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In this study, we developed a highly sensitive, robust method for determining 12 congeners of two to ten chlori-
nated polychlorinated biphenyls (PCBs) in serum samples using gas chromatography (GC)–mass spectrometry
(MS) operating in selected ion monitoring mode (SIM: m/z 35) with negative ion chemical ionization (NICI), and
the results were compared with those from GC coupled with high-resolution MS (HRMS) with electron impact
(EI). The recovery rates of the surrogate PCB congeners were 97.2%–112% (coefficient of variation: 5.3%–8.5%),
and the method detection limits for PCBs in each matrix obtained by GC–NICI–quadrupole mass spectrometry
(qMS) were 1.9–20 pg g−1 wet wt. The analytical values of the target compounds in the samples analyzed by GC–
NICI–qMS and GC–EI–HRMS were comparable (Passing–Bablok regression: R = 0.888–0.967), and the analytical
values obtained via GC–NICI–qMS were almost comparable with those of the certified serum samples from Na-
tional Institute of Standards and Technology (NIST: SRM1957), indicating that GC–NICI–qMS is suitable for the
analysis of tetra- to hepta-chlorinated PCBs in serum samples.
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1. Introduction

Polychlorinated biphenyls (PCBs) affect the human endo-
crine system. Despite being banned, PCBs persist widely in
wildlife and among humans because of their lipophilic proper-
ties, low water solubility, and bioaccumulation in fatty tissues
[1]. Many previous environmental PCB studies utilized gas
chromatography (GC)–electron impact (EI) high-resolution
mass spectrometry (HRMS) [2], GC–EI–quadrupole mass
spectrometry (qMS) [3], GC–electron capture detector (ECD)
[4], and GC–negative ion chemical ionization (NICI)–qMS
[5]. GC–EI–qMS is easy to handle and has high selectivity;
however, its sensitivity is slightly lower than that of other
methods. Although GC–EI–HRMS can provide high sensitiv-
ity and selectivity, the instrumentation is expensive for con-
ducting routine or high-throughput analyses and its operation
requires specialized technical skills. GC–ECD is a sensitive
technique; however, selectivity is lower than other methods.
In contrast, GC–NICI–qMS is a sensitive, selective technique
particularly suitable for the analysis of halogenated com-
pounds. So far, it has been used for the analysis of numerous
contaminants, including PCBs, in various environmental ma-
trices [6–13]. Usually, PCB ions are monitored using GC–
NICI–qMS analysis set as M+ and M+2 ions. However, chlo-
rine ion (Cl−: m/z 35) was also monitored for rapid PCB anal-
ysis in insulating oil [14]. This method was highly suitable for
routine monitoring of PCBs in insulating oil; however, the
rapid pretreatment method of biological samples using GC–
NICI–qMS is not well developed and validation was not de-
termined. In this study, we developed a highly sensitive and
rapid analytical method for determining PCBs in serum sam-
ples using GC–NICI–qMS.
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2. Materials and Methods

2.1 Chemicals and Reagents. Samples used in this study
were collected from subsamples originating from a measurement
campaign performed in our laboratory, which was accredited in
compliance with ISO/IEC 17025:2005 standards (Accreditation
of Certification Body: Japan Accreditation Board). Herein, 12
congeners of PCBs (tetra- to hepta-: PCB66, 74, 99, 105, 118,
138, 153, 156, 170, 178, 180, and 187), isomers, and surrogates
(PCB23, 30, 55, and 207) were used for identification and
quantification. These samples were obtained from Cambridge
Isotope Laboratories Inc. (Andover, MA, USA), and the syringe
spike (PBB 154) was purchased from AccuStandard, Inc. (New
Haven, CT, USA). Sulfuric acid (H2SO4), n-hexane, ethanol,
decane, and silica gel (Wako-gel S1) were purchased from
Wako Pure Chemical Industries (Tokyo, Japan). The standard
reference material (SRM 1957) was purchased from the
National Institute of Standards and Technology (NIST), USA
[15]. Fetal bovine serum (BWT-1650-00C) was purchased from
Funakoshi (Tokyo, Japan).

2.2 Sample Collection. Informed consent was obtained
from all donors. This study was approved by the Ethics
Committee of Chiba University, Japan. Human serum samples
(n = 26) were collected from Chiba Prefecture, Japan [16].
Whole blood samples were collected by a certified physician,
and serum samples were obtained via centrifugation after heparin
treatment and stored at −80 °C for the analysis of PCBs.

2.3 Sample Preparation. For the analyses using GC–
NICI–qMS and GC–EI–HRMS, the serum samples (0.5 g)
were denatured with 1 mL of 1 M potassium hydroxide–
MeOH. The target compounds were extracted twice with
500 μL of n-hexane, and CB23, 30, 55, and 207 (40 pg of
each) were spiked as surrogate internal standards. After
adding the surrogates, the extracts were combined and washed
with ultrapure water.
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Table 1. Method detection limits (MDLs) of analytes and comparison of
the certified values and the experimental concentrations of the target PCBs
obtained in the analysis of the SRM 1957 (n = 7 of independent treatments)

GC–NICI–MS
(pg g−1 wet wt)

Certified values
(pg g−1 wet wt)

MDL
(pg g−1 wet wt)

CB66 <MDL NA 2.7
CB74 7.2 ± 2.6 13.8 ± 0.1 1.9
CB99 <MDL 11.6 ± 0.6 20
CB105 <MDL NA 3.6
CB118 14 ± 2.1 18.9 ± 1.2 7.9
CB138 37 ± 1.7 36.9 ± 9.0 3.2
CB153 51 ± 2.8 58.2 ± 0.9 2.6
CB156 7.6 ± 2.8 8.2 ± 0.6 3.9
CB170 15 ± 1.6 16.2 ± 2.0 3.7
CB178 <MDL NA 4.4
CB180 45 ± 3.4 46 2.7
CB187 10 ± 1.4 15.5 ± 0.5 2.2

Development of Simple Analytical Methods of PCBs
The solvent-evaporated residue was dissolved in 3 mL of
n-hexane, passed through a glass column packed with
500 mg of 44% H2SO4 silica gel, and concentrated to near
dryness. Then, 20 pg of PBB 154 dissolved in 200 μL of
decane was added as a syringe spike for the GC–MS analysis.

2.4 Conditions for GC–NICI–qMS. PCB analysis was run
on a JMS-Q1050GC (JEOL Ltd., Tokyo, Japan) quadrupole mass
spectrometer equipped with an Agilent 7890B gas chromatograph
and a 7693 autosampler (Agilent Technologies Inc., Tokyo,
Japan). GC separation was achieved using an HP5-MSUI fused-
silica capillary column (30 m × 0.25 mm ID × 0.25 μm film
Agilent Technologies Inc., Tokyo, Japan). The injector was held
at 280 °C and operated in the pulsed splitless mode. The column
oven temperature program for the analysis of PCB congeners was
maintained at 130 °C for 1 min, heated to 180 °C at a rate of
20 °C min−1, heated to 260 °C at a rate of 2 °C min−1, heated to
300 °C at a rate of 5 °C min−1, and maintained at 300 °C for
4 min. Helium (purity: >99.99995) at a column flow rate of
1.3 mL min−1 (constant flow rate) was used as the GC carrier
gas, while methane (purity: >99.999) was used as the reagent gas
for the NICI source. The ionizing energy and ion source
temperature were set to 150 eV and 280 °C, respectively. The
identification and quantification of the 12 PCB congeners were
achieved by monitoring chlorine ions (Cl−: m/z 35) in selected ion
monitoring (SIM) analysis with the NICI–MS detector. In this
analysis, retention times of the analytes were used as identification.

2.5 Conditions for GC–EI–HRMS. PCB analysis was run
on a JMS-700D (JEOL Ltd., Tokyo, Japan) high-resolution
spectrometer equipped with an Agilent 6890B gas chromatograph
and a 7683 autosampler (Agilent Technologies Inc., Tokyo,
Japan). GC separation was achieved using a DB-5MS fused-silica
capillary column (30 m × 0.25 mm ID × 0.25 μm film Agilent
Technologies Inc., Tokyo, Japan). The injector was held at 270 °C
and operated in the pulsed splitless mode. The column oven
temperature program for the analysis of PCB congeners was
maintained at 120 °C for 1 min, heated to 180 °C at a rate of
20 °C min−1, heated to 280 °C at a rate of 2 °C min−1, and
maintained at 280 °C for 3 min. Helium at column flow rate of
1.0 mL min−1 (constant flow rate) was used as the GC carrier gas.
The ionizing energy and ion source temperature were set to 38 eV
and 250 °C, respectively. The identification and quantification of
the 12 PCB congeners were achieved by monitoring M+ and M+2

ions in SIM analysis with the HRMS detector.
2.6 Method Validation. Multilevel calibration curves (20–

500 fg μL−1: R2 > 0.997) in the linear response interval of the
detector were created for the quantification of PCBs. The
recovery rates of the surrogate PCB congeners (40 pg each with
five replicates) were in the range 97.2%–112% with a 5.3%–
8.5% coefficient of variation (CV). Identification of the target
analytes was based on the comparison of the relative retention
times with the internal standards used for quantification and ion
chromatograms. Procedural blanks were simultaneously analyzed
with every batch of nine samples to check for interference or
contamination from solvent and glassware. For each analysis, the
mean procedural blank value was used for subtraction. The
method detection limits (MDLs) were defined as three times the
standard deviation (SD) of a low concentration sample (20 pg of
fetal bovine serum) (n = 5). Finally, performance of the
analytical method was verified by repeated analysis (n = 7) of
certified reference material (SRM 1957).

2.7 Statistical Analysis. Passing–Bablok regression [17] and
Pearson's correlation coefficients were used to investigate the
agreement between the original GC–EI–HRMS analysis and the
new GC–NICI–qMS methods using the MCR package [18] in
R, freely-available statistical software [19]. Moreover, the 95%
confidence intervals (CIs) of the regression slope were obtained
by applying the bootstrap method (999 bootstraps). The
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parameters used in this study for GC–EI–HRMS are similar to
those previously described [20].
3. Results and Discussion

3.1 Method Detection Limit for GC–NICI–qMS. Tempera-
ture of the ion source of MS was optimized. The peak area of
PCB at 280 °C or above (relatively stable in that temperature
range) was about 1.5 and 1.2 times higher than the peak area
at 210 °C and 250 °C, respectively, indicating that the
sensitivity is greater at the higher ion source temperatures.
However, to keep the equilibrium a stability of ion source and
column condition, the temperature of the ion source was set at
280 °C.

The MDLs for individual PCBs in this method were 1.9–
20 pg g−1 wet wt (Table 1). These results agree with those
reported in the other analytical methods for serum samples using
GC–EI–HRMS (MDL: CB153, 2 pg g−1 wet wt) [21], GC–ECD
(limit of detection [LOD]: 30–340 pg g−1 wet wt) [5], and GC–
NICI–qMS (LOD: 5–20 pg g−1 wet wt [9] and 10–80 pg g−1

wet wt [5], limit of quantification [LOQ]: 10–50 pg g−1 wet wt
[6]), indicating that the MDLs for the proposed analytical
methods were slightly higher than those for the GC–EI–HRMS
method; however, except for CB99, most of the MDLs using this
method were comparable with GC–EI–HRMS and were slightly
lower the than previous analytical method using GC–NICI–qMS
and GC–ECD. Moreover, the throughput and simplicity of analy-
sis was superior to GC–EI–HRMS, indicating that this method is
suitable for PCB screening analysis in serum.

3.2 Comparison of Serum PCB Levels Using GC–NICI–
qMS and GC–EI–HRMS. In this study, Passing–Bablok regres-
sion analysis was used for the comparison of values from
developed and previous methods [17]. This analysis is a statistical
procedure that estimates the agreement and possible systematic
bias between methods. It is robust, non-parametric, and non-
sensitive to the distribution of errors and outliers in a data set [22].
In this study, CB138, 153, and 180 were detected in >90% of
human serum samples (n = 26) using GC–NICI–qMS and GC–
EI–HRMS. Analytical values from each method were compared
using Passing–Bablok regression analysis. The Passing–Bablok
regression showed outstanding agreement between the GC–NICI–
qMS and GC–HRMS methods for CB138, 153, and 180 (R =
0.888, 0.967, and 0.906, respectively, and coefficients = 0.91
[95% CI, 0.730–1.07], 0.73 [95% CI, 0.630–0.833], and 0.90
[95% CI, 0.742–1.08], respectively; Figure 1). The values
calculated by GC–NICI–qMS were slightly lower than those
calculated by GC–EI–HRMS; especially, the value of CB153 in
GC–NICI–qMS was significantly lower than that in GC–EI–
HRMS. However, Pearson's R-values were within the permissible
range, indicating that the analytical values of PCB congeners
Unauthenticated | Downloaded 05/19/23 02:06 PM UTC



Figure 1. Correlation analysis of the PCB values (CB138, 153, and 180) in human serum samples (n = 26) using GC–NICI–MS and GC–EI–
HRMS. The gray zone represents the 95% CI for regression, determined via bootstrapping (999 bootstraps)

Figure 2. The extracted ion chromatogram for m/z = 35 of certified reference material serum SRM 1957

A. Eguchi et al.
calculated by GC–NICI–qMS were comparable with those
calculated by GC–EI–HRMS.

3.3 Analysis of the Certified Reference Material SRM
1957. Table 1 shows the comparison of the analytical values
calculated by GC–NICI–qMS and the certified values for SRM
1957. Except for CB74, 99, and 187, the experimental value for
PCB congeners corresponded with the certified values,
indicating that, when only chlorine ion (Cl−: m/z 35) was
monitored, the selectively of PCBs was maintained. As shown
in Figure 2, the background at m/z 35 using this analytical
method shows a good noise ratio with very low background.
These results indicate that using GC–NICI–qMS is a suitable
method for rapid screening analysis in large-scale cohort studies.

3.4 Application to Serum Sample. The developed method
was applied to analyze the PCB content in unspiked serum
samples (n = 26). The median concentration of PCB was 0.35 ng
g−1 wet wt, with CB153 (median: 0.12 ng g−1 wet wt), CB138
(median: 0.088 ng g−1 wet wt), and CB180 (median: 0.067 ng
g−1 wet wt) contributing the most to the total PCB concentration.
In this study, PCB profiles in serum samples were comparable
with previous Japanese research [23]. However, residue levels of
PCBs were lower than that of previous Japanese research
(median CB153: 0.40 ng g−1 wet wt) [23]. The mean age of
donors from this and previous studies was 32.5 [16] and 51
years [23], respectively. It is well known that the PCB levels in
the human body increase with age [24], indicating that the age of
donors might affect the concentration of PCBs. However, sample
size was insufficient, and further investigation is required to
assess the exposure of the Japanese population to PCBs.
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