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Abstract

Conventional PAH analytical methods are time-consuming and expensive, limiting their utility
in time sensitive events (i.e. oil spills and floods) or for widespread environmental monitoring.
Unreliable and inefficient screening methods intended to prioritize samples for more extensive
analyses exacerbate the issue. Antibody-based biosensor technology was implemented as a
quantitative screening method to measure total PAH concentration in adult oysters (Crassostrea
virginica) — a well-known bioindicator species with ecological and commercial significance.
Individual oysters were analyzed throughout the historically polluted Elizabeth River watershed
(Virginia, USA). Significant positive association was observed between biosensor and GC-MS
measurements that persisted when the method was calibrated for different regulatory subsets of
PAHSs. Mapping of PAH concentrations in oysters throughout the watershed demonstrates the
utility of this technology for environmental monitoring. Through a novel extension of equilibrium
partitioning, biosensor technology shows promise as a cost-effective analysis to rapidly predict
whole animal exposure to better assess human health risk as well as improve monitoring efforts.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHS) are a class of organic contaminants known

for their ubiquity and persistence in the environment and their toxic, mutagenic, and
carcinogenic potential (Chapman, 1990; Latimer and Zheng, 2003; Lawal, 2017). In

the environment, PAHSs exist as complex mixtures comprised of hundreds of different
compounds. Natural processes such as volcanic eruptions, forest fires, and oil seeps release
PAHSs, but emissions from anthropogenic sources such as fossil fuel burning, production of
coal-tar derivatives, and oil spills are major sources of PAH pollution in the environment
(Neff et al., 2005; Abdel-Shafy and Mansour, 2016). Of particular concern is legacy
contamination related to unregulated industrial discharge of PAHSs prior to the US Clean
Water Act of 1972, as well as increased PAH loads from non-point sources (e.g. vehicle
exhaust) due to urbanization and continued reliance on fossil fuels (Wolfe et al., 1996; Van
Metre et al., 2000; Walker et al., 2005; Minick and Anderson, 2017). As of 2019, PAHs are
ranked within the top ten pollutants on the substance priority list of the Agency for Toxic
Substances and Disease Registry (ATSDR) based on their frequency of detection, toxicity,
and potential for human exposure at Superfund sites (ATSDR, 2020).

The distribution of PAHSs in the aquatic environment is driven by their hydrophobicity

and lipophilicity (Latimer and Zheng, 2003). PAHSs can exist in different environmental
phases including bound to organic sediments, lipid-bound within biological tissues via
bioaccumulation, or freely dissolved in water at very low concentrations (Neff et al., 2005;
Burgess et al., 2003). Sediment serves as a significant repository for PAHs as they readily
sorb to the nonpolar, organic regions of sediment particles (Neff et al., 2005). When phases
are at assumed equilibrium, the distribution of PAHs in the environment is proportional
between phases via partitioning coefficients, or equilibrium constants. By using a simple
ratio calculation, an unknown concentration of PAHSs in one phase can be deduced by
dividing the partition coefficient by the known concentration in another phase. The utility
of the equilibrium partitioning (EqP) theory is observed in previous assessments of PAH
bioavailability in which known concentrations in hydrophobic phases are used to estimate
low PAH concentrations in the dissolved aqueous phase. The dissolved phase has the most
potential for biological uptake but is difficult to measure by conventional analytical methods
due to limitations in sample volume requirements. A prominent example of the utility of

the EgP theory in bioavailability assessments is its fundamental role in techniques using
polymer-based passive sampling devices (PSD). Based on the contaminant concentration
sorbed within the PSD and the known partition coefficient, the freely dissolved PAH fraction
can be estimated (DiToro et al., 1991; Leslie et al., 2002; Vrana et al., 2005; Ghosh et al.,
2014; Mayer et al., 2014).

As sessile benthic filter feeders, bivalve molluscs such as oysters are highly sensitive

to bioaccumulation of lipophilic PAH due to their detritivore feeding habits as well as

their low metabolic capacity (James, 1989). PAH levels in bivalve tissue are among the
highest observed in all food products, posing a potential human health risk (EFSA, 2008).
Accordingly, oysters are a well-known biomonitoring species with widespread ecological
significance and have served as a key sentinel species in the NOAA Mussel Watch Program
since its establishment in 1975 (Farrington et al., 1983, 2016; Wade et al., 1998). For
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degraded estuarine sites, oyster restoration is a valuable remediation strategy that provides
an array of ecosystem services such as stabilizing shorelines and supplying protective
habitat for epibenthic fauna and juvenile fish (Grabowski et al., 2012). With a native habitat
distribution ranging 8000 km from Canadian maritime provinces to the Gulf of Mexico as
well as Panama and the Caribbean islands, the eastern oyster (Crassostrea virginica) is an
internationally important commercial seafood product (NMFS, 2007). In 2020, C. virginica
commercial fishery landings garnered over $140 million in the United States alone (NMFS,
2015).

While a multitude of PAHs compounds exist in the environment, regulatory bodies often
base maximum acceptable levels on the concentrations of a subset of target PAHs. The
subset of compounds analyzed in such assessments are considered priority pollutants due

to their frequency and occurrence in environmental samples as well as their toxicity and
potential for human exposure (ATSDR, 2020). Subsets of priority PAHs can vary depending
on the regulatory agency and endpoint of concern. The list of 16 priority PAHs issued by
the U.S. Environmental Protection Agency (EPA) is commonly analyzed for environmental
risk assessments and monitoring. This list was originally developed to assess human health
risk from drinking water, but these compounds have since served as target analytes in food-
related risk assessments (Andersson and Achten, 2015). Although there is no legislation on
maximum acceptable PAH levels in food in the United States, the European Food Safety
Authority (EFSA) within the European Union regulates PAH levels in a wide variety of
food products entering the market. As of 2011, maximum levels have been set for benzo

[a] pyrene and the sum of 4 PAH compounds, benzo [a] pyrene, benz [a] anthracene,

benzo [b] fluoranthene, and chrysene (PAH4), in fresh, chilled, or frozen bivalves (EC
835/2011) through the European Committee for Standardization (CEN)-accepted GC-MS
gas chromatography—mass spectrometry (GC-MS) method (EN 16619: 2015) (European
Union, 2011). Adopted by the EPA in 1984, the toxic equivalency factor approach to human
health risk assessments considers carcinogenic potency of individual PAH compounds (EPA,
1984; Nisbet and LaGoy, 1992). In this technique, individual PAH concentrations are
converted to their toxic equivalent concentration relative to benzo [a] pyrene (BaPE) and
used to assess cancer risk from exposure (EPA, 1984; Nisbet and LaGoy, 1992; ATSDR,
1995). This method has also been utilized by the FDA following the Deepwater Horizon

oil spill in 2010 and the Virginia Department of Health’s Division of Shellfish Sanitation
(VDH-DSS) in 2012 (VDH, 2012).

Standard chemical analyses such as (GC-MS) to quantify PAH levels in seafood are

often time-consuming, labor-intensive, and expensive on a per sample basis (Mauseth and
Challenger, 2001; Mastovska et al., 2015; Zhang et al., 2018; Felemban et al., 2019).
Additionally, complex sample extraction and clean up methods prior to analysis require
large volumes of hazardous organic solvents (Farré et al., 2010). In large scale surveys

or in rapid response scenarios (e.g. oil spills or flooding events), employment of GC-MS
alone is inefficient due to slow assessment time and cost. Methods exist to quickly and
inexpensively screen samples for further GC-MS analysis such as high-performance liquid
chromatography coupled with fluorescence detection (HPLC-FLD); however, this method is
limited in its sensitivity and accuracy and it still requires multiple steps of sample processing
and preparation (Plaza-Bolafios et al., 2010; Zelinkova and Wenzl, 2015). For seafood

Environ Technol Innov. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prossner et al.

Page 4

contamination assessment following an oil spill, sensory analysis (i.e. sniff-testing) has been
used to prioritize samples for further GC-MS analysis based on the detection of petroleum
taint in the seafood sample (US Food and Drug Administration (FDA), 2010; Moller et al.,
1999). This testing is conducted by a panel of experts that have undergone highly specialized
training (Yender et al., 2002); however, results may be unreliable due to the sensitivity

and experience of panel members as well as compromised sample integrity due to factors
unrelated to petroleum (e.g. putrefaction or fecal contamination) (Mauseth and Challenger,
2001). Additionally, sensory analysis is not a quantitative approach — PAH levels and
relative toxicity remain unknown until GC-MS analysis. Faster, more cost-effective, and
reliable screening methods that can measure PAH levels in seafood are needed to better
assess human health risk.

In an effort to provide faster, economical and reliable PAH analyses, a variety of
immunoassay methods have been examined for the detection and quantification of PAH

in environmental samples (EPA, 1996a,b; Spier et al., 2012; Behera et al., 2018). Our lab
has developed a rapid, near-real-time method for PAH quantitation using the KinExA Inline
Biosensor (Sapidyne Instruments, Boise, ID) and a mouse-derived anti-pyrene-butyric acid
monoclonal antibody, 2G8, with previously demonstrated uniform selectivity for a range of
3-5ring PAHSs (Li et al., 2016). Additionally, the biosensor is a user-friendly instrument
that can directly analyze environmental samples (i.e requires minimal sample preparation).
It has been used to quantify PAH in porewater samples in the Chesapeake Bay and Houston
ship channel and has demonstrated strong positive correlation with PAH measurements of
sediment porewater when using passive sampling and GC-MS (Hartzell et al., 2017; Conder
et al., 2021; Camargo et al., 2022).

Serving as the study area, the Elizabeth River is a tidal estuary in southeastern Virginia
(USA) surrounded by four major cities and comprised of the Eastern, Western, and Southern
branches and the Lafayette River. The Elizabeth River was selected on the basis of
significantly elevated PAH levels observed in sediment throughout the river due to numerous
military and industrial activities. Coal and petroleum storage and transport, shipbuilding

and repair activities, as well as creosote-based wood treatment facilities active until the
1990s were predominant sources of PAH pollution. Atlantic Wood Industries, a designated
Superfund Site, was one of three major wood treatment facilities located in this river. In
2004, the Elizabeth River had the highest known PAH concentrations in sediment worldwide
and has been a site for ongoing remediation efforts (DiGiulio and Clark, 2015).

The purpose of this study is to evaluate antibody-based biosensor technology as a rapid
screening method to measure PAH concentrations in adult oysters (C. virginica) and assist
in regulatory assessments and environmental monitoring. Through a novel extension of
the equilibrium phase partitioning theory, we hypothesize that a strong association will be
observed between biosensor measurement of aqueous phase concentrations and GC-MS
measurement of tissue concentrations in field-collected oysters. Based on this association,
near real-time biosensor measurements can be used to predict tissue concentrations for
rapid quantitative screening. Evaluation of the biosensor screening method consisted of

a linear regression analysis comparing biosensor measurements of PAH concentrations to
that of GC-MS. To relate the PAH totals screened by biosensor to human health risk,
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mean biosensor measurements of total PAH concentration per site were then compared
to the respective summations of several regulatory PAH subsets involved in determining
human health risk. Lastly, to demonstrate the utility of the biosensor screening method in
environmental monitoring efforts, biosensor-derived concentrations in oysters throughout
the Elizabeth River watershed were mapped and compared to known historic sediment
concentrations.

2. Materials and methods

2.1. Sample collection

Oysters were sampled from beach shorelines as well as bridge and pier pilings at twenty-one
sites throughout the Elizabeth River watershed (listed in Tables 1 and 2) and transported
from the field on ice. In the laboratory, whole oysters were stored at —20 °C and thawed at
room temperature for processing. Oyster interstitial fluid, defined as the fluid pooled in the
shell cavity upon opening of the thawed oyster, was collected from individual oysters with a
glass disposable Pasteur pipet, filtered through a 0.45 pm PTFE syringe filter and then stored
in 20 mL glass scintillation vials. Biosensor analysis (see below) was employed to measure
PAH concentration in interstitial fluid from six individual animals per site. Soft tissues from
the same six individual oysters per site were homogenized and pooled to provide sufficient
sample material to achieve a sensitive detection limit for GC-MS analysis. The composite
tissue samples were stored at —20 °C until extraction and further preparation for GC-MS
analysis. A schematic of the experimental design is presented in Fig. 1.

2.2. Biosensor analysis of PAHs

Features and design for the KinExA Inline Sensor as well as development and screening
procedures for the monoclonal anti-PAH antibody (mAb 2G8) employed in this study have
been previously described (Bromage et al., 2007; Spier et al., 2011; Li et al., 2016). The
Inline instrument uses computer programmable fluidics to process up to eight samples in
series and provides precise quantitative measurements of the total concentration of 3-5
ring PAHs when using the 2G8 monoclonal antibody (Li et al., 2016). The instrument
functions as a kinetic assay: the antibody binds to PAH in the aqueous sample initially,
then the sample-antibody mixture is passed over a stationary antigen in the detector flow
cell where free unbound antibody is retained and measured. The 2G8 antibody used in this
study contains a covalently bound fluorescent tag (648 nm) measured by the instrument
so the biosensor signal response (dV) is inversely proportional to the PAH content in the
sample. The automated sample processing cycle takes less than ten minutes and includes
steps for mixing the sample with the antibody, rinsing the flow cell and replacing and
loading of antigen coated beads for the next sample in the cycle. Each day prior to sample
analysis a six-point calibration curve is generated using double-deionized water (ddH20)
as an analytical blank and a dilution series of phenanthrene standards with concentrations
ranging from 0.5 to 2.5 ug/L to determine the linear range of the detector’s dV response
via log-linear regression analysis. Based on the signal response measured in the oyster
interstitial fluid sample, PAH concentrations were calculated and reported in pg/L.

Environ Technol Innov. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prossner et al. Page 6

2.3. GC-MS analysis

GC-MS analyses were conducted using standard protocols described previously (Unger

et al., 2008; Li et al., 2016). In brief, composite tissue samples were freeze-dried in
pre-cleaned glass troughs. Samples and laboratory blanks were spiked with a deuterated
surrogate PAH standard and extracted using a Dionex® (Bannockburn, IL) accelerated
solvent extractor (ASE 300) with 100% dichloromethane. The sample volumes were reduced
under a gentle stream of nitrogen at 40 °C in a TurboVap® evaporator. Following a standard
protocol, a high-performance liquid chromatograph with a gel permeation column was

used for size exclusion separation. The samples were fractionated, and polar compounds
removed via open column chromatography containing 10.0 g of deactivated silica gel

eluted with 100% hexane followed by an elution with 80/20% hexane/dichloromethane.

The extracts were solvent exchanged to 100% dichloromethane, concentrated to a final
volume. Calibration standards and samples were spiked with 0.1 mL of internal standard,
p-terphenyl. A 7- to 10-point calibration curve was generated for analysis of individual

PAH analytes and surrogate standards. A total of 64 analytes — both methylated and parent
compounds were measured and include the priority PAHSs utilized in subsequent calibrations
to regulatory subset lists (Table S1). PAH measurements in tissue are reported in pg/kg wet
weight. Average surrogate standard recoveries are also reported.

2.4. Statistical methods

Using R statistical computing and graphics software, simple linear regression models were
used to examine associations. A 95% confidence band around the regression was determined
through #based approximation in R. The regression line of best fit is described by the
following equation:

y=bx+a

where xand yserve as independent and dependent variables, respectively. For this study, x
represents biosensor-measured PAH concentrations in oyster interstitial fluid and y serves as
the GC-MS-measured PAH concentrations in oyster tissue. The regression slope, b, serves
as the partition coefficient between interstitial fluid and soft tissues. The y-intercept for the
model is a.

2.5. Evaluation of instrument precision and method detection limit for biosensor

An aliquot of oyster interstitial fluid was measured in triplicate for six oysters from three
sites (3 samples per oyster; 18 samples per site; 54 samples total). The three sites, MP2,
JCBR, and RS, were selected to represent high-, mid-, and low-range PAH concentrations of
the dataset to assess the biosensor’s performance at each level. The method detection limit
(MDL) was determined following the EPA standard procedure described in EPA 821 - R

- 16 - 006 (EPA, 2016). Briefly, an initial MDL was estimated by subtracting three times
the standard deviation of a set of method blanks from the mean-determined concentration. A
spiking level of 0.5 pg/L was selected based on the estimated MDL. A minimum of 7 spiked
samples and 7 method blanks (ddH20) were prepared on 6 separate calendar days and
analyzed on 6 separate calendar days. A Welch’s t-test was conducted to compare means of
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method blanks to spiked samples, to ensure spiking levels were significantly different from
zero. Based on a p< 0.05, the null hypothesis of equal means could be rejected. An MDL
was calculated based on spiked samples and method blanks, MDL¢ and MDL, respectively.
The greater of MDLg and MDLy, was selected as the initial MDL.

2.6. Method calibration to priority PAH subsets

Calibration to EU Regulations (EFSA-4)—From the total 64 analytes targeted

for GC-MS analysis of Elizabeth River oysters, concentrations for the EFSA-4 subset
(benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[a]pyrene) were summed for each
site (see Table S3 for calculations). The maximum acceptable level for the sum of the 4
PAHSs is 30 pg/kg wet weight (Regulation (EU) No. 835/2011) (European Union, 2011).

Dry weight concentrations were converted to wet weight by multiplying by the total percent
moisture loss from freeze-dried tissue samples. Elizabeth River oyster sampling sites were
evaluated against this regulatory limit.

Calibration to VDH oyster consumption advisory guidelines (VDH-15)—
Calibration for this assessment was based on the 2012 Health Consultation released

by VDH (VDH, 2012). Fifteen PAH compounds were selected on the basis of

their known toxicity through evaluations by the Agency for Toxic Substances and

Disease Registry (ATSDR) (ATSDR, 1995). The Division of Environment Epidemiology
(DEE) of the VDH used toxicity equivalency factors (TEF) to assess the carcinogenic
potential of the 15 PAHSs analyzed (acenanapthylene, acenapthene, fluorene, phenanthrene,
anthracene, fluoranthene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[a]pyrene, ideno[1,2,3-cd]pyrene, dibenz[a,h]anthrancene,
benzo[g,h,i]perylene) (Table S2). By multiplying the concentration of each compound by
its respective TEF, the benzo [a] pyrene equivalent concentration can be determined (BaPE).
A calibrated model was generated comparing the summation of 15 BaPEs (VDH-15) and
biosensor measurements across sites (Figure S2). Concentrations at each Elizabeth River site
were evaluated under the advisory guidelines determined by VDH (VDH, 2012). Guidelines
developed by the VDH for consumption of PAH-contaminated oysters based on BaPE
concentrations are as follows: less than 25 ug/kg — no advisory, 25-50 ug/kg — two meals
per month, 50-100 pg/kg — one meal per month, greater than 100 pg/kg — do not eat
oysters from advisory area. A meal consists of a dozen 14 g oysters for an adult with an
average weight of 80 kg.

Calibration to EPA’s list of 16 priority PAHs (EPA-16)—Unlike EFSA-4 and
VDH-15, consumption guidelines or regulatory limits for this subset of priority PAHs

in food do not exist but this list is often used in environmental monitoring efforts.
Therefore, the association between EPA-16 PAH subset and biosensor measurements of
total 3- to 5-ring PAHs across sites was evaluated. Table S4 provides respective compound
concentrations and totals for each site.
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3. Results and discussion

3.1. Linear regression analysis of biosensor vs. GC-MS technique

A strong association between PAH concentrations measured by biosensor and conventional
GC-MS supports the role of biosensor technology as a screening method to assess tissue
contamination in oysters via the application of the equilibrium partitioning theory. There
was a strong positive relationship (R? = 0.88) between interstitial fluid PAH concentrations
measured by the biosensor and tissue PAH concentrations (64 analytes) measured via GC-
MS (Fig. 2).

The following equation was determined from linear regression analysis:

y=47.0x —316.0

The slope of the fitted regression line, 47.0, serves as the model-derived equilibrium
partition coefficient which can be used to predict tissue concentrations ()) from oyster
interstitial fluid (x). The y~intercept is —316.0. Additionally, the mean surrogate standard
recoveries for GC—-MS analysis were as follows: d8-napthalene: 13%; d10-acenaphthene:
26%; d10-phenanthrene: 48%; 1,1’ binaphthyl: 52%; d12-chrysene: 78%; d12-perylene:
66%.

With the development and validation of a steady-state equilibrium partitioning model,
unknown phase concentrations can be predicted, particularly if they are within the
concentration range evaluated. An order of magnitude difference observed between

PAH concentrations measured in interstitial fluid and soft tissue suggests an adherence

to equilibrium phase partitioning principles within the organism. Hydrophobic organic
contaminants will more readily bind to lipid-rich sites such as fatty tissue; thus, tissue
PAH concentrations will be comparatively higher than those in interstitial fluids. Although
biosensor measurements are precise (see below), several data points fall outside the 95%
confidence band around the regression line (Figs. 2 and 5). The observed variation is
reasonable and expected for this study as two entirely different matrices are being compared:
average interstitial fluid concentrations of individual oysters and concentrations measured
in pooled oyster tissue homogenate. Nonetheless, the strong association indicates that
measuring PAH levels in interstitial fluid alone can give reasonably precise estimates of
whole animal exposure. Biosensors have had previously demonstrated success as rapid,
low-cost methods to analyze pathogens and marine biotoxins in shellfish (Nordin et al.,
2017; Campas et al., 2007; Tian et al., 2021). To our knowledge, this the first study to
demonstrate the application of biosensors for measuring environmental contaminants in
shellfish, an equally important food safety threat, through a novel implementation of the
equilibrium partitioning theory.

3.2. Method performance

Small standard deviations observed in the analytical replicates demonstrates the precision
of the biosensor measurements (Fig. 3). Moreover, estimated differences between animals
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within stations indicate that individual variation in uptake is far greater than the precision of
the method (Fig. 4).

Notably, because of the high sensitivity, reproducibility, and small sample volume
requirement of the biosensor, PAH concentrations can now be measured rapidly and at

the scale of individual oysters. With this feature, variability between individual oysters
within the population at a specific site can be determined (Fig. 4). An efficient means to
measure concentrations in individual animals is valuable as contamination at sites occurs
heterogeneously and sample variation is obscured when data are pooled (Bignert et al.,
1993). Analysis of individuals also allows for detection of single outliers which may
influence the overall trends observed or reveal unknown hotspots. Evaluation of the method
detection limit shows that the limit for detecting PAH in interstitial fluid is 0.39 pg/L,

an order of magnitude below the lowest concentration measured in any oyster interstitial
fluid to date. Previous studies have investigated commercial enzyme-linked immunoassay
(ELISA) kits to rapidly screen PAH levels in biological samples such as oiled seabird

sera and crab urine and hemolymph (Fritcher et al., 2002; Fillmann et al., 2002). While

the applications of these tests were deemed promising for monitoring PAH exposure in
biota, these immunoassays were much less sensitive with detection limits in the ppm range.
Furthermore, the results from these assays are only semi-quantitative and still required
several sample preparation and extraction steps prior to analysis. We present a method that
can accurately quantify total PAH concentrations in the sub-ppb range with minimal sample
preparation.

3.3. Assessment of sites in context of priority PAH subsets

As revealed in the original regression (targeting 64 PAH analytes for analysis), a significant
positive association between mean biosensor measurements of PAH concentration in oyster
interstitial fluid and the summation of EPA-16 PAHSs in oyster tissues at each site, still

held for this subset of PAH compounds (y = 37.1 x —303.5, r2 = 0.88, df = 23) (Fig. 5).
Because of the strong association, the regression equation can be used to rapidly estimate
total tissue concentrations for this particular subset of PAH compounds. This information
then can assist in streamlining environmental monitoring assessments that frequently target
these 16 priority compounds.

Across all Elizabeth River sample sites, predicted oyster tissue concentrations at only 2 sites
fell below the EFSA-4 threshold of a maximum of 30.0 pg/kg. From the model calibrated

to fit EFSA guidelines, with a partition coefficient of 15.8 (Figure S1), concentrations

in oyster interstitial fluid must be below 11.5ug/L to adhere to these regulations. When
considering the VDH multi-tier advisory approach, 19 of 21 sample sites had predicted
tissue concentrations within acceptable levels for human consumption. Oysters at 9 sites met
tier 1 VDH guidelines of no advisory; oysters at 5 sites met tier 2 guidelines; and oysters at 5
sites met tier 3 guidelines. Based on the partition coefficient of 2.3 from the model calibrated
for the metrics used in the VDH assessment (Figure S2), interstitial fluid concentrations
must be below the following thresholds: 17.2 ug/L for no advisory (tier 1), 28.1 pg/L for 2
meals per month (tier 2); and 49.9 pg/L for 1 meal per month (tier 3). If the oyster interstitial
fluid is greater than 49.9 pg/L, oysters should not be consumed in that area (tier 4).
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The estimates for tissue concentrations based on interstitial fluid concentrations showed a
very high accuracy and correspondence (Tables 1 and 2). Respective regressions used to
determine tissue concentration predictions are provided in the supplemental data (Figures S1
and S2). For 18 out of 21 sites, individual tissue concentrations were successfully predicted
by this screening method as falling above or below the EFSA threshold (80% accuracy

or greater). For the VDH multi-tier regulatory approach, individual oysters at 10 out of

21 sites successfully predicted the correct tier in which the oysters at a site fell. The low
prediction accuracy (0%-33%) at some sites can be attributed to specific PAH composition
and compound variability in individual oysters. For example, in Table 1, individual oysters
at site MP2 predicted that the site would fall below the 30 pg/kg limit. However, the
concentrations of the 4 individual PAH compounds considered for the threshold comprised
almost 30% of the overall concentration of PAH analyzed for the site. The total PAH
concentration was low compared to the rest of the sites throughout the Elizabeth River. In
another example, predictions for site HS failed across all individuals (Table 2). This was
the only site that had a high concentration of dibenz[a,h]anthracene, which has a TEF of

5 (VDH, 2012). When converted to its BaPE concentration, this specific PAH compound
accounted for over 50% of the total VDH-15 concentration. Other cases in which individual
concentrations inaccurately predicted a site’s performance in meeting regulations included
those on the cusp of the threshold value such as GR and CLY in Table 1. When screening
sample results are approaching regulatory concerns, conducting more extensive compound
specific analyses and further monitoring may be necessary. At present, oysters are not to

be consumed from the Elizabeth River or its tributaries; therefore, the interpretations drawn
from this assessment are for demonstration purposes only. They do, however, serve as
reference points for ongoing studies.

3.4. Survey of PAH concentrations in oysters throughout the river watershed

Since biosensor technology allows for rapid and inexpensive data assessment, a map of
concentrations throughout the entire Elizabeth River watershed was efficiently produced
(Fig. 6). This could be particularly valuable for documenting concentration gradients,
focusing on hot spots, and prioritizing samples for further compound-specific analyses or
source identification using GC-MS. Efficient mapping also assists in establishing baseline
levels. Baseline measurements are critical for the development of realistic remediation
goals as well as impact assessment following environmental disturbances (e.g oil spills,
dredging, flood events). The concentrations observed in Fig. 6 show that regression-based
predictions of PAH concentrations are good bioindicators of legacy sediment contamination
in the system and can be a cost-effective monitoring tool used to map gradients and
document remediation effectiveness. The resulting map from this study also elucidated
new target areas for future monitoring and remediation as elevated levels were observed in
oysters where previous data are limited. A common logistical issue observed in hazardous
waste remediation programs such as Superfund is inefficient detection and mapping of
contamination at specific sites (US Congress Office of Technology Assessment, 1991).
Additionally, increased urbanization and changing land use can greatly impact spatial
distribution of contaminants such as PAH and ultimately exposure risk (Chalmers et al.,
2007; Nowell et al., 2013). Simplistic, user-friendly, high-throughput methods to rapidly
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quantify PAH levels allows for more efficient monitoring to track these changes in
distribution and bioavailability on a greater spatiotemporal scale.

4. Conclusions

In this era of global change, tenacious monitoring and assessment of legacy organic
contaminants such as PAHSs is as vital as ever. Although PAHs have been well-documented
as contaminants of interest in a multitude of previous environmental assessments, they are
still some of the most commonly detected toxic chemicals of concern at hazardous sites
(ATSDR, 2020). The onslaught of more frequent and extreme weather events can lead to
the mobilization of these contaminants, shifting their environmental distribution (Knap and
Rusyn, 2016; Kibria et al., 2021). Additionally, the continued reliance on oil makes the
possibility of oil spills and the resulting PAH contamination a looming threat. The need

for cost-effective analytical methods that can operate within a refined spatiotemporal scope
is apparent, particularly when human health is at risk. Immunoassays such as antibody-
based biosensor technology show great promise in this regard. Although compound-specific
analysis is unattainable with this technology, the biosensor can serve as rapid quantitative
screening tool to document contamination and prioritize samples or sampling strategies

for further GC-MS analysis when needed. With features including near real-time analysis
and low-cost per sample, the biosensor screening method can be a valuable tool in the
assessment of seafood safety for human consumption or as a monitoring tool to document
PAH levels at sites throughout an entire watershed. When biosensor measurements were
compared against different regulatory subsets of priority PAHs (EPA-16, EFSA-4, VDH-15),
similar trends were observed across sites suggesting that it is highly adaptable. The
demonstrated flexibility of the biosensor screening method to different PAH subsets will
become more apparent as new toxicity studies redefine priority PAHSs (da Silva Junior et al.,
2021). In particular, alkylated PAH isomers have garnered increased attention as they have
shown higher toxicities than their parent forms but have not been previously included on
regulatory PAH lists (Andersson and Achten, 2015; Wise et al., 2015). Reducing the time
and expense of conventional analytical methods, antibody-based biosensor screening method
expands the spatiotemporal scope of real-world applications for these hydrophobic organic
contaminants in the aquatic environment.
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Fig. 1.
Schematic of study design.
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Fig. 2.
PAH levels in oyster soft tissues in relation to interstitial fluids. Linear regression comparing

mean oyster interstitial fluid PAH concentration (n = 6) to pooled, composite tissue samples
of the same oysters (64 PAH analytes; y = 47.0; x-316.0; r2 = 0.88; df = 23). Gray band
denotes 95% confidence interval around regression.

Environ Technol Innov. Author manuscript; available in PMC 2022 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Prossner et al.

PAH concentration (ug/L)

Page 18

High-RS Mid-JCBR Low-MP2

150+

1004
50- IIII
O-

|
|
|
|
|
|
|
|
|
|
|
|
x
| x = - -
1
’ T T T T T T

A B C D E F A B C D E F A B C D E
Animal

Fig. 3.

Ar?alytical replication of interstitial fluids from 6 individual oysters at sites with high-,
mid-, and low-ranging PAH concentrations using the biosensor method. Triplicate aliquots
of interstitial fluid per oyster (A—F) at each site were measured; mean concentrations for
each animal are reported. Error bars depict standard deviations.
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Fig. 5.

Combined data for PAH analytes (sum EPA 16 PAHS) in oyster soft tissues in relation to
mean PAH levels in interstitial fluids. Linear regression comparing mean oyster interstitial
fluid PAH concentration (n = 6) to pooled, composite tissue sample.
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Comparison of (a) mapped predicted oyster tissue concentrations based on regression from
present study to (b) mapped historic datasets on total PAH concentration in sediment from
1985 to 2012 (DIVER, 2020). Similar concentration trends and PAH hotspots throughout the
watershed are observed in both maps. Concentrations below detection limit were treated as
zero for mapping clarity. Note change in scale between maps due to higher concentrations
typically observed in sediment. Map tiles used with permission from Stamen Design, under

a CC BY license. Data by OpenStreetMap, under ODbL.
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SITEID Predicted individual oyster concn.® Measured PAH4 Measured 64 PAHs Prediction
conen.2 conen.2 accuracy
A B C D E F
MP2 U U U U U U 168.7 618.3 0%
JRWS u U U u U U 2367 201.8 100%
PARCR 74.9 108.9 331.0 U 166.8 99.9 98.3 402.8 83%
JCBH 363.9 432.6 568.2 539.5 384.8 516.5 162.1 607.9 100%
JCBR 603.6 707.2 765.3 815.5 678.8 606.0 443.5 1648.6 100%
RS 1992.0 16454 12152 1512.0 1336.7 1832.2 1883.6 5889.7 100%
GR U U U U U U 33.2 221.9 0%
CLY U U ] U U U 33.7 219.0 0%
HB u u U u U 9.9 1917 160.1 100%
HR 27.6 U U U U 9.11 79.0 357.4 17%
PB 60.0 U 56.4 455 194.4 27.3 41.6 387.2 83%
GLM 39.5 28.1 62.4 U 183.0 U 126.2 485.8 67%
264 105.4 234.2 94.1 438 U 16.1 49.2 279.0 67%
HS 102.9 267.8 274.2 247.2 227.1 137.1 168.5 831.4 100%
NSC 304.1 162.4 241.0 247.4 161.3 238.7 106.7 530.1 100%
CMP 467.1 178.9 249.3 1211 63.4 179.2 183.5 804.9 100%
BK 283.7 103.6 138.2 748.1 222.8 376.6 204.6 751.8 100%
MPB 380.7 263.5 334.4 160.0 233.1 230.7 285.1 951.4 100%
PCR 201.8 587.5 410.9 228.4 124.9 156.7 380.4 1263.8 100%
164 265.1 331.5 3125 209.7 560.9 357.3 230.7 738.7 100%
JB 592.1 596.5 839.2 214.0 178.7 850.1 512.1 1341.1 100%

U = below range of regression model (Figure S1).

lapg/kg wet wt.

bBeIow EU regulatory limit.
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Evaluation of risk assessment accuracy under VDH multi-tier advisory based on predicted individual oyster
tissue concentrations at Elizabeth River sites.

SITEID Predicted individual oyster concn.2 M easured 15BaPE concn.? Advisory tierb Prediction accuracy
A B C D E F
MP2 U 11.7 4.8 34 55 5.8 65.3 3 0%
JRWS 2.3 U 12 U U U 16.2 1 100%
PARCR 18.7 23.7 56.0 55 321 224 20.2 1 67%
JCBH 60.7 70.7 90.4 86.3 63.8 829 40.6 2 0%
JCBR 95.6 110.7 1191 1264 1065 959 54.3 3 33%
RS 297.4 2470 1845 2277 2022 2742 323.0 4 100%
GR U U U 0.8 0.2 5.6 3.8 1 100%
CLY U U U 1.9 U U 4.5 1 100%
HB U 6.2 2.9 3.6 U 9.3 2.2 1 100%
HR 11.8 6.9 1.4 U 3.7 9.2 115 1 100%
PB 16.6 6.7 16.0 144 36.1 11.8 5.3 1 83%
GLM 13.6 11.9 16.9 0.3 344 5.0 234 1 83%
264 23.2 419 215 14.2 7.5 10.2 3.7 1 83%
HS 228 46.8 47.7 43.8 40.9 27.8 102.0 4 0%
NSC 52.1 314 429 43.8 31.3 425 26.4 2 83%
CMP 75.7 33.8 441 25.4 17.0 339 56.1 3 17%
BK 49.1 229 279 116.6  40.2 62.6 30.4 2 50%
MPB 63.2 46.1 56.4 311 41.7 414 52.3 3 33%
PCR 37.2 93.2 67.6 41.0 26.0 30.6 485 2 67%
164 46.4 56.0 53.3 38.3 89.4 59.8 27.8 2 0%
JB 93.9 94.6 129.8 389 33.8 1314 65.6 3 33%

U = below range of regression model (Figure S2).

apg/kg wet wt.

bTier allocations: Tier 1: less than 25 pg/kg — no advisory; Tier 2: 25-50 pug/kg — two meals per month; Tier 3: 50-100 pg/kg — one meal per
month; Tier 4: greater than 100 pg/kg — do not eat oysters from advisory area.
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