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（論文内容の要旨） 

 

有機フッ素化合物のペルフルオロアルキルカルボン酸類 [Perfluoroalkyl carboxylic 

acids ; PFCAs , CF3(CF2)nCOOH]は撥水加工剤製造等に使用されてきた化学物質で

あるが、難分解性であることから広範囲の環境汚染が懸念されており、環境汚染の

実態把握が必要である。本研究では、ガスクロマトグラフィー質量分析(Gas 

Chromatography/Mass Spectrometry; GC-MS)を用い、化学修飾した測定対象を負化

学イオン化(Electron capture negative ionization; ECNI)法で測定することにより、簡易

かつ高感度な PFCAs 分析法を開発した。その分析法を用いて現在まで報告が限ら

れている食事試料中の PFCAs を測定、摂取量について日本・中国・韓国の東アジア

3 か国で報告した。 

PFCAs の分析は現在まで液体クロマトグラフィー/タンデム質量分析や GC-MS の電

子イオン化(Electron impact ionization; EI)法が多く用いられているが、いずれの方法

でも食事等の複雑な夾雑物を持つ試料の微量分析は難しいとされてきた。本研究で

は食品から抽出した PFCAs を臭化ベンジルを用いてベンジル基で化学修飾し、得ら

れた PFCAs ベンジルエステル[CF3(CF2)n-COO-C7H7]を GC-MS の ECNI 法で測定し

た。その結果、マススペクトル上に非常に強い PFCAs アニオン(CF3(CF2)nCOO－)に対

応するフラグメントを得ることができた。この方法でのシグナルノイズ比 3 で設定され

た機器検出限界値は0.003-0.007pg となり、現行のEI法の機器検出限界値より50か

ら285分の一に相当する低い値を得た。1gの食事試料を使用した場合の分析法検出

限界値も、操作ブランクを考慮しても 2-10pg/g と十分に低い値であった。なお抽出法

は凍結乾燥や固相抽出等の煩雑な処理を避けるため、イオンペア抽出法を用いた。 

上記の分析法を用いて炭素鎖 8 から炭素鎖 14 の PFCAs を対象に京都大学生体試

料バンクに保管されている日本（京都・北海道・沖縄）、中国（北京）、韓国（ソウル）の

5地点の各1990年代、2000年代の食事試料60検体を分析した。1990年代における

摂取量は中央値で京都 46.7ng/day、北海道 79.3ng/day、沖縄 55.5ng/day、北京

66.6ng/day、ソウル 40.4ng/day であった。一方、2000 年代における摂取量は京都

56.6ng/day、北海道 57.8ng/day、沖縄 86.8ng/day、北京 68.1ng/day、ソウル

172.8ng/day であった。このようにソウルでは 1990 年代に比べて 2000 年代で約 4 倍

の上昇がみられた。 
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Abstract 22 

In this study, a gas chromatography-mass spectrometry and electron-capture negative 23 

ionization (ECNI) method was developed to quantify perfluorinated carboxylic acids 24 

(PFCAs) in composite dietary samples. Benzyl esterification was used for pre-treatment 25 

before PFCAs analysis. This stabilized the benzyl radical leaving group preferentially, 26 

and gave carboxylic anions of the PFCAs with ECNI. The method had a low detection 27 

limit (0.3–10 pg g
-1

)
 
and good recoveries (98–90 %) for PFCAs with eight to 14 carbon 28 

atoms (C8 to C14). The method was applied to 24-h dietary samples from subjects in 29 

Japan (Hokkaido, Kyoto, and Okinawa; 1992 and 2009), Korea (Seoul; 1994 and 2007), 30 

and China (Beijing; 1993 and 2009). The levels of the PFCAs were between 39 ng day
-1

 31 

and 169 ng day
-1

 (per kilogram of body weight) in Korea, 58 ng day
-1

 and 71 ng day
-1

 in 32 

China, and 56 ng day
-1

 and 67 ng day
-1

 in Japan. Between the two sampling years, the 33 

total levels of PFCAs (C8 to C14) increased significantly (p<0.05). The interaction 34 

between the sampling location in Korea and year was significant (p<0.05). 35 

36 



 4 

Abbreviations 37 

PFCAs: perfluorinated carboxylic acids 38 

PFOA: perfluorooctanoic acid 39 

PFNA: perfluorononanoic acid 40 

PFDA: perfluorodecanoic acid 41 

PFUnDA: perfluoroundecanoic acid 42 

PFDoDA: perfluorododecanoic acid 43 

PFTrDA: perfluorotridecanoic acid 44 

PFTeDA: perfluorotetradecanoic acid 45 

IDLs: instrumental detection limits 46 

MDLs: method detection limits 47 

GC/MS: gas chromatography and mass spectrometry  48 

ECNI: electron-capture negative ionization 49 

50 
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1. Introduction 51 

Perfluorochemicals such as perfluorooctane sulfonate (PFOS) and perfluorooctanoic 52 

acid (PFOA) are environmental contaminants of public health concern because of their 53 

persistence and bioaccumulation in the environment. They have been detected in human 54 

serum and breast milk samples in many areas.
1
 However, the exposure routes are not 55 

well characterized. The 3M Company was a major manufacture of PFOS, but phased 56 

out its production in 2002.
2
 Since then, concern has shifted from PFOS to PFOA. 57 

However, in Japan, perfluorinated carboxylic acid (PFCA) emissions contain 58 

perfluorononanoic acid (PFNA) and perfluoroundecanoic acid (PFUnDA) in addition to 59 

PFOA.
 3

 In 2000, 25 and 7 t (1 t = 1000 kg) of PFNA and PFUnDA were emitted, 60 

respectively.
3
 In an earlier study, we detected PFNA and PFUnDA at concentrations 61 

comparable to PFOA in serum samples from Japanese, Korean, and Vietnamese adults
4
. 62 

The levels of these chemicals have continued to increase in humans, even after 63 

production PFOS was halted in 2002,
4
 but the exposure routes that are contributing to 64 

these increases are still unknown.  65 

 Although dietary intake is thought to be a major route of exposure for PFCAs,
5
 66 

there is little data for long chain PFCA levels in food items because of analytical 67 

difficulties with method development in liquid chromatography and mass spectrometry 68 

(LC/MS).
6
 Quantitative analyses of PFCAs at low pg g

−1
 concentrations in complex 69 

matrices such as food require rigorous and complicated clean-up procedures to 70 

eliminate matrix effects.
7
 Alternatively, gas chromatography-mass spectrometry 71 

(GC/MS) can be used as the matrix suppression effect caused by co-eluting material is 72 

relatively low compared with LC/MS.
8
 Electron-capture negative ionization (ECNI) 73 

reportedly improves the detection limits of PFCA anilides,
9
 and could be coupled with 74 



 6 

GC/MS. 75 

 The aim of the present study was to develop a simple but sensitive 76 

quantification method for PFCAs in foods. GC/MS was coupled with ECNI for PFCAs 77 

analysis. ECNI improved the sensitivity for PFCAs benzyl esters compared with 78 

electron impact ionization (EI). PFCAs in composite dietary samples were quantified by 79 

this method, and historical trends in the dietary intake of PFCAs in three Asian 80 

countries were analyzed. 81 

 82 

2. Material and methods  83 

 84 

2.1. Chemicals 85 

Acetone (LC-MS grade), sodium carbonate (>99.5%) and distilled water (LC-MS grade) were 86 

obtained from Kanto Chemicals (Tokyo, Japan). Benzyl bromide, tetrabutylammonium hydrogen 87 

sulfate, 11H-perfluoroundecanoic acid and methyl tertiary-butyl ether (MTBE, HPLC grade) were 88 

purchased from Wako Pure Chemical Industries (Osaka, Japan). A mixture of 
13

C2-labeled 89 

perfluorohexanoic acid, 
13

C4-labeled PFOA, 
13

C5-labeled PFNA, 
13

C2-labeled PFDA, 
13

C2-labeled 90 

PFUnDA and 
13

C2-labeled perfluorododecanoic acid (PFDoDA) was obtained from Wellington Labs 91 

(Guelph, ON, Canada). 
13

C12- 2,3,3',5,5'-pentachlorobiphenyl (CB-111) was obtained from 92 

Cambridge Isotope Laboratories (Andover, MA) 93 

 94 

2.2. Sample collection  95 

Diet samples from the Kyoto University Human Specimen Bank
10, 11

 were used for the 96 

evaluation. At the time of collection, participants were requested to donate duplicate 97 

samples of all food and drink items that they consumed over a 24-h period. These 98 

samples are referred to as duplicate 24-h diet samples. Two hundred duplicate 24-h diet 99 
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samples were collected from the following locations: Hokkaido (Japan) in 1992 and 100 

1995, Okinawa (Japan) in 1992 and 1995, Kyoto (Japan) in 1996 and 1997, Beijing 101 

(China) in 1993 and 2009, and Seoul (Korea) in 1994 and 2007.
10, 12

 In addition, 100 102 

duplicate 24-h diet samples (i.e. a typical day’s worth of food and drink) were purchased 103 

by volunteers from markets in Kyoto, Okinawa, and Hokkaido in 2009. The study 104 

populations were the same as those in earlier studies.
13, 14

 This gave a total of 300 105 

duplicate 24-h diet samples. All food and drink samples in each duplicate sample were 106 

mixed together and homogenized. Then the 300 homogenized diet samples were 107 

combined into 60 groups (150 g), referred to as the composite dietary samples, each 108 

containing five samples (30 g) from the same location and sampling year. This process 109 

is detailed in Fig. S1. The composite dietary samples were then stored in glass bottles at 110 

–30 °C. The study protocol was approved by the Ethics Committee of Kyoto University 111 

(Kyoto, Japan). Written informed consent was obtained from all study participants.  112 

 113 

2.3. Extraction of the composite dietary samples 114 

Each of the composite dietary samples was subjected to an ion-pair extraction. Briefly, 115 

approximately 1 g of each composite dietary sample and an internal standard mixture 116 

(100 pg of each 
13

C4-labeled PFOA, 
13

C5-labeled PFNA, 
13

C2-labeled PFDA, 117 

13
C2-labeled PFUnDA, and 

13
C2-labeled PFDoDA) were placed in a 15 mL 118 

polypropylene centrifugation tube. Next, 1 mL of 0.5 mol L
-1

 tetrabutylammonium/0.25 119 

mol/L sodium carbonate buffer (pH adjusted to 10 using NaOH) and 1 mL of MTBE 120 

were added to the samples, and the tubes were vortex mixed for 60 s. The samples were 121 

then centrifuged at 9840 g for 5 min. The organic layer was separated twice and placed 122 

in a clean glass tube, then dried under a gentle stream of nitrogen. The residue was 123 
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redissolved in 100 µL of 0.1 mol L
-1

 benzyl bromide/acetone solution containing 1 ng of 124 

11H-perfluoroundecanoic acid and 1 ng of 
13

C12-labeled CB111 to monitor the 125 

derivatization efficiency. The solution was then derivatized at 60 °C for 1 h. No further 126 

clean-up was conducted. Derivatized samples were analyzed by GC/MS within 24 h.  127 

 128 

2.4. Instruments and quantification  129 

Derivatized PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA and 130 

perfluorotetradecanoic acid (PFTeDA) were analyzed by GC/MS in scan mode with 131 

selected ion monitoring (Agilent 6890GC/5973MSD inert, Agilent Technologies Japan, 132 

Ltd., Tokyo, Japan). PFCAs were dissolved in 100 µL of 0.1 mol L-1 benzyl 133 

bromide/acetone solution and derivatized at 60 °C for 60 min with 1 ng of 134 

11H-perfluoroundecanoic acid and 1 ng of 
13

C12-labeled CB111 to monitor the 135 

derivatization efficiency. After benzylation, the stability was investigated by monitoring 136 

the peak area ratio over 24 h. PFCA benzyl esters were separated on a DB-5MS column 137 

(30 m length, 0.25 mm i.d., 1 m film thickness; Agilent Technologies Japan, Ltd.) with 138 

a helium carrier gas (99.9999 % purity; Air Liquide Japan Ltd., Tokyo, Japan). Splitless 139 

injections (2 L) were performed with an injector temperature of 220 °C, and the split 140 

vent was opened after 1.5 min. The initial oven temperature was 70 °C for 2 min, after 141 

which it was increased to 100 C° at 20 °C min
-1

, and then to 280 °C at 30 °C min
-1

. To 142 

compare the limits of detection, both ECNI and EI were used to quantify the PFCA 143 

benzyl esters. In ECNI, methane (99.9999 % purity; Air Liquide Japan Ltd.) was used 144 

as the reagent gas (2 mL min
-1

). The ion source temperature was maintained at 150 °C. 145 

In EI, the ion source temperature was maintained at 250 °C. The target ions for 146 
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determination of PFCAs in both ECNI and EI are summarized in Table 1. 147 

 148 

Standard stock solutions (2 μg mL
-1

) were diluted to seven working standard solutions 149 

(4, 2, 1, 0.8, 0.4, 0.2, and 0.1 ng mL
-1

) by serial dilution with acetone. All the standard 150 

solutions were stored in a refrigerator at 4±2 °C for a maximum period of 3 months 151 

from the date of preparation. Quantification was conducted using an internal standard 152 

dissolved in acetone. 
13

C4-labeled PFOA, 
13

C5-labeled PFNA, 
13

C2-labeled PFDA, 153 

13
C2-labeled PFUnDA and 

13
C2-labeled PFDoDA were used as internal standards for the 154 

PFCAs. These standards were diluted to 1 ng mL
-1

. The instrumental detection limit 155 

(IDL) is defined as the mass of the analyte producing a peak with a signal-to-noise ratio 156 

of three. Because blank levels were larger for shorter-chain PFCAs than for 157 

longer-chain PFCAs, the final net IDLs of the shorter- and longer-chain PFCAs were 158 

nearly equivalent. 159 

  160 

2.5. Method detection limits (MDLs), blank contamination, total extraction 161 

recovery, and possible matrix effect.  162 

Milli-Q water (Millipore, Billerica, MA) was used as the procedural blank control, and 163 

was analyzed after every 10 samples (n=6). The procedural blank was extracted using 164 

the process described above, and six replicate procedural blanks were prepared 165 

independently. In this study, we observed blank contamination for all PFCAs (Table 1). 166 

The MDL is defined as the concentration that produces a signal three times that of the 167 

blank. The mean blank signal was subtracted from the calculated sample concentration 168 

(Table 1). The recoveries of the PFCAs were examined by spiking 100 pg of each 169 

standard compound into 10 composite dietary samples before extraction. Possible 170 
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matrix effects on the GC-MS detector response were evaluated by comparing the 171 

response factors of PFCA benzyl esters in acetone and in food extracts prepared in 172 

acetone. The 
13

C-labeled internal standards (100 pg) were derivatized in acetone before 173 

being used for spiking, and then added to the food extracts. 174 

 175 

2.6. Statistical analysis 176 

All statistical analyses were conducted using SPSS (Version 16.0 for Windows 2007, 177 

IBM Corporation, Armonk, NY). Values of p<0.05 were considered statistically 178 

significant. Concentrations lower than the detection limits were given a value of half the 179 

detection limit for statistical analyses. Statistical analyses were conducted after 180 

logarithmic transformation of the PFCAs concentrations. When the statistical tests by 181 

two-way ANOVA were significant, analysis of covariance was used to demonstrate the 182 

effect of time or location and their interactions influenced on the PFCA levels in the 183 

food composite samples. 184 

  185 

3. Results and discussion 186 

  187 

3.1. Quantification and quality assurance 188 

Derivatization, mass spectra, and IDL. In the present study, we developed a very 189 

simple yet sensitive method for PFCAs analysis in food using GC-ECNI-MS with 190 

benzyl esterification. Benzyl esterification was used for PFCAs analysis because 191 

stabilization of the benzyl radical leaving group preferentially gives carboxylic anions 192 

of PFCAs in ECNI.
15

 The PFCAs extracted from the composite dietary samples were 193 

dissolved in benzyl bromide/acetone solution and derivatized with 194 
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11H-perfluoroundecanoic acid and 
13

C12-CB-111 (Section 2.3). Peak area ratios to 195 

13
C12-CB-111 showed that the derivatization reaction time of 60 min at 60 °C was 196 

sufficient for benzylation to reach completion. After benzylation, the peak area ratios 197 

did not change significantly over 24 h (arithmetic mean +/– relative standard deviation: 198 

104±5.6 %, n=10).  199 

 200 

Mass spectra of the standard solutions were initially acquired in full-scan mode with EI 201 

or ECNI to determine the retention times and fragmentation patterns. In EI mode, the 202 

molecular ion [M]
+
 of PFOA benzyl ester was observed at m/z 504 (Fig. 1). In ECNI 203 

mode the PFOA benzyl ester showed an abundant fragment ion [M-C7H7]
–
 at m/z 413 204 

(Fig. 1), corresponding to loss of a carboxylate anion (C8F15COO
–
). Similar 205 

fragmentation was observed among the PFCA benzyl esters with different chain lengths 206 

(ECNI mode, Fig. S2; EI mode, Fig. S3). As shown in Table 1, other PFCA benzyl 207 

esters also gave abundant fragment ions [M-C7H7]
–
 in ECNI mode, and the IDLs ranged 208 

from 0.003–0.007 pg. Therefore, ENCI was used for quantification of PFCA benzyl 209 

esters in subsequent experiments. 210 

 211 

Extraction. To avoid freeze-drying the samples and to simplify the method, the 212 

PFCAs from the composite dietary samples were extracted by ion-pair extraction
15

 into 213 

an organic solvent (MTBE). This method prevented co-extraction of water from the 214 

food sample.
7
 The presence (or absence) of matrix effects on the GC-MS detector 215 

response was examined by spiking the food sample extracts with derivatized internal 216 

standards immediately before injection into the GC-MS (Section 2.5). The food extracts 217 

displayed only minor suppression of the internal standards (95–89 % of solvent based 218 
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standards). (Table 1) Because no large interferences were observed in the chromatogram 219 

in ECNI mode (Table of Contents Art), sample clean-up was not performed after 220 

ion-pair extraction.  221 

 222 

Blank contamination and MDLs. A widely reported problem in ultra-trace analysis 223 

of PFCAs is contamination of procedural blanks.
7, 16

 To overcome this problem, all 224 

disposable laboratory equipment was sonicated in methanol, and the methanol was 225 

analyzed to determine potential sources of contamination. None of the laboratory 226 

equipment contributed to background levels of any analyte. The purity of each solvent 227 

was tested by evaporating 10 mL of the solvent to dryness. Artifacts originating from 228 

the evaporation procedure were investigated by comparing drying the solvent under 229 

nitrogen gas and vacuum. Comparable results were obtained with both methods. When 230 

the solvents were tested, HPLC-grade MTBE was found to contain low levels of target 231 

analytes. Therefore, the HPLC-grade MTBE was distilled by rotary evaporation to 232 

reduce the levels of contaminants. The final procedural blank levels were 5 pg g
-1

 for 233 

PFOA, 2 pg g
-1

 for PFNA, 1 pg g
-1

 for PFDA, 1.5 pg g
-1

 for PFUnDA, and 1 pg g
-1

 for 234 

PFDoDA, PFTrDA and PFTeDA. 235 

The mean blank signal was subtracted from the calculated sample concentration only 236 

if the calculated sample concentration was three times higher than the blank 237 

concentration (Section 2.5). Using this method, we established that the MDLs for 238 

PFCAs ranged from 2–10 pg g
-1

 (Table 1). This was one or two orders of magnitude 239 

higher than the detection response (lower detection limit) for PFCAs in previous studies 240 

(MDLs = 100 pg g
-1 

for PFNA, and 500 pg g
-1

 for PFDA and PFUnDA).
6, 16

  241 

 242 
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Total method recovery. The mean recoveries (n=6, ±relative standard deviation) of 243 

the PFCAs obtained by spiking 100 pg of each standard compound into 10 of the 244 

composite dietary samples before extraction (Section 2.5) were as follows: 97±16 %, 245 

PFOA; 98±19 %, PFNA; 91±17 %, PFDA; 94±18 %, PFUnDA; 90±18 %, PFDoDA; 246 

93±16 %, PFTrDA; and 97±17 %, PFTeDA (Table 1). 247 

 248 

Comparison with other methods. There have been fewer reports on analytical 249 

methods for PFCAs in composite dietary samples than in serum samples. The methods 250 

from two reports for PFCAs are summarized in Table S1.
6, 7

 In one of these methods 251 

(No. 2 in Table S1), the samples were freeze-dried for pretreatment, and weak anion 252 

exchange and dispersive carbon methods were used for subsequent clean-up.
6
 Even after 253 

purification, the method had a high detection limit (>100 pg g
-1

) because of the complex 254 

sample matrix. In the other method (No. 3 in Table S1), a solid phase extraction column 255 

containing florisil and ECNI-carb was used for sample clean-up.
7
 This method 256 

eliminated matrix effects, and the target compounds were detected at low parts per 257 

trillion levels. In our method (No. 1 in Table S1), ion-pair extraction and benzyl 258 

esterification were used for sample pretreatment. With ECNI, the detection limits with 259 

the present method were comparable to those with one of the earlier methods (No. 3).  260 

 261 

3.2. Profile of PFCAs in food composite samples. 262 

The method was applied to 24-h dietary samples from subjects in Japan (Hokkaido, 263 

Kyoto, and Okinawa; 1992 and 2009), Korea (Seoul; 1994 and 2007), and China 264 

(Beijing; 1993 and 2009). The dietary intakes of PFCAs (nanograms per day) are 265 

summarized in Table 2 and Table S2. The levels of the PFCAs were between 39 ng day
-1

 266 
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and 169 ng day
-1

 (per kilogram of body weight) in Korea, 58 ng day
-1

 and 71 ng day
-1

 in 267 

China, and 56 ng day
-1

 and 67 ng day
-1

 in Japan. (Table 2) Between the two sampling 268 

years, the total levels of PFCAs (C8 to C14) increased significantly (p<0.05). The 269 

interaction between the sampling location in Korea and year was significant (p<0.05) 270 

(Table 3). The PFCAs with longer chains than PFOA comprised 68 % (1990s) and 82 % 271 

(2000s) of the average total PFCAs for the three countries. This finding suggests that 272 

the East Asian population has been exposed to both PFOA and long-chain PFCAs. 273 

PFCA exposure from food is only one exposure pathway. Other pathways include 274 

exposure to aerosols and household dust. In this study, we estimated the contribution of 275 

PFOA from food composite samples in Kyoto. It has been estimated that the adult 276 

intake of indoor dust is 50 mg day-117
 and adult humans inspire 13.3 m

3
 of air day-1, with 277 

69 % of the particles in air respirable and PFOAs completely absorbed into the body. 278 

The estimated exposure through food composite samples was dominant (86 % of total 279 

intake), followed by ambient air (2.4 %) and indoor dust (1.1 %) (Table S3). This result 280 

suggests food and drinking water are the major sources of PFOA exposure for humans. 281 

However, one earlier study showed the contribution from ambient air was dominant 282 

(about 70 % for serum PFOA levels) in Osaka, Japan were there was a strong point 283 

source of PFOA 
18

. 284 

 285 

Dietary intakes of PFCAs in the present study (Japan, Korea, and China) are 286 

compared with reported data (Japan, Norway) in Table 4. The dietary intakes observed 287 

in our study are compared with those from a report on PFCAs (C8–C12) in Norway.
19

 In 288 

Norway, the dietary intakes (in ng day-1) of long-chain PFCAs from food were 31 for 289 

PFOA, 9.5 for PFNA, 13 for PFDA, 6.7 for PFUnDA, and 6.7 for PFDoDA. In contrast 290 
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to what was observed in the Japanese and Korean samples, odd-numbered PFCAs did 291 

not predominate in the Norwegian samples. This trend is consistent with previous 292 

biomonitoring of human serum samples
1720

 which also implies that intake of PFCAs via 293 

food may be an important exposure route. 294 

 295 

The sources of long-chain PFCAs are not well characterized. A review indicated that 296 

odd-numbered PFCAs have been manufactured via oxidation of fluorotelomer olefins
3
. 297 

Industrial application of these odd-numbered PFCAs might contribute to the East 298 

Asian-specific pattern of PFCAs in daily duplicate diet samples and serum. The 299 

temporal increase in long-chain PFCAs, especially in Korea, warrants further 300 

investigation of the sources and exposure routes. This would assist in predicting future 301 

changes in the food, water, and serum levels of these contaminants. 302 

 303 

Even though long-chain PFCAs are prevalent, comprising 82 % of the total PFCAs 304 

in this study, their toxicokinetics and toxicities are not well characterized. In several in 305 

vitro studies, long-chain PFCAs have caused biological responses at lower doses than 306 

PFOA.
21

 
22, 23

 Because of these uncertainties, comprehensive toxicological studies on 307 

long-chain PFCAs are required. 308 
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Figure legends 317 

Fig. 1 Mass spectra of PFOA benzyl ester in EI mode and ECNI mode (m/z 30–800) 318 

Fig. S1 Sample collection and treatment  319 

Fig. S2 Mass spectra of PFCA benzyl esters in ECNI mode (m/z 30–800) 320 

Fig. S3 Mass spectra of PFCA benzyl esters in EI mode (m/z 30–800) 321 

322 
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Table 1
Quality assurance for PFCAs analysis in food samples

Quantification Quantification
Instrument
detection

Instrument
detection

Recovery and
(reproducibility)

Relative detector
responsed

Procedural
blank (SD)

Method detection
limite

 (confirmation)  (confirmation)  limit a (pg)  limit a (pg)
% (RSD%)b

(n=10, fortified)c
% (SD%)                    (n=6,

fortified)d pg g-1, n=6, pg g-1

ECNI EI ECNI EI

PFOA (C8) 413 (414) 504 (485) 0.003 0.2 97 (16) 95(2.8) 5(0.4) 10
PFNA (C9) 463 (464) 554 (535) 0.003 0.2 98 (19) 93(3.9) 2(0.3) 4
PFDA (C10) 513 (514) 604 (585) 0.004 0.2 91 (17) 94(4.9) 1(0.3) 2
PFUnDA (C11) 563 (564) 654 (635) 0.004 0.2 94 (18) 92(6.3) 1.5(0.4) 3
PFDoDA (C12) 613 (614) 704 (685) 0.005 0.4 90 (18) 89(7.7) 1(0.2) 2
PFTrDA (C13) 663 (664) 754 (735) 0.005 0.4 93 (16) - 1(0.2) 2
PFTeDA (C14) 713 (714) 804(785) 0.007 2 93 (17) - 1(0.4) 2

a1 µL injection
b RSD: relative standard deviation

Compound    (carbon
atoms)

e food sample of 1 g. The method detection limit is defined as the concentration that produces a signal three times that of the blank. The mean blank signal was
subtracted from the calculated sample concentration.

c The recoveries of the PFCAs were examined by spiking 100 pg of each standard compound into 10 composite dietary samples before extraction.

d 13C4-labeled PFOA, 13C5-labeled PFNA, 13C2-labeled PFDA, 13C2-labeled PFUnDA and 13C2-labeled PFDoDA were derivatized and were fortified at 100 pg to food
extracts. Matrix effects are expressed as relative detector responses (%) to the signal area responses of corresponding solvent-based preparations.



Table 2

Dietary intake of PFCAs from composite food samples (ng day-1)
ng day-1

PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA PFTeDA Total
(C8) (C9) (C10) (C11) (C12) (C13) (C14) (C8-C14)

China Beijing 1993 n>MDL (%) 0(0) 3(60) 4(80) 4(80) 4(80) 4(80) 2(40) 4(80)
Median (Range) <22.5 9.4(n.d.-12.3) 8.9(n.d.-15.4) 9.6(n.d.-13.9) 6.5(n.d.-13.3) 15.0(n.d.-16.0) <4.5 66.6(n.d.-80.2)

(n=5) Mean±SD - <9.0 9.0±4.9 9.7±4.0 7.3±4.1 12.6±5.8 - 61.7±20.0
GM (GSD) - <9.0 7.6(2.1) 8.8(1.7) 6.3(1.9) 10.3(2.4) - 58.1(1.5)

2009 n>MDL (%) 0(0) 2(40) 5(100) 2(40) 3(60) 3(60) 2(40) 5(100)
Median (Range) <30.9 <12.4(n.d.-15.8) 13.8(6.9-19.1) <9.3(n.d.-32.4) 8.7(n.d.-14.9) 8.0(n.d.-29.6) <6.2(n.d.-19.4) 68.1(35.1-141.8)

(n=5) Mean±SD - 9.4±4.9 13.1±4.9 - 8.0±5.3 13.0±12.1 - 78.7± 40.8
GM (GSD) - 8.4(1.7) 12.2(1.5) - 6.4(2.2) 8.4(3.0) - 70.7(1.7)

Korea Seoul 1994 n>MDL (%) 0(0) 0(0) 2(40) 4(80) 2(40) 5(100) 1(20) 5(100)
Median (Range) <17.8 <7.7 <3.6(n.d.-6.8) 8.2(n.d.-13.2) <3.6(n.d.-5.2) 9.3(5.2-22.2) <3.6(n.d.-3.7) 40.4(28.8-56.4)

(n=5) Mean±SD - - - 8.5±4.4 - 10.5±6.9 - 40.1±11.6
GM (GSD) - - - 7.3(1.9) - 9.0(1.8) - 38.8(1.3)

2007 n>MDL (%) 0(0) 2(40) 5(100) 5(100) 5(100) 5(100) 5(100) 5(100)
Median (Range) <21.0 <8.4(n.d.-16.1) 8.6(6.8-13.4) 60.3(46.9-80.2) 17.1(12.6-25.3) 49.3(41.4-67.8) 9.6(5.6-11.4) 172.8(132.3-225.2)

(n=5) Mean±SD - - 9.4±2.8 63.4±12.4 17.4±4.9 54.1±11.1 9.4± 2.3 171.6±34.8
GM (GSD) - - 9.1(1.3) 62.4(1.2) 16.9(1.3) 53.2(1.2) 9.2(1.3) 168.9(1.2)

Japan Hokkaido 1992, 1995 n>MDL (%) 3(43) 1(14) 2(29) 7(100) 2(29) 7(100) 0(0) 7(100)
Median (Range) <22.2(n.d.-35.8) <8.9(n.d.-13.7) <4.4(n.d.-5.2) 14.5(8.9-25.0) <4.4(n.d.-4.9) 13.1(5.2-29.7) <4.4 79.3(33.8-88.5)

(n=7) Mean±SD - - - 15.3±4.8 - 15.7±9.8 - 64.6±22.4
GM (GSD) - - - 14.7(1.4) - 13.2(1.9) - 60.8(1.5)

2009 n>MDL (%) 2(29) 4(57) 3(43) 7(100) 5(71) 6(86) 3(43) 7(100)
Median (Range) <18.1(n.d.-25.4) 7.8(n.d.-20.3) <3.6(n.d.-11.3) 20.6(14.7-30.0) 4.9(n.d.-16.1) 14.5(n.d.-40.0) <3.6(n.d.-9.4) 57.8(50.7-146.8)

(n=7) Mean±SD - 8.6±6.1 - 22.3±5.4 6.0±4.8 18.4±12.8 - 76.5± 37.2
GM (GSD) - <7.6 - 21.7(1.3) 4.7(2.0) 13.4(2.7) - 70.5(1.5)

Kyoto 1996, 1997 n>MDL (%) 6(100) 1(17) 1(17) 5(83) 1(17) 5(83) 0(0) 6(100)
Median (Range) 23.7(19.7-30.6) <7.5 2.0(n.d.-4.5) 8.7(n.d.-17.2) <3.7(n.d.-4.3) 5.6(n.d.-13.6) <3.7 46.7(38.4-79.2)

(n=6) Mean±SD 24.3±3.6 - - 9.1±4.6 - 6.2±4.0 - 49.8±15.1
GM (GSD) 24.1(1.2) - - 8.1(1.7) - 5.3(1.9) - 48.3(1.3)

2009 n>MDL (%) 5(83) 3(50) 2(33) 4(67) 2(33) 5(83) 1(17) 6(100)
Median (Range) 23.9(n.d.-38.2) <6.3(n.d.-9.9) <3.1(n.d.-5.9) 8.4(n.d.-33.0) <3.1(n.d.-9.3) 9.7(n.d.-34.8) <3.1(n.d.-4.3) 56.6(23.5-117.5)

(n=6) Mean±SD 24.0±9.9 - - 11.4±11.5 - 12.5±11.8 - 61.6±34.2
GM (GSD) 21.8(1.7) - - 7.4(2.8) - 8.4(2.9) - 53.8(1.8)

Okinawa 1992, 1995 n>MDL (%) 3(43) 0(0) 1(14) 6(86) 0(0) 6(86) 0(0) 6(86)
Median (Range) <25.9(n.d.-49.2) <10.4 <5.2 14.4(n.d.-21.0) <5.2 10.6(n.d.-16.2) <5.2 55.5(n.d.-93.9)

(n=7) Mean±SD - - - 13.5±5.9 - 10.6±4.9 - 62.3±25.9
GM (GSD) - - - 11.9(1.9) - 9.1(2.0) - 57.4(1.6)

2009 n>MDL (%) 4(57) 6(86) 6(86) 7(100) 6(86) 7(100) 3(43) 7(100)
Median (Range) 19.2(n.d.-26.6) 9.0(n.d.-11.9) 4.0(n.d.-8.2) 20.7(12.0-30.6) 5.1(n.d.-10.1) 15.9(8.0-26.0) <3.7(n.d.-8.1) 86.8(52.1-92.2)

(n=7) Mean±SD <18.5 9.0±2.6 4.8±2.2 20.6±6.9 5.7±2.7 16.5± 5.4 - 78.0±16.2
GM (GSD) <18.4 8.6(1.4) 4.4(1.6) 19.6(1.4) 5.1(1.8) 15.7(1.4) - 76.4(1.3)

N.D.: not detected; MDL: method detection limit; SD: standard deviation; GM: geometric mean; GSD: geometric standard deviation.
Concentrations lower than the detection limits were given a value of half the detection limit for statistical analyses.

Year (No. of
pooled diets)



Table 3
Statistical tests for PFCAs in food composite samples

a. Two-way analysis of variance 
Factor Locations Year Interaction (location*year)
p-value 0.003*0.003*0.003*0.003*

b. Analysis of covariance with PFCAs food intakes, historical and demographic status in East Asia.
A model for PFCAsa

Intercept Locations (Kyoto=0) Year (2000s=1) Interaction (location*Year (2000s=1))
Hokkaido Okinawa Beijing Seoul Hokkaido Okinawa Beijing Seoul
α β γ σ ε ζ η θ ι

Parameter estimate1.822 0.007 -0.072 -0.012 0.098 0.077 -0.020 -0.084 -0.027 0.223
t-value - 0.150 -1.580 -0.230 1.910 3.170 -0.430 -1.850 -0.520 4.350
p-value ---- 0.880 0.120 0.821 0.062 0.003*0.003*0.003*0.003* 0.668 0.070 0.606 <.0001*<.0001*<.0001*<.0001*

* indicates significant difference  (p<0.05)

0.292 0.002*0.002*0.002*0.002*

a Regression models are described as (log PFCAs food intakes)=(intercept)＋αx［location:Hokkaido］＋βx ［location:Okinawa］＋γx［location:Beijing］＋σx［location:Seoul］＋εx
［Year］＋ζx［interaction:Hokkaido］＋ηx［interaction:Okinawa］＋θx［interaction:Beijing］＋ιx［interaction:Seoul］



Table 4
Comparison of dietary intakes of PFCAs observed in the present study (Japan, Korea, China) with reported data (Japan, Norway)

Sampling Dietary intake (ng day-1)
site Year Study type PFOA PFNA PFDA PFUnDA PFDoDA PFTrDA PFTeDA reference

(C8) (C9) (C10) (C11) (C12) (C13) (C14)
Japan

Overall Japan 1990s daily duplicate diet Mean 22.8 <8.9 <4.4 12.8 <4.4 11.1 <4.4 This study
2009 daily duplicate diet Mean 18.0 7.9 3.9 18.4 <3.6 16.0 <3.6 This study

Hokkaido 1992, 1995 daily duplicate diet Mean <22.5 <9.0 <4.5 15.3 <4.5 15.7 <4.5 This study
2009 daily duplicate diet Mean <19.0 8.6 3.9 22.3 6.0 18.4 4.0 This study

Kyoto 1996, 1997 daily duplicate diet Mean 24.3 <7.0 <3.5 9.1 <3.5 6.2 <3.5 This study
2009 daily duplicate diet Mean 24.0 <6.3 <3.2 11.4 <3.2 12.5 <3.2 This study

Okinawa 1992, 1995 daily duplicate diet Mean <26.1 <10.5 <5.2 13.5 <5.2 10.6 <5.2 This study
2009 daily duplicate diet Mean <18.5 9.0 4.8 20.6 5.7 16.5 3.8 This study

Osaka 2004 daily duplicate diet Mean 68.5 - - - - - - Karrman et al., 2009
Miyagi 2004 daily duplicate diet Mean 48.6 - - - - - - Karrman et al., 2009

Korea
Seoul 1994 daily duplicate diet Mean <17.8 <7.1 <3.6 8.5 <3.6 10.5 <3.6 This study

2007 daily duplicate diet Mean <20.6 <8.2 9.4 63.4 17.4 54.1 9.4 This study

China
Beijing 1993 daily duplicate diet Mean <22.5 <9.0 9.0 9.7 7.3 12.6 <4.5 This study

2009 daily duplicate diet Mean <30.5 <12.2 13.1 11.0 8.0 13.0 9.0 This study

Norway 2008-2009 estimated intakes Mean 31 9.5 13 6.7 6.7 - - Haug et al., 2010

a Calculated assuming a body weight of 70 kg
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Fig. 1   Mass spectra of PFOA benzyl ester in EI mode and ECNI mode (m/z 30-800)
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