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A B S T R A C T

A new stable isotope labeling (SIL) reagent pair, 10-methyl-acridone-2-sulfonohydrazide (MASH) and its
deuterated counterpart d3-MASH was synthesized and successfully applied to the analysis of perfluorinated
carboxylic acids (PFCAs) in serum samples. The limits of detection (LODs) were in the range of 0.07–0.42 μg/L,
and the limits of quantitation (LOQs) were in the range of 0.25–1.38 μg/L. Besides ionization enhancing effect,
MASH also showed excellent fluorescence property. Therefore, the mass spectrometer operation cost was
greatly lowered by carrying out parameter optimization experiments on HPLC which is easier to operate and
maintain. The SIL strategy was confirmed to be effective in reducing matrix effect. The developed multiple-
reaction monitoring (MRM) condition of PFCAs was also suitable for other carboxylic acid due to the
introduction of MASH which is more prone to fragmentation than the analytes. With the MRM conditions
obtained from PFCAs, fatty acids were also found in serum samples. This feature made the proposed method
show powerful potential in the identification of acidic compounds in complex samples in the absence of
corresponding standard.

1. Introduction

Perfluorinated compounds (PFCs) have attracted great concern
because of their ubiquitous occurrence and potential carcinogenicity
[1–3]. Due to their unique physicochemical characteristics, PFCs have
been widely used in industrial and domestic fields. Perfluorinated
carboxylic acids (PFCAs), especially perfluorooctanoic acid (PFOA), are
important members of PFCs. They are resistant to typical environ-
mental degradation processes and have been found in water, sedi-
ments, organisms, and even in human body [4].

Unlike other persistent organic pollutants which mainly accumulate
in lipid, PFCAs bind to protein and accumulate in blood and viscus.
Therefore, blood or serum samples were often used to evaluate human
exposure to PFCAs. Matrix suppression and matrix enhancement effect
was often observed in the analysis of samples with complex matrices
[5–7]. The accurate analysis of PFCAs in blood samples is also
challenged by matrix effect. In many studies concerning PFCAs
analysis, calibration standards had to be prepared in controlled matrix
extract to compensate for matrix effect [8], but this means that more

matrices were introduced into the instrument and more serious matrix
effect might be observed in the long run.

Matrix effect can be reduced by using stable isotope analogues of
the analytes as internal standards, but it is expensive and not practical
to synthesize stable isotope analogues to all target compounds. Stable
isotope labeling (SIL) strategy is one of the most important tools to
overcome matrix effect. Two labeling reagents which have identical
functional groups and differ only in isotopic composition are used for
sample and standard derivatization respectively. The light and heavy
versions of the labeling reagents show highly similar chemical property
and thus the derivatization can be carried out under the same
conditions. After derivatization, light and heavy labeled analytes are
mixed and analyzed by liquid chromatography-tandem mass spectro-
metry (HPLC–MS/MS) [9–14]. The isotopic pairs of the labeled
analytes are analyzed within a single run and thus have identical
retention times. Therefore, matrix effects and ionization efficiencies of
sample and standard are expected to be the same because they are
electrosprayed from identical solution.

SIL strategy is also characterized by its ionization-enhancing effect
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through the introduction of a permanently charged or easily protonated
moiety into the analytes. Charge reversal derivatization can be achieved
by this strategy to enhance the HPLC–MS/MS sensitivity of com-
pounds like carboxylic acids and phenols [14,15]. Furthermore,
derivatization increases the molecular weight of the analytes and
makes them shift out of the low m/z region which usually exhibits
significant background noise either from solvent clusters or from the
common contaminants which are often observed in LC–MS analy-
sis [16].

In this work, a new SIL method was developed for the analysis of
PFCAs in serum samples. Isotopic labeling reagent 10-methyl-acri-
done-2-sulfonohydrazide (MASH) and its deuterated counterpart d3-
MASH were synthesized and applied to the SIL analysis of PFCAs.
Unlike the previously reported SIL reagents which showed only
ionization-enhancing property, MASH also showed excellent fluores-
cence property. Therefore, most of the parameter optimization work
was carried out by HPLC with fluorescence detection. This was
important for the maintenance of the mass spectrometer (MS) because
the labeling reagent was often used in large excess in order to obtain
sufficient labeling of the analytes. MS contamination was thus greatly
reduced and the running cost was lowered correspondingly. The
proposed method was successfully applied to the quantitation of
PFCAs in serum samples. It also shows good potential in the multi-
ple-reaction monitoring (MRM) of free fatty acids in the absence of
standard.

2. Experimental

2.1. Reagents and chemicals

Perfluorohexanoic acid (C6), perfluoroheptanoic acid (C7), per-
fluorooctanoic acid (C8), perfluorononanoic acid (C9), perfluorodeca-
noic acid (C10) and perfluoroundecanoic acid (C11) were purchased
from national standard material research center of China. Methanol, 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC),
dichloromethane (DCA), N-Hydroxysuccinimide(NHS), n-hexane and
acetonitrile were of HPLC grade and purchased from Sigma-Aldrich
(USA). Water was purified on a Milli-Q system (Millipore, Bedford,
MA, USA). All other reagents used were of HPLC grade or at least of
analytical grade.

Individual stock solutions of 100 mg/L for all compounds were
prepared in HPLC-grade acetonitrile and stored at 4 °C in the dark.
Standard solutions containing all compounds were mixed and diluted
with acetonitrile, and working solutions of all compounds and calibra-
tion concentrations were prepared by appropriate dilution of the stock
solutions on the day of analysis.

2.2. Synthesis of MASH and d3-MASH

2.2.1. Synthesis of 10-methyl-acridone-2-sulfonyl chloride(MASC)
and its deuterated counterpart d3-MASC

MASC and d3-MASC were synthesized in authors’ laboratory
according to the method described in our previous study [17].
Briefly, acridone reacted with iodomethane or d3-iodomethane to form
10-methyl-acridone. Then 10-methyl-acridone reacted with chlorosul-
fonic acid to synthesize MASC or d3-MASC.

2.2.2. Synthesis of MASH and d3-MASH
To a 100-mL flask, 5 mL 85% hydrazine hydrate and 5 mL

dichloromethane were added. The mixed solution was stirred and
cooled to 0 °C. Then 20 mL 50 g/L MASC dichloromethane solution
was added dropwise within 10 min. After stirring at 0 °C for 1 h, the
excess reagent was evaporated by a rotary vacuum evaporator. Then
the residue was washed by water and ethanol respectively. The crude
products were recrystallized from acetonitrile to afford a yellow crystal,
yield 0.93 g (94%). The determined m/z [M+H]+ for MASH and d3-
MASH were 304.0 and 307.0, respectively. The synthesis route was
depicted in Fig. 1.

2.3. Sample extraction

Serum samples which were obtained by centrifuging blood samples
for 10 min at 4000 rpm were provided by Qufu People's Hospital
(Qufu, China). All samples were stored at 4 °C before analysis. Proteins
were precipitated by acetonitrile before usage to avoid its contamina-
tion of the instrument. This procedure did not lead to the loss of PFCAs
which interacted with protein through electrostatic force and Van der
Waals forces [18]. The procedures were as follows: an aliquot of 100 μL
of serum was added into a 5 mL glass centrifuge tube. Then a 0.4 mL of
acetonitrile was added. After vortexing for 1 min, samples were
centrifuged to remove the precipitation. The upper layer was evapo-
rated to dryness before derivatization.

2.4. Derivatizaiton of PFCAs

Under the optimized conditions, 100 μL acetonitrile, 100 μL
2.0×10−3 mol/L MASH, 10 μL (0.02 mol/L) EDC and 10 μL
(0.03 mol/L) NHS were added into a vial containing dried sample.
The vial was sealed and allowed to react in a water bath at 70 °C for
30 min. Standard samples were derivatized under the same conditions
with d3- MASH as labeling reagent. The derivatization procedure is
shown in Fig. 1. After the reaction was completed, the mixture was
cooled to room temperature and diluted to 0.5 mL by acetonitrile.
Samples and standards were mixed in equal volume and then syringe
filtered using a 0.22 mm nylon filter. The mixed samples were injected
for LC–MS/MS analysis. Each sample was analyzed in three replicates.

Fig. 1. Schemes of synthesis and derivatization. (A) Synthesis routes of MASH and d3-MASH. (B) Reaction scheme of MASH with PFCAs. X = H or D.
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2.5. HPLC–MS/MS analysis

HPLC–MS/MS analysis was performed on an Agilent 1290 series
HPLC system coupled with an Agilent 6460 Triple Quadrupole MS/MS
mass spectrometer (Agilent, Santa Clara, USA) equipped with an
Agilent Jet Stream electrospray ionization source (ESI source). HPLC
separation was achieved using a SB C18 column (2.1×50 mm, 1.8 µm
i.d., Agilent). Eluent A was 0.1% formic acid in 5% acetonitrile and B
was 0.1% formic acid in acetonitrile. The flow rate was 0.25 mL/min
and the column temperature was kept at 30 °C. The elution conditions
were as follows: 20–90% B from 0 to 5 min and then hold for 5 min.
The eluent of the first 3 min which was mainly composed of excess
labeling reagent was converted to waste. The injection volume was
2 μL. The mass spectrometer was operated in a positive ion mode for
the monitoring of [M+H]+. The optimal ESI source conditions were:
capillary voltage +4.0 kV; nebulizer 40 psi; dry gas 11.0 L/min; dry
temperature 300 °C; Sheath gas temperature 280 °C; Sheath gas flow
10 L/min. MRM parameter optimization was carried out in the
sequence of precursor ions scanning, fragmentor optimization, produc-
tion ions scanning, collision energy (CE) optimization and ESI source
parameter optimization. Each time only one parameter was optimized,
the parameter which gave out the highest signal was applied in later
study. The MRM parameters of the target compounds were as follows:
the precursor ions for light labeled C6, C7, C8, C9, C10 and C11 were
m/z 600.0, m/z 650.0, m/z 700.0, m/z 750.0, m/z 800.0 and m/z
850.0, respectively. The precursor ions for heavy labeled analytes were
3 m/z higher than those of the corresponding light ones. The produc-
tion ions for all light labeled analytes were m/z 208.0, m/z 271.8 and
m/z 224.0, while the production ions for all heavy labeled analytes
were m/z 211.0, m/z 274.8 and m/z 227.0. The fragmentor for all
analytes was 160 V, and the CE for all analytes was 30 V. Derivatization
parameter optimization was carried out on HPLC 1260 coupled with a
fluorescence detector (model G1321B, Agilent) with wavelengths of
262 and 425 nm for excitation and emission, respectively. The HPLC
separation was carried out on a Hypersil Gold column (4.6×250 mm,
5 μm i.d., Thermo, USA), and its gradient conditions were as follows:
50–100% B from 0 to 8 min and then hold for 2 min.

2.6. method validation

Limits of detection (LODs) and limits of quantitation (LOQs) were
calculated at a signal-to-noise (S/N) ratio of 3 and 10 respectively.
Linearity was obtained by comparing the experimental concentration
ratios of light/heavy labeled standard with the theoretical ratios. The
six ratio levels were 1:20, 1:5, 1:1, 5:1, 10:1 and 20:1, respectively.
Recoveries were carried out by spiking blank serum samples with 1.0,
3.0 and 5.0 μg/L of standard solutions. Intra-day precision was
determined by analyzing blank serum samples spiked at the same

three levels of standards with six replicates, and inter-day precision
was determined by running blank serum samples with spiked stan-
dards at the same levels with three replicates on three different days
over a period of one week. Matrix effect was evaluated by spiking serum
samples with three concentrations of 1.5, 3.0 and 5.0 μg/L of PFCAs
with three replicates and analyzed by direct LC–MS/MS and SIL LC–
MS/MS. All samples were light labeled and the standard samples were
heavy labeled. Samples and standard were mixed in equal volume
before MS analysis. Concentration ratios were obtained by comparing
the peak abundance of samples with those of the standard sample of
5 μg/L. If the ratio was beyond the linearity range, sample or standard
should be diluted correspondingly.

3. Result and discussion

3.1. Optimization of derivatization conditions

MASH shows ionization-enhancing effect through the formation of
a stable quaternary ammonium ion through the intramolecular iso-
merization [19]. Unlike the often used MS labeling reagents which
show neither fluorescence property nor UV absorption, MASH shows
excellent fluorescence property with excitation and emission wave-
length of 262 and 425 nm, respectively (Fig. 2). This feature can
effectively alleviate the MS contamination and lower the MS running
cost. Parameter optimization can be carried out on HPLC with no
contamination of the MS which is expensive to maintain and clean. In
this study, derivatization parameter optimization was carried out on
HPLC 1260 system with fluorescence detection. To ensure the suffi-
cient labeling of the analytes, parameters such as MASH and EDC
concentration, derivatizing temperature and time were studied in
detail. Containing identical functional group, the reaction activity of
MASH and d3-MASH can be considered equal. Therefore, the most of
derivatization conditions were optimized with MASH as labeling
reagent unless otherwise stated. A representative HPLC chromatogram
of MASH labeled PFCAs was shown in Fig. 3.

3.1.1. Effect of temperature and time on derivatization
The influence of temperature on derivatization was studied in the

temperature range of room temperature to 100 °C. The MASH
concentration was kept at 1.0×10−3 mol/L, and the concentrations of
NHS and EDC were all kept at 0.02 mol/L according to our previous
study and the study of Chen et al. [20,21]. As shown in Fig. 4, peak area
increased along with temperature till 70 °C. Further increasing the
temperature to 90 °C, no obvious change in peak area was observed.
When temperature was higher than 90 °C, the peak area decreased
slightly. Highest peak area was obtained at 70 °C for 30 min. Increasing
the derivatization time from 30 min to 1 h, the peak areas of the
derivatives were stable. This indicated that the sufficient labeling of the

Fig. 2. Fluorescence spectra of MASH. (A) Excitation spectra. (B) Emission structure.
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analytes could be finished within 30 min.

3.1.2. Effect of MASH concentration on derivatization
The quantitation strategy of SIL differs from those traditional

labeling strategies. Therefore, the labeling reagent concentration
should be designed carefully to guarantee stable heavy and light
labeling efficiency. In this study, both light and heavy MASH concen-
trations were studied in detail. The temperature was fixed at 70 °C, and
the reaction time was kept for 30 min. The NHS and EDC concentra-
tions were the same as those described in Section 3.1.1. Constant peak
intensities of light and heavy labeled analytes were achieved when
MASH was seven-fold molar reagent excess to total molar analytes.
Further increasing the excess of reagent beyond this level had no
obvious effect on the yields. For the convenience of operation,
2.0×10−3 mol/L MASH was applied for PFCAs labeling. This concen-
tration was sufficient enough for the analysis of PFCAs since the
contents of acidic compounds in serum samples were far below this
level. Under this condition, stable light and heavy peak area ratios were
also obtained. The excess labeling reagent eluted before 3 min on the
reversed phase column and was converted to waste instead of to MS to
avoid the possible contamination of the instrument.

3.1.3. Effects of EDC and NHS concentrations on derivatization
EDC is one of the most often used condensing agents due to its

excellent condensation and dehydration property. It can react with
acids to form a highly unstable activated acid intermediate which could

react easily with amine groups [20]. Therefore, sufficient EDC con-
centration is the guarantee of the complete reaction of PFCAs with
MASH. The molar ratios of EDC to PFCAs were then studied in the
range of 0.5–10 by HPLC with fluorescence detection. The other
parameters were fixed at the optimized conditions obtained in previous
section. As shown in Fig. 4, the fluorescence intensity increased along
with EDC concentration until the molar ratios of EDC to PFCAs
reached 4. Further increasing the molar ratios to 6, no enhancement
in fluorescence intensity was observed. Considering the total concen-
tration of PFCAS and free fatty acid which can also react with MASH in
most serum samples were lower than 100 μmol/L [22,23], 10 μL
(0.02 mol/L) EDC was used as condensing agents for 100 μL serum
sample. Under this condition, the molar ratio of EDC to acid were
higher than 4. It should be pointed out that EDC is sensitive to
moisture and should be prepared everyday just before analysis. NHS
can enhance the activity of carbonyl group and is often used simulta-
neously with EDC. According to the study of Chen et al. [20], the NHS
concentration was optimized in the concentration range of 0.015 mol/L
to 0.04 mol/L. The highest sensitivity was obtained when NHS con-
centration was 0.03 mol/L.

3.2. Stability of the MASH labeled PFCAs

Anhydrous acetonitrile solution of MASH could be stored 4 °C for
one month with no decomposition. The stabilities of MASH labeled
PFCAs were also investigated. Standard solution of 10 μg/L and a
serum sample were repeatedly analyzed by LC–MS/MS after being
placed at 4 °C for 1, 2, 3, 4, 6, 8, 10, 15 and 20 d, respectively. The
obtained peak abundance was stable with relative standard deviations
of less than 6.6%.

3.3. General MRM achieved by MASH labeling

Derivatization converted the negative ionization mode of PFCAs to
positive ionization mode which was believed to be more sensitive
[15,24]. Meanwhile, an interesting phenomenon appeared. After
derivatization, the MRM parameters of all PFCAs were equal. In
contrast, the MRM parameters of PFCAs with no derivatization were
different [4]. As shown in Fig. S1 in supporting information, MASH is a
compound with a structure that is more prone to fragmentation than
analytes themselves. Therefore, fragment ions of the derivatized
analytes were mainly derived from MASH. Besides, the fragmentor
voltage which was used to pull the precursor ions through the capillary
was also governed by MASH which possessed a large rigid structure.
Thus, the fragmentors for different compounds were similar.

This specific feature made the proposed method show great

Fig. 3. HPLC fluorescence chromatogram of MASH-PFCA derivative.

Fig. 4. Effects of EDC concentrations (A) and derivatization temperature (B) on derivatization.
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potential in the analysis of other carboxylic acids by a general MRM
method which was first proposed by Tie et al. [25]. In general MRM
method, specific derivatization made the MRM parameters become
universal for all analytes. The general MRM parameters can be
obtained by several samples and then applied to all samples. In this
study, the general MRM conditions achieved by MASH labeling made
the qualitative analysis of acidic compound become possible in the
absence of standard.

3.4. Matrix effect

Matrix effect challenges the accuracy of LC–MS by means of
ionization competition [26,27]. It was frequently observed in the MS
analysis of samples with complex matrices. SIL is one of the most
important tools to overcome matrix effect through the co-elution of the
sample and standard. In this study, the light and heavy MASH labeled
PFCAs had almost identical retention times (Fig. 5) under the
optimized conditions. Therefore, they were in the same matrix and
experienced the same ionization competition process. To demonstrate
the effect of SIL strategy in overcoming matrix effect, serum samples
were spiked at three concentrations of 1.5, 3.0 and 5.0 μg/L of PFCAs
with three replicates and analyzed by direct LC–MS/MS and SIL LC–
MS/MS. The results were listed in Table 1. It is obvious that matrix
effect aggravate along with increased retention time in direct LC–MS/
MS analysis. In SIL LC–MS/MS method, the peak abundance of
different PFCAs was not enhanced because matrices still existed and
competed for ionization. However, since sample and standard eluted
simultaneously within a single run, the ionization efficiencies of sample
and standard could be considered equal. Therefore, matrix effect did
not influence the accuracy of SIL LC–MS/MS method, and the
obtained results were in good accordance with the spiked value.

3.5. Method validation

Calibration curves were constructed by comparing theoretic peak
area ratios of d0-/d3-MASH derivatives with the experimental peak
area ratios. As shown in Table 2, good linearities were obtained with
correlation coefficients (R2) of higher than 0.996. LODs were in the
range of 0.07−0.42 μg/L, while LOQs were in the range of
0.25−1.38 μg/L. Recoveries were carried out by spiking serum samples
with 1.0, 3.0 and 5.0 μg/L of standard solutions. Intra-day precision
was determined by analyzing samples spiked at the same three levels of
standards with six replicates, and inter-day precision was determined
by running samples with spiked standards at the same levels with three
replicates on three different days over a period of one week.
Satisfactory recoveries were obtained for all tested compounds
(96.1−100.2%). The intraday precision for the tested samples was in
the range of 2.8−4.2%, whereas the interday precision was between
4.0−6.3%.

3.6. Application

The proposed method was applied to the analysis of PFCAs in
serum samples. Serum samples were light labeled by d0-MASH and the
standards were heavy labeled by d3-MASH Samples and standards
were mixed and analyzed by LC–MS/MS. In the analyzed 3 samples,
C6 was found in two samples with concentrations of 0.86 and 3.20 μg/
L. C8 was found in all the three samples and their concentrations were
3.53, 6.28 and 2.65 μg/L, respectively. A representative chromatogram
was shown in Fig. S2 in Supplementary Data.

The established general MRM method can also be well applied to
the qualitative analysis of other compounds with carboxyl group. In
this study, it was applied to the analysis of free fatty acids in serum
samples with no need of parent ion scanning, fragmentor optimization
and CE optimization. The MRM parameters such as fragmentor, CE
and production ions of PFCAs were used unchanged for fatty acids,
while parent ions were calculated by molecular weight. As shown in
Fig. 6, free fatty acid such as hexadecanoic acid, octadecanoic acid,
tetradecanoic acid and linoleic acid were detected in serum samples by
the developed method. Due to the complexity of serum samples,
interference peaks were observed in some extracted ion chromato-
grams, but they could be excluded by retention time or isotope-induced
retention time shift which was reported by Tie et al. [28]. In this study,
corresponding fatty acid standards were then heavy labeled and mixed
with light labeled sample, the retention time of the detected fatty acid

Fig. 5. Extracted ion chromatograms of MASH (the lower chromatogram) and d3-MASH
(the upper chromatogram) labeled PFCA standards with concentrations of 10 μg/L and
50 μg/L respectively.

Table 1
Comparison of the accuracy of direct LC–MS/MS and SIL LC–MS/MS methods in serum
sample analysis (n=3).

Analyte Add
amount
(μg/L)

LC–MS/MS Stable isotope labeling LC–
MS/MS

Determined
amount (μg/L)

RSD (%) Determined
amount (μg/L)

RSD (%)

C6 1.5 1.4 5.2 1.4 3.6
3.0 2.9 4.5 3.0 3.4
5.0 4.8 4.6 4.9 3.8

C7 1.5 1.4 4.9 1.5 3.5
3.0 2.8 5.2 2.9 3.2
5.0 4.8 4.7 4.9 3.0

C8 1.5 1.4 3.8 1.5 2.8
3.0 2.9 4.3 3.0 4.2
5.0 4.8 4.5 5.0 3.2

C9 1.5 1.4 5.8 1.5 4.1
3.0 2.6 5.3 3.0 3.8
5.0 4.7 4.9 5.0 3.5

C10 1.5 1.3 6.3 1.5 3.8
3.0 2.1 6.1 2.9 3.5
5.0 3.5 5.6 4.9 3.4

C11 1.5 1.0 7.9 1.5 4.2
3.0 1.9 7.6 3.0 3.6
5.0 3.9 6.8 4.9 3.5
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in serum were in good accordance with those of the heavy labeled
standard (Fig. 6). Therefore, it can be concluded that the developed
MRM method is general and can be directly applied to the analysis of
new analytes.

4. Conclusions

In this study, a new SIL reagent pair was synthesized and
successfully applied to the analysis of PFCAs in serum samples.
Matrix effect was effectively reduced by the SIL strategy. Moreover,
the SIL reagent also showed excellent fluorescence property. Therefore,
parameter optimization was carried out by HPLC which greatly
reduced the contamination of the MS instrument. Furthermore, the
general MRM condition established by MASH labeling can be well
applied to other compounds with carboxyl group in the absence of
standard sample. The proposed method also shows powerful potential
in the accurate analysis of acidic compounds in other samples with
complex matrices.

Acknowledgments

The work was supported by Natural Science Foundation of
Shandong Province (ZR2014BQ009), National Science Foundation of
China (No. 21475075) and experimental research project of Qufu
Normal University (SJ201504).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.talanta.2017.01.069.

References

[1] B. Jurado-Sanchez, E. Ballesteros, M. Gallego, Analytical method for biomonitoring
of perfluoroalkyl acids in human urine, Talanta 128 (2014) 141–146.

[2] L. Yang, F. Jin, P. Zhang, Y. Zhang, J. Wang, H. Shao, M. Jin, S. Wang, L. Zheng,
J. Wang, Simultaneous determination of perfluorinated compounds in edible oil by
gel-permeation chromatography combined with dispersive solid-phase extraction
and liquid chromatography-tandem mass spectrometry, J. Agric. Food Chem. 63
(2015) 8364–8371.

[3] S. Salihovic, A. Karrman, G. Lindstrom, P.M. Lind, L. Lind, B. van Bavel, A rapid
method for the determination of perfluoroalkyl substances including structural
isomers of perfluorooctane sulfonic acid in human serum using 96-well plates and
column-switching ultra-high performance liquid chromatography tandem mass
spectrometry, J. Chromatogr. A 1305 (2013) 164–170.

[4] M. Lashgari, H.K. Lee, Determination of perfluorinated carboxylic acids in fish fillet
by micro-solid phase extraction, followed by liquid chromatography-triple quad-
rupole mass spectrometry, J. Chromatogr. A 1369 (2014) 26–32.

[5] N. Guo, P. Liu, J. Ding, S.J. Zheng, B.F. Yuan, Y.Q. Feng, Stable isotope labeling -
Liquid chromatography/mass spectrometry for quantitative analysis of androgenic
and progestagenic steroids, Anal. Chim. Acta 905 (2016) 106–114.

[6] P.C. Mathias, J.A. Hayden, T.J. Laha, A.N. Hoofnagle, Evaluation of matrix effects
using a spike recovery approach in a dilute-and-inject liquid chromatography-
tandem mass spectrometry opioid monitoring assay, Clin. Chim. Acta 437 (2014)
38–42.

[7] A. Furey, M. Moriarty, V. Bane, B. Kinsella, M. Lehane, Ion suppression; a critical
review on causes, evaluation, prevention and applications, Talanta 115 (2013)
104–122.

[8] C.R. Powley, S.W. George, T.W. Ryan, R.C. Buck, Matrix Effect-Free Analytical
Methods for Determination of Perfluorinated Carboxylic Acids in Environmental
Matrixes, Analy. Chem. 77 6353–6358

Table 2
Dynamical ratio range, linearity, LODs and LOQs of the SIL HPLC-MS/MS method.

Analyte Dynamical ratio range Linearity R2 LOD (μg/L) LOQ (μg/L) RSD of light/heavy peak area ratio (%)

C6 20:1−1:20 Y= 0.936X−0.026a 0.996 0.07 0.25 2.54
C7 20:1−1:20 Y= 1.018X+0.054 0.996 0.09 0.32 1.86
C8 20:1−1:20 Y= 0.999X−0.012 0.996 0.12 0.45 1.69
C9 20:1−1:20 Y= 0.953X−0.037 0.998 0.17 0.56 2.58
C10 20:1−1:20 Y= 0.972X 0.999 0.20 0.62 2.50
C11 20:1−1:20 Y= 0.991X−0.031 0.999 0.42 1.38 2.20

a X, theoretic concentration ratio of light/heavy labeled PFCAs; Y, experimental mass spectrometric peak intensity ratio of light/heavy labeled PFCAs.

Fig. 6. MRM chromatogram of fatty acid derivative. (A) Light labeled serum sample. (B) Heavy labeled standard.
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