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ABSTRACT

An immunoaffinity chromatography (IAC) column was developed as a simple cleanup procedure for
preparing environmental samples for analysis of polychlorinated biphenyls (PCBs). Soil and sediment
samples were prepared using pressurized liquid extraction (PLE), followed by the IAC cleanup, with
detection by an enzyme-linked immunosorbent assay (ELISA). Quantitative recoveries (84-130%) of
PCB-126 were obtained in fortified sediment and soil samples using the PLE/IAC/ELISA method.
These results demonstrated that the IAC procedure effectively removed interferences from the soil and

sediment matrices. The IAC column could be reused more than 20 times with no change in performance
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with 99.9% methanol/0.1% Triton X-100 as the elution solvent. Results of 17 soil and sediment
samples prepared by PLE/IAC/ELISA correlated well with those obtained from a conventional multi-

step cleanup with gas chromatography/mass spectrometry detection.

KEYWORDS: Immunoaffinity chromatography (IAC); coplanar PCBs; soil; sediment; gas

chromatography/mass spectrometry; enzyme-linked immunosorbent assay (ELISA).

INTRODUCTION

Polychlorinated biphenyls (PCBs) are synthetic chemicals that were commonly used as plasticizers,
and in capacitors, transformers, and other electrical equipment for insulation. PCBs are a group of 209
different chemicals considered as pollutants of environmental and human health concern. They have
been linked to adverse health effects in adults and children (Johnson, et al., 1999; ATSDR, 2000; Aoki,
2001; Schantz, 2003) and are classified as probable human carcinogens by the U.S. Environmental
Protection Agency (EPA) (IRIS, 2002). The manufacture of PCBs was banned in the U.S. in 1977 and
other countries followed with the Stockholm Convention on Persistent Organic Pollutants in 2001,
however, they are still being detected in various environmental components (i.e., air, soil, dust, sediment
and food) (Chuang et al. 1998; ATSDR, 2000; Kohler et al. 2002; Wilson et al., 2003; Kim et al., 2004;
Sapozhnikova et al., 2004; Hopf, et al., 2009; Chovancova, et al., 2011; Fitzgerald, et al., 2011).
Elevated levels of PCBs in building caulking materials from around windows and in expansion joints in

masonry buildings have also been reported (Herrick, et al., 2004 and 2007; Van Emon, 2009).

The three non-ortho coplanar PCBs (PCB-77, PCB-126, and PCB-169) are most structurally similar to

2,3,7,8-tetrachlorodibenzo-p-dioxin and are considered the most toxic (van den Berg et al., 1998 and
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2006). Analytical determination of the coplanar PCBs with conventional methods usually involves an
acid wash frequently coupled with either gel permeation chromatography (GPC), or silica/Florisil
column chromatography, with gas chromatography/mass spectrometry (GC/MS) or electron capture GC
detection (Kohler et al. 2002; Wilson et al., 2003; Kim et al., 2004; Sapozhnikova et al., 2004). Simpler,
cost-effective, high-sample throughput cleanup and detection methods may assist in environmental site

monitoring and human exposure assessment studies for the PCBs.

IAC combines the advantages of solid phase extraction (SPE) with the specificity of the antibody-
antigen (Ab-Ag) interaction. IAC columns have been developed but not employed in large scale for
small molecule environmental contaminants (Van Emon et al., 1998; Carrasco et al., 2001; Concejero et
al., 2001; Wu et al., 2001; Shelver et al., 2002; Kaware et al., 2006; Altstein, et al., 2007; Chuang et al.,
2007). Immunoassay methods have been developed for detecting PCBs at submicrogram levels
depending on the congener and the sample processing procedure (Johnson et al., 1996; Van Emon et al.,

1992, 2001, 2007; Glass, et al., 2005; Lin, et al., 2008; Tustsumi, et al., 2008; Altstein, et al., 2010).

Described here are: (1) the development of an IAC column with polyclonal rabbit anti-PCB antibodies
(Abs) and HiTrap NHS activated Sepharose resin, (2) the development of a PLE method in tandem with
an IAC column cleanup and ELISA detection (PLE/IAC/ELISA) and (3) the comparative results
generated from different sample preparations (multi-step cleanup, acid wash, and 1AC) and detection

techniques (GC/MS and ELISA) for coplanar PCB analysis in soil and sediment samples.

EXPERIMENTAL SECTION

Samples. Seventeen sediment and soil samples from various sampling locations in a field study

conducted under the U.S. EPA Superfund Innovative Technology Evaluation Monitoring and

Measurement Technology program were used for method validation (U.S. EPA, 2004; Dindal et al.,
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2007).

Chemicals. Distilled-in-glass grade dichloromethane (DCM), hexane, dimethyl sulfoxide (DMSO),
ethyl ether (EE), methanol, toluene, polypropylene glycol (PPG) were from VWR (West Chester, PA).
PCB standards were obtained from Cambridge Isotope Laboratories (Andover, MA). Polyclonal anti-
PCB Ab (which bound primarily with PCBs 126 and 169) and ELISA testing kits were from Abraxis
(Warminster, PA). Glass fiber filters were from Dionex (Sunnyvale, CA). Polymeric Poros resin and
silica gel (3-aminopropyl) were purchased from Fisher Scientific (Fair Lawn, NJ). Protein-Pak resin was
from Waters (Milford, MA) and Affi-gel 102 was from Bio-Rad Laboratories (Richmond, CA). HiTrap
NHS-activated Sepharose (referred hereafter as Sepharose) columns were purchased from Amersham
Biosciences (Piscataway, NJ). Non-specific rabbit 1gG Ab, bovine serum albumin (BSA), phosphate
buffered saline (PBS), PBS containing 0.1% Triton X-100 (PBST), PBS containing 0.1% Tween 20,
sulfuric acid, and anhydrous sodium sulfate were obtained from Sigma (St. Louis, MO). Hydromatrix

(diatomaceous earth) was purchased from Varian (Walnut Creek, CA).

IAC Development. Five types of control columns were prepared with non-specific rabbit 1gG Ab or
BSA using (1) Polymeric Poros resin, (2) Protein-Pak resin, (3) Affi-gel 102 (aminoalkyl agarose), (4)
silica gel (3-aminopropyl functionalized) and (5) Sepharose resin. Two types of IAC columns were
prepared with polyclonal anti-PCB Abs with (1) Affigel and (2) Sepharose. Different combinations of
loading solvents (10-25% methanol in water or in PBS) and elution solvents (50-75% methanol in PBS
and 100% methanol) were employed. Sepharose resin yielded the best performance results among the
five materials tested and was selected for the final development of the IAC procedure. Additional
loading solvents evaluated for the Sepharose IAC column were: 1%, 10%, and 25% DMSO in PBST;
1% PPG/20% methanol in PBST; 10% and 20% methanol in PBST; and 10% methanol in PBS with

0.1% Tween 20. In each experiment, the control or IAC column was conditioned with 5 mL of PBS,
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followed by 3mL of the loading solvent. After application of a known amount of PCB-126 to the
conditioned column, the column was incubated at room temperature for 5 min; washed with 3 or 5 mL
of the loading solvent; and eluted with 5 or 10 mL of elution solvent. The elution solvent used for the
control column experiments was 100% methanol (1 x 10 mL). Three types of elution solvents were
tested for the IAC column: 100% methanol, 99.9% methanol in PBST, and 95% methanol in glycine
buffer with 0.1% Triton X-100 (1 x 5 mL or 1 x 10 mL). The flow-through, the wash, and the eluant
were analyzed by ELISA. The final optimized IAC procedure is described below for soil and sediment

samples.

Extraction of Soil and Sediment. Soil and sediment samples were extracted according to the
procedures described in Misita et al., (2003) using a PLE system (ASE 200, Dionex Corp., Sunnyvale,
CA, USA) equipped with 33 mL extraction cells. Briefly, an aliquot (10 g) of each sample was mixed
with Hydromatrix and extracted with DCM. For fortified samples, a known amount of PCB-126 was
spiked onto the soil or sediment prior to extraction. The extractions were performed at 2000 psi at 125°C
for 3 cycles of 10 minutes each with a 60% flush. The DCM extracts were then dried with anhydrous
sodium sulfate and concentrated to 10 mL. Each sample extract was subjected to various cleanup

procedures for either ELISA or GC/MS analysis.

IAC for Soil and Sediment. An aliqguot of DCM sample extract was solvent-exchanged into
methanol and diluted to 20% methanol in PBST for IAC cleanup. A quality control (QC) solution of
PCB-126 (10 ng mL™) was processed through the IAC column before and after each sample set. The
IAC column was conditioned with 5 mL of PBS and 3 mL of the loading solvent (20% methanol in
PBST). After applying 1 mL of the QC standard or sample onto the conditioned IAC column, the

column was incubated at room temperature for 5 min. The column was then washed with 3 mL of the
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loading solvent and the analyte eluted with 3 mL of the elution solvent (99.9% methanol in PBST) in a
fraction designated as F1, followed by an additional 2 mL of elution solvent (F2). The IAC column was
reconditioned with 5 mL of PBS for subsequent sample loading. A 5 mL aliquot of buffer (0.05 M

Na,HPO,, 0.1% NaNs3, pH 7) was added after the reconditioning step for column storage.

Acid Wash. An aliquot of DCM sample extract was solvent exchanged into 1 mL of toluene. An
aliquot (4 mL) of concentrated sulfuric acid was added to the toluene extract and agitated via a VVortex
mixer for 1 min. After the two layers settled, the aqueous layer was discarded and the washing step was
repeated until the aqueous layer was colorless. An aliquot (800 pL) of the top layer was then removed,
evaporated to dryness under nitrogen, re-dissolved with 1 mL of methanol, and diluted with 1 mL of

water (distilled) for ELISA.

Multi-Step Cleanup. Sample extracts for GC/MS analysis were prepared by a multi-step cleanup
(Wilson et al., 2003). Briefly, the DCM extracts were concentrated and fractionated by GPC to isolate
the PCBs. The target fraction was solvent exchanged into hexane and applied to a Florisil SPE column,
preconditioned with 50% EE in hexane and 100% hexane. The fraction that eluted with 15% EE in

hexane was concentrated and analyzed by GC/MS.

ELISA Analysis. An aliquot (50 uL) of anti-PCB Ab was first added to each antigen-coated well of
a 96-well plate. Next an aliquot (50 uL) of each calibration solution (0, 25, 50, 100, 250, 500, 1000 pg
mL™ of PCB-126), negative and positive control solutions, and sample extracts were added to the
appropriate wells and incubated at room temperature for 30 min. An aliquot (50 pL) of the enzyme

conjugate solution was then added to each well. The plate was incubated at room temperature for 90
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min. The content of the wells were then discarded and the plate was washed with 3 x 250 pL of the
washing buffer. After the final wash, an aliquot (150 pL) of the colorimetric enzyme substrate solution
was added, followed by an incubation. The absorbance of each well was determined at 450 nm using a
Molecular Devices Spectra Max Plus microplate spectrophotometer (Sunnyvale, CA). Data processing

was performed with SOFTMaxPro software version 2.1.1.

GC/MS Analysis. A 70 eV electron impact GC/MS (Hewlett-Packard) operated in the selected ion
monitoring mode was used. Data acquisition and processing were performed with a ChemStation data
system. The GC/MS procedure was based on key components of the PCB congener analysis approach
described in EPA Method 1668A (U.S. EPA, 1999) and followed the overall procedural guidance of
EPA Method 8270D (U.S. EPA, 2006). The GC column was a DB-XLB fused silica capillary (60m x
0.25 mm, 0.25 um film thickness). Helium was used as the GC carrier gas. Following injection, the GC
column was at 60°C for 1 min, temperature programmed to 140°C at 10°C/min, at 0.9°C/min to

220°C/min, and at 5°C/min to 290°C (held for 15 min).

RESULTS AND DISCUSSION

Development of IAC Column. Initial evaluation of the column supporting materials indicated
quantitative recoveries were achieved with the Affi-gel (96%) and Sepharose (102%) control columns
but not with the Polymeric poros, Protein-PaK, or silica gel columns. Affi-gel and Sepharose were then
chosen as resins for the IAC column with 100% methanol as the elution solvent. Quantitative recoveries
(72%) of PCB-126 were achieved for the Sepharose IAC column but not for the Affi-gel IAC column

(23%). Thus, Sepharose was selected as the support material for the further development of an IAC
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column for PCBs.

Average coupling efficiency for the two Sepharose IAC columns was 98+0.5%. The maximum
binding capability of the IAC columns was examined by sequential application of PCB-126 to the IAC
column until PCB-126 was detected in the flow-through. The results showed that similar maximum
loading (~250 ng in 1 mL resin bed) was observed from the two columns and decreasing the amount of

methanol in the loading solvent (25% to 10%) did not increase the maximum loading of PCB-126.

Various types of loading solvents were evaluated to minimize the non-specific binding of PCB-126 to
the Sepharose. A dilution factor of 200 for the sample containing 0.1% Tween 20 was necessary to
remove the high background in the ELISA. Matrix interference from a PPG solvent mix was also
observed and a dilution factor of 50 was required prior to ELISA. The Sepharose resin shrunk when
exposed to 10% or 25% of DMSO in PBST. These solvents were excluded as loading solvents. ELISA
results showed that PCB-126 was not detected in any of the flow through or wash of the Sepharose
control column when 10-25% methanol in water or PBS (5 mL) were used as the loading solvents.
Recoveries of PCB-126 in the control column flow-through and wash ranged from 88 to 110% when
10%-25% methanol in PBST were used as the loading solvents. These findings suggest that the
nonspecific binding was reduced as surfactant was added to the loading solvent. Using these three
solvents, PCB-126 was not detected in the flow-through from the IAC column but passed through each
control column. These results suggested that the specific binding of PCB-126 to the IAC column is due
to the Ab-Ag interaction.

Three elution solvents including 100% methanol, 99.9% methanol in PBST and 95% methanol in
glycine buffer with 0.1% Triton were evaluated using the same loading solvent (20% methanol in
PBST). Cumulative and quantitative recoveries (96-115%) are shown in Figure 1 for the three elution
solvents. Note that the majority of the PCB-126 was eluted in the first 3 mL of the elution solvent and

only a residual amount of the PCB-126 was present in the next 2 mL. A neutralization step prior to
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ELISA was required for the 95% methanol in glycine buffer with 0.1% Triton. Slightly better recoveries
of PCB-126 were obtained using 99.9% methanol in PBST as compared with 100% methanol.
Column-to column variability was determined using standard solutions applied to the IAC columns
and analyzed by ELISA. Quantitative and reproducible recoveries (96£13%) of PCB-126 were obtained
from the two IAC columns. PCB-126 was stable in the loading solvent (20% methanol in PBST) at -
20°C in the dark for 7 days. These results supported the selection of 20% methanol in PBST and 99.9%
methanol in PBST as the loading and elution solvents for processing the real-world soil and sediment

samples.

PLE/IAC/ELISA for Soil and Sediment. The Sepharose IAC columns were challenged with 17
contaminated soil and sediment samples. The samples were extracted using PLE and the resulting
extracts underwent cleanup by IAC and were analyzed by ELISA. Duplicate ELISA analyses were
performed and the means of the duplicate values were used to calculate the final concentrations. Data
acceptance criteria for the ELISA were established and used as guidance for sample analysis. The four
parameter curve-fit values of: (a) upper asymptote, (b) slope, (c) ICs, and (d) lower asymptote were
generated for each calibration curve. Figure 2 displays a typical calibration curve for PCB-126. The %
relative difference (%D) of the duplicate analyses was within 30% for standard solutions (0.88-29%)
and for sample extracts (0.27-29%). Day-to day variation of the ELISA based on 10 standard curves
generated on different days, expressed as the % relative standard deviation (RSD) of the 1Cso, was
within £15% (430458 pg mL™). The %D values of the same sample analyzed on different dates were
within £20%. The R? value of each calibration curve was greater than 0.99 (0.997+0.003). Recoveries
of the back-calculated standard solutions were generally greater than 80% of the expected values. If the
ELISA result was outside the calibration range, the sample extract was diluted and re-assayed. Negative
control (0 pg mL™) and positive control (50-500 pg mL™) standard solutions were also analyzed on each

plate. Method blank and negative control sample values were below the assay detection limit (25 pg mL"
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1). Quantitative recoveries ranging from 76 to 113% (average of 93+14%) were obtained for the positive
controls. The overall assay precision was within £30% and the overall accuracy for PCB-126 was
greater than 70%, which are comparable with results obtained by GC/MS analysis (typically precision

within £20% and accuracy >80%).

The precision and accuracy of the PLE/IAC/ELISA method were evaluated with real world soil and
sediment samples previously determined to contain PCBs (unpublished data). The samples were spiked
with PCB-126 at 2, 5, and 10 ng g™* and both the nonspiked and spiked samples were processed through
the PLE/IAC/ELISA. Quantitative recoveries of PCB-126 were achieved in the spiked samples
(108+21%) by the PLE/IAC/ELISA method. Quantitative recoveries of PCB-126 were also obtained in
the post-spiked PLE sample extracts (103+16%) using IAC cleanup followed by ELISA. The %D
values of the same sample extract from two different dilutions, within the assay calibration range, were
less than 20% (0.16-17%). These findings demonstrated that the IAC was an effective alternative
cleanup procedure in removing interference components from the soil and sediment samples.
Recoveries of the QC standard (10 ng mL™ of PCB-126) processed through the IAC column before and
after processing each set of field samples ranged from 82 to 113% indicating that the IAC column was
functioning properly after processing several real-world samples. In summary, overall method precision
(PLE/TAC/ELISA) was within £20% and the overall recovery for PCB-126 in soil and sediment was

greater than 80%.

Analytical Methods Comparison. Different aliquots of 17 soil and sediment samples were prepared
and analyzed by three different analytical methods: (1) PLE/multi-step cleanup/GC/MS, (2) PLE/acid
wash/ELISA, and (3) PLE/IAC/ELISA. The same PLE extraction conditions were used in the three
analytical methods. Sample matrix interference was observed for the soil and sediment sample extracts

without any cleanup procedures by either GC/MS or ELISA detection. A multi-step cleanup procedure
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was required in order to achieve quantitative recoveries (86-135% of the spiked coplanar PCBs in soil
and sediment samples) by GC/MS. The matrix interference for ELISA was removed by either IAC or
an acid wash but repeated acid wash steps were required for some samples. Recoveries of PCB-126
determined by ELISA in the matrix spiked soil and sediment samples/sample extracts ranged from 68 to
147% by acid wash and from 84-130% by IAC. Among the three cleanup methods, the IAC procedure
is the least labor-intensive and provides the highest sample throughput. The most complicated and time-

consuming procedure is the multi-step cleanup required for the GC/MS analysis.

The two detection techniques (ELISA and GC/MS) utilize different principles in determining coplanar
PCBs. The ELISA was calibrated against PCB-126 and provided a single measurement representing the
PCB-126 equivalent (EQ) value in a given real-world sample. This value accounts for the levels of other
PCB congeners that respond to the Ab due to cross reactivity (CR). CRs provided by the ELISA kit
were 100% for PCB-126, 300% for PCB-169, 5.3% for PCB-77, 3% for PCB-189, 2.7% for PCB-81,
and less than 1% for the remaining seven coplanar PCBs (0.5-0.07%). The ELISA had very low CRs to
Aroclors (<0.1%). In contrast, the GC/MS-derived results provided specific measured concentrations for
each of the 12 coplanar PCBs. The ELISA-derived PCB-126 EQ values were compared with the sums
of 12 coplanar PCBs derived by GC/MS for determination of the PLE/IAC/ELISA as a screening

method.

Summary statistics for the soil and sediment samples analyzed by the three analytical methods are
shown in Table 1. A wide concentration range was observed in the 17 soil and sediment samples. The
highest coplanar PCB concentration as determined by all three methods was found in the soil sample
taken from a PCB landfill site. In general, the ELISA-derived PCB-126 EQ concentrations were similar
to or higher than the sums of the 12 coplanar PCBs by GC/MS. Similar ELISA-derived PCB-126 EQ
values were obtained in most samples using two different cleanup procedures (acid wash and IAC). The

higher ELISA-derived PCB-126 EQ data could be due to the CR for other PCBs and/or PCB-like
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compounds that were not measured by GC/MS but have a high likelihood of being present in the
samples. ELISA-derived PCB-126 EQ values and GC/MS-derived sums of 12 coplanar PCBs for all the

samples were highly correlated, with a correlation coefficient of 0.99.

An effective screening method is expected to have zero false negative and low false positive rates
when compared with an established standardized method. Table 2 summarizes the false positive, false
negative, true positive, and true negative rates of the PLE/IAC/ELISA method. The measurements
derived from the PLE/multi-step cleanup/GC/MS were treated as reference values and the ELISA-
derived PCB-126 EQ values were compared with the sums of 12 coplanar PCBs at four concentration
levels (1, 10, 100, and 1000 ng g). The false negative rates were 0% at the four comparative levels for

all samples (N = 17). The false positive rates were 0% at 1 and 1000 ng g™ and 6% at 10 and 100 ng g*.

CONCLUSIONS

Coplanar PCB IAC columns were made by immobilizing anti-PCB antibodies onto a Sepharose
column. The optimized loading and elution solvent systems for the IAC column were 20% methanol in
PBST and 99.9% methanol in PBST, respectively. The coupling efficiency for the IAC columns was
98% and the maximum loading of PCB-126 for the IAC columns was approximately 250 ng of PCB-
126 in 1 mL of resin bed (4.8 mg of Ab). The IAC columns are robust and can be regenerated and
reused for multiple samples in a routine laboratory operation. The binding efficiency did not decrease
after processing more than 20 spiked and non-spiked soil and sediment sample extracts and numerous

standard solutions.

Coupling PLE with immunochemical cleanup and detection methods provided a new tandem approach
(PLE/TIAC/ELISA) for monitoring coplanar PCBs. Quantitative recoveries (84-130%) of PCB-126 were

achieved in the fortified soil and sediment samples. The ELISA-derived PCB-126 EQ levels correlated
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well, but were generally higher than the GC/MS-derived sums of 12 coplanar PCBs. The 0% false
negative rate and low false positive rate (0% or 6% depending on the threshold level) observed in the 17
environmental samples indicate that the PLE/IAC/ELISA can be an effective screening method for

coplanar PCBs in soil and sediment.
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