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An improved extraction (ion pairing) and cleanup (ENVI-carb
and solid phase extraction) method was developed for analysis
of perfluorinated compounds (PFCs) in human whole blood
samples from China. Ten PFCs including PFOS, PFHxS, PFOSA,
PFDoDA, PFUnDA, PFDA, PFNA, PFOA, PFHpA, and PFHxA
were detected in the blood samples (n ) 30) from five cities
(Jintan, Nanjing, Guiyang, Beijing, and Shenyang). PFOS was
found to be the dominant PFC ranging from 0.446-83.1 ng/
mL. Total fluorine (TF) and extractable organic fluorine (EOF)
also were measured in the blood samples using combustion ion
chromatography for fluorine. Analysis of known PFCs and
extractable organic fluorine showed that known PFCs could
account for >70% of EOF in samples from Beijing, Shenyang,
and Guiyang, whereas known PFCs could only account for
∼30% of EOF in samples from Jintan. Results of the present
study indicated the presence of substantial amounts of unidentified
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organic fluorine in human blood samples from Jintan.
Characterization and identification of these unidentified
fluorinated compounds will be instructive.

Introduction
The ubiquitous occurrence of perfluorsinated compounds
(PFCs) in environmental samples has drawn much attention
(1–5). Perfluorooctane sulfonate (PFOS) is commonly detected in environmental samples, but both PFOS and
perfluorooctanoate (PFOA), another important PFC due to
its wide use and application, are of great concern because
of their global occurrence in human blood and serum samples
(3, 6–9). Although toxicological studies have demonstrated
that adverse health effects such as reduced body weight,
hepatocellular hypertrophy, and decreased serum cholesterol
and triglycerides occurred in rats and monkeys after PFOS
exposure (10, 11), and genes involved in the peroxisomal
and mitochondrial beta-oxidation pathways were affected
in rats exposed to PFOA (12), the measured PFC concentrations in blood samples from general human populations (6)
were much lower than those measured in these test animals
(PFOS No observable adverse effect level (NOAEL): 44 µg/
mL for male rats and 64 µg/mL for female rats; PFOS NOAEL
for male monkeys was 82.6 µg/mL and was 66.8 µg/mL for
female monkeys) (10, 11). Elevated PFOS (1.32 µg/mL) and
PFOA (1.78 µg/mL) concentrations were measured in perfluorooctanesulfonyl fluoride manufacturing workers (13).
Total bilirubin (0.008 mg/dL decline/µg/mL) and serum
aspartate aminotransferase (0.35 unit increase/µg/mL) were
related to serum PFOA concentrations but not other liver
enzymes (14). There were no significant positive correlations
between serum PFOA concentrations and measured health
parameters such as thyroid-stimulating hormones or red cell
indices (15). In addition, a recent study suggested that there
was little support for an association between bladder cancer
and PFOS exposure for perfluorooctanesulfonyl fluoride
manufacturing workers (16). Information concerning the
health effects of PFCs at the reported exposure level of the
general public is inconclusive.
The U.S. Interagency Testing Committee (ITC) identified
50 PFCs of interest because of their potential for environmental persistence and long-range transport (www.epa.gov/
opptintr/itc). Measuring PFCs in environmental samples
allows for a gross understanding of the degree of PFC
pollution in the environment; however, this understanding
depends on the efficacy and efficiency of existing extraction
methods and the availability of authentic analytical standards.
PFOS and PFOA are the dominant PFCs in environmental
samples, but it is also known that these compounds only
account for a portion of the PFCs that are present in
environmental and biological matrices (17, 18). Other fluorochemicals, such as fluorotelomer alcohols and shorter and
longer chain perfluorocarboxylates (PFCAs), have become
important elements in monitoring surveys and risk evaluations. Currently, more than 18 PFCs can be detected in
seawater, animal tissues, and human samples with the help
of advanced analytical instrumentation and analytical standards (19, 20). Even though analytical methods exist to
measure 41 different PFCs (21), it is technically challenging,
if not impossible, to determine all of the individual PFCs in
a sample.
Total organohalogens have been measured in a variety of
environmental samples (22–24). Most of these studies
measured total extractable chlorine (EOCl), bromine (EOBr),
and iodine (EOI), and there is a paucity of data regarding
10.1021/es800631n CCC: $40.75
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extractable fluorine (EOF) (18) due to analytical limitations.
Refined combustion ion chromatography for fluorine (CICF) and improvements in analytical extraction methods for
the separation of organic and inorganic fluorine were
developed recently (17, 18). This improved method is
applicable to trace fluorine analyses at parts per trillion levels
in water (17) and parts per billion levels in blood samples
(18). The concentration of total fluorine (TF) in any sample
is equal to the sum of inorganic fluorine (IF) and organic
fluorine (OF) concentrations in that sample. TF was determined in blood samples (18), but OF could not be measured
accurately because the analytical result depended on the
extraction method used. Therefore, only a proportion of the
OF in a sample could be extracted (i.e., extractable organic
fluorine (EOF), while the OF that could not be extracted using
the developed extraction methods was regarded as nonextractable organic fluorine (NEOF) (Supporting Information
Figure 1)). In the present study, the amount of TF in the
blood samples was measured without any fractionation. Two
fractionation steps using ion-pairing extraction (EOF Fr1)
and hexane extraction (EOF Fr2) were used for the determination of the amount of extractable organic fluorine in
the sample (Supporting Information Figure 2).
The application of these new extraction and analytical
methods showed that known PFCs accounted for >80% of
the EOF fraction in human blood samples from Japan and
the U.S., while IF and NEOF accounted for >70% of the TF
in those samples (18). Measurement of TF, EOF, and IF allows
for a better understanding of the degree of PFC contamination
and can help to identify the presence of other unidentified
fluorochemicals and sources of contamination that are
introduced into the environment.
The results of investigations of PFC levels in human blood
in China have been reported elsewhere (9, 25, 26). This is the
first report concerning TF in human blood samples from
China. The degree of OF contamination in the Chinese
population is still unknown. In view of this, blood samples
from four cities from the previous study were selected for TF
analyses (9). Samples from Shenyang and Jintan were selected
because those samples contained the greatest and lowest
PFC concentrations, respectively; the samples from Guiyang
and Beijing had similar PFC composition profiles and were
selected for TF analysis to investigate the patterns of known
PFCs and OF in these samples. Samples from Nanjing, a new
location, also were analyzed to provide further information
on PFC concentrations in China.
The challenge for quality in the determination of PFC
concentrations in environmental and human samples has
been discussed recently (27). Data uncertainties result from
both the lack of analytical standards and the matrix effects
from ionization problems during mass spectrometric detection and quantification of PFCs. Ion-pairing extraction
methods (28) and formic acid digestion with solid phase
extraction (SPE) (29) were the common methods for the
extraction of PFCs from human blood samples, while ENVIcarb (graphitized carbon) (30) was used as a cleanup method.
In the present study, we applied cleanup processes using
ENVI-carb, followed by SPE after the ion-pairing extraction,
to lower the background interferences for some PFCs such
as perfluoroheptanoic acid (PFHpA) and perfluorononanoic
acid (PFNA).
The objectives of the present study were (i) to determine
TF, EOF, and known PFCs in human blood samples and (ii)
to evaluate the relative proportions of known PFCs to organic
and total fluorine in human blood samples to investigate the
presence of other unidentified organic fluorinated compounds. Improved cleanup methods using ENVI-carb and
SPE were described and applied to the blood samples.

Materials and Methods
Details of chemicals and reagents used and experimental
procedures employed in the present study are given in the
Supporting Information.
Sample Collection. Samples of whole human blood from
Jintan, Nanjing, Shenyang, Guiyang, and Beijing were collected from volunteer donors from local universities or
hospitals in China in 2004 following the same protocol as
described in the previous study (9). Detailed sample information is shown in Supporting Information Table 1. The
whole blood samples were stored in polypropylene (PP)
containers or vacutainers at -20 °C until analysis.
Individual PFC Analysis. Thirteen individual PFCs were
analyzed using the ion-pairing method, the details of which
are described elsewhere (28) and are summarized in Supporting Information Figures 1 and 2. To reduce interference,
further ENVI-carb (30) and SPE (19) cleanup were applied
to the extract (Supporting Information Figure 2).
TF, IF, and EOF Analyses. An aliquot of each blood sample
was subjected to fractionation (Supporting Information
Figure 2) for the analysis of TF, IF, and EOF, using extraction
procedures described elsewhere (18). TF was determined by
taking 0.1 mL of whole blood on a silica boat and placing it
directly into the CIC. EOF (Fr1) was quantified from the extract
of ion pairing (MTBE fraction), and EOF (Fr2) was quantified
after another extraction of the ion pairing with hexane using
CIC. Details of the procedure are provided in the Supporting
Information.
Instrumental Analysis and Quantification. Concentrations of PFCs in whole blood samples were analyzed by the
use of high-performance liquid chromatography with tandem
mass spectrometry (HPLC-MS/MS). Separation of analytes
was performed using an Agilent HP1100 liquid chromatograph (Agilent, Palo Alto, CA) interfaced with a Micromass
Quatro Ultima Pt mass spectrometer (Waters Corp., Milford,
MA) operated in electrospray negative mode. The details of
separation using HLPC, desolvation gas flow, temperature,
collision energies, cone voltages, and MS/MS parameters
for the instrument were optimized for individual analytes
and are reported elsewhere (ref 19, and Supporting Information). In this study, the external calibration curve was used
for quantification, the details of which can be found in the
Supporting Information. Cleanup methods were applied to
obtain an extract that was similar to the standards in the
solvent. This method has given reliable results as indicated
by the international interlaboratory calibration exercise (31).
TF and EOF were determined using modified CIC, by the
combination of an automated combustion unit (AQF-100
type AIST; Dia Instruments Co., Ltd.) and an ion chromatography system (ICS-3000 type AIST; Dionex Corp., Sunnyvale, CA). The details for analyses are given elsewhere (17, 18)
and in the Supporting Information.
Quality Assurance/Quality Control. Individual PFC Analyses. To achieve lower detection limits for HPLC-MS/MS, all
accessible polytetrafluoroethylene (PTFE) and other fluoropolymer materials were removed from the instruments
and apparatus to minimize the background signal due to
contamination. PP tubes and septa were selected after a
thorough checking of blanks. Impurities of each standard
chemical were tested at the nanogram per milliliter level,
and no contamination from chemical reagents was observed.
Procedural blanks associated with every 10 samples were
tested to check for possible laboratory contamination and
interferences. The blank levels in the tube used for sample
collection were checked and found to be <7 pg/mL in washed
methanol for all analytes. All target chemicals were spiked
into test samples of blood (for matrix-spike recovery tests),
and the samples were extracted and analyzed following the
same procedures as described previously (Supporting InVOL. 42, NO. 21, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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TABLE 1. PFC Concentrations (ng/mL) in Chinese Blood Samplesa
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formation Table 2). Recoveries were evaluated by subtracting
background levels from detected concentrations. PFC concentrations were not corrected for recoveries.
TF Analyses. The gases used for CIC are a source of fluorine
contamination. Therefore, high-purity gases were used (Ar:
99.9999% and O2: 99.9995%). The ion chromatograph tubing,
gas lines, valves, and regulator, which contained materials
or parts made of PTFE, were replaced with stainless steel,
polyetheretherketone, or polyethylene tubing. Furthermore,
a gas purifier containing activated carbon was placed in the
gas line to remove trace levels of fluorine from the gases.
Analyses of total and extractable fluorine were conducted in
duplicate. Analysis of PFOS standard 10 and 100 ng/mL in
MeOH showed 95% (SD: 5%) and 98% (SD: 3%) recovery,
respectively. In-house reference material (pig’s blood) was
analyzed before and after every 10 CIC injections (TF mean:
173 ng F/mL and SD: 13 ng/mL, n ) 10) to check the overall
efficiency of the combustion process.
Statistical Analyses. A nonparametric Kruskal-Wallis test
was used to assess the differences in concentrations of EOF
measured in the blood samples among locations. A nonparametric Mann-Whitney test was used to assess the
differences in concentrations of EOF measured in the blood
samples between genders. A Spearman rank correlation was
used to examine possible correlations between EOF and TF
with age in the blood samples. A significant level was accepted
at R ) 0.05.

Results and Discussion
Procedure blank and recovery tests were conducted on each
batch of samples and are summarized in Supporting Information Table 2. The procedural blanks, recoveries, and
matrix-spike recoveries, using the same blood matrices
and spiking level (1 ng of each PFC), were acceptable and
comparable to those from a previous report (Supporting
Information Table 2). The modified ion-pairing extractions
(i.e., with further cleanup methods), PFBS, PFHpA, 8:2FTCA,
and 8:2FTUCA, now could be determined using the present
method. In general, PFOS, PFHxS, PFOSA, PFDoDA, PFUnDA,
PFDA, PFNA, PFOA, PFHpA, and PFHxA were detected in
the samples, whereas PFBS, 8:2 FTUCA, and 8:2 FTCA
concentrations were all below LOQs (Table 1).
The PFC concentrations in human blood from individuals
living in different Chinese cities are summarized in Table 1.
The results from the present study agreed with those from the
previous study (9) in that individuals from Shenyang had the
greatest PFOS and PFOSA concentrations (56.3 and 1.65 ng/
mL, respectively). However, PFOS and PFOSA concentrations
in individuals living in Nanjing (1.4 and 0.112 ng/mL,
respectively) were lower than those in blood from Jintan,
which contained the lowest concentrations in the last report
(9). Among the perfluorocarboxylates (PFCAs) measured,
PFNA could be detected in all blood samples and contributed
the major proportion of total PFCAs, followed by PFUnDA,
which also frequently was detected in the blood samples
with the exception of Jintan. PFHpA and PFHxA could only
be detected in a few samples from the present study. The
greatest PFCA concentrations were found in blood samples
of individuals living in Jintan, whereas concentrations in
individuals living in the other four cities were 7 times lower.
The PFC composition profiles of human blood samples
varied among locations (Supporting Information Figure 3),
but PFOS was always the dominant PFC, contributing
∼60-90% of the total PFCs. The composition profiles among
Shenyang, Guiyang, and Beijing were similar, but composition profiles from Jintan and Nanjing showed that PFCAs
comprised a greater proportion of total PFCs in these samples.
These results suggested different sources of contamination
and/or different routes of exposure in Jintan and Nanjing as
compared to the other cities.

TABLE 2. TF, EOF, and Known PFC Concentrations (ng F/mL) in Chinese Blood Samplesa

Shenyang
n)5
Beijing
n)5
Guiyang
n)5
Jintan
n)5
Nanjing
n ) 10
a

LOQ
mean
SD
mean
SD
mean
SD
mean
SD
mean
SD

sum known PFCs (ng F/mL)

EOF (Fr1)-MTBE (ng F/mL)

EOF (Fr2)-hexane (ng F/mL)

TF (ng F/mL)

N/A
37.2
12.3
10.1
4.41
15.0
10.1
6.02
2.53
1.32
0.608

6
43.4
13.2
17.4
6.73
17.0
8.48
24.5
11.1
<6

32
<32

6
166
53.2
117
55.1
102
29.6
60.6
19.5
77.0
23.1

<32
<32
<32
<32

N/A: not applicable.

FIGURE 1. TF, EOF, and known PFC concentrations (ng F/mL).
The occurrence of OFs was reported as early as the 1960s
in serum samples from fluorochemical plant workers (32),
and the conventional PFC monitoring studies could only
report some of the known PFCs in the environmental samples
due to analytical limitations. It is important to know how
much OF is present in human blood and how much of OF
is accounted for by PFCs. In the present study, further
information on fluorine contamination was obtained using
a refined and improved CIC-F method (Supporting Information Figure 1), in which EOF was measured as both MTBEextractable fluorine (Fr1) and hexane-extractable fluorine
fractions (Fr2). EOF (Fr1) could be measured in samples from
Beijing, Guiyang, Jintan, and Shenyang, whereas samples
from Nanjing were all below the limit of detection (<6 ng
F/mL) (Table 2 and Figure 1). Shenyang had the greatest
EOF (Fr1) concentrations, whereas Jintan, Beijing, and
Guiyang had lower but similar EOF (Fr1) concentrations.
EOF concentrations among these cities were not significantly
different [H (3, n ) 20) ) 3.11 and P ) 0.213]. No age-related
(R2 ) 0.0429, n ) 20, and P ) 0.315) or gender-related (U )
31, n ) 20, and P ) 0.630) accumulation was observed. These
observations corresponded to previous studies that reported
no related accumulation of PFCAs such as PFOA and PFNA
in human blood samples (3, 9).
EOF varied with the method used for extraction, and
therefore, EOF levels could only be compared when samples
were extracted using the same method. The analytical
procedures used in the present study were the same as those
of a previous study (18), allowing the results from the present
study to be compared with the previous study. EOF (Fr1)
concentrations in blood samples from Japanese individuals
ranged from <6 to 8.89 ng F/mL, whereas those in individuals
from the U.S. ranged from 17.8 to 59 ng F/mL. Samples from
China were within the range of Japan and the U.S. (<6-60
ng F/mL). As PFCs were in the subcategory of EOF (Fr1), it
is interesting and important to know how much EOF (Fr1)
can be explained by PFCs (Figure 2). Known PFCs contributed
the major proportion of EOF (Fr1) in samples from Guiyang

FIGURE 2. Composition profile of EOF in Chinese human blood.
(85%), Beijing (57%), and Shenyang (77%); these large known
PFC contributions to EOF were similar to another study that
showed that PFCs accounted for a major portion of EOF in
samples from the U.S. (85-103%) and Japan (84%) (18).
In contrast, known PFCs only accounted for 33% of the EOF
in samples from Jintan. These results convey three important
messages: first, known PFCs were the major OF contaminants
(>60%) in human blood from individuals living in Guiyang,
Beijing, and Shenyang; second, there remained a large
proportion of unidentified fluorinated chemicals in blood
samples from individuals living in Jintan; and third, Jintan
is a small city that differs from Beijing and Shenyang in terms
of being much less industrially developed. There may be
different exposure pathways or contamination sources of
organic fluorinated compounds for individuals living in Jintan
as compared to the other cities.
EOF (Fr1) probably consisted of polar fluorinated compounds that could be extracted using ion-pairing reagents
(i.e., TBA and MTBE). These compounds might include
unknown PFCs (C6-C12 PFCAs and C4, C6, and C8 PFASs).
However, some short-chain PFCAs such as C2 and C3 and
long-chain PFCAs such as C14, C16, and C18 could be present
in the samples but were not all extracted and measured
accurately. Other known fluorochemicals such as N-ethyl
perfluorooctanesulfonamidoacetate (PFOSAA), N-methyl
perfluorooctanesulfonamidoacetate (M570), and perfluorooctanesulfonamidoacetate (M556) were detected in human
blood samples (3, 33) but were not measured in the present
study. Furthermore, fluorinated chemicals have been widely
used in different applications as anesthetics, pesticides,
fungicides, and so on (reviewed in ref 34). All of these
fluorochemicals might account for parts of unidentified
fluorinated chemicals in the blood samples. However, the
identification of these unidentified fluorines was separate
from the scope of the present study, and further investigation
of these fluorinated chemicals is needed.
EOF (Fr2) consisted of semi- or nonvolatile fluorinated
compounds that were extracted by hexane. In the present
VOL. 42, NO. 21, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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instead of on PFCs (e.g., using other analytical techniques
such as NMR or by measuring other fluorinated chemicals
such as fluorinated pharmaceuticals or pesticides).
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FIGURE 3. Composition profile of fluorine in Chinese human
blood.
study, >90% (28 of 30 samples) of the blood samples was
below the LOQ (<32 ng/mL). Because of a relatively higher
detection limit for EOF (Fr2), it was difficult to ascertain as
to which fractions, EOF (Fr1) or EOF (Fr2), contributed more
to the organofluorine contamination. However, EOF (Fr1) of
the samples from Shenyang was greater than the detection
limit for EOF (Fr2), and so it is conceivable that organofluorine
contamination may be mainly attributed to EOF (Fr1) (or
PFCs because they accounted for ∼90% of this fraction).
TF concentrations in Chinese blood ranged from 60.6 to
166 ng F/mL (Table 2 and Figure 1). TF in Chinese blood
samples has not been reported to date, and therefore,
comparisons with other studies on the Chinese population
could not be made. The greatest mean TF concentrations
were found in samples from Shenyang and the least mean
concentrations occurred in samples from Nanjing (Table 2
and Figure 1). The TF concentrations in the Chinese
population were comparable to those in samples from Japan
(181-262 ng F/mL) and the U.S. (140-189 ng F/mL) (18).
Comprehensive mass balance analysis of fluorine in Chinese
blood samples showed that NEOF and IF accounted for a
major proportion of TF and that known PFCs contributed
2-30% of TF in these samples (Figure 3). These observations
were similar to a previous study (18) that showed that known
PFCs contributed <30% of TF, with a large proportion of
fluorine belonging to IF and NEOF in those blood samples.
As it is unlikely or perhaps impossible to identify or
measure all PFCs or unidentified OF, analyses of TF,
particularly of EOF, could provide important insights into
environmental risk assessment. The results of TF analyses of
samples from Shenyang and Jintan suggest at least two
possible courses of action. In the first approach, if it is
assumed that EOF (Fr1) is composed of all the PFCs, then
known PFCs accounted for the major proportion of EOF in
samples from Shenyang, indicating that effort should be
directed toward indentifying major contamination sources
of these known PFCs and that proper management should
be implemented to reduce these sources of contamination
in this city. If the proportion of EOF that is unknown in the
Jintan samples is assumed to be made up solely of unidentified PFCs, the analyses would indicate that these unknown
PFCs were being used or released in the region and that the
exposure pathways might be different from those in Shenyang. In terms of allocation of resources toward environmental assessment and management, these results suggest
that more attention should be given to Shenyang, whereas
Jintan might be a lower priority for environmental management, if the decision was made based only on contamination
by known PFCs. In the second approach, if the unknown
EOF (Fr1) is assumed to be fluorinated compounds other
than PFCs, then people living in Jintan are exposed to other
kinds of OF that might have similar physical properties and
similar exposure pathways as PFCs. Effort should therefore
be focused on the identification of these unidentified OFs
8144
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Supporting Information Available
Details of chemicals and reagents used and experimental
procedures employed in the present study. Table 1: details
of human blood samples analyzed in 2004; Table 2: procedural
blanks, recoveries, and matrix-spiked recoveries for PFCs;
Figure 1: components of total fluorine analyses; Figure 2:
schematic diagram showing extraction and analysis methods
for individual PFCs, EOF, and TF; and Figure 3: PFC
composition profiles in Chinese blood samples. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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S1

36

Chemicals and reagents. Potassium salts of PFOS, perfluorohexanesulfonate (PFHxS),

37

perfluorooctanesulfonamide (PFOSA), perfluorononanoic acid (PFNA), and PFOA were

38

purchased from Wellington Laboratories Inc. (ON, Canada). Perfluorohexanoic acid (PFHxA) was

39

purchased from Wako Pure Chemical Industries Ltd (Osaka, Japan). Perfluoroheptanoic acid

40

(PFHpA),

41

perfluorododecanoic acid (PFDoDA) were purchased from Fluorochem Ltd (Derbyshire, UK).

42

Perfluorobutanesulfonate (PFBS) was purchased from Chiron (Trondheim, Norway). 13C4-PFOS,

43

13C4-PFOA, 13C5-PFNA, and 13C2-PFDA were purchased from Wellington Laboratories. The

44

purities of the analytical standards were all ≥ 95%. Oasis® WAX (6 cc, 150 mg, 30 µm) solid

45

phase extraction (SPE) cartridges were purchased from Waters (Milford, MA). Milli-Q water was

46

used throughout the whole experiment. Tetra-n-butylammonium hydrogen sulfate (TBA),

47

methyl-tert-butyl ether (MTBE), sodium carbonate, methanol (residual pesticide and PCB

48

analytical grade), ammonium acetate (97%), ammonium solution (25%), and acetic acid (99.9%)

49

were obtained from Wako Pure Chemical Industries (Osaka, Japan).

50
51

Quality assurance/quality control

perfluorodecanoic

acid

(PFDA),

perfluoroundecanoic

acid

(PFUnDA),

and

52

The limits of quantification (LOQs) were defined as the smallest mass of injected standard that

53

resulted in a reproducible measurement of the peak areas consistent with the calibration curve, a

54

maximum blank concentration, concentration factors, and a signal-to-noise ratio equal to or

55

greater than 10 (Supporting Information Table 1). The LOQs were less than 0.01 ng/g ww for all

56

PFCs except PFDoDA and PFNA (LOQ<0.05 ng/g ww), and PFOSA and PFOS (LOQ<0.08 ng/g

57

ww). The target analyte concentrations were quantified based on calibration curves that were

58

constructed using individual standards of six different concentrations (10, 50, 200, 1,000, 10,000,

59

20,000 pg/mL). The linearity and repeatability of these calibration curves were confirmed before

60

each set of determinations was conducted.

S2

61
Supporting Information Table 1. Procedural blanks (ng/g ww), recoveries (%) and matrix spike recoveries (%) in egg samples
LOQ

0.08

0.01

0.01

0.08

0.05

0.01

0.01

0.05

0.002

0.01

0.01

n

PFOS

PFHxS

PFBS

PFOSA

PFDoDA

PFUnDA

PFDA

PFNA

PFOA

PFHpA

PFHxA

Procedural blank

6

<0.08

<0.01

<0.01

<0.08

<0.05

<0.01

<0.01

<0.05

<0.01

<0.01

<0.01

-

-

-

-

Procedural recovery

6

99

96

97

74

86

95

97

98

92

104

93

-

-

-

-

9

6

3

17

17

12

8

4

13

10

11

-

100

98

104

103

108

113

94

100

109

119

97

99

103

102

2

7

3

5

3

SD
Matrix spike recovery
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SD

4

4

5

1

1

1

2
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1

1

3

13C4PFOS 13C4PFOA 13C5PFNA 13C2PFDA

Supporting Information Table 2. Significant (p<0.05) Pearson
correlation coefficients among PFCs in waterbird egg samples
from South China.

Target analyte
night heron - Hong Kong n=9
PFDoDA
PFUnDA
PFDA
PFNA
great egret - Hong Kong n=10
PFOS
PFUnDA
PFDA
PFUnDA
PFDA
little egret - Xiamen and Quanzhou n=4
PFDoDA
PFUnDA
PFDA
PFNA
PFUnDA
PFDA
PFNA
PFDA
PFNA

r
0.71
0.69
0.75
0.69
0.92
0.99
0.95
0.97
0.98
0.98
0.99

S4

Table 3.Significant (p <0.05) Pearson correlation coefficients among PFC and PCB concentrations in waterbird egg
samples from Hong Kong
night heron n=9
PFOS
Total PCBs
n.s.
PCB28
n.s.
PCB44
0.77
PCB52
0.77
PCB101
0.78
PCB104
n.s.
PCB105
0.76
PCB114
n.s.
PCB118
n.s.
PCB123
n.s.
PCB128
n.s.
PCB138
0.78
PCB153
n.s.
PCB154
n.s.
PCB156
n.s.
PCB167
n.s.
PCB169
0.77
PCB180
n.s.
PCB187
n.s.
PCB188
n.s.
PCB194
n.s.
PCB195
n.s.
PCB201
n.s.
PCB81
n.s.
PCB77
n.s.
PCB123
n.s.
PCB118
n.s.
PCB114
n.s.
PCB105
n.s.
PCB167
n.s.
PCB156
n.s.
PCB157
n.s.
PCB189
n.s.
PCB170
n.s.
PCB189
n.s.
PCB206
n.s.

PFDoDA PFUnDA
0.91
0.81
0.95
0.76
0.92
0.71
0.94
0.73
0.95
0.75
0.93
0.73
0.95
0.78
0.91
0.83
0.96
0.8
0.92
0.78
0.95
0.76
0.92
0.82
0.97
0.85
n.s.
0.71
0.93
0.87
0.79
0.8
0.89
0.84
0.96
0.85
0.97
0.82
0.97
0.82
0.9
0.88
0.84
0.88
0.94
0.79
n.s.
n.s.
0.97
0.86
0.93
0.79
0.96
0.79
0.89
0.8
0.95
0.77
0.95
0.77
0.95
0.83
0.92
0.83
n.s.
0.71
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

PFDA
0.81
0.78
0.75
0.76
0.76
0.77
0.79
0.85
0.79
0.84
0.79
0.81
0.79
0.83
0.84
n.s.
0.89
0.81
0.78
0.8
0.91
0.91
0.82
0.74
0.84
0.81
0.79
0.85
0.79
0.79
0.83
0.85
0.82
n.s.
n.s.
n.s.

PFOSA
0.97
0.99
0.99
1
0.99
1
0.99
0.79
0.97
0.98
0.99
0.92
0.91
n.s.
0.89
n.s.
0.94
0.94
0.94
0.96
85
0.85
0.98
0.73
0.95
0.96
0.97
0.92
0.99
0.99
0.96
0.94
n.s.
n.s.
n.s.
n.s.

PFNA
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
0.8
0.76
0.73

great egret n=9
PFUnDA PCB126
PFOSA
PCB77

0.69
0.77

PCB congeners including CB-1, 8, 18, 28, 29, 44, 50, 52, 66, 77, 81, 87, 101, 104, 105, 114, 118, 123, 126, 128,
138, 153, 154, 156, 157, 167, 169, 170, 180, 187, 188, 189, 194, 195, 201, 206, 209 and co-planar PCB congeners
including CB-77, 81, 126, 169, 105, 114, 118, 123, 156, 157, 167, 189 were investigated.
n.s.- not significant
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Supporting Information Figure 1: Map showing the sample collection locations of waterbird
eggs in South China.
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Supporting Information Figure 2: Analytical procedures for the determination of PFCs in
waterbird egg samples

Ion Pairing

SPE
Conditioning of cartridge – Oasis (WAX)

1g ww Sample (Whole Egg)
0.5 ml sample + 100 ml Milli Q water
1 ml TBA
2 ml Buffer

20 ml 0.01%NH4OH/H2O
10 ml MilliQ water ×3

5 ml MTBE ×3
4 ml buffer
(Fraction 1)

1 ml MeOH
Reduced to 1 ml

4 ml
MeOH
(Fraction 1)

4 ml
NH4OH/MeOH
(Fraction 2)

LCMSMS
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