and muscle cell shrinkage and aggregation (Fig. 1G) only 
occurred in some areas of the roasted muscle. 

3.3. Odor fingerprint change of tilapia muscles after thermal processing 
using GC-based E-nose analysis 

The fast GC-based E-nose technique combines the functions of GC 
and an electronic nose to imitate a human’s olfactory function for 
identifying food odor characteristics—a so-called fingerprint—in a short 

Fig. 2. Chemical properties of thermally processed tilapia muscles. (A): tissue pH. (B): Mass loss. (C): Ash contents. (D): Water contents. (E): Transverse relaxation 
times. The peaks with relaxation times of 0.1–1, 1–100, and 100–1000 ms are T21 (bound water), T22 (entrapped water), and T23 (free water). (F): Proton density 
images. Different letters above the columns indicate statistically significant differences at the 0.05 level. 
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analysis time (1–3 min) and the highest discriminatory power (Li et al., 
2022). Here, the technology was applied to analyze the odor fingerprints 
of the raw and thermally processed tilapia muscles using two chemo
metric methods (i.e., PCA and DFA). 

As shown in the PCA plots (Fig. 3A), the first two components (PC1 
was 56.378%, and PC2 was 29.488%) explained 85.866% of the total 
variance for the tilapia muscles. The points of the raw muscle were in the 
first and fourth quadrants; the points of the microwaved muscle were in 
the second quadrant; the points of the boiled and steamed muscles were 
in the third quadrant; and the points of the roasted muscle were in the 
second and third quadrants. All of the raw and thermal muscles showed 
significantly different odor characteristics; specifically, thermally pro
cessed muscles showed relatively close odor characteristics compared to 
raw muscle. The PC2 values were dependent on the thermal processing 
methods, expressed in the following manner: steaming < boiling <
roasting < microwaving. The order was contrary to the pH (Fig. 2A) and 

water content (Fig. 2E), and further confirmed that pH could affect the 
flavor characteristics of tilapia muscles (Chen et al., 2021). 

As shown in the DFA plots (Fig. 3B), the first two components (DF1 
was 71.487%, and DF2 was 23.635%) explained 95.120% of the total 
variance for the tilapia muscles. The points of raw muscle were in the 
second quadrant; the points of the microwaved muscle were in the first 
quadrant; the points of the boiled and roasted muscles were in the first 
and fourth quadrants; and the points of the steamed muscle were in the 
fourth quadrant. All of the raw and thermal muscles showed signifi
cantly different odor characteristics. 

According to the PCA and DFA results, Euclidean distances, per
centages of dispersion, and fingerprint resolution indexes (%) between 
two tilapia muscle groups were obtained (Fig. 3C and Table S1). All of 
the percentages of dispersion were 0.00, confirming that all of the raw 
and thermal muscles showed significantly different odor fingerprint 
characteristics. The comparisons between raw and thermally processed 

Fig. 3. Gas chromatography-based E-nose results of thermally processed tilapia muscles. (A): Principal component analysis (PCA). (B): Discriminant function analysis 
(DFA). (C): Euclidean distance and fingerprint resolution index (%) between two groups according to the PCA and DFA results. The experimental data (three parallel 
experiments) were directly analyzed by the software to obtain the Euclidean distance and fingerprint resolution index; therefore, no standard deviation was provided 
by the software for (C). 
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muscles had Euclidean distances of 4123.63–4589.40 and fingerprint 
resolution indexes of 81.92–89.99%. Therefore, the raw tilapia muscle 
had the biggest odor fingerprint difference from all of the thermally 
processed muscles, confirming that thermal processing could signifi
cantly change the odor fingerprint characteristics of food (Chen et al., 
2021). The comparisons between microwaved and other thermally 
processed muscles had Euclidean distances of 2064.67–3427.08 and 
fingerprint resolution indexes of 51.60–75.96%. Therefore, the micro
waved muscle had significant odor fingerprint differences from other 
thermally processed muscles. Finally, the steamed and boiled muscles 
had the minimum odor fingerprint difference (a Euclidean distance of 
1180.72 and a fingerprint resolution index of 58.1%) among these 
tilapia muscle groups. So, according to the GC-based E-nose results, the 
thermal processing methods had a significant effect on the odor 
fingerprint characteristics of the tilapia muscles, expressed in the 
following manner: microwaving > roasting > steaming > boiling, which 
was consistent with the effect of thermal processing methods on the 
mass loss (Fig. 2B) and water loss (Fig. 2D) of the tilapia muscles. 

3.4. Volatile compounds of tilapia muscles after thermal processing 

3.4.1. Volatile compound characterization 
An HS-SPME–GC–MS technique was applied to analyze the volatile 

compounds of raw and thermally processed muscles (Fig. 4 and 
Table S2). The raw tilapia muscle showed 4 aldehydes (365.11 ±
150.93 μg/kg), two ketones (6.45 ± 1.86 μg/kg), 7 alcohols (276.42 ±
30.27 μg/kg), 11 hydrocarbons (423.05 ± 101.10 μg/kg), and three 
other compounds (51.33 ± 27.59 μg/kg). The number of total volatile 
compounds was 27 (1122.35 ± 296.22 μg/kg). The detected volatile 
compounds were slightly different from acidity regulator-treated tilapia 
muscle (5 aldehydes, 231.35 ± 58.50 μg/kg; one ketone, 23.68 ± 8.84 
μg/kg; one alcohol, 0.63 ± 0.57 μg/kg; one ester, 7.23 ± 2.21 μg/kg; 12 
hydrocarbons, 208.45 ± 37.58 μg/kg; one other compound, 18.59 ±
13.44 μg/kg) (Chen et al., 2021). Therefore, an acidity regulator (in
gredients: sodium bicarbonate, sodium citrate, sodium carbonate, DL- 

malic acid, and edible salt) could slightly adjust the volatile compound 
classes and significantly decrease the volatile compound concentrations 
in the raw tilapia muscle. 

After thermal processing, the numbers (Fig. 4A) and estimated con
centrations (Fig. 4B) of alcohols and hydrocarbons were significantly 
decreased. Therefore, the total numbers of volatile compounds (Fig. 4A) 
were decreased after thermal processing. The total estimated concen
trations of volatile compounds did not show obvious changes after 
microwaving and roasting (Fig. 4B), whereas they did show obvious 
decreases after steaming and boiling (Fig. 4B). This was consistent with 
our common sense reasoning that microwaved and roasted food elicited 
a higher odor sensation in people than did steamed and boiled food. The 
low odor feeling of the steamed and boiled tilapia muscles may have 
resulted from the decrease of numbers and concentrations of volatile 
compounds, whereas high odor feeling of microwaved and roasted 
tilapia muscles may have resulted from the chemical transformation of 
some volatile compounds to others. 

Except for microwaving, all other thermal processing methods 
increased aldehydes. Aldehydes are generally produced from lipid 
oxidation and degradation; as tilapia is a kind of low-lipid and high- 
protein fish, the numbers of aldehydes were significantly pork and 
beef meats (Wang, Zhu, et al., 2018). It might also have resulted from 
the fact that the instrument could not detect them due to the high 
detection limit. In addition, the flavor dissipated quickly during the 
microwaving process, so the volatile aldehydes might have dissipated 
during the thermal processing and consequently could not be detected 
by the instruments. 

The thermal processing methods significantly decreased volatile al
cohols, as only 1-octene-3-ol was detected in the microwaved and 
roasted tilapia muscles. Alcohols C4–C8 smell like wood, spices, green 
grass, fruits, mushrooms, and fat, and the smells increased with the in
crease of the carbon chain (García-González, Tena, Aparicio-Ruiz & 
Morales, 2008). Moreover, the presence of alcohols might play impor
tant roles in the formation of tilapia muscle flavor during thermal 
processing. 

Fig. 4. Numbers (A) and estimated concentrations (B) of volatile compounds in thermally processed tilapia muscles. For each volatile compound class, different 
letters indicate significant difference (p < 0.05). 
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3.4.2. Statistical analysis of volatile compounds 
The obtained volatile compound classes and individual volatile 

compounds (Table S2) were statistically analyzed using online Metab
oAnalyst 5.0 software (Chong et al., 2019; Shi et al., 2019; Pang et al., 

2022) with PLS-DA (Fig. 5A–B), VIP (Fig. 5C–D), and heat map visual
izations (Fig. 5E–F). PLS-DA can be applied to characterize and classify a 
data set such as volatile compound classes in the raw and thermally 
processed tilapia muscles using a multiple linear regression technique. 

Fig. 5. Statistical analyses of volatile compound classes (A, C, and E) and individual compounds (B, D, and F) in thermally processed tilapia muscles using 
Metaboanalyst 5.0 software. (A–B): Partial least squares-discriminate analysis (PLS-DA) scores plots. (C–D): Variable importance in projection (VIP) scores. (E–F): 
Heat maps. The volatile compounds in red (E and F) were that with VIP scores of >1 in (C and D). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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VIP can be used to differentiate different groups with a score of >1, 
while heat map visualizations could directly provide intuitive visuali
zations of estimated concentrations of the volatile compounds in the raw 
and thermally processed tilapia muscles. 

Statistical analyses of volatile compound classes in tilapia muscles 
are shown in Fig. 5A, C, and E. According to the PLS-DA scores plot 
(Fig. 5A), the volatile compound classes in the raw and thermally pro
cessed tilapia muscles were classified due to the cumulative contribution 
rate of 46.2% from the first two principal components. According to VIP 
score analysis (Fig. 5C), three volatile compound classes (hydrocarbons, 
ketones, and esters) with VIP scores >1 could be used to differentiate the 
raw and thermally processed tilapia muscles. Heat map visualization 
(Fig. 5E) confirmed that the raw and thermally processed tilapia muscles 
were classified, which was consistent with the PLS-DA results (Fig. 5A). 

Statistical analyses of individual volatile compounds in tilapia mus
cles are shown in Fig. 5B, D, and F. According to the PLS-DA scores plot 
(Fig. 5B), the individual volatile compounds in the raw and thermally 
processed tilapia muscles were classified due to the cumulative contri
bution rate of 46.1% from the first two principal components. According 
to VIP score analysis (Fig. 5D), 15 volatile compounds with VIP scores 
>1 could be used to differentiate the raw and thermally processed tilapia 
muscles: five aldehydes (2-methyl-Butanal; 2,3-dimethyl-Pentanal; 
Pentanal; Decanal; Propanal); one ketone (2,4,6-Tris(1,1-dimethy
lethyl)-4-methylcyclohexa-2,5-dien-1-one); three others (6-methyl-3- 
Cyclohexen-1-nitrile; D-Limonene; Trimethylamine); four hydrocarbons 
(1-ethenyl-2-methyl-Benzene; 1-methyl-4-(1-methylethyl)-Benzene; 
2,4,4-trimethyl-1-Pentene; (Z)-5,5-dimethyl-2-Hexene); one ester (Ben
zoic acid, 4-methyl-, 2-hydroxy-2-phenylpropyl ester); and one alcohol 
(4-(1-methylethenyl)- 1-Cyclohexene-1-methanol). Heat map visualiza
tion (Fig. 5F) confirmed that the raw and thermally processed tilapia 
muscles were clearly classified, which was consistent with the PLS-DA 

results (Fig. 5B). These chemicals might be primarily attributed to the 
metabolism of the main fatty acids (e.g., eicosapentaenoic and docosa
hexaenoic acids) in aquatic products (Wu et al., 2021). 

3.4.3. OAVs of volatile compounds 
OAV can be used to assess the relative importance of individual 

volatile compounds to the odor profile of a food (Giri, Osako & Ohshima, 
2011; Pu, Shan, Zhang, Sun & Zhang, 2022). The volatile compounds 
with OAVs of >1 are considered relatively important compounds (Wang 
et al., 2016). As shown in Table 1, raw tilapia muscle had the relatively 
important compounds of four aldehydes (pentanal, OAV = 8.96; hexa
nal, OAV = 63.7; heptanal, OAV = 2.04; nonanal, OAV = 24.3) and one 
alcohol (1-octen-3-ol, OAV = 145). 

Thermal processing methods had obvious effects on the OAVs of 
relatively important volatile compounds. Microwaving decreased the 
OAVs of two volatile compounds (one aldehyde: pentanal, from 8.96 to 
0; one alcohol: 1-octen-3-ol, from 145 to 86.3) and increased the OVAs 
of four volatile aldehydes (hexanal, from 63.7 to 121; heptanal, from 
2.04 to 4.92; nonanal, from 24.3 to 45.5; decanal, from 0 to 35.6). 
Roasting decreased the OVAs of three volatile aldehydes (hexanal, from 
63.7 to 45.1; heptanal, from 2.04 to 1.24; nonanal, from 24.3 to 14.9) 
and one alcohol (1-octen-3-ol, from 145 to 123), whereas it increased 
the OAVs of four volatile aldehydes (pentanal, from 8.96 to 9.65; 2- 
methyl-butanal, from 0 to 13.8; 3-methyl-butanal, from 0 to 5.41; dec
anal, from 0 to 8.90) and one other compound (trimethylamine, from 
0 to 6.45). 

Steaming decreased the OAVs of two volatile aldehydes (pentanal, 
from 8.96 to 0; nonanal, from 24.3 to 12.0) and one alcohol (1-octen-3- 
ol, from 145 to 0), whereas it increased the OAVs of three volatile al
dehydes (2-methyl-butanal, from 0 to 27.0; hexanal, from 63.7 to 71.3; 
heptanal, from 2.04 to 2.98). Boiling decreased the OAVs of all the 

Table 1 
Odor activity values (OAVs) of volatile compounds in raw and thermally processed tilapia muscles.  

No. Volatile 
compound 

CAS Formula Molecular 
weight 

Odor 
threshold (μg/ 
kg) 

Odor typee Flavor 
typee 

OAV 

Raw Microwaved Roasted Steamed Boiled  

Aldehydes            
1 Propanal 123- 

38-6 
C3H6O 58 15.1c Ethereal Musty ND ND <1 ND <1 

2 Pentanal 110- 
62-3 

C5H10O 86 1.57c Fermented Winey 8.96 ND 9.65 ND 16.4 

3 2-methyl- 
Butanal 

96-17- 
3 

C4H8O 72 1.00a Cocoa Fusel ND ND 13.8 27.0 ND 

4 3-methyl- 
Butanal 

590- 
86-3 

C4H8O 72 1.10a Aldehydic Fruity ND ND 5.41 ND ND 

5 Hexanal 66-25- 
1 

C6H12O 100 5.00a Green Green 63.7 121 45.1 71.3 57.4 

6 Heptanal 111- 
71-7 

C7H14O 114 2.80a Green Green 2.04 4.92 1.24 2.98 <1 

7 Nonanal 124- 
19-6 

C9H18O 142 1.10a Aldehydic Aldehydic 24.3 45.5 14.9 12.0 11.0 

8 Decanal 112- 
31-2 

C10H20O 156 2.71c Aldehydic Waxy ND 35.6 8.90 ND 24.6   

Alcohols            
9 1-Penten-3-ol 616- 

25-1 
C5H10O 86 358a Green Green <1 ND ND ND ND 

10 1-Octen-3-ol 3391- 
86-4 

C8H16O 128 1.50b Earthy Mushroom 145 86.3 123 ND ND   

Others            
11 Trimethylamine 75-50- 

3 
C3H9N 59 2.40a Fishy Fishy ND ND 6.45 ND ND 

12 Dimethyl sulfide 75-18- 
3 

C2H6S 62 2.6d Cabbage, 
sulfur, gasoline 

Cabbage 2.45 ND 7.68 1.48 6.42 

13 Toluene 108- 
88-3 

C7H8 92 1550a Sweet / <1 ND ND ND ND 

Note: aOdor thresholds from ref. (Wang et al., 2016). bOdor thresholds from ref. (Giri et al., 2011). cOdor thresholds from ref. (Mu et al., 2017). dOdor thresholds from 
ref. (Yu et al., 2022). eOdor and flavor types from https://www.thegoodscentscompany.com. 
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relatively important volatile compounds in the raw muscle and 
increased the OAV of one volatile aldehyde (decanal, from 0 to 24.6). 
Therefore, three (hexanal, nonanal, and decanal), four (2-methyl-buta
nal, 3-methyl-butanal, decanal, and trimethylamine), one (2-methyl- 
butanal), and one (decanal) compound might be the relatively important 
volatile compounds for the odor profiles of the microwaved, roasted, 
steamed, and boiled, respectively, tilapia muscles. 

Dimethyl sulfide was found in tilapia muscle. These kinds of sulfur- 
containing compounds are important flavor chemicals of meats and 
are mainly from Maillard reactions or amino acid pyrolysis (Mori, 1999). 
In fact, it could provide the smell of cabbage and sulfur for tilapia 
muscles. The roasted and boiled tilapia muscles had relatively high OAV 
values (7.68 and 6.42, respectively), which would be helpful for the 
formation of cabbage and sulfur after roasting and boiling. 

4. Conclusions 

This study examined the physicochemical properties and odor pro
files of tilapia muscles after four types of thermal processing. All of the 
results suggested that textural properties changed after thermal pro
cessing, which involved a muscle pH–water state–water content–tissue 
microstructure–mass loss–textural properties route, expressed in the 
following manner: microwaving > roasting > steaming ≈ boiling. As 
such, people could choose appropriate thermal processing methods for 
tilapia muscles according to the desired chewing feeling in the mouth. 
Further work is necessary to run a consumer sensory analysis to evaluate 
the effect of the different thermal treatments on consumer preferences. 
GC-based E-nose results demonstrated that the thermal processing 
methods had a significant effect on the odor fingerprint characteristics of 
the tilapia muscles, expressed in the following manner: microwaving >
roasting > steaming > boiling. This was consistent with the effect of 
thermal processing methods on the mass loss and water loss of the tilapia 
muscles. Finally, the volatile compound classes and individual volatile 
compounds were examined by HS-SPME-GC–MS, online statistical 
software MetaboAnalyst, and OAV analysis. The results confirmed that 
the four types of thermal processing methods had different effects on the 
odor profiles of tilapia muscles. Moreover, the microwaved, roasted, 
steamed, and boiled tilapia muscles showed three (hexanal, nonanal, 
and decanal), four (2-methyl-butanal, 3-methyl-butanal, decanal, and 
trimethylamine), one (2-methyl-butanal), and one (decanal) compound 
as the relatively important volatile compounds for their odor profiles. 
Even though chromatographic methods are mature, further appropriate 
method validation should be considered to confirm the results. 

These findings significantly advanced our understanding of the effect 
of thermal processing methods on the physicochemical and volatile 
compound properties of tilapia fish muscles. In addition, our work could 
provide potential suggestions for food thermal processing methods, 
depending on the chewing sensation that people prefer. Finally, this 
work could be beneficial in expanding the consumption of boneless fish 
muscles. However, it should be noted that the detailed molecular 
mechanisms involved in the changes of physicochemical properties and 
volatile compound profiles of tilapia muscles after thermal processing 
remain unclear. Studies that incorporate novel analytical techniques are 
needed to explore this further. 
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