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The worldwide proliferation of persistent environmental pollutants is
accelerating at an alarming rate. Not surprisingly, many of these pollu-
tants pose a risk to human health. In this review, we examine recent lit-
erature in which molecular imaging and radiochemistry have been
harnessed to study environmental pollutants. Specifically, these techni-
ques offer unique ways to interrogate the pharmacokinetic profiles and
bioaccumulation patterns of pollutants at environmentally relevant con-
centrations, thereby helping to determine their potential health risks.
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Over the last half century, human activity has caused a devas-
tating rise in environmental pollution. The scientific community
has sounded the alarm about the potential effects of certain pollu-
tants—including micro- and nanosized plastics, metal oxides, and
per- and poly-fluoroalkyl substances (PFAS)—on human health,
especially in light of recent studies showing these compounds to
have become ubiquitous in human biological systems (/-5). For
example, micro- and nanosized plastics have recently been isolated
from human blood, fecal matter, and placental tissue. As science
seeks to unravel the toxicologic and biological effects of pollutants,
understanding their pharmacokinetic profiles and bioaccumulation
patterns is critical. To this end, scientists have begun to turn to
molecular imaging, as it offers an accurate and noninvasive way to
monitor the in vivo behavior of pollutants in living systems and, in
so doing, identify potential sites of interaction and toxicity.

In this review, we discuss recent efforts to use molecular imag-
ing and radiochemistry to study environmental pollutants. We are
not the first to cover this topic; several excellent reviews have
been published on work at the intersection of molecular imaging,
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radiochemistry, and environmental science (6—9). Although the
field remains young, it has grown in recent years and—in our esti-
mation—is poised to break out into the mainstream soon. We will
cover how various molecular imaging and radiochemical methods
have been used to study the pharmacokinetic profiles of five
types of environmental pollutants: micro- and nanoplastics, PFAS,
metal oxides, particulate matter (PM), and graphene. Ultimately,
we hope that this review will shed light on how these techniques
offer unique tools for probing the pharmacological behavior and
biological impact of environmental pollutants and thus may help
determine how to mitigate their risks to human health.

Micro- and Nanoplastics

Contamination of the environment with microplastics (<5 mm
in diameter) and nanoplastics (<100nm in diameter) has grown
substantially over the past few decades, and numerous studies
have linked plastic pollution with adverse health effects in humans.
Indeed, high levels of micro- and nanoplastic exposure have
been associated with inflammatory effects as well as respiratory
and cardiovascular diseases (/,2). However, the in vivo fate of
micro- and nanoplastics in mammalian systems is relatively poorly
understood, opening the door for molecular imaging to be used in
this arena. In 2017, Deng et al. administered fluorophore-bearing
polystyrene microplastics (5 and 20 wm) to mice via oral gavage
(10). Although these particles could not be tracked in vivo because
of the low tissue penetration of the fluorescent signal, ex vivo
methods revealed accumulation of the particles in the liver, kid-
neys, and gut. In addition, the cohort that received the highest dose
of microplastic particles exhibited inflamed livers, decreased body
weights, decreased adenosine triphosphate levels, and increased lac-
tate dehydrogenase activity. In another study, the translocation
and fetal deposition of 20nm rhodamine-labeled polystyrene
nanoparticles were interrogated in pregnant rats (/7). Again, the
poor tissue penetration of visible light fluorescence prevented
in vivo imaging, but ex vivo detection methods identified plastics
in the maternal lung, heart, and spleen as well as several fetal tis-
sues, suggesting translocation of the plastics through the placenta.
Fluorophore-labeled polystyrene particles have, however, been har-
nessed for in vivo tracking in another, more transparent animal
model: zebrafish. Pitt et al. reported that fluorescent polystyrene
nanoparticles (50 nm) accumulated in the chorion of developing
zebrafish embryos, resulting in toxicity due to the particles’ pen-
etration of the nutrient-rich yolk sac (/2). These results align
with those of van Pomeren et al., who studied the distribution of
fluorophore-bearing polystyrene nanoparticles of several sizes
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(25, 50, 250, and 700 nm) in zebrafish embryos at various stages
of development (Fig. 1A) (13).

Several methods for the radiolabeling of micro- and nanoplastics
have been developed to facilitate their study via autoradiography and
nuclear imaging. For example, Al-Sid-Cheikh et al. used whole-
body autoradiography to determine that '“C-labeled plastics accumu-
lated in the muscles, gonads, mantle, gills, intestines, and kidneys
of scallops, with the highest concentration detected in the hepato-
pancreas (14,15). Recently, our group reported the first (to our
knowledge) study in which PET was used to track radiolabeled
micro- and nanoplastic particles (16). In this work, %°Zr was used
to radiolabel micro- and nanosized polystyrene particles (20 nm,
220nm, 1 pm, and 6 pm) modified with the chelator desferrioxa-
mine. PET imaging experiments revealed that after administration
via oral gavage, these 5°Zr-labeled radioplastics traveled through
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FIGURE 1. (A) Fluorescence microscopy images of different-sized poly-
styrene particles (25, 50, 250, and 700 nm) in zebrafish embryos (73). (B)
Maximum-intensity-projection PET/CT images of mice at 6, 12, 24, and
48h after administration of [29Zr]Zr-desferrioxamine-polystyrene (20 nm;
1.85 MBgq; 0.1 mg) via oral gavage (76). (C) Maximum-intensity-projection
PET/CT images of mice at 1, 6, 12, 24, and 48h after oral administration
of [**Cu]Cu-DOTA-polystyrene (200 nm; 4.81 MBgq; 57.8 ug) (17). %ID =
percent injected dose; hpf = hours postfertilization.
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the gastrointestinal tract without reaching the systemic circulation
(Fig. 1B). More recently, Im et al. labeled 200nm polystyrene
microplastic particles with the positron-emitting radiometal *Cu and
used PET to follow their in vivo behavior in mice (Fig. 1C) (/7). In
this case, the data revealed high activity concentrations in the sto-
mach, intestines, and liver. However, this phenomenon could be due
to translocation of the radioplastics or inadvertent release and redis-
tribution of [**Cu]Cu?*, because the chelator used in this system—
DOTA—has been shown to be an inadequate platform for the
stable in vivo sequestration of Cu®" (I8). Finally, radioiodination
methods have recently been developed for polyvinylchloride parti-
cles (19). Although this technology has not yet been used to facili-
tate nuclear imaging, it is nonetheless exciting, as it could pave the
way for PET imaging studies with the positron-emitting isotope of
iodine, '%41.

PFAS

PFAS are classes of organofluorine compounds widely used in
both industrial and consumer applications. From a chemical stand-
point, PFAS offer numerous advantages—such as high inertness
due to the strength of their carbon-fluorine bonds—but they come
with a significant drawback: unfavorably long half-lives within
environmental and biological systems (4). Recent monitoring stud-
ies have confirmed the pervasive presence of PFAS in water and
land environments, as well as in aquatic species at all levels of the
food web. Human exposure to PFAS has been linked to several
negative health effects, such as impaired immunological function,
chronic autoimmune diseases, hepatotoxicity, cancer, decreased
fertility, and toxic developmental effects (20,21). Because of their
small size, PFAS cannot reliably be labeled with fluorophores
without disturbing their in vivo behavior. Instead, the field has
turned to radiochemistry. Bogdanska et al., for example, adminis-
tered 33S-labeled perfluorooctane sulfonate orally to adult mice
and used whole-body autoradiography and scintillation counting to
study the compound’s biodistribution, ultimately finding the high-
est concentrations in the liver, bone, blood, skin, and muscle (22).
More recently, Bartels et al. labeled perfluorooctanoic acid (PFOA),
perfluorohexanoic acid, and perfluorobutanoic acid with the positron-
emitting radiohalogen '8F (23). Ex vivo biodistribution data
collected 4 h after the intravenous administration of these radiopol-
lutants revealed that the highest concentrations of ['®F]F-PFOA and
['®F]F-perfluorohexanoic acid were in the liver, whereas that of
['®8F]F-perfluorobutanoic acid was in the stomach. As an aside, it is
worth noting that all of the mouse tissues examined in the aforemen-
tioned studies contained background levels of unlabeled PFAS, a
result that aligns with postmortem analyses of human tissues.

Since high levels of exposure to PFAS can lead to birth defects,
researchers have been particularly interested in investigating the fate
of PFAS in gravid mice and in their fetuses and pups. In a study by
Borg et al., gravid mice were administered 3°S-labeled perfluorooc-
tane sulfonate either intravenously or orally, and the bioaccumulation
of the radiopollutant was subsequently measured in the dams, fetuses
(on gestational days 18 and 20), and pups (on postnatal day 1) via
whole-body autoradiography and scintillation counting (24). Surpris-
ingly, the activity concentrations of [>°S]S-perfluorooctane sulfonate
in the blood of the fetuses and pups were 1.1-2.3 times higher than
that in the dam’s blood. The activity concentrations in the livers of
the fetuses were significantly lower than that in the maternal liver
but were still about 2.5-fold higher than that in the maternal blood.
Autoradiography also revealed heterogeneous uptake of [>°S]S-
perfluorooctane sulfonate in the brains of fetuses and pups. In another
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study, Bartels et al. used dynamic PET and biodistribution studies to
explore the biologic fate of two 'SF-labeled PFAS—['SF]F-PFOA
and ['®F]F-perfluorohexanoic acid—in pregnant mice after intrave-
nous and oral administration (25). PET images revealed uptake of
both compounds in the placentae, though the rate of accumulation
was slower after oral administration (Figs. 2A and 2B). The radiola-
beled PFAS were found in all tissues examined, with the highest
concentrations in the blood (after intravenous injection) and in the
gastrointestinal tract and lungs (after oral administration). Taken

150 nm

10 ym

2h 24 h 72h

FIGURE 2. (A and B) Representative PET images illustrating uptake of
["8F]PFOA in mice at 2 time points after administration via tail vein injection
(4.44 MBq) (A) and oral gavage (3.7 MBaq) (B). b = bladder; f = fetus; h =
heart; int = intestine; k = kidney; | = liver; p = placenta; s = stomach.
(Reprinted with permission of (25).) (C) PET images of mice at 60 min after
intravenous administration of 10nm, 40nm, 150nm, or 10 um of BN-
labeled Al,O3 nanoparticles (10-15 MBq, 5-8 mg). (Reprinted with permis-
sion of (27).) (D) SPECT/CT images of mice at 2, 24, 72, and 144 h after
intravenous administration of '#'Ce-labeled cerium oxide nanoparticles
(6.7 MBq, 3.6 nmol). (Reprinted with permission of (29).)
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together, the studies described in this section effectively illustrate the
intrinsic advantages and disadvantages of certain radionuclides for
pollutant studies. Although the 87.4-d half-life of 33S allows for lon-
gitudinal monitoring, its emissions do not permit in vivo imaging;
18F (half-life, 109.8 min), on the other hand, can be imaged via PET,
but its short half-life limits follow-up times.

Metal Oxides

Nanoparticulate metal oxides have been used in a vast array of
applications, including food additives, cosmetics, semiconductors,
electronics, and medicine. This widespread use has inadvertently
led to their proliferation as environmental pollutants, which, in
turn, has fueled the study of their potential long-term biological
effects. Radionuclides are the most common reporter for the
in vivo study of metal oxides. Along these lines, Pérez-Campana
et al. have developed a robust proton beam methodology for the
production of metal oxides radiolabeled with short-lived positron
emitters (26—28). For example, they used the direct irradiation of
180-enriched Al,O; to generate !8F-labeled particles that were
then administered intravenously to rats (26). PET imaging revealed
that most of the aluminum oxide nanoparticles accumulated in the
liver, though considerable uptake was also observed in the lungs,
heart, kidneys, urine, and stomach. In a similar study, the same
group produced '8F-labeled TiO, nanoparticles and administered
them to rats both orally and intravenously (28). Subsequent PET
imaging revealed the accumulation of these nanoparticles in the
upper gastrointestinal tract and liver on oral and intravenous
administration, respectively. Finally, Pérez-Campana et al. have
also investigated the effect of particle size on the biodistribution
of metal oxides. After the production of '*N-labeled Al,O5 nanopar-
ticles of different sizes via proton beam activation, in vivo biodistri-
bution results showed that larger nanoparticles (i.e., 40 nm, 150 nm,
and 10 wm) accumulated in the liver and lungs whereas smaller
nanoparticles (i.e., 10nm) accreted in excretory organs such as the
bladder and kidneys (Fig. 2C) (27).

Shifting gears, a study performed by Yang et al. leveraged
longer-lived radionuclides and SPECT to investigate the in vivo
behavior of cerium oxide nanoparticles in mice up to 1 wk after
intravenous injection (29). To this end, cerium oxide nanoparticles
were radiolabeled with #!Ce, !!!In, or ®3Zn. SPECT imaging
revealed high levels of accumulation in the lungs, liver, and spleen
at early time points after intravenous administration (Fig. 2D). The
particles gradually cleared from the lungs over time but remained
in the liver and spleen until the end of the observation period.

PM

Particulate matter is a general term for airborne particulate pol-
lutants that are small enough to cause serious health issues on
inhalation. PM, a mixture of solids and liquids that can contain
hundreds of different chemicals, is categorized into 2 groups based
on the size of the particles: those with a diameter of less than
10 wm (PM;() and those with a diameter of less than 2.5 pm
(PM, 5). Recent years have played witness to a surge of reports
linking PM to chronic respiratory issues, cardiovascular disease,
cancer development, and even—in severe cases—death. In an
effort to study this, Park et al. used ¥Zr to radiolabel an analog of
pyrene that was then used to prepare a suspension of diesel PM, a
subset of PM that is emitted by diesel engines (3). This radioactive
diesel PM (average size, ~200 nm) was then administered to mice
orally, intratracheally, or intravenously. PET imaging revealed
that the mice that received the %°Zr-labeled diesel PM orally
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excreted the particles within a day (Fig. 3A). In contrast, the parti-
cles administered via the other 2 routes were retained in several
organs. More specifically, intratracheally administered particles
accumulated principally in the lungs (Fig. 3B), whereas those
administered intravenously accreted in the heart, liver, and spleen
(Fig. 3C). A few years earlier, Lee et al. leveraged SPECT imag-
ing to track diesel exhaust particulates in vivo (30). In this investi-
gation, an '%I-labeled variant of pyrene was incorporated in diesel
PM (average size, ~200nm) and administered intratracheally to
mice. SPECT imaging and biodistribution experiments revealed
that most of the radiolabeled particulates persisted in the lungs
(Fig. 3D), reinforcing the dangers of pulmonary exposure in
humans. Recently, Li et al. developed a fluorescence imaging
method to determine the rate and pattern of PM, 5 deposition in
murine lung tissue (37). Two sizes of fluorescent latex micro-
spheres—0.2 and 2 pm—were used to simulate the small and large
components of PM, s in the air. The deposition patterns were nonu-
niform, revealing higher rates of deposition in the acinar area than
those predicted using the current state-of-the-art deposition model.
Pan et al. embarked on the study of another particulate material
when they modified SiO, with ethyl cellulose (32). This modification
provided a facile route to radioiodination, and '*!I-labeled ethyl
cellulose/SiO, (1.2 wm) was synthesized and administered to rats via
inhalation. SPECT images at 6 and 24h after inhalation showed
high initial uptake in the lungs that decreased significantly with time.

Graphene

Graphene and its derivatives are relative newcomers in biologi-
cal research. However, their attractive physicochemical properties
and high biocompatibility have fueled a rise in their use across
several industries. Graphene nanomaterials are 2-dimensional lat-
tices of carbon atoms that, once released into the environment, are
prone to aggregation and settlement into sediment layers (33,34).
It is estimated that the world’s production of graphene will reach

3,800 tons by 2027, so gaining an improved understanding of the
pollutant’s in vivo behavior is of paramount importance. In one
study, Jasim et al. functionalized graphene oxide (GO) sheets with
DOTA, radiolabeled them with '''In, and found that the highest
levels of accumulation after intravenous injection were in the urine
and spleen (35). In a follow-up study, the same team investigated
the effect of the thickness of graphene on its biodistribution by
labeling both thick and thin DOTA-bearing GO sheets with *Cu
(~0.8 wm in the largest dimension; thin flakes = 4-8nm thick;
thick flakes = 20-50nm thick) (34). The intravenous injection of
both variants produced rapid urinary excretion as well as high
levels of persistent uptake in the liver and spleen, though the thick
sheets accumulated in these tissues more quickly (Fig. 4A). Jasim
et al. also investigated the biodistribution profiles of !!!In-labeled
GO sheets with 3 different sizes in lateral dimension: 1-35 um,
30-1,900 nm, and 10-550nm (36). All 3 varieties accumulated in
the liver and spleen and were excreted through the urine. Interest-
ingly, however, the largest sheets exhibited lung uptake that was
not seen with the smaller variants.

Shifting to other laboratories, Li et al. radiolabeled nanoscale
GO (10-800nm) with 2’1 and administered it intratracheally to
mice (37). SPECT imaging and biodistribution experiments revealed
high concentrations of ['>*I]I-nanoscale GO in the lungs at early
time points, followed by a gradual decrease over several hours
(Fig. 4B). Later, Mao et al. administered '*C-labeled few-layer gra-
phene (60-590 nm in the largest dimension; 1-4 nm thick) to mice
intratracheally and used ex vivo measurements to track its biodistri-
bution over 28 d (38). Although the '*C-labeled few-layer graphene
was increasingly excreted via the feces, almost 50% of the dose
remained in the lungs after 4 wk. Lu et al. also synthesized '“C-
labeled few-layer graphene but added their construct to water and
sediment and subsequently quantified its bioaccumulation and bio-
distribution in loaches (M. anguillicaudatus), a type of freshwater,
bottom-dwelling fish that ingests large amounts of sediment and
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FIGURE 3.

(A-C) Representative PET images of mice at 168 h after intratracheal administration (A), 24 h after oral administration (B), and 24 h after

intravenous injection (C) of [*°Zr]Zr-desferrioxamine-pyr-diesel PM (1.85 MBq). Li = liver; Lu = lungs; Sp = spleen; St = stomach. (Reprinted with
permission of (3).) (D-E) Whole-body SPECT/CT images of mice at 2, 18, and 48 h after intratracheal (D) and oral (E) administration of 125|_|abeled diesel

exhaust particulates (3.7 MBq) (30).
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FIGURE 4. (A) Whole-body PET/CT images of mice at 1, 3.5, and 24 h after intravenous administration of 2.51-4.55 MBq (50 .g) of [**Cu]Cu-GO-thin
(left) or [G4Cu]Cu-GO-thick (right). (Reprinted with permission of (34).) (B) SPECT images of mice at 5, 20, 40, and 60 min after intratracheal administration
of ['®®]l-nanoscale GO (1.85 MBg) (37). (C) Bioluminescence images of mice at 1, 3, and 7 d after intravenous administration of Hg?* (0.02 wmol) and
facilitated using intraperitoneally injected Hg® " -sensitive probe. (Reprinted with permission of (38).) %ID = percent injected dose.

are consumed by humans and other water-dwelling animals (33).
After only 72h in a container with sediment mixed with 14C-
labeled few-layer graphene, radioactivity was found in the gut and
liver of the loaches. In a very recent proof-of-principle study, auto-
radiography and mass spectrometry imaging were used to visualize
4C-labeled GO particles (50-400nm, 1nm thick) in mouse tissue
sections 15 min after intravenous injection (39). The study vali-
dated mass spectrometry imaging as an efficient tool for the
determination of the microscopic distribution of GOs. The four
organs collected—lungs, liver, spleen, and kidneys—contained
more than 96% of the total injected dose, with the highest uptake
in the liver (>50% injected dose).

Other Pollutants

Although much of the research at the intersection of molecular
imaging, radiochemistry, and environmental pollutants has focused
on the five types of contaminants discussed above, the literature
contains a handful of reports in which these techniques have been
used to study other pollutants. Al-Sid-Cheikh et al., for example,
created '™ Ag-labeled silver nanoparticles and studied their bioac-
cumulation in Arctic char via quantitative whole-body autoradiog-
raphy (40). '"®™Ag-labeled silver nanoparticles are widely used in
the production of nanomaterials as well as consumer products (4/).
In this study, uptake was observed in several organs on exposure
of the fish via three administration methods—waterborne exposure,
intravenous injection, and force-feeding—with the highest overall
accumulation seen after intravenous exposure. Waterborne expo-
sure, the most environmentally relevant method, yielded accretion
levels lower than those produced by the other methods.

Using a dramatically different approach, Ke et al. created a bio-
luminescence imaging probe for tracking the accumulation of mer-
cury in mice (42). Mercury is a naturally occurring environmental
pollutant that can cause DNA damage and a wide variety of

TRACKING ENVIRONMENTAL POLLUTANTS

systemic diseases in humans and animals. The team synthesized a
probe that reacts with Hg>" to release luciferin, a substrate for lucif-
erase, resulting in bioluminescence. This Hg”" -activated probe was
administered intraperitoneally to transgenic FVB-/luc+ mice—which
ubiquitously express firefly luciferase—1, 3, and 7 d after the intra-
venous injection of Hg*". The noninvasive visualization of the bio-
luminescence signal provided insight into the accumulation and
clearance of Hg®>": by 7 d after administration, the Hg?"-driven
luminescent signal significantly decreased (Fig. 4C).

CONCLUSION

Despite the efforts of many, environmental pollution is a persis-
tent, stubborn, and—in many cases—worsening problem. Many
pollutants pose threats to human health, and thus it is critical to
characterize the potential toxicity of these environmental contami-
nants. An important step in this process is determining where these
pollutants go in the body after exposure via different routes.
Molecular imaging and radiochemistry can be indispensable in
this regard, as they can help determine the pharmacokinetic pro-
files of pollutants at environmentally relevant doses. As methods
for the labeling and tracking of environmental pollutants are dis-
seminated, we expect to see a surge in studies that use molecular
imaging to examine these potentially hazardous compounds. Among
the methods discussed in this work, we believe that nuclear imaging
has the greatest potential. Indeed, the advantages of nuclear imaging
include high sensitivity that allows for the interrogation of pollutants
at environmentally relevant concentrations, nearly unlimited tissue
penetration, the opportunity for long-term longitudinal studies, and a
wide array of robust labeling methods using commercially available
radionuclides. It is our hope that the pioneering work that we have
described here helps usher in a new era in which molecular imag-
ing and radiochemistry become standard tools for the in vivo study
of environmental pollutants.
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