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Abstract: Bivalve mollusks including oysters have low metabolic potential and are therefore susceptible to accumulating high
levels of lipophilic organic contaminants such as polycyclic aromatic hydrocarbons (PAHs). Human exposure to PAHs via
consumption of this important commercial shellfish can be a serious public health concern in areas where high PAH con-
tamination exists. Previous PAH immunohistochemical studies have been limited to laboratory-based exposures focusing on
one or a few individual PAH compounds. To date, such studies have yet to explore PAH accumulation in oysters, known to
have some of the highest levels of PAHs across different food products. Using a monoclonal antibody selective for a range of
three- to five-ring PAHs, we present a method to detect and localize complex mixtures of PAHs in oyster tissues via
fluorescent immunohistochemistry. Observed immunofluorescence intensity followed a similar trend as measured levels of
PAHSs in oyster interstitial fluid from PAH-contaminated sites and oysters exposed to the water accommodated fraction of
crude oil. This method will be valuable in understanding internal partitioning mechanisms of PAH-exposed oysters and will
have important applications in studies on PAH distribution in the tissues of additional organisms for environmental, medical,
or veterinary purposes. Environ Toxicol Chem 2023;42:475-480. © 2022 The Authors. Environmental Toxicology and

Chemistry published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION

A class of hydrophobic organic contaminants known to have
toxic and carcinogenic effects in organisms, polycyclic aromatic
hydrocarbons (PAHs) exist in the environment as complex mix-
tures comprised of hundreds of different individual compounds
(Latimer & Zheng, 2003; Lawal, 2017). As sessile, benthic fauna
with limited metabolic capacity to excrete PAHs, bivalve mollusks
such as oysters are highly sensitive to accumulation of this con-
taminant in their tissues (James, 1989). As an important com-
mercial shellfish, oysters can also represent a potential public
health hazard of human PAH exposure via consumption of
contaminated oysters (European Food Safety Authority, 2008;
National Oceanic and Atmospheric Administration Fisheries
Eastern Oyster Biological Review Team, 2007).
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The use of immunohistochemistry (IHC) has been a standard
practice in medical pathology applications such as assessments
of oncological biomarkers, diagnoses of diseases, as well
as evaluations of neurodegenerative disorders (Dugger &
Dickson, 2017; Hawes et al., 2009). Because of the known im-
pact environmental pollutants like PAHs can have on biologjical
health, there is a growing body of work using novel imaging
technologies and [IHC approaches, including immuno-
fluorescence, for examining various mechanisms involved in
biotic exposure to contaminants (Einsporn & Koehler, 2008;
Lobel & Davis, 2002; Sforzini et al., 2014; Strandberg
et al., 1998). However, many of these techniques have been
limited in their ability to detect only one or a few individual PAH
compounds via laboratory exposures (Rodriguez & Bishop, 2005;
Sforzini et al., 2014; Speciale et al., 2018; Subashchandrabose
etal., 2014; Wang et al., 2012). By targeting a few specific PAHs
out of a contaminant class containing hundreds of compounds,
such studies do not reflect real-world complex mixtures to which
biota are exposed. Further, despite having some of the highest
levels of PAHSs relative to other food products, oysters have not
served as study organisms in such IHC investigations of PAH
bioaccumulation, to the authors' knowledge.
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To visualize the accumulation of complex environmental PAH
mixtures in eastern oysters (Crassostrea virginica), we employed
a highly sensitive monoclonal antibody (mAb 2G8) for use in
IHC techniques with demonstrated uniform selectivity for a
range of three- to five-ring PAHs including both parent com-
pounds and alkylated derivatives (Li et al., 2016). Therefore,
PAHs derived from both petrogenic and pyrogenic sources are
detected. The mAb 2G8 antibody was initially developed for
use on the KinExA Inline Sensor (Sapidyne Instruments), a bio-
sensing instrument that quantifies PAH concentration via the
detection of fluorescently tagged antibody bound to PAHSs in an
aqueous sample (Li et al., 2016). Employing mAb 2G8 con-
jugated to the far-red fluorescent dye Alexa Fluor 647 (AF647),
the biosensor has been successfully used to quantify total three-
to five-ring PAH concentrations in environmental samples
such as porewater (Camargo et al., 2022; Conder et al., 2021;
Hartzell et al., 2017; Li et al., 2016) and oyster interstitial fluid
(Prossner et al., 2022). Extending beyond its employment as a
quantitative tool, we explore a novel application of AF647-
tagged mAb 2G8 to observe PAH localization in oyster gill tis-
sues using IHC techniques coupled with confocal microscopic
imaging. For demonstration of this new application for the an-
tibody, we focus our observations of mAb signal to within the
water tube and plicae of the gill because we believe these
exterior-facing structures to be important regions for accumu-
lation of PAHSs dissolved in the aqueous phase. We hypothesize
that the incorporation of mAb 2G8 in an IHC approach will allow
us to localize PAHs within tissues and that the intensity of ob-
served fluorescent signal will be related to PAH body burden.
Bioaccumulation of PAH mixtures from two different examples
of oyster exposure was investigated (1) chronic exposure of
wild oysters residing in historically contaminated sites in the
Elizabeth River (VA, USA), and (2) acute laboratory-based
exposure of oysters to the water accommodated fraction
(WAF) of crude oil.

MATERIALS AND METHODS
Collection of wild Elizabeth River oysters

The Elizabeth River is a tidal urban estuary in southeast
Virginia, USA, known for highly elevated levels of PAHs ob-
served in sediment primarily due to historic pollution from
several defunct wood treatment and creosote facilities in the
area (Di Giulio & Clark, 2015). Six native adult C. virginica
oysters were collected from Jones Creek, an Elizabeth River
site in which elevated PAH levels have been previously ob-
served (Prossner et al., 2022). Collected oysters were placed in
coolers and returned to the laboratory, where they were stored
whole (in shell) and out of water at 4 °C for 1-2 days prior to
processing, to ensure that depuration did not occur.

Collection of WAF-exposed oysters

Adult aquacultured oysters purchased from an oyster farm on
the York River in Gloucester County, Virginia (>80 km away from
the Elizabeth River), were exposed to a constant 15-ug/L dose

(parts per billion) of crude oil WAF for a period of 4 days, fol-
lowed by a 12-day depuration period via a flow-through tank
system in a PAH kinetics experiment. To dose the oysters during
the uptake/depuration kinetics study, a WAF was prepared from
heavy fuel oil distillate using a generator column. A large
(10x 70 cm) generator column was packed with ignited filter
sand that was coated with 40ml of heavy fuel oil. The column
was pumped at 100 ml/min with York River water in a 310-L
closed recirculating system for 260h until the total PAH con-
centration in the water reached steady state at 30 ug/L total PAH.
This prepared WAF was then diluted 1:1 with clean York River
water to maintain an average concentration of 15ug/L for the
duration of the 72-h dosing experiment.

Oysters were held in unfiltered York River water and not
provided supplemental food. Background PAH concentration
in York River water was monitored consistently throughout the
experiment and averaged approximately 1ug/L. Animal hus-
bandry parameters including temperature, salinity, pH, dis-
solved oxygen, and ammonia were maintained at appropriate
levels, as outlined in ASTM standard guide E1022-94 (ASTM
International, 1994). No mortality was observed throughout the
experimental period. Three oysters per sampling were col-
lected throughout the experiment at five time points: TO, pre-
exposure background; T1, first day of uptake; T2, last day of
uptake; T3, day 4 of depuration; T4, day 8 of depuration; and
T5, day 12 (last day) of depuration. Oysters were held out of
water at 4 °C for 1-2 days prior to processing, to avoid depu-
ration. Interstitial fluid from identical oysters was preserved
for biosensor analysis for corresponding PAH concentration
measurement (see section Semiquantitative image analysis).

Sample processing

Oysters were scrubbed clean, then shucked using an oyster
knife. Gill tissue fragments (~6 mm?) were dissected from each
oyster and embedded in optimal cutting temperature (OCT)
media within a disposable cryomold (Tissue-Tec). Embedded
tissue fragments were subsequently gently frozen over a bath
of liquid nitrogen-cooled pentane. Briefly, approximately
300 ml of 100% pentane was poured into a small metal bowl,
which was then partially submerged in liquid nitrogen so that
the pentane would reach near-freezing temperatures. The
bottom of tissue-containing cryomolds was held on the surface
of the near-freezing pentane so that the contents of the cry-
omold would gently freeze (to reduce the risk of a compro-
mised specimen via ice crystal formation). Once frozen, the
OCT-tissue blocks were stored at —80°C. One day prior to
cryosectioning, the blocks were transferred to a =20 °C freezer.

Cryosectioning and fluorescent IHC

Components of a protocol for benzo[a]pyrene localization in
earthworm (Eisenia andrei) tissue by Sforzini et al. (2014) were
adapted for use with oyster tissues and our AF647-tagged mAb
2G8. Individual tissue blocks were initially frozen to an aluminum
cryostat chuck using OCT media, and 10-um frozen sections were
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cut at 10 °C (for both the cryochamber and object temperature)
using a cryostat (Leica CM3050 S). Frozen sections were directly
transferred to a glass slide (Superfrost Plus; Fisher Scientific) at
ambient room temperature. Tissue sections were fixed in 4%
paraformaldehyde in 1x phosphate-buffered saline (PBS) for
20 min at room temperature. Fixed sections were subsequently
washed in 1x PBS three times (5min per wash) before a 1-h
incubation at room temperature in a blocking and per-
meabilization solution containing 0.5% Triton X-100, 2% bovine
serum albumin (BSA), and 0.5% rabbit serum in 1x PBS. Sections
were then washed three times (as above) and incubated with the
AF647-tagged 2G8 mAb (1:100 dilution in 1x PBS containing
1% BSA and 0.05% Triton X-100) overight at 4°C in a moist
chamber. After ovemnight incubation, the sections were washed
three times (as above), then incubated with 4',6-diamidino-2-
phenylindole (DAPI), a blue fluorescent stain for DNA (to provide
histoarchitectural definition to the microscopic images), at a
1:5000 dilution in 1x PBS for 15 min at room temperature. Sec-
tions were washed three times (as above) and dried, then a
coverslip was mounted using Dako mounting media. On drying,
clear nail vamish was applied to seal around the edges of the
coverslip prior to fluorescence microscopy. Negative controls (to
assess nonspecific fluorescence) consisting of tissue sections
from the same individual oyster were processed in an identical
manner as above but were not exposed to AF647-tagged 2G8
mAb. Sections were evaluated and images captured using a
FLUOVIEW FV1200 confocal laser scanning microscope
(Olympus) with filter sets for DAPI and AFé47. Oyster gill tissue
fragments were dissected from a separate batch of oysters col-
lected from Jones Creek and then fixed and processed for
standard paraffin histology using standard techniques. These
were stained with hematoxylin and eosin dye and imaged under
a standard light microscope for histoarchitectural comparison
with sections processed for confocal microscopy.

Semiquantitative image analysis

Analysis of the change in integrated density of fluorescent
signal in gill tissue sections of WAF-exposed oysters was

conducted using FlJI software (Schindelin et al., 2012). In-
tegrated density is the product of total selected area and mean
gray value (i.e., amount of signal in the selected image area).
Because imaged gill sections varied in terms of extracellular
space and intercellular cavities, three representative gill plicae
per image were selected to provide standardization in meas-
urement based on uniform scaling of the image. Measurements
were repeated in triplicate to reduce random error. Analysis of
variance followed by a Tukey post hoc test was conducted to
compare means across different sampling time periods (TO-T5)
during the WAF exposure experiment. Integrated density of
the fluorescent signal was then compared with PAH concen-
tration measured in the corresponding oyster interstitial fluid
via KinExA Inline Sensor methodology (Prossner et al., 2022) to
observe if a signal-concentration trend existed throughout the
experiment.

RESULTS AND DISCUSSION
IHC in wild C. virginica

No fluorescent signal was detected in gill tissues from
control sections that were processed without the inclusion of
the AF647-tagged 2G8 mAb (Figure 1A). Immunofluorescence
signal indicative of the presence of select three- to five-ring
PAHs was observed in gill sections exposed to mAb 2G8
(Figure 1B). Specifically, intense fluorescent signal was ob-
served in a key gill structure involved in water filtration and
transportation—the water tube (Eble & Scro, 1996). Local-
ization in the water tube was confirmed through comparison
with a hematoxylin and eosin—stained gill tissue section, which
provides a more refined image of the target gill structures
(Figure 1C). The accumulation of PAHs and thus intense mAb
2G8 signal primarily along the lipid membrane of these dill
structures is reasonable because the lipid in this region serves
as a first point of contact for these lipophilic molecules on
entering the oyster gill. Although fluorescence is observed
mainly within the external regions of the gill, due in part to the
focus of our study, we still interpret this as localization of PAH
distributed within tissue, not solely bound to the tissue surface.

FIGURE 1: Representative images of immunofluorescence detection of three- to five-ring polycyclic aromatic hydrocarbons (PAHs) in gill tissue of a
wild Elizabeth River oyster. (A) Negative control not exposed to 2G8 monoclonal antibody; (B) immunofluorescence detection of PAHs (white signal)
in gill structures; (C) hematoxylin and eosin-stained gill section from native Elizabeth River oyster from the same site with more refined histo-
architecture for comparison (note scale change). Staining in (A) and (B) is with 4',6-diamidino-2-phenylindole for cell nuclei (blue signal). pl =plica;

wt = water tube.

wileyonlinelibrary.com/ETC

© 2023 The Authors



478

Environmental Toxicology and Chemistry, 2023,42:475-480—Prossner et al.

Observation of fluorescence in 1-um slices of the images
through the zaxis via zstack analysis on the confocal
microscope, with maximum fluorescence observed in the
middle slice, supports our interpretation. In addition, the use
Triton X-100 in the described IHC protocol permeabilizes
eukaryotic cell membranes and facilitates mAb 2G8 binding to
intracellular PAH.

IHC and PAH quantification in WAF-exposed
C. virginica

Exposing oysters to WAF in a PAH kinetics study provided
an ideal opportunity to examine time-dependent dose and its
effect on tissue concentrations and imaging. Imaging of dill
tissue collected from WAF-exposed oysters allowed for com-
parison of mAb 2G8 fluorescent signal to accumulated PAH
concentrations through time (Figures 2 and 3). Overall, IHC
staining of gill structures in laboratory-exposed oysters
(Figure 2A-F) was similar to that in chronically exposed native
oysters (Figure 1A-C); however, a stronger signal was observed
in the plicae of the laboratory-exposed oysters, another im-
portant gill structure for water filtration and transportation (Eble
& Scro, 1996). Due to the ubiquity of PAHSs in the environment,
the susceptibility of oysters to accumulation, and the sensitivity
of mAb 2G8, fluorescent signal indicative of low levels of PAHs
was observed in preexposure background oysters (Figure 2A).

On the first day of exposure, T1 (Figure 2B), a stronger signal
relative to TO (Figure 2A) was observed, which can be attrib-
uted to the capacity of oysters to filter large volumes of water
(0.12m*g™" dry wt/day or ~50 gallons or ~190L of water per
day for an individual oyster; Newell, 1988). Thus, oysters can
rapidly concentrate environmental contaminants such as PAHs.
The highest PAH signal intensity was observed on the final day
of uptake (T2; Figure 2C) and steadily decreased throughout
the depuration period (Figure 2D,E). By the last day of depu-
ration, T5 (Figure 2F), fluorescent signal for PAH had returned
to nearly the same levels observed at TO (Figure 2A). Notably,
the two PAH mixtures employed as sources of exposure for the
present study vary greatly in PAH composition: Creosote, the
predominant source of PAH pollution in the Elizabeth River, is
comprised primarily of pyrogenic PAHs, whereas the heavy fuel
oil WAF consists of mostly petrogenic PAHs (Neff et al., 2005).
Through successful imaging of fluorescent signal in oysters
exposed to different PAH sources via a mAb uniformly selective
for a wide range of PAH compounds, we demonstrate the
versatility of mAb 2G8 for future imaging applications.
Overall, the level of integrated density of specific fluo-
rescent signal for PAHs (AF647-tagged 2G8 mAb; Figure 3A)
measured in gill tissue images (Figure 2A-F) followed a similar
trend as the PAH concentration measured in the interstitial fluid
of the identical oyster (Figure 3B). An analysis of variance
yielded a significant difference (F=40.0, df=5, p<0.05) in
integrated density of signal across the different time points of

FIGURE 2: Representative images of immunofluorescence detection of polycyclic aromatic hydrocarbon (PAH) by monoclonal antibody 2G8 in gill
sections from oysters sampled at different time points throughout a 16-day laboratory crude oil water accommodated fraction exposure: (A)=TO,
background (pre-exposure); (B)=T1, first day uptake; (C) =T2, last day uptake; (D) =T3, day 4 depuration; (E) = T4, day 8 depuration; and (F)=T5,
final day of depuration. Sections were also stained with 4',6-diamidino-2-phenylindole (blue signal).
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FIGURE 3: Comparison of (A) image integrated density in representative oyster gill tissue images (Figure 2) across sampling periods during a crude
oil water accommodated fraction exposure experiment to (B) corresponding polycyclic aromatic hydrocarbon concentrations measured in interstitial
fluid of identical oysters (Prossner et al., 2022). Error bars depict the standard deviation. Letters depict groupings of specific significant differences
across sampling periods determined via Tukey post hoc testing. Sample periods with the same letter are not significantly different from each other
but are different from groups with a different letter. PAH = polycyclic aromatic hydrocarbon.

the experiment. Through Tukey post hoc testing, it was
determined that T2, the final day of uptake and the highest PAH
concentration, was significantly different from all other sampling
periods. Periods T1, T3, and T4 were not significantly different
from each other but were significantly different from TO and T5,
the final day of depuration. Periods TO and T5 were also not
significantly different from each other. Groupings of specific
significant differences across sampling periods are reported in
Figure 3A. Through semiquantitative analysis, we found that the
change in intensity of fluorescent signal observed throughout the
experiment is related to PAH body burden measured at corre-
sponding time points. This suggests that mAb 2G8 can be used
not only as a visualization tool to localize where PAHs accumulate
in tissue but also to observe the relative distribution of PAHs
within the tissues. We determined that a similar general trend
between signal and tissue concentration exists, supporting the
future direction of the technique to compare relative concen-
tration gradients within biological tissues (e.g., PAH distribution
in gills relative to digestive gland) as well as providing additional
evidence of PAH selectivity of the antibody. To describe a more
specific correlative relationship between signal and tissue con-
centration, more in-depth quantitative analysis is needed, which
is neither within the scope of this initial study nor an intended
objective. We do not intend for this new application of mAb 2G8
to serve as a quantitative tool to predict tissue concentrations
but, instead, to allow for a more in-depth understanding of

accumulation and distribution of complex PAH mixtures in tissue
via immunofluorescence.

CONCLUSION

In the present study, we demonstrate the application of a
PAH mAb for use in IHC techniques to detect and localize
accumulation of two complex PAH mixtures with differing PAH
compositions in biotic tissue. To our knowledge, this is the first
IHC study of PAH accumulation in oysters—a potentially im-
portant source of PAH exposure for humans via consumption
following contamination events such as oil spills. Although gill
tissue was the focus of the present study, we plan to explore
PAH accumulation in other tissues using this technique. The
signal detected using the AF647-tagged mAb 2G8 reflects
more realistic levels of exposure experienced by organisms
than what can be analyzed using current techniques for visu-
alizing exposure of one or a few individual PAHs. In addition, as
known carcinogens, the ability to localize and visualize ex-
posure to PAH mixtures in tissue may have important medical
or veterinary applications. Demonstrating that the PAH signal
intensity via image analysis is related to PAH body burden, we
also predict that mAb 2G8 can help evaluate important envi-
ronmental and biological partitioning mechanisms, which will
be a target for future research.
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