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Bisphenol  A  (BPA),  4-t-octylphenol  (4-t-OP),  and  4-nonylphenol  (4-NP)  are  man-made  alkylphenolic
environmental  contaminants  possessing  controversial  endocrine  disruption  properties.  Nowadays,  an
increased  interest  is  raised  for their  accurate  determination  in  biological  media  in order  to  estimate
the exposure  to these  compounds  and  the  associated  health  risk. The  aim  of this  review  is to  present
the  available  analytical  methodologies  for biomonitoring  these  three  EDCs  in  human  population.  In
non-occupational  human  exposure,  they  are  detected  in  human  matrices  in trace  level  concentrations,
-NP
commonly  lower  than  1 ng/mL.  The  use  of  mass  spectrometry  based  methods  is  particularly  empha-
sized  due  to  their  well  known  superiority  over  sensitivity,  selectivity  and  precision,  even in difficult
matrices,  such  as blood  plasma  and  serum.  Recent  and  most  applicable  sample  preparation  techniques
are  thoroughly  presented.  The  benefits  of  solid  phase  extraction  (SPE)  and  expected  developments  are
demonstrated.  Recent  results  from  exposure  assessment  and  epidemiologic  studies  for  BPA,  4-t-OP  and
4-NP are  summarized  and  future  trends  are  discussed.
© 2011 Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. Molecular structures of bisphenol A (BPA), 4-t-octylphenol (4-t-OP) and 4-
42 A.G. Asimakopoulos et al. / Tox

. Introduction

Bisphenol A (BPA), 4-t-octylphenol (4-t-OP), and 4-nonylphenol
4-NP) (mixture of isomers) are man-made alkyl phenols (APs), well
nown in the scientific world as xenoestrogen compounds (Fig. 1)
CERHR, 2008; Van Miller and Staples, 2005; Vazquez-Duhalt et al.,
005). BPA is a high production volume chemical mainly used in the

ndustry as an important intermediate in the production of the fol-
owing resins and polymers: polycarbonate, epoxy, polysulphone,
olyacrylate, polyetherimide, unsaturated polyester and phenolic.

t can be found in a wide variety of materials and products (e.g. bot-
les, coatings, pipes, dental sealants, food packaging, nail polishes
nd flame-retardant materials) that human population can easily
ome across on a daily basis (Ballesteros-Gomez et al., 2009; CERHR,
008; Maragou et al., 2006, 2008a).  Very recently, European Union
E.U.) banned the use of BPA in plastic infant feeding bottles, mak-
ng a landmark move to safeguard infants and general population’s
ealth (Commission Directive 2011/8/EC, 2011). The other two  APs,
-t-OP and 4-NP were extensively used until recently in the E.U.
nd in the United States (U.S.) as intermediates in the production
f phenolic resins and alkyl phenol ethoxylates (non-ionic deter-
ents) (Van Miller and Staples, 2005; Vazquez-Duhalt et al., 2005).
lkyl phenol ethoxylates (APEOs) were used in industrial formu-

ations (paper, leather, tannery, textile, oil industries and metal
orking fluids), antifoamers, detergents, dispersants, emulsifiers,
aint ingredients, pesticide adjuvants and personal care products
Cox, 1996; DEFRA, 2008; Vazquez-Duhalt et al., 2005). Biodegra-
ation of APEOs was proven to be an important source of 4-OP
nd 4-NP environmental contamination (David et al., 2009). Since
000, 4-OP and 4-NP were included in the list of priority haz-
rdous substances by Directive 2000/60/EC (Commission Directive
000/60/EC, 2000). Since 2003, a reduction policy has been imple-
ented in the E.U. for 4-NP (Commission Directive 2003/53/EC,

003). Nowadays only a few countries (e.g. Asian countries) con-
inue to use APEOs (David et al., 2009). Nevertheless, 4-t-OP and
-NP are still widespread and detected world widely in environ-
ental media, such as wastewaters, potable water, rivers and biota

David et al., 2009; Hawker et al., 2011; Gatidou et al., 2010;
tasinakis et al., 2008).

As xenoestrogen compounds, BPA, 4-t-OP and 4-NP present
ultiple modes of endocrine disruption activity; with the most

mphasized being the binding to the estrogen receptors (estrogen
eceptors � and �) (Mueller and Korach, 2001) and acting competi-
ively towards natural hormones (e.g. 17�-estradiol). Although the
ffinity of these APs towards the receptors are much weaker (weak
strogen activity) than the affinity naturally induced from the
atural hormones of a living organism (CERHR, 2008; Sun et al.,
008; Van Miller and Staples, 2005; Vazquez-Duhalt et al., 2005),
eproductive and developmental toxicity studies have shown
ffects to aquatic organisms and animals (Diamanti-Kandarakis
t al., 2009; Krishnan et al., 2010; Staples et al., 2004; Van Miller
nd Staples, 2005; Vazquez-Duhalt et al., 2005). In the case of 4-
P, that occurs as a mixture of many isomeric compounds, it was
learly pointed out that estrogen activity may  differ between iso-
ers and was directly related to the form of the obtained alkyl chain

tructure (isomer-specific activity) (Reinscheid, 2009). Due to the
arge number of 4-NP isomers (293 isomers in total), research was
ocused on their separation, tandem mass detection and toxicity
valuation (Kammann et al., 2009; Lalah et al., 2007; Moeder et al.,
006; Preuss et al., 2008; Zenkevich et al., 2009). As presented in
oeder et al. (2006),  tandem mass detection is important since the

ossibility to identify an isomer individually can be attempted only

y its reported fragmentation pattern.

The exact endocrine disruption properties of BPA are con-
roversial on human population, because, firstly and foremost,
onflicting data can be found across exposure assessment studies
nonylphenol (4-NP).

and secondly, correlating findings on animals with potential
effects on humans contains a degree of uncertainty (Vandenberg
et al., 2010a,b). As far as 4-t-OP and 4-NP are concerned, a limited
number of human toxicity studies have been carried out (Section
4.2), a fact that highlights the urgent need to investigate the
toxicity and biotransformation pathways of these compounds in
the human body. Therefore, biomonitoring of 4-t-OP and 4-NP in
human fluids and tissues is deemed necessary in order to assist
in elucidation of potential correlations between exposure and
adverse health effects.

2. Biotransformation-biomarkers

When the three APs enter the blood circulation of the human
body, biotransformation follows. At this point, the compounds are
subject to glucuronidation and sulfation, mainly localized in the
liver. Since they are converted in large extent into glucuronides and
sulfates, their potential estrogenicity is deactivated. Then, the con-
jugates are rapidly cleared away from blood through the kidneys
and end up in urine for excretion (Shangari et al., 2005). Due to bio-
transformation and rapid clearance, only low levels (trace levels) of
the analytes are likely to be detected in blood after a specified time-
period has elapsed from exposure. For instance, it was reported that
BPA and 4-NP obtain approximately an elimination half-life in the
human body of less than 6 (Völkel et al., 2002) and 3 h (Müller et al.,
1998), respectively.

Therefore, biomonitoring should be performed through highly
sensitive analytical methods and exposure assessment should be
based, apart from the free species of the compounds, on the glu-
curonidated or/and sulfated conjugates. Glucuronide and sulfate
species are present in urine and blood and can be used as biomark-
ers of exposure. When free plus conjugated species are quantified,
then total concentration of the APs is determined and a more appro-
priate and integrated exposure evaluation is performed. Treatment
of biological samples with glucuronidase and/or sulfatase enzyme
during sample preparation prior to instrumental analysis is very
common in order to cleave conjugate species and assess total con-
centration (Inoue et al., 2003a; Ye et al., 2005).

Due to the complexity of the alkyl phenol’s metabolic
pathways, biomarkers of exposure are an area of systematic
research. Ye et al. (2007) identified 4-(3′,6′-dimethyl-3′-heptyl)
catechol (P363-NC) in human liver microsomes as a potential
biomarker for the main metabolite of one 4-t-NP isomer, 4-(3′,6′-
dimethyl-3′-heptyl)phenol (P363-NP). 2-(3′,4′-dihydroxyphenyl)-
2-(4′-hydroxyphenyl)propane (3-OH-BPA) (Nakagawa and Suzuki,
2001) and BPA catechol (Ye et al., 2011) may  serve in the near
future as potential biomarkers of human exposure to BPA. Suzuki

et al. (2004) reported the detection of 3-OH-BPA even in river
waters.
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. Analytical methodologies used for biomonitoring

.1. Sample preparation

In general, trace analysis in biological media often requires labo-
ious sample pre-treatment, as centrifugation, extraction, sample
leanup and pre-concentration. These steps of sample preparation
hould not be avoided, because direct determination is usually not
ossible due to interferences from endogenous compounds (e.g.
roteins and phospholipids) that exist in large amounts in matrix.
or extracting BPA, 4-t-OP and 4-NP or/and for further sample
leanup, the majority of methods involved liquid–liquid extraction
LLE) or/and solid phase extraction (SPE). Method protocols, like
hat of Ye et al. (2008),  were developed to extract sample quantities
ven as small as 100 �L.

In liquid–liquid extraction, acetonitrile (Kuruto-Niwa et al.,
007) was the most preferred solvent since apart from extrac-
ion, it simultaneously precipitated effectively the endogenous
roteins of matrix. Ethyl acetate (Schöringhumer and Cichna-
arkl, 2007), chloroform (Kuroda et al., 2003), diethyl ether (Ouchi

nd Watanabe, 2002), isopropanol (Atkinson et al., 2002) and
mmonium hydroxide (Kaddar et al., 2009) were also reported
or analyte(s) extraction or/and protein precipitation purposes. N-
exane, ethanol and petroleum ether were particularly used for

ipid removal from matrix (Lin et al., 2009; Sajiki, 2003).
Solid phase extraction (SPE) is a technique that fractions the

arget analytes based on their affinity to the stationary phase
sorbent). The advantages of this technique are simplicity, repro-
ucibility, and applicability. The type of SPE packing material,
olvents, pH and the flow rates need to be correctly selected in
rder to retain analytes effectively within the cartridge or column.
he interfering substances should be retained very strongly or not
etained at all. The sorbents used in solid phase extraction may  be
pecific or non-specific towards the analyte(s). The specific sor-
ents reported for human bio analysis of BPA, 4-t-OP and 4-NP
ere immunoaffinity columns (Schöringhumer and Cichna-Markl,

007) and molecularly imprinted polymers (MIPs) (Alexiadou et al.,
008; Tan et al., 2009). The term non-specific sorbent concerns
ostly silica based sorbents that are modified with hydrophilic

r/and hydrophobic chemical moieties. In this category, a num-
er of common SPE cartridges are available, such as OASIS HLB
nd Varian Bond-Elut C18 (Table 1). Recently, a new, rapid extrac-
ion method was developed for the simultaneous determination of
PA, 4-NP, and 4-t-OP in human blood serum by hybrid solid phase
xtraction—protein precipitation technique (Hybrid SPE-PPT), a
ew sample pretreatment technique that is considered a break-
hrough in the field of solid phase extraction and generally speaking
n bioanalysis (Asimakopoulos and Thomaidis, 2010; Lignos et al.,
010).

A number of other extraction techniques have been also
eported, including automated solid phase extraction, on-line solid
hase extraction, stir bar sorptive extraction (SBSE) and solid phase
icroextraction (SPME) (Table 1). These techniques present vari-

us advantages, like less contamination between samples, higher
ample throughput, minimized consumption of solvents and less
abour work. Ultimately, the choice of a certain sample prepara-
ion technique, as witnessed in the following section (Section 3.2),
s often totally correlated to the instrumental analysis applied and
he required speed and accuracy.

.2. Instrumental analysis
So far, BPA, 4-t-OP and 4-NP were determined individually or
imultaneously with other xenobiotic compounds by gas chro-
atography (GC) coupled with mass spectrometric detection (MS

r MS/MS) and by liquid chromatography (LC) coupled with mass
y Letters 210 (2012) 141– 154 143

spectrometric (MS  or MS/MS), electrochemical (ECD), fluorescence
(FLD) and ultra-violet (UV) detection. Enzyme-linked immunosor-
bent assays (ELISAs) and a radioimmunoassay (RIA), were reported
only for the simple and rapid determination of BPA in biological
samples (Table 1). To the best of our knowledge, ELISA determi-
nation of 4-t-OP and 4-NP (simultaneously with their ethoxylates)
was only applied with success in environmental matrices (Goda
et al., 2004; Mart’ianov et al., 2005). In Table 1, a selection of
methods is presented, mainly based on detailed reference to analyt-
ical figures of merit, highlighting their performance characteristics
(sample preparation and instrumental parameters). More than 50
methods are published for the bioanalysis of BPA in human popula-
tion. On the contrary, published methods for biomonitoring 4-t-OP
and 4-NP in humans are by far fewer.

3.2.1. Gas chromatography coupled with mass spectrometric
detection

Determination by GC–MS is the most commonly applied ana-
lytical technique due to its simplicity and robustness. However,
a derivatization step is usually needed (Table 1) due to insuffi-
cient volatility of the three APs. Derivatization reagents such as
pentafluorobenzyl bromide (PFBBr) (Brock et al., 2001; Kuklenyik
et al., 2003; Yoshimura et al., 2002) and bis-trimethylsilyl trifluo-
roacetamide (BSTFA) (Arakawa et al., 2004; Kawaguchi et al., 2007;
Otaka et al., 2003; Tan and Mohd, 2003; Yang et al., 2006a,b) were
extensively used for all target APs. N-(tert-butyldimethylsilyl)-
N-methyltrifluoroacetamide (MtBSTFA) (Moors et al., 2007) and
acetic acid anhydride (Kawaguchi et al., 2004a, 2008) reagents were
reported for the derivatization of BPA only. In the absence of the
derivatization step, sensitivity was low, rendering trace analysis in
biological media almost impossible. This fact was clearly demon-
strated through the comparison of the sensitivity of BPA, 4-t-OP
and 4-NP obtained in urine (in a concentration of 10 ng/mL) with
and without derivatization (Kawaguchi et al., 2005).

Despite the important advantage (higher sensitivity) offered
by this step, two  major drawbacks put into question the use of
GC–MS technique in biomonitoring of a large number of subjects.
Not only the derivatization step augments the risk of contamina-
tion of the analyzed samples from the environmental background
but it is also time consuming. The contamination risk can be
dealt with the development of method protocols that make use of
in situ (Kawaguchi et al., 2004a, 2006, 2007, 2008), SPE on-column
(Kuklenyik et al., 2003) or headspace derivatization (Yang et al.,
2006a,b). On the other hand, the time consuming protocol issue
cannot be overcome but at least time can be perceptibly decreased
by using automated protocols as in Calafat et al. (2005).  Few gas
chromatographic methods were reported without a derivatization
step; and even though acceptable limits of quantification were pre-
sented, laborious sample preparation protocol was  needed in order
to reduce matrix interferences (Table 1).

A variety of internal standards were reported to “correct”
recoveries from extraction or/and signal fluctuations during instru-
mental analysis. The ideal internal standard should present the
same physicochemical properties as the target analyte, rendering
the 2D- or 13C-labeled compound the best choice. 13C12-BPA (Brock
et al., 2001; Kawaguchi et al., 2004a, 2005, 2008; Kuklenyik et al.,
2003; Moors et al., 2007; Tsukioka et al., 2003; Yoshimura et al.,
2002) and 2D16-BPA (Arakawa et al., 2004; Atkinson et al., 2002)
were the most popular internal standards reported for BPA. Zafra
et al. (2002) determined BPA in saliva using a less common surro-
gate, bisphenoI-F (BPF). In a multi-residue method that determined
APs (and pesticides) in cord blood, 2D10-pyrene internal stan-

dard was  used for BPA and 2D10-phenanthrene internal standard
was used for 4-t-OP and 4-NP (Tan and Mohd, 2003). Kawaguchi
et al. (2004b) reported a mixture in which the hydrogen of 4-t-OP
was replaced with (1 to 12) deuterium (2D(1–12)-4-t-OP) and was
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Table 1
Biomonitoring methods for bisphenol A, 4-t-octylphenol and 4-nonylphenol.

Analytical technique(s) Determined
analytes

Biological media Sample pretreatment
technique(s)/column(s)
– syringe(s) – SPE
cartridge(s)/solvents

Column(s)/mobile
phase-
electrolyte(s)

Analytical parameters Ref.

ELISA BPA Blood serum SPE/Oasis
HLB/MeOH:ACN (3:1,
v/v) (elution)

-/- RSD%inter-day: 9.7% Hiroi et al. (2004)

ELISA BPA Blood serum -/-/- -/- Linear range:
0.5–5.000 ng/mL

Kodaira et al. (2000)

ELISA BPA Colostrum LLE, SPE/Oasis HLB (30 mg,
1 mL)/ACN (LLE),
MeOH:ACN (3:1, v/v)
(elution, SPE)

-/- LOD: 0.3 ng/mL Kuruto-Niwa et al.
(2007)R%: 103% (RSD%: 19%)

Linear range:
1.56–100 ng/mL

RIA BPA Plasma, ovarian
follicular and
seminal fluids

LLE/-/NH4OH and
ETAC

-/- LOD: 0.08 ng/mL Kaddar et al. (2009)
R%: 96% (RSD: 4%)
RSD% inter-day: < 8.6%
Range of detection:
0.08–5 ng/mL

LC-FLD 4-t-OP, 4-NP and
one other AP

Plasma and urine Enzymatic
deconjugation,
SPE/Varian PH SPE
cartridge/MeOH
(elution)

Luna C18-A
(150 mm × 4.6 mm,
5  �m)/ACN–H2O
(75:25, v/v)

LOD4-NP,plasma:
0.36 ng/mL

Chen et al. (2005)

LOD4-NP,urine:
1.60 ng/mL
LOD4-t-OP,plasma:
0.48 ng/mL
LOD4-t-OP,urine:
1.16 ng/mL
R%4-t-OP,plasma: 108%
R%4-t-OP,urine: 83.6%
R%4-NP,plasma: 115%
R%4-NP,urine: 109%
RSD%: <10%
Linear range:
5–385 ng/mL
R2 ≥ 0.9995

LC-FLD
(derivatization
with
4-(4′ ,5′-diphenyl-
1′H-imidazol-2′-
yl)benzoyl chloride
reagent)

BPA Blood serum and
ascitic fluid

LLE/-/Chloroform Precolumn, Wakosil-II
5C18 (1.0 mm × 150 mm,
Wako) and Protein &
Peptide C18
(4.6 mm × 150 mm,
Vydac)/ACN–H2O–
MeOH–0.1 M acetate
buffer

LOD: 0.04 ng/mL Kuroda et al. (2003)
R%BLOOD SERUM: 78.6%
R%ASCITIC FLUID: 77.7%
RSDMETHOD: 8%
Linear range:
0.1–7.0 ng/mL
R2 ≥ 0.998

LC-ECD 4-NP and 4-t-OP Plasma SPE/Varian
Bond-Elut C18, C2
and Phenyl-base
(PH)
(500 mg/3 mL)/MeOH
(elution)

Capcell-Pak UG
120 C18 (4.6 mm
×150 mm)/Phosphoric
acid in H2O–ACN
(40:60, v/v)

LOD4-NP: 1.0 ng/mL Inoue et al. (2000)
LOD4-OP: 0.5 ng/mL
R%* > 70% (*exception
when C2 phase used)
RSD% (of R%) < 15.5
RSD%4-NP: 1.79%
RSD%4-t-OP: 1.86%

LC-ECD BPA Urine Enzymatic
deconjugation,
LLE/-/DE

YMC  basic (150 mm ×
4.6 mm,  5 �m)  and
MCM  (250 mm
× 4.6 mm,  3 �m)/50 mM
sodium acetate buffer
(pH = 4.8):ACN (69:31, v/v)

LOD: 0.2 ng/mL Ouchi and
Watanabe (2002)R%: 96–103%

RSD%METHOD: 3%
Linear range: 50 pg to
50 ng
R2: 0.9998
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Table 1 (Continued)

Analytical technique(s) Determined
analytes

Biological media Sample pretreatment
technique(s)/column(s)
– syringe(s) – SPE
cartridge(s)/solvents

Column(s)/mobile
phase-
electrolyte(s)

Analytical parameters Ref.

LC–ESI(-)MS BPA and
BADGE-4OH(BPA
diglicidyl ether
metabolite)

Blood serum and
plasma

Enzymatic
deconjugation,
SPE/Oasis HLB
(20 mm × 2.1 mm)/H2O–ACN
(elution)

CAPCELL PAK MG
C18

(2.0 mm × 250 mm)
/0.01% acetic acid
in H2O–ACN

LODBPA

: 0.1 ng/mL
Inoue et al. (2001)

LODBADGE-4OH:
0.5 ng/mL
R%BPA: 74.5% (±3.5%
(SD))
R%BADGE-4OH: 97.4%
(±4.6% (SD))
RSD%BPA: 0.30%
RSD%BADGE-4OH: 0.77%
Linear range:
1.0–100 ng/mL
R2: 0.999

LC–ESI(-)MS BPA Semen SPE/Shodex SPEC
EDS-1/MeOH
(elution)

Senshu Pak
PEGASIL ODS
(2.0 mm × 150 mm,
3 �m)/0.01% Acetic
acid in H2O–ACN

LOQBPA,LC/MS: 0.5 ng/mL Inoue et al. (2002)
LOQBPA,ELISA: 2 ng/mL
R%: 100%
RSD%: 5% (at 1.0 ng/mL)
R2 ≥ 0.999

LC–ESI(-)MS 4-NP and 4-t-OP Urine Enzymatic
deconjugation,
on-line
extraction/TSK-
Precolumn
BSA-ODS/S
(10 mm × 4.6 mm)/-

Mightysil RP-18 GP
pre-column
(2.0 mm × 5 mm,  5 �m),
Mightysil RP-18
(2.0 mm × 100 mm,
5  �m)/0.1 mM ammonium
acetate in H2O–ACN

LOD4-t-OP: 0.05 ng/mL Inoue et al. (2003a)
LOD4-NP: 0.1 ng/mL
LOQ4-t-OP: 0.3 ng/mL
LOQ4-NP: 0.3 ng/mL
Linear range:
0.2–100 ng/mL
R2 ≥ 0.999

LC–ESI(-)MS BPA Urine Enzymatic deconjugation,
size-exclusion flow
extraction/TSK-Precolumn
BSA-ODS/S
(10 mm × 4.6 mm,  5 �m),
CLNpak PAE-800
(300 mm × 8.0 mm)/-

Mightysil RP-18 GP
pre-column
(20 mm × 2.0 mm,  5 �m),
Mightysil RP-18 GP Aqua
(150 mm × 2.0 mm,
5 �m)/0.01% acetic acid in
H2O:ACN (65:35, v/v)/-

LOQBPA: 0.1 ng/mL Inoue et al. (2003b)
R% (at 1.0 ng/mL):
107.0% (RSD: 7.4%)
R% (at 5.0 ng/mL):
98.2% (RSD: 4.1%)
Linear range:
0.45–90 ng/mL
R2 ≥ 0.999

LC–APCI (-)MS/MS BPA, 4-t-OP, and
seven other
xenobiotic
compounds

Urine Enzymatic deconjugation,
isotope-dilution on-line
SPE/LiChrosphere RP-18
ADS (25 mm × 4.0 mm,
25 �m)/MeOH–H2O

Two  Chromolith
Performance RP-18
(100 mm × 4.6 mm)
in
tandem/MeOH–H2O

LODBPA: 0.4 ng/mL Ye et al. (2005)
LOD4-t-OP: 0.2 ng/mL
R%BPA: 98–113%
R%4-t-OP: 99–125%
RSD%BPA,METHOD: 8–17%
RSD%4-t-OP,METHOD:
13–24%

LC–APCI  (-)MS/MS BPA, 4-t-OP, and
seven other
xenobiotic
compounds

Breast milk Enzymatic
deconjugation, LLE,
on-line
SPE/LiChrosphere
RP-18 ADS
(25 mm × 4.0 mm,
25 �m)/IPA(LLE)

Two  Chromolith
Performance RP-18
(100 mm × 4.6 mm)
in
tandem/MeOH–H2O

LODBPA: 0.28 ng/mL Ye et al. (2006)
LOD4-t-OP: 2.55 ng/mL
R%BPA: 93.7%
R%4-t-OP: 56%
RSD%4-t-OP,METHOD:
18.9%
(QC LOW)
RSD%BPA,METHOD: 4.8%
(QC LOW)
Linear range:
0.1–100 ng/mL
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LC–APCI (-)MS/MS BPA and
chlorinated
derivatives

Placental tissue ETAC (LLE) Gemini C18
(100 mm × 2 mm,
3 �m)/0.1% (v/v)
NH3 aqueous
solution–0.1% (v/v)
NH3 in methanol

LODBPA: 0.2 ng/g Jiménez-Díaz et al.
(2010)LOQBPA: 0.5 ng/g

R%: 97–105%
RSD% < 8.1%
Linear range:
0.5–50.0 ng/g
R2 = 0.9998

LC–ESI  (-)MS/MS BPA, 4-t-OP and
4-NP

Blood serum Hybrid SPE-PPT
technique/Hybrid
SPE
cartridge/MeOH
(precipitating
agent)

Ascentis C18
(75 mm × 2.1 mm,
2.7 �m)/MeOH–H2O

LODBPA: 0.80 ng/mL Asimakopoulos
(2010)LOD4-t-OP: 1.26 ng/mL

LOD4-NP: 1.39 ng/mL
LOQBPA: 2.70 ng/mL
LOQ4-t-OP: 4.20 ng/mL
LOQ4-NP: 4.65 ng/mL
R%BPA: 106%
R%4-t-OP:111%
R%4-NP: 97%
RSD%BPA: 12.8%
RSD%4-t-OP: 8.3%
RSD%4-NP: 7.1%
Linear rangeBPA:
1–100 ng/mL
Linear range4-t-OP:
1–100 ng/mL Linear
range4-NP:
2–400 ng/mL
R2: 0.991–0.998

GC–MS  LC-ECD LC-UV BPA and two  other
compounds

Saliva LLE/-/H2O, N-hexane,
ETAC, ACN

Zorbax SB
phenyl column
(7.5 mm × 4.6 mm,
3 �m)  (LC),
Metaguard
Inertsil phenyl
column
(4.3 mm,  5 �m)
(LC) and
Capillary
column
(30 m × 0.25 mm,
0.25 �m)  (GC)

LOQ: 1.58 ng/mL
(±0.84 (SD)) (GC–MS)

Atkinson et al. (2002)

GC–CI(-)MS
(derivatization
with  pentafluoro
benzyl bromide
reagent) compared
with GC–HRMS

BPA Urine Enzymatic
deconjugation,
SPE/octyldecyl SPE
(500 mg)/MeOH
(elution)

Capillary column
DB-5
(30 m × 0.25 mm,
0.25 �m)

LODGC–CI(-)MS:
0.12 ng/mL

Brock et al. (2001)

LODGC–HRMS:
0.11 ng/mL
R%BPA: 102%
RSD%: 6%
Linear range:
0.26–10.6 ng/mL
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Table 1 (Continued)

Analytical technique(s) Determined
analytes

Biological media Sample pretreatment
technique(s)/column(s)
– syringe(s) – SPE
cartridge(s)/solvents

Column(s)/mobile
phase-
electrolyte(s)

Analytical parameters Ref.

GC–EI(-)MS
(derivatization
in situ with acetic
acid anhydride
reagent)

BPA Urine Enzymatic
deconjugation,
miniaturized
hollow fiber
assisted
liquid-phase
microextraction
(HF-LPME)/10 �L
microsyringe (SGE
10F-HP-0.63), with
a needle of 42 mm
length (0.63 mm
O.D.)/Toluene

DB-5MS fused
silica column
(30 m × 0.25 mm,
0.25 �m film
thickness)

LODBPA: 0.02 ng/mL Kawaguchi et al.
(2008)LOQBPA: 0.1 ng/mL

R%BPA (at 1 ng/mL):
101%
(RSD: 6.7%)
R%BPA (at 5 ng/mL):
98.8%
(RSD: 1.8%)
Linear range:
0.1–50 ng/mL
R2 > 0.999

Thermal
desorption
(TD)-GC–EI(-)MS
(derivatization
in  situ with acetic
acid anhydride
reagent)

BPA Urine, plasma and
saliva

Enzymatic deconjugation,
Stir bar (coated with
polydimethylsiloxane)
sorptive extraction
(SBSE)/-/-

DB-5MS fused silica
column (30 m × 0.25 mm,
0.25 �m film thickness)

LODURINE: 20 pg/mL Kawaguchi et al.
(2004a,b)LODPLASMA: 100 pg/mL

LODSALIVA: 20 pg/mL
LOQURINE: 100 pg/mL
LOQPLASMA: 500 pg/mL
LOQSALIVA: 100 pg/mL
R%: 95% (RSD% <10%)
Linear range:
0.02–10 ng/mL
R2 > 0.99

Isotope dilution
GC–CI(-)MS
(derivatization
with
pentafluorobenzyl
bromide reagent)

BPA, 4-NP, 4-n-NP,
4-t-OP and other
three APs

Urine Enzymatic deconjugation,
automated-
SPE/styrene–divinylbenzene
copolymer-based
cartridge/ACN and then
ETAC (elution)

DB-5MS column
(30 m × 0.25 mm
, 0.25 �m film thickness)

LODBPA: 0.1 ng/mL Kuklenyik et al.
(2003)LOD4-NP: 5 ng/mL

LOD4-n-NP: 0.1 ng/mL
LOD4-t-OP: 0.7 ng/mL
R%BPA: 95–116%
R%4-NP: 91–109%
R%4-n-NP: 99–105%
R%4-t-OP: 94–109%
RSD%4-t-OP,SLOPE: 15%
CV%BPA,SLOPE: 6%
CV%4-NP,SLOPE: 10%
CV%4-n-NP,SLOPE: 15%
RSD%4-t-OP,METHOD: 16%
(QC LOW)
RSD%BPA,METHOD: 7% (QC
LOW)
RSD%4-n-NP,METHOD: 5%
(QC LOW)
Linear range4-NP:
1–200 ng/mL
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used as internal standard for 4-t-OP. In the same article, 2D5-4-(1-
methyl)octylphenol (2D5-m-OP) was  used as internal standard for
4-NP. Kuklenyik et al. (2003) made use of 2D17-4-n-OP surrogate
for 4-t-OP and 13C6-4-n-NP surrogate for 4-n-NP and 4-NP. Finally,
Lin et al. (2009) stated that cumylphenol can be used as internal
standard for both 4-t-OP and 4-NP.

Otaka et al. (2003) reported a laborious sample preparation
protocol for the determination of BPA and 4-NP in human milk.
The sample preparation involved an alkaline digestion step for
degradation of proteins and lipids, followed by LLE, twice clean-
ing with SPE and finally, derivatization prior analysis. Kawaguchi
et al. (2007) reported the determination of 4-NP-glucuronide and
4-t-OP-glucuronide in urine using SBSE with an in situ enzymatic
deconjugation and in-tube silylation. Cunha and Fernandes (2010)
reported a method with an extremely low LOD (0.03 �g/L) in
which dispersive liquid–liquid microextraction (DLLME), in situ
derivatization and multidimensional GC–MS was  used for the
determination of free and total bisphenol A (BPA) in urine.

In contrast to the development of GC–MS methods, the applica-
tion of GC–MS/MS was  extremely limited, counting to one reported
method for the determination of BPA in urine (Arakawa et al., 2004).
The detection limit (LOD) of this method was  0.38 ng/mL and even
though it presented generally slightly higher detection limit than
some GC–MS methods (Table 1), higher selectivity was definitely
obtained.

3.2.2. Liquid chromatography coupled with electrochemical,
ultra-violet and fluorescence detection

LC methods usually include a simpler sample preparation proto-
col than GC methods since derivatization is not essential. Individual
cases of derivatization are only met  in LC-FLD methods that impli-
cate fluorophore reagents (Table 1).

Coupling an ECD detector to LC, great sensitivity and selectivity
could be achieved for electroactive compounds, such as APs. Best
ECD detector operation demands isocratic elution. Fine tuning of
the detector’s potential and a constant mobile phase composition
was the key for achieving low LODs (Inoue et al., 2000; Sajiki, 2001,
2003). A low LOD was reported in urine for BPA (0.2 ng/mL) clearly
demonstrating the potential of the detector (Ouchi and Watanabe,
2002). Nevertheless, isocratic elution leads to reduced separation
efficiency. Thus, when a number of compounds needed to be deter-
mined simultaneously, injection run lasts longer in order to achieve
adequate separation. Liu et al. (2005) reported a method in which a
low steepness gradient was  applied and LC run duration of 45 min
was maintained with the aim to determine, apart from BPA, three
phytoestrogens.

Liu et al. (2005) also referred to an attempt to determine BPA in
urine with UV detection at 260 nm (using flavone as internal stan-
dard). This attempt was not successful due to high LOD. Endogenous
matrix components interfered in LC-UV bioanalysis and selectivity
was not adequate to trace analysis expectations. Thus, LC-UV is
obsolete for this purpose and only two  articles were reported for
the determination of BPA in saliva (Olea et al., 1996; Schmalz et al.,
1999).

Sensitive biomonitoring of BPA, 4-t-OP and 4-NP concentra-
tions could be achieved by LC-FLD. Using this technique, Kuroda
et al. (2003) reported a very low LOD for BPA (Table 1). Fluores-
cence of the three compounds was  monitored at an excitation of
275 nm and an emission of 300 nm (Chen et al., 2005; Yang et al.,
2003, 2006). Fluorophore derivatization, even though was  consid-
ered time consuming, it was necessary in order to achieve high

sensitivity and selectivity in difficult biological matrices. In litera-
ture, 4-(4,5-diphenyl-1H-imidazol-2-yl)benzoyl chloride (DIB-Cl)
fluorophore reagent was  reported for the determination of BPA
in human blood serum, ascitic fluid and breast milk (Kuroda
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t al., 2003; Sun et al., 2004); p-nitrobenzoyl chloride fluorophore
eagent for the simultaneous determination of BPA and 4-NP in
rine and serum (Mao  et al., 2004, 2005); 2-(4-carboxyphenyl)-
,6-dimethylbenzimidazole (CDB) fluorophore reagent for the
imultaneous determination of BPA and 4-NP in semen (Katayama
t al., 2003).

Dekant and Völkel (2008) perfectly identified and noted an
nnovative HPLC-FLD method, in which an immunoaffinity col-
mn was used to extract BPA from urine and a column containing
lucuronidase and arylsulfatase was used in order to determine
otal concentration of BPA (free plus conjugated species), achiev-
ng a method LOD of 0.2 ng/mL (Schöringhumer and Cichna-Markl,
007). Finally, it should be reported that Katayama et al. (2003)
etermined BPA and 4-NP in human semen, not only by LC-FLD,
ut also with miceller electrokinetic chromatography (after pro-
einase K digestion), however, the achieved LODs were extremely
igh for biomonitoring purposes.

.2.3. Liquid chromatography coupled with mass spectrometric
etection

In contrast to GC, tandem mass spectrometry is predomi-
antly used hyphenated to LC, with the majority of tandem mass

nstruments applied for bioanalysis of BPA, 4-t-OP and 4-NP in
umans being triple quadrupole instruments. LC–MS or LC–MS/MS
echniques combine superiority over sensitivity, selectivity and
recision even in low concentration samples without the need of
erivatization, establishing this technique as the best choice for
iomonitoring APs. Still there are important issues to be solved,
ven in this powerful quantitative analytical technique. Making
se of electrospray ionization interface (ESI), response is often
reatly affected from co-eluting matrix components (matrix effect)
ecreasing (suppression) or increasing (enhancement) ionization
fficiency and having a negative impact on signal reproducibility.
n the contrary, using atmospheric pressure chemical ionization

APCI) interface, lower matrix effect is encountered, but limits of
etection may  be higher than ESI interface (Table 1). Nevertheless,

t was clearly demonstrated that APCI was used extensively, espe-
ially for BPA bioanalysis (Jiménez-Díaz et al., 2010; Völkel et al.,
008; Ye et al., 2005, 2006). Turbo ion spray was  reported as an
ptional electrospray ionization technique for simultaneous deter-
ination of BPA and BPA–glucuronide in plasma and urine (Völkel

t al., 2005) and singularly determination of BPA (total and free
oncentration) in urine (Völkel et al., 2011). Turbo ion spray ioniza-
ion works at higher flow rates using a heated probe that channels
eated gas at the sample steam. Therefore high sensitivity was
chieved by increasing the rate of droplet evaporation and des-
lvation. Besides the above mentioned interfaces, an approach was
eported using atmospheric pressure photoionization (APPI) for
he simultaneous determination of BPA (total and free) and twelve
ther xenobiotic compounds in human milk (Ye et al., 2008). In this
ublication, the sample was treated with on-line solid phase extrac-
ion reaching a low LOD of 0.1 ng/mL. The lowest recovery (56%)
nd higher LOD (2.55 ng/mL) was reported for 4-t-OP, when it was
etermined simultaneously with BPA and seven other compounds

n human breast milk (Ye et al., 2006).
Internal standardization method is more common in LC–MS

ethods than in GC–MS ones, mainly due to the need to adequately
ompensated for the severe matrix effects. The appropriate choice
f internal standard is of paramount importance for obtaining accu-
ate results by LC–MS(MS) methods. As in gas chromatography
Section 3.2.1), the most common surrogates reported for BPA were
3C12-BPA (Ye et al., 2005, 2006, 2008) and 2D16-BPA (Jiménez-

íaz et al., 2010; Völkel et al., 2005, 2011). 13C12-BPA is preferred,

ince 1H and 2D have higher differences in their physical proper-
ies than 12C and 13C (Van Eeckhaut et al., 2009), however, it is

ore expensive. The internal standards usually reported for 4-t-OP
y Letters 210 (2012) 141– 154 149

are 2D4-4-t-OP (Ye et al., 2006) and 2D5-4-(1-methyl) octylphe-
nol (2D5-m-OP) (Inoue et al., 2003a).  Inoue et al. (2003a) reported
testing three labeled surrogates: 2D4-4-t-OP and 2D5-m-OP as sur-
rogates for both 4-t-OP and 4-NP and 2D4-4-n-NP as surrogate for
4-NP only. 2D4-4-n-NP was  found unsuitable and between 2D4-4-
t-OP and 2D5-m-OP, the latter internal standard was found more
appropriate.

Another important factor for obtaining suitable sensitivity in
LC–MS or LC–MS/MS techniques is the appropriate choice of
mobile phase composition. In literature, all methods reported
use of methanol or acetonitrile in a binary mobile phase mix-
ture with water (Table 1). Yet, from the two  organic solvents,
methanol solvent is more appropriate. From the authors’ experi-
ence (Asimakopoulos, 2010), when using negative ionization mode,
which is the case for APs determination, production of BPA, 4-t-OP
and 4-NP anions are favored in the presence of methanol, augment-
ing signal intensity. A number of additives, such as ammonium
acetate may  be also used in the mobile phase composition (Table 1).

When enzyme deconjugation was used for assessing total
concentrations (free plus conjugate species), the extent of
the deconjugation reaction could be monitored in real-time
during analysis with a deconjugation standard. The most
common standard was  a mix  of 13C4-4-methylumbelliferone, 4-
methylumbelliferylsulfate, and 4-methylumbelliferyl glucuronide
that were added to all samples. Monitoring the peak area
ratio of 4-methylumbelliferone/13C4-4-methylumbelliferone, the
success of deconjugation was  evaluated for each analyzed sam-
ple (Ye et al., 2005). Direct monitoring of the biomarker
BPA–monoglucuronide (m/z 403 → m/z 113) and its internal stan-
dard 2D16-BPA–monoglucuronide (m/z 417 → m/z  113) was also
being reported for the evaluation of the success of deconjugation
(Völkel et al., 2005, 2008).

3.2.4. Immunoassays
The most important drawback of the ELISA determination of BPA

is the reduced accuracy in low analyte concentrations, due to cross-
reactivity with structurally related compounds (e.g. endogenous
hormones) leading consequently to overestimation of BPA concen-
tration (Fukata et al., 2006). Kodaira et al. (2000) compared BPA
concentration of glucuronidase-treated urine obtained with HPLC-
FLD technique with BPA concentration of the same but untreated
urine sample obtained with ELISA technique. Dekant and Völkel
(2008) noted that the good linear correlation between the two
techniques (Kodaira et al., 2000) surely indicated the existence of
cross reactivity of the antibodies that are intended for BPA, with
BPA–glucuronide. Therefore, cross-reactivity made designation of
the signal to bisphenol A difficult and the method was  characterized
unsuitable for exposure monitoring (Dekant and Völkel, 2008).

A radioimmunoassay was reported as a suitable and stable tool
for the determination of BPA (Table 1). Kaddar et al. (2009) reported
that the specificity of this single RIA was  evaluated by checking
cross-reactivity with a wide variety of other structurally similar
compounds (e.g. 4-t-OP and 4-NP) and validated by obtaining good
correlations with LC–MS (92%) and LC-FLD (80%) techniques.

3.3. Expected developments

Nowadays, the number of published LC–MS/MS methods, is
constantly increasing simultaneously with the development of dif-
ferent approaches aiming to speed up LC (e.g. use of core–shell
columns) (Carr et al., 2011). Thus, considerable improvements in

analytical methodology of LC–MS/MS bioanalysis of BPA, 4-t-OP
and 4-NP are expected, especially in terms of sensitivity.

As far as LC–MS and LC–MS/MS techniques are concerned,
the authors’ view is that when trace analysis is sought after, the
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onization parameters should always be selected by compromising
he optimal parameters that are generated for each compound
rom a performed factorial experimental design. Recently, a
ystematic and detailed strategy was developed for the optimiza-
ion and development of ESI and APCI MS  and MS/MS methods
Maragou et al., 2008b, 2011) and the application of this strategy
o the determination of BPA, 4-NP and 4-t-OP resulted in signif-
cant improvement in sensitivity (Asimakopoulos, 2010). Only
fter thorough optimization, appropriate values of the ionization
arameters are obtained, and higher sensitivity, lower LODs
nd more stabilized signal intensities are reached, especially for
ifficult to ionize analytes, such as the discussed APs. This belief

s being consistent to theory of interface operation (Kebarle and
ang, 1993; Sunner et al., 1988). So far, by studying all published
ethods concerning LC coupled to MS  and MS/MS  detection of

PA, 4-t-OP and 4-NP, there was not any published article on this
spect.

A new generation of SPE cartridges is presented through
ybrid-SPE technology, introducing a breakthrough in rapidness of
iological sample extraction and clean-up. The Hybrid SPE cartridge

s consisted of a zirconium packed-bed/low porosity filter-0.2
ydrophobic frit assembly that shortens three processes: removal
f phospholipids, removal of proteins, and filtration of final eluant,
n one. When a minimum quantity of 100–300 �L of the biologi-
al sample passes through the Hybrid SPE cartridge, phospholipids
re retained specifically to the sorbent (that possesses zirconium
unctional groups) and proteins non-specifically to the low porosity
lter. Thus, gross amounts of endogenous protein and phospholipid

nterferences are reduced simultaneously and target analytes are
ollected in the eluant (Pucci et al., 2009). As already mentioned, a
ybrid SPE-PPT extraction method was developed and optimized

or the simultaneous determination of BPA, 4-NP, and 4-t-OP in
uman blood serum, simplifying significantly the sample prepara-
ion step (Asimakopoulos and Thomaidis, 2010; Lignos et al., 2010).
o the authors’ best knowledge; there are no other reports on this
opic for the trace bioanalysis of BPA, 4-t-OP and 4-NP.

. Exposure assessment—epidemiology studies in humans

.1. Bisphenol A

Since 2007, a number of very extensive reviews have been
ublished for human exposure assessment and epidemiology stud-

es on BPA (Vandenberg et al., 2007; Dekant and Völkel, 2008).
iamanti-Kandarakis et al. (2009) stated that clinical observations
nd epidemiological studies showed correlation between BPA and
ffects on human reproduction system, breast and prostate cancer,
hyroid, and metabolic syndromes (e.g. obesity). Vandenberg et al.
2010a) cited more than 80 studies on BPA that were realized in the
ast decade. Thus, herein the most important studies are reported
nd discussed since 2009 and onwards.

In the U.S., the National Health and Nutrition Examination Sur-
ey (NHANES) performed a study with 1455 and 1493 subjects
ranging between 18 and 74 years of age), for the time periods
f 2003–2004 and 2005–2006, respectively (Melzer et al., 2010).
he geometric mean of BPA was found 2.49 ng/mL for the period
003–2004 and 1.79 ng/mL for the period 2005–2006. The regres-
ion models were adjusted to a number of parameters (e.g. age, sex,
ace/ethnicity and education) and correlation was found between
PA and heart diseases, diabetes and elevation of levels of some
erum liver enzymes. Another study performed by NHANES com-

ared urinary BPA with serum cytomegalovirus (CMV) antibody

evels, allergies and hay fever in subjects with more than 6 years of
ge (Clayton et al., 2011). BPA exhibited a negative effect in human
mmune function as measured by CMV  antibody levels.
y Letters 210 (2012) 141– 154

Galloway et al. (2010) conducted a study that included 715
adults. The subjects’ age ranged between 20 and 74 years. The
geometric mean urinary BPA concentration was established at
3.59 ng/mL. Higher excretion rates were found among men  and
were associated with higher total testosterone concentrations.
Meeker et al. (2010a) measured urinary BPA, serum thyroid and
reproductive hormone levels in 167 men. BPA was detected in 89%
of urine samples with a median of 1.3 ng/mL. The results of these
studies suggest that urinary BPA concentrations may  be associated
with altered hormone levels in men. Li et al. (2010) conducted a
study in order to examine the effect of occupational exposure to
BPA on the risk of male sexual dysfunction. 230 exposed and 404
non-exposed workers participated in the study. The results were
adjusted to demographic characteristics, occupational and sexual
history, alcohol use, presence of chronic diseases and exposure
to other chemicals. Findings provided evidence that exposure to
BPA could present adverse effects on male sexual dysfunction. Fur-
thermore, three additional studies associated BPA with decreased
sperm quality (Meeker et al., 2010b, 2011; Mendiola et al., 2010).

Mok-Lin et al. (2010) investigated the association between uri-
nary BPA concentrations and ovarian response among women
undergoing in vitro fertilization (IVF). Urinary BPA concentrations
were measured in 84 women  undergoing 112 IVF cycles and in
23 women  that contributed more than one IVF cycle. BPA concen-
trations ranged from <0.4 to 25.5 ng/mL with a geometric mean of
2.52 ng/mL. BPA was  detected in the urine of the majority of women
undergoing IVF, and was inversely associated with the number of
oocytes retrieved. Braun et al. (2011) measured BPA concentrations
in urine samples during pregnancy and at birth from 389 women.
The geometric mean creatinine-standardized concentrations were
found 1.7 �g/g creatinine and 2.0 �g/g creatinine, after 16 and 26
weeks of pregnancy, respectively. At birth BPA concentration was
found 2.0 �g/g. Higher concentrations (2.3 �g BPA/g creatinine)
were assessed in subjects that consumed canned vegetables at least
once a day. BPA concentrations were positively associated with
urinary high-molecular-weight phthalates (e.g. DEHP) and serum
tobacco smoke metabolite. Cantonwine et al. (2010) realized a
study in Mexico City in which BPA concentrations were related with
birth prematurity (≤37 weeks). 60 pregnant women participated
in this study and BPA was  detected in 80% of the urine samples.
Total concentrations ranged from <0.4 ng/mL to 6.7 ng/mL and the
uncorrected (with creatinine) geometric mean was 1.52 ng/mL.

A study evaluating the urinary concentrations of BPA and other
compounds, in association with the use of medical devices was real-
ized by Calafat et al. (2009),  involving 42 premature infants. The
percentage of BPA, present as its’ conjugated species was more than
90% in the majority of the infants. The BPA geometric mean urinary
concentration was  30.3 ng/mL. It was concluded that among infants
undergoing intensive therapeutic medical interventions, BPA con-
centration was higher than that among the general population.

4.2. 4-tert-Octylphenol and 4-nonylphenol

In contrast to BPA, articles concerning 4-t-OP and 4-NP expo-
sure assessment and epidemiology studies on human population
are limited. Calafat et al. (2008) measured 4-t-OP (and BPA) in urine
samples from a population of 2.517 subjects. The subjects were
above the age of 6 years. 4-t-OP was detected in 57.4% of the par-
ticipants with total (free plus conjugated species) concentrations
ranging between 0.2 ng/mL and 20.6 ng/mL. The 95th percentile
concentration was  2.8 ng/mL after creatinine correction and the
median concentration was 0.3 ng/mL. Tan and Mohd (2003) mea-

sured 4-t-OP at 180 cord blood samples and 4-t-OP was detected
in 31 samples in concentrations from <0.05 to 1.15 ng/mL.

A number of studies determined the technical mixture of 4-
OP isomers and not specifically the 4-t-OP isomer. By assessing
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he mixture of isomers does not necessary mean that conclusions
re reached for 4-t-OP, since pharmacokinetic factors (e.g. absorp-
ion, distribution and elimination) may  be isomer-specific. Bendsen
t al. (2001) concluded that 4-OP exerts a sex-specific effect on
ale germ cells by culturing human gonads (five testes and five

varies). Ademollo et al. (2008) studied the presence of 4-NP, and
-OP in breast milk. 4-NP was found at the highest levels with
ean concentrations of 32 ng/mL and 4-OP was found at a mean

oncentration of 0.08 ng/mL. Chen et al. (2010) determined 4-NP
nd 4-OP in 59 human milk samples and correlated findings with
emographics and dietary factors. This study concluded that food
attern of cooking oil and processed meat products are strongly
ssociated with 4-OP concentration in human milk. Müller et al.
1998) investigated levels of 4-NP and 4-OP in non-occupationally
xposed persons by analyzing human autopsy adipose tissue sam-
les. 4-NP concentrations ranged from 19 to 85 ng/g lipids and 4-OP
oncentrations from 0.58 to 4.07 ng/g lipids. In that study, it was
tressed that these values were both in the range of the analyt-
cal background contamination. Lopez-Espinosa et al. (2009) also
etermined 4-NP and 4-OP concentrations in adipose tissue of 20
on-occupationally exposed women living in Southern Spain. 4-NP
nd 4-OP were detected in 100% and 23.5% of subjects, respectively.
he median level of 4-NP was 57 ng/g and that of 4-OP was  4.5 ng/g
f adipose tissue. Body mass index was associated with 4-NP lev-
ls. Finally, Calafat et al. (2005) measured only the isomer 4-n-NP
and BPA) in urine samples from a population of 394 adults. 4-n-
P was detected in 51% of the samples with a 95th percentile and a
edian concentration without creatinine correction of 1.57 ng/mL

nd <0.1 ng/mL, respectively.

.3. Future trends

In the near future, additional studies should be done under
stablished scientific regulatory criteria with the aim to inves-
igate the toxicological conclusions that are reached so far in
umans. The importance of regulatory criteria is stressed because,
s Vandenberg et al. (2010b) reports, more than 80 biomonitoring
tudies on BPA were dismissed from European Food Safety Agency
EFSA) since they documented significant levels of BPA that did not

atch a model of BPA metabolism.
Furthermore, research is needed in order to determine more

iomarkers to assess exposure to all isomers of 4-NP. Recently, in a
ioneering work, a research group reported a number of metabo-

ites of 4-NP in human liver microsomes that may  eventually lead
n the direction of discovering new biomarkers (Deng et al., 2010).

. Discussion

GC still offers some advantages over LC, primarily higher sepa-
ation efficiency and lower costs without the problems associated
ith matrix effects. It is known that a complete chromatographic

eparation improves detectability and reproducibility and thus
ower LODs. GC–MS quantitative analysis provides, in general, bet-
er sensitivity and lower limits of detection (LODs) when dealing
ith complex matrices such as biological media (Table 1).

Comparison of concentration values obtained between different
echniques has not been performed extensively. When compari-
on is realized, scientists tend to use LC–MS/MS as reference to
ther instrumental technique(s) (Sajiki et al., 1999, 2008). However,
he question remains: how reliable is the LC–MS/MS technique?
i et al. (2010) performed a comparison between LC-FLD and

C–MS/MS determination of BPA. This research group reported that
ow concentration levels may  be overestimated with LC–MS/MS,
ndermining its reliability and proposing the issue for further con-
ideration.
y Letters 210 (2012) 141– 154 151

The best choice from the aforementioned analytical methods
(Section 3) is eventually obtained by taking equally into consid-
eration the analytical parameters (method performance) and the
cited applications in literature for each method. The application of
a method is crucial, since it can reveal carryover and contamination
issues that may  not be located and assessed during the validation
step (Hughes et al., 2007). Therefore, methods that are particu-
larly used in large volume biomonitoring studies prove extensively
enough their trouble-free applicability and are considered a favor-
able choice, as in Kuklenyik et al. (2003) and Ye et al. (2005).  In
the final decision, the choice of a method depends on the resources
of a laboratory (e.g. instrumental resources) and the demands of
the analysis (fit for purpose). For instance, if the demand of anal-
ysis is the biomonitoring of occupational exposed subjects which
they surely exhibit high concentrations of the target analytes in
their biological media, then a method with a low LOQ or expensive
instrumentation, standards and materials may  not be needed.

The analytical performance of a method is often represented
mainly by the LOD of the method (Table 1) without even reporting
any information about how the LOD was calculated. If this infor-
mation is not presented there can be up to a 10-fold difference in
the LOD, in dependence to the calculations used for its assessment;
compromising the validity of the methods’ performance. LOQ must
be stated for best presentation of method performance. The indi-
cation of LOQ is even more important than the LOD  itself, since
LOQ with adequate precision and accuracy determines perfectly the
suitability of the analytical approaches intended for the biomoni-
toring purposes, e.g. Atkinson et al. (2002) presented the LOQ of
the method and omits the LOD. On the other hand, a number of
articles presented the linear range of the method, giving indirectly
“clues” about the analytical performance of the presented method;
e.g. Brock et al. (2001) omitted the LOQ and presented the linear
range of the method. Nevertheless, for the reader it is not often
obvious if the lowest concentration level of the linear range cor-
responds either to the LOQ of the method, or either to a higher
or lower value than the LOQ. Therefore, it is the author’s opinion
that for a presented method it is best to report data concerning
LOD, LOQ and linear range. For instance, Kawaguchi et al. (2004a,b),
Kawaguchi (2008), Völkel et al. (2005) and Cunha and Fernandes
(2010) presented their work in a conceivable manner by reporting
all needed data.

The need of more strictly quality assurance from sampling to
analysis and data interpretation was particularly emphasized by
Dekant and Völkel (2008) and Calafat and Needham (2009).  In liter-
ature, an in-depth study was  reported assessing the impact of urine
sample storage and shipping conditions on a variety of xenobiotic
analytes, BPA included (Hoppin et al., 2006). The author’s view is
that studies like this should be extended to more biological media
and research should be intensified particularly towards 4-t-OP and
4-NP, where data concerning preservation and contamination of
biological samples is scarce. All findings should be incorporated to
future quality assurance protocols for biomonitoring of BPA, 4-t-OP
and 4-NP levels. Finally, the recommendations that were submitted
by Calafat and Needham (2009),  concerning the control of con-
tamination during sampling and handling of specimens, including
guidelines for collection of field blanks should be adopted in future
practice.
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