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Abstract 

Perfluorinated compounds (PFCs) are widely used in industries, and have become common environmental pollutants. 
Consumption of aquatic foods and its processed products can result in the accumulation and maintenance of PFCs 
in organs of human body, which can lead to toxic consequences and poisoning. The aim of this study was to evaluate 
the reducing effects of PFC contents in fish cake and swimming crab by different cooking conditions. Fish cake was 
processed with blanching, boiling, frying, stir‑frying and swimming crab was pretreated with soaking and cooked by 
steaming and stewing. The change of PFCs were determined using LC–MS/MS. Boiling reduced the total PFCs in fish 
cake by up to 45.9%. As for swimming crab, soaking, steaming and stewing have reduced 65.7%, 17.6% and 13.3% of 
PFCs, respectively. These results suggest that cooking method involving water addition and high‑temperature heating 
would be effective at reducing PFCs (PFOA especially) in food.
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Introduction
Perfluorinated compounds (PFCs) are widely used in 
the processing of several industrial products such as 
varnishes, paper, and coating agents owing to their spe-
cific physical and chemical properties, including heat 
resistance, acid and alkali resistance, and hydrophobic-
ity [1]. Leaked PFCs easily spread in nature, especially 
through water-containing substances [2], and are thus 
increasingly detected in drinking water and domestic 
water in densely populated areas [3]. Once these com-
pounds enter the body, they will continue to accumulate 
and affect the organs, leading to serious disease or poi-
soning when accumulated at sufficient concentrations 
[4]. Among the common PFCs, perfluorooctanoic acid 
(PFOA) and perfluorooctane sulfonate (PFOS) are the 
most environmentally stable and detectable, and their 

half-life exceeds 41 years, thus representing a significant 
environmental and health hazard [5]. Squadrone et  al. 
[6] reported that PFOA and PFOS were considered as 
developmental toxicants and could have negative effects 
on fertility. It has been reported that benchmark dose 
lower confidence level (BMDL)10 for PFOS and PFOA are 
30.5 μg/kg b.w./day and 0.3 mg/kg b.w./day, respectively 
[7, 8] and the tolerable daily intake (TDI) for PFOS and 
PFOA are established as 150 ng/kg b.w./day and 1500 ng/
kg b.w./day, respectively [7].

Previous studies have shown that food sources, espe-
cially aquatic foods, are the main exposure pathways of 
PFCs to humans [6, 9]. According to the total diet study 
in western countries (2009), diet was the main exposure 
pathway of PFCs to human and PFOS and PFOA were 
the two PFCs with the highest daily exposure [10]. Fur-
thermore, a survey of PFCs exposure in US also showed 
that the ingestion of drinking water or food which con-
taminated with PFCs was the most important route of 
exposure for general population [11]. Koreans are major 
consumers of fish and processed fish products, and also 
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use a variety of cooking methods to prepare seafood or 
its processed products. Since fish has been reported to 
contain higher levels of PFCs than other food items [11], 
fish cakes made from fish-based ingredients have become 
a high-risk source of PFCs for humans in the daily diet.

Swimming crab (Portunus trituberculatus) is one of 
the most important marine economic crabs and its pro-
duction reached 605,632 tons in 2016, making it became 
one of the most common edible crab [12]. Swimming 
crab also has important economic value with a long his-
tory of consumption in South Korea [13]. Along with 
fish cake, swimming crab has ranked at the forefront of 
nationwide seafood consumption for the last several 
years according to the Korean National Food & Nutri-
tion Statistics report conducted by the Korea Health 
Industry Development Institute (2015) [14]. However, 
the high consumption of swimming crab is also accom-
panied by high-risk of health. Swimming crabs caught in 
the sea near Korea have been detected to contain a con-
siderable amount of PFCs, with the main harmful sub-
stances detected being PFOS and PFOA [15]. Since the 
content of PFCs in ingredients, especially seafood and 
its processed products, directly threatens the health of 
consumers, increasing research attention has focused on 
the use of various cooking methods to reduce the PFCs 
in the corresponding ingredients, such as steaming, bak-
ing, and frying, among others [16]. However, there is still 
controversy related to these results, and effective cooking 
methods for PFC reduction remains unclear. Despite the 
high number of studies focused on PFC monitoring and 
exposure, including analysis of the concentration of the 
compound in various exposure sources, there is still an 
overall lack of data to support the effect of pretreatment 
and various cooking methods on the change of PFCs in 
food [17].

Therefore, this study aimed to analyze and evaluate the 
effects of different types of pretreatments and cooking 
methods on the changes of PFCs in fish cake and swim-
ming crab, as the two great high-risk food sources for 
PFCs in Korea. The fish cake was blanched for different 
times as a pretreatment, and then cooked by boiling, fry-
ing, and stir-frying. Swimming crab was pretreated with 
soaking and then cooked according to the most com-
monly used cooking methods including steaming, boil-
ing, and marinating. The effects of the pretreatments 
and cooking treatments on the change in the PFC con-
tent were analyzed using liquid chromatography-tandem 
mass spectrometry (LC–MS/MS).

Materials and methods
Chemicals
A total of 19 PFCs were used as standards for the analy-
sis (all purchased from Wellington Laboratories, Guelph, 

ON, Canada): PFOA, PFOS, perfluorobutanoic acid 
(PFBA), perfluorpentanoic acid (PFPeA), perfluorhexa-
noic acid (PFHxA), perfluorheptanoic acid (PFHpA), 
perfluorononanoic acid (PFNA), perfluorodecanoic 
acid (PFDA), perfluoroundecanoic acid (PFUnDA), per-
fluorododecanoic acid (PFDoDA), perfluorotridecanoic 
acid (PFTrDA), perfluorotetradecanoic acid (PFTeDA), 
perfluorobutane sulfonate (PFBS), perfluorohexane sul-
fonate (PFHxS), sodium perfluoro-1 heptanesulfonate 
(L-PFHpS), perfluorodecane sulfonate (PFDS), perfluo-
rooctane sulfonamide (PFOSA), N-methylperfluoro-1 
octanesulfonamido acetic acid (N-MePFOSAA), and 
N-ethyl-perfluoro-1 octanesulfonamido acetic acid 
(N-EtPFOSAA).

Perfluoro-n-[1,2,-13C2]hexanoic acid (13C2PFHxA), 
perfluoro-n-[1,2,3,4-13C4]octanoicacid (13C4PFOA), 
perfluoro-n-[1,2,3,4,5-13C5]nonanoic acid (13C5PFNA), 
perfluoro-n-[1,2-13C2]decanoic acid (13C2PFDA), per-
fluoro-n-[1,2-13C2]undecanoic acid (13C2PFUDA), 
perfluoro-n-[1,2-13C2]dodecanoic acid (13C2PFDoA), 
perfluoro-1-hexane[18O2]sulfonic acid (18O2PFHxS), per-
fluoro-1-[1,2,3,4-13C4]octanesulfonic acid (13C4PFOS), 
perfluoro-n-[1,2,3,4-13C4]butanoic acid (13C4PFBA), 
perfluoro-n-[1,2-13C2]tetradecanoic acid (13C2PFTeDA), 
perfluoro-n-[1,2,3,4-13C4]heptanoic acid (13C4PFHpA), 
perfluoro-n-[13C5]pentanoic acid (13C5PFPeA), and 
sodium perfluoro-1-[2,3,4-13C3]butanesulfonate 
(13C3PFBS) were also obtained from Wellington Labora-
tories and used as internal standards (IS).

Sodium bicarbonate  (NaHCO3), sodium carbonate 
anhydrous  (Na2CO3), tetrabutylammonium hydrogen 
sulfate (TBAHS), formic acid, ammonium acetate, pro-
tease, and lipase were purchased from Sigma Aldrich (St. 
Louis, MO, USA). Methyl-t-butyl ether (MTBE), hexane, 
methanol, acetonitrile, and hyperpure water were pur-
chased from Burdick & Jackson (Muskegon, MI, USA).

Sample preparation
Samples
According to the sales statistics of the quarter, 4 differ-
ent brands of fish cake that have the highest local sales 
rates were selected and purchased from a retail mar-
ket in Anseong, Korea. An average weight of 200  g for 
each, total 100 swimming crabs were purchased from 
Solaepogu (Incheon, Korea). Soybean oil, two types of 
soy sauce (Korean style soy sauce and Japanese style soy 
sauce) and Korean radish were also purchased at the 
retail market in Anseong, Korea.

Fish cake preparation
Two Kilograms of fish cake from 4 brands (500  g 
each) were cut to a uniform size (2 × 10  cm2) and 
fully mixed as a composite sample to avoid deviations 
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from experimental results caused by brand differ-
ences. For the pretreatment, 200 g of the fish cake was 
blanched in boiled water for 5, 10, and 20  s, respec-
tively. For boiling, the fish cake (200  g) was boiled in 
600  mL water for 20  min, and then drained and col-
lected for subsequent experiments. In addition, the 
fish cake (200 g) samples were fried for 90  s at 200°C 
in 500  mL of edible soybean oil. Finally, the stir-fried 
samples were prepared from 100 g of fish cake, which 
was lightly stir-fried with 8 g of edible soybean oil for 
3 min.

Swimming crab preparation
For all pretreatments and cooking methods, swimming 
crabs that were caught in the western sea area of Korea 
in the same batch were combined into composite sam-
ples so as to reduce experimental error caused by indi-
vidual differences.

To compare the effect of pretreatment on PFC 
changes, eight swimming crabs were cut into four 
pieces respectively and mixed into a composite sam-
ple, which was then divided into four parts evenly. 
One part was left untreated as a control group, and the 
other three parts were soaked in distilled water (0% 
salt solution) or in a 10%, or 15% salt solution for 1 h. 
The soaked swimming crab pieces were then collected 
and used for PFC content analysis.

The cooking conditions design was followed reci-
pes that recommended by the Rural Development 
Administration (RDA) of Korea [18] with slight modi-
fications. For stewing, 5 swimming crabs were cut into 
four pieces with equal quantity respectively, the swim-
ming crab pieces were boiled for 10  min in 2500  mL 
of boiled water with 500 g Korean radish blocks. Crab 
meat, broth and radish were collected respectively 
after cooking. For steaming, 5 full swimming crabs 
were placed in a steamer with 2000  mL water at the 
bottom and steamed for 15  min over high fire. The 
fire level was reduced and the crabs were steamed for 
another 5  min. The heat was turned off and the pot 
was left to sit covered for 5  min. Steamed crab meat 
and steamed water (water left in steamer after steam-
ing) were collected separately for subsequent analysis.

All samples were stored at − 20  °C until PFC anal-
ysis. Following the methods of Del Gobbo et  al. [16], 
non-polytetrafluoroethylene cutting boards were used 
to cut all ingredients. For cooking, a stainless-steel pan 
(24 cm diameter, 5 cm depth) was selected for stir-fry-
ing. A stainless-steel pan (26 cm diameter, 5 cm depth) 
and stainless-steel steamer pot (26  cm diameter) was 
used for frying and steaming, respectively.

PFC analysis
The extraction and analysis of PFCs were performed 
according to the method of Bang et  al. [19]. In brief, 
the samples were homogenized with the same amount 
of distilled water through a food blender (Tefal, BL1401 
KR, Rumilly, France). One gram of the homogenized 
samples was placed in a polypropylene tube, followed by 
the addition of 20 μL of the IS solution mixture, 350 μL 
protease, and 350  μL lipase, and mixed thoroughly. To 
prepare the IS solution mixture, 500 μL of MPFAC-C-ES 
(2  μg/mL, MPFBA, M5PFPeA, M5PFHxA, M4PFHpA, 
M8PFOA, M9PFNA, M6PFDA, M7PFUnDA, MPF-
DoDA, M2PFTeDA, M4PFBS, M3PFHxS, and M8PFOS) 
was mixed and dissolved well in 8.8  mL of methanol 
with 50  μL of d3-N-MeFOSAA (50  μg/mL) and 50  μL 
of d5-N-EtFOSAA (50 μg/mL). The final concentrations 
of the individual IS were as follows: d3-N-MeFOSAA 
and d5-N-EtFOSAA as 25  ng/mL, MPFBA, M5PFPeA, 
M5PFHxA, M4PFHpA, M8PFOA, M9PFNA, M6PFDA, 
M7PFUnDA, MPFDoDA, M2PFTeDA, M4PFBS, M3PF-
HxS, and M8PFOS as 10 ng/mL. The mixed sample was 
then placed in an incubator (Ilsin, Shaking incubator 
SH-803R, Korea) for 16 h at 37 °C for hydrolysis.

The sample was mixed with 5  mL of hexane using a 
rotator (AG, FINEPCR, Rotator, Gyeonggi-do, Korea) for 
15  min. After centrifugation (Gemmy Industrial Corp., 
PLC-05, Taipei, Taiwan) at 3960×g for 5 min, the super-
natant was removed by a pipette and the entire process 
was repeated twice. Two milliliters of  NaHCO3 (0.25 M), 
2 mL of  Na2CO3 (0.25 M), and 1 mL of TBAHS (0.5 M) 
were added to the mixture and shaken well, followed by 
sonication (Bransonic, 5510R-DTH, Danbury, USA) for 
10  min for extraction. The extract was obtained using 
a rotator for 30  min after adding 5  mL of MTBE, and 
centrifuged for 5  min using a high-speed centrifuge at 
10,000  rpm. The supernatant was collected and placed 
into a new polypropylene tube, and concentrated using 
a rotatory evaporator (EYELA, CVE-3100, UT-1000, 
Tokyo, Japan) for 1 h at 40 °C. The final concentrate was 
re-diluted with 200 μL of acetonitrile and injected into 
the Agilent 1100 Series LC series LC–MS/MS system 
Agilent 1100 Series LC series (Agilent Technologies, 
Palo Alto, CA, USA) for chemical analysis. The system 
is equipped with an Imtackt CD-C C18 column (3.0 μm 
particle diameter, 2.0 × 150  mm, Imtakt, Kyoto, Japan), 
API 4000 spectrometer (Applied Biosystems, Foster City, 
CA, USA), and electrospray ionization source, which was 
operated in negative mode. The injection volume was 3 
μL and the mobile phase comprised 5  mM ammonium 
acetate with 0.02% formic acid in water (A) and metha-
nol (B) at a flow rate of 200 μL/min. The specific analysis 
conditions are shown in Table 1.
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Method validation
The LC–MS/MS method for 19 PFCs analysis was vali-
dated in terms of limits of detection (LOD) and quan-
tification (LOQ), linearity, accuracy, and precision. 
The linearity of the analytical method was evaluated 
by plotting 3 calibration curves using 9 different con-
centrations (0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10  ng/mL). 
To evaluate the sensitivity of the method, the LOD and 
LOQ values were calculated using the following equa-
tions: LOD = 3.3 × (standard deviation/slope of calibra-
tion curve) and LOQ = 10 × (standard deviation/slope 
of calibration curve). Nineteen PFCs at three different 
concentration (0.2, 1.0, 5.0 ng/g) were analyzed with five 
replicates on the same day to determine the interday pre-
cision, and over different days to determine the intraday 
precision. Both precision values are expressed as relative 
standard deviations (RSD, %).

Statistical analysis
The results are expressed as mean ± standard deviation. 
Statistical analyses were performed using SigmaStat 2.03 
software (SPSS Inc., Chicago, IL), and Duncan’s multi-
range test was used to determine the significance of the 
differences in each measurement mean among groups; 
p < 0.05 was considered statistically significant.

Results and discussion
Method validation
Analytical method for 19 PFCs was validated. Linear-
ity was determined from triplicate analyses of 9 samples 
with concentrations in the range of 0.02–10 ng/mL. The 
calibration curves showed linear regression equations 
with good correlation coefficients  (R2 > 0.9976) for all 
19 PFCs (Additional file 1: Table S1). The limit of detec-
tion (LOD) and limits of quantification (LOQ) ranged 
from 0.02 to 0.09 ng/g and 0.08 to 0.27 ng/g, respectively 
(Additional file 1: Table S1). The precision is expressed by 
the relative standard deviation (%RSD). The RSD values 

of interday variation were between 1.56 and 17.66%, and 
the RSD values of intraday variation were between 2.63 
and 13.33%. The interday accuracy ranged from 78.61 to 
118.30% in 19 PFCs, and intraday accuracy ranged from 
78.41 to 117.02% (Additional file 1: Table S2).

Effect of pretreatment and cooking on the content of PFCs 
in fish cake
Blanching is a commonly used pretreatment before 
cooking, which can degrade toxic substances or reduce 
toxic chemical residues in food [20]. Pedreschi et al. [21] 
reported that the acrylamide content of blanched fried 
potato was significantly reduced compared to that of the 
control group without blanching. Therefore, blanching 
could be considered as a process to reduce health risks 
from the diet; however, there is a lack of relevant research 
to support the possibility of blanching to reduce PFCs in 
seafood products.

The changes of PFCs in fish cake after blanching and 
cooking are summarized in Table  2. Blanching was 
observed to cause a reduction in PFCs content of fish 
cake but the change was not significant. It is possible 
that the content of PFCs might continue to decrease over 
a longer blanching time, however, long-time blanching 
will ultimately affect the texture of fish cake, leading to 
a reduction in the quality of the ingredients. Therefore, 
blanching over 20  s was not treated in this study. Until 
now, there has been limited research conducted on the 
effect of cooking on the content of PFCs in food, and 
the results obtained are controversial. Fish, shellfish, 
and shrimp caught from the Mediterranean Sea showed 
PFCs increased after cooking by traditional Greek cook-
ing methods [22]. In contrast, Del Gobbo et  al. [16] 
reported that 17 PFCs in fish samples from Canada were 
effectively reduced after baking, boiling, and frying. As 
shown in Table  2, all cooking methods, including boil-
ing, frying, and stir-frying, were effective to reduce the 
amount of PFCs in the fish cake significantly, but there 

Table 1 LC MS/MS conditions for PFCs analysis

HPLC MS/MS

Equipment CD‑C C18 column (3.0 μM particle diameter, 2.0 × 150 mm) Ionization mode ESI negative

API 4000 spectrometer Ion source gas 1 40 psi

Electrospray ionization (ESI) with negative mode Ion source gas 2 60 psi

Mobile phase A: 5 mM Ammonium acetate with 0.02% formic acid in water
B: Methanol

Curtain gas 25 psi

Injection volume 3 μL Ion spray voltage 4500 V

Flow rate 200 μL/min Collision gas 6 eV

Gradient 0 min 5 min 13 min 13.1 min 25 min Temperature 400 °C

A 70% 0% 0% 70% 70%

B 30% 100% 100% 30% 30%
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was no significant difference among the three cooking 
methods. PFOS was the most abundant PFC detected 
in fish cakes, and its amount was also the highest even 
after cooking. Del Gobbo et  al. [16] also reported that 
PFOS was the most abundant PFC detected in aquatic 
organisms. Boiling was found to show the most signifi-
cant reduction in PFCs. After boiling, the PFOA in the 
fish cake was reduced by 70% (from 0.2 to 0.06 ng/g), the 
PFOS decreased by 27.9% (from 1.29 to 0.93  ng/g), and 
total PFCs were reduced by 45.9% compared to those of 
the uncooked fish cakes.

Thus, boiling, frying, and stir-frying are considered to 
be effective cooking methods for reducing the content 
of PFCs in fish cakes, and boiling is particularly recom-
mended as the preferred cooking method for reducing 
health risks caused by PFCs.

Effect of pretreatment and cooking on the content of PFCs 
in swimming crab
Effect of soaking
The change in the PFC content of swimming crabs 
was observed after soaking in distilled water (0% salt 

solution) and in a 10%, 15% salt solution for an hour. 
The results are shown in Table 3. All the PFCs in swim-
ming crab meat were significantly reduced after soak-
ing in d-water compared to control group, except for 
PFBS and PFDS, whose changes were not significant. 
Total PFCs decreased by 48.1% (from 32.4 to 16.8 ng/g), 
and PFOA showed the highest rate of decreasing up to 
65.7% (from 12.5 to 4.3 ng/g). PFCs were also observed 
to be significantly reduced by soaking in 10% and 15% 
salt solutions, which were reduced by 42.9% (from 
32.4 to 18.5  ng/g) and 42.3% (from 32.4 to 18.7  ng/g), 
respectively.

It is known that PFCs, represented by PFOA and PFOS, 
are extremely high water-soluble [23, 24]. It is reason-
able to infer that the reduction of PFCs observed in crab 
pieces might be caused by diffusion of tissue fluid with 
PFCs from crab meat into water.

Salinity of 10%, which represent the salinity of low-
salt soy sauce, and 15% salt solution, which represent 
the salinity of soy sauce, were selected and their effect of 
reduction of PFCs were lower than d-water. Therefore, 
soaking in water as a pretreatment is considered to be a 

Table 2 Change of PFCs (ng/g) of fish cake by different treatment conditions

PFOA: Perfluorooctanoic acid; PFOS: perfluorooctane sulfonate; PFBA: perfluorobutanoic acid; PFPeA: perfluorpentanoic acid; PFHxA: perfluorhexanoic acid; PFHpA: 
perfluorheptanoic acid; PFNA: perfluorononanoic acid; PFDA: perfluorodecanoic acid; PFUnDA: perfluoroundecanoic acid; PFDoDA: perfluorododecanoic acid; 
PFTrDA: perfluorotridecanoic acid; PFTeDA: perfluorotetradecanoic acid; PFBS: perfluorobutane sulfonate; PFHxS: perfluorohexane sulfonate; L-PFHpS: sodium 
perfluoro-1 heptanesulfonate; PFDS: perfluorodecane sulfonate; PFOSA: perfluorooctane sulfonamide; MePFOSAA: methylperfluoro-1 octanesulfonamido acetic acid; 
EtPFOSAA: ethyl-perfluoro-1 octanesulfonamido acetic acid
a,b Values with different letters within a row indicate a statistically significant difference (p < 0.05)

Compound Control Blanching time Boiling Frying Stir-frying

5 s 10 s 20 s

PFOA 0.20 ± 0.07a 0.17 ± 0.01a 0.16 ± 0.02a 0.19 ± 0.02a 0.06 ± 0.01b 0.06 ± 0.01b 0.07 ± 0.01b

PFOS 1.29 ± 0.15a 1.19 ± 0.07a 0.94 ± 0.07b 0.87 ± 0.08b 0.93 ± 0.02b 1.16 ± 0.11ab 1.15 ± 0.13ab

PFBA 0.06 ± 0.02b 0.08 ± 0.07a 0.11 ± 0.01ab 0.23 ± 0.16a 0.05 ± 0.02b 0.07 ± 0.00ab 0.10 ± 0.01a

PFPeA 0.13 ± 0.01a 0.12 ± 0.02ab ND ND ND ND ND

PFHxA ND 0.07 ± 0.00a 0.08 ± 0.01a ND ND ND ND

PFHpA 0.08 ± 0.03a 0.09 ± 0.01a 0.09 ± 0.01a 0.07 ± 0.01a ND ND ND

PFNA 0.07 ± 0.01a 0.06 ± 0.01a 0.04 ± 0.01b 0.06 ± 0.01a ND 0.03 ± 0.01b 0.03 ± 0.00b

PFDA 0.07 ± 0.02a 0.06 ± 0.02a 0.07 ± 0.00a 0.05 ± 0.03a ND 0.04 ± 0.01b 0.05 ± 0.00b

PFUnDA 0.23 ± 0.04a 0.20 ± 0.08a 0.19 ± 0.01a 0.17 ± 0.02a 0.15 ± 0.01b 0.18 ± 0.01b 0.17 ± 0.02b

PFDoDA 0.09 ± 0.02a 0.10 ± 0.01a 0.06 ± 0.03ab 0.06 ± 0.00b 0.03 ± 0.00b 0.03 ± 0.01b 0.04 ± 0.00b

PFTrDA 0.43 ± 0.06a 0.54 ± 0.22a 0.36 ± 0.18a 0.27 ± 0.05a 0.31 ± 0.05ab 0.36 ± 0.10ab 0.28 ± 0.07b

PFTeDA 0.24 ± 0.17a 0.12 ± 0.00a 0.15 ± 0.03a 0.09 ± 0.09a 0.07 ± 0.05ab ND 0.05 ± 0.02b

PFBS ND ND ND 0.07 ± 0.04a ND ND ND

PFHxS 0.06 ± 0.03a 0.06 ± 0.01a 0.10 ± 0.04a 0.06 ± 0.00a ND ND ND

L‑PFHpS ND ND ND ND ND ND ND

PFDS 0.01 ± 0.01a 0.02 ± 0.01a ND ND ND ND ND

PFOSA ND ND ND ND ND ND ND

MePFOSAA ND ND ND ND ND ND ND

EtPFOSAA ND ND ND ND ND ND ND

Total 2.96 ± 0.65a 2.88 ± 0.44a 2.34 ± 0.34a 2.20 ± 0.31a 1.60 ± 0.16b 1.93 ± 0.19b 1.94 ± 0.07b
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recommendable method that could effectively reduce the 
PFCs content in swimming crab.

Effect of steaming
The results of steaming on the change of PFCs in swim-
ming crab are shown in Fig. 1. PFOA was the most abun-
dant PFCs in crab meat at 22.2  ng/g, which accounted 
for 60.7% of the total content. PFOA is one of the most 
highly detectable PFC pollutants in environmental water, 
which is mainly attributed to its considerable water-
solubility (about 3 times higher than PFOS) [25]. PFOA 
showed the most significant reduction after steaming 
compared to other PFCs, from 22.2 to 15.0 ng/g, reaching 
a 32.6% decrease. The total content of PFCs in swimming 
crab meat significantly decreased from 36.6 to 30.1 ng/g, 
which corresponded to an increase in water after steam-
ing. The amount of total PFCs detected in remaining 
water increased from N.D. (not detected) to 4.8  ng/mL 
after steaming.

Steaming is a commonly used cooking method for crab 
in Asia. During the steaming process, the water vapor 
can permeate through the ingredients and is condensed 
down, so that the steaming water reflows into the boil-
ing water. This up-and-down cycle can remove the 
water-soluble harmful substances in food, and the high 
temperature can increase their solubility or accelerate the 
volatilization [26]. Therefore, steaming could help PFCs, 
especially those that are water-soluble, to be eluted from 
swimming crab meat into the water in steamer.

PFCs have been found to actively combine with pro-
teins in the organism and can directly invade tissues, 
including the blood and liver, becoming stably attached 
and subsequently accumulate [9]. Previous studies have 
shown that the bio-acceptability of major pollutants in 
seafood such as PFCs (PFUnA) and brominated flame 
retardants (BDE47, BDE100, α-HBCD) was significantly 
reduced compared to that of raw mullet after a steam-
ing process, which was mainly attributed to the effect of 
steam in causing loss of digestible proteins in seafood, or 

Table 3 Effect of soaking for 1 h in different concentrations of salt solution on the reducing the PFCs (ng/g) in swimming 
crab

ND: Not detected

PFOA: Perfluorooctanoic acid; PFOS: perfluorooctane sulfonate; PFBA: perfluorobutanoic acid; PFPeA: perfluorpentanoic acid; PFHxA: perfluorhexanoic acid; PFHpA: 
perfluorheptanoic acid; PFNA: perfluorononanoic acid; PFDA: perfluorodecanoic acid; PFUnDA: perfluoroundecanoic acid; PFDoDA: perfluorododecanoic acid; 
PFTrDA: perfluorotridecanoic acid; PFTeDA: perfluorotetradecanoic acid; PFBS: perfluorobutane sulfonate; PFHxS: perfluorohexane sulfonate; L-PFHpS: sodium 
perfluoro-1 heptanesulfonate; PFDS: perfluorodecane sulfonate; PFOSA: perfluorooctane sulfonamide; MePFOSAA: methylperfluoro-1 octanesulfonamido acetic acid; 
EtPFOSAA: ethyl-perfluoro-1 octanesulfonamido acetic acid
a–d With different letters within a row indicate a statistically significant difference (p < 0.05)

Compound Control Crab meat

Distilled water 10% salt solution 15% salt solution

PFOA 12.49 ± 0.90a 4.28 ± 0.11c 6.14 ± 0.22b 5.83 ± 0.22b

PFOS 7.68 ± 0.10a 5.16 ± 0.13b 3.72 ± 0.09c 5.10 ± 0.14b

PFBA 0.73 ± 0.02a 0.52 ± 0.02b 0.45 ± 0.03c 0.49 ± 0.05bc

PFPeA 0.09 ± 0.01a ND 0.11 ± 0.00ab 0.13 ± 0.02a

PFHxA 0.06 ± 0.00a ND ND 0.05 ± 0.01b

PFHpA 0.41 ± 0.01a 0.1 ± 0.00d 0.16 ± 0.01b 0.12 ± 0.01c

PFNA 1.87 ± 0.08a 0.97 ± 0.07c 1.07 ± 0.01c 1.35 ± 0.02b

PFDA 0.92 ± 0.05a 0.63 ± 0.05b 0.52 ± 0.02c 0.63 ± 0.02b

PFUnDA 1.54 ± 0.02a 0.94 ± 0.04c 1.12 ± 0.02b 0.84 ± 0.03d

PFDoDA 0.61 ± 0.02a 0.26 ± 0.01c 0.31 ± 0.01b 0.25 ± 0.01c

PFTrDA 2.42 ± 0.25a 1.69 ± 0.07b 1.76 ± 0.12b 1.33 ± 0.03c

PFTeDA 0.68 ± 0.03a 0.38 ± 0.01c 0.43 ± 0.03b 0.38 ± 0.01c

PFBS 0.08 ± 0.01a 0.09 ± 0.01a 0.06 ± 0.01b ND

PFHxS 0.47 ± 0.02a 0.15 ± 0.01c 0.19 ± 0.02b 0.18 ± 0.02bc

L‑PFHpS ND ND ND 0.10 ± 0.01a

PFDS 0.25 ± 0.10a 0.25 ± 0.06a 0.12 ± 0.04a 0.17 ± 0.05a

PFOSA 1.99 ± 0.22a 1.26 ± 0.12c 1.91 ± 0.14ab 1.69 ± 0.07b

MePFOSAA ND ND ND ND

EtPFOSAA ND ND ND ND

Total 32.38 ± 0.66a 16.79 ± 0.66c 18.49 ± 0.46b 18.68 ± 0.42b
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thermal degradation of chemical substances [27]. Simi-
larly, Barbosa et  al. [28] reported that levels of PFUnA, 
PFDoA, PFDcA, and PFOS in seafood decreased by an 
average of 33.5% after steaming. Like other toxic sub-
stances, PFCs have high biological affinity for proteins, 
which result in their accumulation in organisms and 
make them difficult to be discharged. Thus, since high-
temperature steam can denature the protein or disrupt 
parts of tissue proteins, it is inferred that the PFCs con-
tained within these components might be discharged 
into the cooking media, leading to the reduction.

Effect of stewing
Changes of PFCs by stewing are shown in Table  4. LC/
MS/MS chromatograms of perfluorinated compounds 
in standard solution (A) and broth boiled with crab meat 
(B) are shown in Fig.  2. The content of PFOA in swim-
ming crab meat decreased significantly after stewing, 
from 20.8 to 16.8  ng/g, reaching a decrease of 19.3%, 
which was much higher than the 8.6% reduction in PFOS. 

The hydrophilicity of PFOA is much higher than that of 
PFOS, and PFOA is more easily absorbed by organisms 
and shows a high level of transferability by water [29]. 
Compared with boiled water, the content of PFCs in the 
boiled broth increased from 0.03 to 28.3 ng/mL with the 
addition of swimming crab. The increase in total PFCs 
in the broth and the reduction in boiled swimming crab 
meat were both statistically significant. Interestingly, a 
significant increase in the content of PFCs was detected 
in the radish stewed with crab, from 0.3 to 3.8 ng/g (14 
times increase compared to control group), and PFOA 
accounted for 84.7% of this increase.

Korean radish was used in the experiment, and being 
cooked by boiling is one of the methods to maximize 
its nutritional efficiency when it is consumed. Previous 
study has shown that cooking can release more nutrients 
at the process [30]. In addition, the lignin which richly 
contained in the radish is used as a low-cost absorbent 
agent to remove pollutants from water in industrial 
applications [31]. In view of the physical changes of rad-
ish occurred after stewing and its containing various 
natural ingredients with effective reduction of pollut-
ants in diet, also based on the results of this experiment, 
it could be understood that PFCs, especially PFOA, par-
tially transferred from the swimming crab meat to the 
radish during the stewing process and became adsorbed 
into the radish owing to its considerable fiber pore struc-
ture. Based on the present results, stewing with Korean 
radish as high-fiber ingredients appears to be an effec-
tive cooking method to reduce the content of PFCs in the 
primary ingredients, while simultaneously increasing the 
nutritional value of the dish. Moreover, the reaction tem-
perature was previously reported to be the most impor-
tant influencing factor on the efficiency of PFOA removal 
[32]. It could be inferred that a cooking method involv-
ing water addition and high-temperature heating would 
be very effective at reducing PFOA in food. Based on 
our results, the PFC content in swimming crab meat was 
considered to be effectively reduced using proper cook-
ing methods and accessory ingredients with a high fiber 
content.

The tolerable daily intake (TDI) for PFOS and PFOA 
are established as 150  ng/kg b.w./day and 1500  ng/
kg b.w./day, respectively [7]. Based on the results from 
Korea National Health and Nutrition Examination Sur-
vey [33], the dietary exposure of PFOS from fish cake and 
swimming crab are estimated as 0.094 ng/kg b.w./day and 
0.200  ng/kg b.w./day, respectively. The dietary exposure 
of PFOA from fish cake and swimming crab is estimated 
as 0.014 ng/kg b.w./day and 0.326 ng/kg b.w./day, respec-
tively. Therefore, daily consumption of fish cake and 
swimming crab with normal level was considerably lower 
than the threshold that may cause harm to human.

Fig. 1 Changes in composition of perfluorinated compounds in 
crab meat and boiled water after steaming. Values with different 
letters indicate a statistically significant difference (p < 0.05). RCM: 
Raw crab meat; SCM: steamed crab meat; DW: distilled water; WAS: 
distilled water after steaming with crab; PFOA: perfluorooctanoic 
acid; PFOS: perfluorooctane sulfonate; PFBA: perfluorobutanoic 
acid; PFPeA: perfluorpentanoic acid; PFHxA: perfluorhexanoic acid; 
PFHpA: perfluorheptanoic acid; PFNA: perfluorononanoic acid; 
PFDA: perfluorodecanoic acid; PFUnDA: perfluoroundecanoic acid; 
PFDoDA: perfluorododecanoic acid; PFTrDA: perfluorotridecanoic 
acid; PFTeDA: perfluorotetradecanoic acid; PFBS: perfluorobutane 
sulfonate; PFHxS: perfluorohexane sulfonate; L‑PFHpS: sodium 
perfluoro‑1 heptanesulfonate; PFDS: perfluorodecane sulfonate; 
PFOSA: perfluorooctane sulfonamide; MePFOSAA: methylperfluoro‑1 
octanesulfonamido acetic acid; EtPFOSAA: ethyl‑perfluoro‑1 
octanesulfonamido acetic acid
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Conclusions
In this study, fish cakes and swimming crabs as two 
typical foods with large consumption were processed 
using current common pretreatments and cooking 
methods, referred to Korean recipes, for exploring the 
effect of cooking treatments on the change of PFC con-
tents. After cooking, the greatest reduction of PFCs in 
fish cake was achieved with boiling (45.9%), followed 
by frying (34.8%) and stir-frying (34.5%). Swimming 
crab pieces soaked in d-water, 10% and 15% salt solu-
tion for 1  h have shown reduction in PFCs content 
by 65.7%, 42.9% and 42.3%, respectively. Moreover, 
the PFC content in the meat of swimming crabs was 
reduced by 17.6% after steaming. Stewing swimming 

crab with Korean radishes reduced the average PFC 
content of the crab meat by 13.3%, while the PFC con-
tent of radish, which as an accessory ingredient of the 
stew, increased. Based on our results, the PFC content 
in fish cake and swimming crab meat was considered 
to be effectively reduced using proper cooking meth-
ods and accessory ingredients with a high fiber con-
tent. Additionally, comparing the detected amount of 
fish cake and swimming crab in this study with the TDI 
of PFOS and PFOA, the estimated intake of PFOS and 
PFOA still considerably lower than the threshold that 
may cause harm to human.

Table 4 Efficacy of stewing on reducing the PFC concentrations in swimming crab

PFOA: Perfluorooctanoic acid; PFOS: perfluorooctane sulfonate; PFBA: perfluorobutanoic acid; PFPeA: perfluorpentanoic acid; PFHxA: perfluorhexanoic acid; PFHpA: 
perfluorheptanoic acid; PFNA: perfluorononanoic acid; PFDA: perfluorodecanoic acid; PFUnDA: perfluoroundecanoic acid; PFDoDA: perfluorododecanoic acid; 
PFTrDA: perfluorotridecanoic acid; PFTeDA: perfluorotetradecanoic acid; PFBS: perfluorobutane sulfonate; PFHxS: perfluorohexane sulfonate; L-PFHpS: sodium 
perfluoro-1 heptanesulfonate; PFDS: perfluorodecane sulfonate; PFOSA: perfluorooctane sulfonamide; MePFOSAA: methylperfluoro-1 octanesulfonamido acetic acid; 
EtPFOSAA: ethyl-perfluoro-1 octanesulfonamido acetic acid
a,b Values with different letters within a row indicate a statistically significant difference (p < 0.05)

Compound Crab meat (ng/g) Broth (ng/mL) Korean radish (ng/g)

Raw Boiled
with radish

Boiled
without crab

Boiled
with crab

Raw Boiled
without crab

Boiled
with crab

PFOA 20.79 ± 0.17a 16.77 ± 0.42b ND 21.69 ± 0.45a ND ND 3.21 ± 0.19a

PFOS 0.81 ± 0.02a 0.74 ± 0.03b ND 0.65 ± 0.00a ND ND ND

PFBA 0.14 ± 0.01a 0.04 ± 0.01b ND 0.46 ± 0.03a 0.10 ± 0.02a 0.16 ± 0.08a 0.14 ± 0.01a

PFPeA ND ND ND 0.16 ± 0.01a ND ND ND

PFHxA ND ND ND 0.10 ± 0.01a ND ND ND

PFHpA 0.37 ± 0.03a 0.32 ± 0.01b ND 0.54 ± 0.01a ND ND 0.11 ± 0.00a

PFNA 2.89 ± 0.02a 2.30 ± 0.03b ND 1.90 ± 0.01a ND ND 0.22 ± 0.01a

PFDA 0.66 ± 0.02a 0.57 ± 0.02b ND 0.39 ± 0.03a ND ND ND

PFUnDA 0.93 ± 0.01a 0.79 ± 0.02b ND 0.51 ± 0.01a ND ND ND

PFDoDA 0.25 ± 0.02a 0.23 ± 0.01b ND 0.11 ± 0.01a ND ND ND

PFTrDA 1.12 ± 0.06a 1.38 ± 0.09b ND 0.60 ± 0.02a ND ND ND

PFTeDA 0.28 ± 0.01a 0.26 ± 0.02a ND 0.11 ± 0.00a ND 0.09 ± 0.03a ND

PFBS ND ND ND 0.20 ± 0.02a 0.12 ± 0.05a ND ND

PFHxS 0.48 ± 0.03a 0.33 ± 0.03b ND 0.37 ± 0.01a ND ND 0.07 ± 0.01a

L‑PFHpS ND ND ND ND ND ND ND

PFDS 0.04 ± 0.01a 0.04 ± 0.01b ND 0.03 ± 0.02a 0.02 ± 0.00a ND 0.01 ± 0.00a

PFOSA 1.54 ± 0.09a 2.55 ± 0.19b ND 0.47 ± 0.02a ND ND ND

MePFOSAA ND ND ND ND ND ND ND

EtPFOSAA ND ND ND ND ND ND ND

Total 30.33 ± 0.10a 26.30 ± 0.61b ND 28.28 ± 0.43a 0.27 ± 0.01a 0.25 ± 0.03a 3.79 ± 0.13b
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Fig. 2 LC/MS/MS chromatograms of perfluorinated compounds in standard solution (a) and broth boiled with crab meat (b). PFOA: 
Perfluorooctanoic acid; PFOS: perfluorooctane sulfonate; PFBA: perfluorobutanoic acid; PFPeA: perfluorpentanoic acid; PFHxA: perfluorhexanoic 
acid; PFHpA: perfluorheptanoic acid; PFNA: perfluorononanoic acid; PFDA: perfluorodecanoic acid; PFUnDA: perfluoroundecanoic acid; PFDoDA: 
perfluorododecanoic acid; PFTrDA: perfluorotridecanoic acid; PFTeDA: perfluorotetradecanoic acid; PFBS: perfluorobutane sulfonate; PFHxS: 
perfluorohexane sulfonate; L‑PFHpS: sodium perfluoro‑1 heptanesulfonate; PFDS: perfluorodecane sulfonate; PFOSA: perfluorooctane sulfonamide; 
MePFOSAA: methylperfluoro‑1 octanesulfonamido acetic acid; EtPFOSAA: ethyl‑perfluoro‑1 octanesulfonamido acetic acid
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curve for perfluorinated compound content (ng/g) using LC–MSMS. 
Table S2. Inter‑ and intra‑day accuracy and precision for perfluoranated 
compound analysis using LC–MSMS.
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