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H I G H L I G H T S  

• Validated SPE method for blood serum analysis of selected POPs was developed. 
• Method uses low volumes of blood serum (200–250 μL). 
• Use of 96 well plate format allows future automation of sample preparation. 
• Method is applicable to large scale human biomonitoring.  
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A B S T R A C T   

Though many persistent organic pollutants (POPs) are closely regulated the human population is still exposed to 
these ubiquitous chemicals from the environment and diet. Safe management and human biomonitoring of POPs 
is necessary to understand the risk of exposure. Within human biomonitoring the mass of sample is often limited, 
therefore robust methods using smaller sample amounts are necessary. This study developed a 96-well plate solid 
phase extraction (SPE) method for determination of selected POPs: polychlorinated biphenyls (PCBs), organo-
chlorine pesticides (OCPs), polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCD) and 
non-persistent novel flame retardants (NFRs) in low volume blood serum. Non-destructive clean-up coupling 
Oasis HLB extraction plate with Phree phospholipid removal plate was employed. Extraction efficiency was 
determined at low and high concentrations in certified reference materials NIST SRM 1957 and 1958, respec-
tively. Target compounds deviated from certified values on average by 15% and 21% for SRM 1957 and SRM 
1958, respectively. Observed limit of detections (LODs) ranged from 0.36 pg/mL (PCB 180) to 66.07 pg/mL 
(δ-HCH). The applicability for real samples is demonstrated on 48 samples from pregnant women enrolled in the 
pilot phase of the CELSPAC: TNG study. In total, 30 target compounds were detected in at least one sample. The 
method developed here provides a fast and reliable analysis of human blood serum with possibility to introduce 
automation for the sample preparation procedure.   

1. Introduction 

Persistent organic pollutants (POPs) comprise a wide range of com-
pounds that are stable, bio-accumulative, prone to long-range transport 
and toxic for the living organisms, including humans (Lohmann et al., 
2007). Although the manufacture and use of POPs was globally 
restricted in the first decade of this century via adoption of the Stock-
holm Convention (Buccini, 2003), their persistence means they remain 

ubiquitous in the environment and present a continual exposure risk. 
Typical POPs include polychlorinated biphenyls (PCBs), organo-

chlorinated pesticides (OCPs) and polybrominated diphenyl ethers 
(PBDEs). PCBs were manufactured primarily for use as dielectric fluids 
in transformers, additives in pigments, and in building materials 
(Erickson and Kaley, 2011), OCPs as plant protection chemicals and 
insecticides (Blus, 1995) and PBDEs for use as flame retardants, 
particularly in consumer products (Alaee et al., 2003; Sjödin et al., 
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2003), until their replacement with novel flame retardants (NFRs) 
(Covaci et al., 2011). Nowadays, diet represents the main source for 
human exposure to most POPs (Fernandes et al., 2019; Guo et al., 2019). 

Monitoring the concentrations of POPs in humans is vital for expo-
sure risk assessment and observing the change in POPs concentration 
over time required to assess the effectiveness of measures taken to 
reduce population exposure (Angerer et al., 2007; Magulova and Pri-
ceputu, 2016). Human biomonitoring of POPs is often conducted in 
blood, providing a snapshot of the contaminants within the entire cir-
culatory system. Blood serum POPs concentration has been associated 
with a multitude of adverse health effects, including cardio-metabolic 
disorders (Gasull et al., 2018; Ha et al., 2007; Lee et al., 2007), stroke 
(Lim et al., 2018), obesity and diabetes (Airaksinen et al., 2011; Lee 
et al., 2006; Yang et al., 2017) and cancer (Lim et al., 2017; Park et al., 
2020; Wielsøe et al., 2017). 

Traditionally, the measurement of POPs in blood has been conducted 
via liquid-liquid (LLE) extraction and/or conventional solid phase 
extraction (SPE). These methods usually require large sample volumes 
(>1 mL) and time-consuming clean-up with high solvent consumption 
(Salihovic et al., 2013). Since population studies often comprise large 
numbers of samples but in limited volume, the development of rapid 
analytical methods to measure POPs from small volumes of blood is 
valuable. 

Recently, SPE approaches using small sample volumes have been 
developed. For example, Koponen et al. analysed 13 POPs in 200 μL of 
serum/plasma however, the method used column-based SPE which is 
time-consuming with high solvent consumption (Koponen et al., 2013). 
Miniaturized SPE well plates can considerably improve sample 
throughput. A fully automated on-line SPE approach enabled the 
quantification of 24 POPs from 200 μL plasma/serum via gas 
chromatography-high resoution mass spectrometry (GC-HRMS) (Witt-
siepe et al., 2014). However, the method employed on-line procedures 
and large volume injections which may not be accessible for all labo-
ratories. Alternatively, Stubleski et al. developed an off-line 96-well 
plate SPE method for extraction of POPs from 150 μL plasma and 
serum samples (Stubleski et al., 2018). The developed method provided 
good results for a wide range of common environmental contaminants 
but included a sulphuric acid-impregnated silica gel clean-up, limiting 
the analysis to persistent compounds. 

Herein, a well-plate SPE extraction with less destructive clean-up has 
been developed by coupling a Phree phospholipid removal plate with 
Oasis HLB plate to permit analysis of selected POPs (7 PCBs, 12 OCPs, 10 
PBDEs, HBCD), plus 6 non-persistent NFRs in blood serum. Validation of 
the method using standard reference materials and application to 48 
samples from pregnant women enrolled in the pilot phase of the Central 
European Longitudinal Studies of Parents and Children: The Next Gen-
eration (CELSPAC: TNG) study is presented. Detection was via gas 
chromatography coupled with atmospheric pressure chemical ioniza-
tion tandem mass spectrometry (GC-APCI-MS/MS), gas chromatography 
coupled with electron ionization tandem mass spectrometry (GC-EI-MS/ 
MS) and liquid chromatography coupled with electrospray ionization 
tandem mass spectrometry (LC-ESI-MS/MS). 

2. Materials and methods 

2.1. Sample information and storage 

Study samples and data were obtained from the CELSPAC: TNG. 
CELSPAC: TNG is designed as a new prospective birth cohort which will 
follow up 10 000 children from their prenatal period to adolescence with 
the aim of assessing environmental factors potentially affecting chil-
dren’s health. CELSPAC: TNG study is based on previous efforts of 
Masaryk University, especially the Czech part of the WHO-initiated 
European Longitudinal Study on Pregnancy and Childhood (ELSPAC) 
(Piler et al., 2017). 

In the current study, samples from 48 mothers enrolled in the pilot 

phase of CELSPAC: TNG were analysed. The pilot was initiated to 
evaluate feasibility of the protocol for collection, processing and storing 
of biological samples including venous blood. The Ethical committee of 
University Hospital Brno, Czech Republic approved this study (No. 
20140409-01). All mothers gave their written informed consent. 

Venous blood was collected to S-Monovette® serum gel collection 
tubes in the 38th week of pregnancy. Serum was prepared by centrifu-
gation (2500 g for 10 min at 20 ◦C), aliquoted (250 μL) into poly-
propylene (PP) cryogenic tubes (2 mL; CryoGen 1D ClearLine, Biosigma, 
Italy) and stored at − 80 ◦C. 

Lipid content was measured as part of the biobanking procedures and 
herein, blood serum concentrations of POPs are adjusted to lipids using 
previously published method (Rylander et al., 2006). This method cal-
culates lipid concentrations using total cholesterol and triglycerides 
serum concentrations. Total cholesterol and triglycerides were deter-
mined enzymatically in blood serum in an accredited laboratory for 
clinical biochemistry. 

2.2. Chemicals and reference materials 

Dichloromethane (DCM; pesticide residue analysis (PRA) grade; J.T. 
Baker, USA), n-hexane (Hex; PRA grade; J.T. Baker, USA), nonane (PRA 
grade; LGC Promochem GmbH, Germany), acetonitrile (MeCN; LC-MS 
grade; Biosolve B.V, Netherlands), methanol (MeOH; LC-MS grade; 
Biosolve B.V, Netherlands), isopropanol (IPA; LC-MS grade; Honeywell 
Riedel de Haën, Germany), acetone (Ace; PRA grade; J.T. Baker, USA)) 
and Type I water (ultrapure; >18 MΩ-cm; purified on-site) were used. 

SPE comprises Oasis HLB 96-well plate (60 mg; Waters, USA) and 
Phree phospholipid removal 96-well plate (30 mg; Phenomenex, USA). 
Anhydrous sodium sulphate (Na2SO4; Merck, Germany) was used for 
removal of residual water. Ammonium acetate for mobile phase modi-
fier was from Sigma Aldrich, USA. 

Analytical standards of native PCBs and OCPs were obtained from 
LGC (UK), 13C-labelled PCBs and OCPs were obtained from Cambridge 
Isotope Labs (USA), native and 13C-labelled BFRs were obtained from 
Wellington Labs (Canada) and Cambridge Isotope Labs (USA). 

Unless indicated otherwise, non-fortified human serum certified 
reference material NIST SRM 1957 (n = 10), fortified human serum 
certified reference material NIST SRM 1958 (n = 10), bovine serum 
(Sigma Aldrich, n = 10) and ultrapure water procedural blanks (n = 6) 
were used to calculate performance characteristics: limits of detection 
(LOD), trueness (tested by comparison of measured data with certified 
reference values), precision (expressed as standard deviation, SD and 
relative standard deviation, RSD of repeated analysis) and recoveries. 

2.3. Sample extraction 

Samples (200 μL) were allowed to stabilize at ambient temperature 
(~20 ◦C) for 60 min and transferred to 2 mL amber glass vials and 
fortified with 13C internal standards (13C-NFRs and 13C-PBDEs: 400 pg, 
13C-PCBs and 13C-OCPs: 800 pg, 13C-BDBPE: 2000 pg, 13C-BDE 209: 800 
pg, 13C-HBCD: 2000 pg) in 40 μL IPA and vortexed for 20 s. Protein 
precipitation was performed by addition of 600 μL MeCN. These samples 
were then extracted by 96-well plate solid phase extraction (SPE; 60 mg 
Oasis HLB) using DCM:Hex (1:19 (v/v)). Additionally, quality controls 
of six solvent blanks and ten replicates of SRM 1957 and SRM 1958 
serum were extracted. 

Prior to extraction, wells of the Oasis HLB plate were preconditioned 
with 1 mL DCM:Hex (1:19 (v/v)), followed by 1 mL MeOH and finally 1 
mL ultrapure water. Serum samples were transferred to individual wells 
using disposable glass Pasteur pipettes. Three rinses of the pipette and 
amber vials with 200 μL 75% MeCN in water were performed and added 
to the respective well. After loading samples, vacuum was applied to pull 
the supernatant through (waste), at a speed of ~1 drop per second. To 
remove any remaining liquid, the plate was centrifuged for 15 min at 
2400 g and further dried under a stream of nitrogen using a positive 
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pressure manifold for 30 min (~103,4 kPa). Prior to elution, the Phree 
plate was prepared by the addition of 0.1 g prebaked anhydrous Na2SO4 
to each well and wells prewashed with 1 mL DCM:Hex (1:19 (v/v)). 

The Oasis HLB plate was then stacked atop the Phree plate, and 
samples were eluted by addition of 1.2 mL DCM:Hex (1:19 (v/v)) and 
eluate collected in glass inserts. All SPE steps were performed with 
initial use of a vacuum pump to promote flow followed by elution under 
gravity at a rate of approximately one drop per second to maximise the 
contact time with the sorbent. 

The eluates were evaporated under nitrogen to ~600 μL and trans-
ferred with three rinses of ~150 μL DCM into GC vials. After that 20 μL 
of nonane was added as keeper and extracts were evaporated under 
nitrogen to ~20 μL volume. Syringe standards (13C-BDE 77 and 13C-BDE 
138: 1000 pg, 13C-PCB 162: 500 pg in 20 μL nonane) were added and 
extracts concentrated under nitrogen to final volume of ~40 μL for 
analysis of POPs and NFRs. Following analysis of POPs and NFRs, the 
extracts were evaporated to dryness under N2 and reconstituted in 50 μL 
of Ace:MeCN (1:19 (v/v)) for HBCD analysis. 

2.4. Instrumentation 

2.4.1. GC-APCI-MS/MS 
Gas chromatography atmospheric pressure chemical ionization tan-

dem mass spectrometry was undertaken on an Agilent 7890 GC (Agilent 
technologies, USA) coupled to a Waters Xevo TQ-S MS (Waters, UK). The 
MS was operated under dry source conditions (charge transfer) in 
multiple reaction monitoring (MRM) mode. 

PCBs and OCPs were separated on a 30 m × 0.25 mm x 0.25 μm Rxi- 
5Sil MS column (Restek, USA). The injection was 1 μL pulsed splitless at 
280 ◦C. Helium was used as carrier gas at constant flow 1.5 mL min− 1. 
The oven temperature programme was 80 ◦C (1 min hold), then 12 ◦C 
min− 1 to 250 ◦C, followed by 5 ◦C min− 1 to 280 ◦C and finally 45 ◦C 
min− 1 to 320 ◦C (5 min hold). Further instrumental conditions are 
shown in Table S1, Table S2 and Table S3. 

BFRs were separated on a 15 m × 0.25 mm x 0.1 μm Rtx-1614 col-
umn (Restek, USA). The injection was 2 μL splitless at 280 ◦C. Helium 
was used as carrier gas at constant flow 1.5 mL min− 1. The oven tem-
perature programme was 80 ◦C (1 min hold), then 20 ◦C min− 1 to 
250 ◦C, followed by 1.5 ◦C min− 1 to 260 ◦C (2 min hold) and finally 
25 ◦C min− 1 to 325 ◦C (5 min hold). Further instrumental conditions are 
shown in Table S1, Table S2 and Table S3. 

Quantitative analysis was performed using Waters TargetLynx (ver. 
4.1; Waters, UK), with automated LOD and LOQ calculation based on 
signal to noise (S/N) ratios, 3:1 for LOD and 9:1 for LOQ, noise measured 
as peak-to-peak. Results for BDE 66 and BDE 85 were expressed relative 
to 13C-BDE 47 and 13C-BDE 99, respectively. 

2.4.2. GC-EI-MS/MS 
Gas chromatography electron ionization tandem mass spectrometry 

was undertaken on an Agilent 8890 GC (Agilent technologies, USA) 
coupled to a 7000D Agilent TQ MS (Agilent technologies, USA). The MS 
was operated in multiple reaction monitoring (MRM) mode. 

HCHs were separated on a 60 m × 0.25 mm x 0.25 μm Rxi-5Sil MS 
column (Restek, USA). The injection was 3 μL splitless at 280 ◦C. Helium 
was used as carrier gas at constant flow 1.5 mL min− 1. The oven tem-
perature programme was 80 ◦C (1.5 min hold), followed by 40 ◦C min− 1 

to 200 ◦C (18 min hold) and finally 5 ◦C min− 1 to 305 ◦C (2 min hold). 
Quantitative analysis was performed using Agilent MassHunter (ver. 

10.1; Agilent technologies, USA), with automated LOD and LOQ calcu-
lation based on signal to noise (S/N) ratios, 3:1 for LOD and 10:1 for 
LOQ, noise measured as peak-to-peak. Further instrumental conditions 
are shown in Table S2, Table S3 and Table S4. Results for each HCH 
isomer were expressed relative to 13C-γ-HCH. 

2.4.3. HPLC-MS/MS 
Liquid chromatography tandem mass spectrometry was undertaken 

on an Agilent 1290 Infinity LC (Agilent Technologies, Germany) coupled 
to AB Sciex Qtrap 5500 (AB Sciex, Canada). HBCD isomers were sepa-
rated on a Luna C18 column (3 μm; 100 × 2 mm; Phenomenex, USA) 
equipped with Phenomenex SecureGuard C18 guard column (4 × 2 mm; 
Phenomenex, USA) at 30 ◦C. The mobile phase consisted of (A) ultrapure 
water containing 1 mM ammonium acetate and (B) MeCN containing 1 
mM ammonium acetate. Elution with a flow rate of 0.30 mL min− 1 was 
carried out from 50% B (initial) to 90% B over 7 min, with a non-linear 
gradient. At 7.1 min, the column was returned to initial condition and 
equilibrated for 3 min prior to next injection. Injection volume was 5 μL 
and autosampler set at 10 ◦C. Negative electrospray ionization (ESI-) 
was used for detection with capillary voltage 4 kV; desolvation tem-
perature 450 ◦C; curtain gas 35 psi, Gas 1 40 psi, Gas 2 40 psi. 

Quantitative analysis was performed using Analyst (ver. 1.7.2; AB 
Sciex, Canada) with LOD calculated as 3 times standard deviation of 
blanks and LOQ calculated as 10 times standard deviation of blanks. 
Further instrumental conditions are shown in Table S2, Table S3 and 
Table S5. Results for β-HBCD were expressed relative to both 13C- 
α-HBCD and 13C-γ-HBCD. 

3. Results and discussion 

3.1. Method optimization and validation 

The analysis of trace amounts of environmental pollutants in limited 
volume of human matrices, such as blood serum, requires effective and 
reliable sample preparation procedure. The aim of this study was based 
upon extending the offline Oasis HLB SPE well-plate extraction method 
of Stubleski et al. (2018), to a wider range of compounds amenable 
whilst maintaining applicability of the procedure for low sample vol-
umes. In general, 96-well plate SPE has low solvent consumption and 
provides high throughput of the samples resulting in lower risk of 
contamination from blanks. Furthermore, the use of 96 well plate format 
of SPE has potential to be automated using pipetting robots to provide a 
faster sample preparation procedure in future. 

During validation of the sample preparation procedure, different 
sample precipitation protocols using acetonitrile were tested: i) in glass 
vial precipitation, ii) precipitation directly in-well of SPE plate and iii) 
precipitation in PP cryogenic tubes were compared: 

i) In vial precipitation is described in section 2.3 and reported herein; 
ii) for in-well precipitation, serum samples were quantitatively 
dispensed into preconditioned wells of the well plate using disposable 
Pasteur pipette, fortified with 13C internal standards and protein 
precipitated directly in-well. After that, all samples were aspirated by 
automated multichannel pipette. The elution and clean-up step were 
performed in the same way as described in section 2.3. Recoveries ob-
tained via in-well precipitation (Table S6) were up 50% lower for NIST 
SRM standards compared to the precipitation in vial, with the exception 
for 13C-BDE 99, which were on average 8% greater for in-well precipi-
tation (Table S7); iii) Precipitation in PP cryogenic tubes was also tested 
as these tubes are used for CELSPAC:TNG specimen banking. The ma-
jority of standards showed reduced recovery compared to glass vials 
(Table S8 and Table S9) yet retain adequate detectability to enable ac-
curate quantification. As such, there is potential for direct protein pre-
cipitation of sera aliquots in these PP cryogenic tubes, which could 
reduce sample handling times in future. 

Due to the lipid content in blood serum samples, an appropriate 
clean-up approach is needed. Notably, Stubleski et al. tested Oasis Prime 
HLB SPE plates on the premise that it’s greater ability to remove phos-
pholipids, proteins and salts may enable to avoid the sulphuric-acid 
based clean-up required with Oasis HLB (Stubleski et al., 2018). How-
ever, it was observed that more non-polar organic solvents (e.g. Hex: 
DCM) were not able to pass through. 

Phree phospholipid removal plates are similarly advertised to pro-
vide fast and effective removal of phospholipids, proteins and salts. 
Phree cartridges have previously been used for clean-up of large volume 
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Ace:Hex (1:19 (v/v)) extracts of POPs (Pirard and Charlier, 2018). As 
such, coupling the Oasis HLB and Phree 96 well-plates was trialled. The 
well-plate format favourably enables a rapid single-step extraction and 
clean-up with low solvent consumption. However, automated positive 
pressure SPE manifolds are typically not capable to process stacked 
plates with ease. 

3.2. Linearity 

For respective POPs, linearity of the GC-MS/MS instrument was 
determined by analysing a 6-point calibration curve in the concentration 
range 0.1–100 ng/mL (for some compounds extended to 0.03–300, 
1–500 and 1–1000 ng/mL) (Table 1). Linear regression was plotted as 
the ratio of the peak areas (analyte/respective mass labelled standard) 
versus the concentration of the analyte. The coefficient of determination 
(R2) ranged from 0.95 to 1.00 for all analytes, except EHTBB (R2 =

0.89). High response variations and poor linearity have previously been 
observed for EHTBB (Pirard and Charlier, 2018). Calibration curves 
were used to calculate relative response factors (RRFs) for each of the 
target compounds (Table 1). The mean value of RRF for each compound 
was used to quantify POPs concentration in SRMs and serum samples. 

3.3. Limit of detection 

In the case when the target compound was present in the blank 
samples (Table S10), the limit of detection (LOD) was calculated as three 
times the standard deviation of the concentration in ultrapure water 
procedural blanks. The lowest method LOD was observed for PCB 180 
(0.36 pg/mL) and highest for δ-HCH (66.07 pg/mL) (Table 1). The mean 
value for compounds detected in procedural blanks was subtracted. All 
method LODs are summarized in Table 1. For other compounds, the 
detection limit was defined instrumentally (iLOD) as three times the 
signal to noise ratio in procedural blank. Potential effect of matrix res-
idues on iLOD is given in Table S11. Low average iLOD values obtained 
from blood serum samples and SRM materials show high efficiency of 
clean-up procedure with minimal influence of matrix residues on results. 

LODs from this method were compared with previously published 
methods. The LODs given in Table S11 are comparable or better than 
those obtained elsewhere (Koponen et al., 2013; Salihovic et al., 2012; 
Stubleski et al., 2018). Higher background of HCB concentration (S10) 
resulted in higher LOD value compared to those published by Koponen 
et al. (2013) but lower compared to those recently published by Stu-
bleski et al. for 96-well plate format (Stubleski et al., 2018). However, 
the referenced studies use slightly different LOD calculation approaches. 
Therefore, values of average procedural blank concentration plus three 
times standard deviation and value of three standard deviation were 
included for transparent comparison (Table S12). 

3.4. Recovery, reproducibility and repeatability 

Recovery of the sample preparation method was assessed based upon 
measures of mass labelled standards introduced at the beginning of the 
sample preparation (Table 2). The corresponding recoveries in non- 
fortified NIST SRM 1957 ranged from 40% to 112% (RSD <9%) for 
PCBs; from 18% to 85% (RSD <16%) for OCPs and from 75% to 155% 
(RSD <13%) for PBDEs with exception of 13C-BDE 209 (8%; RSD <21%) 
(Table 2). BDE-209 is a thermally labile compound, photosensitive and 
also sensitive to GC conditions, which could overall contribute to lower 
recovery (Covaci et al., 2003). In particular, poor response has been 
observed when using split/splitless injection (Björklund et al., 2004), as 
conducted here. Moreover, recovery was also tested on non-persistent 
NFRs, where the recoveries ranged from 14% to 73% (RSD <25%) in 
non-fortified NIST SRM 1957 and 27%–78% (RSD <40%) in fortified 
NIST SRM 1958. 

The reproducibility of the 96-well plate method was tested by 
comparing measured and certified concentration values of POPs at low 

Table 1 
Relative response factors (RRF), coefficients of determination (R2) and method 
LODs obtained using the 96-well plate method.  

Analyte 
a 

Range 
(ng/mL) 

Calibration 
curve RRF 

RRF 
RSD 
(%) 

R2 b 13C- 
labelled 
standard 

Method 
LOD (pg/ 
mL) c 

PCB 28 0.1–100 1.1 15.0 0.98 13C-PCB 
28 

4 

PCB 52 0.1–100 1.0 12.6 0.98 13C-PCB 
52 

4 

PCB 101 0.1–100 1.0 15.2 0.98 13C-PCB 
101 

– 

PCB 118 0.1–100 1.1 19.0 0.97 13C-PCB 
118 

1 

PCB 153 0.1–100 1.2 10.4 0.99 13C-PCB 
153 

3 

PCB 138 0.1–100 1.0 10.3 0.99 13C-PCB 
138 

2 

PCB 180 0.1–100 1.3 12.7 0.98 13C-PCB 
180 

0 

PeCB 0.1–100 0.9 7.4 0.99 13C-PeCB 22 
HCB 0.1–100 0.8 19.1 0.96 13C-HCB 23 
α-HCH 1–1000 1.9 4.9 1.00 13C- 

γ-HCH 
30 

β-HCH 1–1000 1.3 6.0 1.00 13C- 
γ-HCH 

30 

γ-HCH 1–1000 1.4 6.7 1.00 13C- 
γ-HCH 

36 

δ-HCH 1–1000 1.1 15.9 1.00 13C- 
γ-HCH 

66 

o,p’- 
DDE 

0.1–100 0.8 12.3 0.98 13C-o,p’- 
DDE 

2 

p,p’- 
DDE 

0.1–100 0.7 15.3 0.97 13C-p,p’- 
DDE 

5 

o,p’- 
DDD 

0.1–100 1.0 23.9 0.95 13C-o,p’- 
DDD 

– 

p,p’- 
DDD 

0.1–100 1.2 20.4 0.96 13C-p,p’- 
DDD 

– 

o,p’- 
DDT 

0.1–100 1.2 16.4 0.98 13C-o,p’- 
DDT 

11 

p,p’- 
DDT 

0.1–100 1.2 20.6 0.96 13C-p,p’- 
DDT 

– 

BDE 28 0.1–100 0.8 12.3 0.98 13C-BDE 
28 

– 

BDE 47 0.1–100 1.0 3.9 1.00 13C-BDE 
47 

1 

BDE 66 0.1–100 1.0 6.7 1.00 13C-BDE 
47 

– 

BDE 
100 

0.1–100 1.3 13.3 0.98 13C-BDE 
100 

– 

BDE 99 0.1–100 1.1 6.4 1.00 13C-BDE 
99 

2 

BDE 85 0.1–100 1.1 8.0 0.99 13C-BDE 
99 

– 

BDE 
154 

0.1–100 1.1 7.5 0.99 13C-BDE 
154 

– 

BDE 
153 

0.1–100 1.1 3.1 1.00 13C-BDE 
153 

– 

BDE 
183 

0.1–100 0.9 5.9 1.00 13C-BDE 
183 

– 

BDE 
209 

1–1000 1.5 13.2 0.98 13C-BDE 
209 

– 

α-HBCD 0.03–300 – – 1.00 13C- 
α-HBCD 

30 

β-HBCD 0.03–300 – – 1.00 13C- 
α-HBCD 

10 

γ-HBCD 0.03–300 – – 1.00 13C- 
γ-HBCD 

30 

PBBZ 1–500 0.7 9.3 0.99 13C-PBBZ 2 
HBB 1–500 0.7 8.3 0.99 13C-HBB 7 
EHTBB 1–500 0.6 33.3 0.89 13C- 

EHTBB 
2983 

BTBPE 1–500 0.8 4.4 1.00 13C- 
BTBPE 

6 

syn-DP 1–500 0.6 5.8 1.00 13C-syn- 
DP 

15 

anti-DP 1–500 1.2 10.7 0.99 13C-anti- 
DP 

–  
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and high concentration levels in NIST SRM 1957 (Table 3) and NIST 
SRM 1958 reference material, respectively (Table 4). Of the 15 POPs 
with certified or reference values in NIST SRM 1957, the majority 
deviated from their assigned values by less than 16% (average ~15%) 
(Table 3). Exceptions were the underestimation of PCB 118, BDE 85 and 
BDE 154 (deviation 27%, 31% and 25%, respectively) and over-
estimation of HCB (deviation 36%) (Table 3). Of the 27 POPs with 
certified or reference values in fortified NIST SRM 1958, the majority 
deviated by less than 30% (average ~21%) (Table 4). However, PCB 28 
and HCB were overestimated (deviating 37% and 47%, respectively). It 
should be noted that PCB 28 and PCB 31 do not separate fully on the GC 
column used, so the increased deviation from certified value may be 
caused by contribution of co-eluting PCB 31. The underestimation of 
PCB 118, BDE 85 and BDE 154 may be caused by larger error at the 
lower concentrations, the concentrations of these PCB and BDE conge-
ners in non-fortified blood serum are lower compared to other conge-
ners. Alongside low recoveries of 13C-BDE 209, the observed 
concentration of BDE-209 in fortified NIST 1958 reference material was 
underestimated by 30% (Table 4). Finally, p,p’-DDD and p,p’-DDT were 
largely underestimated, deviating 84% and 86% from certified values, 

a Compounds measured via GC-APCI-MS/MS, except HCHs and HBCDs which 
were measured via GC-EI-MS/MS and LC-ESI-MS/MS, respectively. 

b 6-point calibration curve with 1/x2 weighting except for HCHs and HBCDs 
where 8-point and 9-points calibration curves without weighting were used, 
respectively. 

c The LOD calculated as the average plus 3 times the standard deviation of 
ultrapure water blank samples. 

Table 2 
The average percentage recovery (RSD%) of 13C-labelled internal standards 
when spiked into various matrices with in glass vial precipitation.  

Analyte Percent Recovery 

Ultrapure water 
(RSD%) 

Bovine serum 
(RSD%) 

NIST SRM 
1957 (RSD%) 

NIST SRM 
1958 (RSD%) 

13C-PCB 
28 

51 (8) 40 (22) 51 (7) 53 (9) 

13C-PCB 
52 

54 (6) 48 (13) 47 (9) 52 (6) 

13C-PCB 
101 

45 (11) 46 (18) 40 (9) 49 (10) 

13C-PCB 
118 

92 (8) 90 (12) 112 (5) 106 (10) 

13C-PCB 
153 

71 (7) 62 (12) 78 (6) 77 (3) 

13C-PCB 
138 

72 (9) 66 (11) 77 (6) 77 (6) 

13C-PCB 
180 

76 (14) 76 (11) 80 (6) 78 (12) 

13C-PeCB 37 (10) 24 (12) 37 (5) 37 (8) 
13C-HCB 32 (15) 22 (13) 28 (5) 29 (7) 
13C- 

γ-HCHa 
14 (19) 10 (28) 18 (16) 21 (15) 

13C-o,p’- 
DDE 

45 (3) 43 (14) 48 (11) 50 (8) 

13C-p,p’- 
DDE 

67 (14) 65 (13) 85 (7) 83 (14) 

13C-o,p’- 
DDD 

44 (35) 42 (27) 61 (5) 48 (18) 

13C-p,p’- 
DDD 

31 (15) 22 (23) 58 (9) 41 (20) 

13C-o,p’- 
DDT 

45 (22) 47 (13) 60 (10) 48 (10) 

13C-p,p’- 
DDT 

44 (12) 39 (15) 60 (11) 48 (15) 

13C-BDE 
28 

78 (32) 54 (13) 75 (8) 93 (15) 

13C-BDE 
47 

90 (17) 73 (13) 87 (8) 82 (3) 

13C-BDE 
100 

88 (14) 83 (11) 85 (13) 85 (8) 

13C-BDE 
99 

97 (20) 81 (12) 88 (13) 89 (8) 

13C-BDE 
154 

94 (18) 77 (12) 116 (11) 91 (9) 

13C-BDE 
153 

120 (15) 96 (13) 155 (11) 119 (10) 

13C-BDE 
183 

90 (20) 61 (17) 82 (7) 78 (8) 

13C-BDE 
209 

1 (99) 0.4 (64) 8 (21) 6 (16) 

13C- 
α-HBCD 

74 (74) 14 (33) 93 (16) 108 (14) 

13C- 
γ-HBCD 

21 (94) 11 (124) 44 (66) 39 (45) 

13C-PBBZ 49 (20) 42 (8) 46 (7) 50 (12) 
13C-HBB 55 (16) 46 (10) 54 (9) 59 (9) 
13C- 

EHTBB 
33 (35) 23 (9) 23 (7) 32 (20) 

13C- 
BTBPE 

95 (22) 77 (21) 73 (25) 78 (11) 

13C-syn- 
DP 

36 (66) 17 (17) 17 (15) 27 (40) 

13C-anti- 
DP 

34 (89) 11 (20) 14 (21) 33 (37)  

Table 3 
Comparison of mean concentrations of target compounds quantified in non- 
fortified NIST SRM 1957 to reported concentrations.  

Analyte Certified 
concentration 
values in NIST 
SRM 1957 (pg/ 
mL) 

Measured 
concentration 
values in NIST 
SRM 1957 (pg/ 
mL) 

RSD (%) Accuracy (%) a 

Mean SD Mean SD 

PCB 28 b 8.6 1.1 9.3 1.7 18 108 
PCB 52 not reported 5.7 4.2 73 – 
PCB 101 not reported 3.4 1.1 31 – 
PCB 118 18.9 1.2 13.8 1.7 12 73 
PCB 153 58.2 0.9 51.8 5.2 10 89 
PCB 138 36.9 9.0 37.8 3.3 9 103 
PCB 180 c 46.0 0.5 45.7 2.5 5 99 
PeCB not reported <LOD – – 
HCB 29.7 3.5 40.4 7.2 18 136 
α-HCH not reported <LOD – – 
β-HCH 31.3 6.0 <LOD – – 
γ-HCH not reported <LOD – – 
δ-HCH not reported <LOD – – 
o,p’-DDE not reported <LOD – – 
p,p’-DDE 921.0 76.0 904.4 105.0 12 98 
o,p’-DDD not reported <LOD – – 
p,p’-DDD not reported <LOD – – 
o,p’-DDT not reported <LOD – – 
p,p’-DDT not reported 2.4 0.6 25 – 
BDE 28 b 20.0 2.4 17.1 0.9 5 85 
BDE 47 268.0 14.0 231.4 7.0 3 86 
BDE 66 b 6.7 0.1 <LOD – – 
BDE 100 49.7 2.7 41.6 1.9 4 84 
BDE 99 76.0 3.8 77.5 8.7 11 102 
BDE 85 b 8.2 1.9 5.6 0.9 16 69 
BDE 154 b 7.0 1.0 5.3 0.7 13 75 
BDE 153 61.0 3.2 58.1 3.7 6 95 
BDE 183 not reported 1.9 0.5 27 – 
BDE 209 not reported 14.6 9.6 65 – 
α-HBCD not reported <LOD – – 
β-HBCD not reported <LOD – – 
γ-HBCD not reported <LOD – – 
PBBZ not reported <LOD – – 
HBB not reported <LOD – – 
EHTBB not reported <LOD – – 
BTBPE not reported <LOD – – 
syn-DP not reported <LOD – – 
anti-DP not reported <LOD – –  

a 100+(measured mean concentration - certified NIST SRM concentration)/ 
(certified NIST SRM concentration)*100. 

b Reference concentration value. 
c Information concentration value. 
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respectively (Table 4). Minor underestimation of p,p’-DDT has been 
noted in other studies (Koponen et al., 2013), though reasons unclear. 
Moreover, the method performance was also tested by analysing 
non-persistent compounds in 10 replicates of fortified bovine serum 
control material, where larger inaccuracies for BDE 209 and anti-DP 
were observed (Table S9). 

Repeatability of the 96-well plate method was determined by 
calculating relative standard deviation (RSD) of the certified compounds 
measured in NIST SRM 1957, NIST SRM 1958 and bovine serum. For the 
non-fortified NIST SRM 1957, the RSD was between 3% and 18% for all 
certified POPs (Table 3). For the fortified NIST SRM 1958, the relative 
standard deviation ranged from 8% to 21% for most of the certified POPs 
(Table 4). Two pesticides, o,p’-DDD and o,p’-DDT showed a higher RSD, 
33% and 55%, respectively. In bovine serum, RSD ranged from 4% to 
22% except BDE 209 (54%) (Table S13). 

3.5. Application of the 96-well plate method 

The 96-well plate method was applied to a subset of human serum 
samples (n = 48) from mothers in 38th week of pregnancy, collected for 
the pilot phase of CELSPAC: TNG (Table 5). 

Of the targeted compounds, 75% were detected in at least one sample 
(7 PCBs, 7 OCPs, 10 PBDEs, 3 HBCDs and 3 NFRs) with PCB 138, PCB 
153, PCB 180, p,p’-DDE, BDE-153 detected in all samples. PCB 28, HCB, 
p,p’-DDT and BDE 154 were detected in >50% samples whereas PeCB, 
HCHs and the majority of the NFRs were below LOD in all of the 
examined samples. 

All seven PCBs were quantified in the samples, with greatest deter-
mined concentration of hexa and hepta-chlorinated PCB congeners (PCB 
138, 9.2–150 ng/g l.w.; PCB 153, 20–277 ng/g l.w. and PCB 180 16–282 
ng/g l.w.). Similar concentrations were reported in blood serum samples 
from recent Czech study (Svarcova et al., 2019). Concentrations deter-
mined for p,p’-DDE (27–632 ng/g l.w.) and other OCPs are similar to 
those observed in Spanish cohorts (Arrebola et al., 2013). Greater con-
centrations of p,p’-DDE, HCB and some higher chlorinated PCB conge-
ners are in accordance with the greater persistence and stability of OCPs 
and PCBs in biological and environmental matrices (El-Shahawi et al., 
2010). 

Only three of ten PBDEs were found in >50% samples (BDE 100, 
<0.0062–1.5 ng/g l.w.; BDE 154, <0.0067–0.47 ng/g l.w. and BDE 153, 
<0.0089–2.1 ng/g l.w.) whilst other BFRs, such as HBCD isomers and 
novel flame retardants were below the LOD. Czech population has lower 
exposure to PBDEs as demonstrated in comparison of PBDEs contami-
nation of indoor environment in Canada, Czech Republic and USA 
(Venier et al., 2016). In general, BFRs represent minor contaminants in 
human blood serum which results in lower detection frequencies in pilot 
and case studies (Fromme et al., 2016; Kalantzi et al., 2011; Sochorová 
et al., 2017), but are potentially detectable in large scale population 
studies in other countries (Dereumeaux et al., 2016; Sjödin et al., 2008; 
Zhao et al., 2021). 

4. Conclusion 

Through coupling of a 96-well phospholipid depletion plate with 
well plate SPE, a less destructive extraction and clean-up method which 
enables the analysis of selected POPs plus non-persistent NFRs in small 
volumes of blood serum has been developed. The accuracy of the 
method is satisfactory for the majority of the target compounds and the 
96-well plate SPE format is sensitive enough to detect low concentra-
tions of selected POPs and non-persistent NFRs. The applicability of the 
developed method was tested using blood serum samples from pregnant 
women enrolled in the pilot phase of the CELSPAC: TNG, with detection 
of 30 analytes (18 analytes above 20% detection frequency). When 
compared to other previously published methods, our method allows 
analysis of a wider range of compounds including those where non- 
destructive clean-up is favoured or needed (EHTBB, BTBPE). The 
method can be further extended by including a larger range of individual 
PCB congeners, pesticides and flame retardants. The method is simple, 
straightforward, has minimal solvent consumption and provides rela-
tively high throughput suitable for human biomonitoring studies. For 
human biomonitoring, a large benefit of the developed 96-well plate 
method is the potential for automation by using pipetting robots which 
can increase sample throughput and minimise the impact of human 
factor errors. 
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Table 4 
Comparison of mean concentrations of target compounds quantified in fortified 
NIST SRM 1958 with reported concentrations.  

Analyte Certified 
concentration 
values in NIST 
SRM 1958 (pg/ 
mL) 

Measured 
concentration 
values in NIST 
SRM 1958 (pg/ 
mL) 

RSD (%) Accuracy (%) a 

Mean SD Mean SD 

PCB 28 402 12 553 69 13 137 
PCB 52 401 14 371 47 13 92 
PCB 101 409 27 451 62 14 110 
PCB 118 412 35 378 39 10 92 
PCB 153 457 36 510 54 11 111 
PCB 138 473 54 511 51 10 108 
PCB 180 459 49 524 57 11 114 
PeCB not reported 420 53 13 – 
HCB 442 46 649 64 10 147 
α-HCH b 260 44 195 23 12 75 
β-HCH b 278 47 324 38 12 117 
γ-HCH b 315 43 282 40 14 89 
δ-HCH not reported <LOD – – 
o,p’-DDE 450 20 502 75 15 112 
p,p’-DDE 1250 130 1285 239 19 103 
o,p’-DDD 347 46 319 174 55 92 
p,p’-DDD 416 17 65 12 19 16 
o,p’-DDT 313 43 229 76 33 73 
p,p’-DDT 293 12 40 7 17 14 
BDE 28 462 19 529 68 13 115 
BDE 47 651 29 744 121 16 114 
BDE 66 440 41 536 84 16 122 
BDE 100 475 27 447 41 9 94 
BDE 99 492 15 608 65 11 124 
BDE 85 475 27 555 44 8 117 
BDE 154 441 39 465 68 15 106 
BDE 153 455 54 522 65 13 115 
BDE 183 453 42 508 66 13 112 
BDE 209 417 5 290 61 21 70 
α-HBCD not reported 183 25 14 – 
β-HBCD not reported <LOD – – 
γ-HBCD not reported <LOD – – 
PBBZ not reported 11 2 15 – 
HBB not reported 652 88 14 – 
EHTBB not reported <LOD – – 
BTBPE not reported 907 106 12 – 
syn-DP not reported <LOD - – 
anti-DP not reported <LOD – –  

a 100+(measured mean concentration - certified NIST SRM concentration)/ 
(certified NIST SRM concentration)*100. 

b Reference concentration value. 
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injection technique and the column system on gas chromatographic determination of 
polybrominated diphenyl ethers. J. Chromatogr. A 1041, 201–210. https://doi.org/ 
10.1016/j.chroma.2004.04.025. 

Blus, L.J., 1995. Organochlorine pesticides. In: Hoffman, D.J., Rattner, B.A. (Eds.), 
Handbook of Ecotoxicology. Lewis Publishers, pp. 275–300. https://doi.org/ 
10.1201/9781351069656-1. 

Buccini, J., 2003. The development of a global treaty on persistent organic pollutants 
(POPs). In: Persistent Organic Pollutants. Springer-Verlag, Berlin/Heidelberg, 
pp. 13–30. https://doi.org/10.1007/10751132_2. 

Covaci, A., Harrad, S., Abdallah, M.A.E., Ali, N., Law, R.J., Herzke, D., de Wit, C.A., 
2011. Novel brominated flame retardants: a review of their analysis, environmental 
fate and behaviour. Environ. Int. 37, 532–556. https://doi.org/10.1016/j. 
envint.2010.11.007. 

Covaci, A., Voorspoels, S., de Boer, J., 2003. Determination of brominated flame 
retardants, with emphasis on polybrominated diphenyl ethers (PBDEs) in 
environmental and human samples - a review. Environ. Int. 29, 735–756. https:// 
doi.org/10.1016/S0160-4120(03)00114-4. 

Dereumeaux, C., Saoudi, A., Pecheux, M., Berat, B., de Crouy-Chanel, P., Zaros, C., 
Brunel, S., Delamaire, C., le Tertre, A., Lefranc, A., Vandentorren, S., Guldner, L., 
2016. Biomarkers of exposure to environmental contaminants in French pregnant 
women from the Elfe cohort in 2011. Environ. Int. 97, 56–67. https://doi.org/ 
10.1016/j.envint.2016.10.013. 

El-Shahawi, M.S., Hamza, A., Bashammakh, A.S., Al-Saggaf, W.T., 2010. An overview on 
the accumulation, distribution, transformations, toxicity and analytical methods for 
the monitoring of persistent organic pollutants. Talanta 80, 1587–1597. https://doi. 
org/10.1016/j.talanta.2009.09.055. 

Erickson, M.D., Kaley, R.G., 2011. Applications of polychlorinated biphenyls. Environ. 
Sci. Pollut. Res. 18, 135–151. https://doi.org/10.1007/s11356-010-0392-1. 

Fernandes, A.R., Mortimer, D., Rose, M., Smith, F., Steel, Z., Panton, S., 2019. Recently 
listed Stockholm convention POPs: analytical methodology, occurrence in food and 
dietary exposure. Sci. Total Environ. 678, 793–800. https://doi.org/10.1016/j. 
scitotenv.2019.04.433. 

Fromme, H., Hilger, B., Albrecht, M., Gries, W., Leng, G., Völkel, W., 2016. Occurrence of 
chlorinated and brominated dioxins/furans, PCBs, and brominated flame retardants 
in blood of German adults. Int. J. Hyg Environ. Health 219, 380–388. https://doi. 
org/10.1016/j.ijheh.2016.03.003. 

Gasull, M., Castell, C., Pallarès, N., Miret, C., Pumarega, J., Téllez-Plaza, M., López, T., 
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Pikhart, H., Bobák, M., Klánová, J., 2017. Cohort profile: the European longitudinal 
study of pregnancy and childhood (ELSPAC) in the Czech Republic. Int. J. Epidemiol. 
46 https://doi.org/10.1093/ije/dyw091. 

Pirard, C., Charlier, C., 2018. Simple and fast method for the measurement of legacy and 
novel brominated flame retardants in human serum. Chemosphere 211, 918–925. 
https://doi.org/10.1016/j.chemosphere.2018.08.012. 

Rylander, L., Nilsson-Ehle, P., Hagmar, L., 2006. A simplified precise method for 
adjusting serum levels of persistent organohalogen pollutants to total serum lipids. 
Chemosphere 62, 333–336. https://doi.org/10.1016/j.chemosphere.2005.04.107. 

Salihovic, S., Mattioli, L., Lindström, G., Lind, L., Monica Lind, P., Bavel, B. van, 2012. 
A rapid method for screening of the Stockholm Convention POPs in small amounts of 
human plasma using SPE and HRGC/HRMS. Chemosphere 86, 747–753. https://doi. 
org/10.1016/j.chemosphere.2011.11.006. 

Salihovic, S., Nilsson, H., Hagberg, J., Lindström, G., 2013. Trends in the analysis of 
persistent organic pollutants (POPs) in human blood. TrAC Trends Anal. Chem. 
(Reference Ed.) 46, 129–138. https://doi.org/10.1016/j.trac.2012.06.009. 
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