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Abstract: Seabirds are widely regarded as an invaluable bioindicator of environmental health. Matri-
ces including eggs and feathers have been used as non-lethal means to assess contaminant burdens.
We have developed a new approach for extraction of polycyclic aromatic compounds (PACs) from
seabird plasma and serum based on automated microbead-beating homogenization and extraction.
Commercially available bovine serum and plasma were purposely fortified with a suite of PACs
separately at three dosing levels, placed inside a custom-made stainless-steel tube containing ceramic
microbeads, and subjected to an extraction process using a Precellys tissue homogenizer. Tubes were
shaken forcefully in three-dimensions, facilitating high mass-transfer of PACs from the matrix into the
hexane extraction solvent. The accuracy of the method ranged from 55 to 120% and limits of detection
and quantitation ranged from 0.1 to 8 and 0.2 to 27 pg/µL, respectively. The method exhibited good
repeatability with both inter- and intra-day repeatability < 30%. The developed method represents an
effective and efficient approach to extraction of PACs from important biological matrices.

Keywords: polycyclic aromatic compounds; plasma; serum; seabirds; microbead-beating extraction

1. Introduction

Polycyclic aromatic compounds (PACs) are a large family of combustion-produced
and environmentally persistent organic contaminants with various chemical structures [1,2].
They occur naturally through volcanic activities and wildfires [3]. Anthropogenic activities
are the primary source contribution of PACs because of incomplete combustion of fuels in
myriad processes including industrial emissions and mobile emissions from vehicles [4,5].
The most important environmental compartments for PACs are air, water, plants, foods,
and soils. Some PACs exhibit carcinogenic and mutagenic properties, and their non-polar
and hydrophobic characteristics make them environmentally persistent with an associated
ecological threat [6,7]. Therefore, the determination and remediation of PACs are of great
interest. Several strategies have been used to remove PACs from the environment, including
leaching, photo/chemical oxidation, biodegradation, wet/dry deposition, and chemical
degradation [8,9].

Even though PACs have been measured for decades, challenges still remain with
their accurate determination. Convoluting factors, particularly for alkylated polycyclic aro-
matic hydrocarbons (APAHs), are the large number of theoretically possible constitutional
isomers and the lack of commercially available standards [10–12]. Gas chromatography
with mass spectrometry (GC-MS) is the preferred methodology for analysis of PACs [13].
Analytical methods based on selected ion monitoring (SIM) or multiple reaction monitoring
(MRM) are often used to increase the MS specificity and detectability [14,15]. Regard-
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less of the choice of detection method, the sample matrix, sampling method, and sample
preparation are determining factors in overall precision and accuracy [16].

In support of biomonitoring studies, PACs have been measured in a host of biological
samples including aquatic biota, wildlife, and human matrices. Human samples includ-
ing urine, blood serum plasma, saliva, and different body parts (such as hair) have been
analyzed for PACs [17]. Idowu et al. [16] analyzed mussel tissue (Mytilus edulis) for a
suite of PACs. Swisłowski et al. [18] used moss as a biological indicator for the deter-
mination of 13 PACs in the atmosphere. Xia et al. [19] determined halogenated PACs in
different biological samples (river otter (Lontra Canadensis), northern pike (Esox lucius), lake
whitefish (Coregonus clupeaformis), and snails (Gastropod sp.)) from the Alberta oil sands
region in Canada.

Birds can be exposed to environmental contaminants externally through physical con-
tact and internally through consumption of contaminated water and/or food [20]. Various
organs (e.g., kidney, liver), tissues (e.g., muscle, bone, fat), eggs, feathers, and excrements
are used to determine pollutant concentrations in the environment. Seabirds have also
been used as a bioindicator in several long-term monitoring programs in Canada. For
example, organochlorine pesticides in eggs of seabird species from Prince Leopold Island
in the Canadian High Arctic have been monitored for over four decades [21]. Esparza et al.
monitored mercury (Hg) and POPs in the blood profile of murre birds in northern Hudson
Bay [22]. Bianchini et al. monitored PAHs in sanderlings at Chaplin Lake by exposing them
orally with environmentally relevant PAH mixture during a 21-day period [23].

To date, liquid-liquid extraction has been the most used technique to analyze PAHs in
blood samples [24–32]. In one study, an ultra-turrax homogenizer was employed to extract
PAHs from the blood samples of red kites (Milvus milvus) with n-hexane. Extracts were
analyzed by a GC-MS/MS instrument [33]. Provatas et al. used the QuEChERS method
for the extraction of PAHs from avian blood and plasma samples with analysis by liquid
chromatography and UV detection [34]. In another study, flamingo blood samples were
vortexed and ultrasonicated with 1.5 mL of hexane:dichloromethane (1:1) for extraction of
PAHs with analysis by GC-MS/MS [35]. Paruk et al. extracted parent and alkylated PAHs
from plasma samples of common loons (Gavia immer) by LLE in 2.5 mL hexane [36]. Troisi
et al. employed centrifugation and shaking for extraction of PAHs from swan (Cygnus)
plasma samples in methanol. Extracts were cleaned up by solid-phase extraction, and an
analysis was done by GC-MS [37]. In the study by Burgos-Nunez et al., seabird blood
samples were sonicated and extracted with 20 mL of dichloromethane (DCM) [38].

Compared to solid-phase extraction, LLE is simpler, more cost-effective, and, because
of the small volumes of extracting solvent typically used, can also lead to reduced sample
processing times. However, one disadvantage of conventional LLE can be the limited
mass-transfer of the target analyte from matrices to the extraction solvent. Recent work by
our group has shown that improved mass-transfer of analytes can be achieved using 3D
microbead-beating homogenization and extraction for determination of PACs in seabird
eggs [39].

Based on our earlier study using 3D microbead-beating homogenization and extraction,
we hypothesize that this approach can be expanded and used to exhaustively extract a wide
range of PACs from seabird plasma and serum matrices. This study provides evidence
to support our hypothesis and presents the method performance characteristics of our
validated and optimized method.

2. Materials and Methods
2.1. Chemicals

Organic solvents used were of Optima grade and purchased from Fisher Chemicals
(Ottawa, ON, Canada). The suite of analytical standards included: fifteen (15) individ-
ual APAHs; sixteen (16) PAHs; isotope dilution internal standards containing 15 of the
16 deuterated PAHs, used for recovery internal standard (RIS); and labelled d10-anthracene,
used as the instrument performance internal standard (IPIS,). All were of >98% purity and
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were purchased from AccuStandard Inc. (New Haven, OH, USA) and Caledon Laboratory
Chemicals (Georgetown, ON, Canada). The full list of target analytes and their suppliers
can be found in Table 1. The bovine plasma and serum used as control samples were
purchased from LAMPIRE Biological Laboratories (Pipersville, PA, USA), and the chicken
serum and plasma were purchased from Cedarlane Laboratories (Burlington, ON, Canada).

Table 1. Method performance characteristics of our method for the analysis of PAHs in bovine serum
and plasma using microbead-beating extraction and GC-EI-MS/MS detection and quantitation *.

Compound

Spiking Level
Interday
Precision
RSD (%)

LOD
pg µL−1

LOQ
pg µL−1

10 pg µL−1 50 pg µL−1 250 pg µL−1

Accuracy Precision Accuracy Precision Accuracy Precision
(%) RSD (%) (%) RSD (%) (%) RSD (%)

PAHs P S P S P S P S P S P S P S P S P S

Ace 76.6 85.5 6.3 10.1 89.1 94.4 5.6 3.5 84.1 90.5 6.3 15.0 5.7 10.5 0.7 0.5 2.2 1.7

Acy 91.9 96.4 2.5 3.8 92.8 92.9 6.6 1.7 80.8 89.1 0.7 2.5 6.9 5.4 0.3 0.3 0.9 1.1

Ant 93.4 107.3 15.5 12.3 86.1 96.9 5.4 5.3 81.1 98.3 1.2 6.0 9.2 7.2 0.4 0.3 1.4 0.9

B[a]A 84.6 85.7 6.0 7.2 91.8 92.2 13.0 4.1 81.3 93.4 7.5 7.9 13.4 12.8 0.2 0.3 0.8 0.9

B[a]P 94.0 96.9 4.1 3.2 93.4 88.3 3.4 14.0 83.6 99.3 11.0 12.1 10.7 13.4 0.4 0.4 1.4 1.5

B[b]F 93.4 93.8 4.8 5.4 97.7 96.6 9.3 7.4 82.2 106.7 3.6 26.2 10.1 6.8 0.4 0.4 1.3 1.5

B[ghi]P 107.8 93.5 4.1 13.9 86.8 96.9 16.8 11.1 89.3 98.8 20.2 19.7 15.5 20.6 0.5 0.4 1.8 1.4

B[k]F 81.7 101.2 20.0 11.6 95.6 101.4 24.0 10.6 81.4 110.1 12.7 18.8 25.2 14.1 0.5 0.6 1.8 1.9

Chr 87.9 94.9 12.2 6.4 80.2 95.9 11.2 8.7 76.5 97.4 5.7 10.7 8.8 6.0 0.5 0.5 1.7 1.7

D[a,h]A 93.0 86.7 18.5 12.1 87.4 91.6 14.0 10.0 95.5 107.8 7.5 11.5 11.8 12.5 0.6 0.4 2.1 1.2

Flt 66.7 69.4 8.2 6.5 132.1 133.7 25.7 6.5 85.7 99.4 5.2 4.2 20.9 13.4 0.3 0.4 0.9 1.3

Flu 83.5 93.0 8.5 5.8 90.1 89.1 8.3 2.6 81.0 82.7 2.3 12.9 8.1 4.0 0.3 0.3 1.0 1.0

Ind 80.6 80.9 1.6 12.4 86.1 87.8 7.0 10.6 80.2 97.4 7.6 7.9 10.0 12.2 0.6 0.9 1.9 2.8

Nap 62.5 88.4 5.4 12.9 87.8 93.6 1.5 4.9 82.7 91.3 2.3 2.4 6.5 16.7 1.2 0.8 4.1 2.7

Phen 61.4 67.1 5.9 4.13 101.2 110.8 9.7 5.4 80.7 93.1 1.3 3.4 10.3 9.04 0.3 0.2 1.1 0.6

Pyr 52.6 59.5 4.4 1.8 61.0 51.6 16.6 7.6 117.1 125.9 1.7 11.6 21.6 23.8 0.3 0.4 0.9 1.2

* Note: P = Plasma; S = Serum; Ace = Acenaphthene; Acy = Acenaphthylene; Ant = Anthracene;
B[a]A = Benzo[a]Anthracene; B[a]P = Benzo[a]Pyrene; B[b]F = Benzo[b]Fluoranthene; B[g,h,i]P = Benzo[g,h,i]Pyrene;
B[k]F = Benzo[k]Fluoranthene; Chr = Chrysene; D[a,h]A = Dibenzo[a,h]Anthracene; Flt = Fluoranthene;
Flu = Fluorene; Ind = Indeno[1,2,3-c,d]pyrene; Nap = Naphthalene; Phen = Phenanthrene; Pyr = Pyrene.

2.2. Sample Processing by Microbead-Beating Extraction

Method validation was performed using bovine serum and plasma. One (1 mL)
of each matrix type was transferred separately to a custom-made 7 mL stainless-steel
tube (see Figure 1) containing ceramic microbeads (1 g) and, subsequently, spiked with
a suite of PAHs at three dosing levels (10, 50, and 250 pg/µL), APAHs (50 pg/µL), and
RIS (10 ng/µL, 10 µL). Hexane (10 mL) was added to each of the fortified samples and
extraction was performed with a Precellys Evolution Homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France) at 6500 rpm with 3 cycles for 20 s and 120 s between the
cycles (total time of 5 min). Method blanks consisted of stainless-steel tubes containing
only 10 mL of hexane and tubes containing an unfortified matrix. After extraction, the
upper solvent layer was carefully transferred into a test tube and reduced to 1 mL under
a gentle stream of high-purity nitrogen gas. Extracts were fortified with IPIS (10 ng/µL,
10 µL) and transferred to GC vials. Method verification was performed using chicken
serum and plasma samples at the medium dosing level (50 pg/µL) for both PAHs and
APAHs using the procedures outlined above.
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Figure 1. Custom-designed 7 mL stainless-steel tube with ceramic microbeads.

2.3. GC-MS/MS Conditions

An Agilent 7890 GC coupled to a triple quadrupole mass spectrometer (Agilent
Technologies, Mississauga, ON, Canada) fitted with an electron ionization (EI) source was
used for MS/MS acquisition. An Agilent J&W DB-5ms Ultra Inert column (30 m × 0.25 mm,
0.25 µm film thickness) with helium as the carrier gas at a constant flow rate of 1.2 mL/min.
1 µL of sample was injected with a PAL RSI 85 auto-sampler at 250 ◦C in splitless mode.
The oven temperature was held at: 60 ◦C for 1 min; raised to 120 ◦C at 35 ◦C/min; raised
to 220 ◦C at 14 ◦C/min; raised to 260 ◦C at 5 ◦C/min and held for 5 min; raised to
300 ◦C at 10 ◦C/min; and, finally, raised to 310 ◦C at 50 ◦C/min. Both transfer line and
source temperature were set at 320 ◦C. The quantification and confirmation ions and the
multiple reaction monitoring (MRM) ion transitions for PAHs and APAHs are reported in
Idowu et al. [40].

2.4. Method Performance Characteristics

The Eurachem guide The Fitness for the Purpose of Analytical Methods was used to assess
the fitness of purposes of our method [41]. The limit of detection (LOD) and the limit of
quantification (LOQ) for microbead-beating extraction were determined by extracting six
replicates (n = 6) of each plasma and serum matrix fortified with 10 pg/µL of the PACs
studied. Procedural blanks (nb = 5) were prepared by using extraction solvent spiked with
the suite of deuterated PAH internal standards. The adjusted standard deviation (s0′ ) was
calculated from the results of replicate measurements by the ratio defined in the Eurachem
guide [41].

s0′ = s0

√
1
n
+

1
nb

(1)

where s0 is the standard deviation of single results for each target analyte and s0′ is the
adjusted standard deviation used for determining the LOD and LOQ values. Finally, LODs
were calculated as 3 × s0′ , and LOQs were calculated as 10 × s0′ .

Repeatability of our method validation study was calculated by extracting and quan-
tifying PACs from plasma and serum in replicate over three consecutive days (interday,
n = 3) and over a 24 h period (intraday, n = 6). Accuracy was determined by analyzing six
replicates of plasma and serum at each dosing level of PACs.
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The working range for APAHs was based on an 11-point calibration curve (2, 5, 10,
20, 50, 100, 200, 400, 600, 800, and 1000 pg/µL) and for PAHs our calibration curve was
constructed using 10, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 pg/µL calibration
standards. Instrument performance internal standard (IPIS) was added to each calibration
point at a constant concentration (100 pg/µL) to account for any small fluctuations in
the signal of the instrument between injections. Calibration standards were injected ran-
domly and in triplicate. The peak area obtained for each PACs analyte was normalized to
d10-anthracene (IPIS) and plotted as a function of concentration. The linearity was eval-
uated by the magnitude of R2 (correlation coefficient) value and the level of significance
(p-value). Residual plots were generated and examined to ensure the random distribution
was about zero to confirm linearity.

3. Results and Discussion

Supply chain issues necessitated the use of bovine serum/plasma for our method
validation. Only recently were we able to procure chicken serum/plasma matrices and
use them to verify the results from our bovine samples. Validation was performed at three
doses of PAHs and a single dose of APAHs; verification was performed at a single dose of
both PAHs and APAHs. Performance characteristics are presented in Tables 1 and 2.

Table 2. Method performance characteristics of our method for the analysis of APAHs in bovine
serum and plasma using microbead-beating extraction and GC-EI-MS/MS detection and quantitation.

Compounds

Spiking Level

LOD pg µL−1 LOQ pg µL−150 pg µL−1
Interday Precision

RSD (%)Accuracy (%) Precision RSD
(%)

APAHs Plasma Serum Plasma Plasma Plasma Serum Plasma Serum Plasma Serum

2-Methylnaphthalene 70.9 74.3 17.3 16.6 24.0 24.4 3.8 6.1 12.7 20.2

1,2,5,6-Me4-
Naphthalene 89.8 102.2 21.7 20.9 18.7 20.9 6.9 5.7 23.0 19.0

3-Methylphenanthrene 99.4 94.5 17.9 16.0 8.5 11.0 0.1 0.1 0.3 0.4

1,2,6,9-Me4-
Phenanthrene 105.2 79.1 29.1 23.9 9.4 9.3 7.0 8.9 23.5 29.7

Retene 100.3 86.3 31.3 25.2 11.2 11.6 0.1 0.1 0.2 0.3

2-Me-Chrysene 89.4 102.9 20.6 22.1 11.7 12.4 7.4 4.4 24.8 14.8

1,3,6-Me3-Chrysene 90.4 81.4 15.7 19.1 15.6 21.0 0.5 0.1 1.6 0.2

1-Me-Fluorene 104.3 108.4 17.9 16.0 8.5 13.9 0.3 0.4 1.2 1.4

9-Bu-Fluorene 100.3 94.9 31.3 23.9 9.4 12.1 7.0 5.4 23.4 17.9

Benzothiophene 78.7 99.1 21.7 20.9 18.7 11.6 0.3 0.5 0.9 1.8

4-Me-
Dibenzothiophene 94.5 106.3 31.3 25.2 11.2 10.1 0.1 0.1 0.2 0.2

4-Bu-
Dibenzothiophene 105.2 89.1 20.5 20.1 9.4 12.8 1.2 3.1 4.3 10.2

1-Me-Pyrene 87.3 102.9 20.6 22.1 11.7 14.2 2.9 3.3 9.6 11.2

1-Bu-Pyrene 76.2 92.3 15.7 19.1 15.6 11.6 3.8 14.5 12.6 48.4

2,3-BNT 98.6 100.8 20.5 20.1 21.2 24.5 8.3 7.2 27.5 24.1
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For PAHs at the 10 pg/µL spiking level, accuracies were all between 60% and 110%,
which is commensurate with the criteria of the Association of Official Analytical Chemists
(AOAC), except for pyrene (52%) [42]. For PAHs at the 50 pg/µL spiking level, all accuracies
were between 80% and 115%, except for fluoranthene (134%) and pyrene (51%), and at
the 250 pg/µL spiking level, our accuracy ranged from 75 to 115%, except for pyrene
(125%). For APAHs, accuracies fell in the range of 70% to 105%. Representative GC-MS/MS
chromatograms showing ion traces of method blank, fortified plasma, and serum samples
(250 pg/µL) for PAHs is shown in Figure 2.
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Figure 2. GC/MS/MS ion chromatograms of PAHs in our method blank (top panel), fortified
(250 pg/µL) plasma (middle panel) and serum (bottom panel) bovine samples. The single peak in
chromatogram of the method blank is an interferent and has a different retention time to naphthalene.

Based on the Student t-test, there were no statistically significant differences in accura-
cies for PAHs at high spiking level (p < 0.05) in either of the two matrices. The recoveries of
pyrene in both matrices at the low (average 56%) and medium (average 57%) spiking levels
were smaller (Student t-test, p > 0.05) than those measured at the high dose (average 121%).
Furthermore, the recoveries of fluoranthene in both plasma and serum at the medium
(average 133%) spiking level were higher than those measured at the low and high doses.
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For all APAHs, there were no significant differences in recoveries at the spiking level
(50 pg/µL) in both matrices.

Precision (relative standard deviation, RSD) was assessed using interday and intraday
repeatability. For all PACs, precision was determined by using 6 replicates over 24 h
(intraday) and 6 replicates over consecutive days (interday) for bovine plasma and serum
matrices. For PAHs, RSD percentages were all between 2% and 20% (intraday) at all spiking
levels except for benzo(k) fluoranthene in the serum at the high (26%) spiking level and
fluoranthene in the plasma at the medium (26%) spiking level. Interday repeatability for
PAHs ranged from 4% to 20%, except for benzo(g,h,i), perylene (26%), and pyrene (average
23% in both matrices). For APAHs, only three compounds retene, 9-Bu-fluorene, and
4-Me-dibenzothiphene exceeded an intraday RSD of 30%. Intraday repeatability of all
APAHs was lower than 25%.

We used the Student t-test to compare the precision in both matrices. For PAHs at the
low dose, there were no statistically significant differences in RSD% between matrices. At
the medium and high spiking levels for a few compounds, RSD percentages were higher
(p < 0.05) compared to the low level. For all APAHs, there were no significant differences
in the precision at the spiking level (50 pg/µL).

The LODs/LOQs for PAHs in both plasma and serum were all less than 0.85/2.85 pg/µL,
respectively, except naphthalene (1.3/4.1 pg/µL). The LODs/LOQs for APAHs were all below
15/50 pg/µL.

Verification of our method was performed at a single medium dose of PAHs and
APAHs (50 pg/µL) in chicken plasma/serum matrices. Figures 3 and 4 show the com-
parison of recoveries of PAHs in bovine and chicken serum and plasma, respectively. We
compared the accuracy and precision in both matrices using the Student t-test. For both
PAHs and APAHs, there were no significant differences (p < 0.05) in the recovery and
RSD percentages at the stated spiking level (50 pg/µL), except for acenaphthylene (55%),
anthracene (55%), fluorene (52%), and phenanthrene (58%) between the two matrix types.
Even with these differences, in general, the comparison between the bovine and chicken
matrices were considered acceptable and suggest that the bovine serum/plasma was a
suitable surrogate matrix for our validation studies.
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Morin-Crini et al. used an ultra-turrax homogenizer to extract PAHs from the whole
blood of red kites. The average LODs was 0.71 pg/µL, RSD% was 16%, and recovery was
100% for all PAH compounds [33]. In another study, PAHs in avian blood cells and plasma
were extracted utilizing vortex and HPLC. The recoveries were in the range of 73–107%
with RSD < 5.2% [34]. Paruk et al. employed LLE to extract parent and alkylated PAHs from
loon plasma samples. The detection limits were 5.0 ng/g [36]. Troisi et al. extracted PAHs
of swan plasma samples by the addition of methanol followed by centrifugation. The limit
of detection was 1 ppm, and the recovery was 70–80% [37]. In general, the performance
characteristics of our study are similar to previous published studies with the additional
benefit of reduced sample processing times.

4. Conclusions

The results of our method validation demonstrated effectiveness and suitability of
the 3D microbead-beating homogenization approach for the extraction of PACs in blood
matrices (serum and plasma), particularly in comparison to SPE-based methods. Over-
all, the results from bovine serum/plasma were similar to those obtained with chicken
serum/plasma. The microbead-beating extraction increases mass-transfer of the target ana-
lytes from the matrix into the extraction solvent resulting in good recoveries. In addition,
low detection limits were achieved in concert with good repeatability (inter- and intra-day)
and linearity, measured according to AOAC and Eurachem criteria.
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