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Abstract: Parabens have been widely employed as preservatives since the 1920s for extending the
shelf life of foodstuffs, medicines, and daily care products. Given the fact that there are some
legitimate concerns related to their potential multiple endocrine-disrupting properties, the devel-
opment of novel bioanalytical methods for their biomonitoring is crucial. In this study, a fabric
phase sorptive extraction reversed-phase liquid chromatography method coupled with UV detection
(FPSE-HPLC-UV) was developed and validated for the quantitation of seven parabens in human
plasma samples. Chromatographic separation of the seven parabens and p-hydroxybenzoic acid
was achieved on a semi-micro Spherisorb ODS1 analytical column under isocratic elution using
a mobile phase containing 0.1% (v/v) formic acid and 66% 49 mM ammonium formate aqueous
solution in acetonitrile at flow rate 0.25 mL min~! with a 24-min run time for each sample. The
method was linear at a concentration range of 20 to 500 ng mL~! for the seven parabens under study
in human plasma samples. The efficiency of the method was proven with the analysis of 20 human
plasma samples collected from women subjected to breast cancer surgery and to reconstructive and
aesthetic breast surgery. The highest quantitation rates in human plasma samples from cancerous
cases were found for methylparaben and isobutylparaben with average plasma concentrations at 77
and 112.5 ng mL~!. The high concentration levels detected agree with previous findings for some of
the parabens and emphasize the need for further epidemiological research on the possible health
effects of the use of these compounds.

Keywords: fabric phase sorptive extraction (FPSE); parabens; p-hydroxybenzoic acid esters; human
plasma; bioanalysis

1. Introduction

Parabens are widely employed preservatives for extending the shelf life of foodstuffs,
medicines, and daily care products [1]. These compounds are chemically stable without
imparting any smell or taste and exhibit antimicrobial activity against a broad range of mi-
croorganisms. Such a combination of properties makes it difficult to find alternative preser-
vatives to satisfactorily replace parabens. After ingestion, they are rapidly metabolized in
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the human intestine and liver into the relatively inactive metabolite, p-hydroxybenzoic acid,
and its sulfuric acid and glucuronic conjugates, with less than 24 h biological half-life [2].
After dermal application, these compounds are partly metabolized to p-hydroxybenzoic
acid by the skin enzymes [3], and the shorter alkyl chains derivatives cross the stratum
corneum more easily than the longer chain derivatives [4]. Most studies showed that the
estrogenic potential of the main metabolite of parabens, p-hydroxybenzoic acid, is weaker
than that of the intact ingredients [5]. Although parabens are not mutagenic [6,7], there are
concerns related to their potential multiple endocrine-disrupting action that are suspected
to cause various health effects [8—11]. In the early 2000s, some studies indicated that the
estrogenic activity of parabens increases with increasing the length of the linear alkyl chain
group, with branching in the alkyl chain group or by the addition of a benzyl ring [12,13].
Further research has shown that despite the rapid metabolism rate, the concentration
levels of the parent paraben esters in various human samples are not insignificant with the
percentage of intact paraben esters excreted in urine to be dependent on the route of expo-
sure [14,15]. The analysis of human breast tissue samples revealed that at least one intact
paraben was present in 99% of the analyzed samples with a total median concentration
at 85.5 ng/g [16]. In 2007, the Food and Agriculture Organization of the United Nations
(FAO) and World Health Organization (WHO) Joint Expert Committee on Food Additives
(JECFA) recommended the exclusion of propylparaben from use as a food preservative due
to its adverse effects and allowed only the use of a group acceptable daily intake (ADI) of 0
to 10 mg/kg body weight (bw) for the sum of methylparaben and ethylparaben [17]. In the
European Union, the allowed limit for propylparaben and butylparaben in cosmetics is
0.14% when used individually or together, while a safe concentration has been established
for mixtures of parabens in cosmetics where the sum of the individual concentrations
should not exceed 0.8% (as acid) [18]. Additionally, since 2014, isopropylparaben, isobutyl-
paraben, benzylparaben, phenylparaben, and pentylparaben have been banned from use in
cosmetics [19]. Recently, the Scientific Committee on Consumers Safety (SCCS) considered
the concerns related to the potential endocrine-disrupting properties of propylparaben and
concluded that the compound is safe when used as a preservative in cosmetic products up
to a maximum concentration of 0.14% [20]. The concentrations of some parabens such as
methylparaben, propylparaben, and the sum of parabens in umbilical cord plasma were
associated to the levels of androgens in the same biofluid, and the widely used propyl-
paraben was found to be negatively associated to the testosterone levels [21]. Recently,
intact parabens have been detected in endometrial carcinoma tissues at a higher extent
than in the normal endometrium, and propylparaben, isobutylparaben, and butylparaben
were detected most frequently in all the tissue samples [22]. In another study contacted
in Japan, the urine levels of parabens in pregnant women were measured in significantly
high quantities indicating widespread exposure to parabens among these subjects [23].
Children and especially infants are vulnerable to the exposure of endocrine-disrupting
chemicals (EDCs) in the environment due to their immature metabolic pathways [24].
Parabens are metabolized to p-hydroxybenzoic acid at different rates, and as a result, their
exposure doses cannot be accurately assessed based only on their concentrations in human
urine. Therefore, the development of novel bioanalytical methods for biomonitoring these
compounds in human plasma has also been highlighted [25].

The literature survey revealed several chromatographic methods undertaken for the
analysis of parabens in various biofluids [9,15,26-29]. These procedures were based on
the use of liquid-liquid extraction (LLE) [30,31], solid phase extraction (SPE) [32], and
several others sample preparation techniques [33-37]. Despite the extensive research in the
quantitation of parabens in various biofluids, only a few published methods refer to the
determination of the isomers of both propylparaben and butylparaben. These methods
include a gas chromatographic-mass spectrometric (GC-MS) method for the quantitation of
seven parabens in human breast milk [29,31] and liquid chromatographic methods coupled
to diode array detection (HPLC-PDA) and the fabric phase sorptive extraction (FPSE)
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technique for the analysis of seven paraben residues in human whole blood, plasma, urine,
and breast tissue samples [38—40].

In recent years, the development of novel sample preparation procedures following
the philosophy of Green Analytical Chemistry (GAC) is a matter of growing interest
among the analytical and bioanalytical scientists. To this purpose, we thought that it
would be of interest to develop a method for the quantitation of seven parabens, namely
methylparaben (MPB), ethylparaben (EPB), isopropylparaben (iPPB), propylparaben (PPB),
butylparaben (BPB), isobutylparaben (iBPB), and benzylparaben (BzPB) in human plasma
samples using a novel, eco-friendly, and efficient fabric phase sorptive extraction (FPSE)
technique. FPSE simplifies the analytes extraction from complex matrices and reduces
the solvent consumption. This technique utilizes a variety of fabric substrates chemically
coated with sol-gel hybrid organic—inorganic sorbents, resulting in an efficient and eco-
friendly sample pretreatment technique [41,42]. Since its discovery in 2014 by Kabir and
Furton, FPSE has been applied to several analytes in variable samples including biological,
environmental, and food samples, and by using various analytical techniques such as liquid
chromatography-mass spectrometry (LC-MS), gas chromatography-mass spectrometry
(GC-MS), and high-performance liquid chromatography with photodiode array detection
(HPLC-PDA) [43-45]. In this work, the assay was based on the use of a small fraction (50 puL)
of human plasma followed by an improved FPSE protocol using a sol-gel Carbowax® 20M
polar sorbent that exhibited improved sensitivity and reversed-phase HPLC-UV analysis
on a semi-micro reversed phase analytical column. The method adequately separated
the targeted analytes from their main metabolite, p-hydroxybenzoic acid [46], and it is in
accordance with the green analytical chemistry philosophy. Finally, the proposed method
was successfully applied to the analysis of human plasma samples taken from women
subjected to malignant and benign plastic, reconstructive, and aesthetic breast surgery.

2. Results and Discussion
2.1. Method Development
2.1.1. Chromatography Optimization

The chemical structures and the main physicochemical parameters that affect both
chromatography and the FPSE procedure were calculated by ChemBioDraw ver. 13.0
(Perkin Elmer Informatics, Billerica, MA, USA) and are presented in Table 1. Several
reversed-phase analytical columns have been tested for the chromatographic separation
of the selected parabens, including Hypersil Gold® C18 (150.0 mm x 2.1 mm, 5 pm),
Spherisorb® ODS1 (150.0 mm x 2.0 mm, 3 pm), and XTerraMS® C18 (150.0 mm x 3.0 mm,
5 um). Among these columns, both Hypersil Gold® C18 and XTerraMS® C18 did not
allow the adequate separation of the isomers. On the other hand, Spherisorb® ODS1 gives
adequate separation for the selected seven parabens within a reasonable chromatographic
runtime, and therefore, it was selected for this study. Consequently, chromatography was
optimized for the adequate separation of the targeted analytes from matrix interferences
within a chromatographic runtime of less than 24 min.

Various combinations of ammonium formate aqueous solution mixed with acetonitrile
or methanol with an altered content of each factor were examined to discover the optimal
mobile phase. It was observed that acetonitrile, compared to methanol, decreases the
retention of the targeted analytes and allows for their adequate separation from matrix
interferences. The effect of the percentage of acetonitrile in the mobile phase,  ocn, was
evaluated in experiments where @ scN was varied from 30 to 40%, whereas ammonium
formate concentration was kept constant at 31.5 mM in whole mobile phase and the
percentage of formic acid was constant at 0.1% v/v. As it can be observed in Figure 1a, the
increase in the percentage of acetonitrile yielded to a linear decrease in the retention factor
(logk values) of the targeted analytes, as it was expected based on the retention mechanism
of the reversed phase chromatography. Consequently, 34% acetonitrile was chosen as the
optimum @cN content in the mobile phase, as it allows adequate separation of all the
analytes within less than 22 min.
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Table 1. Chemical structures and physicochemical parameters of the seven parabens under study.

Chemical Structures/Chemical Names Physicochemical Parameters !

| LogP:1.2
CLogP: 1.5572
o pKa: 4.109, 9.685
p-hydroxy benzoic acid

o

- Log P:1.46 +0.47

CLogP: 1.9846
o pKa: 9.007
Methylparaben

o

RN Log P: 1.83 £ 0.49
CLogP: 2.5136
pKa: 8.981
HO

Ethylparaben

o
O/k Log P:2.12 £ 0.47
CLogP: 2.8226
o pKa: 8.955

Isopropylparaben

o

e Log P:2.29 + 0.47
CLogP: 3.0426
o pKa: 8.970

Propylparaben

(o]
o Log P: 2.69 + 0.47
/Y CLogP: 3.4416
o pKa: 8.959

Isobutylparaben

o
N Log P:2.71 £ 0.47
CLogP: 3.5716
o pKa: 8.965

Butylparaben

(o}
o Log P:3.20 & 0.47
CLogP: 3.8126
pKa: 8.931
HO'

Benzylparaben

! Physicochemical parameters were calculated by ChemBioDraw ver. 13.0.

With a constant acetonitrile content in the mobile phase at 34% and formic acid
content at 0.1%, the concentration of ammonium formate was altered from 25 to 80 mM.
Figure 1b indicates that an increase in the concentration of ammonium formate slightly
increases the retention factors (logk values) of all parabens without affecting the separation
of the isomers. In all tested mobile phases, the selected parabens are eluted in order of
increased lipophilicity (Table 1). Thus, MPB, which is less lipophilic (LogP 1.46), is firstly
eluted followed by EPB (LogP 1.83), iPPB (LogP 2.12), PPB (LogP 2.29), iBPB (LogP 2.69),
BPB (LogP 2.71), and BzPB (LogP 3.20). It was also found that the column backpressure
decreased, and analytes separation from matrix interferences was improved by increasing



Molecules 2021, 26, 1526 50f 20

the ammonium formate concentration in the mobile phase. The best results achieved
when a mobile phase consisting of 66% 49 mM ammonium formate aqueous solution in
acetonitrile with 0.1% v/v formic acid was used for the separation of the targeted analytes.
Column equilibration was achieved within 1 h, and the proposed isocratic LC method
allows for adequate separation without the need for column re-equilibration.
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(a) £PB (b)
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Figure 1. Plots of logk values of the targeted analytes versus (a) the percentage of acetonitrile and (b) ammonium formate
concentration in the mobile phase.

Figure 2 shows a chromatogram of a mixed standard solution of the seven parabens at
100 ng mL~! and p-hydroxybenzoic acid at 200 ng mL~! prepared in 60% 5 mM ammonium
formate aqueous solution in acetonitrile (dilution solvent) and detected at 257 nm. Under
the optimum chromatographic conditions, the seven parabens are well separated within
less than 22 min, and their main metabolite, p-hydroxybenzoic acid, is eluted at 2.16 min
and therefore, it does not interfere in their analysis.
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Figure 2. HPLC-UV chromatogram of a mixed working standard solution of the seven parabens at 100 ng mL~! and
p-hydroxybenzoic acid at 200 ng mL~L. Chromatographic conditions: Spherisorb® ODS1 column; mobile phase: aqueous
ammonium formate solution at 49 mM/acetonitrile (66:34, v/v) with 0.1% formic acid, column temperature 25 °C, flow rate
0.25 mL min~! at 257 nm.
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2.1.2. Optimization of the FPSE Procedure

Human plasma contains various ingredients, mainly proteins such as albumin, glob-
ulin, and fibrinogen, electrolytes, hormones, vitamins, lipids, and other substances. Due
to this complex composition, an appropriate sample preparation procedure for removing
matrix interferences is crucial prior to the chromatographic analysis. In addition, the
optimization of a sample preparation procedure for the analysis of the selected parabens in
human plasma can be challenging due to their varied polarity, logP values range from 2.08
for MPB to 3.28 for BzPB.

FPSE is a new, innovative, and promising technique for sample preparation. This
technique uses a natural or synthetic fabric membrane as a substrate that is chemically
coated in the form of a very thin but spongy coating of sol-gel organic-inorganic hybrid
sorbent [47]. In this study, a sol-gel Carbowax 20M coated FPSE membrane was used
for sample preparation of the human plasma samples [38,39]. This membrane consists
of a biocompatible organic poly(ethylene glycol) polymer, an inorganic precursor, and a
hydrophilic natural polymer cellulose fabric that synergistically complement each other to
determine the overall selectivity of the extraction device. The FPSE membrane has been
previously used for the analysis of parabens in various biofluids [35], including human
plasma. However, in this study, the procedure was modified and optimized for maximum
recovery of the analytes using a small volume of human plasma samples, intending to
achieve increased sensitivity for the analysis of samples collected from women subjected
to malignant and benign plastic, reconstructive, and aesthetic surgery of breasts as well
as evaluate the presence of parabens. In this regard, several parameters were thoroughly
investigated including the type and the volume of the extraction solvent, the extraction
time, the desorption solvent, the desorption time, and the reconstitution solvent mixture.
To achieve maximum extraction efficiency, the selected parameters (factors) were studied
and evaluated at each stage of the technique, each time changing one factor and keeping
the rest stable. In all the experiments, a small amount of human plasma samples (50 uL)
was used spiked with the targeted analytes at a concentration of 250 ng mL~!, and the
sol-gel Carbowax 20M FPSE membrane was cut into a size of 2.25 cm?.

The type and the volume of the extraction solvent are critical parameters in any FPSE
procedure, and they were optimized to deliver the maximum percentage recovery for each
analyte. As it is shown in Figure 3a, when an aliquot of 0.35 mL of water was used to
extract 50 uL of a human plasma sample, the percentage recovery of the analytes ranged
from 14.9% for MPB to 59.1% for iPPB. The seven parabens under study are in a neutral
state under acidic conditions since their pKa values are around 8.9 (Table 1). Thus, to
increase the interaction of the targeted analytes with the neutral extraction sorbent of the
sol-gel Carbowax 20M-coated FPSE membrane, the extraction solvent should be acidified.
Consequently, the aqueous extraction solvent was acidified by the addition of formic acid.
It was found that the percentage recovery for MPB, which is the less lipophilic compound,
increased radically and reached 47.5% after acidification of the extraction solution with
0.2 mL of a 0.1% formic acid aqueous solution.

To further improve the percentage recovery of the targeted analytes, various exper-
iments have been performed where the total extraction volume varied from 0.4 to 6 mL,
with varied content of 0.1% formic acid aqueous solution. As it is shown in Figure 3b,
the maximum percentage recoveries for all the analytes were attained with an extraction
volume of 0.8 mL acidified with 200 pL of 0.1% formic acid aqueous solution.

During the extraction and desorption (back-extraction) procedure, the screw-capped
glass vials were placed in a vertical rotating mixer with a reciprocal rotation speed set at
12 rpm and reciprocal rotation tilt angle range set at 20°. Three different time periods were
tested for extraction, and as it is illustrated in Figure 4a, a 20-min extraction time gave
the highest percentage recoveries for all the analytes. As it is illustrated in Figure 4b, the
optimum percentage recovery for the targeted analytes is attained using 0.8 mL methanol
as desorption (back-extraction) solvent. Three different time intervals have been tested for
desorption—10, 20, and 30 min—and it was found that within 20 min, optimum percentage
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recovery is attained. After desorption, the methanolic eluent was evaporated to dryness
under a gentle stream of nitrogen at 30 °C.
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Figure 3. Influence of (a) the type of extraction solvent and (b) the extraction volume on the percentage recovery of the
seven parabens; MPB for methylparaben, EPB for ethylparaben, iPPB for isopropylparaben, PPB for propylparaben, BPB for
butylparaben, iBPB for isobutylparaben, and BzPB for benzylparaben.
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Figure 4. Influence of (a) the extraction time and (b) the type of the desorption solvent on the percentage recovery of the
seven parabens; MPB for methylparaben, EPB for ethylparaben, iPPB for isopropylparaben, PPB for propylparaben, BPB for
butylparaben, iBPB for isobutylparaben, and BzPB for benzylparaben.

In the early steps of method development, we have noticed that the reconstitution
solvent affects the chromatographic response (peak area) of the analytes (Figure 5a). To this
regard, various solvent mixtures have been tested for reconstitution of the samples after
evaporation of the methanolic back-extraction solvent, including water, acetonitrile-water
mixture 60:40, v/v and acetonitrile with various concentrations of ammonium formate
aqueous solution 60:40, v/v. As it is clearly shown in Figure 5b, the optimum solvent
mixture for reconstitution is acetonitrile/5mM ammonium formate aqueous solution 40/60,
v/v as it gives the highest percentage recovery for the analytes with the lowest percentage
recovery, namely MPB and BzPB.

The residues were reconstituted with 150 pL of the reconstitution solvent and then
filtered through a syringe filter prior to HPLC-UV analysis. Various syringe filters such as
nylon membrane, hydrophobic polytetrafluorethylene (PTFE), and hydrophilic PTFE have
been tested for the final filtration step prior to the HPLC-UV analysis. A 13 mm hydrophilic
PTFE membrane syringe filter with 0.22 pm pore size gave a percentage recovery greater
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than 98.0% for all the analytes, and therefore, it was selected as the optimum for the analysis
of the seven parabens under study.
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Figure 5. Influence of the reconstitution solvent on (a) the chromatographic response and (b) the percentage recovery of the
seven parabens; MPB for methylparaben, EPB for ethylparaben, iPPB for isopropylparaben, PPB for propylparaben, BPB for
butylparaben, iBPB for isobutylparaben and BzPB for benzylparaben.

2.1.3. Mechanism of Extraction in FPSE Membrane

Classical sample preparation techniques often utilize highly viscous polymeric sor-
bents such as poly(dimethylsiloxane). The sorption properties of these viscous sorbents
toward the target analyte(s) are described by (a) solubility (S) and the partition coefficient
(K). These two parameters define the relative concentration of the analyte at equilibrium
between the polymeric sorbent and the sample matrix [48]. Due to the high viscosity of
the polymer, the mass transfer of analyte between the sorbent and the sample matrix is
relatively slow. However, the extraction of analytes in the FPSE membrane is governed by
adsorption. Sol-gel sorbents are inherently porous, possessing sponge-like architecture
containing many functional moieties that are highly affinitive toward the target analytes.
When the FPSE membrane is inserted into the aqueous solution, the analytes approach
toward the FPSE membrane via diffusion and interact with the sorbent via different inter-
molecular interactions such as London dispersion, dipole—dipole interaction, and hydrogen
bonding. The planer geometry of the FPSE membrane, the sponge-like porous architecture
of the sol-gel sorbent, and the built-in pores of the fabric substrate allow rapid perme-
ation of the aqueous sample through the FPSE membrane. The continuous passage of
the same sample through the FPSE membrane ensures fast extraction equilibrium and
exhaustive/near-exhaustive extraction in a relatively short period.

At the end of extraction, the FPSE membrane is introduced into a small volume
of organic sorbent such as methanol. The solvent solvates both the FPSE membrane as
well as the analytes. As a result, the interaction between the sorbent and the analytes
are shattered, and the analytes are solvated with methanol. Due to the high porosity
and sponge-like internal structure of sol-gel sorbent, a small volume of methanol can
quantitatively scavenge the analytes from the FPSE membrane very fast. Both the extraction
and desorption processes are presented in Figure 6.

2.1.4. Green Attributes of Fabric Phase Sorptive Extraction

Fabric phase sorptive extraction was invented as a new generation green sample
preparation technology. Galuszka et al. [49] compiled 12 principles of green analytical
chemistry. Surprisingly, FPSE meets 10 out of 12 principles. One major green attribute
of FPSE is the substantial reduction of steps involved in the overall sample preparation
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workflow. As such, FPSE has not only simplified the sample preparation process but
also significantly reduced organic solvent consumption, eliminated sample pretreatment
and post-treatment steps, and supported field deployability. FPSE is the only sample
preparation technique that allows the deployment of custom membrane size based on
the volume of sample to be analyzed. For biological samples, FPSE allows whole blood
analysis without converting it into plasma or serum. Sample preparation without any
sample pretreatment ensures minimal analyte loss during the sample preparation and
improves the quality and confidence in analytical data.
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Figure 6. Schemes demonstrating extraction and desorption processes in fabric phase sorptive
extraction.

2.2. Statistical Analysis of Method Validation Data
2.2.1. Selectivity and Specificity

All the chromatograms obtained from the analysis of five blank plasma samples
(negative control samples) contained no co-eluting peaks greater than 5% of the peak area
of the targeted analytes at 20 ng mL~! showing the selectivity of the chromatographic
method. In addition, the carry-over test met the predefined requirements, as no interfering
peaks with responses greater than 5% of the peak areas at 20 ng mL~! of each analyte were
detected in blank human plasma samples analyzed after a high concentration calibration
standard spiked in human plasma.

The developed FPSE-HPLC-UV method selectivity is further demonstrated in Figure 7,
where a chromatogram of a blank plasma sample is superimposed with a chromatogram of
a calibration plasma sample at 200 ng mL~! for each analyte. MPB, EPB, iPPB, PPB, iBPB,
BPB, and BzPB were eluted at 4.46, 6.39, 9.41, 10.33, 16.35, 17.36, and 20.88 min, respectively.

2.2.2. Linearity, Precision, and Accuracy

A weighted linear regression analysis with a weighting factor of 1/y? was adopted due
to data heteroscedascity and because of the better results regarding other weighting factors
1/x,1/ xz) and unweighted linear regression, which was also tested. Data are presented
in Table 2 and indicate that linear relationships were attained between the responses of
the targeted analytes with regard to the corresponding concentrations. Back-interpolated
concentrations in the calibration curves were less than 15.8% of the nominal concentration
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at lower limit of quantitation (LLOQ) levels, which is in agreement with international
guidelines [50].
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Figure 7. HPLC-UV chromatogram of a blank human plasma sample (black dotted line) overlaid with a chromatogram of a
calibration plasma sample spiked with the targeted analytes at 200 ng mL~! (blue line).

Table 2. Linearity data for the quantitation of the seven parabens in human plasma samples as assessed by the fabric phase
sorptive extraction reversed-phase liquid chromatography method coupled with UV detection (FPSE-HPLC-UV) method.

Compound ! Matrix Regression Equations 2 r3 Standard Deviation S, 4
Slope Intercept

MPB Water SMPB =113.9 x CMPB —795 0.998 2.6 92 0.05

Human plasma Smps = 61.2 X Cyvpg —598 0.996 24 78 0.08

EPB Water Sgpp = 122.1 x Cgpg —805 0.9994 1.8 65 0.04

Human plasma Sgpp =70.4 x Cgpg —477 0.998 22 70 0.06

PPB Water SiPPB =96.4 x CiPPB —774 0.991 4.1 145 0.08

! Human plasma S;ppg = 63.1 x Cippg —479 0.993 34 121 0.11

PPB Water Sppg = 97.5 x Cppg —669 0.995 44 164 0.08

Human plasma Sppg = 59.1 x Cppg —429 0.993 3.1 116 0.10

iBPB Water SiBPB =98.1 x CiBPB —789 0.998 2.8 99 0.08

! Human plasma Sippg = 61.0 x Cijgpg —557 0.995 2.6 86 0.09

BPB Water Sgps = 97.5 x Cgpp — 907 0.9991 22 72 0.05

Human plasma Sgpg = 60.7 x Cgpg — 566 0.995 2.5 82 0.09

BzPB Water SBZPB =925 x CBZPB —682 0.998 24 87 0.05

“ Human plasma Sp.pp = 46.7 x Cp,pp —318 0.998 12 45 0.05

1 MPB for methylparaben, EPB for ethylparaben, iPPB for isopropylparaben, PPB for propylparaben, BPB for butylparaben, iBPB for
isobutylparaben, and BzPB for benzylparaben; 2 Peak area signal of each paraben, S, versus the corresponding concentration, C, and over
the concentration range 20 to 500 ng mL~!; 3 Correlation coefficient; 4 Standard error of the estimate.
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A series of dilute solutions of known concentration spiked in blank human plasma
have been analyzed and limits of detection and quantitation (LOD and LOQ) for the
targeted analytes were estimated based on signal-to-noise ratios of 3:1 and 10:1. The limits
of detection, LOD, and the limits of quantitation, LOQ, were found to be at the level of 7
and 20 ng mL~! for each analyte, respectively.

One-way ANOVA was used for precision and accuracy evaluation, and the results
are shown in Table 3. The precision and accuracy tests met the predefined requirements
since the repeatability (intraday percentage CVs) ranged from 1.33 to 9.05% and the total
accuracy ranged from 96.95 to 105.45%.

Table 3. Accuracy and precision of the seven parabens in human plasma samples at three con-
centration levels as assessed by the FPSE-HPLC-UV method (1 = three runs; four replicates per

run).
Compound ! Concentration (ng mL—1)
Added Concentration 20 100 500
MPB
Overall mean 20.88 + 0.45 98.4 + 3.5 4942 +9.6
Intraday CV(%) 2 1.93 3.60 1.95
Total precision CV (%) 2 2.29 3.54 1.93
Total accuracy Er% 3 104.4 98.4 98.8
EPB
Overall mean 20.94 +0.82 100.5 + 4.9 504.6 +£9.1
Intraday CV(%) 2 430 433 1.98
Total precision CV (%) 2 3.76 5.15 1.73
Total accuracy Er% 3 104.3 100.5 100.9
iPPB
Overall mean 20.84 4+ 0.46 100.2 +2.8 499.2 + 8.9
Intraday CV(%) 2 6.54 3.05 1.60
Total precision CV (%) 2 5.90 2.66 1.86
Total accuracy Er%> 104.2 100.2 98.8
PPB
Overall mean 204+ 1.7 1015+ 3.2 500.2 +7.9
Intraday CV(%) 2 8.61 3.34 1.56
Total precision CV (%) 2 8.29 2.97 1.61
Total accuracy Er%?> 102.0 101.5 100.1
iBPB
Overall mean 211 +£1.8 98.2 + 3.8 501.5 £ 9.6
Intraday CV(%) 2 9.05 4.17 2.83
Total precision CV (%) 2 8.73 3.76 2.58
Total accuracy Er% 3 105.1 98.2 100.3
BBP
Overall mean 19.39 + 0.55 1012+ 1.6 498.8 +6.3
Intraday CV(%) 2 2.71 1.67 1.27
Total precision CV (%) 2 2.87 1.52 1.26
Total accuracy Er% s 96.9 101.2 99.8
BzBP
Overall mean 21.09 £ 0.55 1039+ 1.6 502 + 11
Intraday CV(%) 2 2.82 1.56 2.50
Total precision CV (%) 2 2.53 1.50 2.33
Total accuracy Er% 3 105.4 103.9 100.4

1 MPB for methylparaben, EPB for ethylparaben, iPPB for isopropylparaben, PPB for propylparaben, BPB for
butylparaben, iBPB for isobutylparaben, and BzPB for benzylparaben; 2 Coefficient of variation; intra- and
inter-assay CVs were calculated by ANOVA; 3 Relative recovery percentage.
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2.2.3. Recovery

The percentage relative recovery of the method for the seven parabens under study
was also calculated as the percentage of the ratio of the slope of the regression equation
of spiked human plasma samples to the slope of the regression equation of calibration
samples spiked in water at equivalent concentrations (Table 2). All the samples have been
analyzed in acetonitrile: 5 mM ammonium formate aqueous solution 40/60, v/v and the
calibration spiked water samples have not been processed by the FPSE procedure (Table 2).
Based on these data, percentage relative recoveries of 53.7, 57.7, 65.4, 60.6, 62.2, 62.1, and
50.5% were attained for MPB, EPB, iPPB, PPB, iBPB, BPB, and BzPB, respectively.

The percentage absolute recovery was determined by the percentage of the ratio of
the peak area measured from human plasma samples spiked at 200 ng mL~! for each
analyte to the peak area of blank human plasma samples spiked after the FPSE procedure
with analytes at equivalent concentrations. Based on this test, the percentage of absolute
recoveries of 50.1, 60.2, 55.4, 65.8, 61.2, 56.9, and 53.3% were attained for MPB, EPB, iPPB,
PPB, iBPB, BPB, and BzPB, respectively.

2.2.4. Stability

Human plasma samples spiked with the analytes at 200 ng mL~! and stored at
ambient temperature for six hours remained constant. Percentage recoveries of the analytes
ranged from 98.2 to 102.5%. Freeze and thaw stability of the targeted analytes was assessed
by four consecutive freeze and thaw cycles applied to human plasma samples spiked
with the analytes at 200 ng mL~!. The samples were frozen for 7 days at —18 °C and
thawed at room temperature (one cycle); the procedure was repeated for three consecutive
cycles. To calculate the stability, the data of the stored samples were compared to the
data of freshly prepared human plasma samples spiked with the targeted analytes at
200 ng mL~!. Percentage recoveries of the analytes ranged from 97.5 to 102.6%, indicating
that the analytes are stable after four complete freeze and thaw cycles.

2.3. Application to Real Human Plasma Samples

A total of 20 human plasma samples were analyzed, and the results are presented
in Tables 4 and 5. Half of the samples (n = 10 in the age range between 34 and 83) were
collected from women subjected to malignant plastic surgery of breasts, and the rest
(n =10 ranging in age between 33 and 59) were collected from healthy women subjected to
non-malignant benign reconstructive and aesthetic surgery of breasts.
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Table 4. Results on the concentration levels (in ng mL™1) of the seven parabens in human plasma samples collected from 20

women in Croatia.

BMI 2 Compound 34
Woman No.  Surgery ! Age . '

MPB EPB iPPB PPB iBPB BPB BzPB
1 BC 43 25.0 110 40 50 <LOD <LOD <LOD <LOD
2 BC 59 34.3 40 <LOD 30 <LOD 40 <LOD <LOD

3 BC 34 28 150 <LOD detected <LOD 80 <LOD 70
4 BC 56 255 60 <LOD 40 <LOD <LOD <LOD <LOD
5 BC 76 26 170 <LOD detected <LOD <LOD <LOD <LOD
6 BC 45 20.9 30 detected <LOD detected <LOD <LOD <LOD
7 BC 45 204 20 30 <LOD 30 30 <LOD <LOD

8 BC 83 27.5 140 <LOD <LOD 10 300 <LOD 90
9 BC 65 23 20 <LOD <LOD detected <LOD <LOD <LOD
10 BC 63 26.2 30 detected <LOD <LOD <LOD <LOD <LOD
11 AE 46 20.3 150 80 30 <LOD 50 <LOD <LOD

12 AE 51 28.3 80 detected 70 <LOD <LOD <LOD 50
13 AE 48 18.4 detected 60 <LOD <LOD <LOD <LOD <LOD
14 AE 33 25.1 detected 20 <LOD <LOD <LOD <LOD <LOD
15 AE 47 27.6 detected 70 <LOD <LOD <LOD <LOD <LOD
16 AE 38 259 30 detected <LOD <LOD <LOD <LOD <LOD
17 AE 59 249 60 40 <LOD <LOD <LOD <LOD <LOD
18 AE 55 354 detected 30 <LOD <LOD <LOD <LOD <LOD
19 AE 48 26.6 20 detected <LOD <LOD <LOD <LOD <LOD
20 AE 49 22.6 22 50 <LOD <LOD <LOD <LOD <LOD

! Type of surgery: BC for breast cancer; AE for aesthetic reconstructive surgery; 2 BMI for body mass index; > MPB for methylparaben,
EPB for ethylparaben, iPPB for isopropylparaben, PPB for propylparaben, BPB for butylparaben, iBPB for isobutylparaben, and BzPB for
benzylparaben;  Samples where parabens were detected but not quantified are denoted as “detected”, while the samples where parabens

levels were below the limit of detection are denoted as “<LOD”.

Table 5. Results of the FPSE-HPLC-UV analysis of the seven parabens in human plasma samples collected from 20 women

in Croatia.
Compound ! MPB EPB iPPB PPB iBPB BPB BzPB
Percentage of the hl_u_nan plasma samples in which 100 60 30 30 25 Not detected 15
quantified and detected
Percentage of the human plfisma samples in which 80 45 5 10 5 Not detected 15
quantified
Percentage of the hurr.lan plésma samples from healthy 60 70 20 0 10 Not detected 10
women in which quantified
Percentage of the hurr}an plf:\sma samples from cancerous 100 20 30 20 40 Not detected 20
cases in which quantified
Mean plasma concentration in heathy women 603 500 500 - 500  Notdetected  50.0
(ng mL™")
Mean plasma concentration in cancerous cases (ng mL~1) 77.0 35.0 40.0 20.0 1125  Not detected 80.0
Mean plasma concentration in all the samples 708 467 440 200 1000 Notdetected  70.0

(ng mL~1)

1 MPB for methylparaben, EPB for ethylparaben, iPPB for isopropylparaben, PPB for propylparaben, BPB for butylparaben, iBPB for

isobutylparaben, and BzPB for benzylparaben.
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The results indicate that MPB was quantified in 100% of the human plasma samples
from cancerous cases with average plasma concentration at 77.0 ng mL~!. The highest
quantitation rates in human plasma samples from cancerous cases were found for MPB
(100%) and iBPB (40%) with average plasma concentrations at 77.0 and 112.5 ng mL "},
respectively. In healthy women, the highest quantitation rates were observed for both
MPB (60%) and EPB (70%) with average plasma concentration at 60.3 and 50.0 ng mL ™},
respectively. PPB was quantified only in cancerous cases at a rate of 20% with mean plasma
concentration 20 ng mL~!, while iPPB was quantified both in healthy and cancerous cases
with mean plasma concentration in all the samples at 44 ng mL~!. BPB was not quantified
in any of the analyzed samples, while iBPB was quantified at a higher rate in cancerous
cases (40%) than in healthy women (10%) with average plasma concentrations at 112.5
and 50 ng mL !, respectively. The more lipophilic BzPB was quantified in both cancerous
and healthy cases with mean plasma concentration in all the samples at 70 ng mL~!. As
this was the pilot study that included a very small population size, statistical analysis
was not performed, but the results are still indicative. As can be seen from Table 4, the
mean age of woman in the group subjected to breast cancer surgery was higher by 10 years
than for the group subjected to reconstructive and aesthetic surgery, but both groups were
characterized by similar body mass index (BMI). In the human plasma samples obtained
from the healthy women subjected to aesthetic reconstructive surgery, only MBP, EPB, and
iPPB were detected, while iBPB and BzPBP were found in only single cases. On the other
hand, PPB, iBPB, and BzPB were found in many more samples obtained from woman
subjected to the breast cancer surgery. To undoubtedly determine the main factor for such
differences, a much larger population group should be studied. Indeed, we will use the
method presented here in future epidemiologic studies by evaluating the role of multiple
factors on the accumulation of parabens in humans and the possible consequences of such
accumulation. The high paraben concentrations detected in this study agree with the
previous maximum concentration levels for MPB (142.9 ng mL~1), EPB (45.9 ng mL~1), and
PPB (43.9 ng mL~!) reported by Sandanger et al. [25] in plasma samples of postmenopausal
women. However, the latter study did not consider the analysis of the isomers, iPPB
and iBPB. Furthermore, some studies have shown that conjugated parabens were stable
in human serum over 30 days when stored at 37 °C [51], and thus, the contribution of
conjugate hydrolysis is considered negligible to the values reported in the current study.
Therefore, we agree with Sandager et al. [25] that the high concentration of intact parabens
identified in our study is not caused by the hydrolysis of conjugated parabens.

2.4. Comparison with Other Analytical Methods

The proposed FPSE-HPLC-UV method has been compared with other methods ded-
icated to the analysis of parabens in human plasma as reported in the literature. The
results of this literature survey are presented in Table 6. Among the reported methods,
only the current method and the FPSE-LC-DAD method [35] allows for the simultaneous
quantitation of all seven parabens, including the isomers of PPB and BPB in human plasma
samples. In this work, we have optimized both the FPSE protocol to reduce the analysis
time and increase the percentage recovery and the chromatographic procedure to achieve
adequate separation of all seven parabens within 22 min at a flow rate of 0.25 mL min~!.
The method allows for the quantitation of the seven parabens at adequately low LOQ
and LOD values with a linearity range that allows the quantitation of parabens in clinical
samples using a small sample volume of 50 pL.
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Table 6. Comparison of the proposed method with methods published in the literature for the quantitation of parabens in human plasma samples.
Sample
. Analytical Method; . Preparation/ Sample o Repeatability Linearity . Application to
Matrix Analytes Column; Flow Rate Run Time Extraction Volume %Recovery (%CV) Range LOQ; LOD Real Samples Reference
Time
MPB, EPB, RPHPLC-UV; 20 samples from
Human iPFD, PPB, Spherisorb ODS1 2min  FPSE/40min 50 uL 50.1-65.8% 13109.0% 54 500 ng/mL  n 38% EOOD he;rlmth}r’ s : Current
plasma iBPB, BPB, (150 x 2.0 mm, 3 um); 0.25 ! H ’ o (7 parabens) o g7 . : cancerous method
S . . ng/mL patients
BzPB mL/min isocratic elution
(women)
Human MPB, EPB, RPHPLC-DAD; Spherisorb LOQ: 100
plasma, whole iPPB, PPB, C18 (150 x 4.6 mm, 5 um); . . B 1.2t010.1% B : .
blood, human iBPB, BPB, 1.0 mL/min 25 min FPSE/ 60 min 450 pL (7 parabens) 0.1-10 ug/mL ng/mL, LOD: 6 samples [38]
. . . 30 ng/mL
urine BzPB Isocratic elution
. 58 samples from
MPB, EPB, LC-MS/MS; Kinetex C18 LLE, MPB: men of
Human PPB, BPB, (150 x 3.0 mm, 1.7 um) derivatization 13t06%  02532ng/ml 166013440 reproductive age;
BzPB : lls 11 min ey 0 500 il 103.6-112.7% = 1067 EPB, PPB, BPB, (U150 TEpIOdUCLVE age;  1)q 37
plasma Bi 0.4 mL/min with dansyl (5 parabens) . 0.202 ng/mL 27 maternal and
isphenols . . . BzPB:
Gradient elution chloride cord plasma
Estrogens 0.094-12 ng/mL
samples
H . LC-MS/MS; Synergi™
Yeerum, | MPB,EPB, Fusion-RP 80 A Automated 2.8 10 29.2% 0.5-500 LODs <041  ©0samples from
L PPB, BPB, (75 x 2.0 mm; 4 pm); 17 min SPE/time not 500 uL 98.3-101.5% ' - ' ’ young Danish [15]
seminal . o (5 parabens) ng/mL ng/mL
BzPB 0.3 mL/min specified men
plasma . .
Gradient elution
LC-TOF/MS; LODs:
Human MPB, EPB, Ph"i“fﬁg?;ﬂ‘;y o SPE on OASIS 100 50t0600pg  MPB7ng/mL 02 amples
uma PPB, BPB, eny : ’ 10min HLB 500 pL - ° injected on EPB 3 ng/mL © [28]
plasma BoPB 1.7 um) cartridees (5 parabens) column PPB 2 ng/mL postmenopausal
0.45 mL/min & & women

Gradient elution
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3. Materials and Methods
3.1. Chemical and Reagents

The following 4 parabens—MPB, EPB, PPB, and BPB—were purchased from Acros
Organics part of Thermo Fisher Scientific (Geel, Belgium), the two isomers iPPB and iBPB
were obtained from Alfa-Aesar part of Thermo Fisher Scientific (Ward Hill, MA, USA),
BzPB was acquired from TCI America (Portland, OR, USA), and p-hydroxybenzoic acid
was purchased from Sigma-Aldrich (Saint Louis, MO, USA). The HPLC grade solvents
used in the current study were bought from E. Merck (Darmstadt, Germany). HPLC grade
purified water was produced by using a Synergy® UV water purification system (Merck
Millipore, Burlington, MA, USA). FPSE membranes were synthesized by Kabir and Furton
based on a procedure described elsewhere [38,52]. Hydrophobic polytetrafluorethylene
membrane syringe filters (PTFE phobic, 13mm, pore size 0.22 um) were obtained from
RephilLe Bioscience Ltd Europe, Novalab representative (Athens, Greece).

3.2. Human Plasma Samples

Human plasma samples were obtained from Dubrava’s University Hospital in Zagreb,
Croatia. Particularly, human plasma samples were collected from 10 women subjected to
malignant and 10 woman subjected benign plastic, reconstructive, and aesthetic surgery of
breasts to evaluate the presence of parabens. The group subjected breast cancer surgery
was characterized by the mean age of 56.9 &+ 15.5 (in the range of 34 to 83 years old) and the
mean body mass index (BMI) of 25.7 & 3.9. The group subjected to plastic, reconstructive,
and aesthetic surgery of breasts has the mean age of 47.4 £ 7.5 (in the range of 33 to 59 years
old) and mean BMI of 25.5 & 4.7. From each study participant, whole blood was collected
from decubital vein in BD vacutainer with KEDTA. Cells were removed by centrifugation
for 15 min at 2000 x g, and the resulting plasma samples were immediately dispensed into
0.5 mL aliquots, stored, and transported at —20 °C, to avoid freeze—thaw cycles. Samples
that were hemolyzed, icteric, or lipemic were excluded from the study. The survey was
accepted and approved by the Ethical Committee of Dubrava’s University Hospital and
University of Zagreb (380-59-10106-14-4290/82), School of Medicine, Croatia. Informed
consents were acquired from all participants before any other action. Blank human plasma
samples were taken from National Red Cross General Hospital in Athens, Greece.

3.3. Instrumentation

The analytical instrument used was a Waters® HPLC system (Waters, Milford, MA,
USA), consisting of a Waters® 717 plus auto sampler, a temperature oven, a Waters®
1515 isocratic pump, and a Waters® 486 UV detector operated at A 257 nm, whereas Em-
power™ Chromatography Data System (Waters Chromatography Europe BV, Etten-Leur,
The Netherlands) was used for data acquisition and analysis. The selected parabens were
separated on a Spherisorb ODS1 C18 analytical column (150.0 x 2.0 mm i.d., particle size 3
um) (Waters, Ireland). A mobile phase of 66% 49 mM ammonium formate water solution
in acetonitrile containing 0.1% (v/v) formic acid was used at a flow rate of 0.25 mL min~!.
The mobile phase was always degassed under vacuum while filtering through a 0.45 pm
nylon membrane filter prior to use. Chromatographic experiments were performed at
ambient temperature with a chromatographic run time of less than 24 min; each sample was
injected into a 10 uL loop. A vertical rotating mixer model RS 20-VS, Heto Lab Equipment,
Heto-Holten A/S (Allered, Denmark) was used for gentle mixing of the samples during
FPSE procedure with reciprocal rotation speed set at 10 rpm and reciprocal rotation tilt
angle range set at 20° and a Techne Sample concentrator Dri-block DB3 model FDB030OD
(Techne Duxford, Cambridge, UK) was used for solvent evaporation.

3.4. Stock and Working Standard Solutions

Stock standard solutions of the analytes at 500 jtg mL~! were prepared in methanol.
Mixed working standard solutions of the targeted analytes were prepared at the concen-
tration range 25 to 2500 ng mL~! by further dilutions of the stock solutions in water. The
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stock standard solutions were found stable when stored at —20 °C for 4 months, while the
working standard solutions stored at 4 °C were prepared freshly every month.

3.5. Calibration Standards and Quality Control Samples

Calibration standards were prepared in human plasma at 20, 40, 60, 100, 200, 400,
and 500 ng mL~! for each analyte. Quality control (QC) was prepared at 20, 100, and
500 ng mL~! in human plasma using separate stock solutions.

3.6. Sample Preparation Procedure

After thawing at room temperature, the samples are vortex mixed to ensure homogene-
ity prior to the sample preparation procedure, which is performed by an optimized FPSE
procedure. The sol-gel Carbowax 20M membrane is cut at a size of 2.25 cm? (1.5 x 1.5 cm)
and immersed in 2 mL acetonitrile—methanol mixture 50:50, v/v for 5 min and then in
2 mL of deionized water for an additional 5 min. Consequently, the FPSE membrane is
transferred into a 5 mL screw-capped glass vial, followed by the addition of 50 uL aliquot
of each human plasma sample, 550 pL of deionized water, and 200 pL of 0.1% aqueous
formic acid. Then, the vial is placed in a vertical rotating mixer with reciprocal rotation
speed set at 12 rpm and a reciprocal rotation tilt angle range set at 20° for 20 min. Ac-
cordingly, the FPSE membrane is transferred into a clean 5 mL screw-capped glass vial
containing 800 pL methanol and then placed in the vertical rotating mixer for 20 min for
the elution of the analytes. The methanolic eluent is transferred into an Eppendorf tube,
and the content is evaporated within 10 min under a gentle stream of nitrogen at 30 °C.
The residue is reconstituted with 150 uL acetonitrile/5mM ammonium formate 40/60, v/v
and then filtered using a 13 mm PTFE hydrophilic membrane syringe filter with a pore size
of 0.22 pum prior to the chromatographic analysis.

3.7. Method Validation

The proposed FPSE-HPLC-UV method was validated for selectivity, specificity, linear-
ity, limit of detection (LOD), lower limit of quantitation (LLOQ), repeatability (intraday
precision), interday precision, overall accuracy, absolute recovery, matrix effect, and sta-
bility [50]. To evaluate the selectivity over any matrix interference, five blank human
plasma samples (negative controls) obtained from different batches have been analyzed
following the optimum conditions of the method. Matrix interference was investigated
at the retention time window of each paraben set at 5% of the corresponding retention
time. The absence of matrix interference is confirmed when the area of any interference is
less than 5% of the area determined at the LLOQ level for each analyte. To evaluate the
linearity, weighted least-squares linear regressions were used to construct the calibration
graphs after the analysis human plasma calibration standards spiked at seven different
concentration levels. The quantitation was performed measuring the peak area of each
targeted analyte. The analyte response at the LLOQ level should be at least 5 times the
signal of a blank sample. Precision and accuracy were established by analyzing four repli-
cates of QC samples at three concentration levels and on three different days. Repeatability
(intraday precision) and interday precision were evaluated by calculating the percentage
coefficient of variations (% CVs), which based on the acceptance criteria should be less
than 15%, and at the LOQ levels should be less than 20%. Overall accuracy was assessed by
measuring the percentage relative recovery, and according to predefined criteria, the mean
concentration should be within 15% of the nominal values for the QC samples, except for
the LLOQ, which should be within 20% of the nominal value.

4. Conclusions

In the current study, the advantages of FPSE on the sample preparation of analytes
with diverse lipophilicity and on the enhancement of the sensitivity of the HPLC-UV
technique in bioanalysis were demonstrated through the development of an FPSE-HPLC-
UV method for the quantitation of seven parabens in human plasma samples. The new
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and optimized FPSE protocol requires only 50 pL of biological sample for the extraction,
allows for the quantitation of the seven parabens at an LOQ of 20 ng mL~! and combined
with a semi-micro reversed phase analytical column is in accordance with the philosophy
of the Green Analytical Chemistry. The efficiency of the method has been proven with
the analysis of the seven parabens in 20 real plasma samples obtained from healthy and
cancerous cases. The results for the shorter alkyl chain parabens have shown that MPB
was quantified in highest rates in both cancerous and non-cancerous cases, while EPB was
present at the highest rates in healthy women, and PPB was present only in cancerous cases.
The results for the longer alkyl chain parabens have shown that BPB was not quantified
in any of the analyzed samples, while BzZPB was quantified at 15% of all the samples. As
for the isomers, iPPB was quantified in both cancerous and non-cancerous cases, and iBPB
was quantified at the highest quantitation rates in cancerous cases. The high concentration
levels detected agree with previous findings for some of the parabens and emphasize the
need for further epidemiological research on the possible health effects of the use of these
compounds.

Author Contributions: Conceptualization, L.P.,, V.S., LV.V,, K.G.F. and A K.; methodology, L.P.,, A.P,,
E.Z.,N.P. and Z.R; validation, L.P. and A.P; formal analysis, A.P,, E.Z. and N.P; investigation, A.P,,
E.Z., ZR and N.P; resources, LP, LV.V, ZR., AK. and K.G.F; writing—original draft preparation, I.P.
and A.P; writing—review and editing, L.P,, V.S., LV.V,, ZR.and AK,; supervision L.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki. It was approved by the Ethical Committee of Dubrava’s University
Hospital (protocol title: “Utjecaj parabena na razvoj rada dojke”, date of approval: 11 September
2012.) and by the Ethical Committee of University of Zagreb, School of Medicine, Croatia (protocol
code: 380-59-10106-14-4290/82), date of approval 14 September 2014.

Informed Consent Statement: The authors state that they have obtained an appropriate institutional
review board for the human experimental investigations. In addition, informed consent has been
obtained from the participants involved.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank the National Red Cross General Hospital in
Athens, Greece for providing blank human plasma samples.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1. Liao, C.; Chen, L.; Kannan, K. Occurrence of parabens in foodstuffs from China and its implications for human dietary exposure.
Environ. Int. 2013, 57-58, 68-74. [CrossRef] [PubMed]

2. Abbeas, S.; Greige-Gerges, H.; Karam, N.; Piet, M.H.; Netter, P.; Magdalou, J. Metabolism of parabens (4-hydroxybenzoic acid
esters) by hepatic esterases and UDP-glucuronosyltransferases in Man. Drug Metabol. Pharmacokinet. 2010, 25, 568-577. [CrossRef]

3. Soni, M.G.; Carabin, I.G.; Burdock, G.A. Safety assessment of esters of p-hydroxybenzoic acid (parabens). Food Chem. Toxicol.
2005, 43, 985-1015. [CrossRef] [PubMed]

4. Hagedornleweke, U.; Lippold, B.C. Absorption of sunscreens and other compounds through human skin in-vivo—Derivation of
a method to predict maximum fluxes. Pharm. Res. 1995, 12, 1354-1360. [CrossRef]

5. Darbre, P.D.; Harvey, PW. Parabens can enable hallmarks and characteristics of cancer in human breast epithelial cells: A review
of the literature with reference to new exposure data and regulatory status. J. Appl. Toxicol. 2014, 34, 925-938. [CrossRef]
[PubMed]

6.  Elder, R.L. Final report on the safety assessment of methylparaben, ethylparaben, propylparaben, and butylparaben. ]. Am. Coll.
Toxicol. 1984, 3, 147-209.

7.  Fransway, A.F; Fransway, PJ.; Belsito, D.V.; Yiannias, J.A. Paraben Toxicology. Dermatitis 2019, 30, 32—45. [CrossRef] [PubMed]

8. Byford, J.R.; Shaw, L.E.; Drew, M.G.B.; Pope, G.S.; Sauer, M.].; Darbre, P.D. Oestrogenic activity of parabens in MCF7 human

breast cancer cells. J. Steroid Biochem. Mol. Biol. 2002, 80, 49-60. [CrossRef]


http://doi.org/10.1016/j.envint.2013.04.001
http://www.ncbi.nlm.nih.gov/pubmed/23685225
http://doi.org/10.2133/dmpk.DMPK-10-RG-013
http://doi.org/10.1016/j.fct.2005.01.020
http://www.ncbi.nlm.nih.gov/pubmed/15833376
http://doi.org/10.1023/A:1016286026462
http://doi.org/10.1002/jat.3027
http://www.ncbi.nlm.nih.gov/pubmed/25047802
http://doi.org/10.1097/DER.0000000000000428
http://www.ncbi.nlm.nih.gov/pubmed/30570577
http://doi.org/10.1016/S0960-0760(01)00174-1

Molecules 2021, 26, 1526 19 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Darbre, P.D.; Harvey, PW. Paraben esters: Review of recent studies of endocrine toxicity, absorption, esterase and human
exposure, and discussion of potential human health risks. J. Appl. Toxicol. 2008, 28, 561-578. [CrossRef] [PubMed]

Boberg, J.; Taxvig, C.; Christiansen, S.; Hass, U. Possible endocrine disrupting effects of parabens and their metabolites. Reprod.
Toxicol. 2010, 30, 301-312. [CrossRef]

Sun, L.; Yu, T.; Guo, J.; Zhang, Z.; Hu, Y.; Xiao, X.; Sun, Y.; Xiao, H.; Li, J.; Zhu, D.; et al. The estrogenicity of methylparaben and
ethylparaben at doses close to the acceptable daily intake in immature Sprague-Dawley rats. Sci. Rep. 2016, 6, 25173. [CrossRef]
Darbre, P.D.; Byford, ].R.; Shaw, L.E.; Hall, S.; Coldham, N.G.; Pope, G.S.; Sauer, M.]. Oestrogenic activity of benzylparaben. J.
Appl. Toxicol. 2003, 23, 43-51. [CrossRef]

Okubo, T.; Yokoyama, Y.; Kano, K.; Kano, I. ER-dependent estrogenic activity of parabens assessed by proliferation of human
breast cancer MCF-7 cells and expression of ER alpha and PR. Food Chem. Toxicol. 2001, 39, 1225-1232. [CrossRef]

Janjua, N.R.; Mortensen, G.K.; Andersson, A.M.; Kongshoj, B.; Skakkebaek, N.E.; Wulf, H.C. Systemic uptake of diethyl phthalate,
dibutyl phthalate, and butyl paraben following whole-body topical application and reproductive and thyroid hormone levels in
humans. Environ. Sci. Technol. 2007, 41, 5564-5570. [CrossRef]

Frederiksen, H.; Jorgensen, N.; Andersson, A.M. Parabens in urine, serum and seminal plasma from healthy Danish men
determined by liquid chromatography—tandem mass spectrometry (LC-MS/MS). J. Expo. Sci. Environ. Epidemiol. 2011, 21,
262-271. [CrossRef]

Barr, L.; Metaxas, G.; Harbach, C.AJ.; Savoy, L.A.; Darbre, P.D. Measurement of paraben concentrations in human breast tissue at
serial locations across the breast from axilla to sternum. J. Appl. Toxicol. 2012, 32, 219-232. [CrossRef] [PubMed]

JECFA. Evaluation of certain food additives and contaminants. In 67th Report of the Joint FAO/WHO Expert Committee on Food
Additives; WHO Technical Report Series 940; Rome, Italy, 2006; pp. 1-104. Available online: https://apps.who.int/iris/bitstream /
handle/10665/43592/WHO_TRS_940_eng.pdf?sequence=1&isAllowed=y (accessed on 17 January 2021).

SCCS/1514/13 Scientific Committee on Consumer Safety (SCCS). Opinion on parabens; Updated request for a scientific opinion
on propyl-and butylparaben, COLIPA No 23P82. In European Commission 2013, Report No SCCS/1514/13; Luxembourg, 2013; pp.
1-50. Available online: https://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_132.pdf (accessed on
17 January 2021).

COMMISSION REGULATION (EU) No 358/2014 of 9 April 2014 Amending Annexes II and V to Regulation (EC) No 1223/2009
of the European Parliament and of the Council on Cosmetic Products; Annex II the Following Entries 1374 to 1378. Available
online: https:/ /eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32014R0358&from=EN#d1e32-7-1 (accessed
on 17 January 2021).

SCCS/1623/20 Scientific Committee on Consumer Safety (SCCS). Preliminary Opinion on Propylparaben. In European Commission
2020, Report No. SCCS/1623/20; Luxembourg, 2020; pp. 1-57. Available online: https://ec.europa.eu/health/sites /health /files/
scientific_committees/consumer_safety /docs/sccs_o_243.pdf (accessed on 17 January 2021).

Kolatorova, L.; Vitku, J.; Hampl, R.; Adamcova, K.; Skodova, T.; Simkova, M.; Parizek, A.; Starka, P.; Duskova, M. Exposure
to bisphenols and parabens during pregnancy and relations to steroid changes. Environ. Res. 2018, 163, 115-122. [CrossRef]
[PubMed]

Dogan, S.; Tongur, T.; Erkaymaz, T.; Erdogan, G.; Unal, B.; Sik, B.; Simsek, T. Traces of intact paraben molecules in endometrial
carcinoma. Environ. Sci. Poll. Res. 2019, 26, 31158-31165. [CrossRef]

Shirai, S.; Suzuki, Y.; Yoshinaga, ]J.; Shiraishi, H.; Mizumoto, Y. Urinary excretion of parabens in pregnant Japanese women.
Reprod. Toxicol. 2013, 35, 96-101. [CrossRef] [PubMed]

Uniivar, T.; Biiytikgebiz, A. Fetal and Neonatal Endocrine Disruptors. J. Clin. Res. Pediatr. Endocrinol. 2012, 4, 51-60. [CrossRef]
[PubMed]

Jiménez-Diaz, I.; Vela-Soria, F.; Rodriguez-Gomez, R.; Zafra-Gémez, A.; Ballesterosa, O.; Navalon, A. Analytical methods for the
assessment of endocrine disrupting chemical exposure during human fetal and lactation stages: A review. Anal. Chim. Acta 2015,
892, 27-48. [CrossRef] [PubMed]

Raza, N.; Kim, K.H.; Abdullah, M.; Raza, W.; Brown, R.J.W. Recent developments in analytical quantitation approaches for
parabens in human-associated samples. TrAC Trends Anal. Chem. 2018, 98, 161-173. [CrossRef]

Grecco, C.F; Souza, I.D.; Queiroz, M.E.C. Recent development of chromatographic methods to determine parabens in breast milk
samples: A review. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2018, 1093-1094, 82-90. [CrossRef] [PubMed]

Sandanger, T.M.; Huber, S.; Moe, M.K,; Braathen, T.; Leknes, H.; Lund, E. Plasma concentrations of parabens in postmenopausal
women and self-reported use of personal care products: The NOWAC postgenome study. J. Exp. Sci. Environ. Epidemiol. 2011, 21,
595-600. [CrossRef] [PubMed]

Grzeskowiak, T.; Czarczynska-Goslinska, B.; Zgota-Grzeskowiak, A. Current approaches in sample preparation for trace analysis
of selected endocrine disrupting compounds: Focus on polychlorinated biphenyls, alkylphenols, and parabens. TrAC Trends Anal.
Chem. 2016, 75, 209-226. [CrossRef]

Asimakopoulos, A.G.; Wang, L.; Thomaidis, N.S.; Kannan, K. A multi-class bioanalytical methodology for the determination of
bisphenol A diglycidyl ethers, p-hydroxybenzoic acid esters, benzophenone-type ultraviolet filters, triclosan, and triclocarban in
human urine by liquid chromatography-tandem mass spectrometry. J. Chromatogr. A 2014, 1324, 141-148.


http://doi.org/10.1002/jat.1358
http://www.ncbi.nlm.nih.gov/pubmed/18484575
http://doi.org/10.1016/j.reprotox.2010.03.011
http://doi.org/10.1038/srep25173
http://doi.org/10.1002/jat.886
http://doi.org/10.1016/S0278-6915(01)00073-4
http://doi.org/10.1021/es0628755
http://doi.org/10.1038/jes.2010.6
http://doi.org/10.1002/jat.1786
http://www.ncbi.nlm.nih.gov/pubmed/22237600
https://apps.who.int/iris/bitstream/handle/10665/43592/WHO_TRS_940_eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/43592/WHO_TRS_940_eng.pdf?sequence=1&isAllowed=y
https://ec.europa.eu/health/scientific_committees/consumer_safety/docs/sccs_o_132.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32014R0358&from=EN#d1e32-7-1
https://ec.europa.eu/health/sites/health/files/scientific_committees/consumer_safety/docs/sccs_o_243.pdf
https://ec.europa.eu/health/sites/health/files/scientific_committees/consumer_safety/docs/sccs_o_243.pdf
http://doi.org/10.1016/j.envres.2018.01.031
http://www.ncbi.nlm.nih.gov/pubmed/29433019
http://doi.org/10.1007/s11356-019-06228-1
http://doi.org/10.1016/j.reprotox.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22789395
http://doi.org/10.4274/Jcrpe.569
http://www.ncbi.nlm.nih.gov/pubmed/22672860
http://doi.org/10.1016/j.aca.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26388473
http://doi.org/10.1016/j.trac.2017.11.009
http://doi.org/10.1016/j.jchromb.2018.06.059
http://www.ncbi.nlm.nih.gov/pubmed/29990718
http://doi.org/10.1038/jes.2011.22
http://www.ncbi.nlm.nih.gov/pubmed/21610754
http://doi.org/10.1016/j.trac.2015.07.005

Molecules 2021, 26, 1526 20 of 20

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Kolatorova Sosvorova, L.; Chlupacova, T.; Vitkuy, J.; Vlk, M.; Heracek, J.; Starka, L.; Saman, D.; Simkova, M.; Hampl, R.
Determination of selected bisphenols, parabens and estrogens in human plasma using LC-MS/MS. Talanta 2017, 174, 21-28.
[CrossRef]

Azzouz, A.; Rascon, A.].; Ballesteros, E. Simultaneous determination of parabens, alkylphenols, phenylphenols, bisphenol
A and triclosan in human urine, blood and breast milk by continuous solid-phase extraction and gas chromatography—mass
spectrometry. J. Pharm. Biomed. Anal. 2016, 119, 16-26. [CrossRef]

Melo, L.P; Queiroz, M.E.C. A molecularly imprinted polymer for microdisc solid phase extraction of parabens from human milk
samples. Anal. Methods 2013, 5, 3538. [CrossRef]

Rodriguez-Gémez, R.; Zafra-Gémez, A.; Camino-Sanchez, FJ.; Ballesteros, O.; Navalon, A. Gas chromatography and ultra-high
performance liquid chromatography tandem mass spectrometry methods for the determination of selected endocrine disrupting
chemicals in human breast milk after stir-bar sorptive extraction. J. Chromatogr. A 2014, 1349, 69-79. [CrossRef]

Fotouhi, M.; Seidi, S.; Shanehsaz, M.; Naseri, M.T. Magnetically assisted matrix solid phase dispersion for extraction of parabens
from M. breast milks. J. Chromatogr. A 2017, 1504, 17-26. [CrossRef] [PubMed]

Vela-Soria, E; Iribarne-Duran, L.M.; Mustielesa, V.; Jiménez-Diaz, I.; Fernandez, M.E,; Olea, N. QUEChERS and ultra-high
performance liquid chromatography—tandem mass spectrometry method for the determination of parabens and ultraviolet filters
in human milk samples. J. Chromatogr. A 2018, 1546, 1-9. [CrossRef] [PubMed]

Vela-Soria, F.; Gallardo-Torres, M.E.; Ballesteros, O.; Diaz, C.; Pérez, J.; Navalon, A.; Fernandez, M.E,; Olea, N. Assessment of
parabens and ultraviolet filters in human placenta tissue by ultrasound-assisted extraction and ultra-high performance liquid
chromatography-tandem mass spectrometry. J. Chromatogr. A 2017, 1487, 153-161. [CrossRef]

Tartaglia, A.; Kabir, A.; Ulusoy, S.; Sperandio, E.; Piccolantonio, S.; Ulusoy, H.L.; Furton, K.G.; Locatelli, M. FPSE-HPLC-PDA
analysis of seven paraben residues in human whole blood, plasma, and urine. J. Chromatogr. B 2019, 1125, 121707. [CrossRef]
Rigkos, G.; Alampanos, V.; Kabir, A.; Furton, K.G.; Roje, Z.; Vreek, LV,; Panderi, I.; Samanidou, V. An improved fabric-phase
sorptive extraction protocol for the determination of seven parabens in human urine by HPLC-DAD. Biomed. Chromatogr. 2020,
€4974. [CrossRef]

Alampanos, V.; Kabir, A.; Furton, K.G.; Roje, 7.; Vréek, LV.; Samanidou, V. Fabric phase sorptive extraction combined with
high-performance-liquid chromatography-photodiode array analysis for the determination of seven parabens in human breast
tissues: Application to cancerous and non-cancerous samples. J. Chromatogr. A 2020, 1630, 461530. [CrossRef]

Kabir, A.; Furton, K.G. Fabric Phase Sorptive Extractors (FPSE). United States Patent Application Publication US 2014/0274660A1,
18 September 2014. Available online: https://patentimages.storage.googleapis.com/c2/36/06/2787b6030e4008 /US20140274660
Al.pdf (accessed on 17 January 2021).

Locatelli, M.; Tinari, N.; Grassadonia, A.; Tartaglia, A.; Macerola, D.; Piccolantonio, S.; Sperandio, E.; D’Ovidio, C.; Carradori, S.;
Ulusoy, H.I; et al. FPSE-HPLC-DAD method for the quantitation of anticancer drugs in human whole blood, plasma, and urine.
J. Chromatogr. B 2018, 1095, 204-213. [CrossRef]

Locatelli, M.; Kabir, A.; Innosa, D.; Lopatriello, T.; Furton, K.G. A fabric phase sorptive extraction-high performance liquid
chromatography-photo diode array detection method for the determination of twelve azole antimicrobial drug residues in human
plasma and urine. J. Chromatogr. B 2017, 1040, 192-198. [CrossRef] [PubMed]

Lioupi, A.; Kabir, A.; Furton, K.G.; Samanidou, V. Fabric phase sorptive extraction for the isolation of five common antidepressants
from human urine prior to HPLC-DAD analysis. J. Chromatogr. B 2019, 1118-1119, 171-179. [CrossRef] [PubMed]

Lakade, S.S.; Borrull, F,; Furton, K.E; Kabir, A.; Marcé, R.M.; Fontanals, N. Dynamic fabric phase sorptive extraction for a group
of pharmaceuticals and personal care products from environmental waters. J. Chromatogr. A 2016, 1456, 19-26. [CrossRef]
Valkova, N.; Lépine, F,; Valeanu, L.; Dupont, M.; Labrie, L.; Bisaillon, ].G.; Beaudet, R.; Shareck, F.; Richard, V. Hydrolysis of
4-Hydroxybenzoic Acid Esters (Parabens) and Their Aerobic Transformation into Phenol by the Resistant Enterobacter cloacae
Strain EM. Appl. Environ. Microbiol. 2001, 67, 2404-2409. [CrossRef]

Kabir, A.; Mesa, R.; Jurmain, J.; Furton, K. Fabric Phase Sorptive Extraction Explained. Separations 2017, 4, 21. [CrossRef]
Seethapathy, S.; Gorecki, T. Applications of polydimethylsiloxane in analytical chemistry: A review. Anal. Chim. Acta 2012, 750,
48-62. [CrossRef] [PubMed]

Galuszka, A.; Migaszewski, Z.; Namiesnik, J. The 12 principles of green analytical chemistry and the SIGNIFICANCE mnemonic
of green analytical practices. TrAC Trends Anal. Chem. 2013, 50, 78-84. [CrossRef]

European Medicines Agency. Guideline on Bioanalytical Method Validation, Committee for Medicinal Products for Human Use (CHMP);
EMEA/CHMP/EWP /192217 /2009 Rev. 1; European Medical Agency: London, UK, 2015.

Ye, X.Y.; Wong, L.Y,; Jia, L.T.; Needham, L.L.; Calafat, A.M. Stability of the conjugated species of environmental phenols and
parabens in human serum. Environ. Int. 2009, 35, 1160-1163. [CrossRef] [PubMed]

Tartaglia, A.; Locatelli, M.; Kabir, A.; Furton, KW.; Macerola, D.; Sperandio, E.; Piccolantonio, S.; Ulusoy, H.I.; Maroni, F,; Bruni,
P et al. Comparison between Exhaustive and Equilibrium Extraction Using Different SPE Sorbents and Sol-Gel Carbowax 20M
Coated FPSE Media. Molecules 2019, 24, 382. [CrossRef]


http://doi.org/10.1016/j.talanta.2017.05.070
http://doi.org/10.1016/j.jpba.2015.11.024
http://doi.org/10.1039/c3ay00025g
http://doi.org/10.1016/j.chroma.2014.04.100
http://doi.org/10.1016/j.chroma.2017.05.009
http://www.ncbi.nlm.nih.gov/pubmed/28502468
http://doi.org/10.1016/j.chroma.2018.02.060
http://www.ncbi.nlm.nih.gov/pubmed/29525126
http://doi.org/10.1016/j.chroma.2017.01.041
http://doi.org/10.1016/j.jchromb.2019.06.034
http://doi.org/10.1002/bmc.4974
http://doi.org/10.1016/j.chroma.2020.461530
https://patentimages.storage.googleapis.com/c2/36/06/2787b6030e4008/US20140274660A1.pdf
https://patentimages.storage.googleapis.com/c2/36/06/2787b6030e4008/US20140274660A1.pdf
http://doi.org/10.1016/j.jchromb.2018.07.042
http://doi.org/10.1016/j.jchromb.2016.10.045
http://www.ncbi.nlm.nih.gov/pubmed/27856196
http://doi.org/10.1016/j.jchromb.2019.04.045
http://www.ncbi.nlm.nih.gov/pubmed/31054451
http://doi.org/10.1016/j.chroma.2016.05.097
http://doi.org/10.1128/AEM.67.6.2404-2409.2001
http://doi.org/10.3390/separations4020021
http://doi.org/10.1016/j.aca.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/23062428
http://doi.org/10.1016/j.trac.2013.04.010
http://doi.org/10.1016/j.envint.2009.07.011
http://www.ncbi.nlm.nih.gov/pubmed/19665798
http://doi.org/10.3390/molecules24030382

	Introduction 
	Results and Discussion 
	Method Development 
	Chromatography Optimization 
	Optimization of the FPSE Procedure 
	Mechanism of Extraction in FPSE Membrane 
	Green Attributes of Fabric Phase Sorptive Extraction 

	Statistical Analysis of Method Validation Data 
	Selectivity and Specificity 
	Linearity, Precision, and Accuracy 
	Recovery 
	Stability 

	Application to Real Human Plasma Samples 
	Comparison with Other Analytical Methods 

	Materials and Methods 
	Chemical and Reagents 
	Human Plasma Samples 
	Instrumentation 
	Stock and Working Standard Solutions 
	Calibration Standards and Quality Control Samples 
	Sample Preparation Procedure 
	Method Validation 

	Conclusions 
	References

