Analysis, Occurrence and Fate of Antiviral
Drugs in the Aquatic Environment

Analyse, Vorkommen und Verhalten von
Antivirenmitteln in der aquatischen Umwelt

Dissertation

Zur Erlangung des akademischen Grades eines Doktors der Naturwissenschaft

Fachbereich 3: Mathematik/Naturwissenschaften
Universitat Koblenz-Landau

Vorgelegt am 12. Marz 2012

von Dipl. Geook. Carsten Prasse

geboren am 18.08.1981 in Marktheidenfeld

Referent: PD Dr. Thomas A. Ternes

Koreferenten: Prof. Dr. Joachim Scholz

Prof. Dr. David L. Sedlak (Univ. of California, Berkeley (CA), USA)






DANKSAGUNG

Im Laufe meiner Dissertation haben mich eine Vielzahl von Personen auf
unterschiedlichste Weise unterstiitzt. Ohne euch ware diese Arbeit nicht das was sie
ist und ich bin euch allen zutiefst dankbar. Namentlich méchte ich mich bei folgenden
Personen bedanken:

Zu allererst mochte ich Thomas Ternes fir die Betreuung meiner Arbeit danken. Du
hast es auf einzigartige Art und Weise geschafft mich zu motivieren und zu férdern und
mir gleichzeitig Raum gegeben meine Ideen zu verwirklichen. Danke fiir die tolle
Zusammenarbeit, die kritischen Diskussionen und deine stets offene (Bliro-) Tr.

Prof. Scholz und Prof. Sedlak danke ich fiir ihr Interesse an meiner Arbeit und die
Ubernahme des Koreferats.

Manfred Wagner bin ich fir die NMR Messungen sowie fiir seine Offenheit und
Begeisterung an neuen wissenschaftlichen Fragestellungen dankbar.

Den Mitarbeitern der BfG, insbesondere des Referats G2, danke ich fiir die tolle
Zusammenarbeit und die unvergessliche gemeinsame Zeit. Ich kdnnte mir keine
besseren Kollegen und keine bessere Arbeitsgruppe vorstellen.

Meinem Biro-Mitbewohner Dirk Loffler danke ich fiir sein offenes Ohr, die hilfreichen
Diskussionen und seine Toleranz bei etwaigen Gefiihlsausbriichen.

Ganz besonders moéchte ich auch Arne Wick danken. Danke fir deine Unterstiitzung
bei der Planung der Versuche, fir die hilfreichen Diskussionen der Ergebnisse und
deine Freundschaft. Ich glaube man hat im Leben nicht oft das Glick, einen so
auBergewdhnlichen Menschen wie dich kennen zu lernen.

Liebe Jungs der ,Gruppe 5’: | made it!

Meiner Familie, vor allem meinen Eltern, und meinen Freunden danke ich fiir die
Unterstitzung in den letzten Jahren. Ohne euch ware ich nicht dort wo ich jetzt bin.
Zuletzt mochte ich mich bei Carolin bedanken. Ohne deine Unterstiitzung, deine
Geduld und deine Liebe hatte ich das Projekt ,Doktorarbeit’ nicht geschafft.

Wenn Leute lachen, sind sie fahig zu denken.
(Dalai Lama)

Dank euch allen hab ich viel gelacht ...






SUMMARY

In the last two decades, pharmaceuticals have attracted broad scientific interest
as they have been shown to be ubiquitously present in the aquatic environment. In
particular, considerable concern has been raised regarding potential effects on human
health due to the presence of pharmaceuticals in finished drinking water.
Furthermore, research conducted so far indicates that transformations of
pharmaceuticals in the environment as well as technical processes might result in the
formation of potentially toxic transformation products.

Antiviral drugs are primarily used for the treatment of herpes, human
immunodeficiency virus (HIV), hepatitis and influenza with prescribed amounts up to
several tons per year. However, with the exception of oseltamivir and its active
metabolite oseltamivir carboxylate, so far no information on their environmental
behavior is available. Therefore, the aim of this thesis was to investigate the
occurrence and fate of antiviral drugs in the urban water cycle, including the aquatic
environment.

For the analysis of antiviral drugs in the aquatic environment a highly sensitive method
was developed based on solid-phase extraction (SPE) followed by liquid
chromatography tandem mass spectrometry (LC-tandem MS). Due to the wide range
of physico-chemical properties, in particular with regard to the polarity of the analytes,
two different approaches were investigated for their chromatographic separation,
reversed-phase (RP) and hydrophilic interaction liquid chromatography (HILIC). Good
chromatographic separation of individual antiviral drugs was achieved with both
methods. However, due to the higher sensitivity, reproducibility and accuracy, the RP
method was used for further analysis of antiviral drugs in environmental samples. The
limits of quantification in raw and treated wastewater as well as surface water ranged
between 1 (abacavir, oseltamivir, oseltamivir carboxylate) and 100 ng L™ (ribavirin), 0.5
and 50 ng L™ as well as 0.2 and 10 ng L™, respectively.

Subsequently, the developed method was applied to investigate the occurrence and
elimination of antiviral drugs in wastewater treatment plants (WWTPs). With the
exception of ribavirin all antiviral drugs were detected in WWTP influents with
concentrations ranging between 5 and 2,000 ng L. The comparison of concentrations
in WWTP influents and effluents revealed a high elimination efficiency for acyclovir,
penciclovir, stavudine, oseltamivir carboxylate, lamivudine and abacavir during
wastewater treatment. For nevirapine, oseltamivir and zidovudine similar
concentrations were found in WWTP influents and effluents. Nevertheless, most of the
antiviral drugs were also detected in WWTP effluents indicating their emission into
receiving waters. Consequently, the analysis of surface water samples revealed the
widespread occurrence of antiviral drugs in concentrations up to 190 ng L' and 170 ng
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L™ for acyclovir and zidovudine, respectively. The widespread occurrence of antiviral
drugs in surface waters was also demonstrated in a sampling campaign at the river
Ruhr with 30 sampling points along the river. For most of the antiviral drugs analyzed
higher concentrations were observed at sampling sites further downstream along the
Ruhr. Furthermore, elevated concentrations downstream of WWTPs clearly showed
the importance of WWTP effluents as point sources for the release of antiviral drugs
into surface waters.

In addition, for the river Rhine, exceptionally high concentrations of oseltamivir
compared to its active metabolite oseltamivir carboxylate were observed. This was
unexpected as oseltamivir is extensively metabolized to oseltamivir carboxylate in the
human body (> 75%), resulting in oseltamivir/oseltamivir carboxylate (OP/OC) ratios of
0.2-0.3. In surface waters OP/OC ratios between 0.3 and 3.0 were observed,
attributable to the partial removal of oseltamivir carboxylate during wastewater
treatment. In contrast to this, in the river Rhine significantly higher OP/OC ratios
(OP/OC = 12-13) were observed, indicating the contribution of other sources in
addition to urinary excretions of treated individuals. The analysis of samples taken at
the international sampling station in Weil am Rhein, at the border between Germany
and Switzerland, revealed a strong inhomogeneity in concentrations of oseltamivir and
oseltamivir carboxylate across the river transect. Highest concentrations of oseltamivir
(up to 200 ng L'!) were observed in samples taken near the eastern riverbank, whereas
it was completely absent in samples taken near the western riverbank. For oseltamivir
carboxylate a similar trend was observed even though concentrations were
significantly lower (up to 13 ng L"). In contrast to this, acyclovir, penciclovir and
zidovudine were homogeneously distributed in all samples. Furthermore, the analysis
of samples taken approx. 5 km upstream of the sampling station (near Basel) revealed
the absence of both oseltamivir and oseltamivir carboxylate. This strongly suggested
the inflow of waters containing high concentrations of oseltamivir and oseltamivir
carboxylate in close proximity to the sampling station. Based on these findings,
emissions from the pharmaceutical industry close to the sampling station Weil am
Rhein could be assigned to be responsible for the high oseltamivir loads of up to
2 kg d™*, which was finally confirmed by analysis of treated wastewater samples taken
from the industrial WWTP in Basel.

A monitoring campaign during the swine flu pandemic in November/December 2009 in
the Rhine near Koblenz revealed that the analysis of oseltamivir carboxylate in surface
waters could be used to follow the course of flu epidemics. Based on the observed
OP/OC ratios a differentiation between individual sources of oseltamivir and
oseltamivir carboxylate in the river Rhine, namely urinary excretions of treated
individuals and industrial discharges, was possible. During the monitoring campaign an
intermittent contribution of both sources was observed with urinary excretions being
primarily responsible for observed river loads during the time period with the highest
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number of reported swine flu cases. Furthermore, acyclovir and zidovudine were
detected in most of the samples in concentrations < 10 ng L. Also for these
compounds a high variation of river loads was observed with loads in general
increasing with increasing river discharges, thus indicating the contribution of
untreated wastewater discharges e.g. due to combined sewer overflows.

Due to the high concentration up to 2,000 ng L' in WWTP influents and the extensive
elimination during wastewater treatment, the fate of acyclovir was investigated in
greater detail. Laboratory batch experiments were conducted with sewage sludge
taken from the aerobic nitrification compartment of the biological treatment unit from
a conventional WWTP. To be able to characterize the influence of the chemical
structure on the degradability of organic compounds and the formation of TPs,
penciclovir, a guanine analogue closely related to acyclovir, was also investigated. To
confirm the high elimination efficiencies of both compounds indicated from sampled
WWTP influents and effluents, degradation kinetics were determined at environmental
concentrations (4 pg LY. The experiments revealed first-order rate constants in
relation to the amount of suspended solids (SS) of 4.9 and 7.6 L gss* d™, corresponding
to half lives of 5.3 and 3.4 h for acyclovir and penciclovir, respectively. For a detailed
investigation of the formation of TPs evolving from the biodegradation of both
compounds, batch experiments at significantly higher analyte concentrations
(150 mg L") were conducted. The experiments revealed the formation of a single TP
for acyclovir, whereas for penciclovir eight different TPs were observed. The
elucidation of chemical structures of TPs via high resolution mass spectrometry
(HR-MS) and nuclear magnetic resonance (NMR) spectroscopy exhibited that the
transformation reactions taking place were restricted to the side chain of the
molecules, leaving the guanine moiety unchanged. For acyclovir the oxidation of the
terminal hydroxyl group of the side chain to the respective carboxylic acid, leading to
the formation of carboxy-acyclovir (carboxy-ACV). The calculation of the mass balance
of acyclovir revealed a closed mass balance for the transformation of acyclovir to
carboxy-ACV in both batch experiments as well as in WWTPs, indicating the
transferability of results from laboratory batch experiments to full-scale wastewater
treatment. For penciclovir, in total eight different TPs were identified with the mass
balance being closed until 120 h but decreasing afterwards to only approximately 30%
until 240 h. Simultaneously, a decrease of the dissolved organic carbon (DOC)
concentration was observed, thus indicating the partial mineralization and/or
microbial uptake of penciclovir. However, in contrast to acyclovir, none of the
penciclovir TPs could be detected in WWTP effluent samples, which can be primarily
attributed to the low influent concentrations of penciclovir of only 50 ng L™.

Carboxy-ACV was detected in various surface waters in concentrations up to
3,200 ng L™ indicating its widespread occurrence. Furthermore, it was shown that
carboxy-ACV is also highly persistent in the environment as no removal was observed
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in aerated batch experiments with soil. Consequently, carboxy-ACV was detected in
oxic groundwater in concentrations up to 250 ng L. However, the absence of carboxy-
ACV in anaerobic groundwater indicates its degradability under anaerobic conditions.
Nevertheless, carboxy-ACV was also detected in finished drinking water after bank
filtration and sand filtration in concentrations up to 40 ng L™.

Due to its high persistence, the application of advanced treatment via ozone was
investigated for its capability to remove carboxy-ACV from water. The experiments
revealed a strong pH-dependence of ozonation reaction rates increasing by over three
orders of magnitude from pH 1.7 to pH 8.5, thereby indicating the efficient removal of
carboxy-ACV via ozone under ambient treatment conditions. However, the
identification of oxidation products (OPs) revealed the formation of one main OP
which could be identified via HR-MS and NMR as N-(4-carbamoyl-2-imino-5-
oxoimidazolidin) formamido-N-methoxyacetic acid (COFA). Additional incubation
experiments with sewage sludge revealed only an insufficient removal of COFA in
biological treatment. Furthermore, COFA was shown to be toxic in a toxicity assay
using Vibrio fischeri indicating that ozonation can result in the formation of toxic OPs.
This might be of serious concern as COFA was detected in finished drinking water
taken from a drinking water treatment plant applying ozonation and subsequent
activated carbon treatment.

In summary, this study revealed the widespread occurrence of antiviral drugs in the
aquatic environment. Furthermore, it could be shown that the elimination of
pharmaceuticals in both biological and oxidative treatment do not necessarily result in
their mineralization but rather leads to the formation of a variety of transformation
and oxidation products. This is one of the first studies in which the fate and in
particular the transformation of pharmaceuticals has been comprehensively
investigated in almost the complete water cycle, from biological wastewater treatment
to advanced oxidation processes via ozone. It was shown that the transformation of
pharmaceuticals in the urban water cycle can ultimately result in the formation of toxic
transformation products.
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Arzneimittel sind in den letzten Jahren in den Fokus des wissenschaftlichen
Interesses gerilickt. Dies liegt zum einen in ihrem verbreiteten Vorkommen in der
Umwelt begriindet, zum anderen aber auch in den sich dadurch madglicherweise
ergebenden Auswirkungen auf den Menschen, da sie selbst in Trinkwasser
nachgewiesen werden kénnen. Darliber hinaus deuten aktuelle Studien darauf hin,
dass  Arzneimittel sowohl in der Umwelt als auch in technischen
Aufbereitungsverfahren Vorldaufer potentiell toxischer Transformationsprodukte sein

kdnnen.

Antivirenmittel werden vor allem zur Behandlung von Herpes-, Hepatitis- und
Grippeinfektionen sowie des Humanen Immundefizienz-Virus (HIV) eingesetzt. Bislang
wurden diese jedoch, mit Ausnahme des Grippemittels Tamiflu®, in der Umwelt noch
nicht untersucht. Somit war eine Aussage (iber eine mogliche Umweltexposition nicht
oder nur bedingt moglich. Ziel dieser Studie war es deshalb das Vorkommen und
Verhalten von Antivirenmitteln im urbanen Wasserkreislauf und der Umwelt naher zu
untersuchen.

Um Antivirenmittel in der Umwelt nachweisen zu kénnen wurde zundchst eine
sensitive Analyenmethode entwickelt. Diese basiert auf der Extraktion der
Antivirenmittel aus der Wasserphase mittels Festphasenextraktion (engl. solid phase
extraction; SPE) und anschlieBRender Detektion mittels Fliissigchromatographie-
Tandem Massen-spektrometrie (engl. liquid chromatography - tandem mass
spectrometry; LC-tandem MS). Aufgrund der groBen Unterschiede in den physiko-
chemischen Eigenschaften der Analyten insbesondere im Hinblick auf ihre Polaritat
wurden zundchst zwei unterschiedlichen chromatographische Trennungsverfahren
untersucht: Umkehrphasen- (engl. reversed phase; RP) und hydrophile Interaktions-
Flussigchromatographie (engl. hydrophilic interaction liquid chromatography; HILIC).
Mit beiden Verfahren konnte eine gute chromatographische Trennung aller
Antivirenmittel erzielt werden. Die RP-Methode zeigte jedoch eine héhere Sensitivitat,
Reproduzierbarkeit und Genauigkeit, wobei die Bestimmungsgrenzen fir alle
Antivirenmittel in Rohabwasser, behandeltem Abwasser und Oberflachen unter 100,
50 bzw. 10 ng L™ lagen. Aus diesem Grund wurde RP-Methode fir die weitere Analyse
der Antivirenmittel in wassrigen Umweltproben verwendet.

Die Untersuchung verschiedener Klaranlagen ergab, dass mit Ausnahme von Ribavirin
alle Antivirenmittel in Klaranlagenzuldufen, also im unbehandelten Abwasser, in
Konzentrationen bis 2 pg L' enthalten sind. Wie der Vergleich mit
Klaranlagenauslaufen zeigte, werden Antivirenmittel wie Acyclovir, Penciclovir,
Abacavir oder Stavudine in der Klaranlage weitgehend eliminiert, wohingegen fir
Nevirapin, Oseltamivir und Zidovudin nur eine geringe Elimination beobachtet wurde.

v
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Das Vorkommen der Antivirenmittel auch in Klaranlagenauslaufen in Konzentrationen
bis 560 ng L™ zeigt jedoch, dass diese mit dem behandelten Abwasser in die Umwelt
gelangen.

Folglich, konnten die Antivirenmittel auch in Oberflichengewassern in
Konzentrationen bis 190 ng L™ nachgewiesen werden. Die Bedeutung von Kldranlagen
als wichtige Punktquellen fiir das Vorkommen von Antivirenmitteln in der Umwelt
zeigte sich auch in einer entlang der Ruhr durchgefiihrten Messkampagne. Insgesamt
wurden 30 Probenahmestellen, die von der Quelle der Ruhr bis zur Mindung in den
Rhein reichten, beprobt. Fiir die meisten Antivirenmittel konnte eine Zunahme der
Konzentrationen mit der FlieBstrecke beobachtet werden. Erhéhte Konzentrationen
nach Einleitungen von geklartem Abwasser zeigten zudem die Bedeutung von
Klaranlagen als wichtige Punktquellen flir das Vorkommen von Antivirenmitteln in
Oberflachengewdssern. Die Analyse von Wasserproben aus dem Rhein ergab zudem
fir das Grippemittel Oseltamivir ungewdhnlich hohe Konzentrationen, insbesondere
im Vergleich zu dessen aktiven Metabolit Oseltamivircarboxylat. Aufgrund der weit
reichenden Metabolisierung von Oseltamivir zu Oseltamivircarboxylat (> 75%) im
menschlichen  Koérper ergeben sich im  Urin  behandelter Personen
Oseltamivir/Oseltamivircarboxylat (OP/OC) -Verhéltnisse von 0,2-0,3. In Oberflachen-
gewadssern steigt dieses Verhaltnis auf im Mittel 1,1 an, da Oseltamivircarboxylat im
Gegensatz zu Oseltamivir teilweise in der Kldaranlage transformiert werden kann. Flr
den Rhein hingegen ergaben sich signifikant hohere OP/OC-Verhiltnisse (OP/OC ~ 13).
Dies deutet, neben menschlichen Ausscheidungen, auf eine weitere Quelle hin. Eine
zusatzlich durchgefiihrte Probenahme in der Internationalen Messstation in Weil am
Rhein, an der Grenze zwischen Deutschland und Schweiz, ergab eine starke
Inhomogenitdt der Oseltamivir- und Oseltamivircarboxylatkonzentrationen im
Flussquerprofil. Wie sich zeigte, war Oseltamivir in den Proben die in der Nahe des
ostlichen Rheinufers entnommen wurden, in Konzentrationen bis zu 200 ng L™
enthalten, wahrend es in den Wasserproben vom westlichen Rheinufer nicht
nachgewiesen werden konnte. Ein ahnliches Bild zeigte sich auch fir
Oseltamivircarboxylat, jedoch waren die Konzentrationen mit maximal 13 ng L’
deutlich niedriger. Im Gegensatz dazu wurde fir andere Antivirenmittel wie Acyclovir,
Penciclovir oder Zidovudine eine homogene Verteilung im Querprofil des Rheins
beobachtet. Zudem konnte in Wasserproben, die aus dem Rhein etwa 5 km
flussaufwarts von der Messstation (bei Basel) entnommen wurden, weder Oseltamivir
noch Oseltamivircarboxylat nachgewiesen werden. Somit konnten Einleitungen aus der
pharmazeutischen Industrie als weitere Quelle fir  Oseltamivir und
Oseltamivircarboxylat im Rhein identifiziert werden, was durch die Analyse von Proben
aus der Industrieklaranlage in Basel bestatigt werden konnte.

Eine wahrend der weltweiten Schweinegrippepandemie im November und Dezember
2009 durchgefiihrte Monitoringkampagne im Rhein bei Koblenz belegte, dass die

Vi
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Konzentration von Oseltamivircarboxylat, dem aktiven Metabolit von Oseltamivir, den
Verlauf einer (Schweine-) Grippewelle widerspiegelt. Durch die Berechnung der
OP/OC-Verhaltnisse war es dariiber hinaus moglich zwischen den beiden moglichen
Quellen (menschliche Ausscheidungen und industrielle Einleitungen) von Oseltamivir
bzw. Oseltamivircarboxylat zu unterscheiden. Zudem erlaubte die Frachtberechnung
der beiden Stoffe auch eine Abschdatzung der im Einzugsgebiet mit Tamiflu®
behandelten Personen. Neben Oseltamivir und Oseltamivircarboxylat konnten auch
das Herpesmedikament Acyclovir und das HIV-Medikament Zidovudin nachgewiesen
werden. Die Konzentrationen lagen jedoch stets < 10 ng L%, Auch fir diese beiden
Antivirenmittel wurde eine hohe Variabilitat der taglichen Frachten ermittelt, wobei in
der Regel die hochsten Frachten an Tagen mit erhohtem Abfluss beobachtet wurden.
Dies deutet auf einen moglichen Einfluss der Einleitung von ungeklartem Abwasser in
Folge von Regenereignissen im Einzugsgebiet hin.

Aufgrund der hohen Konzentrationen von Acyclovir in Klaranlagenzulaufen von bis zu
2 pg L™ und der beobachteten Elimination von >98%, wurde der Abbau von Acyclovir
naher untersucht. Hierzu wurden Laborstudien mit Klarschlamm aus der biologischen
Stufe (Nitrifikation) einer konventionellen Kldranlage durchgefiihrt. Um eine Aussage
Uber den Einfluss der chemischen Struktur auf das Abbauverhalten und die Bildung von
Transformationsprodukten (TPs) treffen zu kénnen, wurde auch Penciclovir, ein dem
Acyclovir strukturell sehr dhnliches Guanin-Analog, untersucht. Zunachst wurden die
Abbaukinetiken  beider  Substanzen unter Verwendung umweltrelevanter
Konzentrationen (4 pg L") ermittelt um die in den Kliranlagen beobachteten hohen
Eliminationsraten zu bestdtigen. Die Experimente ergaben eine rasche Elimination von
Acyclovir und Penciclovir mit Abbauraten (pseudo-erster Ordnung) von 4,9 bzw.
7,6L gss'l d?, was einer Halbwertszeit von 5,3 bzw. 3,4 h entspricht.

Um die Bildung und die Identitdt moglicher beim Abbau von Acyclovir bzw. Penciclovir
gebildeter TPs detailliert untersuchen zu kénnen, wurden zudem auch Experimente
mit héheren Konzentrationen von bis zu 150 mg Lt durchgefihrt. Hierdurch konnte
gezeigt werden, dass beim aeroben Abbau von Acyclovir eine einziges
Transformationsproduktes gebildet wird, wahrend fiir Penciclovir insgesamt acht TPs
beobachtet wurden. Die Identifizierung der chemischen Strukturen der TPs mittels
hochauflésender Massenspektrometrie und Kernresonanzspektroskopie (NMR) zeigte,
dass sich die beobachteten Transformationen lediglich auf die Seitenkette der beiden
Substanzen beschrinkten, wahrend die Guanin-Grundeinheit unverandert blieb. Fir
Acyclovir fihrte hierbei die Oxidation der terminalen Hydroxylgruppe der Seitenkette
zur entsprechenden Carbonsaure zur Bildung von Carboxy-Acyclovir (Carboxy-ACV).
Durch die Quantifizierung von Acyclovir und Carboxy-ACV war es zudem maoglich, die
Massenbilanzen sowohl in den Laborsystemen als auch in Klaranlagen zu berechnen. In
beiden Fallen ergab sich eine geschlossene Massenbilanz was auch die
Vergleichbarkeit der Laborergebnisse mit realen Bedingungen belegt.

Vil
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Die Quantifizierung von Penciclovir und dessen TPs in den Laborsystemen ergab
hingegen nur eine geschlossene Massenbilanz bis zu 120 h. im Anschluss ging diese bis
auf ca. 30 % nach 240 h zuriick. Da gleichzeitig auch eine deutliche Verringerung des
Gehalts an gelostem organischen Kohlenstoff beobachtet wurden, kann die nicht
geschlossene Massenbilanz vermutlich auf die Mineralisierung und/oder die
mikrobielle Aufnahme einiger Penciclovir TPs zurlckgefiihrt werden. Aus diesem
Grund und bedingt durch die Tatsache, dass Penciclovir in Klaranlagenzuldaufen nur in
Konzentrationen < 50 ng L' enthalten ist, konnte keines der Penciclovir TPs in
Klaranlagenauslaufen nachgewiesen werden. Carboxy-ACV wurde hingegen auch in
einer Vielzahl von Oberflichengewdssern in Konzentrationen von bis zu 3200 ng L™
nachgewiesen. Auch in aeroben Batch-Experimenten mit Boden konnte kein
signifikanter Abbau von Carboxy-ACV beobachtet werden. Dies deutet auf eine hohe
Persistenz von Carboxy-ACV in der Umwelt hin . Als Folge konnte es auch in
Wasserproben aus einem aeroben Grundwasserleiter in Konzentrationen bis 250 ng L™
nachgewiesen werden. Die Abwesenheit von Carboxy-ACV in Proben aus einem
anoxischen Grundwasserleiter deutet hingegen auf einen moglichen Abbau unter
anaeroben Bedingungen hin. Dennoch konnte es auch in Konzentrationen bis 40 ng L™
in Trinkwasser nachgewiesen werden, was auf eine unzureichende Entfernung in der
Trinkwasseraufbereitung mittels Ufer- und Sandfiltration hindeutet.

Aufgrund der hohen biologischen Persistenz von Carboxy-ACV wurde dessen
Entfernung mittels Ozonung ndher untersucht. Wie sich zeigte, ist die Reaktion von
Carboxy-ACV mit Ozon stark vom pH-Wert abhangig, wobei ein Anstieg der
Reaktionsraten um drei GréRenordnungen von pH 1.7 bis pH 8.5 beobachtet wurde.
Dies lasst darauf schlieBen, dass Carboxy-ACV bei typischerweise in natirlichen
Wassern vorkommenden pH-Werten aus Abwasser aber auch Trinkwasser sehr gut
mittels Ozonung entfernt werden kann. Jedoch konnte gezeigt werden, dass es hierbei
zur Bildung eines Oxidationsproduktes (OP) kommt. Mittels hochauflésender
Massenspektrometrie und NMR konnte dieses OP als N-(4-Carbamoyl-2-Imino-5-
Oxoimidazolidin)Formamido-N-methoxy-Essigsdure (COFA) identifiziert werden. Diese
Substanz ist in der Literatur bislang noch nicht beschrieben worden, nicht einmal eine
CAS-Nummer existiert. Batch-Experimente mit Klarschlamm zeigten, dass es in einer
nachgeschalteten biologischen Behandlungsstufe nur zu einer unvollstindigen
Entfernung von COFA kommt. Zudem wurde fiir COFA in in Untersuchungen mit Vibrio
fischeri eine Bakterientoxizitat festgestellt was darauf hindeutet, dass es bei der
Ozonung von Carboxy-ACV zur Bildung eines toxischen OPs kommt. Dies kdnnte auch
direkte Auswirkungen auf den Menschen haben, da COFA in untersuchten
Trinkwasserproben auch nach Ozonung und anschlieBender Aktivkohlebehandlung
noch nachgewiesen werden konnte.

Zusammenfassend lasst sich sagen, dass die Verwendung von Antivirenmittel dazu
geflhrt hat, dass diese heute in der aquatischen Umwelt weit verbreitet sind. Es
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konnte zudem gezeigt werden, dass es beim Abbau von Antivirenmitteln in
biologischen als auch in oxidativen Prozessen mittels Ozon zu keiner Mineralisierung
sondern vielmehr zur Bildung von, teilweise stabilen, Transformations- bzw.
Oxidationsprodukten kommt. Dies eine der ersten Studien in der das Verhalten, und
insbesondere die Transformation, eines Arzneimittels (Acyclovir) nahezu im gesamten
Wasserkreislauf, von der biologischen Abwasserbehandlung bis zu weitergehenden
oxidativen Verfahren umfassend beschrieben werden konnte. Die Ergebnisse zeigen
deutlich die Bedeutung biologischer Transformationsprodukte als moglichen Vorlaufer
toxischer Oxidationsprodukte.
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1 GENERAL INTRODUCTION

1.1 OCCURRENCE OF PHARMACEUTICALS IN THE URBAN WATER CYCLE AND
THE ENVIRONMENT

Anthropogenic organic compounds such as biocides and industrial chemicals are
today ubiquitously present in the aquatic environment. The contamination of
freshwater resources, especially groundwater, has become one of the major issues of
our time. Considering the increasing water demand due to the predicted increase of
the world population in the next decades, especially in parts of the world which are
already today facing water scarcity such as Africa, this situation is even likely to
deteriorate in the future. Also the environmental occurrence of pharmaceuticals has
become an emerging issue.! The consumption of pharmaceuticals ranges from a few
mg per capita per year up to more than one g per capita per year.” > As most (human)
pharmaceuticals are not or incompletely metabolised in treated individuals, large
fractions are excreted unchanged via urine or faeces.* In addition, also the disposal of
unused medicines contributes to their release into the sewer system. All this leads to
the presence of pharmaceuticals in the pg/L- or even mg/L-range in raw wastewater
emphasizing the key role of wastewater treatment plants (WWTPs) for the release of
pharmaceuticals into the environment.>”’

During conventional wastewater treatment (primary and secondary treatment),
pharmaceuticals can undergo two main elimination pathways: i) sorption to sludge and
the removal with the excess sludge and ii) (bio)degradation during biological
treatment.®° volatilization is negligible due to the high polarity and low volatility of
most pharmaceuticals. Consequently, the fate of pharmaceuticals strongly depends on
their physico-chemical properties. As expected, the major sink for hydrophobic
compounds such as miconazole and roxithromycin is the sorption to the sludge.***®
However, also these compounds can be emitted into the environment since sewage

sludge is still used as a fertilizer in agriculture in many parts of the world.* **

For polar
compounds, in general, an elimination is only observed if they are degraded during
biological treatment, i.e. either during nitrification or denitrification.’®® As a
consequence, especially non-(bio)degradable polar compounds are likely to pass
WWTPs and are thus emitted into the aquatic environment. In surface waters, in
addition to (bio)degradation and sorption also photocatalyic degradation can play an

21-23

important role, especially in shallow and clear surface waters. Furthermore,

particle-mediated transport, due to sorption to suspended particulates and the
remobilized sediments, can contribute to the environmental distribution of

. 19-2
pharmaceuticals.’*?
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Even though the (bio)degradation of pharmaceuticals has long been believed to be
associated with their complete mineralization, i.e. a conversion to CO;, and H,0, recent
research has shown that this is rather the expection than the rule.?**® In fact, the
apparent elimination is in most cases leading only to a transformation of the
compounds and thus results in the formation of (often stable) transformation
products. This is discussed in greater detail in chapter 1.3. As a result, transformation
products of X-ray contrast media have been detected in groundwater and finished

drinking water in concentration up to 4,600 and 500 ng L™, respectively.? *’

Pharmaceuticals and their biological transformation products can be detected in
surface water but also in groundwater and finished drinking water. This is of concern
due to the unknown effects on the environment and human health.

1.2 RISKS ASSOCIATED WITH THE OCCURRENCE OF PHARMACEUTICALS IN
THE ENVIRONMENT

Pharmaceuticals are typically observed in the environment in concentrations in
the low ng/L-range. These low concentrations and the occurrence as mixtures rather
than individual compounds makes an environmental risk evaluation of
pharmaceuticals very difficult. The potential negative effects are diverse and can
influence single individuals as well as whole populations. Furthermore, direct effects
such as acute toxicity have to be distinguished from indirect effects such as impacts on
the reproduction ability. Biological active compounds such as antibiotics have a direct

impact on organisms if they are released into the environment.? %

However, they can
also indirectly influence humans if the chronic exposure of bacteria to these
3032 gynthetic

estrogens used as contraceptives such as EE2, have been shown to be strong

substances results in the formation of antimicrobial-resistant strains.

endocrine disruptors, which can lead to the feminisation of fish populations and thus
the loss of the reproduction ability also at environmentally relevant concentrations in

the low ng/L-range.?*?¢

For diclofenac, a commonly used analgesic, which has been
detected in surface waters in concentrations up to 1.2 pg L™,” *' histopathological
alterations in kidneys and gills of rainbow trouts have been observed at

3738 An even more dramatic effect has been

environmentally relevant concentrations.
reported by Oaks et al. who showed that the decrease of vulture populations in

Pakistan is directly linked to the concentrations of diclofenac in these animals.*

All effects discussed so far are associated with the occurrence of the pharmaceuticals
themselves, i.e. the original active ingredients. However, as outlined above, most
pharmaceuticals are metabolized in the human body or transformed after their release
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into the sewer systems. With the chemical structures of the parent compounds being
often only slightly modified, this leads to transformation products (TPs) with increased
polarities which are likely to pose similar toxicological characteristics compared to the

%041 Therefore, also metabolites and transformation products have

parent compounds.
to be taken into consideration.*? Furthermore, pharmaceuticals, as well as their
metabolites and transformation products, can be precursors of toxic by-products
which are formed during oxidative water treatment or disinfection of drinking water

via ozone or chlorine.*™*

The formation of N-nitrosodimethylamine (NDMA), a strong
carcinogen, has been shown to be formed during chloramination, of compounds
featuring dimethylamine moieties such as the histamine H2-receptor antagonist

ranitidine.*® %’

Chloramination is used as drinking water disinfectant especially in the
USA. Schmidt and co-authors reported the formation of NDMA during ozonation of
N,N-dimethylsulfamide (DMS), a microbial degradation product of the fungicide

tonIquanide.48

The understanding of the fate of pharmaceuticals, their metabolites and
transformation products in the complete urban water cycle is crucial for a
comprehensive risk evaluation.

1.3 STRATEGIES TO MINIMIZE THE RELEASE OF PHARMACEUTICALS AND
THEIR TRANSFORMATION PRODUCTS INTO THE ENVIRONMENT

The occurrence of a large spectrum of pharmaceuticals in the environment clearly
shows that conventional WWTPs are not capable of fully eliminating these compounds.
Furthermore, the degradation of pharmaceuticals in wastewater treatment is in most
cases not associated with a complete mineralization, thus leading to the formation of
transformation products. Even though our knowledge is far from complete, the
biological transformations observed so far have been dominated by a limited number
of biochemical reactions such as hydroxylation, oxidation of hydroxyl groups to the
respective aldehydes or carboxylic acids, N- and O-dealkylation or amide hydrolysis

2527, 4958 This is not

often leading to only small structural changes of parent molecules.
surprising as today’s WWTPs have primarily been designed to minimize effluent
nutrient loads, in particular nitrogen and phosphorous, to prevent eutrophication of
receiving waters. Therefore, new strategies are needed to minimize the release of

pharmaceuticals and their transformation products into the aquatic environment.

In the last years a lot of research has focused on new, advanced wastewater treatment
technologies. Among these, ozonation and activated carbon treatment have already
been shown to efficiently eliminate a large spectrum of pharmaceuticals also at full
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scale.”” %8

The great advantage of both techniques is that they can be directly
implemented in existing wastewater treatment plants, for example as additional, so
called advanced treatment.”®®® Activated carbon has very high sorption capacities
attributable to its enormous specific surface area which enables the removal of a large

%8 81 However, as this technique is based on the sorptive

number of pharmaceuticals.
removal of organic compounds, the activated carbon has to be reactivated or disposed
(e.g. by incineration) after usage. In contrast, during ozonation organic compounds are
degraded via chemical oxidation. Ozone (Os3) reacts specifically with electron-rich
chemical moieties such as double bonds, activated aromatic systems and
deprotonated amines.®? Therefore, pharmaceuticals such as estrogens, beta blockers
or macrolide and sulfonamide antibiotics are readily removed from treated waters by
ozonation, whereas X-ray contrast media such as iopromide are only insufficiently
eliminated.®**®® In drinking water treatment, ozone is used for taste and odour control
as well as for the removal of (pathogenic) microorganisms due to its strong

disinfectant properties.®

However, Os is not stable in water and reacts with some water constituents, thereby
decomposing primarily to OH-radicals which belong to the strongest oxidants in water.
The stability of O3 strongly depends on pH, alkalinity and amount and type of present

8771 OH-radicals, in contrast to Os, react relatively unspecifically with

organic matter.
organic compounds with degradation rate constants typically in the range of 10’ to
10° M* s’ 7 This is significantly faster than reaction rate constants typically
observed for the reaction with O3 (10% to 10° M* s%).*7" Consequently, during
ozonation the reaction of both Os; and OH-radicals have to be considered as

compounds which are not or insufficiently attacked by O3 might react with OH-radicals.

A main drawback of ozonation is that it does not lead to a complete mineralization of
organic compounds but to the formation of oxidation products (OPs), which might be
potentially toxic as they contain aldehyde, ketone or nitroso moieties.’> 7*7°
Therefore, one of the main challenges of the application of ozonation in water
treatment is the limitation of the toxic by-product formation. A very promising
approach to prevent the formation of toxic by-products is the combination of
ozonation with biological treatment such as sand filtration or biological activated
carbon treatment. A significant elimination of a large number of pharmaceuticals and
other organic compounds was obtained together with a reduction of the overall

58, 59, 80-84 Furthermore, in advanced wastewater treatment,

toxicity of treated waters.
the ozonated water can be re-fed into the biological treatment step.?” ¥ The idea
behind a combined oxidative-biological treatment is that compounds resistant to
biological degradation can be oxidatively degraded via ozone resulting in the formation
of oxidation products prone to microbial degradation. However, detailed information

on the fate of specific compounds and their oxidation products is still lacking.
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The biotic and oxidative treatment technologies discussed so far are not capable of
efficiently eliminating all pharmaceuticals. Especially halogenated compounds such as
iodinated X-ray contrast media and their biological transformation products have been

shown to be recalcitrant in conventional but also in advanced treatment.>” % & Th

e
presence of halogenated organic compounds is of considerable health concern due the
toxicity of these compounds and their role as precursors of potentially toxic by-

products formed during drinking water disinfection.*

Results from the degradation
of chlorinated solvents, which are a major environmental issue as they have been
emitted in large quantities e.g. from laundries and tanneries, revealed that these
compounds can be degraded under anaerobic conditions via reductive

dehalogenation.?**?

However, the redox conditions typically observed in conventional
WWTPs, e.g. in denitrification, are usually not favorable to enable reductive
dehalogenation, making it necessary to significantly lower the redox potential as
typically observed in denitrification (dissolved oxygen concentrations <1 mg/L;
oxidation-reduction potentials 20 mV).”>%° Results from membrane bioreactors (MBRs)
indicate that lower redox potential (<0 mV) and thus reductive dehalogenation can

%799 Therefore, also anaerobic treatment can be

also be obtained in full-scale plants.
used as a potential treatment method to efficiently degrade those compounds which
are not or only insufficiently eliminated in aerobic and oxidative treatment. A
prerequisite of the application of the anaerobic treatment techniques is the inhibition
of the release of greenhouse gases such as methane into the atmosphere. This can be
achieved either by the precise adjustment of the redox conditions to exclude
methanogenesis and thus the formation of methane or by the collection of the gases

which can, for example, be used for the production of electricity.***%3

Furthermore, a number of other promising techniques such as advanced oxidation
processes (AOPs), membrane bioreactors, photocatalysis, non-thermal plasma and
membrane filtration (e.g. nanofiltration, reverse osmosis) as well as electrochemical
and photo-electrochemical methods have ben shown to eliminate a large spectrum of
trace organic compounds, such as pharmaceuticals, from different water matrices
even though this has so far been primarily investigated at laboratory or pilot

Scale.104-116

The general drawbacks which all these approaches are facing are technical
difficulties with regard to the scale-up for full scale water treatment and the limited
cost competitiveness compared to existing treatment technologies, at least at the

current state of knowledge and technology. However, this might change in the future.

Besides advances in the treatment of wastewater a number of other attempts try to
tackle the problem even earlier by minimizing the release of pharmaceuticals into the
communal sewer system. These mainly include the separation of urine with high loads
of pharmaceuticals e.g. from humans treated with X-ray contrast media and the on-
site treatment of wastewater with high loads of pharmaceuticals such as hospital or

117-120

industrial wastewater. However, these attempts are either associated with high

5
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additional costs or with a lack in practicability, thus they will not be used in the near
future.

Conventional wastewater treatment is not capable to efficiently remove polar organic
micropollutants such as pharmaceuticals, making it necessary to develop new
treatment strategies.

1.4 IDENTIFICATION OF UNKNOWN COMPOUNDS IN ENVIRONMENTAL
MATRICES

The identification of unknown organic compounds is highly challenging considering the
large number of anthropogenic chemicals emitted intentionally or unintentionally into
the environment. This situation is even more complicated by the fact that i) most of
these compounds are likely to undergo transformation reactions leading to the
formation of an even larger number of TPs and ii) natural occurring compounds
(natural organic matter; NOM) have to be distinguished from those which originate
from anthropogenic activities.

For the sake of clarity, the different approaches used for the identification of unknown
compounds are classified in the following in four principal categories (target analysis,
suspect analysis, non-target analysis, effect-directed analysis; Table 1). However, this
classification is not strict as there are often large overlaps. The individual approaches
have advantages and disadvantages and none of them can be declared to be superior
to the others. This is especially true as their applicability strongly depends on the
underlying scientific question. For example, for a waterworks operator it might neither
be realistic nor of interest to identify every single compound present in the feed water
or the finished drinking water. Rather it might be more important to identify new
emerging and toxic compounds which have previously not been detected, thus
indicating, for example, a new contamination in the catchment area. Therefore, non-
target analytical approaches can be applied to identify compounds which have not
been present before by using a ‘clean’ feed water as reference. For regulators dealing
with the approval of chemicals foreseen to be newly introduced into the market, it is
essential to assess the potential risks associated with the release of these compounds
into the environment. For an adequate risk assessment it is necessary to elucidate the
fate and the degradation of compounds in the environment as well as to identify the
formation of transformation products. This can be achieved by suspect analytical
approaches. Finally, effect-directed analytical approaches can be used amongst others
to assess whether the degradation of compounds showing toxic effects such as
antimicrobials or biocides leads to a detoxification or whether formed transformation
products are still of toxicological relevance.
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TABLE 1. Analytical approaches for the elucidation of unknown organic compounds in environmental samples.

Target analysis

Suspect analysis

Non-target analysis

Effect-directed analysis

Short Use of authentic Identification of Screening of Identification of unknown
description standards to unknown compounds environmental samples compounds posing specific
investigate their (TPs) derived from for the identification of effects (e.g. mutagenicity,
presence in the known parent unknown compounds cytotoxicity, genotoxicity)

environment compounds without any information

on their chemical nature

and (eco)toxicological
effects
Advantages Simple, relatively Parent compound is No knowledge of Direct assessment of

Disadvantages

fast

Only applicable for
known compounds

known; use of stable

isotope- and radio-

labeled compounds;

identification of TPs

e.g. via NMR possible;
quantification of TPs

in the environment

Time- and labor-
intensive; parent

chemical structures etc.
needed

Identification of relevant
compounds difficult; MS

toxicological relevant
compounds (also applicable
to mixtures not only
individual compounds)

Coupling of chemical and
effect-directed analysis

for which a compound has to be information often not difficult; potential
standard is known sufficient for a final precursors of toxic by-
available; identification of organic products are not
compounds considered
Analytical GC-and LC- High-resolution mass High-resolution mass- TLC-bioautography; toxicity
approaches techniques spectrometry spectrometry assays; enzyme assays;
NMR bioaffinity profiling

Among the different approaches which can be used for the identification of unknown
compounds such as transformation products of organic micropollutants, the use of
authentic standards (target analysis) is the simplest and most straight forward. Its
advantage is that the use of reference standards enables an exact quantification of the

compounds in environmental samples.> 7 1% 122

Thus, this is approach is especially
useful for the analysis of compounds which can be assumed to be present in the
environment, for example due to their high production volume or chemical stability.
The main drawback is that the chemical compound to be investigated has to be

available.

If a compound has been identified as environmentally relevant, laboratory batch
experiments can be used to investigate its fate during wastewater treatment or in the

environment.’*?’

This approach allows for the investigation of the degradability of the
parent compound and the identification of formed transformation products (suspect
analysis). To elucidate the biodegradation kinetics the target compound is usually
spiked at environmentally relevant concentration (e.g. in the low pg/L-range). In order
to elucidate the chemical structure of TPs, the same experiments are, in general,
performed at significantly higher concentrations, typically in the mg/L- or even
g/L-range (Fig. 1). One possibility thereby is the isolation of individual TPs by semi-

25, 26

preparative HPLC which is coupled to a fraction collector. Sterile control samples

(e.g. obtained by autoclaving) can be used to assess the contribution of sorption but
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also of abiotic reactions. However, possible alterations of the samples during
sterilization have to be taken into consideration. To differentiate between organic
compounds which are matrix constituents and those which are derived from the
degradation of the compound of interest, blank samples are used. These samples are
run in parallel but are not spiked with the target compound.

The elucidation of chemical structures can be obtained by a variety of mass
spectrometry approaches such as MS" experiments and different NMR techniques.
Isolated TPs can be used as standards and thus also allow for a quantification in
environmental samples for target analysis. This is also of importance for the calculation
of mass balances not only in the batch systems but also in environmental samples to
determine whether all relevant TPs have been identified and whether the same TPs
are formed at environmentally relevant concentrations. In addition, the individual TPs
can also be incubated in batch experiments to elucidate the (bio)transformation
pathways.

The prerequisite and the main advantage of suspect analytical approaches is that the
chemical structure of the parent compound is known, thus allowing, based on expert
knowledge, for a first assessment of the TPs likely to be formed. This information can
be used as a starting point for the elucidation of TPs via full-scan high-resolution mass
spectrometry. The main disadvantage is that the suspect analytical approach in general
only provides information of TPs formed from a single compound. Furthermore, for
NMR relatively large amounts (in general several milligrams) of each TP in high purities
have to be isolated, especially for 13c- and N-NMR. Therefore, it is in most cases
necessary to incubate large amounts of the parent compounds. This can be particularly
challenging for compounds which i) are likely to show adverse effects when applied in
higher quantities such as biocides, ii) have a very low water solubility or iii) show
different transformation processes at higher compared to lower concentrations.
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Laboratory batch Filtration Freeze-drying Semi-preparative
experiments HPLC-UV

Freeze-drying of
individual fractions + Fraction collector

TP standards
- Identification of TPs
- Quantification of TPs in
environmental samples

FIGURE 1. Experimental approach for the isolation of transformation products formed during the incubation of pharmaceuticals
in laboratory batch experiments. The individual isolated TPs allows for their identification as well as for their quantification in
environmental samples such as treated wastewater or surface water.

In addition to the approaches aiming at the elucidation of the identification of specific
chemical substances and their TPs present in the environment, so called ‘non-target’
analytical techniques (non-target analysis) are becoming more and more

important.“' 123, 124

These techniques are strongly linked to recent advances in the
development of analytical techniques, especially with regard to the possibility for a
high-throughput screening which allow for the detection of several thousand
unknowns in a single sample and in a single chromatographic run. They have originally
been developed in the ‘omics’ -field in molecular biology such as genomics,

. . 125-127
metabolomics and proteomics.*® '*

The term ‘non-target screening’ implies that
the environmental samples such as surface water, groundwater, soil, sediment, etc.
are screened for present compounds without any knowledge of their chemical
structure. Thereby, it is important to note that only those substances which are
accessible by the analytical technique used are considered. The application of high-
resolution mass spectrometry enables the determination of exact masses and
molecular formulae of organic compounds present in environmental samples.
However, to obtain the true molecular formulae mass resolutions > 300,000 are
necessary. Furthermore, it has been shown that even at a mass accuracy of < 1 ppm
HR-MS might not be sufficient for exact determination of the molecular

composition.128

To get hold of the large amount of data being generated, the acquired information is
usually processed via different computational approaches which allows processing and
analysis of large data sets as well as narrowing the number of compounds down to
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those of relevance.'?®133

For the application of these techniques it is often necessary
to make different assumptions and restrictions (e.g. molecular weight range,
specifications of the molecular formula such as the presence of halogens or other
heteroatoms). This is also one of the main drawbacks as the decision which

compounds are of relevance and which are not is very challenging.

Other computational approaches which have been developed in the last years are used
to facilitate the MS-based identification of unknown compounds. These mainly address
the algorithm based processing of MS data, in silico fragmentation and MS database

134137 Zhang and co-authors

supported candidate search for metabolite identification.
developed an algorithm for the background subtraction of high-resolution MS data
(QTOF and LTQ Orbitrap).’*® The algorithm was applied to identify metabolites of
pharmaceuticals in plasma samples and to record product ion spectra of the formed
metabolites free of matrix interferences. Even though the comparison with reference
spectra (e.g. NIST database) is a widely used tool in GC/MS for the identification of

139 199 Jiquid chromatography mass spectrometry (LC/MS)

unknown compounds,
reference databases are only scarcely available. This is attributable to the fact that the
fragmentation used in LC/MS strongly depends on the type of instrument (e.g. TOF-
MS, QTOF-MS/MS, LC tandem MS, LTQ Orbitrap), fragmentation mechanism (energy
induced vs. collision induced fragmentation) and fragmentation energies which are
used.*** 3 This makes it generally necessary to conduct fragmentation experiments at
various collision energies. Gdmez-Ramos et al. created an accurate mass database of
147 compounds and their main fragments generated in CID MS/MS experiments.**
Mixtures of up to 15 analytes were injected into a LC-QTOF-MS system in full scan as
well as targeted MS/MS acquisition modes at four different collision energies to obtain
accurate masses of parent ions and main fragments. The compiled database was then
applied for the identification of transformation products of organic micropollutants,
including pharmaceuticals, in WWTP effluents. In total, the authors were able to
identify eight different TPs, including three which could additionally be confirmed by
the use of analytical standards. A general drawback of the MS based approaches is that
the obtained information is often not fully sufficient for an unambiguous identification
but rather enables the proposal of potential chemical structure(s). As an example, the
exact position of the hydroxylation of an aromatic ring cannot be elucidated via mass
spectrometry techniques. Therefore, for a final confirmation of the chemical structures
of unknown compounds the comparison with commercially available standards or the

application of a second, independent identification technique (e.g. NMR) is essential.

Another set of computational tools which can be especially useful for non-target
analytical but also for suspect analytical approaches are biodegradation prediction
systems such as the University of Minnesota Pathway Prediction System (UM-PPS) or
Catabol. These allow for the prediction of biotransformation pathways of organic

145-147

substances. The basis of these systems are large databases in which biochemical

10
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reactions which have been reported in literature regarding the degradation of specific
organic compounds, are compiled. For the prediction of TPs, the functional groups in
the target compound are compared to those stored in the database to identify those
which are potential targets of microbial catabolic reactions for which then the
transformations are predicted. This information can then be used to screen

environmental samples for predicted TPs, 2% 8%/ 14810

The general restriction of the methods discussed so far, aiming at the identification of
unknown compounds, is that they do not deliver any information on the potential
(eco)toxicological effects. The presence of specific functional groups, such as
aldehydes can only give an indication of the potential (eco)toxicity. Approaches to
overcome this restriction are so called effect directed approaches (effect directed

131,152 A5 indicated from its name, EDA aims at the identification of

153-155

analysis; EDA).
compounds which show (eco)toxicological effects. Therefore, the advantage of
EDA is that the large number of compounds present in environmental samples is
reduced to those which might be, due to their toxicity, of environmental concern. In
addition, these approaches can also be directly coupled to analytical approaches in
order to identify the chemical structure of the toxic compounds. Schulze et al.
investigated the formation of phytotoxic transformation products formed during the
photodegradation of diclofenac by using the green algae Scenedesmus vacuolatus.™®
The authors used peak directed reversed-phase HPLC fractionation of the solid phase
extract to obtain six fractions, which were then individually tested for their toxicity.
One of the fractions showed an increased toxicity compared to the parent compound.
This could be attributed to the formation of the phototransformation product 2-[(2-
chlorophenyl)amino] benzaldehyde (CPAB), which was identified via GC/EI/MS analysis
in full-scan mode. High performance thin-layer chromatography (HPTLC) with
bioactivity screening (using Vibrio fischeri) and subsequent MS analysis can been used
to identify toxic compounds which are present in environmental samples and to

. . . 157, 1
elucidate their chemical structure.r’ 8

The samples are sprayed on a HPTLC plate
which is then developed by using a single solvent or automated multiple development
(AMD). AMD allows for the use of several different solvents to obtain the
chromatographic separation of individual compounds. The developed plate is then
immersed into a Vibrio fischeri solution and the bioluminescence of the plate is
monitored using a CCD camera. Black spots on the plate thereby indicate the presence
of toxic compound(s). The individual compounds can then be extracted from the
HPTLC plate using an MS interface to elucidate the chemical structures of the toxic
compounds.

Bioaffinity profiling and enzyme activity profiling are approaches which have so far

been primarily used in molecular biology and medicine.™ **

Bioaffinity profiling is a
microplate-based high-throughput screening methodology using on a chromatographic

separation with subsequent MS detection and an on-line bioassay. Hogenboom and

11
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co-authors used a continuous-flow analytical screening system by applying
electrospray mass spectrometry to measure the interaction of biologically active
compounds with soluble affinity proteins.'® After chromatographic separation the
compounds were allowed to react with the affinity protein (streptavidin) in a
continuous-flow reaction system. Afterwards, a reporter ligand (fluorescein-labeled
biotin) was added to saturate the remaining free binding sites of the affinity protein.
The concentration of the unbound reported ligand was determined via electrospray
MS in MRM mode. The presence of an active compound is indicated by an increased
concentration of the unbound reporter ligand.

Similar to bioaffinity profiling, enzyme activity profiling allows for the direct screening
of enzyme inhibiting compounds in environmental samples. This approach was
successfully applied by Akkad et al. for the detection of insecticides in water samples
using rabbit liver esterase (RLE), Bacillus subtilis esterase (BS2), and cutinase from

Fusarium solani pisi (CuT).*®?

Staining was performed with Fast Blue Salt B (3,3’-
dimethoxy-4,4’-biphenylbis(diazonium) chloride). The reaction of Fast Blue Salt B with
a-naphthol, which is enzymatically released from a-naphthol acetate used as
substrate, resulted in a violet background while zones of inhibitors remain colorless

due to lack of substrate conversion.'®®

After sample application and chromatographic
separation using AMD, the HPTLC plates were immersed into an enzyme solution and
the absorbance was measured at 533 nm. For identification of insecticides, the
inhibition zones were extracted with a TLC-MS interface. The drawback of EDA is that it
generally allows only for the simultaneous testing of a single toxicological endpoint
such as cytotoxicity. Therefore, for an appropriate risk assessment of individual
compounds, several different tests are necessary to address, for example,
mutagenicity, genotoxicity, or endocrine disruption. Compounds which are precursors

of toxicological relevant substances such as NDMA are not considered in EDA.

An important point which should always be taken into consideration, especially when
using laboratory batch studies, is that also the design of the experiments can give
useful information not only to the identification of TPs but also to the conditions under
which they are formed. The addition of specific electron acceptors such as nitrate,
sulfate, manganese (Mn(IV)) or iron (Fe(lll)) can be used to investigate the influence of

164-166

redox conditions on transformation reactions taking place. Furthermore, the

addition of substrates or inhibitors allows for the identification of relevant
microorganisms responsible for the observed transformations. As an example,
allylthiourea, a known inhibitor of nitrification, can be used to determine the impact of

167, 168

nitrifying bacteria. Finally, stable isotope labeled (e.g. B¢, N) and radioactive

labeled compounds (**C or *H) can provide valuable information on the fate of specific
organic compounds. Stable isotope labeled compounds are especially useful for the
MS-based identification of TPs as the isotopic signature allows the following of the

13~ 169, 170
C.

formation of TPs enriched with The great advantage of radioactive labeled

12
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substances is that a complete mass balance can be determined, including those
proportions which are mineralized or irreversibly bound or incorporated to solid

. . 171-174
particles or biomass.

A variety of state-of-the art techniques and experimental setups allow for the
identification of unknown compounds via target, suspect, non-target and effect
directed analytical approaches.

1.5 ANTIVIRAL DRUGS

Antiviral drugs are a group of pharmaceutical active compounds used for the
treatment of a variety of viral infections, including herpes and hepatitis viruses, human
immunodeficiency virus (HIV) and influenza viruses. Acyclovir was the first drug

approved for treatment of herpes infections in the 1970s.>*"”

All antiviral drugs in
use today only prevent the replication of viruses but they do not kill them. Thus they
are termed virostatics. Viricides, capable of destroying viruses, are currently not
available on the market. The underlying principle of the mode of action of antiviral
drugs is that they interact at different stages of the life cycle of viruses, mainly by
interacting with specific proteins (Table 2). Therefore, they have to be highly specific as
proteins also play an essential role in the hosts of viruses. Otherwise their usage would
inevitably lead also to a weakening of the immune system of the host and thus to the
expansion of the viral infection. As an example, the mechanism of the interaction of

acyclovir with viral DNA is shown in Fig. 2.

TABLE 2. Mode of action and target viruses of antiviral drugs investigated in this thesis.

Mode of action

Target virus(es)

Approved antiviral drug(s)

Viral DNA polymerase inhibitors

Reverse transcriptase inhibitors

Viral neuraminidase inhibitors

Inosine 5’-monophosphate

dehydrogenase inhibitors

Herpes viruses

Human immunodeficiency virus

Influenza A and B virus

Hepatitis C virus and respiratory
syncytial virus

Acyclovir, penciclovir

Non-nucleoside reverse
transcriptase inhibitors:
zidovudine, stavudine,
lamivudine, abacavir

Nucleoside reverse
transcriptase inhibitors:
nevirapine

Oseltamivir

Ribavirin

13
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Due to their high specificity, the potential effects resulting from the release of antiviral
drugs into the environment are difficult to assess. This is especially true as our
knowledge of the occurrence of specific viruses in the environment is still very scarce,
which can primarily be attributed to difficulties associated with their analysis. So far it
has been shown that viruses are the most numerically abundant biological entities on
earth and it has been estimated that oceans contain more than one million viruses per

178

milliliter.””" Furthermore, viruses play an essential role in the aquatic ecosystem with

175-181 Therefore, the

virioplankton being the most diverse component of plankton.
release of antiviral drugs into the environment may have effects on the whole aquatic

ecosystem.

For anti-influenza drugs such as oseltamivir and its active metabolite oseltamivir

carboxylate, considerable concern has been raised regarding the potential

development of viral resistances in wildfowl.'8% &

Birds are competent hosts of
influenza viruses, therefore, the chronic exposure to antiviral drugs might have serious
implications also with regard to human health.®* *® This is especially true during flu
pandemics with predicted environmental concentrations (PEC) of oseltamivir
carboxylate up to 80 ug L in surface waters.*®® Even though so far no toxic effects

187-189

were observed for oseltamivir and oseltamivir carboxylate, it has been shown

that high loads of these antiviral drugs can have an influence on the bacterial

community in both WWTPs and the environment."® ***

Acyclovir (ACV)
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FIGURE 2. Mechanism of the interaction of acyclovir (ACV) with viral DNA (modified from ref.
177). Abbreviations: ACV-MP/DP/TP, ACV-monophosphate/ diphosphate/triphosphate; HSV-1
TK, Herpes virus-encoded thymidine kinase; GMP, guanosine monosphosphate; NDP,
nucleoside 5'-diphosphate.
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During conventional wastewater treatment oseltamivir carboxylate is only
insufficiently eliminated, whereas a substantial removal can be achieved by

192-194 . .
92194 curthermore, it has been shown that ozonation also

subsequent ozonation.
results in the loss of the neuraminidase activity of oseltamivir carboxylate.'®> After the
release into the environment oseltamivir and oseltamivir carboxylate have been shown

d.”®® 7 As a consequence, oseltamivir and oseltamivir

to be only poorly degrade
carboxylate have been detected in surface waters in concentrations up to

200 ng |1 194,198

Antiviral drugs are a class of pharmaceuticals which are likely to be present in the
environment with so far widely unknown consequences for the environment but also

for human health.
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1.6 OBIECTIVES

The overall objective was the investigation of the occurrence and fate of antiviral drugs

in the urban water cycle and the environment.

For this it was necessary to develop a highly sensitive analytical method (Chapter 2).
The challenge was to enable the accurate analysis of antiviral drugs in a variety of
aqueous matrices such as WWTP influents and effluents, surface waters, groundwater
and drinking water at concentrations in the low ng/L-range. The developed method
was then applied to investigate i) the elimination efficiencies of antiviral drugs during
conventional wastewater treatment and ii) the environmental occurrence of antiviral
drugs at a point of no pandemic outbreak.

Another aim was to examine the occurrence of anti-influenza drugs such as Tamiflu® in
surface waters during (swine) flu pandemics (Chapter 3). Furthermore, it should be
assessed whether surface water concentrations of anti-influenza drugs can be used to
follow the course of a swine flu epidemic in surface waters. The simultaneous analysis
of other antiviral drugs thereby allows evaluation of their occurrence in surface waters
over a longer time period.

To investigate the influence of biological transformation processes on the fate of
antiviral drugs in wastewater treatment and the environment the degradation of
acyclovir and penciclovir were investigated in greater detail (Chapter 4). The main aims
were to i) identify evolving TPs and ii) elucidate the biotransformation pathways. The
analysis of environmental samples was used to assess the occurrence and fate of TPs in
the environment.

The final task was to investigate the applicability of ozonation as an additional
treatment step for its capability to remove antiviral drugs from wastewater as well as
drinking water (Chapter 5). Therefore, acyclovir and its stable biological transformation
product carboxy-acyclovir were investigated in greater detail to i) investigate the pH-
dependency of reaction rate constants for the reaction with ozone, ii) identify evolving
OPs and iii) determine the (bacterial) toxicity of OPs. Furthermore, it was investigated
whether OPs can be further degraded in subsequent biological treatment and whether
similar OPs are formed from guanine and its derivatives such as guanosine.

16
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1.7 THESIS OUTLINE

Development and application of a highly sensitive method for the analysis of
antiviral drugs in the aquatic environment.

Chapter 2 describes the development, validation and application of an analytical
method based on solid-phase extraction (SPE) and LC-tandem MS detection for the
analysis of antiviral drugs in the aquatic environment. The developed method was
applied to investigate the occurrence of antiviral drugs in wastewater treatment plants
as well as surface waters.

Occurrence of antiviral drugs and in particular anti-influenza drugs in surface waters
during a (swine) flu pandemic.

Chapter 3 reports the occurrence of anti-influenza drugs such as oseltamivir in surface
waters. The ratio of oseltamivir to oseltamivir carboxylate was thereby used to assess
the influence of the potential sources, namely excretions from treated individuals and
emissions from the pharmaceutical industry. Furthermore, the analysis of other
antiviral drugs was used to investigate their occurrence in surface waters over a longer

time period.

Transformation processes in biological wastewater treatment.

Chapter 4 describes the degradation of acyclovir and penciclovir in biological
wastewater treatment. Biodegradation kinetics were determined and formed TPs were
identified using high-resolution mass spectrometry and NMR. The occurrence of TPs in
WWTPs as well as surface waters was investigated. The analysis of groundwater
samples as well as of drinking water samples taken from a waterworks utilizing bank
filtration and sand filtration allowed for a characterization of the environmental fate of
TPs.

Transformation processes in advanced treatment via ozonation.

Chapter 5 reports the removal of antiviral drugs and their transformation products in
ozonation. Ozonation rate constants of acyclovir and its biological TP carboxy-acyclovir
were determined and oxidation products were identified using high-resolution mass
spectrometry and NMR. The toxicity of formed oxidation products was assessed using
Vibrio fischeri. The occurrence of carboxy-ACV and its main oxidation product in raw
and finished drinking water after ozonation and activated carbon treatment was
investigated to determine the relevance of the findings.

Final conclusions
Chapter 6 discusses the main outcomes of the studies mentioned above, draws some
final conclusions and outlines some further research needs.
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ANALYSIS AND OCCURRENCE OF ANTIVIRAL DRUGS

Abstract

An analytical method was developed for the determination of nine antiviral drugs
(acyclovir, abacavir, lamivudine, nevirapine oseltamivir, penciclovir, ribavirin,
stavudine, zidovudine) and one active metabolite (oseltamivir carboxylate) in raw and
treated wastewater as well as in surface water using LC/ESI tandem MS detection.
Relative recoveries exceeded 80% and limits of quantification ranged between 0.2 and
10 ng L. Matrix effects were compensated by the use of stable isotope labeled
surrogate standards and optimized chromatographic separation on a Hydro-RP
column. All antiviral drugs, except ribavirin, were detected in raw wastewater. A
significant reduction in concentrations was observed for acyclovir, lamivudine, and
abacavir in treated wastewater indicating a substantial removal, while nevirapine,
zidovudine and oseltamivir were found in similar concentrations in raw and treated
wastewater. Concentrations in river waters were in the lower ng L'l-range, with a
maximum of 190 and 170 ng L for acyclovir and zidovudine, respectively in the
Hessian Ried. Estimated total compound loads in the Ruhr river ranged between <0.1
and 16.5 g d™* while for the Rhine river values between 370 and 1800 g d* were
determined. The ratios of oseltamivir to oseltamivir carboxylate were approximately a
factor of 10 higher for the Rhine than for the other rivers and streams indicating a
significant contribution from other sources such as discharges from manufacturing
facilities.
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2.1 INTRODUCTION

Antiviral drugs have recently attracted the interest of the general public due to the
pandemic outbreak of the swine influenza virus.® Besides the treatment of influenza,
antivirals are administered against a broad spectrum of viral infections such as HIV,
herpes, and hepatitis.2’3 Like other pharmaceuticals, these compounds are, if not
completely metabolized in patients, excreted via feces or urine. Thus, they can enter
the environment via wastewater treatment plant (WWTP) discharges.* However, most
drugs are only partly removed during wastewater treatment. For oseltamivir and its
metabolite oseltamivir carboxylate it has been shown that both are not effectively
removed in WWTPs.>® To date, no studies have been published on the environmental
occurrence and fate of other antiviral substances. However, they might be of
environmental relevance as they are prescribed in amounts of up to several tons per
year in Germany.” The environmental release of antiviral drugs is of considerable
concern due to potential ecosystem alterations and the development of viral
resistances.’ Using (Q)SAR modeling of almost 3000 different compounds, Sanderson
et al. suggested that antiviral drugs are among the predicted most hazardous
therapeutic classes with regard to their toxicity toward algae, daphnids and fish.2 In
addition, considerable concern has been raised about the potential environmental
effects of anti-influenza drugs which undergo seasonal variations, with peak emissions
during influenza epidemics.’ Their release into the environmental might cause serious
effects such as the generation of oseltamivir carboxylate-resistance in wildfowl, taking
into account that birds are competent hosts of influenza viruses.'®

Based on these concerns and the potential release of large amounts of anti-influenza
drugs during pandemic outbreaks, there is a need for a sensitive and reliable detection
method. For the analysis of antiviral drugs in biological matrices such as blood or urine,
several methods have been developed. Jung et al. used a combination of liquid-liquid
extraction and protein precipitation followed by LC/MS/MS with electrospray
ionization for the simultaneous analysis of 17 antiretroviral drugs in human plasma.*
Compain et al. employed SPE for the extraction of lamivudine, stavudine and
zidovudine from plasma samples.'” Zwitterionic hydrophilic interaction liquid
chromatography (ZIC-HILIC) SPE has been utilized by Lindegardh et al. for oseltamivir
and oseltamivir carboxylate in plasma, saliva and urine.”® SPE is also the method of
choice for the analysis of antiviral drugs in environmental waters and has, for example,
been employed for the detection of oseltamivir carboxylate in surface waters and

wastewate r.14'15

However, the simultaneous analysis of a broad spectrum of antiviral
drugs is challenging due the different chemical moieties and different pKa-values
(Table 1). As a result of their high polarity, and the use of large sample volumes,
necessary to achieve sufficient sensitivity, antiviral drugs are probably not effectively

retained on most common SPE sorbent materials. The same is true for reversed phase
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columns, generally used in liquid chromatography, which has consequences with
regard to chromatographic resolution.’® In recent years, HILIC has been successfully
employed for the analysis of polar substances in biological matrices'”*®, food
samples™® and for the analysis of estrogens in river water.?’ In addition, acyclovir has
been analyzed in rat plasma and tissues using HILIC.?* In contrary to reversed-phase
liquid chromatography (RPLC), polar compounds are well retained on HILIC columns,
due to their interaction with the water layer formed at the surface of the stationary

phase.22

The main objective of this study was the development and validation of a sensitive
method for the simultaneous

analysis of nine antiviral drugs and one active metabolite in environmental waters
using SPE and LC/MS/MS. Among the nine antiviral drugs included in this study,
abacavir (ABC), nevirapine (NVP), zidovudine (ZDV), lamivudine (3TC), and stavudine
(d4T) are primarily used for the treatment of HIV, ribavirin (RBV) for the treatment of
Hepatitis C, oseltamivir (OP) for the treatment of Influenza A and B, and acyclovir
(ACV) as well as penciclovir (PCV) for the treatment of herpes infections. The method
was applied to raw and treated wastewater, as well as surface waters to provide a
detailed insight into the environmental occurrence of antiviral drugs in Germany at a
point of no pandemic outbreak.

2.2 MATERIALS AND METHODS

2.2.1 SAMPLING OF WASTEWATER AND SURFACE WATER

Raw and treated wastewater were sampled from two conventional German WWTPs
applying similar treatment processes, consisting of a screen, an aerated grit-removal
tank and a primary  clarifier  followed by biological treatment
(nitrification/denitrification) and chemical phosphorus removal. WWTP1 with a
capacity of 330 000 population equivalents (PE) has a daily flow rate of approximately
60 000 m>. The activated sludge system is operated with a hydraulic retention time
(HRT) and sludge retention time (SRT) of approximately 12 h and 10-12 days,
respectively. WWTP2 treats approximately 200 000 m*® of wastewater per day and
serves 1 350 000 PE. Biological treatment consists of two treatment units in series. HRT
and SRT of the first completely aerated COD removal unit are approximately 1 h and
0.5 days, respectively. The second activated sludge unit consists of a stirred anaerobic
compartment for denitrification followed by an aerated compartment for nitrification
and is operated with a HRT and SRT of approximately 5 h and 18 days, respectively.
Grab samples were taken from WWTP1, whereas 24 h composite samples were taken
from WWTP2.
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TABLE 1. Substances, CAS Numbers, Chemical Structures, Application Quantity prescribed in Germany 2007 (= number of
prescribed Daily Doses x Defined Daily Doses) (7), respective per Capita Consumption (= application quantity prescribed/
total German population), and log Ko, pKa, pKp

Substance, CAS-No.
(Quantity prescribed)

Chemical Structure

Substance, CAS-No.
(Quantity prescribed)

Chemical Structure

Acyclovir (ACV)
Herpes simiplex and
Varicella-zoster virus
inhibitor
CAS: 59277-89-3
(10.0 t; 122 pg/(capea))
Log Kow: —1.5925;
pK,: 2.2 (-NH"), 9.4 (-NH;)26
Ribavirin (RBV)
Hepatitis C virus inhibitor
CAS: 36791-04-5
(1.1t;13.4 ug/(capea))
Log Kow: —1.8527;

428
pKa: 5.9 (-NH")

Oseltamivir (OP)

Neuramidase inhibitor
CAS: 196618-13-0
(0.06 t; 0.7 ug/(capea))
Log Kow: 0.3630;

pK,: 8.2 (-NH5"°

Abacavir (ABC)

Nucleoside analog reverse

transcriptase inhibitor
CAS: 136470-78-5

(1.6 t; 19.5 ug/(capea))
Log Kow: 0.2225;

25
pKa: 5.04 (-NH;" or =NH,")

Stavudine (d4T)

Nucleoside analog reverse

transcriptase inhibitor
CAS: 3056-17-5
(0.06 t; 0.7 pug/(capea));
2004)
Log Kou: -0.47°;

29
pK,: 9.8 (-NH)
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Penciclovir (PCV)

Herpes simiplex and
Varicella-zoster virus
inhibitor

CAS: 39809-25-1

Log Kow: —2.123;

pK,: 3.2 (-NH"), 9.4 (-NH;)24

Nevirapine (NVP)
Non-nucleoside reverse
transcriptase inhibitor
CAS: 129618-40-2
(0.7 t; 8.5 pg/(capea))
Log Koy: 2.05°;

+29
pKa: 2.8 (-NH")

Oseltamivir carboxylate
(o)
metabolite of oseltamivir
CAS: 187227-45-8
Log Kow: —2.130;
pKa: 3.6 (-COOH),

8.9 (-NH;")°

Lamivudine (3TC)
Nucleoside analog reverse
transcriptase inhibitor

CAS: 134678-17-4

(1.7 t; 20.7 pg/(capea))

Log Kow: 0.0625;

29
pKa: 4.4 (-NH5")

Zidovudine (ZDV)
Nucleoside analog reverse
transcriptase inhibitor

CAS: 30516-87-1

(1.7 t; 20.7 pg/(capea))

Log Kou: -0.1%7;
31
pK,: 9.8 (-NH)
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To determine the occurrence of the antivirals in rivers, two geographic regions in

Germany were selected. Several rivers and streams in the Hessian Ried, as well as the

Ruhr watershed, the Rhine river, and the Emscher river were monitored. The

Northeastern part of the Upper Rhine Plain, known as the Hessian Ried, lies between

the Mainz and Frankfurt, and has about two million inhabitants. The rivers and creeks

in this area have a high proportion of treated wastewater, in some cases more than

50%. The respective sampling sites are labeled as HR_1-HR_12 (Figure 2). The river

Ruhr is a medium-size river in Western Germany with a length of 217 km. The river

begins in the Rothaar mountains and flows through the moderately populated
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“Sauerland” area (Figure 3, km 0-117; sampling points Ru_01- Ru_17). Afterward the
river flows through the Ruhr Valley (river km 117-217; sampling points Ru_18-Ru_30),
Germany’s most densely populated region, and joins the river Rhine in Duisburg.
Wastewater of nearly two million inhabitants is discharged into the river Ruhr. In
addition to the Ruhr, the river Emscher (Em_01), which receives most of the
wastewater from the Ruhr Valley was monitored, as well as the Rhine before (Rh_01)
and after the confluence with the Ruhr (Rh_02 and Rh_03). Grab samples were taken
in amber glass bottles during a dry weather period in September 2009. All water
samples were immediately transported to the lab (within 4-6 h), filtered through glass
fiber filters (GF 6, <1 um, diameter 55 mm from Schleicher and Schuell, Dassel,
Germany) and acidified to pH 3 with 3.5 M sulfuric acid to inhibit microbial activity. The
samples were stored at 4 °C in the dark until sample extraction (within 2-4 days).

2.2.2 SoLID PHASE EXTRACTION (SPE)

For SPE 100 mL of raw wastewater, 200 mL of treated wastewater and 500 mL of
surface water were spiked with 100 ng of each surrogate standard. Prior to extraction,
waters samples were adjusted to pH 8 with ammonium hydroxide (25%). Isolute ENV+
cartridges (6 mL, 500 mg) were conditioned using 1 x 2 mL n-heptane, 1 x 2 mL
acetone, 3 x 2 mL methanol followed by 4 x 2 mL groundwater (pH 8). Samples were
passed through the preconditioned cartridges at a flow rate of approximately 5 mL
min'. Subsequently, cartridges were dried under a gentle stream of nitrogen. The
analytes were eluted with 5x2mL methanol/acetone 50/50+0.2% formic acid. Sample
extracts were evaporated to 100 plL under a gentle stream of nitrogen and
reconstituted to 1ImL with the aqueous buffer (5 mM NHy-formate).

2.2.3 LC-MS ANALYSIS

The HPLC system consisted of a G1367C autosampler, a G1312B binary HPLC pump, a
G1379B degasser (all Agilent 1200 SL Series, Waldbronn, Germany) and a MistraSwitch
column oven (MayLab Analytical Instruments, Vienna, Austria). For chromatographic
separation two different approaches (RPLC and HILIC) were initially tested. However,
the following only discusses the RPLC approach. Detailed information about the HILIC
method is found in the Supporting Information (SI).

For the RPLC method, a 4 um Synergi Hydro-RP (150 x 3 mm) column protected by a
SecurityGuard column (4 x 3mm i.d.; Phenomenex, Aschaffenburg, Germany) was
used. An aliquot of 25 pL of each sample was injected into the LC/MS/MS system using
5 mM NHy-formate (A) and methanol (B) as mobile phases. A gradient program was
used to achieve separation of the analytes, the percentage of (A) was changed linearly
as follows: 0-4 min, 100%; 7 min, 30%; 17 min, 10%; 18 min, 100%. The run time was
22 min, flow rate was 0.4 mL min'l, and column oven temperature was set to 40 °C.
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The HPLC system was coupled to an API-4000 Q Trap (Applied Biosystems/MDS Sciex,
Darmstadt, Germany). Analytes were quantified in multiple reaction monitoring mode
(MRM) using electrospray ionization-mass spectrometry (ESI-MS) with Turbo lonspray
in positive mode. The two most intense MRM transitions for each substance were
monitored for identification and quantification of the analytes. MS/MS parameters
were optimized in continuous flow mode, injecting 500 ng mL" standard solutions
dissolved in methanol at a flow rate of 10 pL min™. Declustering potential (DP),
collision energy (CE) and cell exit potential (CXP) were optimized in the autotuning
program of the Analyst software (Version 1.4.2.). Retention times of the analytes as
well as optimized MS parameters are listed in Sl Table S1.

MRM transitions were measured in time periods since (i) higher sensitivity is obtained
due to increased MRM dwell times and (ii) allows for the individual optimization of ESI
source parameters for each period. In period 1 (0-9.0 min), ribavirin was measured
with a dwell time of 300 ms. In period 2 (9.0-10.4 min), acyclovir, lamivudine,
penciclovir, and stavudine were measured with a dwell time of 80 ms. In period 3
(10.4-22.0 min), abacavir, nevirapine, oseltamivir, oseltamivir carboxylate, and
zidovudine were measured with a dwell time of 100 ms. For period 2 the following ESI
source parameters were used: CUR, 15 psi; GS1, 20 psi; GS2, 10 psi. For period 1 and 3
the following parameters were used: CUR, 35 psi; GS1, 45 psi; GS2, 45 psi. All other
source parameters showed no or only negligible effects on signal intensities and were
therefore kept constant (collision gas, high; ion spray voltage, 5,500 V; source
temperature, 500 °C; entrance potential, 10 V).

2.2.4 QUANTIFICATION

Calibration curves (11 points) were prepared by spiking 500mL of pristine groundwater
with the analytes at concentrations of 0.2, 1, 2, 4, 10, 20, 50, 100, 200, 400, and 1000
ng L. A constant amount of surrogate standards (100 ng) was added. Samples were
then subjected to SPE as described above. Ribavirin-*C5, acyclovir-d4, penciclovir-d4,
13C—15N2—Iamivudine, stavudine-d3, zidovudine-d3, and nevirapine-d5 were used as
surrogate standards. Quantification of abacavir was performed using nevirapine-d5,

3¢ °N2-lamivudine

while for oseltamivir and oseltamivir carboxylate stavudine-d3 and
were used, respectively. Linear regression was applied to the calibration curves with a

weighing factor 1/x.

2.2.5 METHOD VALIDATION

The sensitivity of the method was evaluated by determining the limit of quantification
(LOQ) for all analytes in the calibration standards using 500 mL of groundwater spiked
with different amounts of analytes prior to extraction. The LOQ was defined as the
lowest calibration point in the linear regression with a signal-to-noise (S/N) of 10 for
the most sensitive transition (MRM1) and a S/N of 3 for the second transition(MRM2).

41



ANALYSIS AND OCCURRENCE OF ANTIVIRAL DRUGS

The accuracy of the method was determined by spiking known amounts of analytes
into surface water, WWTP influent and effluent samples (five replicates each). Relative
recoveries were calculated by dividing the measured quantities with the nominal
(spiked) quantities. Depending on the background concentrations of the analytes in
the respective matrix, different quantities (5, 50, or 200 ng) were spiked into the water
samples. However, for each matrix at least two different amounts were added. Blanks
subjected to the entire preparation and analysis procedure were performed.

Deviations from mean values are given as 95% confidence intervals.

One of the major drawbacks of ESI-MS are matrix effects caused by coeluting
substances resulting in either signal suppression or enhancement. Matrix effects of
electrospray ionization were determined in the different matrices (surface water,
WWTP influent, WWTP effluent). The matrix effect (ME) was calculated as the ratio of
the analyte peak area in the sample spiked after SPE (PAyostspike) Subtracted by the peak
area in the nonspiked blank sample (PAyjank) to the peak area in a nonenriched external
standard (PAg):

(PApost—spike - I:>Ablank)
PA

A value of 100% indicates that there are no matrix effects, whereas values <100% or

ME[%] = 100

>100% indicate signal suppression or enhancement, respectively. All values were
corrected for blank concentrations.
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2.3 RESULTS AND DISCUSSION

2.3.1 ANALYTICAL METHOD

The 500 mg Isolute ENV+ at pH 8 with an elution solvent of methanol/acetone
50/50+0.2% formic acid showed the best results, with absolute recoveries ranging
from 66 to 119% (S| Table S2). Due to the high polarity of the antiviral drugs, the 500
mg ENV+ sorbent led to significantly higher recoveries than 200 mg sorbent.
Concerning RPLC, the variation of the mobile phase composition, used for
chromatographic separation of the analytes, revealed that the addition of ammonium
formate, ammonium acetate, and formic acid exhibited negative effects on the
ionization of the analytes. However, without buffer addition, peak broadening and
instability of retention times were observed for several compounds. As a compromise
5 mM NH; formate aqueous buffer (pH 5.6) was used. Calibration curves showed
excellent linearity over the whole calibration range with correlation coefficients >0.99
for all analytes (Table 2). Relative recoveries varied between 88 + 13 and 108 + 3% for
surface water, between 92 + 7 and 135 * 20% for WWTP effluent samples and
between 83 £ 3 and 105 + 9% for WWTP influent samples. The limits of quantification
(LOQ) of the analytical method ranged between 0.2 and 10 ng L™. Respective LOQs for
WWTP influents and effluents were assessed by calculation of the S/N ratios of both
MRM transitions using either the background concentrations of the analytes or a total
spiked amount of 5 ng (SI Table S3). Considering the difference of sample volumes
enriched (500 mL for river water, 200 mL for WWTP influent, and 100 mL for WWTP
effluent) the LOQs for WWTP influent and effluent were multiplied by a factor of 5 and
2.5, respectively, in comparison to the LOQs attained for groundwater. Only for
lamivudine the factor for WWTP influent and effluent samples was 10 and 5,
respectively, due to a low S/N ratio of the second MRM transition.

2.3.2 MATRIX EFFECTS

All investigated substances are prone to matrix effects but to various extents (S| Figure
S4). In general, matrix effects increase in the following order: surface water < WWTP
effluent < WWTP influent for both RPLC and HILIC. For most of the analytes higher
matrix effects were observed for HILIC with a clear correlation of retention times and
matrix effects being present. For this reason it was decided to use RPLC for
chromatographic separation. To compensate for matrix effects, different approaches
can be employed such as the use of labeled analogues of the analytes as surrogate
standards, alternative ionization techniques or additional sample cleanup methods. In
the described analytical method, seven B3¢c., °N-, or D-labeled surrogate standards
were used. All other approaches to reduce matrix effects were not successful. The
application of atmospheric pressure chemical ionization (APCI), which has been shown
to be less susceptible to matrix effects was inappropriate.a2 Compared to ESI, signal
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intensities of the selected substances were at least 50% lower and several analytes
were not or only marginally ionized (Sl Figure S1). Since APCl is mostly applicable to
substances with a lower polarity, the low ionization of the highly polar antiviral drugs
can be expected.*® Additional cleanup steps such as size exclusion chromatography
(SEC) exhibited no significant reduction in matrix effects (Phenogel 50 A, Phenomenex,
Aschaffenburg, Germany; THF and acetone were tested). Furthermore, SEC caused
high losses of the analytes. A derivatization using dansyl chloride, which has been
employed, for example, for structurally related amides, was inappropriate for the
antiviral drugs selected.?* Dansyl chloride was obviously not reacting with amide
nitrogens and nitrogens which were included in the conjugated moiety.
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TABLE 2. Linearity of calibration curves, limit of quantification and recoveries in the investigated matrices with 95% confidence intervals after subtracting the
background concentration. For calculation of relative recoveries, different amounts (5, 50 or 200 ng) of analytes were added depending on the sampled matrix.

Rhine water WWTP effluent WWTP influent

Analyte Linearity LoQ absolute relative absolute relative LoQ absolute relative

(r?) [ngLl  recovery’ recoveryb Loqi recovery’ recoveryb [ng L recovery’ recoveryb

1 [%] [%] g ] [%] [%] 1 [%] [%]

Abacavir 0.9940 0.2 55+2 108 +3 0.5 41+1 100+3 1 28+1 83+3
Acyclovir 0.9994 1 85+9 104+ 4 2.5 66+ 6 101+7 5 62+9 95+ 13
Lamivudine 0.9994 10 73+17 100+ 10 50 47 +1 95+14 100 37+1 99+9
Nevirapine 0.9992 1 65+2 106+4 2.5 42+1 106 £ 3 5 301 99+5
Oseltamivir 0.9989 0.2 70t6 101+6 0.5 706 135+20 1 354 96+ 16
Oseltamivir carboxylate 0.9987 0.2 37+t6 88+13 0.5 47 +8 111+13 1 32+1 105+9
Penciclovir 0.9988 1 82+4 101+6 2.5 61+9 104+ 8 5 61+4 98 +13
Ribavirin 0.9996 4 16+2 101+4 10 32+1 100+9 20 53+6 104 5
Stavudine 0.9990 1 92+6 95+5 2.5 39+22 95+6 5 42+8 87+17
Zidovudine 0.9999 1 80+ 10 100+ 3 2.5 54 +3 92+7 5 29+3 95+6

b
@ Calculated in comparison to a non-enriched standard solution (n = 3); ~ Calculated using the recovery of the spiked surrogate standard (n = 10)
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2.3.3 OCCURRENCE OF ANTIVIRAL DRUGS IN ENVIRONMENTAL SAMPLES

WWTPs. All antiviral drugs, with the exception of ribavirin, were detected in influents
of at least one of the two WWTPs sampled (Table 3). Highest concentrations were
observed for acyclovir, lamivudine, zidovudine and abacavir with concentrations up to
1800, 720, 380, and 220 ng L%, respectively. Concentrations of all other analytes were
lower than 50 ng L. Results from the 24 h composite samples collected from WWTP2
indicate an almost complete removal of abacavir, acyclovir, lamivudine, penciclovir,
and stavudine ranging from 87 to >99%. With the exception of zidovudine, similar
removal rates were calculated for WWTP1, although only grab samples were taken.
Elevated concentrations of zidovudine in the effluents of WWTP2 might be caused by
the cleavage of glucuronide conjugates known to be excreted by humans up to 70%.%
There are no reasonable explanations for the elevated nevirapine concentrations in
the WWTP effluent. However, it cannot be excluded that the confidence interval
calculated underestimates the real statistical uncertainties of the nevirapine
concentrations, and thus the increase is artificial.

TABLE 3. Antiviral drugs in influents and effluents of sampled WWTPs. Statistical uncertainties: 95% confidence intervals
(n=3).

WWTP1 WWTP2
(grab samples) (24 h composite samples)
concentration [ng L] concentration [ng L]

elimination [%] elimination [%]

Analyte Influent Effluent Influent Effluent

Ribavirin <LoQ <LOQ - <LoOQ <LoQ -
Acyclovir 1780 + 99 27316 98 1780 £+ 50 53.3+3.5 97
Penciclovir 42.8+9.8 <LoQ >94 19.5+9.7 <LoQ >87
Lamivudine 210+ 13 <LOQ >76 720+ 130 <LoQ >93
Stavudine 11.6+5.3 <LOQ >78 22.8%5.6 <LoQ >89
Abacavir 81.7+5.3 <LOQ >99 225+40 <LO0Q >99
Nevirapine 48+2.9 7.2+23 none 21.8+2.3 32.1+0.5 none
Oseltamivir 11.9+4.2 15.8+4.0 none <LOQ 8.9+0.7 none
Oseltamivir 42.7+9.3 17.3+5.4 59 29.4+4.9 12.2+2.9 59
carboxylate

Zidovudine 310+ 22 98.2+17.6 68 380+ 14 564 + 22 none

Hessian Ried. In rivers and streams from the Hessian Ried, maximum concentrations
were found for acyclovir and zidovudine with concentrations up to 190 ng L™
(Erlenbach; HR_11) and 170 ng L™ (Bieber; HR_09), respectively (Figure 1). Ribavirin
and lamivudine were not detected at all, penciclovir was determined with
concentrations close to the LOQ in the Landgraben (HR_03), and abacavir was present
only in the Erlenbach (HR_11). These results are in good agreement with results from
the two WWTPs with penciclovir, lamivudine, stavudine and abacavir being present in
WWTP influents but not detected in WWTP effluents. Probably due to the limited
biological transformation (e.g., during wastewater treatment and in rivers) oseltamivir
and its active metabolite, oseltamivir carboxylate, were detected in almost all of the
surface water samples collected in the Hessian Ried with maximum concentrations of
15 and 24 ng L}, respectively.
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Ruhr Watershed. For most of the antiviral drugs analyzed, concentrations were higher
at sampling sites further downstream along the Ruhr (i.e., increasing in distance from
the headwaters) (Figure 2). Highest concentrations were found downstream of WWTP
discharges with concentrations up to 29 and 20 ng L™ for zidovudine and acyclovir,
respectively. Compared to the Rhine, concentrations of antiviral drugs were higher in
the Ruhr with the exception of oseltamivir for which concentrations of up to 17 ng L
were determined in the Rhine, compared to a maximum concentration of 2.2 ng L in
the Ruhr. Even in the Emscher, which receives WWTP discharges from around
4.5 million people, concentrations of oseltamivir did not exceed 2.9 ng L™ . However,
the concentrations of the metabolite oseltamivir carboxylate were comparable to
those observed in the Ruhr, Rhine and Emscher.

N

A

[ 3 6 9 12 15

Kilometers

sampling

. ACV PCV daTt ABC NVP oP ocC DV

location

HR_01 7.0+£0.9 <LoQ <LoQ <LoQ <L0Q 1.9+0.9 <LoQ 18+2
HR_02 56+19 <LoQ 29+0.2 <LoQ 10+1 6.6+0.1 2.1+0.5 67+1
HR_03 44+0.8 7.0+138 <LoQ <LoQ 13+1 6.4+2.2 3.1+0.8 61+3
HR_04 2.2+0.2 <LoQ <LoQ <LoQ 6.3+0.3 2.1+0.8 1.9+0.5 60+ 8
HR_05 865 <LoQ <LoQ <LoQ 5.4+0.3 15+2 21+1 62+3
HR_07 3.7+0.5 <LoQ 2.0+0.7 <LoQ <LoQ 0.6+0.5 <LoQ 45+0.5
HR_08 4.0+0.5 <LoQ 23+0.2 <LoQ <LoQ 1.0+0.7 0.6+0.4 45+0.3
HR_09 22+2 <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ 170+ 3
HR_10 15+1 <LoQ <LoQ <LoQ 17+1 15+6 4.8+2.0 96+3
HR_11 190+ 15 <LoQ <LoQ 14+04 <LoQ 14+5 24 2 60 +2
HR_12 44 +3 <LoQ <LoQ <LoQ <LoQ 6.3+0.8 5.0+04 22+1

FIGURE 1. Occurrence of antiviral drugs in rivers and streams in the Hessian Ried Region, south of Frankfurt am
Main, Germany (LOQ: limit of quantification). Mean concentrations [ng L] are given together with 95%
confidence intervals (n =3).
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The increase of antiviral loads after river location Ru_18 can be attributed to the
discharge of WWTP effluents. Similar results in the Ruhr were observed by Andresen et
al. for organophosphorous flame retardants and plasticizers.®*® The decrease of
acyclovir loads within the urban area (from Ru_18 to Ru_30) is an indication for its
removal in the river. Loads of the other antiviral drugs (zidovudine, oseltamivir,
oseltamivir carboxylate) remained fairly stable. As the measured and predicted loads
were also comparable (SI Table S8), zidovudine, oseltamivir, and oseltamivir
carboxylate are obviously not degraded or sorbed to appreciable proportions in the
Ruhr. In addition, the ratio of oseltamivir and oseltamivir carboxylate (OP/OC ratio, see
S| Table S7) was calculated. The OP/OC ratio suggests if other sources than municipal
WWTP effluents are responsible for the surface water contamination (e.g., via a direct
discharge of OP by a manufacturer) or if both are degraded to a different extent. In
raw wastewater a mean OP/OC ratio of 0.3 was determined, which can be explained
by the metabolism of oseltamivir in the human body yielding 70-80% oseltamivir
carboxylate. In treated wastewater the ratios were 0.72 + 0.23 for WWTP2 and
0.91 + 0.20 for WWTP1, due to the reduced concentrations of oseltamivir carboxylate
and the stability of oseltamivir (see Table 3). In the Ruhr and the Hessian area the
OP/OC ratios ranged from 0.34-1.48 and 0.57-3.10, respectively. Based on the results
discussed above, it is indicated that these elevated OP/OC ratios are primarily caused
by the degradation of oseltamivir carboxylate in WWTPs, which is in contrast to
previous studies (5, 6), whereas its degradation in surface waters is obviously only of

minor importance.37'39

In the river Rhine significantly higher OP/OC ratios (13.8 + 3.5) were found due to
elevated oseltamivir concentrations of up to 17 ng L™ indicating the contribution of
another source besides WWTPs discharges. To elucidate the origin of oseltamivir in the
Rhine additional samples were taken at Weil, which is located in Southern Germany
close to Switzerland and France. This international monitoring station offers the
possibility to sample five different sites across the river profile (Figure 3). Oseltamivir
concentrations increased sharply from the Western (sampling point S5) to the Eastern
location (sampling point S1), with concentrations up to 160 ng L™ and a mean
OP/OC-ratio of 13.1 (Sl Table S7). On the other hand a homogeneous distribution was
observed in the five monitoring sites for the other antiviral drugs. Approximately two
km upstream, oseltamivir and oseltamivir carboxylate were not detected above the
LOQ (results not shown).
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river Mean daily Acyclovir Zidovudine Oseltamivir Oseltamivir
location discharge at carboxylate
sampling date Conc. load Conc. load Conc. load Conc. load
[m’s™] gl [gd”] gl [gd™] gL’ [gd”] gl [gd’]
Ruhr
Ru_07 5.5 2.6 0.8 2.1 0.7 0.8 0.3 1.3 0.4
Ru_11 5.9 4.1 1.7 1.2 0.5 0.3 0.1 0.6 0.3
Ru_18 13.7 7.1 8.3 2.3 2.7 0.4 0.4 <LoQ -
Ru_23 215 8.9 17 7.6 14 0.6 1.1 <LO0Q -
Ru_27 23.2 6.4 13 6.2 13 1.0 2.0 0.9 1.8
Ru_30 23.2 7.0 14 7.3 15 0.9 1.8 0.6 1.2

Ruhr tributaries

Wenne 1.2 3.5 0.4 3.1 0.3 0.3 0.03 0.8 0.08
Lenne 113 20 20 6.2 6.2 0.6 0.6 1.5 1.5
Volme 13 6.1 0.7 4.8 0.5 1.0 0.1 0.8 0.09
Emscher 8.5 31 22 94 69 2.9 21 2.4 1.8
Rhine 1240 3.6 390 5.1 540 17 1800 1.3 142

FIGURE 2. Concentrations and estimated loads of antiviral drugs in the Ruhr river, its major tributaries, as well as the
Emscher and the Rhine. For calculations of loads only those locations were used for which reliable discharge data were
available. Further details about sampling locations and detected concentrations are provided in Supporting Information
Tables S5 and Table S6.

The total load of oseltamivir at Weil was 2.4 kg d™* which is in good agreement with the
load calculated at the inflow of the Ruhr into the Rhine 610 km downstream
(1.8 kg d*). These results confirm that discharges of a manufacturer located in the
vicinity are probably responsible for these elevated oseltamivir concentrations.
Currently the ecotoxicological risks resulting from the occurrence of antiviral drugs in
the environment cannot be assessed due to the lack of published effect data on
aquatic organisms.
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FIGURE 3. Concentrations of antiviral drugs across the river transect at the International Rhine Water
Monitoring Station at Weil (west to east from S5 to S1)
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Abstract

A monitoring campaign of antiviral drugs in the river Rhine during the 2009 worldwide
swine flu pandemic was conducted by taking 24h composite samples over a period of
43 days. For oseltamivir and oseltamivir carboxylate concentrations up to 48 and
20 ng L'?, respectively, were observed corresponding to river loads of 4.6 and
2.2 kg d*, respectively. Furthermore, calculated oseltamivir to oseltamivir carboxylate
ratios (OP/OC ratios) indicated the intermittent influence of two principal sources for
both compounds with industrial discharges predominating at the beginning of the
sampling campaign whereas excretions of individuals treated with oseltamivir were
primarily responsible for observed river loads of both compounds during the
pandemic. Furthermore, a good agreement between river loads of oseltamivir
carboxylate and the reported number of swine flu cases was observed, indicating that
oseltamivir carboxylate can be used as an indicator for a swine flu epidemic in surface
waters. Analysis of other antiviral drugs revealed also the constant presence of
acyclovir and zidovudine with average concentrations of 3.7 and 59 ng L%,
respectively. Elevated river loads of both compounds during periods with higher river
discharges indicate that discharge of untreated wastewater during rain events.
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3.1 INTRODUCTION

Antiviral drugs such as acyclovir (Zovirax®) and oseltamivir (Tamiflu®) have recently
been detected in surface waters at concentrations in the low ng/L-range.! Especially
for oseltamivir and its active metabolite oseltamivir carboxylate, used for the
treatment of (swine) influenza, considerable concern has been raised regarding the
potential development of viral resistances if these compounds are emitted into the
aquatic environment.” ® Several studies so far have shown that both oseltamivir and
oseltamivir carboxylate are only insufficiently eliminated during wastewater

treatment.” * >

Thus, during flu epidemics high loads of both compounds can be
expected to be emitted into surface waters. After the release into the environment
both compounds are only marginally eliminated resulting in a high environmental
stability of both compounds.® 7 Only in shallow and clear surface waters also
photodegradation can contribute to the degradation of both compounds even though
only to a limited extent.® ® As a result, concentrations of oseltamivir carboxylate in
surface waters during the 2008/2009 flu season epidemic in Japan up to 190 ng L™

were observed.’® !

As up to now a comprehensive study on the occurrence of anti-influenza drugs during
a pandemic is lacking, the aim of this study was i) to investigate the occurrence of
oseltamivir and oseltamivir carboxylate in surface waters in the course of a swine flu
pandemic, ii) to assess whether surface water concentrations of these compounds can
be used to follow the course of a swine flu epidemic in surface waters and iii) to assess
the occurrence of other antiviral drugs such as acyclovir in surface waters over a longer
time period.

3.2 MATERIALS AND METHODS

3.2.1 SAMPLING OF SURFACE WATER

Daily composite samples (24 h) from the river Rhine near Koblenz were taken during a
period of 43 days (1* November — 13% December). The period during which the most
swine flu cases were reported which is in the following termed as the flu epidemic was
approx. between 3" November and 3™ December. Thus the first and the last samples
were taken before and after the flu epidemic, respectively. The sampling device was
cooled (4°C) to prevent microbial degradation during storage. Maximum storage time
was 7 days until analysis.

3.2.2 ANALYTICAL METHOD

For the extraction of antiviral drugs ENV+ 500 mg (Biotage, Uppsala, Sweden) SPE
cartridges were used. Details on the SPE method and the LC-tandem MS analysis can
be found in Prasse et al.! Briefly, samples (500 mL) were adjusted to pH 8 (ammonium
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hydroxide (25%)) before the internal standards were added. After the extraction,
cartridges were dried under a gentle stream of nitrogen and analytes were eluted with
5x2mL methanol/acetone 50/50+0.2% formic acid (v/v). Sample extracts were
evaporated to 100 pL under a gentle stream of nitrogen and reconstituted to 1 mL with
the aqueous buffer (5 mM NHj-formate) before analysis via LC-tandem MS.

3.3 RESULTS AND DISCUSSION

3.3.1 CONCENTRATIONS OF OSELTAMIVIR AND OSELTAMIVIR CARBOXYLATE
IN THE RHINE

Concentrations of oseltamivir and oseltamivir carboxylate in the surface water samples
from the Rhine ranged from 8 to 48 ng L™ and 1.4 to 20 ng L, respectively. Highest
concentrations of oseltamivir were detected at the beginning of the sampling
campaign (maximum on 1% November), whereas for oseltamivir carboxylate highest
concentrations were observed significantly later (maximum on 22" November; Fig. 1).
This is surprising considering the fact that both compounds are excreted
simultaneously from treated individuals as oseltamivir is metabolized by hepatic

esterases to oseltamivir carboxylate.’ 3

However, for the river Rhine it has been
shown that oseltamivir can also be derived from industrial discharges of a
manufacturer.! The allocation to different sources is possible as it has been shown that
the oseltamivir to oseltamivir carboxylate ratio (OP/OC ratio)) differs substantially
among both sources (human excretions: OP/OC ~ 0.2; industrial discharges:
OP/OC ~ 13). In surface waters which only receive treated municipal wastewater a
mean OP/OC ratio of approx. 1.1 is obtained. As both oseltamivir and oseltamivir
carboxylate have been shown to be persistent in the aquatic environment with half-

& 7 the OP/OC ratio can be used to assess individual source

lives of >59 days
contributions. Based on these findings, the elevated OP/OC ratios in the beginning of
the sampling period indicate the dominance of industrial discharges. In contrast,
significantly lower ratios during the period from 9™ - 29" November, ranging only from
1.1 to 2.2 (mean 1.7), point towards the dominance of OP and OC derived from human
excretions, whereas increasing ratios at the end of the sampling period

(30th November - 13" December) indicating the contribution of both sources.
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FIGURE 1. Concentrations of oseltamivir (OP) and oseltamivir carboxylate (OC) in 24 h composite samples taken in the Rhine
river during the swine flu pandemic in November/December 2009. In addition, calculated ratios of oseltamivir/oseltamivir
carboxylate (OP/OC ratio) are given.

3.3.2 LOADS OF OSELTAMIVIR AND OSELTAMIVIR CARBOXYLATE IN THE
RHINE

Even though the calculation of OP/OC ratios is independent of the river discharge, the

calculation of river loads is crucial for a detailed data interpretation.'* ™

In particular,
decreasing concentrations of a compound in rivers can either indicate a reduced
emission, e.g. of WWTPs, but can also be caused by dilutional effects, e.g. due to
higher river discharges. Variations in river discharges are most pronounced in small
rivers but also for the Rhine large variations were observed with the discharge varying
between 800 m3 s™ and 2500 m3 s™ during the sampling period (Fig. 3). Furthermore,
the calculation of river loads enables for an assessment of the number of treated

individuals in a river catchment.!68

As shown in Fig. 2, river loads of oseltamivir and
oseltamivir carboxylate during the sampling period ranged between 0.9 and 4.6 kg d™
as well as 0.1 and 2.2 kg d, respectively. For oseltamivir highest loads (> 2 kg d™) were
observed in the beginning (1* - 5" November), in the middle (17" - 23" November)
and at the end of the sampling period (30th November - 12 December). The highest
river loads of oseltamivir carboxylate were observed between 17" and 25" November
with a more than fourfold increase of river loads till 22"* November compared to the
beginning of the sampling period, indicating the widespread use of oseltamivir for the
treatment of (swine) influenza. This is in good agreement with the total number of
swine flu cases in Germany"? indicating that river loads of oseltamivir can be used to

follow the course of a swine flu epidemic in surface waters (Fig. 2).
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FIGURE 2. River loads of oseltamivir and its active metabolite oseltamivir carboxylate in the Rhine river near Koblenz
(Germany) during the swine flu pandemic in November/December 2009. Loads were calculated based on daily mean river
discharge data. In addition, the number of weekly reported swine flu cases in Germany is given.19

3.3.3 ESTIMATED NUMBER OF TREATED INDIVIDUALS BASED ON RIVER
LOADS

The influence of industrial discharges to the river load of especially oseltamivir in the
Rhine makes an estimation of the number of treated individuals difficult and the
results should be interpreted with care. Nevertheless, as for industrial discharges the
proportion of oseltamivir carboxylate is low (~1/13 corresponding to approx. 8%)" the
river loads of oseltamivir carboxylate can be used to estimate the amount of
oseltamivir derived from human excretions based on OP/OC ratios of a large number
(n = 48) of samples taken from surface waters which do not receive any industrial
discharges of these compounds (mean OP/OC ratio of 1.1).* This thereby allows to
estimate the total amount of oseltamivir consumed by treated individuals (sum of
oseltamivir carboxylate and oseltamivir derived from human excretions). Finally, the
number of treated individuals in the river catchment can be calculated using the
defined daily dose (DDD) of oseltamivir (150 mg).*® The obtained results were
compared to the reported number of swine flu cases in the river catchment (Fig. 3).
The number of infected individuals was thereby calculated from the total population
living in the catchment area (28 Mio. people for the Rhine upstream of Koblenz; Dr. M.
Keller (BfG, Koblenz, personal communication)), assuming that the proportion of swine
flu cases in relation to the total population in the whole Rhine catchment (besides
Germany primarily Switzerland) was similar to those reported for Germany. Due to the
high uncertainties associated with the calculation, the results should therefore not be
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taken as absolute values but rather as an indication and as can be seen in Fig. 3 a good
agreement was observed.
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FIGURE 3. Comparison of calculated and estimated numbers of swine flu cases in the Rhine
catchment upstream of Koblenz. Calculated numbers are based on the total population living in the
Rhine catchment and the proportion of swine flu cases on the total population in Germany.
Estimated numbers are based on river loads of oseltamivir and oseltamivir carboxylate in the Rhine
derived from human excretions (no industrial discharges).

3.3.4 OCCURRENCE OF ACYCLOVIR AND ZIDOVUDINE IN THE RIVER RHINE

Besides oseltamivir and oseltamivir carboxylate also acyclovir and zidovudine were
detected in the samples taken from the river Rhine. As can be seen in Fig. 4
concentrations of zidovudine were relatively homogenous throughout the sampling
period, varying between 3.3 and 8.2 ng L™ (average concentration: 5.9 ng L''; n = 43),
whereas for acyclovir larger variations were observed with concentrations ranging
from < LOQ to 7.4 ng L (average concentration: 3.7 ng L'}, n = 40). This is in good
agreement with results from Prasse et al., who observed concentrations of acyclovir
and zidovudine in the Rhine in summer 2009 up to 3.6 and 5.1 ng L', respectively.
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FIGURE 4. Concentrations (top) and calculated river loads (bottom, together with mean daily river discharge data) of
acyclovir and zidovudine in the river Rhine in November and December 2009.

The calculation of river loads revealed large variations with a maximum for both
compounds at the end of the sampling period up to 1.3 and 1.2 kg d”* for acyclovir and
penciclovir, respectively (Fig. 4). In general, river loads can be expected to vary
significantly for pharmaceuticals which are not constantly used throughout the week
such as X-ray contrast media, whereas for others river loads can be expected to be
constant.”! Even though the latter can in general also be expected for antiviral drugs
such as acyclovir and zidovudine, river loads of both compounds varied significantly
throughout the sampling period (Fig. 4). As can be seen in Fig. 4 a good correlation
between river loads and mean daily river discharges was observed. This is especially
true at the end of the monitoring campaign with both the river discharge (from
approx. 1500 to 2500 m? s*) and the river loads of acyclovir (from 0.2 to 1.2 kg d*) and
zidovudine (from 0.5 to 1.2 kg d) increasing significantly. Therefore, it is indicated
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that the observed variations are caused by limited WWTP treatment capabilities and

2224 This is especially true for

combined sewer overflows (CSO) during rain events.
combined sewer systems in which rainwater runoff, domestic sewage and industrial
wastewater are collected in the same pipe. During periods of heavy rainfall, however,
the wastewater volume can exceed the treatment capacities of WWTPs with the
consequence that the untreated wastewater is directly discharged into the receiving

142528 £or example, Jonkers et al. showed that increasing mass flows of

waters.
endocrine disruptors such as bisphenol A in the Glatt river catchment in Switzerland
during rain events were caused by discharges of untreated wastewater.”’ Considering
that acyclovir is extensively removed in conventional WWTP (>98%)' whereas the
removal efficiency of zidovudine is significantly lower (0-68%), the more pronounced
increase of river loads of acyclovir compared to zidovudine during rain events can be

explained by the discharge of untreated wastewater into receiving waters.

In summary, this study revealed that swine flu pandemics can be followed by the
analysis of anti-influenza drugs in surface waters with a good correlation between
swine flu cases and observed river loads. Furthermore, it was shown that also
discharges from the pharmaceutical industry can contribute significantly to the
presence of pharmaceuticals in the aquatic environment. Finally, elevated river loads
during higher discharge events indicate the influence of wastewater which is
discharged untreated into receiving waters.
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Abstract

The biotransformation of the two antiviral drugs, acyclovir (ACV) and penciclovir (PCV),
was investigated in contact with activated sludge. Biodegradation kinetics were
determined, and transformation products (TPs) were identified using Hybrid Linear lon
Trap- FT Mass Spectrometry (LTQ, Orbitrap Velos) and 1D (*H NMR, **C NMR) and 2D
(*H,*H-COSY, 'H-"*C-HSQC) NMR Spectroscopy. ACV and PCV rapidly dissipated in the
activated sludge batch systems with half-lives of 5.3 and 3.4 h and first-order rate
constants in relation to the amount of suspended solids (SS) of 4.9 + 0.1 L g, * d™* and
7.6+ 0.3 Lgs" d?, respectively. For ACV only a single TP was found, whereas eight TPs
were identified for PCV. Structural elucidation of TPs exhibited that transformation
only took place at the side chain leaving the guanine moiety unaltered. The oxidation
of the primary hydroxyl group in ACV resulted in the formation of carboxy-acyclovir
(Carboxy-ACV). For PCV, transformation was more diverse with several enzymatic
reactions taking place such as the oxidation of terminal hydroxyl groups and
B-oxidation followed by acetate cleavage. Analysis of different environmental samples
revealed the presence of Carboxy-ACV in surface and drinking water with
concentrations up to 3200 ng L' and 40 ng LY, respectively.
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4.1 INTRODUCTION

Pharmaceutical active substances are ubiquitously present in the environment.
Antiviral drugs are a class of pharmaceuticals which have recently been detected in
wastewater treatment plant (WWTP) effluents and surface waters.” Acyclovir and
penciclovir are used for the treatment of herpes infections® and have shown to be
extensively eliminated in conventional wastewater treatment with removal rates
exceeding 95%.> However, up to now no information is available whether these
substances are mineralized or only partially transformed in WWTPs. In the past few
years, transformation products (TPs) of environmental micropollutants have attracted
a broad scientific interest as evidence is increasing that most pollutants are not
completely removed in wastewater treatment (i.e. mineralized) but are often only
slightly modified,”” resulting in TPs with a comparable or increased toxicity compared

810 The elucidation of the chemical structure of TPs is time

to parent compounds.
consuming as sufficient quantities of individual TPs have to be isolated to carry out
NMR or IR spectroscopy. Recently, several studies have been published proposing the
use of high resolution mass spectrometry (HR-MS) in combination with
biotransformation pathway prediction models for the identification of unknown TPs in
batch experiments and for the screening of TPs in environmental samples such as

11,12
wastewater.™

The objectives of this study were to investigate the biotransformation
of ACV and PCV in activated sludge, to identify TPs and to elucidate microbial
biotransformation pathways. Furthermore, TPs observed in batch experiments were
compared to those predicted by the University of Minnesota pathway prediction
system (UM-PPS)."* Finally, LC tandem mass spectrometry was used to determine
whether the TPs of acyclovir and penciclovir are found in agqueous environmental

samples.
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4.2 MATERIALS AND METHODS

4.2.1 CHEMICALS AND STANDARDS

Details on the used chemicals and standards are provided in the Supporting
Information (SI).

4.2.2 TRANSFORMATION KINETICS OF ACV AND PCV IN ACTIVATED
SLUDGE

For the kinetic experiments secondary sewage sludge from a municipal WWTP
(WWTP1; see Sl for further details) was taken as a grab sample from the nitrification
zone of the activated sludge unit. Activated sludge was transported to the laboratory,
and the batch experiments were launched on the same day. The sludge (200 mL; total
suspended solids (TSS): 4 gss L™, total organic carbon (TOC): 0.3 g gss ') was poured into
1 L amber glass bottles and filled up with 800 mL of WWTP effluent (final sludge
concentration: 0.8 gss L™). Sludge was diluted to minimize sorption of ACV and PCV as
well as to increase the temporal resolution of biodegradation kinetics. Test vessels
were continuously stirred and aerated to guarantee aerobic conditions. To maintain a
constant pH (pH 7  0.1) during the experiments, CO, was mixed into the air flow at a
definite ratio (~1:20) using a rotameter. After an equilibration period of 1 h, ACV and
PCV were spiked individually into the test vessels attaining an initial concentration of
4 ug L' The test duration was 80 h, and the temperature was 22°C + 2°C. At each
sampling time point, 50 mL were taken, acidified to inhibit microbial activity (pH 3,
3.5 M H,S0,), filtered (0.45 um cellulose nitrate filters), and stored in the freezer
(-25°C) until analysis. Samples were extracted using SPE as described in Prasse et al.?
Briefly, pH was adjusted to pH 8 using NH4OH (25%) prior to the addition of deuterated
internal standards (acyclovir-d4 and penciclovir-d4). Samples were applied on Isolute
ENV" cartridges (500 mg sorbent, Biotage, Sweden) which were eluted using 5 x 2 mL
methanol/acetone (50/50, v/v) + 0.2% formic acid. Extracts were evaporated to 50 plL
under a gentle stream of nitrogen. Finally, sample extracts were filled up to 1 mL with
5 mM NHj-formate buffer prior to LC-tandem MS (LC-QgQ) analysis.

4.2.3 AQUEOUS ENVIRONMENTAL SAMPLES

Composite samples (24 h, WWTP1) and grab samples (WWTP2) of influent and effluent
were taken during a dry weather period (May 2010). Further information about the
WWTP characteristics and the treatment processes applied are given in the SI. Surface
water (grab samples) was taken from different rivers and streams in Germany with
various compositions of treated wastewater (<10 to >90%). Concentrations of PCV TPs
were below the limit of quantification (LOQ; Table S3 in the Sl) in all environmental
samples due to the low concentrations of PCV in raw waste water (<50 ng Lh.?
Therefore, Carboxy-ACV was the only TP quantitatively analyzed. To elucidate the
environmental fate of Carboxy-ACV from surface water to finished drinking water
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several samples were taken from the effluent of a WWTP (WWTP3), a reservoir and
finished drinking water. Additionally, groundwater was sampled from two wells with
oxic (approximately 11 m depth) and anoxic conditions (approximately 38 m depth).
The drinking water treatment plant (DWTP) utilizes bank filtration, groundwater
passage, and slow sand filtration. All samples (grab samples and 24 h composite
samples) were taken on the same day, acidified to pH 3 using 3.5 M H,S0, (1 mL L")
directly after sampling, transported to the laboratory and extracted within 72 h. To
distinguish whether concentration variations are attributable to dilution or
biodegradation, acesulfame, an artificial sweetener used as wastewater indicator due
to its environmental recalcitrance, was analyzed in all samples.'**> Due to the high
polarity of Carboxy-ACV, sorption could be ruled out. Details on the analysis of
acesulfame are given in the SI.

4.2.4 |SOLATION OF TPs

For isolation of TPs from the batch experiments, acyclovir and penciclovir were spiked
to attain an initial concentration of 150 mg L™. The experimental setup was identical to
the kinetic experiments. The sludge (4 gss L") was diluted with pristine groundwater
(1:16) in 500 mL amber glass bottles (final sludge concentration: 0.25 gss L™). The total
test duration was 29 d. At the end of the incubation, the entire test volumes were
filtered through 0.45 um cellulose nitrate filters, immediately frozen (-25°C), and
lyophilized. Details on the semipreparative HPLC/UV system used to fractionate the
TPs are provided in the SI. An aliquot of each fraction was analyzed by LC-tandemMS
(API-4000 Q Trap; Applied Biosystems/ MDS Sciex, Darmstadt, Germany) to confirm
the purity of the isolated substances. Finally, each fraction was lyophilized to
evaporate the solvents and the remaining water. The attained solid material of the TPs
was used for NMR measurements and for the preparation of stock solutions for
quantitative analyses. Stock solutions and working standards (2 pg mL") of individual
TPs (Carboxy-ACV, PCV TP209, PCV TP233, PCV TP237; PCV TP249A, PCV TP249B; PCV
TP251; PCV TP267; PCV TP281) were prepared in Milli-Q-H20/MeOQOH (50/50, v/v) .

4.2.5 IDENTIFICATION OF TPs VIA HR-MS AND HR-MS" EXPERIMENTS

Accurate MS and MS/MS analyses of parent compounds and their microbial
transformation products were performed using a Hybrid Linear lon Trap-Orbitrap Mass
Spectrometer (LTQ Orbitrap Velos, Thermo Scientific, Bremen, Germany) by direct
injection using a syringe pump (flow rate: 8 pL min) in ESI positive ion mode. To
screen samples from batch experiments directly for TPs without isolation via
semipreparative HPLC, the LTQ Orbitrap Velos was coupled to a Thermo Scientific
Accela liquid chromatography system (Accela pump and autosampler). Further
information on the applied setup, chromatographic conditions, and the data-
dependent acquisition parameters are given in the SI. The LTQ Orbitrap Velos was used
for all experiments to obtain exact masses of parent and fragment ions. External
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calibration was performed prior to the analysis of each batch to ensure accurate mass
determinations with a resolution of 60,000. A mixture of n-butylamine, caffeine, and
Ultramark 1621 (mixture of fluorinated phosphazines) was used as mass calibrant and
accuracy always was within 0.5 ppm.

4.2.6 |IDENTIFICATION OF TPs viA NMR

Approximately 10 mg of acyclovir and penciclovir, and 0.5 - 8 mg of the respective TPs,
isolated from batch experiments with activated sludge, were dissolved in 0.8 mL of
DMSO-d6. NMR analyses were carried out on a Bruker DRX Advance 500 and a
Advance 700 instrument (Rheinstetten, Germany). '"H NMR spectra were recorded at
500 and 700 MHz, *C NMR spectra at 125 and 176 MHz, respectively. Homo- and
heteronuclear chemical shift correlations were determined by ‘H,'H-COSY and
'H,Bc-Hsac. All spectra and correlation experiments were performed at 298.3 K, and
chemical shifts were presented in ppm referenced to tetramethylsilane (TMS). Further
details are provided in the SI.

4.2.7 MASS BALANCES IN BATCH EXPERIMENTS

For determination of mass balances during batch experiments, a sludge concentration
of 0.25 gss L™ and initial ACV and PCV concentration of 20 mg L were used. The
relatively high dilution of the sludge and high analyte concentrations were selected to
allow the simultaneous analysis of dissolved organic carbon (DOC) content. A HPLC
system, coupled to a fluorescence detector, was more sensitive and not as influenced
by background noise than UV-detection and therefore used to determine the mass
balances. Excitation wavelength was set to 260 nm and emission wavelength to
360 nm. Sensitivity in fluorescence detection is assumed to be equivalent for parent
compounds and evolving TPs because the and remained unaltered during acyclovir and
penciclovir biodegradation. DOC analysis was performed according to DIN EN 1484
after acidification to pH 2.1 (30% HCI) and filtration (0.45 um; cellulose nitrate filter).
This allowed to determine the importance of i) irreversible sorption and/or
incorporation into the microbial biomass, ii) mineralization, and iii) TPs which were not
amendable to MS and UV-/fluorescence-detection and/or eluted with the dead time
on the used HPLC columns.

4.2.8 ELUCIDATION OF MICROBIAL TRANSFORMATION PATHWAY OF PCV

For elucidation of the microbial transformation pathway of PCV, individual TPs were
spiked at a concentration of 15 pg L™ into sewage sludge (0.8 gss L'!) and analyzed via
HR-MS. Blanks (autoclaved groundwater) were run in parallel to exclude abiotic
(i.e., chemical) processes causing TP formation.
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4.2.9 ANALYSIS OF ACV, PCV, AND THEIR TPS IN AQUEOUS ENVIRONMENTAL
SAMPLES.

For all TPs observed in batch experiments an analytical method was developed
applying SPE followed by LC ESI-tandem MS detection. A detailed description of the
SPE procedure, the LC-tandem MS analysis, the method validation, and the
guantification of TPs in aqueous samples can be found in the Sl. Briefly, aqueous
environmental samples (100 - 500 mL) were extracted using Isolute ENVp cartridges (6
mL, 500 mg, Biotage, Uppsala, Sweden) under acidic conditions (pH 2.5 and pH 4) after
the addition of acyclovir-d4 and penciclovir-d4 as surrogate standards. For LC-ESI-
tandem MS analysis two MRM transitions were used for quantification and
confirmation of TPs in aqueous environmental samples. Analysis of ACV and PCV was
performed as described above for the kinetic batch experiments.
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TABLE 1. Accurate mass measurements of PCV and its TPs using LTQ Orbitrap Velos Electro-

spray lonization in positive ion mode.

Formula Measd. Calc. mass RDB’ Loss
mass mass error [ppm]
PCV
[M+H]+  CioH1603Ns 254.1242 254.1248 -2.23 5.5
m/z 236 C10H1402 Ns 236.1136 236.1142 -2.42 6.5 -H,0
m/z 152 CsHeON;s 152.0564 152.0567 -2.21 5.5
m/z 135 CsH30N, 135.0299 135.0301 -1.91 6.5
PCV TP281
[M+H]+ CioH1205Ns 282.0828 282.0833 -1.83 7.5
m/z 238 CsH1,03Ns 238.0931 238.0935 -1.75 6.5 -CO,
m/z 220 CsH100,Ns 220.0825 220.0829 -1.82 7.5 -CO, -H,0
m/z 194 CgH1,0Ns 194.1033 194.1036 -1.79 5.5 -CO, -CO,
m/z 152 CsHeONs 152.0564 152.0567 -1.69 5.5
m/z 135 CsH30N,4 135.0300 135.0301 -1.31 6.5
PCV TP249A
[M+H]+ Ci0H1,03Ns 250.0931 250.0935 -1.62 7.5
m/z 222 CoH1,05N5 222.0980 222.0986 -2.66 6.5 -Co
m/z 152 CsHeONs 152.0563 152.0567 -2.28 5.5
m/z 135 CsH30N,4 135.0299 135.0301 -2.13 6.5
PCV TP249B
[M+H]+ C10H1,03Ns 250.0931 250.0935 -1.46 7.5
m/z 232 C10H1002Ns 232.0826 232.0829 -1.30 8.5 -H,0
m/z 152 CsHsONs 152.0564 152.0567 -1.69 5.5
m/z 135 CsH30N, 135.0300 135.0301 -1.39 6.5
PCV TP267
[M+H]+ C1oH1404Ns 268.1036 268.1040 -1.79 6.5
m/z 250 CioH1203Ns 250.0932 250.0935 -1.14 7.5 -H,0
m/z 232 CioH1002Ns 232.0824 232.0829 -1.99 8.5 -H,0,-H,0
m/z 152 CsHeONs 152.0564 152.0567 -2.08 5.5
m/z 135 CsH3ON, 135.0299 135.0301 -2.05 6.5
PCV TP237
[M+H]+ CoH1,05Ns 238.0930 238.0935 -1.87 6.5
m/z 220 CoH100,N5 220.0824 220.0829 -2.10 7.5 -H,0
m/z 152 CsHgON;s 152.0564 152.0567 -2.15 5.5
m/z 135 CsH30N, 135.0299 135.0301 -2.05 6.5
PCV TP233
[M+H]+ C10H1,05Ns 234.0981 234.0986 -2.01 7.5
m/z 216 C10H100ONs 216.0876 216.0880 -1.97 8.5 -H,0
m/z 152 CsHsONs 152.0563 152.0567 -0.36 5.5
m/z 135 CsH30N, 135.0299 135.0301 -1.91 6.5
m/z 83 C3HsN; 83.0487 83.0478 -2.02 5.5
PCV TP209
[M+H]+ C;HsO03Ns 210.0616 210.0622 -2.50 6.5
m/z 166 CeHsONs 166.0719 166.0723 -2.51 5.5 -CO,
m/z 164 CeHeONs 164.0563 164.0567 -2.36 6.5 -HCOOH
m/z 152 CsHeONs 152.0563 152.0567 -2.48 5.5
m/z 135 CsH30N, 135.0299 135.0301 -1.91 6.5
PCV TP251
[M+H]+ CioH1403Ns 252.1086 252.1091 -2.05 6.5
m/z 234 CioH1202Ns 234.0981 234.0986 -2.01 7.5 -H,0
m/z 152 CsHgON;s 152.0564 152.0567 -2.02 5.5
m/z 135 CsH30N,4 135.0299 135.0301 -1.98 6.5

°RDB Ring and double-bond equivalents
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4.3 RESULTS AND DISCUSSION

4.3.1 TRANSFORMATION OF ACV AND PCV IN ACTIVATED SLUDGE

Complete transformation of ACV and PCV was observed in the activated sludge
systems after 24 h. For both antiviral drugs an exponential decrease was observed,
indicating pseudo first order degradation kinetics (SI Figure S1). Therefore,
transformation rate constants kyio; were calculated using

&)
In| =+
Co In(2)

t1/2 =T v
t- Xss kbiol ’ Xss

biol — T

where C is the total compound concentration [ng L'l], t is time [d], kpiol is the reaction
rate constant [L gss'l d’l], Xss is the suspended sludge concentration in the batch
system [gss L’l], and ty; is the degradation half-life [d].

The ‘first order’ refers to the direct proportionality of the transformation rate to the
soluble substance concentration. The term ‘pseudo’ refers to its proportionality to the
sludge concentration Xss, which can be assumed to be constant for short-term batch
experiments.16 For acyclovir and penciclovir the calculated degradation half-lives (time
period for 50% transformation of initially added substance) were 5.3 and 3.4 h. The
degradation rate constants of 4.9 + 0.1 L gss* d™ (r* = 0.999) and 7.6 + 0.3 L gss* d™
(r* = 0.998) indicate a rapid removal of both substances during wastewater treatment.
These results are in agreement with those of Prasse et al.,*> who observed removal
rates in conventional wastewater treatment of 98% and >94% for acyclovir and
penciclovir, respectively. Similar degradation rate constants have been determined by
Joss et al.'® for bezafibrate, fenofibric acid, N4-acetyl-suIfamethoxazole, and
gemfibrozil.

4.3.2 |DENTIFICATION OF TRANSFORMATION PRODUCTS

HPLC-UV analysis of filtered sludge samples from spiked batch experiments indicated
the formation of a single TP during acyclovir degradation, whereas at least eight
different TPs were observed for penciclovir. A two-step analytical procedure was
applied, using i)HR-MS and HRMS/MS for potential structural elucidation and ii) NMR
for final confirmation of proposed chemical structures of the TPs.

4.3.3 HR-MS AND HR-MS/MS ANALYSIS

ACV TP239. The HR-mass spectrum of ACV TP239 exhibited the same major fragment
ions as the parent compound with the exception of fragment ion m/z 75 (CsH,0,")
which was absent and instead m/z 89 (C3Hs05") was observed (S| Figure S2). This could
be further fragmented (MS?) yielding m/z 61 (C,H;0,"). Similar to ACV, the MS?
spectrum of ACV TP239 showed one major product ion of m/z 152 (CsHgNsO®),
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representing the guanine moiety and one minor product ion at m/z 164 (C¢HeNsO™)
representing methyl-guanine. The MS? product ions m/z 152 and m/z 164 lead to MS?
product ions at m/z 135 (CsH3N4O") and m/z 122 (CsH4N3O%), respectively. The close
analogy between the MS spectra of both substances clearly indicates that the guanine
moiety remained unchanged, whereas a modification took place at the side chain of
the molecule. The mass increase of 14 Da together with results from accurate mass
determinations indicated that the terminal hydroxyl group was oxidized yielding a
carboxylic acid moiety.

Penciclovir TPs. Results from accurate mass measurements of penciclovir as well as its
TPs are presented in Table 1, proposed fragmentation pathways are given in the SI.
Similar to acyclovir, the most remarkable feature of the fragmentation patterns of all
PCV TPs is the presence of the fragment ion m/z 152, indicating that the guanine
moiety remained intact and that all structural changes occurred at the side chain. The
results from MS® experiments indicated the oxidation of the side chain in two of the
TPs, with one (PCV TP267) and two (PCV TP281) additional oxygen atoms being
introduced into penciclovir. For PCV TP209, PCV TP233 and PCV TP237 the partial
cleavage of the side chain is suggested. Further fragmentation of the side chain (MS3)
revealed different neutral losses: [M+H-18]" attributable to the cleavage of H,0 (exact
mass: 18.0106 Da; PCV TP233, PCV TP237, PCV TP249B, PCV TP251), [M+H-36]"
attributable to the cleavage of 2xH,0 (PCV 267), [M+H-28]" attributable to the loss of
CO (27.9949 Da; PCV TP249A), [M+H-44]" attributable to the loss of CO2 (46.0055 Da;
PCV TP209), [M+H-88]" attributable to the loss of 2xCO, (PCV TP281), and [M+H-46]"
attributable to the loss of formic acid (46.0055 Da; PCV TP209). Even though these
losses can provide useful information for the elucidation of chemical structures of
formed TPs, they were insufficient for identification. For example, the cleavage of
water in positive electrospray ionization has been described for compounds containing
hydroxylic moieties but also for aldehyde or carboxylic moieties.”*® However, in
positive ESI the latter is also associated with the loss of CO, or HCOOH as found for
PCV TP209 and PCV TP281 and aldehyde or ketone functional groups can also be
indicated by the loss of CO as found for PCV TP249A. Nevertheless, based on the
fragmentation patterns, the results from the accurate mass measurements and
respective calculations of double bond equivalents, chemical structures could be
proposed indicating the presence of carboxylic functional groups for PCV TP209,
PCV TP237, PCV TP249B, and PCV TP267 as well as PCV TP281, whereas for PCV TP233,
PCV TP249A, and PCV TP251 the results suggest the presence of an aldehyde moiety.
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FIGURE 1. 'H-NMR (top right), *H,"H-COSY (top left), *H,"*C-HSQC (bottom right) and **C-NMR spectra (bottom left) of PCV
TP249A. Measurements were performed at 298.3 K in DMSO-d;. Peak labels indicate the positions of carbon (C) and hydrogen
atoms (H), numbers in light grey the respective chemical shifts.

4.3.4 NMR ANALYSIS

Acyclovir. *H- and 3C NMR spectra of ACV TP239, the only TP of acyclovir, confirmed
that the guanine moiety remains intact, whereas the primary hydroxyl group of the
side chain is oxidized to the respective carboxylic acid with characteristic peaks at
8y 12.8 ppm and 8¢ 171.5 ppm in *H- and 3C NMR spectra, respectively (SI Figure S8).
Therefore, ACV TP239 was identified to be carboxy-acyclovir (Carboxy-ACV;
9-carboxymethoxy-methylguanine). In the following the term Carboxy-ACV is used.
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Penciclovir. For seven of the identified PCV TPs a sufficient quantity could be isolated
to obtain reliable NMR spectra. However, for two of these TPs (PCV TP209 and PCV
TP267) amounts were insufficient to carry out *C NMR (see Sl for *H NMR, *C NMR,
'H,'H-COSY and H,"3C-HSQC spectra). The NMR spectra confirmed that the guanine
moiety remains unaltered for all PCV TPs. Furthermore, with exception of PCV TP209,
the chemical shifts of the first two C-atoms of the side chain (C-6 and C-7) in 13C NMR
spectra were unaltered. This is supported by the coupling between H-6 and H-7
position in 'H,'H-COSY experiments. The presence of a carboxylic moiety was
confirmed for PCV TP237, PCV TP249B, and PCV TP281, with *C-chemical shifts at
8c 168-174 ppm. The same was true for PCV TP209 and PCV TP267 based on 'H NMR,
'H,2c-HSQC, and 'H,'HCOSY spectra. For PCV TP233 and PCV TP249B, the presence of
a terminal double bond was confirmed by two peaks in the 1H NMR spectra coupling
to a single carbon atom in the respective 'H,*C-HSQC spectra. This was further
supported by the BC NMR spectra with chemical shifts of the respective C-atoms being
in the range typically observed for alkene-carbons (8¢ 120-140 ppm). Furthermore,
'H NMR and *C NMR spectra of PCV TP233 exhibited the presence of an aldehyde
functional group with characteristic chemical shifts at 64 9.5 ppm and 6¢ 195.9 ppm,
respectively. The confirmation of the chemical structure of PCV TP249A was
challenging, since in the MS” spectra an aldehyde moiety was indicated, while in the
'H NMR spectra a signal in the range &h 9.3-9.5 ppm, typical for aldehydes, was
missing and instead a signal at 64 8.5 ppm was present. This difference is attributable
to the stabilization of the 1,3-dialdehyde via keto-enol tautomerism as indicated in
Figure 1. A similar feature has also been observed for malondialdehyde and
malondialdehyde-acetaldehyde- protein adducts which show the same characteristic

%29 Furthermore, the chemical shift in

hydrogen chemical shift of about 64 8.5 ppm.
the *C NMR spectrum of &¢c 182 ppm is characteristic of dialdehydes and has recently
been observed for structurally related compounds such as methylglyoxal-guanine

21,22
adducts.”™

4.3.5 MASS BALANCES

Since the mass balance of the batch experiments with acyclovir was quantitative it can
be concluded that Carboxy-ACV is the only TP formed in appreciable quantities
(Figure 2). Even a prolongation of the test period to 29 d did not lead to a significant
removal of Carboxy-ACV. For penciclovir a different behavior was observed with a
mass balance that was complete until 120 h but decreased afterward to only 30% after
240 h (Figure 2). This gap can mainly be attributed to the loss of PCV TP237, with the
total mass balance decreasing with decreasing concentrations of this TP (for details see
below). Since the DOC decreased significantly after an initial period of 120 h, it can be
assumed that the transformation of PCV TP237 either results in its mineralization or its
incorporation into the microbial biomass. The latter is further supported by the fact
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that guanine, which was incubated in a separate experiment, showed a complete
removal (within 32 h) without any TPs being detectable (results not shown).

4.3.6 ELUCIDATION OF THE MICROBIAL TRANSFORMATION PATHWAYS

All observed transformations can be solely attributed to the presence of sludge as no
transformation of parent compounds and their TPs was observed in autoclaved
groundwater. The same spectrum of TPs and a similar sequence of formation was
observed for experiments at low (4 ug L™) and high concentrations (20 mg L?).

Acyclovir. As mentioned previously, ACV is only undergoing oxidation of the primary
hydroxyl group of the side chain of ACV, which resulted in the formation of Carboxy-
ACV (Figure 3). This reaction has also been observed in patients treated with ACV.?® In
the environment, the oxidation of primary alcohols can be catalyzed by a large variety
of enzymes including alcohol dehydrogenases, alcohol oxygenases, monooxygenases,
and peroxidases.*

Penciclovir. The main transformation pathway of PCV was the oxidation of one of the
primary hydroxyl groups to the respective carboxylic moiety (PCV TP267; Figure 4).
PCV TP267 underwent two different transformation reactions: i) oxidation of the
remaining hydroxyl group to form the respective dicarboxylic acid (PCV TP281) and/or
ii) cleavage of the hydroxylated branch of the side chain yielding PCV TP237. The
results from the incubation experiments with individual TPs suggest that the latter
takes place via elimination of CH,0 (formaldehyde) due to the absence of PCV TP237 in
incubation experiments with PCV TP281. This is further supported by results of the
mass balance approach in which PCV TP237 completely disappeared at the end of the
incubation period (240 h), whereas the percentage of PCV TP281 slightly increased
(Figure 2). The cleavage of formaldehyde is typical for microbial degradation of
compounds containing methyl or methoxyl groups® and has been described in detail
for methyl tert-butyl ether (MTBE).ZG’27 PCV TP237 is further transformed via
B-oxidation resulting in the elimination of an acetyl group (PCV TP209). This reaction
plays an important role in the biodegradation of fatty acids.”®
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FIGURE 2. Mass balances of ACV (A) and PCV (B) in batch systems (sludge
dilution 1:20) using a concentration of 20 mg L™ together with results from
DOC measurements obtained during PCV incubation experiments ((C);
control: non-spiked sludge). Figure (B) shows the sum of PCV TP 209, TP 233,
TP 252, TP 249A and TP 249 B only (sum of other TPs), as their relative
individual concentrations were < 5%.

80



BIOTRANSFORMATION OF ANTIVIRAL DRUGS

Acyclovir Carboxy-Acyclovir
(ACV) (Carboxy-ACV)

o o}
</N le Oxidation </N jf‘\r‘
N N)\NHZ N N)\ NH,
(O H (O H

_oH |\<OH
0
FIGURE 3. Transformation of acyclovir (ACV) in activated sludge treatment via

oxidation of the primary OH-group of the side chain (Carboxy-ACV).

However, the PCV mass balance indicates that PCV TP237 also underwent
transformation reactions not leading to PCV TP209 because its steep decrease after
120 h did not result in an increase of PCV TP209 (Figure 2). PCV TP209 was significantly
removed when spiked individually into sludge, but no further TPs could be identified in
full scans using LTQ Orbitrap Velos MS or by UV detection. As mentioned above the
same is true for guanine, which was incubated in a separate experiment. Therefore, it
is likely that the incorporation of TPs into the microbial biomass plays an important
role in the biodegradation of penciclovir. In addition to this described major
transformation pathway, two other transformations of PCV have been observed in
incubation experiments: a) elimination of H,0 (dehydration) followed by the oxidation
of the remaining hydroxyl group vyielding an o,B-unsaturated aldehyde (PCV TP233)
and b) oxidation of both primary hydroxyl groups resulting in the formation of the
respective dialdehyde (PCV TP249A). The dehydration of alcohols yielding alkenes is a
very significant biochemical reaction which plays an important role in the citric acid
cycle.” Furthermore, dehydratase enzymes, such as 3-hydroxyacyl ACP dehydratase or
6-aminolevulinic acid dehydratase, also play a crucial role in fatty acid and heme

synthesis.>®?

PCV TP233 was further transformed by oxidation of the aldehyde moiety
to the respective carboxylic acid (PCV TP249B) or underwent hydration yielding
PCV TP251. Even though the exact position of the hydroxyl group could not be
assigned in PCV TP251 as no NMR spectra were available due to the limited quantity
isolated, it is likely that the hydroxyl group is located at the methyl group of the side
chain which has also been observed for the hydration of acrolein vyielding
3-hydroxypropanal.®*** However, none of the identified TPs were detected during
incubation of PCV TP251, which was dissipated after 240 h. This might indicate that the
hydroxyl group introduced during hydration of PCV TP233 is not located at the methyl
group as proposed above but at the tertiary carbon. Incubation of PCV TP249B
revealed that it can be degraded to PCV TP209; however, the exact mechanism
remains unclear. Finally, incubation of PCV TP249A indicated that it is not undergoing

further oxidation to the dicarboxylic acid (PCV TP281).
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FIGURE 4. Microbial transformation pathway of penciclovir (PCV). Exact transformation pathway and sequence of TP formation
was determined by incubation of individual TPs in sewage sludge. Dotted arrows indicate unknown reactions. PCV TP251 is
given in parenthesis as the presented structure could not be finally confirmed due to the lack of NMR spectra.

4.3.7 PREDICTION OF EVOLVING TPS VIA A BIOTRANSFORMATION
PATHWAY MODEL

In recent years several models, such as CATABOL and the University of Minnesota
pathway prediction system (UM-PPS), have been developed to predict

3>3% One potential application of

biotransformation pathways of organic substances.
these models is the screening of environmental samples for unknown substances, so-
called suspect screening, which identifies transformation products of environmental

1112 15 predict potential TPs of acyclovir and penciclovir the UM-PPS

micropollutants.
model (http://umbbd.msi.umn.edu/predict/) was used, and results were compared
with those obtained from laboratory experiments in order to assess the potential
application of these models for the identification of TPs. The UM-PPS recognizes
functional groups in organic compounds that are potential targets of microbial
catabolic reactions and predicts transformations of these moieties based on
biotransformation rules. Biotransformation rules are based on reactions found in the
UM biocatalysis/biodegradation database (UMBBD) and in the scientific literature.*®
The model was allowed to predict 7 generations of aerobic and anaerobic
transformations for acyclovir and penciclovir (see Sl for results). In total, 40 TPs were
predicted for the biotransformation of penciclovir including the three major TPs
PCV TP267, PCV TP281, and PCV TP237 found in the mass balance experiments as well

as PCV TP 209. For acyclovir, in total 18 TPs were predicted including Carboxy-ACV, the
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only TP identified in the aerobic batch experiments. Based on these results, it can be
summarized that the biotransformation model UM-PPS can be used as a starting point
for the identification of the biotransformation products of ACV and PCV. However, it
seems to be unable to predict all TPs formed during wastewater treatment and
suggests a high number of potential TPs, which might not be relevant for
environmental conditions. The latter is not surprising, considering the fact that the
database (the base of this model) mainly contains biochemical reactions which have
been observed for pure cultures.

4.3.8 ENVIRONMENTAL OCCURRENCE OF CARBOXY-ACV

Wastewater and Surface Water. ACV was detected in raw wastewater with
concentrations up to 2.0 ug L'l, whereas in treated wastewater maximum
concentrations up to 0.2 pg L™ were observed (Table 2). This decrease in ACV was
accompanied by an increase of Carboxy-ACV for which concentrations up to 0.4 pg L™
and 2.4 pg L™ were observed in WWTP influents and effluents, respectively. The
presence of Carboxy-ACV in WWTP influents can be explained by the human
metabolism of ACV with Carboxy-ACV being the principle metabolite detected in urine
of treated individuals.’” Also the percentage of Carboxy-ACV being excreted from
humans (8-14%) is consistent with results from WWTP influents (13-21%). Analysis of a
large number of samples from a variety of rivers and streams (n = 53) revealed the
presence of Carboxy-ACV with concentrations of up to 3.2 ug L'* (median: 0.16 pg L),
clearly highlighting its widespread occurrence (SI Figure S20). Its environmental
persistence indicated from activated sludge experiments was further supported by
additional batch experiments with soil over a total duration of seven weeks, where no
significant elimination of Carboxy-ACV was observed (Supporting Information).

TABLE 2. Concentrations of ACV and Carboxy-ACV in raw and treated wastewater (mean £
95% confidence intervals). In addition, the sum of the molar concentrations of ACV and
Carboxy-ACV in influent and effluent samples are shown.

Concentration [ng L] sum
ACV Carboxy-ACV [nmol L]

WWTP 1 Influent 1990 430 10.6

(n=2) Effluent 140 2380 10.6
Influent 1800 + 300 247+75 9.0t1.4

WWTP 2

(n=3) Effluent | 148+ 11 1120 +180 53108
Effluent Il 121+ 14 890 + 70 42103

Groundwater and Drinking water. In groundwater and drinking water the
concentrations of ACV were below the LOQ (see Table S2), while Carboxy-ACV was
detected in all agueous samples except for those of the anoxic groundwater (Figure 5).
A comparison of the ratios of Carboxy-ACV and acesulfame concentrations in surface
water and oxic groundwater confirmed the observed biological persistence of Carboxy-
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ACV under aerobic conditions. In contrast, no Carboxy-ACV was detected in anoxic
groundwater, indicating its degradability in the absence of oxygen. The lower ratio of
Carboxy-ACV and acesulfame in finished drinking water can be explained by the
mixture of treated groundwater from different oxic and anoxic wells and/or the
degradation of Carboxy-ACV in drinking water treatment. Analysis of finished drinking
water samples revealed the presence of Carboxy-ACV with concentrations up to
40ng L.

1800 oo e e ;ggr\llaoxy ACV
+ +
1400 (0'5 - 0'1) (0'4 - 0'1) M Acesulfame (x 10)
()= (Carboxy-ACV)
(Acesulfame/20)
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2 (0.1 + 0.05)
c
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g
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o
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FIGURE 5. Concentrations of ACV and Carboxy-ACV along a transect ranging from surface water to a drinking water facility
(n=3). Finished drinking water is obtained by mixing of treated groundwater (oxic and anoxic) from different wells. Error bars
indicate 95% confidence intervals. Acesulfame was used as a stable tracer to differentiate between dilution and degradation
effects. To obtain actual acesulfame concentrations the given values have to be multiplied by a factor of 10. In addition, ratios
of Carboxy-ACV and acesulfame are given in parenthesis.

4.3.9 ENVIRONMENTAL AND TOXICOLOGICAL RELEVANCE

The results clearly show the importance of considering TPs when investigating the fate
of pharmaceuticals in the environment. The presence of Carboxy-ACV in finished
drinking water might be of concern, as there is strong evidence that it is responsible
for neuropsychiatric effects in patients treated with ACV.?*® However, concentrations
in serum samples from treated individuals were in the low mg/L-range, and currently
no information is available about the effects of lower doses. Several of the PCV TPs are
likely to be of (eco)toxicological relevance. For instance, B,f-unsaturated aldehydes
(e.g., PCV TP251) lead to enzyme inactivation, mutagenesis, protein crosslinking, and
signal transduction because they are reacting with cellular nucleophiles such as
glutathione (GSH), protein sidechains of cysteine, lysine and histidine and with nucleic
acids.*® Similar results have been reported for dialdehydes such as PVC TP250A. For
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instance glyoxal, methyl-glyoxal, and malondialdehyde have been shown to interact
with DNA.*"*
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Abstract

The oxidation of the antiviral drug acyclovir (ACV) and its main biotransformation
product carboxy-acyclovir (carboxy-ACV) by ozone was investigated. Both compounds
have recently been detected in surface water and carboxy-ACV also in drinking water.
The experiments revealed a strong pH-dependence of the oxidation of ACV and
carboxy-ACV with reaction rate constants increasing by four orders of magnitude
between the protonated, positively charged form (Koxphs, ~ 2.5x10%) and the
deprotonated, negatively charged form (koxp-, 3.4x10° M* s%). At pH 8 a single
oxidation product was formed which was identified via LC-LTQ-Orbitrap MS and NMR
as N-(4-carbamoyl-2-imino-5-oxoimidazolidin)formamido-N-methoxyacetic acid
(COFA). Using Vibrio fischeri an acute bacterial toxicity was found for COFA while
carboxy-ACV revealed no toxic effects. Ozonation experiments with guanine and
guanosine at pH 8 led to the formation of the respective 2-imino-5-oxoimidazolidines,
confirming that guanine derivatives such as carboxy-ACV are undergoing the same
reactions during ozonation. Furthermore, COFA was detected in finished drinking
water of a German waterworks after ozonation and subsequent activated carbon
treatment.
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5.1 INTRODUCTION

Since the first detection of pharmaceuticals in the environment more than three
decades ago a lot of knowledge has been gained about their occurrence and fate in the
urban water cycle.™ Among them, antiviral drugs used for the treatment of influenza,
HIV, herpes or hepatitis are a class of pharmaceuticals which have recently been
detected in the environment.””’ For acyclovir (ACV) which is used for the treatment of
herpes infections, an extensive transformation during wastewater treatment.
However, this transformation leads to the formation of a stable transformation
product, carboxy-acyclovir (carboxy-ACV), which was confirmed to be persistent in
both wastewater treatment and in contact with sediment.® As a result carboxy-ACV
was detected in surface water and groundwater in concentrations up to 3.2 pg L' and
0.25 pg L?, respectively. Furthermore, it was also detected in concentrations of up to
40 ng L™ in finished water of a drinking water facility utilizing bank filtration followed
by rapid sand filtration.®

Ozonation has been shown to be very efficient in eliminating a large spectrum of
organic micropollutants which are not or only insufficiently removed during
conventional water treatment (i.e. via sorption or (bio)degradation). This can be

attributed to the reaction of ozone with chemical moieties featuring high electron

9-12

densities such as double bonds. However, several studies have shown that, similar

to biological degradation, ozonation at reasonable concentrations is often not capable

of fully degrading organic contaminants, thus leading to the formation of stable

oxidation products (OPs)?"’

18-2 . . . ..
concern.”®*?° Therefore, even though ozonation in general results in a reduced toxicity

21-23 24, 25

such as aldehydes, which might be of toxicological

it can also lead to the
26-27

of treated compounds and whole treated waters,

formation of oxidation products with an increased toxicity. The formation of the
carcinogen N-nitrosodimethylamine (NDMA) has been observed during ozonation of
dimethylsulfamide, a degradation product of the fungicide tolylfluanide.?®
Furthermore, the formation of toxic disinfection by-products (DBPs) from natural
organic matter (NOM) during ozonation and chlorination is of considerable health
concern.” However, the knowledge about the fate of individual natural and
anthropogenic organic molecules is still scarce. This is also true for modified
nucleosides such as guanine analogues which are excreted in urine in considerable

amounts by humans.>® 3!

The aim of this study was to i) investigate whether ozonation is capable of removing
ACV and its TP carboxy-ACV from wastewater, ii) identify evolving OPs iii) determine
the bacterial toxicity of OPs formed, iv) investigate the biodegradation of OPs in a
subsequent biological treatment, v) determine whether OPs can be detected in water
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works with carboxy-ACV present in the raw water and vi) investigate whether similar
oxidation products are formed from guanine and its derivatives such as guanosine.

5.2 MATERIALS AND METHODS

Details on used chemicals and standards, the isolation of oxidation products and the
analytical method for the analysis of target analytes can be found in the SI.

5.2.1 OZONATION EXPERIMENTS

The aqueous ozone stock solution (¥ 1 mM) was prepared by sparging ozone-
containing oxygen through ice-bath-cooled deionized water. Ozone was generated
from a 0O3-generator (Ozon generator 300, Fischer Technology, Germany). The
concentration of the ozone stock solution was measured directly by a UV spectrometer
at 258 nm using g(03) = 3000 Mt em™,

5.2.2 DETERMINATION OF PH-DEPENDENT OXIDATION KINETICS

The pH-dependent kinetics for the reaction of carboxy-ACV with ozone were
performed at eight different pH-values (pH 1.7, 2.5, 3, 5, 6, 7.5, 8, 8.5). Due to the
close structural relation to carboxy-ACV, degradation kinetics of ACV were only
determined for three different pH-values (pH 3, 6, 8). All experiments were performed
in triplicate in 50 mM phosphate buffer and at room temperature (20 + 1°C). To
exclude the influence of OH-radicals, t-BuOH was added as scavenger (100 mM).

For pH 1.7 - 3 reaction rate constants were determined directly using a large excess of
ozone (ozone:analyte ratio > 20). The initial analyte concentration was 2 uM.
Experiments were performed in 250 mL glass vessels. After the addition of ozone (end
concentration ~ 40 uM), samples were taken at time intervals (every 10 — 15s) with a
dispenser and were immediately quenched using indigo blue.*? This enables to monitor
the decay of ozone during the experiments. Initial and residual analyte concentrations
were determined by LC-tandem MS as described in the SI.

The pseudo-first order rate constants were calculated from:

M

In(%j =—Kg -t equation 1
0

kobs could be determined from a plot of In([M]/[MO]) versus time with kobs being the

slope of the straight line (see SlI). The apparent rate constant (kapp) Was obtained by

considering the initial ozone concentration according to:
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k, == equation 2

For pH-values > pH 3, rate constants were determined by competition kinetics,* as the
reaction rates were too fast to be measurable by the method described above.
Guanosine was selected as reference compound due to its close structural similarity to
the target compounds. Reaction rate constants of guanosine were taken from
Theravathu et al.** The pKa-values of the guanine moiety of guanosine, ACV and
carboxy-ACV were derived from quantum-chemical calculations (pK,1: 3.4; pK,2: 9.6)
with the protonation and deprotonation taking place at the pyrimidine ring of
guanine.”®> Experiments were performed using equal amounts of the reference
compound and the target compound (2 uM), but at different under-stoichiometric

3336 The respective amounts of

ozone concentrations (ranging from 0.02 to 0.2 uM).
ozone were added with a glass syringe to a series of vigorously stirred beakers. After
ozone was completely consumed (approx. 6h) samples were taken and analyzed via LC-
tandem MS for residual concentrations of the analyte and the reference compound.
For the evaluation of the data, equation 3 was used,?” *® where kos(R) and kos(M) are

the rate constants for reference (R) and the target compound (M), respectively.

In(%jzln([[ﬂ j ko (M) equation 3

M(0 RO)]) kos(R)

The rate constant kos3(M) was determined from a plot of In([M]/[M(0)]) versus
In([R]/[R(0)]) with kos(M)/kos(R) as the slope of the straight line (see SI).

To evaluate the specific rate constants for the reactions of ozone with the anionic
form, the neutral form and the cationic form of carboxy-ACV the degree of dissociation
has to be taken into account at each pH. Therefore, the measured apparent rate
constant (kapp) can also be expressed as:

k =a, - kox,PH+ +0£0 ’ kox,PH ta_ - k

app N equation 4

ox,P—

With a., oy, a_ being the proportion of the cationic, neutral and anionic form at the pH
selected, and koxpn+, Koxpn and koxp- being the rate constants towards ozone of the
cationic, neutral and anionic form. The specific rate constants koxpn and koxp- were
obtained by plotting a_and o, against the measured rate constants in the relevant pH-
range (koxpn, PH 1.7 - 5; koxp., pH 6 - 8.5). The slope of the resulting straight lines
represent Koy px (1.8x104 M? s'l) and Koxp- (3'».4x106 Mm? s'l), respectively (see Sl). The
good agreement with results obtained for guanosine (koxpH, 1.6x10* Mm* s'l; Kox,p-»
4x10° M* s) highlights its suitability as competitor for the determination of reaction

93



CHEMICAL TRANSFORMATION OF ANTIVIRAL DRUGS VIA OZONE

rate constants of ACV and carboxy-ACV.34 For the specific rate constant of the
protonated, positively charged form, the value for guanosine determined by
Theravathu et al. was used (kox pr+ ~ 2.5x10° M s'l).34

a, = 1+ 10(PH-PKaD +:I:-|_O(2-pH—pKa1—pKa2) equation 5
o, = : equation 6
1+lo(pKal—pH) +10(pH—pKaZ)
1 .
- = 1 +10(PKal-pKa2-2pH) 1 (5(PKaz—pH) equation 7
with o, +a,+a_ =1 equation 8

5.2.3 DEGRADATION OF CARBOXY-ACV AND FORMATION OF OPS As A FUNCTION OF
THE ADDED QUANTITY OF OZONE

Different amounts of the ozone stock solution were added to the analyte solution
(200 mL) containing carboxy-ACV in phosphate buffer (50 mM) at pH 3 or pH 8§,
resulting in Os:carboxy-ACV ratios of 1:10, 1:5, 1:2, 1:1, 2:1, 5:1, 10:1. An initial
carboxy-ACV concentration of 10 uM was used to determine the formation of
ozonation products dependent on the ozone doses added. To investigate the influence
of OH-radicals on the formation of OPs, experiments were performed with and without
the addition of t-BuOH (100 mM). In addition, the same experiments were performed
with WWTP effluent (DOC: 12 mg L™, pH 7.7) to investigate potential matrix effects of
treated wastewater.

5.2.4 IDENTIFICATION OF OXIDATION PRODUCTS

HR-MS. Accurate MS and MS" analyses of parent compounds and their oxidation
products were performed using a Hybrid Linear lon Trap-Orbitrap Mass Spectrometer
(LTQ Orbitrap Velos, Thermo Scientific, Bremen, Germany) by direct injection using a
syringe pump (flow rate: 8 pL min™) in ESI positive ion mode. To analyze samples from
ozonation batch experiments directly for OPs without isolation via semi-preparative
HPLC, the LTQ Orbitrap Velos was coupled to a Thermo Scientific Accela liquid
chromatography system (Accela pump and autosampler). Further information on the
applied setup, chromatographic conditions, and the data-dependent acquisition
parameters are given in the SI. The LTQ Orbitrap Velos was used for all experiments to
obtain exact masses of parent and fragment ions. External calibration was performed
prior to the analysis of each batch to ensure accurate mass determinations with a
resolution of 60,000. A mixture of n-butylamine, caffeine, and Ultramark 1621 (mixture
of fluorinated phosphazines) was used for mass calibration. The mass accuracy was
always within 0.5 ppm.
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NMR. Approximately 5 mg of the isolated ozonation oxidation product formed at pH 8
(OP273) were dissolved in 0.8 mL of DMSO-d6. NMR analyses were carried out by a
Bruker DRX Advance 700 instrument (Rheinstetten, Germany). 'H NMR spectra were
recorded at 700 MHz, *C NMR spectra at 176 MHz. Homo- and heteronuclear
chemical shift correlations were determined by 'H,'H-cosY, 'H,*H-NOESY,
'4,8c-HsQc, *H,Cc-HMBC and 'H,”N-HSQC. All spectra and correlation experiments
were performed at 298.3 K, and chemical shifts are presented in ppm referenced to
tetramethylsilane (TMS). Further details are provided in the SI.

5.2.5 QUANTIFICATION OF OP273 IN BATCH EXPERIMENTS

A stock solution of OP273 at 0.1 mg mL™ was prepared by dissolving one milligram of
OP273 in 10 mL methanol. For the quantification of OP273 in the batch experiments,
an external calibration (7 points, in phosphate buffer (50 mM, pH 8)) was used, ranging
from 10 to 2,000 ng mL’. Due to the extensive Na-adduct formation [M+Na]*, both
[M+H]* and [M+Na]* were used for quantification (see also Sl). *°

5.2.6 ASSESSMENT OF TOXICOLOGICAL POTENTIAL OF CARBOXY-ACV AND
OoP273

The bioluminescent bacteria Vibrio fischeri were used to assess the acute bacterial
toxicity of carboxy-ACV and 0P273.%% *! To this end, different amounts (ranging from
40 — 1000 ng) of both substances were sprayed on a HPTLC plate (Silica gel 60 F 254,
Merck, Darmstadt, Germany), as 6x6 mm squares, using a CAMAG (Muttenz,
Switzerland) Automatic TLC Sampler 4. The TLC plate was then immersed automatically
for 1 s at a speed of 3 cm s™ into a solution containing Vibrio fischeri (CAMAG
Immersion Device Ill) before monitoring the bioluminescence using a cooled CCD
camera with an exposure time of 60 s (CAMAG Bioluminizer).

5.2.7 IDENTIFICATION OF 2-IMINO-5-0XOIMIDAZOLIDINE OXIDATION
ProbucTs oF ACV, GUANINE AND GUANOSINE

To investigate whether the respective 2-imino-5-oxoimidazolidine oxidation products
are also formed during ozonation of other guanine derivatives, additional batch
experiments were performed with ACV, guanine and guanosine using WWTP effluent.
Analytes were spiked individually to attain an initial concentration of 10 uM of ACV,
guanine and guanosine, respectively and ozone was added to attain an O5:DOC ratio of
1:1. After the addition of ozone, samples were allowed to react for at least 2 h before
2 mL were taken and analyzed via LC-LTQ-Orbitrap MS to analyze the respective
2-imino-5-oxoimidazolidine products. Data dependent acquisition was used to obtain
MS? and MS? spectra of the oxidation products thus, allowing for their identification by
comparison of MS spectra with those obtained for OP273.
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5.2.8 IDENTIFICATION OF OP273 IN WATER FROM A EUROPEAN
WATERWORKS

A European waterworks which uses ozonation and subsequent activated carbon
filtration for the production of drinking water from surface water was sampled prior
and after treatment (raw water and finished drinking water). Samples (500 mL) were
extracted using EnviCarb Plus cartridges (Supelco, Sigma Aldrich, Schnelldorf,
Germany) at pH 8. Cartridges were conditioned using 5x2 mL methanol followed by
5x2 mL pristine groundwater (pH 8). After sample extraction, cartridges were dried
under a gentle stream of nitrogen, eluted with 5x2 mL methanol + 0.2% formic acid,
evaporated to 100 pL and filled up to 500 pL using 0.2% formic acid. Analysis was
carried out using LC tandem MS (APl 4000 QTrap, Applied Biosystems, Darmstadt,
Germany) in positive MRM mode (MRM transitions for OP273: m/z 274.1 into m/z 170;
m/z 141 and m/z 113). LC tandem MS conditions: total run time 27 min; ion spray
5500 V; declustering potential 46 V; collision energy (m/z 170, m/z 141, m/Z 113): 17,
29, 45 eV; collision cell exit potential 20, 8, 22 V. ESI source parameters were as
follows: source temperature, 500 °C; entrance potential, 10 V; CUR, 15 psi; GS1, 20 psi;
GS2, 10 psi. In addition samples were spiked with OP273 (100 pL with 1 pg mL") to
confirm the identity of detected peaks. Thee raw water was also analyzed for the
presence of carboxy-ACV as described in detail in Prasse et al.®

5.3 RESULTS AND DISCUSSION

5.3.1 OXIDATION KINETICS OF THE REACTION OF ACV AND CARBOXY-ACV WITH
OzONE

A strong pH-dependence of the reactivity of ACV and carboxy-ACV with ozone was
observed, attributable to the pH-dependence of the amine moieties present in the
molecules (Fig. 1). Due to the addition of t-BuOH as scavenger the reaction with
OH-radicals can be excluded. Protonated amines (present at low pH-values) have been
shown to react very slowly with ozone (second order rate constants in general ranging
from 10% to 10° M s%). The deprotonated amine moiety exhibited second order rate
constants in the range of 10°-10° M™ s, due to the increased electron density.>* ** 3
Determination of the specific rate constants koxpn and koxp- for carboxy-ACV revealed
an increase of two orders of magnitude from the neutral (koxpn 1.8x10* M™ s'l) to the
deprotonated form (Koxp- 3.4x10° M* s, respectively indicating the rapid reaction of
carboxy-ACV and ACV with ozone under typical treatment conditions for both drinking

water and treated wastewater (pH 7-8).
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FIGURE 1. pH-dependent rate constants (logk,,) of carboxy-
ACV and ACV for the reaction with ozone. The solid line are
the calculated rate constants based on rate constants of the
cationic (koxpn:), the neutral (koxps) and the anionic form
(kox,P-)'

5.3.2 IDENTIFICATION OF OP273 FORMED DURING OZONATION AT PH 8

HR-MS. In total, 8 fragments were observed in MS" spectra of OP273 (see SI for
details). The molecular ion peak at m/z 274 was fragmented (MS?) into m/z 198 and
134. Cleavage of C,H403; from m/z 274 leading to fragment m/z 198 indicates that the
side chain of the molecule remained intact as a similar behavior has also been
observed for carboxy-ACV.% Fragment m/z 198 could be further fragmented (MS?) by
cleavage of CO yielding m/z 170, indicating the presence of an aldehyde moiety in the
molecule. Furthermore, the presence of an primary amine moiety is indicated by the
cleavage of NHs from m/z 170 yielding m/z 153 (MS%).

NMR. In accordance with results from HR-MS, the NMR spectra of OP273 revealed that
the side chain attached to the guanine moiety remained unchanged as the broad shift
at 12-14 ppm, characteristic for the presence of a carboxylic moiety, and chemical
shifts of two CHj-groups (C-10 and C-11) were still present (Fig. 2). However, in
contrast to carboxy-ACV chemical shifts of protons attached to C-10 at 4.9 ppm and
5.2 ppm in COFA differ quite substantially, indicating a hindered rotation.** The same is
true for protons at 7.2 and 7.3 ppm in the ‘H-NMR spectrum of OP273 which were
assigned to the formamido N-7 (see also 'H,°>N-HSQC spectrum; Fig. 2). Jean et al.
showed that the energy barrier for the rotation of the protons in acetamides is
|—1'45

15 kcal mo Furthermore, a similar behavior has been observed by Ye et al. for

5-carboxamido-5-formamido-2-iminohydantoin.”®  An  additional  coupling  in
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'H,>N-HSQC spectrum of OP273 was observed which was assigned to the amine group
(N-13). The absence of the coupling of the protons at N-1 and N-3 in the 'H,">N-HSQC
spectrum can be attributed to an imine-enamine tautomerism and the resulting
relocation of the double bond between N-1, C-2, N-3 and N-13. Finally, proton
chemical shift at 8.0 ppm could be assigned to the aldehyde moiety (C-9) of the
molecule. Even though aldehyde chemical shifts are typically observed in the range of
9.2 - 9.5 ppm, the difference can be attributed to the presence of the amine moiety in
ou—position.47 Therefore, results from NMR allowed for the unambiguous identification
of OP273 as N-(4-carbamoyl-2-imino-5-oxoimidazolidin)formamido-N-methoxyacetic
acid (COFA; alternative name: 4-((N-formamido)-N-methoxy acetyl)-2-imino-5-oxo-
imidazolidin-4-carboxylamide). In the following the term COFA is used.
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Figure 2. 'H-NMR (top, left), >C-NMR (top, right), *H,*C-HSQC (bottom, left) and *H,"’N-HSQC (bottom, right) spectra of COFA.
'H,'H-COSY, *H,"H-NOESY and 'H,"*C-HMBC spectra are given in the SI. All experiments were performed at 298 K.
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5.3.3 PROPOSED REACTION MECHANISM LEADING TO THE FORMATION OF COFA

The proposed reaction mechanism leading to the formation of COFA is shown in Fig. 3.
The structures of postulated intermediate products are based on already known ozone
reactions reported in literature and can be suggested in the following sequence.
Oxidative attack by ozone of the double bond at the fusion of the pyrimidine and the
imidazole ring (C-4/C-5) should result in the formation an ozonide. The ozonide reacts
further by the release of singlet oxygen (0,), thus forming an epoxide-intermediate.
This is supported by results from Enami et al.”® who described comparable reactions

1. who observed the respective 2-imino-5-

for the ozonolysis of uric acid and Ye et a
oxoimidazolidine product for the reaction of guanine with the epoxidizing agent
dimethyldioxirane. Furthermore, the release of ‘0, has already been observed for the

4930 The epoxide-intermediate can further undergo a

reaction of guanosine with Os.
1,2-acyl shift, leading to the formation of a quarternary carbon, which is followed by
the hydrolytic opening of the imidazole ring,*® ** finally leading to the formation of the

COFA.
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FIGURE 3. Proposed reaction mechanism of carboxy-ACV with ozone at pH 8 leading to
the formation of COFA.
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5.3.4 FoRMATION OF COFA wWITH VARIOUS OzZONE DOSES

The transformation of carboxy-ACV to COFA at different Os:carboxy-ACV ratios with
and without the addition of t-BuOH is shown in Fig. 4 (top). An increased formation of
COFA is observed with an elevated Os:carboxy-ACV ratio until a complete conversion
of carboxy-ACV to COFA is obtained independent of the addition of the radical
scavenger t-BuOH. Furthermore, it is indicated that COFA is resistant to further
oxidative transformation via ozone, even at higher ozone doses. However, in WWTP
effluent (Fig 4, bottom) a decrease of COFA was observed for higher ozone doses. This
might be caused by i) the formation of reactive species formed by the reaction of
ozone with other constituents present in the WWTP effluent which react further with
COFA and/or ii) the effluent organic matter (EfOM)-promoted decomposition of Os

resulting in the increased formation of OH-radicals.’* 3
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FIGURE 4. Formation of COFA during ozonation of carboxy-ACV in phosphate
buffer (50 mM, pH 8) with and without the addition of t-BuOH as radical
scavenger (top) and in WWTP effluent (DOC 10 mg L™, pH 7.7) (bottom). Initial
carboxy-ACV concentration was 10 pmol L™ in all experiments.
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5.3.5 BACTERIAL ToxIcITY OF CARBOXY-ACV AND COFA

The toxicity screening of carboxy-ACV using V. fischeri exhibited that no bacterial
toxicity was observed for all quantities (40 - 1000 ng) of carboxy-ACV sprayed on the
HPTLC plate (Fig. 5). However, with COFA an inhibition of the bacteria was observed,
indicating that ozonation of carboxy-ACV results in the formation of a bacterially toxic
oxidation product (COFA). There is a reasonable likelihood that the aldehyde moiety of
COFA is responsible for the toxic effects observed e.g. due to Schiff base formation.>*>>
However, additional experiments are necessary to elucidate the underlying

mechanisms leading to the observed acute bacterial toxicity of COFA.

carboxy-ACV : COFA
53 il
§ § 40ng 100ng 200ng 500 ng 1000 ng =& (40ng 100ng 200 ng 500 ng 1000 ng
. ®» o -

FilGURE 5. Inhibition of V. fischeri on HPTLC plates sprayed with different amounts of carboxy-ACV (left) and COFA (right).
Different volumes (2 pL, 5 pL, 10 pL, 25 pL and 50 pL) of a 20 pg mL™* stock solution of both analytes were sprayed on the
HPTLC plate using an automatic TLC sampler (CAMAG, ATS4). For detection of bioluminescence a cooled CCD camera
(CAMAG BioLuminizer) with an exposure time of 60 s was used.

5.3.6 DEGRADATION OF COFA IN SUBSEQUENT BIOLOGICAL TREATMENT

Batch experiments were performed with activated sludge to investigate whether the
formed COFA can be further biodegraded in a subsequent biological treatment. It was
suggested by several authors, that ozonation is capable of oxidizing and breaking up
recalcitrant molecules and that the resulting oxidation products can then be further
transformed in a subsequent biological treatment.>®® In order to evaluate this
assumption, activated sludge was taken from a conventional municipal WWTP and
COFA was added to attain an initial concentration of 200 ug L™. Detailed information
on the experimental setup used can be found in Prasse et al.®> However, for COFA no
significant biodegradation was observed within 48 h (a maximal hydraulic retention
time) indicating the persistence of COFA under conventional biological treatment
conditions (Fig. 6). Even an incubation of up to 14 days only resulted in an elimination
of COFA of approx. 40 % indicating that a biological degradation of COFA is unlikely in
biological wastewater treatment and presumably in sand filtration as well. Therefore,
COFA is one of the first examples indicating that ozonation might also result in the
formation of toxic OPs are recalcitrant in subsequent biological treatment processes.
However, in order to generalize these results, further studies with a high number of
ozonation products are crucial.
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FIGURE 6. Degradation of COFA in sewage sludge taken from the aerobic unit of a
conventional municipal wastewater treatment plant (n=2). Total test duration
was 336 h (14 days). Sludge was diluted to obtain an initial sludge concentration
of 0.25 grss L'l, initial concentration of COFA was 200 pg L™. The vessels were
permanently aerated and stirred to maintain aerobic conditions. In addition, a
small amount of CO, was added to the air to maintain a stable pH (pH 7).

5.3.7 OzoNATION OF ACV, GUANINE AND GUANOSINE IN WWTP EFFLUENT

To evaluate whether the proposed reaction with ozone is also relevant for other
guanine derivatives, additional ozonation experiments were performed with ACV,
guanine and guanosine. For all three compounds the corresponding 2-imino-5-
oxoimidazolidine analogues were formed (Fig. 7). The chemical structure of the
2-imino-5-oxoimidazolidine formed from guanine was further confirmed by
comparison of the MS spectra with those obtained by Ye et al. for the reaction of
guanine with the epoxidizing agent DMDO.* As the 2-imino-5-oxoimidazolidine moiety
is most likely responsible for the observed acute bacterial toxicity of COFA, similar
results can be expected for the oxidation products formed during ozonation of ACV,
guanine and guanosine.

5.3.8 IMPLICATIONS OF THE FATE OF CARBOXY-ACV DURING OZONATION IN
WASTEWATER TREATMENT AND IN DRINKING WATER PURIFICATION

As indicated in Fig. 4 an ozone:DOC ratio of approx. 0.4 is necessary to attain a
complete elimination of carboxy-ACV indicating a complete degradation under typical
treatment conditions. Similar results are expected with regard to drinking water
treatment via ozone. Even though the DOC is in general significantly lower in the feed
water used by waterworks, the obtained results suggest that COFA is also formed
under these conditions due to a probably insignificant effect of DOC as an
OH-scavenger since t-BuOH did not significantly influence the ozonation results. In
addition, comparison of results from buffered ultrapure water and WWTP effluent
indicates a high stability of COFA even at very high ozone doses in water with a low
DOC content.
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FIGURE 7. Formation of 2-imino-5-oxoimidazolidine oxidation products during ozonation of ACV (top left) and guanine (top
right) and guanosine (bottom) in WWTP effluent (DOC 12 mg L, pH 7.7). Similar to OP273, the extensive formation of the
[M+Na]*-adducts was observed. Initial concentration of ACV, guanine and guanosine was 10 pmol L*, respectively. Ozone

was added to attain a 0;:DOC ratio of 1:1. MS® spectra of the ozonation products are given in the SI.

5.3.9 FORMATION OF COFA DURING OZONATION IN A FULL-SCALE PLANT

Feeding water and the finished drinking water of a German waterworks (using
ozonation and subsequent activated carbon filtration) were analyzed for carboxy-ACV
and COFA. Carboxy-ACV was found in the feeding water at a concentration of 82 ng L™.
As shown in Fig. 8 the ozonation product COFA was present in the final drinking water
after ozonation and granular activated carbon (GAC) filtration. As the analytical
method for COFA was not validated, an exact quantification was not feasible.
However, the results indicate that COFA is formed during ozonation in this waterworks
in appreciable quantities. Furthermore, the presence of COFA in finished drinking
water indicates that the results of the laboratory experiments can be transferred to
real waterworks conditions and that COFA is even prone to pass GAC filters.
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FIGURE 8. LC tandem MS chromatograms of COFA (retention time 3.11 min) in
raw water (top), finished drinking water after ozonation and activated carbon
treatment (middle) and in finished drinking water spiked with 100 ng of COFA
(bottom). MRM transitions: 274.1 = 170 (blue); 274.1 = 141 (red); 274.1 =>
113 (green).
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6 FINAL CONCLUSIONS

The results obtained in this thesis clearly demonstrate that antiviral drugs are a
new class of pharmaceuticals which are of environmental concern. The developed
highly sensitive analytical method enabled the determination of antiviral drugs at
concentrations in the low ng/L-range. This allowed, for the first time, the detection of
a broad spectrum of antiviral drugs in the aquatic environment.

Considering the main entrance pathways of antiviral drugs into the urban water
cycle, excretions via urine or faeces from treated individuals play a dominant role.
Therefore, WWTPs represent the first potential barrier for the removal of these class
of pharmaceuticals. However, the results revealed an incomplete removal of most
antiviral drugs in conventional wastewater treatment leading to their emission into
receiving waters. Consequently, highest concentrations were observed in surface
waters with high proportions of treated wastewater.

The monitoring of antiviral drugs in the river Rhine revealed that industrial
discharges from manufacturers can contribute significantly to the emission of anti-
influenza drugs such as oseltamivir into surface waters. Individual sources could be
distinguished by the simultaneous analysis of oseltamivir and its active human
metabolite oseltamivir carboxylate. It was shown that elevated quantities of anti-
influenza drugs are emitted into surface waters during flu epidemics attributable to
the incomplete removal of anti-influenza drugs in wastewater treatment.

The fate of antiviral drugs in wastewater treatment was investigated for acyclovir
and penciclovir. The results obtained highlight that their degradation is in general not
leading to a complete mineralization but rather results in the formation of
transformation products (TPs). It was shown that the formed TPs often feature only
slight structural changes compared to the parent compounds, indicating a similar
pharmaceutical activity but a higher polarity. Furthermore, it was demonstrated that
already slight structural differences in the chemical structure of organic compounds
are decisive for their degradation behavior.

The identification of TPs is highly challenging. The results clearly highlight the
necessity of using different independent analytical techniques such as high-resolution
mass spectrometry (HR-MS) and NMR to identify TPs. HR-MS alone was in most cases
only capable of proposing tentative chemical structures even for TPs which show slight
structural modifications compared to the parent antiviral drug. The isolation of
individual TPs thereby also allows for their quantification in environmental samples
and for the calculation of mass balances. This is crucial to assess whether all
environmentally relevant TPs have been identified and to follow the fate of TPs in the
environment.
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For acyclovir it was shown that the transformation in wastewater treatment
leads to the formation of a stable TP which was identified as carboxy-acyclovir. Due to
its persistence, carboxy-acyclovir was detected in wastewater treatment plant
effluents and in surface waters. Furthermore, it was also detected in groundwater
highlighting its high persistence in the aquatic environment. Furthermore, the
incomplete removal in conventional drinking water treatment via bank and sand
filtration leads to the presence of carboxy-acyclovir also in finished drinking water.

Advanced water treatment via ozonation was shown to efficiently eliminate
acyclovir and its transformation product carboxy-acyclovir. However, under
conventional treatment conditions the formation of an oxidation product (OP) was
observed which was identified using HR-MS and NMR. The recalcitrance of the OP in
subsequent biological treatment shows that ozonation does not necessarily lead to
compounds prone to microbial attack. Furthermore, a bacterial toxicity was observed
for the OP. Due to the presence of carboxy-acyclovir in the feed water of a
waterworks, the OP was detected in finished drinking water after ozonation and
subsequent activated carbon treatment.

Therefore, this is one of the first studies in which the fate of a pharmaceutical
compound was followed through almost the complete water cycle, from the release
into the sewer system to advanced treatment via ozone in a waterworks.

In summary, the following overall conclusions can be drawn:

A) Antiviral drugs are ubiquitously present in the aquatic environment.

B) TPs formed in WWTPs can be stable and even occur in drinking water.

Q) Biological TPs formed in WWTPs can be further transformed during
oxidative water treatment using ozone leading to stable oxidation
products

D) Oxidation products formed during ozonation can be toxic for bacteria
due to the formation of reactive moieties such as formaldehydes.
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Reagents and Chemicals

Investigated substances and respective surrogate standards were obtained from the
following suppliers: acyclovir from Sigma-Aldrich (Taufkrichen, Germany), penciclovir
from VWR international (Darmstadt, Germany) and lamivudine, nevirapine
(anhydrous), ribavirin, stavudine, zidovudine from LGC Standards (Wesel, Germany).
Abacavir (hemisulfate) was kindly provided by GlaxoSmithKline (Minchen, Germany),
oseltamivir (phosphate) and oseltamivir carboxylate (tartrate) by Roche Diagnostics
(Mannheim, Germany). Surrogate standards (acyclovir-dg; 13¢ >N,-lamivudine,
nevirapine-ds; penciclovir-ds; ribavirin-*Cs; stavudine-ds; zidovudine-d; (isotopic purity
> 99 %)) were obtained from Campro Scientific (Berlin, Germany). All solvents were LC-
grade and were obtained from LGC Standards (Wesel, Germany), except for dimethyl
sulfoxide (DMSO) which was obtained from VWR international (Darmstadt, Germany).
MilliQ water was provided by a water purification system from Millipore (Bedford, MA,
USA). Groundwater was taken from a deep well in Ahrenberg, Koblenz (Germany)
which is not influenced by anthropogenic contamination. Hydrochloric acid,
ammonium acetate, ammonium hydroxide, and ammonium formate were purchased
from Carl Roth (Karlsruhe, Germany).

Individual stock solutions of analytes (1 mg mL™) were prepared in DMSO (acyclovir,
penciclovir, lamivudine, nevirapine) and methanol (abacavir, oseltamivir, oseltamivir
carboxylate, ribavirin, stavudine, zidovudine). Stock solutions of internal standards at
0.1 mg mL™* were dissolved in the same solvents as respective analytes. A standard
solution of all target analytes and a standard solution of all surrogate standards was
prepared at a concentration of 10 pg mL " in HPLC-H,0/methanol 90/10 (v/v) for RPLC
and in acetonitrile/H,0 90/10 (v/v) for HILIC, and subsequently diluted as necessary.

SPE method development

For method development purposes different SPE sorbent materials were tested for
their efficiency to extract antiviral drugs from agueous matrices. Based on the
chemical properties of the analytes two types of sorbent materials were investigated:
cation exchangers (as most of the analytes are positively charged at low pH) and
polymers which in general show good extraction efficiencies for polar substances. The
extraction efficiencies of the following SPE cartridges was assessed: QOasis MCX
(60 mg/3 mL), Oasis HLB (200 mg/6 mL) from Waters (Eschborn, Germany); Plexa PCX
(500 mg/6 mL), Bond Elut ENV (500 mg/3 mL), Bond Elut PPL (500 mg/3 mL) from
Varian (Darmstadt, Germany); Strata-X (200 mg/6 mL), SDB-L (500 mg/6 mL), Strata
SCX (200 mg/6 mL) from Phenomenex (Aschaffenburg, Germany); Supelclean ENVI-
Carb Plus (400 mg/ 1 mL) from Supelco (Schnelldorf, Germany); and Isolute ENV*
(200 mg/3 mL and 500 mg/6 mL) from Biotage (Upsala, Sweden). Conditioning and
elution of analytes was performed as proposed by the manufacturers except for

Supelclean ENVI-Carb Plus cartridges which were eluted successively with methanol,
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acetone and MTBE (with and without the addition of formic acid) to determine
whether desorption of analytes from the sorbent material can be achieved. pH values
were adjusted individually for each cartridge type to obtain maximum recoveries of
analytes depending on the predominant sorption mechanisms. For cation exchanger
(Oasis MCX, Plexa PCX, Strata SCX) pH values were adjusted to pH 1, 2 and 3, for
styrene divinylbenzene polymers to pH 3, 5 and 7 (Strata-X) and 7, 8.5, 10 (Bond Elut
ENV, Bond Elut PPL and Isolute ENV®). For the hydrophilic-lipophilic sorbent (Oasis HLB)
pH was adjusted to 3, 5 and 7. Supelclean ENVI-Carb Plus cartridges were only tested
at pH 8. Tests were carried out in triplicates using 250 mL of groundwater. Analytes
were added to obtain a concentration of 500 ng mL" in the final extract. Absolute
recoveries were calculated by comparing peak areas of spiked samples with an
external standard containing the same amount of analytes.

HILIC method

A 3 um Luna HILIC (150 mm x 3 mm) column protected by SecurityGuard column (4 x 3
mm i.d.; Phenomenex, Aschaffenburg, Germany) was used. Acetonitrile/5 mM NH4-
formate, pH 3.2 90/10 (A) and acetonitrile/5 mM NH4-formate, pH 3.2 70/30 (B) were
used as mobile phases. Chromatographic separation was achieved as described in the
following: 0-2.5 min, 100 % A; 2.5-10 min, 100 % B; 10-15 min, 100 % A. Analysis run
time was 15 min. As for RPLC, MRM transitions were measured in time periods: In
period 1 (0-5.0 min), acyclovir, lamivudine, nevirapine, oseltamivir, stavudine and
zidovudine were measured with a dwell time of 50 ms and the following ESI source
parameters were used: CUR, 15 psi; GS1, 20 psi; GS2, 10 psi. In period 2 (5.0-15.0 min)
penciclovir and oseltamivir carboxylate were measured with a dwell time of 250 ms
and ESI source parameters were adjusted to: CUR, 35 psi; GS1, 45 psi; GS2, 45 psi.

Final sample extracts were evaporated till dryness and reconstituted in 1 mL
acetonitrile/5 mM NH,-formate (pH 3.2) 90/10 before analysis.

Optimization of sample volumes

For determination of optimal samples volumes, 100, 250 and 500 mL of WWTP
influents and effluents and 100, 250, 500 and 1000 mL of groundwater were extracted
in triplicate using the above described SPE method. Analytes were added to obtain a
concentration of 500 ng mL™ in the final extract. To determine whether reduction in
recoveries are caused by ion suppression/enhancement during ESI-MS/MS or
inappropriate retention during SPE, samples were either spiked prior to SPE or
afterwards. For WWTP influent and effluent non-spiked samples were used to correct
for blank concentrations. RPLC was used for chromatographic separation.
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Table S1. Precursor, product ions, retention times and respective periods in LC/MS/MS detection’

retention time in min CE CXP
(period no.) (MRM1 (MRM1
Substance Hydro-RP  Luna HILIC MRM 1 MRM 2 PPIVI /mRm2)  /MRM2)
[ev] vl

Analytes
Ribavirin 3.35(1) 3.74 (1) 245.0 > 112.9 245.0 > 95.9 41 8/4 11/43
Acyclovir 9.44 (2) 435 (1) 226.1 > 152.0 226.1>1350 71 12/14 17/43
Penciclovir 9.71(2) 5.74 (2) 254.1 5 152.0 254151350 91 10/12 25/45
Lamivudine 9.95 (2) 3.32(1) 230.5 > 112.0 230.5 > 95.0 56 18/0 19/51
Stavudine 10.20 (2) 2.60 (1) 22535 126.9 225.3 5 69.2 16 4/2 11/29
Oseltamivir 10.78 (3) 7.98 (2) 285.2 > 197.2 285.2>138.2 46 16/ 10 13/27
carboxylate
Zidovudine 10.89 (3) 2.45 (1) 268.1 > 127.0 268.1>110.0 31 10/6 17 /47
Abacavir 11.42 (3) 2.99 (1) 287.1>191.4 287.1>79.1 31 30/12 25/47
Nevirapine 11.73 (3) 2.40 (1) 267.1>226.1 267.1 > 80.2 91 18/4 37/63
Oseltamivir 12.35 (3) 3.71(1) 313.35225.1 313351662 51 6/12 15/29
Internal Standards
Ribavirin-"Cs 3.30 (1) 3.71(1) 250.3 > 113.1 250.3 > 96.0 46 8/6 19/ 49
Acyclovir-d, 9.38(2) 434 (1) 230.3 > 152.0 2303> 1351 46 12/10 19/41
Penciclovir-d, 9.68 (2) 5.73 (2) 258.3 > 152.1 25831351 66 0/8 27/49
BC-"N,-Lamivudine  9.96 (2) 3.31(1) 233251151  233.2597.0 61 8/6 17 /55
Stavudine-d; 10.21(2) 2.57 (1) 228.3 > 130.1 228351131 26 8/8 17/39
Zidovudine-ds 10.89 (3) 2.41(1) 271.3 5 130.0 271351131 31 10/6 15/ 45
Nevirapine-ds 10.71 (3) 2.40 (1) 27235 227.1 272351981 71 18/14  37/55

®pp= Declustering potential; CE = Collision energy; CXP = Collision cell exit potential
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Table S2. Absolute recoveries and 95% confidence intervals of antiviral drugs on tested SPE sorbent materials using 250 mL of groundwater. Only
the pH for which highest recoveries were obtained is shown (n = 3).

Analyte Isolute
ENV+
(500 mg)
pH 8
RBV 66+4
ACV 119+ 27
PCV 110+9
3TC 76 £ 15
d4T 115+ 38
ABC 89+11
NVP 106+ 6
oP 95+11
ocC 70+8
DV 103+ 23

n.a. not analysed

Isolute
ENV+
(200 mg)
pH 8
59+1
78 £10
81+8
n.a.
n.a.
n.a.
n.a.
19+3
84+1
n.a.

SDB-L,
pH 8

20+0.1
5.3+0.6
7.8+1.3
24+2
74 +7
72+8
756
76+1
25+3
102+7

ENVI-
Carb Plus
pH 8

120+ 32
15+1
10+6
56+13
93+21
24 +5
85+25
33+5
20+16
58 +12

Bond Elut
ENV
pH 8

1.1+0.5
12+1
27+6
39+5
n.a.

n.a.
82+4
70+14
517
102+9

Bond Elut
PPL
pH7

<1
1.1+0.2
1.8+0.4
6.6+1.4
n.a.

n.a.
7117
668
11+1
1033

Oasis
HLB
pH3

<1
24+04
2.7+0.9
n.a.

n.a.

n.a.

n.a.
105+17
53+14
n.a.

Oasis
MCX
pH3

<1
10+2
309
n.a.
n.a.
n.a.
n.a.
672
95+ 10
n.a.

Strata-X

pH3

<1

<1

<1

n.a.

n.a.

n.a.

n.a.
101+10
23+1
n.a.

Strata
SCX
pH 2

<1

2.6 +0.6
3.1+15
n.a.

n.a.

n.a.

n.a.
255
325
n.a.

Plexa PCX
pH 2

1.7+0.8
61+31
48 +23
n.a.

n.a.

n.a.

n.a.
84+9
92+4
n.a.

Table S3. S/N ratios and 95 % confidence intervals of the analytes in the investigated matrices. The respective concentrations are given in
parenthesis (spiked samples, n = 5; samples where background concentrations were used, n = 3).

WWTP
Effluent

S/N MRM 1
S/N MRM 2
WWTP
Influent
S/N MRM 1
S/N MRM 2
Surface
water

S/N MRM 1
S/N MRM 2

RBV
(5.0 ng)

37+7
23+8
RBV
(5.0 ng)
71+7
1243
RBV
(5.0 ng)
3545
9+1

ACV
(3.2 ng)

24+4
7+3
ACV
(190 ng)
1000 + 11
25033
ACV
(1.2 ng)
31+5
7+3

PCV

(5.0ng)
60+6
132

PCV

(3.3ng)
30+3
173

PCV

(5.0 ng)
160 £ 41
40+ 10

3TC
(5.0 ng)

<LoQ
<LoQ
3TC
(21 ng)
150+ 2
7+3
3TC
(5.0 ng)
22038
72

dat
(5.0ng)

34+9
6+1
daTt
(1.1 ng)
14+11
159
daTt
(5.0 ng)
21053
18+1

ABC
(5.0 ng)

140 + 14
32+4
ABC
(15 ng)
85+5
31+2
ABC
(5.0ng)

360 + 34
92+7

NVP
(1.7 ng)

120+ 18
39+3
NVP
(0.6 ng)
55+16
152
NVP
(0.5 ng)
55+7
6%2

op
(15 ng)

180 + 33
170+ 28
oP
(4.0 ng)
48 +21
112
oP
(8.9 ng)
220+ 33
21028

ocC
(8.6 ng)

61+7
3342
oc
(7.1 ng)
47+5
1347
oc
(0.9 ng)
2042
1247

ZDV
(31ng)

230426
60+9
ZDV
(30 ng)
190 + 44
27+4
ZDV
(1.7 ng)
25+18
7+3
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Table S4. Coordinates of sampling locations in the Hessisches Ried region and along

the Ruhr river.

river

location

HR_01
HR_02
HR_03
HR_04
HR_05
HR_06
HR_07
HR_08
HR_09
HR_10
HR_11
HR_12

GPS coordinates

Hessian Ried
N 50° 00.031' E 008° 19.352'
N 49°57.724' E 008° 20.893'
N 49° 54.857' E 008° 24.599'
N 49° 58.643 'E 008° 30.395'
N 49° 59.948' E 008° 24.236'
N 50° 05.095' E 008° 37.300'
N 50° 05.290' E 008° 37.792'
N 50° 05.279' E 008° 37.640'
N 50° 06.724' E 008° 49.921'
N 50° 06.587' E 008° 50.401'
N 50° 11.395' E 008° 43.256'
N 50° 10.912' E 008° 41.833'

comment

Main

Schwarzbach

Landgraben

Gundbach

Wickerbach

WWTP Frankfurt

Main before discharge of WWTP
Main after discharge of WWTP
Bieber

Rodau

Erlenbach

Eschbach

Ru_01
Ru_02
Ru_03
Ru_04
Ru_05
Ru_06
Ru_07

Ru_08
Ru_09
Ru_10
Ru_11
Ru_12
Ru_13
Ru_14
Ru_15
Ru_16
Ru_17
Ru_18
Ru_19
Ru_20
Ru_21
Ru_22
Ru_23
Ru_24

Ru_25
Ru_26
Ru_27
Ru_28
Ru_29
Ru_30
Rh_01

Rh_02
Rh_03
Em_01

Ruhr catchment

N 51°15.468' E 008° 31.760'
N 51°16.723' E 008° 30.991"
N 51°18.356' E 008° 30.165'
N 51°19.881' E 008° 29.300'
N 51°19.753' E 008° 29.232'
N 51°21.488' E 008° 22.955'
N 51°21.119' E 008° 20.326'

N 51°20.777' E 008° 12.305'
N 51°20.026' E 008° 09.780'
N 51°21.825' E 008° 10.270'
N 51°23.426' E 008° 07.846'
N 51°25.237' E008° 01.371"
N 51°25.890' E 007° 59.376'
N 51°27.335' E 007° 57.490'
N 51°27.349' E 007° 57.238'
N 51°27.502' E 007° 57.324'
N 51°29.265' E 007° 55.450'
N 51°27.971' E 007° 39.696'
N 51°24.792' E 007° 30.793'
N 51° 24.497' E 007° 29.596'
N 51°25.073' E 007° 28.560'
N 51° 23.086' E 007° 26.976'
N 51°22.988' E 007° 24.276'
N 51°26.263' E 007° 16.948'

N 51°24.673' E 007° 14.836'
N 51°24.773' E 007° 10.990'
N 51° 23.430' E 007° 09.228'
N 51°23.816' E 007° 00.196'
N 51°21.566' E 006° 56.402'
N 51°26.532' E 006° 49.521'
N 51°26.141' E 006° 42.937'

N 51°27.651' E 006° 43.525'
N 51°33.562' E 006° 41.338'
N 51°33.753' E 006° 41.522'

Ruhr near spring

Ruhr after WWTP Niedersfeld
Ruhr

Ruhr after Neger

Neger

Ruhr after Valme

Ruhr  after WWTP  Bestwig-
Velmede

Ruhr before Wenne

Wenne

Ruhr after Wenne

Ruhr

Ruhr after WWTP Arnsberg

Rohr

Mohne

Ruhr before Méhne

Ruhr after M6éhne

Ruhr after WWTP Neheim

Ruhr

Ruhr before Lenne

Lenne

Ruhr after Lenne / Hengsteneysee
Volme

Ruhr after Volme

Effluent WWTP Bochum-Olbachtal

Effluent Kemnader reservoir

Ruhr

Hattingen after WWTP Hattingen
Baldeneysee

Ruhr

Ruhr, Duisburg before harbour
Rhine before conjunction with
Ruhr

Rhine after conjunction with Ruhr
Rhine, Dinslaken before Emscher
Mouth of Emscher
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Table S5. WWTPs in the catchment area of the Ruhr and the Emscher (1).

sampling
point

Ru_02
Ru_05
Ru_06

Ru_07

Ru_08
Ru_12

Ru_13
Ru_14

Ru_17
Ru_20

Ru_23

Ru_24

Ru_27

Em_01

comment

Ruhr after
Niedersfeld
Neger
Ruhr after Valme
Ruhr after WWTP
Bestwig-Velmede

WWTP

Ruhr after Wenne
Ruhr after WWTP
Arnsberg

Rohr
Mohne

Ruhr

Lenne

after WWTP

Ruhr after Volme

Ruhr after WWTP
Bochum-Olbachtal
Ruhr after WWTP
Hattingen

Emscher

WWTP
opulation - wastewater
name epq:ivalents af.ﬁ.hatEd discharge
(PE) citizens [L Person™ d'1]
Winterberg-Niedersfeld 4,950 4,087 2,034.30
No data available
No data available
Bestwig-Velmede 17,500 33,863 1,226.00
No data available
Arnsberg 64,000 24,389 458.2
Arnsberg-Neheim 75,000 119,034 312.8
Arnsberg-Wildshausen 65,000 107,280 359
204,000 250,703 1,130
Sundern 16,000 19,610 672
Méhnesee-Vollinghausen 25,000 11,803 517.9
Warstein-Belecke 16,000 9,864 897.2
Brilon-Bontkirchen 1,100 516 491.5
Brilon-Madfeld 3,000 1,388 884.3
Brilon-Messinghausen 6,000 2,110 428.4
Brilon-Petersborn- 4,500 1,795 1,045.10
Gudenhagen
55,600 27,476 4,264
Arnsberg-Neheim 75,000 119,034 312.8
Hagen Fley 69,760 50,359 330
Iserlohn Letmathe 70,000 59,604 355.5
Altena 35,000 24,467 580.9
Werdohl 35,000 23,734 718.3
Plettenberg 34,000 31,393 762.9
Finnentrop 26,700 25,066 506.4
Lennestadt Grevenbruck 41,300 24,879 715.4
Lennestadt 38,150 32,648 1,003.10
Schmallenberg 15,000 10,233 939.2
364,910 282,383 5,912
Schalksmiihle 29,000 23,435 687.7
Volmetal 33,500 33,782 376.5
Kierspe Bahnhof 14,000 9,582 551.8
Meinerzhagen 18,000 15,370 573.1
94,500 82,169 2,189
Bochum-Oelbachtal 300,000 167,173 148.7
Hattingen 100,000 78,790 378.1
1,232,460 1,065,288 17,256
Emschermiindung 2,400,000 2,772,239 464.9
Bottrop 1,340,000 1,100,693 280.9
Dortmund-Nord 625,000 645,917 283.7
4,365,000 4,518,849 1,030
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Table S6. Mean concentrations of antiviral drugs in samples taken along the Ruhr river. Absolute deviations of the
two samples taken at each location are given in parenthesis (n = 2). Ribavirin, lamivudine and penciclovir are not
shown as they were absent in all samples

sampling acyclovir stavudine abacavir nevirapine oseltamivir oseltamivir zidovudine
location carboxylate
Ru_01 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <L0Q
Ru_02 4.5(0.1) 2.6(0.1) <LoQ <LoQ <LoQ <LoQ <LoQ
Ru_03 1.9(0.1) 2.1(0.1) 0.5(0.1) <LoQ <LoQ <LoQ <LoQ
Ru_04 <LoQ 1.7 (0.2) <LoQ <LoQ <LoQ <LoQ <LoQ
Ru_05 <LoQ 1.6(0.1) <LoQ <LoQ <LoQ <LoQ <LoQ
Ru_06 <LoQ 1.3(0.1) <LoQ <LOoQ <LoQ <LoQ <LoQ
Ru_07 2.6(0.1) <LOQ <L0Q <LoQ 0.8 (0.1) 1.3(0.2) 2.1(0.1)
Ru_08 1.1(0.1) <LoQ <LoQ <LoQ <LoQ 0.4 (0.1) <LoQ
Ru_09 3.5(0.1) 2.4 (0.1) <LoQ <LoQ 0.3(0.1) 0.8 (0.1) 3.1(0.1)
Ru_10 1.3(0.1) <LoQ <LoQ <LoQ 0.2 (0.1) 0.5(0.1) <LoQ
Ru_11 41(0.1) <LOQ <LoQ <L0Q 0.2 (0.1) 0.6 (0.2) 1.2 (0.1)
Ru_12 6.2 (0.1) <LoQ <LoQ <LoQ 0.3(0.1) 0.9 (0.1) 1.1(0.2)
Ru_13 <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ 1.8(0.1)
Ru_14 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Ru_15 43(02) <LOQ <LoQ <L0Q 0.3(0.1) 0.7 (0.2) 1.4 (0.1)
Ru_16 <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ
Ru_17 3.7(0.2) <LoQ <LoQ <LoQ <LoQ <LoQ <LoQ
Ru_18 7.1(0.2) <LoQ <LoQ <LoQ 0.4 (0.1) <LoQ 2.2(0.1)
Ru_19 8.5(0.3) <LoQ <LoQ <LoQ 0.5(0.1) 0.8 (0.3) 3.5(0.1)
Ru_20 20.1(0.6) 3.1(0.1) <LoQ <LoQ 0.6 (0.1) 1.4(0.2) 6.2 (0.1)
Ru_21 8.3(0.1) <LoOQ <L0Q <LoQ 0.7 (0.2) 1.0(0.2) 3.5(0.1)
Ru_22 6.1(0.1)  4.3(0.2) <LoQ <L0Q 1.0(0.1) 0.8 (0.3) 4.8(0.2)
Ru_23 8.9(0.1) <LoQ <LoQ <LoQ 0.6 (0.1) <LoQ 7.6 (0.1)
Ru_24 10.2(0.3) <LOQ <L0Q 3.8(0.1) 2.2(0.2) 1.4(0.1) 29 (0.4)
Ru_25 6.6 (0.4) 2.9(0.3) <LoQ <LoQ 0.8 (0.1) 0.7 (0.1) 6.0 (0.1)
Ru_26 6.7 (0.2) 3.6(0.1) <LoQ <LoQ 0.8 (0.1) <LoQ 5.8(0.1)
Ru_27 6.4 (0.1) <LoQ <LoQ <LoQ 1.0(0.2) 0.9 (0.2) 6.2 (0.1)
Ru_28 6.5(0.1) <LOQ <L0Q <LoQ 0.8 (0.1) 0.8(0.2) 6.8(0.2)
Ru_29 6.0 (0.1) <LoQ <LoQ <LoQ 0.9 (0.1) 0.9 (0.1) 7.0(0.1)
Ru_30 7.0 (0.4) 2.2 (0.3) <LoQ <LoQ 0.9 (0.1) 0.6 (0.1) 7.3(0.2)
Rh_01 3.6(0.1) <LOQ <L0Q <LoQ 17 (1) 1.3(0.1) 5.0(0.2)
Rh_02 42(0.1) <LOQ <LoQ <L0Q 15 (2) 1.1(0.1) 5.8(0.2)
Rh_03 3.4(0.2) <LoQ <LoQ <LoQ 15 (3) 1.1(0.1) 4.8(0.2)
Em_01 30(0.5) <L0Q <LoQ 3.2(0.1) 2.9(0.3) 2.4 (0.3) 94 (5)
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25 -
20 -
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HEZidovudine

- -
o o,
L L

17 15
10 - 15

B Oseltamivir
[OOseltamivir carboxylate

Concentration [ng L]

(-]
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Wenne

—® Lenne

Ru_21
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Ru_15
Ru_14
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Ru_02
Ru_01
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Table S7. OP/OC ratios in sampled locations.

sampling oP/0oC sampling location  OP/OC
location

Ruhr® Emscher’
Ru 01 n.a. Em 01 1.19+0.12
Ru 02 n.a.
Ru 03 n.a. Rhine’
Ru 04 n.a. Rh 01 12.7+0.3
Ru 05 n.a. Rh 02 13.0+3.3
Ru 06 n.a. Rh 03 13.8+3.5
Ru 07 0.62+0.11 Koblenz® 124+18
Ru 08 n.a. Weil am Rhein 131
Ru 09 0.41+£0.12
Ru 10 0.44+0.01 Hessian Ried®
Ru 11 0.40+0.11 HR 01 n.a.
Ru 12 0.34 £0.08 HR 02 3.10+0.7
Ru 13 n.a. HR 03 2.04£0.45
Ru 14 n.a. HR 04 1.11+0.73
Ru 15 0.37+0.10 HR 05 0.73+0.11
Ru 16 n.a. HR 07 n.a.
Ru 17 n.a. HR 08 1.92+1.08
Ru 18 n.a. HR 09 n.a.
Ru 19 0.57+0.29 HR 10 3.05+1.12
Ru 20 0.44 £ 0.05 HR 11 0.57+0.17
Ru 21 0.66 £ 0.04 HR 12 1.27 £0.13
Ru 22 1.17 £ 0.59
Ru 23 n.a. raw wastewater’
Ru 24 1.51+0.16 WWTP1 0.28+0.11
Ru 25 1.08 £+ 0.25 WWTP2 n.a.
Ru 26 n.a.
Ru 27 1.11+0.38 treated wastewater”
Ru 28 0.95+0.38 WWTP1 0.91+0.20
Ru 29 0.98+£0.10 WWTP2 0.72+0.23
Ru_30 1.48 +0.51

N . P b
n.a. not available. ° given as mean values * absolute deviations from means (n = 2).

given as mean values + 95% confidence intervals (n = 3).

Table S8. Measured and predicted loads for oseltamivir and its metabolite oseltamivir carboxylate and

zidovudine.

sampling
location

Ru_07
Ru_12
Ru_18
Ru_23
Ru_27

Lenne
Volme

sum of oseltamivir and oseltamivir

carboxylate

zidovudine

measured load
[gd”]

0.7
0.5
0.4
1.2
3.8

2.0
0.2

predicted load
[gd'T

0.1
0.6
0.9
1.6
2.1

0.6
0.2

measured load
[gd”]

0.7
0.5
2.7
14.1
12.5

6.1
0.5

predicted load
[g d-I]a,b

0.4
3.3
5.2
9.3
121

3.2
0.9

2 predicted from the total annual prescribed amount (2) and the number of affiliated citizens of WWTPs upstream of the
sampled location (Table S6)
b taking into account that only 20% are excreted as parent compound and assuming a negligible removal during wastewater

treatment (3)

All
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Figure S1. Signal intensities of analytes for ESI and APCI using a standard mixture (500 ng mL™). Standard
deviations are given as error bars (n = 3).
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Figure S2. Signal intensities of analytes for both investigated chromatographic methods using a standard
mixture (500 ng mL™). Standard deviations are given as error bars (n = 3).
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Figure S3. Abs. recoveries of antiviral drugs using different sample volumes of groundwater (top),
WWTP influent (middle) and effluent (bottom) on Isolute ENV+ cartridges. Standard deviations are
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Chemicals and Standards

Acyclovir and penciclovir were purchased from Sigma Aldrich, and labeled standards
(acyclovir-d; and penciclovir-d;) were purchased from Campro Scientific (Berlin,
Germany). DMSO-ds (isotopic enrichment 99.96 %), used as NMR solvent, was
purchased from Deutero GmbH (Kastellaun, Germany). Other solvents (n-heptane,
acetone, methanol and acetonitrile) were picograde and purchased from LGC
Promochem (Wesel, Germany). Chemicals were obtained from Carl Roth GmbH
(Karlsruhe, Germany) unless noted otherwise.

Informations about sampled WWTPs

WWTP1 serves 330,000 population equivalents (PE) and consists of an aerated grit-
removal tank and a primary clarifier followed by biological treatment
(nitrification/denitrification). The daily flow rate was approximately 60,000 m3. The
activated sludge system is operated with a hydraulic retention time (HRT) and sludge
retention time (SRT) of approximately 12 h and 10-12 days, respectively. WWTP2
(230,000 PE; mean daily flow rate: 67,400 m> d; HRT and SRT of the activated sludge
treatment: 12 h and 29 d, respectively) applies the same treatment steps as WWTP1.
WWTP3 serves 600,000 PE, has mean daily flow rate of approximately 105,000 m*, a
SRT of 20 d and a HRT of 36 h. Preliminary treatment consists of screens, aerated
double grit chambers and primary sedimentation tanks. Biological treatment takes
place in individual tanks, with eight tanks operated under anaerobic conditions and 14
tanks operating under anoxic and aerobic conditions, which is followed by secondary
sedimentation. Biological phosphate elimination is completed in combination with
nitrification and denitrification treatment.

Analysis of acesulfame in aqueous samples

Analysis of acesulfame was performed according to (1). Acesulfame is a heat-resistant
artificial sweetener that is used in food, beverages, and pharmaceutical products.
Thus, acesulfame will be continuously released from the sewage plants into the river
water. Acesulfame was obtained from Sigma Aldrich and acesulfame-d; was obtained
from Toronto Research Chemicals. Groundwater and river water samples were filtered
through glass fiber filters (GF 6, Schleicher and Schuell, Dassel, Germany). Aliquots of 1
mL were spiked with 100 ng of acesulfame-d4. Spiked samples were evaporated to
100uL by a gentle nitrogen stream at 45°C and reconstituted to a volume of 1mL with
methanol. The analytes were separated with an Agilent 1100 HPLC system (Agilent
Technologies, Santa Clara, CA) using a Nucleodur HILIC column, 3mm i.d., 250 mm, 4
pum (Macherrey Nagel, Diren, Germany). An isocratic eluent consisting of 25%
ammoniumformiate buffer (25mM) and 75% methanol was used at a flow rate of 0.4
mL/min and 40°C. The injection volume was 25 pL. The compound and source-
dependent parameter settings of the LC tandem MS (4000 Q-Trap, Applied Biosystems,
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Langen, Germany) are described in Tab 1. Source-dependent parameters are CUR: 25,
Temp.: 600°C, GS1: 40, GS2: 40, CAD: high, IS: -4500V, EP: -10V. Calibration curves with
9 calibration points ranging from 0.1 o 1000 pg L were prepared by spiking 1mL
solution of Milli-Q-water in methanol (1:9; v/v). The linearity was given over the whole
calibration range. Correlation coefficient was 0.9998. Limit of quantification (LOQ) was
set to the lowest calibration point. Signal/noise ratios of the analytes at LOQ were set
to be higher than 50.

TP fractionation via HPLC/UV

To fractionate the TPs, a Waters HPLC system was used, equipped with a Waters 717
plus autosampler, column oven, Waters 600 controller with quaternary pump, in-line
degasser and Waters 2487 dual-wavelength absorbance detector (operated at 254 and
280 nm). Isolation of individual TPs was achieved by chromatographic separation on a
semi-preparative Hydro-RP column (250 x 10 mm; 4 um; Phenomenex, Aschaffenburg,
Germany), in which aliquots of 500 pL were injected into the column. Individual
fractions were collected with an automated sample collector (Advantec SF-2120 super
fraction collector, Techlab GmbH, Erkerode, Germany). As mobile phase, 0.2 % formic
acid (A) and methanol + 0.1 % formic acid (B) were used. An eluent gradient was
applied to achieve separation of the analytes. The percentage of (A) was changed
linearly as follows: 0-15 min, 90%; 30 min, 30%; 33 min, 30%; 36 min, 90%. The total
run time was 50 min. The flow rate was set to 2 mL min™ and the column oven was
operated at 40°C.

HR-MS and HR-MS/MS analysis of TPs via LTQ Orbitrap Velos ESI FT-MS
Chromatographic conditions were the same as for quantification by LC-tandem MS
(see below). The ESI source parameters were set as follows: capillary temperature: 275
°C; capillary voltage 3.0 kV; heater temperature 300 °C; sheath gas flow rate 30
arbitrary units (AU); aux gas flow rate 10 AU; S-lens RF level 69%. Data dependent
acquisition was used to conduct MS? and MS? spectra as follows: a full scan (100 — 500
m/z; positive mode) was performed followed by MS? and MS? scans for the 2 most
intense ions with an intensity of >10000 counts per second (cps) and >1000 cps,
respectively. CID (collision induced dissociation) with a normalized collision energy of
35% was used for fragmentation with an activation time of 10 ms. In addition, dynamic
exclusion was applied (exclusion of masses for which 3 MS" experiments have been
performed; exclusion duration: 30 s) enabling also MS" experiments for less abundant
ions (e.g. during co-elution of different substances).
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NMR analysis

The structures of the transformation products were investigated on a Bruker Avance |l
500 (11,7 T) with a 5 mm z-gradient BBFO ‘H/X probe. The proton and carbon spectra
were measured in DMSO-ds at 298,3K and the spectra were referenced as follows: for
the residual DMSO-(H)-ds 8(*H) = 2,49 ppm and DMSO-ds 8(*3C) = 39,5 ppm.

A standard *H NMR spectrum needed between 32 and 128 transients attained with a
11 pus 90° pulse, 10000 Hz spectral width and a recycling delay between 1 and 10 s. B¢
NMR (125 MHz) experiments were obtained with *H decoupled (powergate decoupling
using 30° degree flip angle) >*C NMR acquisition methods and a spectral width of
25000 Hz.

The assignment was accomplished by 'H,'H COSY 2D method. The spectroscopic
widths of the homo-nuclear 2D COSY experiments were typically 14000 Hz in both
dimension (f1 and f2) and the relaxation delay 1,2s. The 2D *H,"*C-heteronuclear single
guantum correlations (HSQC) were registered at a Bruker Avance Ill 500 system and
Avance lll 700. A 5 mm z-gradient TBI 'H/2'p/BB probe was used on the 700 MHz
system. The spectroscopic width for the *H window was 10000 Hz (500MHz) or 14000
Hz (700 MHz) and for the **C 25000 Hz (125 MHz) or 35000 Hz (176 MHz).

All the 2D *H,®*C-HSQC experiments were run by using 8192 points in 2 and 512 points
in f1. Before Fourier transformation, the data were zero filled to 1024 points in f1 and
multiplied by a window function (g-sine bell) in both dimension.

The following parameters were used to obtain optimal results: 'Jcy=145 Hz for
optimizing observable intensities of cross peaks from one bond ‘H-3C correlation, a
relaxation delay of 2 s, while typical /2 pulse width for ‘H were 11 ps (500 MHz) or
10,8 us and **C and 9,5 ps (125 MHz) or 17 us (176 MHz system).

Analysis of aqueous environmental samples via SPE and LC-tandem MS detection
Solid Phase Extraction (SPE).

For SPE 100 mL of raw wastewater, 200 mL of treated wastewater and 500 mL of
surface water and drinking water were spiked with 50 ng of surrogate standards
(acyclovir-d; and penciclovir-d,). Prior to SPE, water samples were filtered (< 1 um) and
adjusted to pH 2.5 and pH 4 for PCV TPs and to pH 2.5 for the analysis of Carboxy-ACV
using 3.5 M H,S0,. Isolute ENV+ cartridges (6 mL, 500 mg; Biotage, Uppsala, Sweden)
were conditioned using 1 x 2 mL n-heptane, 1 x 2 mL acetone, 3 x 2 mL methanol
followed by 4 x 2 mL groundwater (pH 2.5 or pH 4). Samples were passed through the
cartridges with a flow rate of approx. 10 mL min™. Prior to the elution of the analytes
using 5 x 2 mL acetone/methanol (70/30, v/v), cartridges were dried using a gentle
stream of nitrogen. Sample extracts were evaporated to 50 plL using a gentle stream of
nitrogen and were reconstituted to 1 mL with 0.1 % formic acid.
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Liquid Chromatography-Tandem Mass Spectrometry.

LC—ESI-tandem MS was run in positive mode for the detection of ACV, PCV as well as
their TPs formed in environmental samples. Detailed information on the setup and the
ESI parameters applied can be found in Prasse et al. (2010). A Hydro-RP column (150 x
3 mm; Phenomenex, Aschaffenburg, Germany) was used for chromatographic
separation using 0.2% formic acid (A) and methanol + 0.1% formic acid (B) as mobile
phases. The gradient of (A) was as follows: 0-4 min, 100%; 7 min, 30%; 17 min, 10%; 18
min, 100%. Total run time was 22 min. The column oven was set to 40°C, flow rate to
0.4 mL min™ and injection volume was 10 uL. Optimization of MS/MS parameters for
individual TPs was performed in continuous flow mode, injecting 1 pg mL" standard
solutions at a flow rate of 10 pL min™ with a syringe pump (Table S1).

Method validation.

For determining the absolute recoveries of the analytes, peak areas in spiked samples
(groundwater, surface water, WWTP influent and effluent) were compared with the
peak areas in an external standard containing the same amount of analytes (for details
see Prasse et al. (2). Relative recoveries were calculated by dividing the measured
quantities with the nominal (spiked) quantities. Four replicates were used. LOQ values
were defined as the lowest calibration point in the linear regression with a S/N of at
least 10 and 3 for MRM1 and MRM2, respectively.

Quantification.

Due to the absence of PCV TPs in all investigated samples, quantification was only
performed for ACV and Carboxy-ACV. Therefore, a matrix-matched calibration ranging
from 1 to 2000 ng L™ (7 points) was prepared by spiking respective quantities of both
analytes into 500 mL of groundwater. A constant quantity of surrogate standard
(acyclovir-dy4, 50 ng) was added. Samples were extracted using SPE as described above.
Linear regression was applied to the calibration curves with a weighing factor of 1/x.
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Table S1. Precursor, product ions and MS parameters used for LC/MS/MS detection®

CE CXP
(MRM 1/ (MRM 1/
Substance MRM 1 MRM 2 DP [V] MRM 2) MRM 2)
[ev] (V]
Analytes
Acyclovir (ACV) 226.0 > 152.0 226.0 > 135.0 71 17/43 12/14
Carboxy-ACV 240.0 > 152.0 240.0 > 135.0 46 19/43 12/12
Penciclovir (PCV) 254.1> 152.0 254.1 > 135.0 91 25/45 10/12
PCV TP209 210.0 > 152.0 210.0 > 135.1 76 29/43 12/10
PCV TP281 282.0 > 238.2 282.0 > 152.0 66 19/29 20/12
PCV TP249A 250.0 > 152.2 250.0 > 135.1 61 23 /45 12/10
PCV TP249B 250.0 > 152.1 250.0 2 99.0 61 25/29 12/6
PCV TP251 252.0 > 152.0 250.0 > 135.1 66 23 /44 12/10
PCV TP267 268.0 > 152.0 268.0 > 135.1 61 27 /51 12/10
PCV TP237 238.1 > 152.0 238.1 > 135.0 66 25/41 28/8
PCV TP233 234.0 > 83.1 234.0 > 216.0 61 25/25 6/18
Internal Standards
Acyclovir-d, 230.3 > 152.0 230.3 > 135.1 46 19/41 12/10
Penciclovir-d, 258.3 > 152.1 258.3 > 135.1 66 27 /49 0/8
“pp= Declustering potential; CE = Collision energy; CXP = Collision cell exit potential
Incubation time [min]
0.0 T T T T T !
D 100 200 300 400 500 600
-0.5 -
y =-0.0027x - 0.0115
R? = 0.9991
-1.0 -
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regressions are given assuming a first order kinetic.

Figure S7. Degradation of ACV and PCV in sewage sludge (0.4 g L") at a concentration of 4 pg L™. Linear
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Table S2. Absolute and relative recoveries together with LOQ values of ACV and Carboxy-ACV in the investigated

matrices using ENV+ SPE-cartridges at pH 2.5 (n=4).

Groundwater
0, 0 0 0, -1
Compound abs. recovery [%] rel. recovery [%] abs. recovery [%] rel. recovery [%)] LOQ [ng L]
50 ng 50 ng 500 ng 500 ng
ACV n.d. n.d. 110+4 965 1.0
Carboxy-ACV 54+9 90+10 805 93+8 1.0
Surface water
0, 0 0, 0, -1
Compound abs. recovery [%] rel. recovery [%] abs. recovery [%] rel. recovery [%] LOQ [ng L]
50 ng 50 ng 500 ng 500 ng
ACV n.d. n.d. 1077 935 1.0
Carboxy-ACV 96 +3 105+3 88+1 102+3 1.0
WWTP influent
abs. recovery [%] rel. recovery [%] LOQ [ng LY
Compound 500 ng 500 ng
ACV 96 +9 86+6 5.0
Carboxy-ACV 854 108+ 3 5.0
WWTP effluent
abs. recovery [%] rel. recovery [%] LOQ [ng LY
Compound 500 ng 500 ng
ACV 94 6 93+4 2.5
Carboxy-ACV 817 113+18 2.5

n.d. not determined

Table S3. Absolute recoveries (mean + 95% confidence interval) and LOQ values of the identified PCV TPs in
investigated aqueous matrices (n=4; 50 ng spiked). Optimal pH for individual PCV TPs is highlighted in

grey.
[%]

PCV PCV PCV PCV PCV PCV PCV PCV

pH2.5 TP267 TP237  TP249A  TP249B  TP281  TP209  TP233  TP251
1

Lo g L] 30 30 100 8 100 200 150 150
groundwater
Groundwater 71+6 64+16  62+13 = 100+5 7143 57+11 41+11 86+12
Surface water 10446 85+9 56+13  88+5 104+10 84+4 55+13 82+4
WWTP effluent 84+9 85+8 41+5 75+8  85+16 84+19 83425 86+10
WWTP influent 8547 83+15  43+12  73+4  94+5 73410 59421 77+12
pH 4.0
Groundwater 71+4 10241  63+11 100+£10 242 6+2  97+21 83+8
Surface water 86+8 975 75+ 10 1015 108 62 +21 91+11
WWTP effluent 100+ 12 10146 97424 89+13 3546 114+8 95+15
WWTP influent 10449 102 +2  87+14  77+2 53412 2546 68+21 79+13
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Figure S24. Predicted biodegradation pathway of penciclovir using the UM-PPS. Green arrows indicate reactions which are likely, yellow
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experiments are highlighted in red circles.
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Figure S27. Peak area of Carboxy-ACV in soil batch systems over a total incubation time of 49 d using 80 g of soil and 400 mL
groundwater. Details on the soil characteristics can be found in Yu et al. (3). Pressurized air and CO, were bubbled through the test
vessels to maintain aerobic conditions at pH 7. The sludge concentration was 0.8 gss L™. Initial concentration of Carboxy-ACV in the
batch systems was 500 ng mL™. Error bars indicate absolute deviations from mean (n=2).
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Chemicals and Standards

Acyclovir (ACV), guanosine and guanine were purchased from Sigma Aldrich
(Schnelldorf, Germany) and acyclovir-d4 was purchased from Campro Scientific (Berlin,
Germany). Carboxy-acyclovir (carboxy-ACV) was isolated after incubation of ACV in
activated sludge as described in Prasse et al.' The chemical structures of ACV, carboxy-
ACV, guanine and guanosine are given in Figure S1. DMSO-d; (isotopic enrichment
99.96 %), used as NMR solvent, was purchased from Deutero GmbH (Kastellaun,
Germany), tert-butanol (t-BuOH) was purchased from Merck (Darmstadt, Germany).
Other solvents were picograde and purchased from LGC Promochem (Wesel,
Germany). Chemicals were obtained from Carl Roth GmbH (Karlsruhe, Germany)
unless noted otherwise.

N N N\
Nl)‘j[ > H N)l\):j[’\‘>
HzN)\H N\>\ 2 H \\o

e) OH

\\/OH

N any
)y S N >

H,N N
2 H

OH
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Fig. S1. Chemical structures of acyclovir (top, left), carboxy-acyclovir (top, right), guanine (bottom,
left) and guanosine (bottom, right).

Analytical method for target analytes

ACV, carboxy-ACV, guanine and guanosine were analyzed by LC tandem MS in MRM
mode using the two most intensive fragment ions (see Table S1). The HPLC system
consisted of a G1367C autosampler, a G1312B binary HPLC pump, a G1379B degasser
(all Agilent 1200 SL Series, Waldbronn, Germany) and a MistraSwitch column oven
(MayLab Analytical Instruments, Vienna, Austria). For chromatographic separation a 4
pum Synergi Hydro-RP column (250 x 4 mm; Phenomenex, Aschaffenburg, Germany)
was used. An aliquot of 20 pL of each sample were injected into the LC/MS/MS system
using a mobile phase with 0.2 % HCOOH (v/v) (A) and methanol + 0.1% HCOOH (v/v).
The gradient applied was as follows (percentage of A): 0 — 4 min, 100%; 7 min, 30%; 17
min, 10%; 18 min, 100%; 22 min 100%. The run time was 22 min, flow rate was 400 pL
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min™ and the column oven temperature was set to 40°C. The HPLC system was
coupled to a API-4000 Qtrap (Applied Biosystems/MDS Sciex, Darmstadt, Germany).
Analytes were quantified in multiple reaction monitoring (MRM) using electrospray
ionization (ESI) with Turbo lonspray in positive mode. Dwell time was 100 ms and ESI
parameters were as follows: CUR, 35 psi; GS1, 45 psi; GS2, 45 psi; collision gas, high;
ion spray voltage, 5,500 V; source temperature, 500°C; entrance potential, 10 V). The
two most intense MRM transitions for each substance were monitored for
identification and quantification of the analytes. Optimized MS parameters are given in
Table S1.

Table S4. Precursor, product ions and optimized MS parameters used in LC/MS/MS detection

CE CXP
(MRM1/ (MRM1/
Substance MRM 1 MRM 2 DP [V] MRM 2) MRM 2)
[eV] [eV]
Analytes
Carboxy-Acyclovir 240.2 > 152.1 240.2 > 135.1 46 19/43 12/12
(carboxy-ACV)
Acyclovir (ACV) 226.1 > 152.1 226.1 > 135.1 71 17 /43 12/14
Guanine 152.1 2> 135.1 152.1 - 110.0 46 27 /29 10/8
Guanosine 284.1 > 152.1 284.1 > 135.1 36 21/55 12 /10
Internal Standards
Acyclovir-d4 230.3 > 152.1 230.3 > 135.1 46 19/41 12/10

DP = Declustering potential; CE = Collision energy; CXP = Cell exit potential

Isolation of oxidation products (OPs)

Due to its environmental relevance and its close structural analogy to acyclovir,
isolation of OPs was only performed for carboxy-ACV.! Therefore, carboxy-ACV was
spiked to the test vessels attaining an initial concentration of 20 mg L™. An ozone:
analyte ratio of 2:1 was used to ensure the complete oxidation of the parent molecule.
Experiments were performed under ambient treatment conditions (pH 8) and at pH 3
to characterize the influence of the molecule speciation on OP formation. After the
addition of ozone the mixture was allowed to react for about 2 h before residual ozone
was removed by aeration of the reaction vessels with N,. Afterwards, the samples
were frozen (-25 °C) and lyophilized before individual OPs were fractionated via semi-
preparative HPLC/UV.

To fractionate the OPs, an Agilent 1200 series HPLC system was used, equipped with
an autosampler, column oven, quaternary pump, in-line degasser and a diode array
detector. Isolation of individual OPs was achieved by chromatographic separation on a
semi-preparative Hydro-RP column (250 x 10 mm; 4 um; Phenomenex, Aschaffenburg,
Germany) coupled to a semi-preparative Polar-RP column (250 x 10 mm; 4 um,
Phenomenex, Aschaffenburg, Germany). Aliquots of 500 puL were injected onto the
columns. Individual fractions were collected with an automated sample collector (SF
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2120 Fraction Collector, Techlab GmbH, Erkerode, Germany). As mobile phase, 0.2 %
formic acid (A) and methanol + 0.1 % formic acid (B) were used. An eluent gradient was
applied to achieve separation of the analytes. The percentage of (A) was changed
linearly as follows: 0-15 min, 100%; 30 min, 30%; 33 min, 30%; 36 min, 90%. The total
run time was 50 min. The flow rate was set to 2 mL min™ and the column oven was
operated at 40 °C.

An aliquot of each fraction was analyzed by HPLC/UV and LC-LTQ-Orbitrap MS to
confirm the purity of the isolated OPs. Finally, each fraction was lyophilized to
evaporate the solvents and the remaining water. The attained solid material of the OPs
was used for NMR measurements and for the preparation of stock solutions for

quantitative analyses.

HR-MS analysis of TPs via LTQ Orbitrap Velos ESI FT-MS

Chromatographic conditions were the same as for quantification by LC-tandem MS
(see above). The ESI source parameters were set as follows: capillary temperature: 275
°C; capillary voltage 3.0 kV; heater temperature 300 °C; sheath gas flow rate 30
arbitrary units (AU); aux gas flow rate 10 AU; S-lens RF level 69%. Data dependent
acquisition was used to conduct MS? and MS® spectra as follows: a full scan (100 — 500
m/z; positive mode) was performed followed by MS® and MS? scans for the 2 most
intense ions with an intensity of >10000 counts per second (cps) and >1000 cps,
respectively. CID (collision induced dissociation) with a normalized collision energy of
35% was used for fragmentation with an activation time of 10 ms. In addition, dynamic
exclusion was applied (exclusion of masses for which 3 MS" experiments have been
performed; exclusion duration: 30 s) enabling also MS" experiments for less abundant
ions (e.g. during co-elution of different substances). For the elucidation of
fragmentation patterns additional MS" experiments were carried out by continuously
infusing the compound solutions directly into the Orbitrap MS using a syringe pump.

NMR analysis

The structures of the transformation products were investigated on a Bruker Avance |l
500 (11,7 T) with a 5 mm z-gradient BBFO YH/x probe. The proton and carbon spectra
were measured in DMSO-ds at 298,3K and the spectra were referenced as follows: for
the residual DMSO-(H)-ds 8(*H) = 2,49 ppm and DMSO-ds 8(*3C) = 39,5 ppm.

A standard *H NMR spectrum needed between 32 and 128 transients attained with a
11 ps 90° pulse, 10000 Hz spectral width and a recycling delay between 1 and 10 s. 3C
NMR (125 MHz) experiments were obtained with 'H decoupled (powergate decoupling
using 30° degree flip angle) >C NMR acquisition methods and a spectral width of
25000 Hz.

The assignment was accomplished by H,'H COSY 2D method. The spectroscopic
widths of the homo-nuclear 2D COSY experiments were typically 14000 Hz in both
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dimension (f1 and f2) and the relaxation delay 1,2s. The 2D 'H,3C-heteronuclear single
qguantum correlations (HSQC) were registered at a Bruker Avance Ill 500 system and
Avance Ill 700. A 5 mm z-gradient TBI 'H/2'p/BB probe was used on the 700 MHz
system. The spectroscopic width for the *H window was 10000 Hz (500MHz) or 14000
Hz (700 MHz) and for the *3C 25000 Hz (125 MHz) or 35000 Hz (176 MHz).

All the 2D 'H,**C-HSQC experiments were run by using 8192 points in f2 and 512 points
in f1. Before Fourier transformation, the data were zero filled to 1024 points in f1 and
multiplied by a window function (g-sine bell) in both dimension.

The following parameters were used to obtain optimal results: Jcy=145 Hz for
optimizing observable intensities of cross peaks from one bond 'H-13C correlation, a
relaxation delay of 2 s, while typical /2 pulse width for 'H were 11 us (500 MHz) or
10,8 us and **C and 9,5 ps (125 MHz) or 17 us (176 MHz system).

Identification of OPs using HR-MS

OP formed at pH 8

Fig. S2 shows the MS fragmentation pattern of COFA. The exact masses, errors and
double bound equivalents (RDB) of the parent ions and all fragments are given in Table
S3.

COFA
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Fig. S2. MS fragmentation pattern of COFA.
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OPs formed at pH 3
In contrast to pH 8, three different OPs were observed at pH 3, OP190, OP216 and
OP245 (Table S2). However, as no NMR data was available structures are only

tentative.

Table S2. Oxidation products from ozonation of
CMMG at pH 3. Structures are only tentative as no
NMR data was available.

0}
OP190 " HN/\O/Y
PN N
@)

H,N

Iz

OP216

AAK

0P245 j\:N
NH /&
o
o~
HoN N \\
)
\\<OH

[e]

OP245. Eight different fragments were observed in MS" spectra of OP245 (m/z 246) at
m/z 188, m/z 170, m/z 141, m/z 128, m/z 113, m/z 99, m/z 98, m/z 72 (Fig. S2; Table
S3). Even though m/z 170, m/z 141 and m/z 113 have also been observed for COFA, all
other fragments are different. Further fragmentation of these fragments revealed that
m/z 170 is derived from m/z 188 by the cleavage of water. Similar to COFA the results
indicate that the side chain remained unchanged. However, in contrast to COFA a
cleavage of the side chain at the ether is observed (fragment m/z 188) from which
water can be eliminated leading to the formation of m/z 170. Based on these findings
OP245 was identified as  5-carboxamido-5-formamido-guanidinohydantoin.
Furthermore, also comparison of the MS spectrum with those of guanidinohydantoin
formed from oxidation of guanine gave good agreement.z’3
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OP245
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Fig. S3. MS fragmentation pattern of OP245. As no NMR data was available, the given

chemical structure is only tentative.

0P216. 6 different fragments were observed in MS? - MS” spectra of OP216 (m/z 217)
at m/z 141, m/z 129, m/z 112, m/z 98, m/z 86 and m/z 69 (Fig. S4; Table S3). m/z 112
and m/z 98 are derived from m/z 141. Furthermore, there is no cleavage of CO or H,0

indicating that neither an aldehyde nor a hydroxyl group is present in the molecule.

Comparison of the MS spectrum of OP216 with those of the ammelide, a major

degradation product of melamine, (corresponding to fragment m/z 129) gave good

agreement with m/z 112, m/z 87 and m/z 86 being main MS fragments of this

compound.*>

H,N N o H,N N OH N o
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>\ -CHNO
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Fig. S4. MS fragmentation pattern of OP216. As no NMR data was available, the given chemical structure
is only tentative.

OP190. Three different fragments were observed in the MS? - MS3 spectra of OP190
(m/z 191) at m/z 115, m/z 86 and m/z 72 (Fig. S5; Table S3). Fragmentation of m/z 115
(MS?) yielded m/z 86 by cleavage of CHsN and m/z 72 by cleavage of CHNO. Similar to

0OP245 fragment m/z 72 indicates that the pyrimidine ring has been partially cleaved
during ozonation.

OP190
m/z 191 m/z 115

)Ni HzN /\y/ _A NH HN/ 5 NH

H,N N H,N N o)
H H

m/z 72

-CHNO NH
® F
HsN N/
Fig. S5. MS fragmentation pattern of OP190. As no NMR data was available, the
given chemical structure is only tentative.
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Table S3. Accurate mass measurements of the oxidation products
formed during ozonation of CMMG at pH 8 and pH 3 using LTQ
Orbitrap Velos Electrospray lonization in positive ion mode.

Formula Measd. mass RDB Mms"
Mass error [ppm]®

OP formed at pH 8

COFA

[M+H]+ CsH1,06Ns 274.07739 -1312 55
CeHs0:Ns 198.06201 -0.786 5.5 Mms’
CsHsO,Ns 170.06703 -1300 45 Mms?
CsHsO,N, 153.04057 -0.862 5.5 ms*
C4HsO,N; 141.04050 -1432 45 ms*
C4HsO4N 134.04459 -1.449 15 Mms’
C3HsON, 113.04554 -2.188 35 Mms®
C,HJON; 86.03458 3584 25 MSY/MS’
C3HsON, 85.03932 -3.755 2.5 ms*

OPs formed at pH 3

0P190

[M+H]+ CsH1104N,4 191.07738 0530 25
C3H,0N, 115.06121 -1976 2.5 MS?
C,H,ON; 86.03457 -3.700 2.5 ms?
CoHeNs 72.05528 4771 15 Mms?

0oP216

[M+H]+ CoHsOsN, 217.05658 -0.764 45
C4HsO3N, 141.04057 -0.936 45 Mms?
C3HsO;N, 129.04052 -1.410 3.5 Mms?
C,H,0;N; 112.01395 -1.811 45 ms?
C3H,0N; 98.03465 2431 35 ms?
C,H,ON; 86.03456 3816 2.5 ms?
C,HON, 69.00798 -5.206 3.5 ms*

oP245

[M+H]+ C;H1205Ns 246.08307 0914 45
CsH100;N;s 188.07762 -1.041 35 Mms?
CsHsO:Ns 170.06703 -1300 45 Mms?
C4HsO3N, 141.04048 -1574 45 Mms?
C4He0:N;3 128.04522 -1.820 3.5 ms*
C4H;0N, 127.06125 -1.475 35 Mms?
C3HsON, 113.04547 -2.807 3.5 ms?
C3H30;N, 99.01859 3170 3.5 MS/MS’
C3H,0ON; 98.03458 -3.145 35 ms?
CaHeNs 72.05526 -5.046 1.5 ms*

a i
deviation from calculated mass

Formation of OP190, OP216 and OP245 with various amounts of ozone added

Fig. S6 shows the formation of the three OPs observed at pH3 with various ozone
doses. As no standards were available only peak areas are given. For all three OPs a
progressive increase was observed for experiments with and without t-BuOH as radical
scavenger. However, it is indicated that the formation of OP216 and OP190 without
the addition of t-BuOH takes place at lower analyte:Os ratios indicated from the
steeper increase of the curves. In addition, OP216 and OP190 were not transformed
further also at higher O; doses, whereas a strong decrease was observed for OP245
after CMMG was fully degraded by Os. Even though the formation of *OH-radicals from
O3 at pH 3 is rather low, due to the stability of O3 at low pH values, the stronger
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decrease of OP245 in the experiment without the addition of t-BuOH indicates an

involvement of *OH.
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Fig. S6. Formation of OP190, OP216 and OP245 during ozonation of carboxy-ACV at
pH 3 (phosphate buffer; 50 mM) with and without the addition of t-BuOH as radical
scavenger. As no standards were available only peak areas are given.

Quantification of COFA in batch experiments
Due to the extensive formation of Na-adducts, [M+H]" and [M+Na]® were used for

quantification. As no internal standard was available external calibrations were used
by spiking different amounts of COFA into phosphate buffer (50 mM, pH 8; Fig S7) or

WWTP effluent (DOC 10 mg L™, pH 7.8; Fig S8).

1.4E+07 -

1.2E+07 - y =6512.7x + 88881
R? =0.9989

1.0E+07

8.0E+06

6.0E+06

Peak area [-]

4.0E+06

2.0E+06

0.0E+00
1500 2000

500 1000

Concentration [ng mL'l]

Fig. S7. External calibration curve of COFA in phosphate buffer (50 mM, pH 8).
Due to the extensive formation of Na-adducts, the sum of [M+H]+ and

[M+Na]+ were used for quantification.
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Fig. S8. External calibration curve of COFA in WWTP effluent (DOC 10 mg L'l,
pH 7.8). Due to the extensive formation of Na-adducts, the sum of [M+H]" and
[M+Na]" were used for quantification.

Biodegradation of OP190, OP216 and OP245 during subsequent biological treatment
To investigate whether the OPs formed at pH3 can be further degraded in subsequent

biological treatment, batch experiments with sewage sludge were performed. The
sludge was taken from a conventional municipal WWTP. As the OPs were not available
as reference substances they were spiked as a mixture with an approx. concentration
of 200 pg L™ (initial concentration of carboxy-ACV used for ozonation experiments). As
can be seen from Fig. S9 a rapid decrease was observed for OP190. For OP216 a
significant decrease was only observed after 48 h, whereas for OP245 no degradation

was observed even after seven days.
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Fig. S9. Biodegradation of OP190, OP216 and OP245 in sewage sludge
taken from the aerobic unit of a conventional municipal wastewater
treatment plant. Total test duration was 168 h (7 days). Sludge was
diluted to obtain an initial sludge concentration of 0.25 grgs L™. The exact
initial concentration of OPs is unknown as no sufficient amounts could
be isolated. Therefore, they were spiked as mixture with an estimated
individual initial concentration of approx. 200 pg L. The vessels were
permanently aerated and stirred to maintain aerobic conditions. In
addition, a small amount of CO, was added to the air to maintain a

stable pH (pH 7).

Determination of degradation kinetics with ozone
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Fig. S10. Determination of k. py Using the results from experiments at pH 1.7, 2.5 and 3
(direct determination of degradation kinetics) and pH 5 (determined by competition

kinetics).
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Fig. S11. Determination of k., p. using the results from experiments at pH 5, 6,
7.5, 8 and 8.5 (determined by competition kinetics).
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Fig. S12. Degradation kinetics of carboxy-acyclovir during ozonation at pH 1.7
determined in triplicate.
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In(c/cy) Guanosin

41 -0.8 0.6 -0.4 0.2 0
L | | | | - 0

. - 0.1
£ i
] L

° - -0.2
> L
(S) L

¥ - 0.3

E y =0.8638x + 0.0198 e
2 _ L

£ R*=0.9976 - 04
o r

8 S 05
S i
£ i

- -0.6

L 0.7

Fig. S13. Degradation kinetics of carboxy-acyclovir during ozonation at pH 8
determined using competition kinetics with guanosine as competitor.

NMR spectra of COFA
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Fig. S14. 'H,"H-COSY spectrum of COFA.
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Fig. S15. 'H,"H-NOESY spectrum of COFA.
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Fig. S16. 'H,>C-HMBC spectrum of COFA.
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Vibrio fischeri solution used for testing of bacterial toxicity

LB medium was used for growth of V. fischeri containing 30 g NaCl, 6.1 g
NaH,P0,4*H,0, 2.75 g K;HPO,4*3H,0, 0.204 g MgS0,*7H,0, 0.5 g (NH4),HPO,4, 3 mL
glycerine, 5 g peptone from casein and 0.5 g yeast extract which were dissolved in one
liter of ultrapure water. The pH of the medium was adjusted to pH 7 with NaOH.
Afterwards, the medium was autoclaved for 20 min at 121°C and stored in the
refrigerator until usage. The V. fischeri kits were purchased from Hach-Lange
(Dusseldorf, Germany). The bacteria were stored frozen and rehydrated before testing

by incubation in the medium with a rotary shaker (~ 120 U min™) for 48 h.

MS? spectra of COFA, acyclovir OP259, guanine OP186 and guanosine OP317

170,06703
0 CaHaOoNs Soms
E 100 .
95 3 COFA 5] Acyclovir OP259
03 \s? - 03 MS?
85 3 85
80 3 80
75 3 75
70 3 70
§ 65 3 es
~ E €
g 60 3 g 60
5
55 H
H 35
2 50 g 50
8 457 5 45
] K]
[ 40 3 (4 40
35 5 113.04533 35
w1 CaHONy
E X 30
25 /
] | s 2 Larosee2 20307751
15 3 ge.oagez / 20 sos2 4H502Ng CgH10aNg
1 g5.03032 C2ONs) [M+HT" 15 C2HgON3 198.06200 [M+H]"
10 3 C3HsONy h34.04459 198,06201 Zraosea 10 85.03938 % CoHgOaNg 260.09894
5 3 | CatigOaN CeHgO3Ns er1zZ08Ns " 113.04556 N CyH106N
. o | | 5 " CaHiONg ‘
0 T T T T 1 T T T T 0 } !
80 100 120 140 160 180 200 220 240 260 280 60 80 100 120 140 160 180 200 220 240 260
m/z miz
14104059
186.06209
100 - C4H502Ng 100 CHyO N
95 ] Guanine OP185 951 Guanosine OP317
% Ms? 903 MS?
85 85
80 8
75 5
70 70
g e 8 65
3 60 £ 60
5
3 é 55
£ g %0
s 45 % 45 158.06721
C.H;ON,
40 40 113.04560 e
. CH;ON, 141.04062 |
35 C4H;O5N,
"‘ - 1
25 . 2M4ONg 115.03885 301.07774
[M+H] 2 \ C5H;05 169.03558 CooHisON,
20 186.06218 2 \ | CoHsON,
| | T
15 Choste 85.02813]
158.06718 15 3 85, \ |/ N
169.03557 \ [M+H]
10 1304564 CaHgONs ¢ L oaNy 101959 o7 02821 | 257.08801 318.10416
s éght?gg '3H5ONg s \_ CaHs0, | CgHy305N, C1oH1607N5
0 Fronprey T — ) r o o‘”f‘[‘“”‘“‘H‘WHHﬂm”w‘”
60 80 100 (T 160 180 200 50 100 150 200 250 300

Fig. S17. MS’ spectra of 2-imino-5-oxoimidazolidine oxidation products formed during ozonation of
carboxy-ACV (COFA; top, left), acyclovir (acyclovir OP259; top, right), guanine (guanine OP185; bottom,
left) and guanosine (guanosine OP317, bottom right) in WWTP effluent at ambient conditions (DOC 10
mg L, pH 7.8). Higher energy collision dissociation (HCD) was used for fragmentation (normalized
collision energy: 60.0; activation time: 0.1 ms).
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