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ABSTRACT

Arapid on-line solid phase extraction ultra high performance liquid chromatography tandem mass spec-
trometry method was developed for the identification and quantitation of nine perfluorinated compounds
in matrices of environmental, biological and food interest. Pre-treatment, solid phase extraction, chro-
matographic and mass detection conditions were optimised, in order to apply the whole methodology
to the analysis of different matrices. Particular attention was devoted to the evaluation of matrix effect
and the correlated phenomena of ion enhancement or suppression in mass spectrometry detection. LOD
and LOQ range from 3 to 15ng L~ and from 10 to 50 ng L', respectively. Method detection limits (MDLs)
were also calculated for each kind of matrix. The recovery, evaluated for each analyte, does not depend
on analyte concentration in the explored concentration range: average R% values are always greater than
82.9%. In the whole, the results obtained for samples of river waters, blood serum, blood plasma, and fish
confirm the ubiquitous presence of perfluorinated compounds, as recently denounced by many sources.

River sample
Food sample
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1. Introduction

Recent alarms concern the potential toxicity of polyfluorinated
compounds, mainly in consideration of their ubiquitous presence
in the environment, their persistence and potential bioaccumula-
tion and biomagnification. Polyfluorinated compounds comprise
different chemicals, that present an alkyl chain partially or fully
fluorinated (as the perfluorinated compounds PFCs) containing dif-
ferent functional groups. While persistence and volatility depend
on these functional groups, the strong carbon-fluorine bond and
the physicochemical properties of the perfluorinated moieties con-
fer to PFC characteristics of rigidity, low chemical reactivity and
stability to thermal and biological degradation, associated with
both oleophobic and hydrophobic properties. In a recent past all
these characteristics have made PFCs excellent products for a great
variety of industrial applications and uses. In 2000 the global pro-
duction of perfluorooctylsulfonate (PFOS) and perfluorooctanoic
acid (PFOA), the most common PFCs, was estimated around 3500
and 500 metric tons, respectively [1]. PFOA is primarily used in
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the production of fluoroelastomers and fluoropolymers as polyte-
trafluoroethylene (PTFE or Teflon®) [2-4], that finds applications
ranging from coating of cookware to material used for labware, and
analytical instrumentation [1]. PFOS is the precursor in several PFC
products. Over the past 50 years PFCs have been used in the pro-
duction of surfactants, lubricants, paints, polishes, adhesives, food
packaging, fire retarding foams, refrigerants, components of phar-
maceuticals, cosmetics and personal care products, insecticides,
grease-, water- and stain-resistant paper and textiles coatings; they
find large use also in automotive, mechanical, aerospace, chemical,
electrical and medical fields, as well as in building and construction
industries.

An unexpected consequence of PCF widespread use and sta-
bility is the release to the environment: presence of PFCs has
been found in surface waters, aquatic environments, sediments,
soils, sludges, aerosol [1,5-24], fish, herring gull eggs, seal liver
[2,14,16,25,26] and in human blood, milk and many tissues
[2,5,12-15,17,19,20,22,27,28]. Already in 2000 the 3M company,
the major producer of PFOS voluntarily phased out the produc-
tion but PFOS and many related PFCs are still produced by other
manufactures [29]. Since April 2003 the US Environmental Protec-
tion Agency (US EPA) released two risk assessments about potential
human exposure to PFOA and in 2006 launched a voluntary stew-
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ardship program to reduce by 95% PFOA and related chemicals in
the environment by 2010 and to work towards their elimination by
2015 [30]. In October 2006 the European Union EU issued a Direc-
tive that prohibited from June 2008 the general use of PFOS and
derivatives [31].

To date, toxicological information is available only for PFOS and
PFOA. Animal studies indicate that ionic PFCs are absorbed when
orally ingested [26]: the amphiphilic species do not preferentially
accumulate in adipose tissues but bind to blood proteins influenc-
ing hormone feedback systems [11,32]. PFOS and PFOA are also
absorbed by inhalation, dermal contact and can cause in rats and
mice hepatic diseases and hepatocarcinogenesis [3]. Based on lab-
oratory animal feeding studies, the NOAEL (no observed adverse
effect level) value of PFOS was estimated as 0.1 mgkg~!day~!
and the LOAEL (the lowest observed adverse effect level) value as
0.4mgkg-!day! [33].

Humans can assume PFCs through dermal contact, air-bone
transport, drinking water and food, in particular fish, crops and
livestock. Even if EPA suggested PFOA possible carcinogenity, a
final risk assessment is not yet completed. In January 2009 US EPA
established the Provisional Health Advisories (PHA) limits for PFOS
(0.2 gL 1) and for PFOA (0.4 wgL-1) in drinking water [30,34]
but PHA values are still subjected to possible changes as a func-
tion of new information [30]. In 2008 the EFSA (European Food
Safety Authority) Journal reported that the data available allow only
indicative values [35]. From 17th March 2010 the European Com-
mission suggested to the Member States to monitor along 2010 and
2011 the presence of PFCs in food in order to define exposure levels
[36]. The UK Health Protection Agency fixed PFOS and PFOA max-
ima acceptable concentrations in drinking water as 0.3 ugL~! and
10 pgL~1, respectively.

Literature methodologies for the identification and determina-
tion of PFCs take into account only one kind of matrix (biological,
food, environmental) and consist in the pre-treatment step of the
sample, followed by the extraction process of the analytes and then
their quantification.

Pre-treatment and extraction conditions mainly depend on
the kind of the matrix. The most used analytical techniques
are gas chromatography (GC) and high performance liquid chro-
matography (HPLC) hyphenated with mass spectrometry (MS)
detection. GC-MS methods have been applied for volatile neutral
per- and poly-fluorinated compounds and for ionic PFCs after a
derivatisation reaction [1]. While in general capillary zone elec-
trophoresis (CZE) [3] and GC-MS methods allow detection limits
only of the order of mgL~! and pgL~1, respectively, HPLC-MS and
HPLC-MS/MS methods are more sensitive, with detection limits
of the order of ngL~!. In addition HPLC-MS/MS also offers better
selectivities. HPLC-MS and HPLC-MS/MS make use of both atmo-
spheric pressure chemical ionisation (APCI) [5] and electrospray
ionisation (ESI) in negative ion (NI) mode [1,5,9,10,12,15,16,22-25].

When analysing complex matrices, co-elution of matrix com-
ponents is easy to occur and, when using MS detection, to give
phenomena of ion suppression or enhancement [20,37]. To over-
come matrix effects the steps of pre-treatment and extraction of
the analytes must be optimised. For the quantitation process, iso-
topic labelled standard (1.S.) [5,12,13,22] or the standard addition
method [11,12,20,22,38,39] has been used. Calibration in surrogate
matrix (as for example rabbit serum for analysing human serum)
has also been employed [12]. Different pre-treatments have been
employed, as the use of activated carbon, protein precipitation
[12], filtration [18] or dilution with formic acid [2]. To extract PFCs
from biological samples, techniques such as liquid-liquid extrac-
tion (LLE) [5,12] or ion pairing LLE were used [5,14,27,40,41]. With
respect to the LLE, solid phase micro-extraction (SPME) technique
is a solvent free process that includes simultaneous extraction and
preconcentration of analytes from aqueous samples or from the

headspace of the samples. SPME followed by GC-MS [42] or LC-MS
[3] analysis was also employed. But SPME is a slow and expensive
technique, its fibre is fragile with limited lifetime and sometimes
sample carry-over could be a problem. On the contrary, solid phase
extraction (SPE) has the advantage such as simplicity, high speed,
low consumption of organic solvent and high reproducibility. The
use of SPE was largely applied and the performances of different
solvents, extraction mixtures and sorbent packing materials were
compared [5,9,26,43]. Automated off-line extraction methods were
also developed, in which the eluting agent is chosen as a function
of the matrix (milk or serum) [20].

Recently, on-line SPE HPLC-MS methodologies have been
optimised, that comprise the steps of extraction and analysis
[1,2,22,44]. To our knowledge, all the methodologies present in lit-
erature have been optimised in order to separate and determinate
mixtures of PFCs in a specific matrix. On the other hand, in routine
analysis it should be very advantageous that the availability of a
methodology to be applied to different kinds of matrix in which
the presence and the amount of PFCs must be controlled.

Aim of the present study is the development of an automated
on-line SPE ultra high performance liquid chromatography tan-
dem mass spectrometry (UHPLC-MS/MS) methodology that can be
applied in the determination of PFCs in matrices of environmental,
biological and food interest, as river water, human plasma, human
serum and fish. In addition, the UHPLC technique allows shorter
analysis times, very advantageous in routine analysis.

2. Experimental
2.1. Reagents

Perfluorooctanesulfonamide (FOSA), sodium perfluorobutane
sulfonate (PFBS), perfluoroheptanoic acid (PFHpA), sodium per-
fluorohexansulfonate (PFHxS), perfluorooctanoic acid (PFOA), per-
fluorooctadecanoic acid (PFODA), sodium perfluorooctansulfonate
(PFOS), perfluoropentanoic acid (PFPeA), and perflurotetradecanoic
acid (PFTeDA) were purchased from Wellington Laboratories
(Guelph, ON, Canada), as also the two labelled standards, 13C mass
labelled PFOA (13C4-PFOA) and 13C mass labelled PFOS (13C4-PFOS).

HPLC grade acetonitrile (CH3CN) was purchased from Merck
(Darmstadt, Germany) and methanol (CH30H) Chromasolv
(>99.9%) from Sigma-Aldrich (Milwaukee, WI, USA). Formic acid
(HCOOH) (99%), ammonium acetate (99%) and ammonium hydrox-
ide (NH4OH) (30%) were acquired from Fluka (Buchs, Switzerland).
Ultrapure water was produced by a Millipore Milli-Q system (Mil-
ford, MA, USA).

The stock solutions of the standards were prepared in methanol
and diluted as required with a mixture 80/20 (v/v) of 0.1% HCOOH
solution in ultrapure water and 0.1% HCOOH solution in CH3OH. All
the solutions were prepared every week and preserved at 4°C in
polypropylene (PP) vials. In order to avoid PFC contaminations, all
the autosampler vials used in the UHPLC-MS/MS analyses were in
PP and without the vials septum.

2.2. Apparatus

The chromatographic analyses were performed using a Dionex
(Sunnyvale, CA, USA) Ultimate 3000 UHPLC system equipped by a
Ultimate 3000 Degasser, a Ultimate 3000 Pump, a Ultimate 3000
RS Autosampler and a Ultimate 3000 RS column compartment. The
system was interfaced with a 3200 QTrap™ LC-MS/MS system
(Applied Biosystems, Foster City, CA, USA) by a Turbo VM interface
equipped with an ESI probe. The data were processed by Analyst
1.5 software (Toronto, Canada). A homogeniser Ultra-Turrax T25
(IKA-Werke, Staufen, Germany) and an IEC CL31R multispeed cen-
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trifuge (Thermo Electron Corporation, Milford, MA) were employed
in sample pre-treatment.

2.3. Sample pre-treatments

2.3.1. Biological samples

The blood samples were kindly obtained from laboratory ana-
lysts. For serum analysis, a volume of 1 mL of blood was centrifuged
at 14,000 rpm for 10 min; 100 p.L of the supernatant was added to
300 p.L of acetonitrile. The mixture was centrifuged at 14,000 rpm
for 10 min and the supernatant was diluted 1/4 (v/v) in a 80/20
(v/v) mixture of 0.1% HCOOH solution in ultrapure water and
0.1% HCOOH solution in CH30H and then subjected to on-line
SPE UHPLC-MS/MS analysis. For plasma analysis, 100 pL of blood
was added to 300 L of acetonitrile and centrifuged at 14,000 rpm
for 10min. The liquid fraction was diluted 1/4 (v/v) in a mix-
ture 80/20 (v/v) of 0.1% HCOOH solution in ultrapure water and
0.1% HCOOH solution in CH3OH and then subjected to on-line SPE
UHPLC-MS/MS analysis.

2.3.2. River samples

The samples of river water were collected in Sesia, Po and Tanaro
rivers (Piedmont, Italy) in 1L PP bottles and stored in dark and at
4°C until further processing. The samples were filtered through
0.22 pm PP filters before on-line SPE UHPLC-MS/MS analysis.

2.3.3. Fish sample

A sample of Morone saxatilis was purchased in retail fish market.

About 10 g of fish fillet were cut into small pieces, homogenised
with 25 mL of methanol at 13,500 rpm for 5 min in a Falcon tube and
then centrifuged at 14,000 rpm for 10 min. The supernatant was
diluted 1/10 (v/v) in a 80/20 (v/v) mixture of 0.1% HCOOH solution
in ultrapure water and 0.1% HCOOH solution in CH30H and then
subjected to on-line SPE UHPLC-MS/MS analysis.

Inorder to simulate in laboratory the possible effects of the cook-
ing process on PFC content, weighed amounts (around 3 g) of fish
were cooked at 180°C and for 30 min in two non-stick pans, the
first characterised by a new and integral coating and the second by
adamaged one. The cooked fish samples were then transferred into
a Falcon tube, homogenised with 6.5 mL of methanol at 13,500 rpm
for 5 min and centrifuged at 14,000 rpm for 10 min. The supernatant
was then treated as the supernatant from fresh fish.

F. Gosetti et al. / J. Chromatogr. A 1217 (2010) 7864-7872

Table 1

Mobile phase gradient for UHPLC and on-line SPE. (a) UHPLC conditions, percentage
of: (A)0.01% NH4OH solution in 5 mM ammonium acetate; (B) 0.01% NH4OH solution
in acetonitrile. (b) On-line SPE conditions, percentage of: (C) 0.1% HCOOH solution
in ultrapure water; (D) 0.1% HCOOH solution in CH;0H; (E) CH3CN/CH30H 60/40
(v/v).

(a) Right pump UHPLC

Time (min) Flow (mLmin~1) A% B%
0.0 1.000 80 20
0.8 1.000 80 20
4.7 1.000 0 100
7.0 1.000 0 100
7.1 1.000 80 20
(a) Left pump on-line SPE

Time (min) Flow (mLmin~1) Valve position C% D% E%
0.0 2.000 Loading 95 5 0
0.6 2.000 Injection 95 5 0
0.9 1.000 Injection 0 0 100
6.0 1.000 Injection 0 0 100
7.0 2.000 Loading 95 5 0
7.1 2.000 Loading 95 5 0

2.4. UHPLC-MS/MS conditions

The stationary phase was a Zorbax Eclipse XDB-C18
(4.6 mm x 50 mm, 1.8 wm) purchased from Agilent (Milan, Italy).
The mobile phase was a mixture of 0.01% NH4O0H solution in 5 mM
ammonium acetate (component A) and of 0.01% NH4OH solution
in acetonitrile (component B), eluting at flow rate 1mLmin~!
and under the UHPLC gradient conditions shown in Table 1a. The
injection volume was 350 L.

Temperatures of autosampler and of column oven were set at
5°Cand 55°C, respectively.

The turbo ion spray (TIS) ionisation was obtained using the
Turbo V™M interface working in negative polarity ion (NI) mode.
The instrumental parameters were set as follows: curtain gas (N,)
at 30 psig, nebulizer gas GS1 and GS2 at 45 and 60 psig, respectively,
desolvation temperature (TEM) at 600 °C, collision activated disso-
ciation gas (CAD) at 6 units of the arbitrary scale of the instrument
and ionspray voltage (IS) at —4500V. The 3200 QTrap™ was used
in scheduled multiple reaction monitoring (sMRM) considering the
transitions of each species at a prefixed retention time. Unit mass
resolution was established and maintained in each mass-resolving
quadrupole by keeping a full width at half maximum (FWHM) of
about 0.7 u.

Left Pump loading
+*
Autosampler pOS|t|0n
Py MS/MS
E _'5, System
52
($]
Analytical
Column
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il injection
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| Waste /6\ MSIMS
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Fig. 1. Instrumental configuration of on-line SPE.
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Table 2

Molecular weight (all the sulfonates are sodium salts), SMRM transitions (Q1 and Q3 masses) and mass spectrometry parameters: DP (declustering potential), EP (entrance
potential), CEP (collision cell entrance potential), CE (collision energy), CXP (collision cell exit potential). For each species, the most sensitive transition, marked as “*”, was
used for quantitation (quantifier) and the second one was used for confirmation (qualifier).

Analyte Molecular weight (a.m.u.) Q1 mass (m/z) Q3 mass (m/z) Time (min) DP (V) EP (V) CEP (V) CE (V) CXP (V)
*FOSA 499.14 497.90 78.00 3.8 —75.00 —4.00 -30.60 —70.00 0.00
FOSA 499.14 497.90 478.00 3.8 —75.00 —4.00 -30.60 —34.00 -4.20
*PFBS 322.08 299.00 80.00 2.6 —45.00 -9.00 -23.24 —45.00 -1.00
PFBS 322.08 299.00 99.00 2.6 —45.00 -9.00 -23.24 —53.00 -1.00
*PFHpA 364.06 362.90 318.90 2.9 —14.00 —4.00 -25.61 —18.00 -3.00
PFHpA 364.06 362.90 169.00 2.9 -14.00 -4.00 —25.61 —24.00 -1.00
*PFHXS 422.10 398.90 79.90 3.1 —63.00 —-10.00 -26.94 —68.00 -1.00
PFHxS 422.10 398.90 98.90 3.1 —63.00 —10.00 -26.94 -57.00 -1.80
*PFOA 414.07 412.90 368.90 3.1 -12.00 -4.30 —27.46 —14.00 -2.00
PFOA 414.07 412.90 218.90 3.1 -12.00 -4.30 -27.46 —-23.00 -2.00
*13C4-PFOA 418.04 417.00 168.90 3.1 -11.00 —4.80 -27.61 —26.00 —-0.80
13C4-PFOA 418.04 417.00 371.90 3.1 -11.00 -4.80 -27.61 -17.00 -3.55
*PFDOA 914.15 913.00 869.00 4.8 —36.00 —-8.00 —45.96 —27.00 -6.20
PFDOA 914.15 913.00 218.90 4.8 -36.00 —-8.00 —45.96 —40.00 -2.00
*PFOS 522.11 499.10 80.00 3.6 —74.00 -9.00 -30.64 —85.00 -1.00
PFOS 522.11 499.10 99.10 3.6 —74.00 -9.00 —30.64 —67.00 -1.00
*13C4-PFOS 526.11 502.90 79.90 3.6 —80.00 -9.00 -30.79 —88.00 -1.00
13C4-PFOS 526.11 502.90 98.90 3.6 —80.00 —-9.00 -30.79 -71.00 -1.00
*PFPeA 264.05 262.90 218.90 2.1 -11.00 —4.00 -21.91 —15.00 -1.70
PFPeA 264.05 262.90 68.90 2.1 -11.00 —4.00 -21.91 —53.00 0.00
*PFTeDA 714.12 713.00 169.00 4.2 —30.00 -5.70 —38.56 -39.00 —-2.00
PFTeDA 714.12 713.00 219.00 4.2 -30.00 -5.70 —38.56 -36.00 —-2.00

2.5. On-line SPE conditions

The purification of the samples was performed through an
on-line SPE method: the SPE column was a Poros HQ column
(2.1mm x 30mm, 10 wm) (Applied Biosystems, Foster City CA,
USA).

A mixture 95/5 (v/v) of 0.1% HCOOH solution in ultrapure water
(indicated as C in Table 1b) and of 0.1% HCOOH solution in CH30H
(indicated as D in Table 1b) was the loading solution, while the
eluting agent had the same initial composition (time = 0 min) of the
mobile phase used in the chromatographic separation. To reduce
the carryover effects, the autosampler loop and the autosampler
needle were washed for 5.1 min with a mixture of CH3CN/CH30H
60/40 (v/v), indicated as E in Table 1b.

The system setup for the on-line SPE consists of three steps.
In the loading step 350 pL of water or of the extracts of the real
samples are loaded onto the cartridge through the Dionex 3000
autosampler. The trap cartridge is fitted into the loading position
of the Valco 6-port switching valve (Fig. 1). Through the Dionex
Ultimate 3000 RS Dual pump the sample is loaded at flow rate of
2mLmin~! onto the trapping cartridge (left pump). While the ana-
lytes are retained on the SPE column and the matrix is flushed to
waste, the analytical LC column is equilibrated with the chromato-
graphic pump (right pump). In the injection step (Fig. 1), at 0.6 min,
the valve is switched to injection position that couples the SPE car-
tridge with the chromatographic column, into which the analytes
are transferred. The Dionex right pump is used to provide the gra-
dient elution. In the separation step the analytes are separated in
the analytical column. After 7 min the valve is switched back to the
loading position to equilibrate the on-line SPE cartridge with the
loading phase flowing at 2 mLmin~! for 4.5 min, prior to injecting
the next sample. The on-line SPE conditions are reported in detail
in Table 1b.

3. Results and discussion
3.1. Development and optimisation of the UHPLC-MS/MS method
The investigated PFCs were previously subjected to a MS/MS

characterisation study both in ESINI mode and in APCI NI sources, in
order to identify the successive fragments formed under increasing

collision energy. The experiments were carried out for direct infu-
sion of 300 wgL~! solutions of each PFC in CH3OH (syringe flow
rate: 50 pLmin~1, chromatographic pump flow rate 200 wLmin—1,
connecting it through a T valve to the syringe pump). As expected,
ESI source offers a better sensitivity due to the presence of ion-
isable groups (sulfonic and carboxylic groups) in the molecular
structure of the analytes studied. All PFCs presented many tran-
sitions: for each of them the most intense one was used for the
quantitative analysis and referred as “quantifier” transition, while
the second one (the “qualifier” transition) was employed to con-
firm the identification. The “quantifier” and “qualifier” transitions
are reported in Table 2, together with the instrumental potential
values.

In order to increase peak symmetry and chromatographic reso-
lution, two SPE sorbents and different elution phases were tested.
While the Dionex HRGP (2 mm x 10mm, 20 wm) SPE cartridge
gave a poor sorption, the Poros HQ sorbent, working in perfu-
sion mode, permitted good performances in terms of both sorption
and chromatographic separation. The composition of the UHPLC
mobile phase was optimised in order to reach the complete elution
of the analytes from the sorbent together with a good chro-
matographic separation. The use of different buffers (ammonium
acetate, ammonium formate and ammonium carbonate) at dif-
ferent concentrations (1, 5 and 10mM) and of different organic
solvents (methanol, acetonitrile) was tested and compared. The
use of 5mM ammonium acetate solution brought to pH 8.2 for
0.01% NH40H solution favored the desorption of PFCs from the SPE
cartridge and gave the best separation. The best chromatographic
peak symmetry was obtained with the use in the mobile phase of
acetonitrile at the indicated percentage.

Fig. 2 reports a typical chromatogram of the standard mixture
of the analytes (1000 ngL~! each), recorded under the optimised
conditions.

3.2. Validation of the analytical method

For each PFC a calibration plot reporting the peak area of the
“quantifier” transition (y) versus standard concentration (x) was
built: six concentration levels in the range between the LOQ value
and 1000ngL-! were considered. To overcome possible memory
effects, the standard solutions were injected in randomised order.
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Fig. 2. A typical on-line SPE UHPLC-MS/MS chromatogram of a standard mixture of the eleven analytes at 1000 ngL-'. The chromatographic conditions are reported in

Section 2.

For all the analytes a linearity regression fit was used with a weight-
ing factor 1/x. A good linearity of the response with regression
coefficients (R?) always greater than 0.9910 was obtained. A t-test
at 95% confidence level was applied to verify the significance of the
intercept of each calibration equation [45].

The limit of detection (LOD) was calculated as the concentration
of the analyte that gives a signal (peak area) equal to the average
background (Spjank) plus three times the standard deviation Sy,
of the blank (LOD = Spjank *+ 3Spiank )» While the limit of quantification
LOQ is given as LOQ = Spjani + 10Sp1ank [46]. Linearity ranges, R2, LOD
and LOQ are reported in Table 3 for all the analytes. LOD values
range from 3 to 15ngL~! and are lower or of the same magnitude
order of those obtained in other studies that employ on-line SPE
HPLC-MS methods [1,20,44].

Method detection limit (MDL) of each analyte was determined
by using a statistical approach [47]. The procedure involves spiking
seven replicates of each blank matrix with each analyte ata concen-

tration resulting in an instrumental signal to noise ratio between
2.5 and 5. The MDL was then calculated as MDL = t(,_1,1_¢-0.99) X Sd
where t=3.14 that corresponds to the Student’s value appropriate
for a 99% confidence level and 6 degrees of freedom, whereas Sy
is the standard deviation of the replicate analyses. The MDL values
were always lower than 75ngL-! (Table 3).

The intra- and inter-day precision on the retention time and on
the concentration were evaluated by analysing a standard mixture
of all PFCs (100ngL-1! each) every day for a week and repeating
the analysis five times. The results (Table 3) show that intra-day
precision of retention time range from 0.1% to 0.2% and inter-day
precision from 0.3% to 5%. The intra-day and inter-day relative stan-
dard deviation (RSD%) of concentration range from 1.2% to 3.3% and
from 3% to 9.3%, respectively.

To check the stability of the system as it concerns the quanti-
tative response, at random intervals along the analyses, standard
quality control (QC) solutions (at concentrations of 500ngL~1) of

Table 3
Regression coefficient (R?), linearity range, LOD, LOQ, method detection limit (MDL), intra- and inter-day RSD (%) on concentration for the 11 analytes considered.
Analyte R? Linearity LOD LOQ MDL in fish MDL in serum MDL in plasma  MDL in river Intra-day Inter-day
range (ngL™1) (ngL™1) sample sample sample water sample  RSD (%) RSD (%)
(ngL™") (ngkg™) (ngL™") (ngL™") (ngL™")
FOSA 0.9910  50-1000 15 50 60 75 70 42 1.9 7.5
PFBS 0.9982  25-1000 8 25 40 29 21 17 23 6.2
PFHpA 0.9956  10-1000 3 10 15 13 10 12 1.9 9.3
PFHxS 0.9970  25-1000 8 25 24 26 35 25 2.6 7.9
PFOA 0.9942  10-1000 3 10 10 10 9 12 3.2 52
13C4-PFOA  0.9930  10-1000 3 10 10 10 9 12 3.1 5.1
PFODA 0.9948  10-1000 3 10 13 12 13 9 1.7 6.6
PFOS 0.9974  50-1000 15 50 60 75 65 41 3.2 7.5
13C4-PFOS  0.9988  50-1000 15 50 60 65 75 41 33 7.6
PFPeA 0.9954  50-1000 15 50 60 65 75 41 3.2 6.9
PFTeDA 0.9948  50-1000 15 50 50 38 35 49 1.2 3.0
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Fig. 3. A typical on-line SPE UHPLC-MS/MS blank chromatogram obtained for injection of mobile phase. The chromatographic conditions are reported in Section 2.

the labelled standards 3C4-PFOA and 13C,4-PFOS were injected. All
the results obtained for the QC solutions lay within the +3¢ control
limits of the calibration plots.

No memory effect was evidenced, likely due to the optimised
washing process of the SPE sorbent during the loading step.

Particular attention was devoted to the quantification of PFOA,
that can be released from Teflon® junctures, capillaries and con-
nections (total length of about 1 m) of the chromatographic system
and that can be cumulated in the SPE cartridge during the chro-
matographic run [5,20,48]. The concentration of PFOA released
was evaluated through the standard addition method, by injecting
mobile phase and standard solutions of PFOA at concentration of
100,250 and 400 ng L. The analyses were repeated for three times
and the quantified PFOA resulted tobe 418 (+17) ng L~!: this contri-
bution was taken into consideration in the quantification of PFOA,
by subtracting this value in each PFOA quantification data. Fig. 3
shows a typical on-line SPE UHPLC-MS/MS blank chromatogram.

Table 4
Average recovery yields R (%) in the different matrices. The values marked as “*"

To evaluate for each analyte in each sample matrix the recov-
ery R and to verify its possible dependence on concentration, a
mixture of PCF standard solutions at three different concentra-
tion levels was added to the samples. The solutions were prepared
taking into account that samples are diluted 1/20 (v/v) in a 80/20
(v/v) mixture of 0.1% HCOOH solution in ultrapure water and 0.1%
HCOOH solution in CH30H prior to injection, in order to obtain
final concentration values laying in the linearity range (200, 500
and 800 ng L-1). Each analysis was repeated three times. The recov-
ery values were calculated as Cyps/Cref Where Cyps is the difference
between the concentration determined for the spiked sample and
the native concentration of the same sample, whereas Gy is the
spiked concentration. A t-test at 95% confidence level showed that
for all the analytes the difference among the R values obtained for
the three concentration levels was not statistically significant and
indicated that in the explored concentration range, recovery does
not depend on analyte concentration. For all the analytes and for

represent the R (%) values not statistically different from 100%.

Analyte R (%) in fish R (%) in serum R (%) in plasma R (%) in Po river R (%) in Tanaro R (%) in Sesia river
sample sample sample sample river sample sample
FOSA 893 (+1.9) 91.9 (+1.9) 91.9 (+5.9) 98.9 (+2.0) 99.7 (+2.0)* 98.7 (+2.0)
PFBS 83.8 (42.5) 90.5 (48.4) 92.8 (48.3) 98.3 (48.7) 96.1 (48.5) 97.2 (48.8)
PFHpA 90.0 (+2.0) 96.0 (+6.4) 93.5 (46.3) 98.2 (+2.2) 98.0 (+2.2) 100.6 (+2.4)"
PFHXS 92.6 (+2.7) 96.0 (+2.8) 943 (+8.1) 98.9 (+8.6) 99.9 (+8.8)* 99.7 (+8.7)*
PFOA 89.1 (+3.4) 96.6 (+3.5) 93.6 (+3.4) 101.9 (+£3.7)* 98.8 (+3.7) 100.1 (+3.6)*
13C,_PFOA 87.7 (+1.9) 95.9 (+3.0) 89.3 (+3.0) 99.3 (+3.0) 99.6 (+3.2) 98.8 (+3.0)
PFODA 85.4 (+1.8) 923 (45.9) 94.6 (+5.9) 97.8 (+2.0) 98.7 (+2.1) 100.3 (+£2.0)*
PFOS 84.8 (+4.9) 93,5 (+5.2) 925 (+5.2) 912 (45.5) 91.7 (+5.5) 91.7 (+5.5)
13C4-PFOS 85.3 (£5.1) 94.4 (+5.4) 93.4 (+54) 93.7 (£5.9)* 93.1 (£5.8)" 92.9 (+5.8)
PFPeA 89.2 (+3.7) 94.6 (+6.9) 97.2 (+3.9) 101.2 (+4.2)* 1009 (+4.1)* 101.4 (+4.3)*
PFTeDA 82.9 (+5.8) 92.9 (+2.1) 91.8 (+6.1)* 96.5 (+2.1) 96.4 (+2.2) 95.7 (+2.1)
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Equations of the external calibration plot (standard solution) and of the standard

addition calibration plot (built on the fish samples).

Analyte External calibration plot Standard addition
calibration plot

FOSA y=(50+£6)x y=(44+2)x

PFBS y=(232+3)x y=(180+10)x

PFHpA y=(113+1)x+(14+1) x 10? y=(88+6)x+(15+1)x 103

PFHxS y=(312+5)x y=(220+15)x

PFOA y=(103+3)x+(42+1)x 10° y=(79+£9)x+(71+6)x 10

PFODA y=(20.2+£04)%x y=(15+1)x

PFOS y=(47+1)x y=(41+1)x

PFPeA y=(42+1)x y=(34+1)x

PFTeDA y=(29+0.1)x y=(3.7+£0.5)x

each sample matrix an average percentage of recovery R (%) was
therefore calculated and reported in Table 4: as it can be observed
all the R (%) values are greater than 82.9%. Before using the cal-
culated R values to correct the quantitative data measured for the
analytes investigated, the statistical significance of the difference of
the R (%) data obtained with respect to R 100% was checked. The t-
test at 95% confidence level indicated (Table 4) that 13 values out of
66 are not significantly different, so that for these analytes no cor-
rection on the amount experimentally evaluated was performed.

3.3. Matrix effect evaluation

To evaluate the presence of the matrix effect ME, a t-test at 95%
confidence level was applied to compare the slopes of the external
calibration plot and of the standard addition plot built for the real
samples (fish, serum, plasma and the three river samples).

The samples prepared by adding a mixture of the standard ana-
lytes (at concentrations 100, 500 and 1000ngL-!) to the extracts
or to the filtered water samples, were undergone to the on-line SPE
UHPLC-MS/MS analysis and the analysis was repeated three times.
A t-test (at 95% confidence level) was performed on the intercepts
of the standard addition calibration plots to evaluate if they were
statistically different from zero (Table 5) [45].

The average matrix effect (ME) was estimated for each analyte
and for all the concentrations through the ratio A,y4/Aex, Where Ag4q
is the average peak area of the analyte added to the real sample and
Aex is the average peak area of the analyte in the standard solution
[38,39,49].

For the samples of river water and blood, the slopes of the two
plots are not statistically different so indicating the absence of
matrix effect: this result can be likely ascribed to the optimised
washing step of SPE sorbent, that employs a washing volume of
about 20-folds the column volume.

On the contrary matrix effect was shown to be present for the
fish sample, as reported in Table 5 and in Fig. 4. Fig. 4 also shows
that matrix effect in fish is different for different PCFs, ranging
from a signal suppression of around —29% for PFHXS to a sig-
nal enhancement around +29% for PFTeDA. No matrix effect was
instead observed for FOSA and PFOA.

100.0

60.0

PFTeDA
.

20.0

ME (%)

FOSA PFOA

PFHxS
.

PFBS .
* PFOS M
PFPeA

-20.0

PFODA
.

PFHpA

-60.0

-100.0
Analytes

Fig. 4. Matrix effect trend in the fish sample for all the analytes considered.

Table 6

Quantification data in the real samples (n.d. for not detected).

Sesia river sample

Tanaro river
(ngL1)

Po river sample (ngL~1)

Plasma (ngL~')

Serum (ngL-1)

Fish sample cooked in a
non-stick pan with

Fish sample cooked in a

Fish sample (ngkg~1)

Analyte

sample (ngL~1)

non-stick pan with integral
coating (ngkg")

n.d.
n.d.

damaged coating (ngkg=1)

n.d.
n.d.

n.d.
n.d.

<LOQ
<LOQ

<LOQ
n.d.

n.d.
n.d.

n.d.
n.d.

n.d.
n.d.

FOSA

PFBS

73 (£3)
n.d.

23 (+1)
n.d.

<LOQ
n.d.

718 (£7)
641 (£5)

n.d.
n.d.

3108 (+26)

n.d.

3106 (+20)

n.d.

PFHpA 3118 (£29)
n.d.

PFHxS
PFOA

3150 (£25)

n.d.
n.d.

<LOQ
n.d.
n.d.
n.d.
n.d.

<LOQ
n.d.
n.d.
n.d.
n.d.

<LOQ
<LOQ
<LOQ
n.d.
n.d.

9069 (+32)

n.d.
n.d.
n.d.
n.d.

9071 (£29)

n.d.
n.d.
n.d.
n.d.

9082 (+£47)

n.d.

PFODA
PFOS

5530 (+42)

n.d.

4892 (+37)

n.d.
n.d.

n.d.

n.d.

PFPeA

897 (+£5)

n.d.

PFTeDA
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Fig. 5. On-line SPE UHPLC-MS/MS chromatogram of a fish sample. The sample pre-treatment and the chromatographic conditions are reported in Section 2.

3.4. UHPLC-MS/MS analysis of real samples

The whole UHPLC-MS/MS methodology was applied in the anal-
ysis of six different matrices, namely water samples collected in Po,
Sesia and Tanaro rivers, human serum and plasma, fish.

Taking into account the performance criteria of the EU Com-
mission, also the MRM ratio between the abundances of the two
selected precursor and product ion transitions (qualifier transition
to quantifier transition) was used to confirm analyte identification
[50]: in the presence of the analyte the calculated MRM ratio for
the real sample must be within +20% of the average MRM ratio
calculated for the standard.

For each concentration level considered in the calibration plot,
the MRM ratio was calculated. The quantification data obtained by
standard addition method are reported in Table 6. In Po river waters
PFCs were detected but not quantified because the amounts laid
between LOD and LOQ values. In Tanaro river water PFBS and PFHpA
were quantified, while in Sesia river water only PFHpA. The maxi-
mum value was found for PFHpA in Sesia river: its concentration is
anyway lower than the legal threshold concentration established
by EPA for the two more toxic PFOA and PFOS. In all the river sam-
ples analysed, no presence of PFOA and PFOS was found.

In the biological samples investigated, while PFOA resulted
always absent, the presence of PFOS was observed both in serum
and in plasma, at concentration of the order of 5000 ngL~1, that is
comparable with those found in this matrix by other authors [1,44].

The highest concentrations of PFHpA and PFOA, of the order of
3118 and 9082 ng kg1, respectively, were found in fish (Table 6).

Fig. 5 reports a typical chromatogram of a fish sample. As men-
tioned, comparison experiments performed on fresh fish and two
fish samples cooked at 180 °C for 30 min in two non-stick pans (the
first characterised by an integral coating and the other by a dam-
aged one) all showed similar results. It can therefore be assumed
that the high PFC amounts found are not due to the cooking pro-
cess or to release of PFCs from the cooking material but they are
more likely associated to bioaccumulation and biomagnification
effects in fish tissues [51-54], associated to PFC binding to proteins
[32].

4. Conclusions

An automated on-line SPE UHPLC-MS/MS method for the iden-
tification and determination of nine PFCs in 7 min was developed:
the innovative aspect of the method proposed consists, together
with the short analysis time, in its applicability in the analysis of
environmental, biological and food matrices.

The method was validated by evaluating linearity range, preci-
sion, LOD, LOQ, MDL and recovery.

The occurrence of matrix effect was evaluated and overcome.

In the whole, the results confirmed the ubiquity of PFCs. With
the exception of FOSA, PFBS, PFODA and PFPeA, the other five PFCs
considered were found in all the investigated samples. PFOS and
PFOA were quantified in human serum and in fish, respectively.
The high amount in cooked fish cannot be ascribed to the release
of PFCs from the non-stick pans or to the cooking process.



7872 F. Gosetti et al. / J. Chromatogr. A 1217 (2010) 7864-7872

Acknowledgment

The authors are grateful to Mrs. Simona Garau for her contribu-
tion in blood collection.

References

[1] LS. Haug, C. Thomsen, G.A. Becher, J. Chromatogr. A 1216 (2009) 385.
[2] Z. Kuklenyik, L.L. Needham, A.M. Calafat, Anal. Chem. 77 (2005) 6085.
[3] K. Saito, E. Uemura, A. Ishizaki, H. Kataoka, Anal. Chim. Acta 658 (2010) 141.
[4] C.Minoia, E. Leoni, C. Sottani, G. Biamonti, S. Signorini, M. Imbriani, G. Ital. Med.
Lav. Erg. 30 (2008) 309.
[5] L. Maestri, S. Negri, M. Ferrari, S. Ghittori, F. Fabris, P. Danesino, M. Imbriani,
Rapid Commun. Mass Spectrom. 20 (2006) 2728.
[6] N. Yamashita, S. Taniyasu, G. Petrick, S. Wei, T. Gamo, P.K.S. Lam, K. Kannan,
Chemosphere 70 (2008) 1247.
[7] ]J. Teng, S. Tang, S. Ou, Microchem. J. 93 (2009) 55.
[8] X.Zhao, ]. Li, Y. Shi, Y. Cai, S. Mou, G. Jiang, J. Chromatogr. A 1154 (2007) 52.
[9] R. Loos, G. Locoro, T. Huber, J. Wollgast, E.H. Christoph, A. de Jager, B.M. Gawlik,
G. Hanke, G. Umlauf, ].-M. Zaldivar, Chemosphere 71 (2008) 306.
[10] J. Yu, J. Hu, S. Tanaka, S. Fujii, Water Res. 43 (2009) 2399.
[11] V.I Furdui, P.W. Crozier, E.J. Reiner, S.A. Mabury, Chemosphere 73 (2008) S24.
[12] J.M. Flaherty, P.D. Connolly, E.R. Decker, S.M. Kennedy, M.E. Ellefson, W.K.
Reagen, B. Szostek, J. Chromatogr. B 819 (2005) 329.
[13] G.W.Olsen, D.C. Mair, W.K. Reagen, M.E. Ellefson, D.]. Ehresman, J.L. Butenhoff,
L.R. Zobel, Chemosphere 68 (2007) 105.
[14] LW.Y. Yeung, S. Taniyasu, K. Kannan, D.Z.Y. Xu, K.S. Guruge, P.K.S. Lam, N.
Yamashita, J. Chromatogr. A 1216 (2009) 4950.
[15] A. Karrman, B. van Bavel, U. Jarnberg, L. Hardell, G. Lindstréom, Anal. Chem. 77
(2005) 864.
[16] S.P.J.van Leeuwen, C.P. Swart, I. van der Veen, J. De Boer, J. Chromatogr. A 1216
(2009) 401.
[17] G.Lindstrém, A. Karrman, B. van Bavel, ]J. Chromatogr. A 1216 (2009) 394.
[18] H. Yoo, J.W. Washington, T.M. Jenkins, E.L. Libelo, ]. Chromatogr. A 1216 (2009)
7831.
[19] L.-M.L. Toms, A.M. Calafat, K. Kato, J. Thompson, F. Harden, P. Hobson, A. Sjédin,
J.F. Mueller, Environ. Sci. Technol. 43 (2009) 4194.
[20] Z.Kuklenyik, J.A. Reich, J.S. Tully, L.L. Needham, A.M. Calafat, Environ. Sci. Tech-
nol. 38 (2004) 3698.
[21] Y.H.Jin, W. Liy, L. Sato, S.F. Nakayama, K. Sasaki, N. Saito, S. Tsuda, Chemosphere
77 (2009) 605.
[22] A.Holm,S.R. Wilson, P. Molander, E. Lundanes, T. Greibrokk, . Sep. Sci. 27 (2004)
1071.
[23] CJ.McMurdo, D.A. Ellis, E. Webster, ]. Butler, R.D. Christensen, L.K. Reid, Environ.
Sci. Technol. 42 (2008) 3969.
[24] V. Dufkova, R. Cabala, D. Maradova, M. Sticha, J. Chromatogr. A 1216 (2009)
8659.
[25] W.A. Gebbink, C.E. Hebert, R.J. Letcher, Environ. Sci. Technol. 43 (2009) 7443.
[26] L. Ahrens, M. Plassmann, Z. Xie, R. Ebinghaus, Front. Environ. Sci. Eng. China 3
(2009) 152.
[27] W.M. Henderson, E.J. Weber, S.E. Duirk, ].W. Washington, M.A. Smith, J. Chro-
matogr. B 846 (2007) 155.

[28] C. Rylander, D.T. Phi, ].@. Odland, T.M. Sandanger, J. Environ. Monit. 11 (2009)
2002.

[29] US Environmental Protection Agency, Perfluoroalkyl Sulfonates; Significant
New Use Rule; Final Rule and Supplemental Proposed Rule published in Federal
Register, 67, 2002, p. 11008.

[30] http://www.epa.gov/.

[31] European Directive 2006/122/EC relating to restrictions on the marketing and
use of certain dangerous substances and preparations (perfluorooctane sul-
fonates).

[32] P.D. Jones, W. Hu, W.D. Coen, J.L. Newsted, ].P. Giesy, Environ. Toxicol. Chem.
22 (2003) 2639.

[33] S. Takagi, F. Adachi, K. Miyano, Y. Koizumi, H. Tanaka, M. Mimura, I. Watanaba,
S. Tanoba, K. Kannan, Chemosphere 72 (2008) 1409.

[34] IL.Ericson,].L. Domingo, M. Nadal, E. Bigas, X. Llebaria, B. van Bavel, G. Lindstrom,
Arch. Environ. Contam. Toxicol. 57 (2009) 631.

[35] The EFSA Journal 653 (2008) 1.

[36] Gazzetta Ufficiale Europea (2010/161/UE).

[37] R. Guo, Q. Zhou, Y. Cai, G. Jiang, Talanta 75 (2008) 1394.

[38] F.Gosetti, E. Mazzucco, D. Zampieri, M.C. Gennaro, ]. Chromatogr.A 1217 (2010)
3929.

[39] U.Chiuminatto, F. Gosetti, P. Dossetto, E. Mazzucco, D. Zampieri, E. Robotti, M.C.
Gennaro, E. Marengo, Anal. Chem. 82 (2010) 5636.

[40] A.O. De Silva, S.A. Mabury, Environ. Sci. Technol. 40 (2006) 2903.

[41] KJ. Hansen, L.A. Clemen, M.E. Ellefson, H.O. Johnson, Environ. Sci. Technol. 35
(2001) 766.

[42] R. Alzaga, C. Salgado-Petinal, E. Jover, ].M. Bayona, ]. Chromatogr. A 1083 (2005)
1

[43] SPJ. van Leeuwen, ]. de Boer, ]J. Chromatogr. A 1153 (2007)
172.

[44] K. Inoue, F. Okada, R. Ito, M. Kawaguchi, N. Okanouchi, H. Nakazawa, ]. Chro-
matogr. B 810 (2004) 49.

[45] D.L. Massart, B.G.M. Vandeginste, L.M.C. Buydens, S. De Jong, P.J. Lewi, J.
Smeyers-Verbeke, Handbook of Chemometrics and Qualimetrics: Part A, 3rd
ed., Elsevier, Amsterdam, 1997.

[46] J.N.Miller, J.C. Miller, Statistics and Chemometrics for Analytical Chemistry, 4th
ed., Prentice Hall, Upper Saddle River, NJ, 2000.

[47] USEPA, Protocol for EPA Approval of New Methods for Organic and Inorganic
Analytes in Wastewater and Drinking Water, U.S. Environmental Protection
Agency, Washington, DC, 1999.

[48] N.Yamashita, K. Kannan, S. Taniyasu, Y. Horii, S. Okazawa, G. Petrick, T. Gamo,
Environ. Sci. Technol. 38 (2004) 5522.

[49] B.K. Matuszewski, M.L. Constanzer, C.M. Chavez-Eng, Anal. Chem. 75 (2003)
3019.

[50] European Directive 96/23/EC with implementation of August 12th 2002 relat-
ing to measures to monitor certain substances and residues there of in live
animals and animal products.

[51] C.D. Vecitis, H. Park, J. Cheng, B.T. Mader, M.R. Hoffmann, Front. Environ. Sci.
Eng. China 3 (2009) 129.

[52] F. Suja, B.K. Pramanik, S.M. Zain, Water Sci. Technol. 60 (2009)
1533

[53] A.Karrman, J.L. Domingo, X. Llebaria, M. Nadal, E. Bigas, B. Bavel, G. Lindstrom,
Environ. Sci. Pollut. Res. 17 (2010) 750.

[54] ].M. Conder, R.A. Hoke, W. De Wolf, M.H. Russel, R.C. Buck, Environ. Sci. Technol.
42 (2008) 995.



	Determination of perfluorochemicals in biological, environmental and food samples by an automated on-line solid phase extr...
	Introduction
	Experimental
	Reagents
	Apparatus
	Sample pre-treatments
	Biological samples
	River samples
	Fish sample

	UHPLC–MS/MS conditions
	On-line SPE conditions

	Results and discussion
	Development and optimisation of the UHPLC–MS/MS method
	Validation of the analytical method
	Matrix effect evaluation
	UHPLC–MS/MS analysis of real samples

	Conclusions
	Acknowledgment
	References


