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Occurrence, Environmental Fate, and Exposure Assessment
of Selective Serotonin Reuptake Inhibitors (SSRIs)
in Aquatic Environments

Kevin L. Armbrust and Jeong Wook-Kwon
State Chemical Laboratory of Mississippi, Mississippi State, MS

Abstract

Pharmaceuticals can enter aquatic environments after their prescribed use and lead to negative effects on
aquatic organisms. Ideally, information on the environmental fate and effects of these chemicals would be
useful prior to their registration so that exposure assessments, and ultimately risk assessments, could be
conducted proactively. The Subdivision N battery of tests required by the U.S. Environmental Protection
Agency for pesticide registration provide a convenient model to use for pharmaceutical products, as
environmental degradation processes are not discriminatory to a chemical’s product-use pattern. Selective
serotonin reuptake inhibitors (SSRIs) are among the most heavily prescribed drugs. They are biologically
active, low concentrations have been shown to affect aquatic organisms, and evidence indicates that they can
be present in effluents from wastewater treatment plants. The physical and chemical properties and rates of
degradation of five SSRIs (citalopram, fluoxetine, fluvoxamine, paroxetine, and sertraline) were measured in
investigations modeled after those used for pesticide registration. Additionally, their occurrence in raw
wastewater, treated effluent, and downstream receiving waters also was measured. The salts of SSRIs had high
water solubilities ranging from 3,022-15,460 mg/L and relatively low octanol-water partition coefficients (log
Kow) ranging from 1.12-1.39. Two sediments and three soils with organic matter contents ranging from 0.16 to
1.77 percent and pH ranging between 5.6 and 7.8 were used to measure adsorption coefficients. Values of K;,
Kg, and K, ranged from 39 to 18,342, from 60 to 42,579, and from 2,256 to 1,053,380, respectively. No
significant hydrolytic degradation was detected for any drug in any aqueous solution.

Photolysis was a potential route of degradation for several SSRIs. Paroxetine and fluvoxamine rapidly
photodegraded, with half-lives of 0.5-0.7 days and 3.6-6.0 days, respectively. Fluoxetine and citalopram were
stable to photolysis at all pH values tested. Most SSRIs except fluvoxamine did not show enhanced
photodegradation in synthetic humic water and natural water, possibly because of light attenuation by natural
water materials. Several degradation products for each SSRI were detected and identified by liquid
chromatography-electrospray ionization-mass spectrometry (LC/ESI/MS). Hydroxyl radical rate constants,
measured by competition kinetic methods, ranged from 1.41x10" to 1.99x10** M™ h™. All SSRiIs treated to
irradiated water/sediment systems dissipated rapidly, in part as a result of photolysis but mostly because of
adsorption to sediment. Nearly constant SSRI residues over time indicated that SSRIs are resistant to microbial
metabolism in sediments. No degradation was observed for any drug over a 28-day exposure period in ready
biodegradability investigations using activated sludge from a wastewater plant. Methods that employ solid-
phase extraction and LC/MS/MS, using ESI in positive ion mode for the determination of five SSRIs and their
metabolites in surface water samples, have been developed. The limits of quantitation ranged from 0.4-2.4
ng/L. Samples of influent, effluent, upstream, and downstream water were collected monthly and analyzed.
Fluoxetine and sertraline were detected in all samples, ranging in concentration from 0.006-0.076 pg/L and
0.007-0.061 pg/L, respectively. Citalopram also was detected at a concentration of 0.006-0.064 pg/L in
selected samples. Laboratory data indicate that the SSRIs as a general class resist most forms of degradation in
environmental systems and would partition to sediment where residues of these compounds would persist.
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Occurrence and Fate of Antibiotics and Other Pharmaceutically
Active Compounds During Transport to and During
Drinking Water Treatment

Howard S. Weinberg, Mark D. Sobsey, Philip C. Singer, Embrey L. Bronstad,
Vanessa J. Pereira, Katherine M. Stauffenberg, Zhenggi Ye, and Joshua D. Huneycutt
University of North Carolina, Chapel Hill, NC

Abstract

This research project incorporates a multipronged approach to evaluate the fate and transport of pharma-
ceutically active chemicals in the aquatic environment. Because of their high end-use, antibiotics were singled
out for a major investigation that includes isolating them from surface waters impacted by wastewater
treatment plant effluent, determining whether antimicrobial resistance traits in bacteria found in those waters
are correlated to environmental levels of those compounds, and the fate of such compounds during transport to
and through drinking water treatment plants. Appropriate disinfectant quenching—solid phase extraction
followed by analysis with liquid chromatography and tandem mass spectrometric methods—was applied to
determine occurrence levels for 25 antibiotics, including tetracyclines, sulfonamides, macrolides, quinolones,
fluoroquinolones, trimethoprim, and lincomycin in source and finished drinking waters. The method detection
limits of the target analytes are generally below 10 ng/L in source water and below 5 ng/L in finished water,
but because co-extracted natural organic matter in sample matrices caused signal suppression for most of the
analytes, the method of standard addition was used for quantitation. A preliminary occurrence study revealed
the presence of a variety of antibiotics in source drinking waters at ng/L levels whose concentrations were
somewhat reduced during treatment but in some cases were found, albeit at lower levels, in the finished
drinking waters. A kinetic study revealed major differences in the potential for reaction and the fate of
antibiotics with disinfectants. Furthermore, it appears that an increase in the levels of antibiotic resistance
among naturally occurring microbes downstream of wastewater treatment plant discharges is correlated to the
levels of antibiotics in that discharge. Once these chemicals enter “natural systems,” they can partition into
sediments or undergo some degree of photodegradation with resulting byproducts that might be missed by the
techniques used to target individual compounds at environmental levels. A case study with sulfamethoxazole is
presented.

It appears that some of the chemical species targeted in this study survive conventional wastewater
treatment depositing levels, sometimes exceeding 1pg/L in the receiving stream. This study also has shown
that ultraviolet (UV) treatment, which is a technology with increasing deployment for both wastewater
disinfection and remediation of water supplies, can remove a variety of compounds including iohexol (a
widely used X-ray contrast medium), carbamazepine (an antiepileptic), and analgesics. The effect of using UV
together with hydrogen peroxide to enhance oxidation also is demonstrated. Some pharmaceuticals, such as ke-
toprofen and ciprofloxacin, were significantly removed from synthetic water by direct photolysis using a UV
energy that is typically used during drinking water treatment (100 mJ/cm?), and these results were replicated in
contaminated surface waters.

The Office of Research and Development’s National Center for Environmental Research 2
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Occurrence and Fate of High-Volume Pharmaceuticals
in Wastewater-Impacted Environments

Mark Benotti and Bruce Brownawell
State University of New York at Stony Brook, Stony Brook, NY

Abstract

Pharmaceutically active compounds (PhACs) are readily detected in surface waters that receive municipal
wastewaters. To understand possible human or ecological exposure risk, a greater understanding of the
processes controlling environmental fate of these compounds needs to be developed. In this work, the
occurrence and fate of a selection of water-soluble PhACs are compared in wastewater-impacted groundwater
and estuarine surface water environments. This research project also has been aimed at determining whether
selected PhACs may be useful as tracers of wastewater and other wastewater-derived contaminants in surface
and groundwater environments.

Analytical methods employed in this research project were modified from those developed for high
volume pharmaceuticals by the U.S. Geological Survey. High performance liquid-chromatography is coupled
with time-of-flight mass-spectrometry (HPLC-ToF-MS), a novel MS approach offering unique advantages for
this study. The full-spectral sensitivity of the instrument allows for the analyses of non-target compounds and
provides indications of analytical interferences or false positive detections of PhACs. The moderately high
resolution of ToF-MS and its ability to estimate analyte accurate mass provide enhanced analyte confirmation,
determination of elemental formula, and identification of interferences with the same nominal mass.

Studies on the occurrence and fate of PhACs in groundwater focused on field measurements in the upper
glacial aquifer of Suffolk County, New York; a region where approximately 75 percent of municipal
wastewater is discharged to ground, mostly from cesspools and septic tanks. Groundwater concentrations of
detected PhACs were generally low (low to mid ng/L range) with the highest concentrations being
immediately adjacent to known point source wastewater introduction. Migration from one treatment plant was
followed in more detail. The extent of transport of individual PhACs in the plume tended to be inversely
related to their tendency to adsorb to aquifer material. Microbial transformation of some poorly sorbed
pharmaceuticals (e.g., metformin) was inferred from their lack of transport. The tendency of PhACs to be
detected in groundwater is a function of source strength, analytical sensitivity, and mobility in subsurface
environments. The PhACs that were most readily detected included caffeine, paraxanthine (a caffeine metab-
olite), carbamazepine, and to a lesser extent, sulfamethoxazole and codeine. The transport of caffeine appears
to depend on poorly understood biogeochemical transformations. Whereas caffeine distributions were
consistent with conservative transport in an oxic wastewater plume at one site, it was rapidly removed within
another plume emanating from a septic tank, particularly in an oxidized zone proximate to the main anaerobic
plume. A role of abiotic oxidation reactions has been hypothesized to account for this observation and is part
of an ongoing doctoral dissertation study.

A wider range of PhACs is readily detected and typically in higher concentrations (low ng/L to low pg/L
range) in surface waters of Jamaica Bay, an estuary in New York City highly impacted by municipal waste-
waters. The persistence of pharmaceuticals in Jamaica Bay (residence time of a couple of weeks) was demon-
strated by both laboratory die-away experiments and by relating chemical concentrations to salinity (freshwater
inputs controlled by wastewater discharges to the bay). Of the 12 pharmaceuticals detected throughout the
entire salinity range of Jamaica Bay, only nicotine degraded much faster than the residence time of the bay.
Diltiazem and, to a lesser extent, trimethoprim were PhACs that were persistent in Jamaica Bay but not
transported well in groundwater because of sorption. Of the PhACs measured in Jamaica Bay, caffeine,
paraxanthine, nicotine, and cotinine (a nicotine metabolite) had the highest analytical signals and have the
potential to serve as the best tracers of wastewater inputs in estuaries.
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Detection and Fate of Environmental Estrogens in
Wastewater-Impacted Surface and Groundwaters

Bruce Brownawell', Sharanya Reddy’, and Charles Iden?
'Marine Sciences Research Center, “Department of Pharmacology,
State University of New York at Stony Brook, Stony Brook, NY

Abstract

As a result of numerous reports of feminized male and sexually immature fish from wastewater-impacted
water bodies, there has been great interest in the environmental occurrence and fate of steroid estrogens and
other contaminants that can interact strongly (e.g., ethynyl-estradiol) or weakly (e.g., several alkylphenols)
with estrogen receptor sites. Prior work showed that a portion of steroid estrogens and other estrogen mimicks
pass through sewage treatment plants with potentially relevant ecological exposure. Observations in ground-
waters, although few, suggested that steroid estrogens were not significantly mobile in porous media
environments, perhaps because of the tendency of these moderately hydrophobic chemicals to sorb to
geological media. Many pharmacologically active xenobiotic compounds, including steroid estrogens, how-
ever, are excreted in human urine primarily as water-soluble glucuronide and sulfate conjugates that can
dissociate later releasing the active forms. We hypothesized that under some conditions soluble estrogen
conjugates could act as a source of estrogens to aquifers or to groundwater-fed streams and focused our
attention on developing methods to analyze for them in environmental samples. A sensitive method to measure
steroid estrogen conjugates in matrix-rich sewage influents and effluents (method detection limits ranged from
0.04 to 0.28 ng/L) has been developed using high performance liquid chromatography tandem mass spectrom-
etry (HPLC/MS/MS) with electrospray ionization. The method employs extensive sample purification by
selective extraction from an Oasis HLB solid-phase cartridge followed by separation by anion exchange
chromatography. This purification scheme, combined with a stable isotope dilution approach, was used to
overcome problems of matrix suppression of ionization and permitted selective and sensitive detection of 10
target conjugates. It was found that the conjugates (especially the glucuronides) are rapidly degraded in sewer
pipes prior to reaching sewage treatment plants, within sewage treatment plants (that remove most of the
sulfate conjugates), and in septic tanks prior to leaching into groundwater systems. Preservation of these labile
compounds was ineffective with common bacterial poisons and required de-activation of extracellular enzymes
that hydrolyze the conjugates.

This research project suggests that steroid estrogen conjugates are unlikely to represent a “missing” source
of estrogens to receiving waters. Estrogens and xenoestrogens are typically not persistent or mobile in
groundwaters. Over short distances (22 feet), however, alkylphenol ethoxylate metabolites, estrogenic fluo-
rescent whitening agents, and free estrone and B-estradiol were mobile in an anerobic septic tank plume. Each
of these compound classes, however, were rapidly (less than days) transformed in the portion of the plume that
was oxidized and in contact with the water table. Reliable methods also were developed for measuring
sediment/soil sorbed estrogens that involve normal phase HPLC extract purification prior to immunoaffinity
extraction purification of extracts and analysis by HPLC-time-of-flight-MS. The method has been applied to
sewage impacted sediments from Jamaica Bay (New York City). Results indicate that steroid hormones (at a
few ng/g) may be preserved with little degradation and that the estrogenic potency (determined with in vitro
assays of extracts) of steroid hormones was very similar to that of nonylphenol in these sediments. Future work
will test whether poor migration of steroid estrogens (and other xeno-estrogens) in aquifers is the result of
sorption or transformation reactions.

The Office of Research and Development’s National Center for Environmental Research 4
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Mechanisms of Tetracycline Resistance Development in the
Environment as Detected by Real-Time PCR

David Graham
University of Kansas, Lawrence, KS

Abstract

Strong evidence exists suggesting that the use of antibacterial agents in agriculture is increasing the level
of antibiotic resistance among microbial pathogens. This presentation focuses on four studies assessing
relationships between tetracycline exposure and antibiotic resistance development in the environment. The
goal of this research project was to examine the transport pathway from the point of antibiotic use to possible
downstream exposure to determine rates and mechanisms by which resistance are gained or lost in different
settings. The study used laboratory-, mesocosm-, and field-scale systems (both in rivers and operating feedlot
lagoons) and both classical microbiological techniques and quantitative real-time polymerase chain reaction
(PCR) for tracking resistant organisms and genes in the systems. Tetracyclines were chosen for study because
it and its derivatives are used extensively in clinical or veterinary applications, and the genetic basis of
resistance is well established, allowing the use of quantitative real-time PCR for determining quantifying
resistance gene numbers in exposed systems.

Two watersheds with variable land use, five feedlots with eight wastewater lagoons, and a series of
controlled laboratory and mesocosm experiments were examined to fulfill the goals of this study. In all studies,
real-time PCR probe-primer sets for the tet(O), tet(W), tet(Q), tet(M), tet(A), and tet(B) resistance genes were
used to quantify resistance gene numbers in organisms as a function of antibiotic use patterns and receiving
water or other environmental conditions." The full-scale river and feedlot studies showed that elevated
resistance genes in receiving waters were seasonal and primarily resulted from the transport of resistant
organisms away from the point of veterinary use rather than via in situ resistance development.>® Ambient
tetracycline levels in receiving waters, however, usually did not correlate with resistance gene numbers;
therefore, the in situ detection of antibiotics is often a poor marker of environmental exposure.

These studies led to further work assessing how resistance genes move in the environment after release,
how long genes were retained after release (and why), and ancillary environmental effects caused by tetra-
cyclines, such as impairment of aquatic plants.* Followup laboratory and mesocosm experiments were
performed to track key genes and whole-organism resistance in different types of receiving water settings,
including light-exposed, dark, high-tetracycline, low-tetracycline, and waters with elevated natural bacterial
communities. In general, ambient light supply dominated the fate of both resistant organisms and resistance
genes in downstream waters. Resistance gene half-lives were often two to three orders of magnitude greater
under dark treatments compared with all other exposures. Some individual resistant bacteria were enriched
after initial release into receiving waters, although this was not the norm with most resistance genes and
organisms typically dying very rapidly upon release into surface waters. Photodeactivation appeared to be a
key mechanism for “resistance” die-off in most systems. tet(W) and tet(M) had the longest half-lives among all
genes tested (in the order of hours), suggesting that these genes might be possible biomarkers for resistance-
gene exposure in future work.

Results indicate that tetracycline resistance is developed primarily at the point of use rather than in the
environment, although individual resistant organisms can be enriched in some receiving water scenarios.
Generally, resistance gene “die-off” is most rapid in light-exposed aquatic systems, which suggests that photo-
deactivation is important for “resistance” reduction in environmental systems. Work continues on the fate and
transfer of resistance genes and organisms in aquatic systems, with the development of a new mathematical
receiving-water model being underway to help predict downstream resistance impacts below point and non-
point resistance sources.

The Office of Research and Development’s National Center for Environmental Research 5
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Fate, Attenuation, and Effects of Fluoroquinolone Antibacterials
in Aquatic Systems

Charles Knapp
University of Kansas, Lawrence, KS

Abstract

The objective of this research project was to assess the fate, attenuation, and ecotoxicity of selected
fluoroguinolone (FQ) antibiotics on surface water quality, under both laboratory- and field-scale conditions.
Further, emphasis was placed on developing new methods for quantifying FQs and degradation products and
developing new molecular techniques for monitoring antibacterial resistance to FQs in microorganisms.

Early work focused on quantifying key FQs, including ciprofloxacin (cipro), enrofloxacin (enro), and their
breakdown products at low environmental concentrations, using C-18 solid phase extraction followed by LC-
MS analysis.*? The structure of 12 FQ photodegradation and other degradation products were elucidated,
including products not previously reported in the literature.

These methods were used for monitoring of cipro and enro within the context of controlled experiments
aimed at determining factors that affect their fate in the natural environment. Laboratory results indicate that
particulate organic matter (POC) and light intensity and wavelength influence FQ disappearance rate.?
Photodegradation reactions quickly destroy both cipro and enro under natural sunlight and ambient water
conditions. Additionally, both FQs readily adsorb onto POC in solution, although the final fate of the FQs after
adsorption has not been fully defined.

Further, fate and effects studies using outdoor 11.3 m* aquatic mesocosms verified the laboratory data that
POC and light conditions were centrally important to FQ fate in surface waters. The data also indicated that
cipro was a significant degradation product of enro, especially under lower light aquatic conditions (~ 25% full
light exposure [FLE]), and residual enro could be detected more than 30 days after release when light levels
were low (0.5% FLE), suggesting that FQ residuals can accumulate in surface waters under low light con-
ditions.

Associated with FQ fate work, new molecular biological methods for tracking FQ antibacterial resistance
in exposed organisms were developed.* These methods use density gradient gel electrophoresis for tracking
mutations in gyrA gene sequences in the region known to confer FQ resistance in bacteria (the quinolone
resistance-determining region [QRDRY]). Field exposure experiments indicate, however, that at the highest enro
exposure levels tested (25 ppb), no major changes in QRDR region were noted. Small changes in microbial
community diversity were noted, although it is not possible to state whether such variations resulted from
exposure or were a consequence of natural dynamic variability in the microbial communities.

Parallel to the above, toxicity tests were performed on five aquatic organisms with seven FQs (cipro, enro,
lomefloxacin, ofloxacin, levofloxacin, clinafloxacin, and flumequine).> Microcystis aeruginosa, Lemna minor,
and Pseudokirchnerialla subcapitata were sensitive to FQ, whereas no observed effects were found at 10 mg/L
with Daphnia magna and fathead minnows.

The results generally indicate that FQ antibacterials are short-lived in aquatic water columns; however,
they can last for much longer periods in zones where light exposure is minimal. Even in those regions,
however, FQs bind to POC matter, which appears to reduce the bioavailability of the compounds.

Future work on FQs should focus more on their possible transmission through the food supply and the
transmission of previously resistant organisms of environmental and public health significance. Data indicate
that FQ resistance does not readily develop in situ, and that the key issue is the migration of resistant
pathogens away from the point of resistance development. Work on the quantitative refinement of molecular
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