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Abstract Due to the increasing population and the growing demand for healthy food, there is a 
rising need for alternative food sources, leading to greater attention towards future foods. This study 
aimed to enhance the flavor of plant-based extruded meat analogs using garlic. The raw materials 
for these plant-based extruded meat analogs were mixtures of isolated soybean protein and different 
proportions of freeze-dried garlic powder (0%, 5%, and 10%). The results showed that garlic powder 
affected pore formation and puffing during the extrusion process, which resulted in a decrease in 
the number of pores and expansion ratio of the meat analogs and a decrease in water-holding capacity. 
Additionally, the values for springiness, cohesiveness, cutting strength, degree of texturization, and 
integrity index also decreased, while the nitrogen solubility index, which is inversely related to the 
integrity index, increased. The electronic nose indicated that the peak area of hexanal, an off-flavor 
component in soybeans, decreased with the addition of garlic. Therefore, although adding garlic 
reduces the texture quality of extruded meat analogs, it effectively decreases the off-flavor 
components of soybeans, suggesting that garlic has potential as an additive to reduce off-flavors 
in plant-based meat analogs.
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1. Introduction
Increasing greenhouse gas emissions led to a rise in the Earth’s average temperature and sea 

levels. If sea levels rise, coastal low-lying areas will be submerged, causing mass migration and a 
series of serious global problems (Park, 2018). Livestock accounts for 14.5% of total anthropogenic 
greenhouse gas emissions (Gerber et al., 2014). The increase in livestock is driven by population 
growth. According to United Nations data, the current world population of 7.2 billion is expected 
to increase to 9.6 billion by 2050 and 10.9 billion by 2100 (Gerland et al., 2014). To address 
the environmental issues arising from the growing global population, alternative food sources that 
meet meat demand are needed.

Future foods include meat alternatives, cultured meat, and edible insects. Among them, meat 
alternatives are plant-based protein products made with essential amino acids beneficial to the 
human body, low saturated fats, and no cholesterol. Meat alternatives have gained considerable 
attention due to concerns about environmental pollution, animal ethics, and health issues. A 
representative method for manufacturing plant-based meat alternatives is extrusion, a physical 
texturization method that restructures protein using high temperature and pressure (Song et al., 
1994). Low-moisture meat alternatives made through the extrusion process are easy to handle and 
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store due to drying treatment. High-moisture meat alternatives 
produced by the extrusion process use cooling molds to 
obtain products with good fiber texture (Kollmann et al., 2023).

The raw materials for plant-based meat alternatives are 
mostly plant-derived proteins (Kołodziejczak et al., 2022). 
Considering solubility, cost, and processing functionality, soy 
and pea proteins and wheat gluten are most widely used (Sha 
and Xiong, 2020). Soy protein is a relatively high-quality 
protein because it is composed of essential amino acids 
evenly (Kim, 2018). Additionally, soy protein is used to 
improve the yield and texture of meat alternatives (Kim et al., 
2009). However, the off-flavor of soy protein is the biggest 
obstacle in the manufacturing and sensory evaluation of 
plant-based meat alternatives (Maheshwari et al., 1997). The 
off-flavor is produced by the action of the lipoxygenase 
enzyme found in soybeans. Inhibiting the lipoxygenase 
enzyme is expected to provide a solution to the soy flavor 
problem (Iassonova et al., 2009). Off-flavor components can 
negatively affect consumers’ perception of plant-based meat 
alternatives. Besides soy protein, other legume raw materials 
used in plant-based meat alternatives can also produce 
off-flavors. These sensory issues are a limitation of meat 
alternative manufacturing technology, and many active 
studies are being conducted to solve this problem.

Garlic (Allium sativum L.), belonging to the Liliaceae 
family, is a plant of the genus Allium, cultivated in both 
southern and northern regions of China. Garlic contains many 
sulfur-containing compounds such as allicin, which gives it 
unique aromatic properties (Kang et al., 2014). Moreover, 
garlic is used not only as a spice but also has various 
biological effects, including lowering blood pressure, anti- 
cancer properties, reducing cholesterol, and anti-aging effects 
(Kim et al., 2010). Dried powdered garlic has shown a 
relatively high inhibition rate of 80-85% on the activity of 
lipoxygenase (Kim et al., 1993). Adding garlic, which 
effectively inhibits the activity of the lipoxygenase enzyme 
that produces off-flavor components, is expected to have a 
positive impact on improving the off-flavor of plant-based 
meat alternatives. Although studies have been conducted on 
the components and functionality of additives related to 
off-flavors in plant-based meat analogs (Kyriakopoulou et al., 
2021), research on the impact of garlic-added extruded meat 
alternatives on soy off-flavor has not yet been conducted.

Therefore, this study investigated the changes in off- 
flavors and physicochemical properties of meat analogs using 

freeze-dried garlic powder. Low-moisture extrusion cooking 
was performed on mixtures of isolated soybean protein and 
different proportions of freeze-dried garlic powder (0%, 5%, 
and 10%). The study aimed to determine the effect of garlic 
powder addition on the physicochemical and textural properties. 
An electronic nose was used to measure the impact of garlic 
powder on the off-flavors of isolated soybean protein-based 
meat analogs.

2. Materials and methods

2.1. Materials
The materials used in this experiment included isolated soy 

protein (ISP, Pingdingshan TianJing Plant Albumen Co., Ltd., 
Henan, China) and freeze-dried garlic powder (Namhae 
Garlic Research Institute, Namhae, Korea). Freeze-dried garlic 
powder was added to the ISP in contents of 0%, 5%, and 
10%. The moisture content of each mixture was 6.81±0.06%, 
6.61±0.02%, and 6.50±0.01%, respectively. The samples were 
used after being mixed for 36 h.

2.2. Low-moisture extrusion cooking
The extruder used in this experiment was a co-rotating 

twin-screw extruder (THK31-No. 4, Incheon Machinery Co., 
Incheon, Korea). The screw had a length-to-diameter ratio of 
23:1 and a diameter of 3 cm. The extrusion process parameters 
were set as follows: raw material feed rate of 100 g/min, 
moisture content of 35%, screw speed of 250 rpm, and barrel 
temperature of 150℃. The low-moisture meat analogs added 
with freeze-dried garlic powder (LMMA-G) were dried at 50℃ 
for 24 h. Some of the samples were cut into small pieces of 
1 cm in length, while others were ground and sieved to 
obtain samples between 50 and 70 mesh.

2.3. Analysis of physicochemical properties
2.3.1. Appearance

To analyze the appearance structure of the low-moisture 
meat analogs, the image processing software Image J (1.8.0, 
National Institutes of Health, Bethesda, MD, USA) was used. 
The LMMA-G samples were hydrated, and cross-sectional 
images were taken. The process was repeated ten times to 
measure the number of pores. The average number of pores 
and the standard deviation were calculated using Image J.
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2.3.2. Specific mechanical energy
Specific mechanical energy (SME) input represents the 

amount of electrical energy consumed per unit mass by the 
extruder. It is calculated by the difference in power during 
raw material input and motor idling, divided by the 
production rate of the extruded material. The Equation (1) is 
as follows (Ryu, 1997):

SME input (kJ/kg) = 
Pi - Po

(1)
F

where Pi is the electrical power during raw material input 
(J/s), P0 is the electrical power during idling (J/s), and F is 
the production rate (g/s).

2.3.3. Expansion ratio and piece density
The method by Gu and Ryu (2018) was slightly modified 

to measure the expansion ratio of LMMA-G at the die. A 
caliper (942000 IP67, Brütsch/Rüegger Tools Ltd., Urdorf, 
Switzerland) was used to measure the length and width of 
LMMA-G samples with different garlic content. The 
measurements were taken 10 times, and the average values 
were used to calculate the expansion ratio. The weight was 
measured using glass beads and a graduated cylinder to 
calculate the piece density. The Equation (2) and (3) are as 
follows:

Expansion ratio = 
M1

(2)
M2

where M1 is the extrusion sample cross section area (cm2) 
and M2 is the die cross section area (cm2).

Piece density (g/cm3) = 
W1

 × D (3)
W2

where W1 is the weight of extrudate (g), W2 is the weight 
of glass bead (g), D is the density of glass beads (g/cm3).

2.3.4. Water holding capacity
This experiment of water holding capacity (WHC) was 

modified based on the method by Lin et al. (2022). Four g 
sample of block LMMA-G was weighed and mixed with 100 

mL of distilled water. The mixture was hydrated in a 90℃ 
water bath for 20 min, then drained using a 20-mesh sieve 
for 15 min. The weight was measured again, and the average 
value and standard deviation were calculated using the 
Equation (4).

WHC (%) = (W2 - W1) × 100 (4)

where W1 is the initial weight of the sample (g), W2 is the 
weight of the hydrated sample after draining (g).

2.3.5. Integrity index
The method by Gu and Ryu (2018) was slightly modified 

to determine the integrity index. LMMA-G samples were 
placed in 100 mL of distilled water and hydrated in a 90℃ 
water bath for 20 min, followed by sterilization in an 
autoclave at 121℃ for 15 min. The samples were then cooled 
under running water, homogenized with a homogenizer 
(HG-15D, Daihan Scientific Co., Ltd., Wonju, Korea) at 
15,000 rpm for 1 min, filtered through a 20-mesh sieve, 
rinsed for 30 s, and dried at 105℃ for 24 h before weighing. 
Equation (5) was used to calculate the integrity index.

Integrity index (%) =

Weight of residue after drying
 × 100 (5)

Initial weight of sample

2.3.6. Nitrogen solubility index
The determination of nitrogen solubility index (NSI) was 

carried out using a slightly modified method of Daun and 
Kisilowsky (1994). Zero point one g powdered sample was 
added to 5 mL of 0.5% KOH solution and shaken at 120 rpm 
in a shaker (SI-300R, Jeio Tech Co., Ltd., Gangneung, Korea) 
for 30 min. The mixture was then centrifuged at 3,000 rpm 
for 30 min, and the supernatant was collected. The nitrogen 
content in the supernatant was measured using the ninhydrin 
method (Starch, 2001). For the determination of total nitrogen 
content, a 0.1 g sample was added to 5 mL of 6 N hydrochloric 
acid and hydrolyzed at 100℃ in a thermo-shaker (MS-100, 
Thermo Fisher Scientific Inc., Waltham, MA, USA) at 250 
rpm for 24 h. After hydrolysis, 5 mL of distilled water was 
added to dissolve the hydrolysate. The mixture was then 
centrifuged at 3,000 rpm for 30 min, and the supernatant was 
collected and measured using the ninhydrin method. The NSI 
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was calculated using the following Equation (6):

NSI (%) = 
Soluble nitrogen content

 × 100 (6)
Total nitrogen content

2.3.7. pH
The method was modified based on Jeong et al. (2021). 

One g sample was weighed, and 8 mL of distilled water was 
added. The mixture was homogenized using a homogenizer 
(HG-15D, Daihan Scientific Co., Ltd.) and then filtered 
through filter paper. The pH value of the filtrate was 
measured using a pH meter (Orion Star A211, Thermo Fisher 
Scientific Inc.) to understand the effect of garlic addition and 
the extrusion process on the pH of the meat analog.

2.4. Measurement of textural properties
2.4.1. Texture profile

This experiment aimed to study the effect of different 
garlic content on the texture properties of meat analogs. The 
LMMA-G samples were hydrated in a 90℃ water bath for 
20 min and then drained for 15 min. A texture analyzer (Z0.5 
TS, ZwickRoell Co., Ltd., Ulm, Germany) was used to measure 
parameters such as springiness, chewiness, and cohesiveness. 
Each measurement was repeated six times.

Springiness (%) = 
D2

 × 100 (7)
D1

where D1 is the original compression distance, D2 is the 
distance of the detected height during second compression.

Cohesiveness (%) = 
A2

 × 100 (8)
A1

where A1 is the area of the work during the first compression, 
A2 is the area of the work during the second compression.

Chewiness (g) = springiness × cohesiveness × F (9)

where F is the maximum force during first cycle of compression.

2.4.2. Cutting strength and degree of texturization
The LMMA-G samples were hydrated in a 90℃ water 

bath for 20 min and then drained for 15 min. The cutting 
strength of the samples was measured using the texture 
analyzer (Z0.5 TS, ZwickRoell Co., Ltd.) equipped with a 
Warner-Bratzler shear device from Zwick Roell. Each 
measurement was repeated six times. The cutting strength 
values of the vertical and parallel directions were used to 
calculate the degree of texturization using the Equation (9) 
and (10).

Cutting strength (g/cm2) = 
Maximum stress

(10)
Cross-sectional area

Degree of texturization =

Cutting strength parallel
(11)

Cutting strength vertical

2.5. Electronic nose
Two g sample of powdered LMMA-G and raw materials 

was weighed and placed into a sample vial. Aroma pattern 
analysis was conducted using an electronic nose (HERACLES- 
II-E-NOSE, Alpha MOS, Toulouse, France). The conditions 
for the electronic nose were set as follows: injection volume of 
5,000 μL, injection temperature of 60℃, column temperature 
range from 50℃ to 260℃, and detector temperature of 260℃. 
Principal Component Analysis (PCA) was performed using 
the Alpha MOS software to analyze the aroma patterns.

2.6. Statistical analysis
The statistical analysis of the results was conducted using 

the IBM SPSS Statistical software (version 27, IBM Corp., 
Armonk, NY, USA). A one-way analysis of variance (ANOVA) 
was used to analyze the data. For items with significant 
differences, Tukey’s honestly significant difference (HSD) 
test was performed at the p<0.05 level to identify specific 
differences between groups.

3. Results and discussion

3.1. Appearance
The appearance of low-moisture meat analogs with garlic 

(LMMA-G) prepared by the extrusion process is shown in 
Fig. 1. The pores in the porous structure of low-moisture 
meat analogs (LMMA) are crucial factors affecting their 
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water holding capacity (WHC). The results indicated that 
with the increase in garlic content, both the number and area 
of pores decreased. In fact, the reduction in pore area and 
number led to a decrease in WHC and expansion ratio. This 
is because the addition of garlic powder, which contains 
relatively more carbohydrates and fibers, to the highly 
expanded isolated soybean protein reduced the expansion 
phenomenon, resulting in fewer and smaller pores (Samard et 
al, 2019; Tahir et al, 2022).

3.2. Specific mechanical energy input
Specific mechanical energy input (SME input) is one of 

the key system parameters affecting the degree of cooking 
reactions as well as the solubility, density, expansion ratio, 
and hardness of the final meat analog products (Zhang et al., 

2023). Additionally, it provides measurable parameters related 
to the quality characteristics of the final product, making it 
an important parameter in the extrusion process (Villmow et 
al., 2010). SME input is the amount of mechanical energy 
used to rotate the screws during the extrusion process. When 
the properties of the input raw materials change, the SME 
input also changes (Woldeyes et al., 2020). Table 1 shows the 
SME input for extruded LMMA-G to isolated soybean 
protein (ISP). Although all parameters during the extrusion 
process were the same, the SME input significantly increased 
with the increase in garlic content. This is because a higher 
fiber content in the raw material increases the flow resistance 
of the melt inside the extruder. Such raw material 
characteristics increase the SME input (Monti et al., 2016). 
In this experiment, compared to the control group of ISP, the 

Fig. 1. Vertical and parallel direction views, fiber structure, and air cell count of low-moisture meat analogs with different freeze-dried 
garlic powder content.

Table 1. Physicochemical properties of low-moisture meat analogs according to different freeze-dried garlic contents

Garlic content
(%)

Air cell
(EA)

Air cell area
(%)

SME input
(kJ/kg)

Water holding 
capacity (g/g)

Integrity index
(%)

Nitrogen solubility 
index (%)

0 1,014.20±179.971)a3) 51.40±7.331)a 136.67±0.362)c 6.52±0.062)a 0.51±0.122)a 23.50±0.642)b

5 632.00±49.19b 50.09±4.58a 289.12±2.18b 5.92±0.18b 0.34±0.04ab 25.32±1.00b

10 407.00±40.72c 33.01±8.75b 321.12±0.91a 5.92±0.07c 0.20±0.06b 33.49±2.11a

1)All values are mean±SD (n=10).
2)All values are mean±SD (n=3).
3)Different superscript letters within a column indicate significant differences at p<0.05 by Tukey (HSD) test.
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garlic powder had a higher content of fiber and carbohydrates 
(Tahir et al., 2022), which likely increased the dough’s 
viscosity and consequently the SME input.

3.3. Expansion ratio and piece density
The expansion ratio has a significant impact on texture, 

product quality, and consumer preference. Additionally, there 
is a negative correlation between the expansion ratio and the 
integrity index in LMMA, indicating that expansion ratio and 
density affect structural retention (Gu and Ryu, 2018). Fig. 
2 shows the expansion ratio and piece density of LMMA-G. 
The experimental results indicate that the expansion ratio 
significantly decreased as the garlic powder content increased. 
When the garlic powder content was 0%, 5%, and 10%, the 
expansion ratios were 2.70±0.17, 2.50±0.14, and 2.06±0.17, 
respectively. This suggests that the addition of garlic powder 
reduced the expansion at the nozzle of the extruder. The 
results for piece density showed that the density remained 
constant at 0.02±0.00 g/cm3 regardless of the garlic content. 
Although the expansion ratio decreased, the piece density 
remained unchanged. This could be because the reduction in 
volume per unit length was accompanied by a corresponding 
decrease in mass. Therefore, while garlic powder reduced the 
expansion ratio at the nozzle, it had little effect on density 
due to the consistent ratio of mass to volume during 
extrusion.

3.4. Water holding capacity
Water holding capacity (WHC) is a quantitative indicator 

of the ability of extruded products to absorb water. The more 

expanded the extruded product, the higher WHC was 
observed because the surface area available to retain water 
increases (Lin et al., 2022) Table 1 shows the WHC of 
LMMA-G. Studies have shown that extruded products made 
with ISP have higher WHC than those made with other plant 
proteins (Samard et al., 2019). This is because meat analogs 
based on ISP produce more expanded structures, which can 
absorb more water. In this experiment, as the amount of 
garlic powder increased, the WHC of the low-moisture meat 
analogs decreased. This may be due to the garlic powder 
altering the expanded structure formed by the isolated soybean 
protein, thereby reducing the WHC. According to Haritha et 
al. (2014) reported developed and evaluated ready-to-eat 
extruded snacks, this result was consistent with their findings.

3.5. Integrity index
The integrity index represents the residue of meat analogs 

after undergoing hydration, high pressure, homogenization, 
and drying processes. An increase in the binding force between 
raw materials leads to a higher integrity index value (Samard 
and Ryu, 2019). Table 1 shows the integrity index of ISP 
LMMA-G. The results indicate that the integrity index 
significantly decreased as the garlic content increased. Lee 
and Lee (2011) found that garlic has higher crude fiber and 
crude fat content compared to isolated soybean protein. 
High-fat raw materials are prone to lipid peroxidation during 
extrusion, and their binding force weakens at high temperatures 
(Tumuluru et al., 2013). Therefore, it is believed that the 
crude fat content in garlic reduces the binding force with ISP 
powder.

3.6. Nitrogen solubility index
The nitrogen solubility index (NSI) is influenced by the 

residence time of protein melts in the extruder barrel and the 
physical forces applied. NSI is inversely related to the 
integrity index, hardness, and chewiness. When the integrity 
index, hardness, and chewiness decrease, the NSI increases 
(Samard and Ryu, 2019). NSI can selectively detect highly 
water-soluble amino acids and serve as an indicator of the 
degree of protein denaturation during the extrusion process 
(Hanet et al., 1989). Table 1 shows the NSI of extruded meat 
analogs with different levels of garlic powder added to 
isolated soybean protein. The crude fat and crude fiber 
content in garlic reduces the binding force with proteins, 

Fig. 2. Expansion ratio & piece density of extruded meat analogs 
according to freeze-dried garlic powder content. 1)All values are 
mean±SD (n=10). Different superscript letters on the bars indicate 
significant differences at p<0.05 by Tukey (HSD) test.
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leading to lower integrity index values, physical properties, 
and cutting strength. Therefore, it is believed that the addition 
of garlic powder inhibits protein denaturation.

3.7. pH
Fig. 3 shows the pH values of LMMA-G. Changes in pH 

can affect freshness, WHC, and texture (Park et al., 2017). 
An increase in pH affects the decomposition of proteins into 
alkaline ammonia and promotes microbial growth (Han et al., 
2024). However, when the pH value approaches the isoelectric 
point of proteins, pH 5.0-5.4, it may negatively affect the 
quality characteristics of protein-based food products such as 
meat analogs (Kim et al., 2022). Before and after extrusion, 
the pH values decreased with the addition of garlic, and this 
trend remained consistent post-extrusion. This decrease in pH 
is likely due to the inherently lower pH of garlic powder. In 
this study, although the pH decreased with the addition of 
garlic powder, the decreased pH did not correspond to the 
isoelectric point range of the protein, suggesting that the 
decrease in pH due to garlic powder did not directly affect 
the deterioration of quality. Shin et al. (2011) found that the 
pH of pork sausages decreased with the increased addition of 
black garlic extract, which is consistent with the results of 
this experiment.

3.8. Texture profile analysis (TPA) and cutting 
strength and degree of texturization

A single compression is one of the mechanical methods 

used to quantify the texture of food by determining 
parameters such as springiness, chewiness, and cohesiveness 
through force-time curves of the samples (Schreuders et al., 
2019). Table 2 shows the TPA results of low-moisture meat 
analogs with added freeze-dried garlic powder. The results 
indicate that the addition of garlic powder decreased both 
springiness and cohesiveness. Garlic has a higher fiber content 
compared to isolated soybean protein (Lee and Lee, 2011). 
Excessive addition of crude fiber can reduce the springiness 
and texture of meat analogs (Zhang et al., 2023). The higher 
fiber content in garlic powder weakens the binding force 
between the structures, leading to reduced springiness and 
cohesiveness.

The cutting strength, which is related to product quality, 
measures the cutting strength of meat analog samples in both 
longitudinal and transverse directions (Zahari et al., 2020). 
Cutting strength values indicate the force required to cut the 
samples and serve as an indicator of the texture formation of 
meat analogs. The degree of texturization evaluates the 
formation of fibrous structures (Chen et al., 2010). Table 2 
shows the cutting strength and degree of texturization results 
of low-moisture meat analogs with added freeze-dried garlic 
powder. The results suggest that as the garlic powder content 
increased, there were no significant differences in cutting 
strength and degree of texturization. This indicates that the 
addition of garlic powder did not affect the cutting strength 
and degree of texturization of isolated soybean protein.

3.9. Electronic nose
The electronic nose sensors identify differences in volatile 

compounds based on gas chromatography principles and classify 
odors according to aroma patterns (Ali et al., 2020). The 
electronic nose is widely used in various industries, including 
food, automotive, packaging, cosmetics, and pharmaceuticals 
(Wilson and Baietto, 2020). Fig. 4 presents the principal 
component analysis (PCA) results of the aroma components 
of ISP raw materials and LMMA-G powder, as analyzed by 
the electronic nose. The PCA results show that the value of 
first principal component (PC1) is higher than that of second 
principal component (PC2), indicating that PC1 contributes 
more to the aroma differences. Based on the PC1, the extruded 
meat analogs with garlic and the raw material before extrusion 
without garlic were located in the positive direction, and the 
raw material before extrusion with garlic was located in the 

Fig. 3. pH value of extruded meat analogs according to freeze- 
dried garlic powder content. 1)All values are mean±SD (n=3). 
Different superscript letters on the bars indicate significant differences 
at p<0.05 by Tukey (HSD) test.
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negative direction. Based on the PC2, the extruded meat 
analogs with garlic was located in the positive direction, and 
the raw material before extrusion and the extruded meat 
analogs without garlic were located in the negative direction. 
Through this, it was confirmed that the flavor of the product 
was clearly distinguished depending on whether garlic was 
added and before and after the extrusion process. This is 
believed to be because volatile flavor compounds were 
formed as proteins were decomposed into amino acids and 
peptides due to the high temperature inside the extruder 
(Jiang et al., 2024). In addition, allicin, a unique flavor 
component of garlic, is thought to have contributed to the 
distinction of flavor characteristics (Kwon, 2003).

The primary off-flavor compound in legume-based foods 

is hexanal. Inhibiting or masking the formation of off-flavor 
volatile compounds can improve consumer perception of 
plant-based meat analogs (Yuan et al., 2023). Table 3 shows 
the impact of adding garlic powder on the volatile aroma 
components of raw materials and meat analogs, as analyzed 
by the electronic nose. The results indicate that the peak 
areas at MXT-5FID1 column RT 49.78 and MXT-1701-FID2 
column RT 50.34 decreased with the addition of garlic 
powder. These peak areas correspond to hexanal components. 
Although there were no significant differences between raw 
materials before extrusion, the peak areas significantly decreased 
in the samples after extrusion. This indicates that the addition 
of freeze-dried garlic powder reduced the primary off-flavor 
component, hexanal, in isolated soybean protein.

Table 2. Textural properties and degree of texturization of low-moisture meat analogs according to different freeze-dried garlic contents

Garlic content
(%)

Springiness
(%)

Chewiness
(g)

Cohesiveness
(%)

Cutting strength 
parallel direction 
(g/cm2)

Cutting strength 
vertical direction 
(g/cm2)

Degree of 
texturization

0 0.86±0.011)a2) 325.42±46.09a 0.58±0.03a 239.73±46.60a 563.55±156.32a 2.38±0.53a

5 0.84±0.02ab 310.52±18.77a 0.52±0.04a 264.12±124.34a 601.81±181.12a 2.56±0.81a

10 0.82±0.01b 290.16±28.60a 0.51±0.01b 342.83±82.72a 757.09±175.82a 2.39±1.00a

1)All values are mean±SD (n=6).
2)Different superscript letters within a column indicate significant differences at p<0.05 by Tukey (HSD) test.

Fig. 4. Principal component analysis (PCA) plot of extruded meat analogs added with different amounts garlic powder.
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Table 3. Volatile compounds of extruded low-moisture meat analogs added with different content of freeze-dried garlic powder using 
electronic nose

Column RT1)

(min)
Peak area Compounds Sensory description

R0 R5 R10 G0 G5 G10

MXT-5FID1 22.45 4,589.09±
12.072)c3)

5,519.39± 
58.53b

6,688.27± 
98.49a

2,279.96± 
181.10d

5,521.80± 
303.19b

1,578.68± 
23.56e

propan-2-one Fruity, glue, solvent

24.99 - 18,702.33
±250.09d

35,849.71
±244.68a

1,602.47± 
53.06e

5,604.62± 
86.64b

7,086.27± 
54.05c

1-propanol Alcoholic, fruity, musty, plastic, pungent

37.32 85.61± 
5.16c

178.55± 
13.05b

259.45± 
17.29a

- - - pentan-2-ol fruity, green, plastic, pungent, sweet

43.62 - 340.87± 
21.43

555.83± 
8.04

- - - dimethyl 
disulfide

cabbage, onion, putrid, ripened cheese, sulfurous

49.78 3,050.25± 
26.51c

3,319.59± 
77.13c

3,169.11± 
50.50c

4,129.02± 
305.31b

1,007.15± 
20.88a

668.79± 
27.19d

Hexanal Acorn, aldehydic, fatty, fishy, fresh, fruity, grassy, 
green, herbaceous, leafy, sharp, strong, sweaty, 
tallowy, vinous

54.70 - 1,213.74± 
13.17

2,038.91± 
15.99

- - - [Z]-3-hexen-1-ol fresh, green, mossy

56.33 - 4,334.77± 
54.67

6,845.98± 
58.85

- - - 3-furanthiol,2-
methyl-

barbeque, broth, cured ham, fatty, meaty, nutty, 
onion, spicy, toasted

63.23 - 55.83± 
6.59

43.05± 
31.01

- - - 1-heptanol chemical, fresh, light green, nutty

65.72 - 610.15± 
12.37c

702.89± 
11.55b

792.09± 
11.26a

- - beta-Pinene green, musty, pine, resionous, sweet, turpentine, 
woody

75.59 - 10,681.83
±977.78

11,076.85
±83.35

- - - 3-nonenal Cucumber

MXT-1701-
FID2

17.83 - - 3,457.18± 
23.23

- - 257.88± 
8.04

Methanol Alcoholic, pungent, strong

25.19 - 283.98± 
13.71

- - - 118.88± 
6.30

Hexane Alkane, etheral, gasoline, kerosene

27.57 - 21,527.42
±113.52d

40,080.33
±224.34a

- 34,613.22±
624.46b

27,703.12
±73.91c

1-Propanol
2-methyl-

Alcoholic, bitter, chemical, fusel, glue, leek, 
licorice, musty, oil, solvent, sweet, unpleasant, 
winey

37.43 - 479.35± 
17.49

1,039.11± 
73.00

- - - Formic acid Acidic, pungent, vinegar

40.86 - - - 202.28± 
55.87

- 70.14± 
49.69

1-Hydroxy-2-
propanone

Caramelized, pungent, sweet

42.60 - - 141.96± 
43.91

- - 261.14± 
44.16

3-pentanol Fruity, green, nutty, oily, sweet

49.20 - - 190.50± 
11.09

211.24± 
16.95

- - Propanoic 
acid

Acidic, pungent, pungent (slightly), rancid, soy, 
vinegar

50.34 3,755.41± 
43.59c

4,096.66± 
88.75c

3,891.22± 
34.44c

5,412.69± 
299.34b

1,244.74± 
38.59a

884.93± 
10.29d

Hexanal Acorn, aldehydic, fatty, fishy, fresh, fruity, grassy, 
green, herbaceous, leafy, sharp, strong, sweaty, 
tallowy, vinous

51.69 - - - - 197.54± 
60.90

55.15± 
5.52

cyclopentanone Minty, peppermint

55.58 - 906.75± 
10.36

1,605.76± 
39.80

- - - [Z]-3-hexen-1-ol Earthy, floral, fresh, fruity, green, leafy, mossy, 
oily, petal

60.28 - 1,389.89± 
9.57

2,293.04± 
19.50

- - - 2-furanmethanol Alcoholic, bread, burnt sugar, caramelized, 
chemical, coffee, creamy, faint, fermented, musty, 
sweet, weak

1)RT, retention time; R0, raw materials with 0% freeze-dried garlic content; R5, raw materials with 5% freeze-dried garlic content; R10, raw materials with 10% 
freeze-dried garlic content; G0, extruded meat analogs with 0% freeze-dried garlic content; G5, extruded meat analogs with 5% freeze-dried garlic content; 
G10, extruded meat analogs with 10% freeze-dried garlic content.

2)All values are mean±SD (n=3).
3)Different superscript letters within a column indicate significant differences at p<0.05 by Tukey (HSD) test.
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1-Propanol is a volatile saturated alcohol. Saturated alcohols 
have weaker odor descriptions compared to unsaturated alcohols 
and contribute less to food aromas (Boo et al., 2021). The 
odor descriptions for 1-propanol detected at MXT-5FID1 
column RT 24.99 and MXT-1701-FID2 column RT 27.57 
included alcoholic, fruity, musty, plastic, and pungent smells. 
The peak areas of 1-propanol were relatively high in raw 
materials containing 5% and 10% freeze-dried garlic powder.

4. Conclusions
This study investigated the effects of adding freeze-dried 

garlic powder on the off-flavors and characteristics of 
extruded meat analogs. The results showed that with the 
addition of garlic powder, the number and area of pores in 
the isolated soybean protein, as well as the expansion ratio, 
decreased, leading to a reduction in water-holding capacity. 
Additionally, the values for springiness, cohesiveness, cutting 
strength, degree of texturization, and integrity index also 
decreased, while the nitrogen solubility index, which is 
inversely related to the integrity index, increased. The 
electronic nose  indicated that the peak area of hexanal, an 
off-flavor component in soybeans, decreased with the addition 
of garlic. Therefore, adding garlic reduces the texture quality 
of extruded meat analogs, it effectively decreases the off- 
flavor components of soybeans, suggesting that garlic has 
potential as an additive to reduce off-flavors in plant-based 
meat analogs.

Funding
None. 

Acknowledgements
This work was supported by the National Research Foundation 
of Korea (NRF) grant funded by the Korea government 
(MSIT) (No. NRF-2022R1C1C1011094).

Conflict of interests
The authors declare no potential conflicts of interest.

Author contributions 
Conceptualization: Lee Y, Gu BJ. Methodology: Lee Y, Gu 
BJ. Formal analysis: Lee Y. Validation: Lee Y, Gu BJ. 
Writing - original draft: Lee Y, Zhang Y, Gu BJ. Writing - 
review & editing: Lee Y, Zhang Y, Gu BJ.

Ethics approval
This article does not require IRB/IACUC approval because 
there are no human and animal participants.

ORCID 
Yunju Lee (First author)
https://orcid.org/0009-0008-6665-6527
Yu Zhang
https://orcid.org/0000-0003-2938-2375
Bon-Jae Gu (Corresponding author)
https://orcid.org/0000-0002-1805-7908

References
Ali MM, Hashim, Abd Aziz S, Lasekan O. Principles and 

recent advances in electronic nose for quality inspection 
of agricultural and food products. Trends Food Sci 
Technol, 99, 1-10 (2020)

Boo CG, Hong SJ, Shin EC. Comparative evaluation of the 
volatile profiles and taste properties of commercial 
coffee products using electronic nose, electronic tongue 
and GC/MSD. J Korean Soc Food Sci Nutr, 50, 810-822 
(2021)

Chen FL, Wei YM, Zhang B, Ojokoh AO. System parameters 
and product properties response of soybean protein 
extruded at wide moisture range. J Food Eng, 96, 208- 
213 (2010)

Daun JK, DeClercq DR. Comparison of combustion and 
Kjeldahl methods for determination of nitrogen in 
oilseeds. J Am Oil Chem Soc, 71, 1069-1072 (1994)

Gerber PJ, Steinfeld H, Henderson B, Mottet A, Opio C, 
Dijkman J, Falcucci A, Tempio G. Tackling Climate 
Change through Livestock: A Global Assessment of 
Emissions and Mitigation Opportunities. Food and 
Agriculture Organization of the United Nations (FAO), 
Rome, Italia, p 100-155 (2014)

Gerland P, Raftery AE, Ševčíková H, Li N, Gu D, 
Spoorenberg T, Alkema L, Fosdick BK, Chunn J, Lalic 
N, Bay G, Buettner T, Heilig GK, Wilmoth J. World 
population stabilization unlikely this century. Science, 
346, 234-237 (2014)

Gu BY, Ryu GH. Effects of barrel temperature and addition 
of corn starch on physical properties of extruded soy 
protein isolate. J Korean Soc Food Sci Nutr, 47, 
485-491 (2018)

Han JH, Keum DH, Kothuri V, Kim YJ, Kwon HC, Kim DH, 
Jung HS, Han SG. Enhancing emulsion, texture, 
rheological and sensory properties of plant-based meat 
analogs with green tea extracts. Food Chem: X, 24, 
101807 (2024)



Garlic reduces off-flavors in soy meat with enhanced quality

188 https://doi.org/10.11002/fsp.2025.32.2.178

Han O, Lee SH, Lee HY, Oh SL, Lee CH. The effects of 
screw speeds and moisture contents on soy protein under 
texturization using a single-screw extruder. Korean J 
Food Sci Technol, 21, 772-779 (1989)

Haritha D, Vijayalakshmi V, Gulla S. Development and 
evaluation of garlic incorporated ready-to-eat extruded 
snacks. J Food Sci Technol, 51, 3425-3431 (2014)

Iassonova DR, Johnson LA, Hammond EG, Beattie SE. 
Evidence of an enzymatic source of off flavors in 
“Lipoxygenase-Null” soybeans. J Am Oil Chem Soc, 
86, 59-64 (2009)

Jeong CH, Lee SH, Kim HY. Quality and sensory properties 
of HMR-type pork tteokgalbi containing roasted garlic 
powder. Korean J Food Sci Technol, 53, 601-606 (2021)

Jiang W, Yang X, Li L. Flavor of extruded meat analogs: A 
review on composition, influencing factors and analytical 
techniques. Curr Res Food Sci, 8, 100747 (2024)

Kang JR, Kim GM, Hwang CR, Cho KM, Hwang CE, Kim 
JH, Kim JS, Shin JH. Changes in quality characteristics 
of soybean paste doenjang with addition of garlic during 
fermentation. Korean J Food Cook Sci, 30, 435-443 
(2014)

Kim HW, Choi JH, Choi YS, Han DJ, Kim HY, Lee MA, 
Shim SY, Kim CJ. Effects of wheat fiber and isolated 
soy protein on the quality characteristics of frankfurter- 
type sausages. Korean J Food Sci Ani Resour, 29, 
475-481 (2009)

Kim JM, Jeon GI, Park EJ. Protective effect of garlic (Allium 
sativum L.) extracts prepared by different processing 
methods on DNA damage in human leukocytes. J 
Korean Soc Food Nutr, 39, 805-812 (2010)

Kim MR, Mo EK, Kim SH, Sok DE. Inhibition of 
lipoxygenase activity by the extract of various processed 
garlic. Korean Soc Food Nutr, 22, 280-285 (1993)

Kim TK, Yong HI, Cha JY, Park SY, Jung S, Choi YS. 
Drying-induced restructured jerky analog developed using 
a combination of edible insect protein and textured 
vegetable protein. Food Chem, 373, 131519 (2022)

Kim YA. Soy protein: A high-quality, plant-based protein. 
Food Sci Ind, 51, 270-277 (2018)

Kollmann N, Schreuders FKG, Zhang L, van der Goot AJ. 
On the importance of cooling in structuring processes 
for meat analogues. J Food Eng, 350, 111490 (2023)

Kołodziejczak K, Onopiuk A, Szpicer A, Poltorak A. Meat 
analogues in the perspective of recent scientific research: 
A review. Foods, 11, 105 (2022)

Kwon SK. Organosulfur compounds from allium sativum and 
physiological activities. J Appl Pharmacol, 11, 8-32 
(2003)

Kyriakopoulou K, Keppler JK, van der Goot AJ. Functionality 
of ingredients and additives in plant-based meat analogues. 
Foods, 10, 600 (2021)

Lee JJ, Lee HJ. Physicochemical composition of baked 
garlic. Food Sci Preserv, 18, 575-583 (2011)

Lin S, Huff He, Hsieh F. Extrusion process parameters, 
sensory characteristics, and structural properties of a 
high moisture soy protein meat analog. J Food Sci, 67, 
1066-1072 (2002)

Maheshwari P, Murphy PA, Nikolov ZL. Characterization and 
application of porcine liver aldehyde oxidase in the 
off-flavor reduction of soy proteins. J Agric Food 
Chem, 45, 2488-2494 (1997)

Monti M, Gibson M, Loureiro BA, Sá FC, Putarov TC, 
Villaverde C, Alavi S, Carciofi AC. Influence of dietary 
fiber on macrostructure and processing traits of extruded 
dog foods. Anim Feed Sci Technol, 220, 93-102 (2016)

Park CK. Climate change; Its impacts and our strategy to 
address it. J Korean Soc Environ Eng, 30, 1179-1182 
(2008)

Park JH, Chatpaisarn A, Ryu GH. Effects of gluten and 
moisture contents on texturization of extruded soy 
protein isolate. J Korean Soc Food Sci Nutr, 46, 473- 
480 (2017)

Samard S, Gu BY, Ryu GH. Effects of extrusion types, screw 
speed and addition of wheat gluten on physicochemical 
characteristics and cooking stability of meat analogues. 
J Sci Food Agric, 99, 4922-4931 (2019)

Samard S, Ryu GH. Physicochemical and functional 
characteristics of plant protein-based meat analogs. J 
Food Process Preserv, 43, e14123 (2019)

Schreuders FKG, Dekkers BL, Bodnár I, Erni P, Boom RM, 
van der Goot AJ. Comparing structuring potential of pea 
and soy protein with gluten for meat analogue 
preparation. J Food Eng, 261, 32-39 (2019)

Sha L, Xiong YL. Plant protein-based alternatives of 
reconstructed meat: Science, technology, and challenges. 
Trends Food Sci Technol, 102, 51-61 (2020)

Shin JH, Kang MJ, Kim RJ, Sung NJ. The quality 
characteristics of sausage with added black garlic 
extracts. Korean J Food Cookery Sci, 27, 701-711 
(2011)

Song DB, Koh HK, Kim YH. Analysis of the TPP 
(texturization of plant protein) production process using 
twin screw extruder. J Biosyst Eng, 19, 42-49 (1994)

Starcher B. A ninhydrin-based assay to quantitate the total 
protein content of tissue samples. Anal Biochem, 292, 
125-129 (2001)

Tahir Z, Saeed F, Nosheen F, Ahmed A, Anjum FM. 
Comparative study of nutritional properties and 
antioxidant activity of raw and fermented (black) garlic. 
Int J Food Prop, 25, 116-127 (2022)

Tumuluru JS, Sokhansanj S, Bandyopadhyay S, Bawa AS. 
Changes in moisture, protein, and fat content of fish and 
rice flour coextrudates during single-screw extrusion 



Food Sci. Preserv., 32(2) (2025)

https://www.ekosfop.or.kr 189

cooking. Food Bioprocess Technol, 6, 403-415 (2013)
Villmow T, Kretzschmar B, Potschke P. Influence of screw 

configuration, residence time, and specific mechanical 
energy in twin-screw extrusion of polycaprolactone/ 
multi-walled carbon nanotube composites. Compos Sci 
Technol, 70, 2045-2055 (2010)

Wilson AD, Baietto M. Applications and advances in electronic- 
nose technologies. Sensors, 9, 5099-5148 (2009)

Woldeyes MA, Qi W, Razinkov VI, Furst EM, Roberts CJ. 
Temperature dependence of protein solution viscosity 
and protein-protein interactions: Insights into the origins 
of high-viscosity protein solutions. Mol Pharm, 17, 4473- 

4482 (2020)
Yuan J, Qin F, He Z, Zeng M, Wang Z, Chen J. Influences 

of spices on the flavor of meat analogs and their 
potential pathways. Foods, 12, 1650 (2023)

Zahari I, Ferawati F, Helstad A, Ahlstrom C, Ostbring K, 
Rayner M, Purhagen JK. Development of high-moisture 
meat analogues with hemp and soy protein using 
extrusion cooking. Foods, 9, 772 (2020)

Zhang X, Zhao Y, Zhao X, Sun P, Zhao D, Jiang L, Sui X. 
The texture of plant protein-based meat analogs by high 
moisture extrusion: A Review. J Texture Stud, 54, 351- 
364 (2023)


