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Abstract  Acrylamide (AA) is a potentially harmful compound found especially in foods cooked at high 
temperatures. The formation of AA has been linked to various health problems, including cancer. This study 
investigates the effect of different thawing methods (microwave, refrigerator, and water immersion) and cooking 
methods (air frying and deep fat frying) on AA formation. Fish meat, chicken breast, thigh, and wing samples were 
used. The samples were air-fried and deep-fat fried after different thawing methods. AA was analyzed by gas 
chromatography -mass spectrophotometer (GC-MS). The acrylamide levels of the deep-fat-fried chicken meats 
ranged from n.d. (not detected) to 79.40±9.52μg/kg, whereas those of the air-fried chicken meats ranged from n.d. to 
60.00±9.12 μg/kg. The acrylamide levels of the deep-fat-fried fish meats ranged from 60.00±9.98 to 
64.40±4.93μg/kg, whereas those of the air-fried fish meats ranged from 50.00±9.12 to 60.75±6.75μg/kg. These 
results show that AA formation in fish and chicken meat was lower in air frying than in deep fat frying. This 
suggests that air frying could be a healthier alternative. On the other hand, the effectiveness of thawing methods is 
not significant, indicating that the use of various thawing methods does not have a significant effect on AA 
formation. These findings indicate that air frying is a promising method with the potential to produce healthy fried 
products in terms of AA formation. 
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1. Introduction 

Acrylamide (AA) is a potentially neurotoxic and cancer-
causing chemical formed when foods high in carbohydrates 
and protein are exposed to temperatures above 120°C [1]. 
Studies have shown that AA levels can range from <10ng/g 
-8000ng/g depending on the product [2]. Even within the 
same food group, AA levels can vary significantly [3]. 

Many studies have shown that high consumption of 
processed meat can increase the risk of cancer in humans 
(breast, prostate, colorectal, ureter and pancreatic). 
Because the high cooking temperatures used in their 
production can cause high levels of carcinogenic 
compounds such as AA [4,5,6]. Classified as a probable 
carcinogen (Group 2A) for humans by the International 
Agency for Research on Cancer (IARC), AA is also 
formed when frying fish and chicken [5,7]. 

The Joint FAO/WHO Expert Committee on Food 
Additives proposed two different BMDL10 (lower limits 
on the benchmark dose for a 10% response) values for AA: 

0.31mg/kg BW/day for the induction of mammary tumors 
in rats and 0.18mg/kg BW/day for Harderian gland tumors 
in mice. These values were determined based on scientific 
evidence and are objective measures of the dose-response 
relationship [8]. 

Since the formation of carcinogenic compounds such as 
AA in fish and chicken meat poses a significant risk to 
human health, studies are needed to determine alternative 
cooking methods that produce healthier products without 
compromising texture, flavor, taste characteristics and 
appearance [9,10,11]. Some studies have investigated 
limiting the formation of carcinogenic compounds through 
the use of pre-cooking methods such as microwave pre-
thawing, pre-drying and low-pressure frying [12,13,14]. 
An additional way to reduce the formation of carcinogenic 
compounds is to use a different cooking method. For 
example, air frying can often be used as a substitute for 
deep-frying. This method allows to produce fried foods 
using a small amount of oil. This technology allows for a 
90% reduction in the fat content of fried products [10]. 

Despite the abundance of studies to assess the effect 
and levels of AA formation in fried foods, few studies 
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have examined the effect of thawing and frying methods 
on AA formation in foodstuffs. Therefore, we investigated 
AA formation in fish, chicken breasts, thighs and wings 
frozen at -20°C, thawed in the microwave, in the 
refrigerator and by immersion in water, followed by air 
frying and deep-fat frying. 

2. Materials and Methods 

2.1. Food Samples 
Fish (Salmo trutta), skinless chicken breasts as thighs and 

wings with skin were purchased from a local food market. 
Sunflower oil for frying were purchased from national 
markers, used for frying the chicken and fish samples. 

2.2. Chemicals 
Acrylamide (%>99) and 13C3 laballed acrylamide 

(%>99) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). The solvents and chemicals used in this study 
were of analytical purity. 

2.3. Freezing and Thawing Processes 
In the study, 30 fish, 30 chicken thighs, 30 chicken 

wings and 30 chicken breast samples of approximately 
100g were used. Samples were frozen in polypropylene 
containers at -20oC for 24 hours. Frozen fish and chicken 
samples were subjected to thawing in the microwave, in 
the refrigerator and by immersion in water before frying. 
The thawing practices used in this study are as follows: 
Microwave thawing (Arçelik, MD574, Turkey) at 120W 
for 10 minutes; refrigerator thawing (Vestel NF52101 451 
Lt No-Frost Refrigerator, Turkey) at 4°C for 24 hours; and 
water thawing by immersion in distilled water at 20°C for 
1 hour (water was replaced after 30 minutes). These 
thawing practices are recommended by the United States 
Department of Agriculture (USDA) as safe defrosting 
methods. Cooking was performed immediately after 
thawing to avoid contamination [15]. 

2.4. Frying Processes 
Chicken and fish samples were fried in sunflower oil. 

Each frying experiment consisted of 5 consecutive 
sessions. Deep-fat frying was performed in an electric 
deep fryer (Deep Fryer Electric Double ZH-904) with 5L 
oil capacity. Temperature changes during oil frying were 
controlled using a calibrated K-type thermocouple (Fluke 
51 II, Wash., U.S.A.) with a stainless steel probe 
immersed in oil. An air fryer (Philips Airfryer 7000, 
Turkey) with adjustable temperature up to 200°C, 2.2L 
capacity and 2200W power was used for air frying. Once 
the oil temperature reached 180 ± 5°C and stabilized for 
10 min, samples were fried in oil 10 min.and air fryer. 
Fresh oil was used for each frying experiment. After 
frying, the samples were dried on paper towels, cooled to 
room temperature, crushed and homogenized using a 
blender (Arzum AR1108-S Smarty Neo 900W, Turkey). 
The homogenized samples were immediately analyzed. 

2.5. Determination of Acrylamide Content 
Weighed 1g of the homogenized sample was placed in 

50mL tubes, to which 10mL of water and 13C3 acrylamide 
(1mL, 100ng/mL) were added. The tube was shaken at 
250rpm for 20 min, then centrifuged at 12000rpm for 5 
min (Hettich Universal 320 R, Germany) and filtered 
through a 0.45μm polivinidenflorit (PVDF) syringe filter. 
The filtrate was degreased by adding 5mL n-hexane. The 
aqueous phase was subjected to bromination (1.5g KBr, 
1mL 0.1mol/L HBr + KBrO3) overnight. Excess bromine 
was removed with sodium hyposulphite (1mL, 0.1mol). 
The sample was then extracted 2 times with 5mL 
ethylacetate and collected. The extract was evaporated to 
dryness, the dried extract was dissolved in 100µL 
ethylacetate and 5µL of the solution was injected into the 
GC-MS system [16]. 

2.6. GC-MS Analysis  
The analysis was performed using a GC-MS QP2010 

system (Shimadzu, Kyoto, Japan) and a Teknokroma TRB-
225 (0.25mm x0.25μm x 0.30m) column (Barcelona, Spain). 
The injection port temperature was set to 240°C, the detector 
temperature to 250°C, the ion source temperature to 210°C, 
and the oven temperature ranged from 70-260°C. Helium 
was used as the carrier gas with a flow rate of 1mL/min, and 
the injection volume was 5µL. The identification mode was 
SIM, and the target ions were set at m/z 135, 137, 152, and 
155. The results were calculated by taking the mean value of 
three injections for each sample [16]. 

2.7. Method Quality Control  
The calibration curve was generated using six different 

amounts of the standard solution (50, 70, 90, 110, 130, 
150ppb) through injection. The null method was utilized 
to calculate the limit of detection (LOD) and limit of 
quantification (LOQ) values. For LOD determination, a 
signal-to-noise ratio of 3:1 was used, and for LOQ 
determination, the value of baseline noise in the 
chromatogram of the blank samples was multiplied by 10. 

2.8. Recovery Performance  
The method's performance was evaluated through the 

recovery method. Two different concentrations of AA 
(50μg/L and 100μg/L) were added to the samples, and the 
validated extraction and detection method was applied. 
The analysis was repeated three times, and the mean 
recovery (%) and standard deviation (SD) were calculated. 

2.9. Data Analysis 
The statistical analysis of the data was performed using 

the IBM SPSS Statistics Version 22.0 package program. 
Descriptive statistics, such as mean and standard deviation, 
were used to analyze AA levels. A three-way analysis of 
variance was conducted to determine the differences in 
mean values for different thawing and frying methods on 
the samples. Statistical significance was considered at p < 
0.001 for all tests. 
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3. Results 

3.1. Method Validation  
Figure 1 depicts the retention times of the acrylamide 

standard and internal standard in the GC-MS chromatograms 
of a typical chicken meat sample. In chicken and fish meat 
LOD, LOQ and recovery values in Table 1 and Table 2. The 
methods coefficient of determination (R2) was 0.996. 

3.2. Thawing and Frying Methods on the 
Contents of Acrylamide in Chicken Meat 

The AA content of the air-fried and deep-fat-fried 
chicken breast, thigh, and wing samples was determined 
following thawing in a microwave, in a refrigerator, and by 
immersion in water. The effects of the frying method on 
acrylamide formation were examined using the same 
thawing methods and the same chicken meat part (Table 3). 

The acrylamide (AA) levels of the deep-fat-fried 
chicken meats ranged from below the limit of detection 
(not detected) to 79.40±9.52μg/kg, whereas those of the 
air-fried chicken meats ranged from below the limit of 
detection to 60.00±9.12μg/kg. Overall, the deep-fat-fried 
samples exhibited significantly higher acrylamide levels 
than the air-fried samples, with the exception of the thigh 
and wing parts thawed in a refrigerator (p<0.001). For this 
study, deep-fat frying was conducted using sunflower oil 
for 10 minutes, whereas air frying was performed without 
an oil spray for 10 minutes, the air-fried chicken meat 
samples exhibited lower acrylamide levels. 

The impact of various thawing methods (microwave, 
refrigerator, water immersion) on the formation of 
acrylamide was evaluated using the same frying method 
and the same chicken meat part. No significant differences 

were observed (p>0.001), except for the deep-fat-fried 
thigh meat thawed using a microwave. 

The formation of acrylamide in chicken breasts, thighs, 
and wings thawed and fried using identical methods was 
investigated. In general, regardless of the frying method 
employed, the chicken wings exhibited the highest 
acrylamide contents, followed by the chicken thighs and 
the breast meat. No significant differences were observed 
among the air-fried chicken meat parts. However, the 
deep-fat-fried chicken wings exhibited significantly higher 
acrylamide contents than the breast and thigh samples. 
These findings may be attributed to the varying fat content 
of the chicken meat samples. 

 
Figure 1. Typical gas chromatography–mass spectrometry (GC-MS) 
chromatograms for the acrylamide standard (100μg/kg) and the internal 
standard (50μg/kg) in deep-fat-fried chicken wing samples after thawing 
by water immersion 

Table 1. LOD, LOQ and recovery values of analyzed chicken samples 

Frying 
Method Thawing Method Chicken Part Number of 

samples 

LOD 
(µg/kg) 

 

LOQ (µg/kg) 
 

% recovery (50µg/kg) 
 

% recovery 
(100µg/kg) 

 

Air Frying 

Microwave 
Breasts 5 10 30 78±35 90±8 
Thighs 5 10 31 79±45 89±7 
Wings 5 11 32 77±65 90±9 

Refrigerator 
Breasts 5 10 32 80±55 87±65 
Thighs 5 10 30 77±36 89±95 
Wings 5 10 32 79±15 90±45 

Water immersion 
Breasts 5 11 30 78±25 88±75 
Thighs 5 10 32 80±65 89±85 
Wings 5 10 31 79±15 89±3 

Deep-fat 
Frying 

Microwave 
Breasts 5 10 30 80±95 90±15 
Thighs 5 10 31 78±45 89±25 
Wings 5 11 30 79±15 88±55 

Refrigerator 
Breasts 5 10 33 78±4 89±7 
Thighs 5 10 32 79±3 90±95 
Wings 5 11 30 77±85 91±75 

Water immersion 
Breasts 5 10 31 779±6 87±7 
Thighs 5 10 32 80±75 89±4 
Wings 5 11 30 81±45 88±45 
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Table 2. LOD, LOQ and recovery values of analyzed fish samples 

Frying Method Thawing Method Number of 
samples LOD (µg/kg) LOQ (µg/kg) 

 

% recovery 
(50µg/kg) 

 
% recovery (100µg/kg) 

Air Frying 
Microwave 5 10 30 78±45 89±75 
Refrigerator 5 11 31 79±55 90±35 

Water immersion 5 10 30 80±5 87±75 

Deep-fat Frying 
Microwave 5 10 30 80±25 90±1 
Refrigerator 5 11 32 78±65 90±8 

Water immersion 5 10 30 79±8 89±7 

Table 3. Acrylamide levels of air-fried and deep-fat-fried chicken meats thawed using a microwave, a refrigerator, and water immersion 

Frying 
method Thawing method Chicken 

part 
Number of 

samples 
Level 
µg/kg 

Frying 
method için p 

değeri 

Thawing 
method için p 

değeri 

Chicken 
part için p 
değeri 

Air frying 

Microwave 
Breasts 5 n.d. 

<0.001 0.905 <0.001ab 

Thighs 5 n.d. 
Wings 5 60.00±9.12 

Refrigerator 
Breasts 5 n.d. 
Thighs 5 50.00±9.12 
Wings 5 53.75±6.07 

Water immersion 
Breasts 5 n.d. 
Thighs 5 46.5±5.44 
Wings 5 50.25±4.11 

Deep-fat 
frying 

Microwave 
Breasts 5 n.d. 

Thighs 5 55.20±7.49 

Wings 5 74.80±9.36 

Refrigerator 
Breasts 5 59.80±8.84 
Thighs 5 54.40±8.11 
Wings 5 72.20±6.49 

Water immersion 
Breasts 5 55.80±7.46 
Thighs 5 69.80±7.46 
Wings 5 79.40±9.52 

a: wings difference according to breast region, b: wings difference according to thighs region 
For frying method*chicken part p =0.029  
For frying method*thawing method p=0.005  
Thawing method* chicken part p=0.045 
Frying method*chicken part* thawing method p=0.335 

Table 4. Acrylamide levels of air-fried and deep-fat-fried fish meats thawed using a microwave, a refrigerator, and water immersion 

Frying method Thawing method Number of 
samples 

level 
µg/kg 

Frying method için p 
değerleri 

Thawing method 
için p değeri 

Air frying 
Microwave 5 50.00±9.12 

0.041 0.078 

Refrigerator 5 60.50±10.84 
Water immersion 5 60.75±6.75 

Deep-fat frying 
Microwave 5 60.50±9.98 
Refrigerator 5 64.40±4.93 

Water immersion 5 62.50±6.45 

Frying method*thawing method p=0.404 

3.3. Thawing and Frying Methods on the 
Contents of Acrylamide in Fish 

The AA contents of air-fried and deep-fried fish samples, 
which were thawed in the microwave, refrigerator and by 
immersion in water after are presented in Table 4. 

The AA levels of the deep-fat-fried fish meats ranged 
from 60.00±9.98 to 64.40 ± 4.93μg/kg, whereas those of 
the air-fried fish meats ranged from 50.00±9.12 to 
60.75±6.75μg/kg. Overall, the deep-fat-fried samples 
exhibited significantly higher AA levels than the air-fried 
samples. For this study, deep-fat frying was conducted 
using sunflower oil for 10 min, whereas air frying was 
performed without an oil spray for 10 min andthe air-fried 

fish meat samples exhibited lower AA levels.  
In general, the deep-fat-fried samples exhibited 

significantly higher AA levels than the air-fried samples. 
In this study, deep-fat frying was conducted using sunflow 
oil for 10 min, whereas air frying was performed without 
an oil spray for 10 min. and the air-fried fish meat samples 
exhibited lower AA levels. 

4. Discussion 

High temperature (>120°C) processing of foods 
containing lipids and free amino acids, especially 
carbohydrates, leads to the formation of AA. Numerous  
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studies in different countries have proven the presence of 
AA in processed ready-to-pack products (such as potato 
chips, corn chips, biscuits, baby biscuits, bagels, bread, 
cake, chickpeas, roasted peanuts, roasted nuts, pretzels etc.) 
[17,18]. Particularly high levels were found in potato 
products such as potato chips, French fries, fresh or pre-
cooked, ready-to-eat French fries (average levels 239-
368mg/kg) [19]. In addition, it was reported that the AA 
content of pre-prepared or heat-treated products increased 
after cooking [20,21]. AA formation occurs not only in 
ready-made products but also in foods heat-treated at 
home. High temperatures during cooking and long-term 
cooking increase AA formation [22]. AA plays a role in 
the pathogenesis of cancer and neurological diseases 
[1,23]. Constant and high exposure to AA-containing 
foods increases the risk of associated diseases. For this 
reason, in recent years, many studies have been conducted 
on reducing AA levels in foods [20,24,25,32]. 

The levels of AA formed by high heat are affected by 
the cooking method of the food product. To investigate 
this effect, Michalak et al. (2016) subjected heat-treated 
croquettes filled with meat to baking, deep-frying, pan-
frying and microwave cooking. The results showed that 
baking, deep-frying, pan-frying, and microwave cooking 
produced 360µg/kg, 298µg/kg, 285µg/kg, and 420µg/kg 
of AA, respectively. The high levels of AA in products 
produced by the oven method were explained by the fact 
that AA is mainly formed in the outer layer exposed to 
heat and heat transfer is more efficient during convection 
heating (oven) than during contact heating (pan and deep 
frying). Increasing the temperature of the product surface 
increases the formation of AA, which occurs mainly on 
and near the surface [20]. This is because the conditions in 
those parts of the product become favourable for AA 
formation as a result of simultaneous drying [26]. In 
addition, the fact that cooking in the oven produces higher 
AA than frying is due to the high temperature and long 
cooking time [20,27,28,29]. Among these compared 
cooking methods, microwave ovens are one of the most 
widely used methods as a means of rapid food heating in 
daily life. Some studies on the effect of cooking methods 
on AA formation have shown that microwave heating 
method has a higher AA formation potential than other 
cooking methods such as frying and roasting [20,28,29]. 
Microwaves provide a rapid temperature increase in foods 
thanks to their capacity to generate heat energy inside the 
food and because they operate under high pressure to meet 
high heating temperature requirements [20,29]. However, 
reducing the microwave power reduces the formation of 
AA. But, AA formation still remains high compared to 
other cooking methods [28]. 

In this study in which airfry fried and deep-fat fried 
cooking methods were compared, it was found that airfry 
fried cooking method produced lower AA than deep-fat 
fried. Although the same temperature and cooking time 
(180±5°C 10 min) were used in both cooking methods, the 
reason for this difference in AA formation is that the 
Maillard reaction is much faster in deep-fat fried than in 
airfry fried. Because although the temperature is the same, 
the two technologies are different from each other in terms 
of mass and heat transport kinetics [30]. Previous studies 
have found that deep-frying produces less AA compared 

to microwave and oven-frying [20,28,29]. In this study, it 
was concluded that airfry fried is healthier in terms of AA 
than deep-fat fried. 

Besides the cooking method, temperature and time, 
there are also different factors that affect AA formation. 
For example, in a study investigating the effect of frying 
cycle and oil type on AA formation in beef nuggets, it was 
shown that the oil type significantly affected AA 
formation. Among the different oils examined, the lowest 
AA concentration was found in palm oil [24]. Oils with 
high unsaturation are more sensitive to heat treatment, 
which contributes to AA formation [25]. In fact, using a 
water-oil mixture in the frying process results in less 
oxidation reaction in the frying oil and lower AA levels in 
the product [25]. Soncu and Kolsarici (2017) were found 
that marinating chicken meat in green tea extract reduced 
AA formation in the samples during pan-frying and steam 
baking heat treatments. And also in a study investigating 
the effect of different thawing processes on AA formation, 
it was determined that AA was not affected by thawing 
methods [32]. The findings of the current study also 
confirm that different thawing methods in chicken and fish 
meat do not affect AA levels after cooking. In the same 
study, no significant difference was found between 
chicken meat pieces in terms of AA content [32]. Similar 
to the findings of Lee et al. (2020) our results show that 
the AA content in chicken wings is higher than that in 
thighs and breasts in the deep-fat frying method, which 
may be due to the fat content of the chicken pieces. 

5. Conclusion 

In this study, we examined the effects of various 
thawing and frying methods on AA formation in chicken 
and fish meats. In chicken meat, we found that thawing 
methods had no effect on AA formation, but air frying 
contained less AA compared to deep frying. In fish meat, 
we found that different thawing and frying methods had 
no effect on AA formation. The results of our research 
show that air-frying leads to lower AA formation 
compared to deep frying. These findings indicate that air 
frying is a promising method with the potential to produce 
healthy fried products in terms of AA formation. 
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