Page 1 of 21 Environmental Science & Technology

—_

Enantiomeric fractionation during biotransformation of chiral pharmaceuticals in

2 recirculating water-sediment test flumes
3 Jonas Mechelke'2, Dominique Rust'3, Anna Jaeger*®, Juliane Hollender’"
4
5 ' Eawag, Swiss Federal Institute of Aquatic Science and Technology, 8600 Diibendorf, Switzerland
6 2 Institute of Biogeochemistry and Pollutant Dynamics, ETH Zurich, 8092 Ziirich, Switzerland
7 3 Department of Chemistry, University of Zurich, 8057 Ziirich, Switzerland
8  “4 Department Ecohydrology, Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Berlin, Germany
9 5 Geography Department, Humboldt University Berlin, Berlin, Germany
10
11 * Corresponding Author
12
13
14

This document is the accepted manuscript version of the following article:

Mechelke, J., Rust, D., Jaeger, A., & Hollender, 3. (2020). Enantiomeric fractionation
during biotransformation of chiral pharmaceuticals in recirculating water-sediment test
flumes. Environmental Science and Technology. https://doi.org/10.1021/acs.est.0c00767

ACS Paragon Plus Environment



15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

32

33
34

Environmental Science & Technology Page 2 of 21

Abstract

Many organic contaminants entering the aquatic environment feature stereogenic structural elements that give rise
to enantiomerism. While abiotic processes usually act identical on enantiomers, biotic processes, such as
biodegradation often result in enantiomeric fractionation (EFr), i.e. the change of the relative abundance of
enantiomers. Therefore, EFr offers the opportunity to differentiate biodegradation in complex environmental
systems from abiotic processes. In this study, an achiral-chiral two-dimensional liquid chromatographic method for
the enantioseparation of selected pharmaceuticals was developed. This method was then applied to determine the
enantiomeric compositions of 8 chiral pharmaceuticals in 20 water-sediment test flumes and test EFr as an indicator
of biodegradation. While all 8 substances were attenuated by at least 60%, 5 (atenolol, metoprolol, celiprolol,
propranolol, flecainide) displayed EFr. No EFr was observed for citalopram, fluoxetine and venlafaxine despite
almost complete attenuation (80 to 100%). Celiprolol, a barely studied beta-blocker, revealed the most distinct EFr
among all investigated substances, however, EFr varied considerably with biodiversity. Celiprolol-H2 was identified
as a biological transformation product, possibly formed by reduction of the celiprolol keto group through a highly
regio- and enantioselective carbonyl reductase. While celiprolol-H2 was observed across all flumes, as expected,
its formation was faster in flumes with high bacterial diversity where also EFr was highest. Overall, EFr and
transformation product formation together served as good indicators of biological processes; however, the strong
dependence of EFr on biodiversity limits its usefulness in complex environmental systems.
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1 Introduction

Pharmaceuticals and pesticides are common environmental organic contaminants (OCs) that are constantly
emitted into the aquatic environment through treated or untreated wastewater and agriculture [1]. The majority of
newly released drugs (72% between 2001 and 2010) [2], and a significant share of the pesticides in use (about
30%) are chiral [3], i.e. they possess stereogenic structural elements (e.g., a stereogenic center) that give rise to
enantiomerism. Enantiomers are stereoisomers that feature the same connectivity among atoms but differ in their
spatial arrangement. While abiotic processes (e.g. sorption, hydrolysis, abiotic oxidation-reduction, photo
transformation, dilution) usually act identical on enantiomers, biotic processes, such as biotransformation
(including: OC uptake, transport, translocation, biodegradation, enzymatic isomerization) often happen to result in
enantiomeric fractionation (EFr), i.e. the change of the relative abundance of enantiomers. Therefore, EFr is often
used to differentiate biodegradation in complex environmental systems from abiotic processes. EFr during biotic
processes can be explained by the different interactions of enantiomers with chiral environments in natural
molecules, for example in enzymes (“chiral catalysts”) due to chiral amino acids (mostly L-amino acids), or in DNA,
RNA or ribozymes due to chiral ribose or deoxyribose [4—8]. Biotic processes might also proceed without EFr (e.g.
[9-11]), i.e. enzymes are not strictly stereospecific [12], and rarely enantioselective abiotic processes have been
reported (e.g. [13-16]). Biotic processes without EFr are conceivable if the enantioselective step of a
biotransformation cascade (e.g. binding to the active site of an enzyme or activiation) is not rate determining, or if
the OC-enzyme interaction or the transformation (or both) do not involve (or occur far-off) the stereogenic element
[12]. By contrast, enantioselective abiotic processes might occur, where a chiral pollutant interacts with chiral
environments of e.g. sludge [13], soil [14], dissolved organic carbon [16], or minerals [14, 15]. Therefore, other
indicators of biotic processes such as biological transformation products (TPs) play a crucial role when the EFr of
a chiral OC is investigated.

Deriving EFr from the enantiomeric composition of an OC requires the separation of its enantiomers. Indirect
separation methods rely on derivatization of enantiomers (identical physicochemical properties in achiral
environments) with chiral reagents into diastereomers. Diastereomers have distinct physicochemical properties in
achiral environments and therefore can often be separated on common achiral liquid or gas chromatographic
stationary phases. Direct methods proceed without derivatization and use liquid, supercritical fluid or gas
chromatographic separation on chiral stationary phases. Less conventional is the gas phase separation of
enantiomers by ion-mobility spectrometry [17]. Chiral liquid chromatography (LC) is most widespread for the direct
analysis of (semi-)polar chiral OC in aqueous samples [18, 19], however, only few multi-residue methods exist,
which typically allow for the enantioseparation of still a small number of structurally similar OCs. Chiral LC uses
chiral stationary phases with chiral selectors immobilized on solid support (usually porous silica). A universal chiral
stationary phase for the multi-residue analysis of OCs does not exist, however, a few specific stationary phases,
such as immobilized polysaccharides, proteins and macrocyclic glycopeptide antibiotics [19, 20] are widely used.
In particular vancomycin-based stationary phases have proven capable of resolving a wide range of
environmentally relevant OCs [21-23]. The latter stationary phases are multi-modal, i.e. the same column can be
operated in multiple chromatographic separation modes by manipulating the composition of the mobile phase.
Examples are polar ionic mode (PIM, polar organic solvent with small amounts of acid and base or salt), reversed-
phase mode (RPM, polar organic solvent with water or aqueous buffer), polar organic mode (POM, polar organic
solvent without mobile phase additive) or normal phase mode (NOM, non-polar organic solvent with polar solvent
modifiers) [24]. Depending on the respective mode, separation might be more or less prone to interferences by
sample matrix (e.g. polar ions), which is typically removed by offline solid-phase extraction prior to chiral LC.
Another approach is achiral-chiral two-dimensional liquid chromatography (2DLC) column-switching, where the first
LC dimension serves the online sample clean-up (through e.g. size exclusion or trap-and-elute) and the second
dimension is a chiral LC column for the resolution of enantiomers [25, 26]. Eluent compatibility in both dimensions
is crucial for the 2DLC approach. In this study, we aimed to develop an achiral-chiral 2DLC column-switching
electrospray ionization high-resolution tandem mass spectrometry (achiral-chiral 2DLC-ESI-HRMS/MS) multi-
residue method for the enantiomeric resolution of 40 OCs in complex water samples. The most suitable method
was successfully applied to 8 chiral OCs (atenolol, metoprolol, celiprolol, propranolol, flecainide, citalopram,
fluoxetine, venlafaxine) in the surface water (SW) of 20 recirculating water-sediment test flumes over a period of
56 days. All selected pollutants featured a single chiral carbon atom as the stereogenic element and were initially
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86  spiked to the test flumes as racemic mixtures (equal amounts of the 2 possible enantiomers). The flume
87  experimental design [27, 28], the fate of all 30 spiked OCs, and a comprehensive screening of suspected biological
88  TPs[29] are provided in detail elsewhere. The present study focusses on the development of the chiral LC method
89  and its subsequent application to investigate the fate of 8 chiral OCs at the enantiomer level.

90 2 Materials and Methods

91 21 Chemicals

92 Details on racemic reference standards (STDs) and isotope-labeled internal standards (IS) used during analytical
93 method development, instrumental analysis and for the fortification of test flumes are provided in the supplementary
94 information (SI.A). Acetic acid (100%, anhydrous for analysis), formic acid (98-100%) and ammonium acetate (for
95  analysis) were obtained from Merck (Germany). 2-butanol (p.a., 299.5%), ammonia (4 mol L-! in methanol) and
96  propionic acid (p.a., 299.5%) were purchased from Sigma-Aldrich (Germany or Switzerland). Methanol (LC/MS
97  grade, Optima™) was supplied by Fisher Scientific (Switzerland). NANOpure ™water (NPW) was generated using
98  alab water purification system (D11911, Barnstead/Thermo Scientific, USA).

99 2.2 One-dimensional chiral liquid chromatography: substance selection, method development and
100 validation

101 For the development of a (one-dimensional, 1D) chiral LC method, 32 chiral pharmaceuticals of different therapeutic
102  classes, 5 chiral pesticides, 2 illicit drugs and 1 personal care product were initially selected (SI.A). Selection criteria
103  were (i) occurrence at River Erpe (Berlin, Germany), a wastewater effluent-impacted stream and joint field site
104  within the European Marie-Curie training network HypoTRAIN [30-32], (ii) the same stereogenic element among
105 OCs, i.e. a single chiral carbon atom, resulting in a manageable number of 2 enantiomers per substance, and (iii)
106  availability of racemic STDs and ISs. The 40 OCs were largely ionized at pH 7 (7 anions, 16 cations, 4 zwitterions,
107 13 neutral) and covered a wide range of polarity (logDow pr7 = -6.2 to 4.5), molecular weight (159 to 501 Da), and
108 substance classes (see above). Enantiomeric separation was tested with a vancomycin-based Astec Chirobiotic™
109  V column (150 mm length x 2.1 mm I.D., 5 ym particles, Sigma-Aldrich, Switzerland) equipped with an Astec
110  Chirobiotic™ V guard column (20 mm length x 4 mm |.D., 5 um particles, Sigma-Aldrich, Switzerland). The column
111 was operated in a column oven (Mistral, Spark, Netherlands) with an adjustable temperature range between 10
112 and 90 °C. The Chirobiotic™ V column was selected since it had proven suitable for enantiomeric multi-residue
113  separations of a wide range of chiral aquatic contaminants (mostly pharmaceuticals) [21-23, 33-35]. Although the
114 Chirobiotic™ V column can be operated in PIM, RPM, POM or NOM (see above) [24], in this work, only PIM and
115  RPM were extensively optimized for the enantiomeric resolution of the selected OCs. POM and NOM were hardly
116 compatible with ESI-MS and selected analytes, and were therefore not further pursued. In PIM, different organic
117  solvents, i.e. mostly alcohols of varying polarity (MeOH, EtOH, IPA, MeCN, rac 2-butanol), were tested with different
118 mobile phase additives (ammonium acetate/formiate, acetic/formic/propionic acid, ammonia). In RPM, the same
119 organic solvents as in PIM were used with some added proportion of aqueous buffer. Method development resulted
120  in 4 final chiral LC methods (Table 1). The method that allowed for the separation of the largest number of OCs in
121 a single analytical run was validated with and without a sample enrichment step for NPW and 3 environmental
122 matrices, i.e., SW, effluent wastewater (EWW), and influent wastewater (IWW). In the workflow without sample
123 enrichment (referred to as ‘direct’ workflow), sample centrifugation (2 mL sample, 3,020 g, 30 min, 20°C, Megafuge
124 1.0R, Heraeus) was followed by IS addition (80 ng mL™") to a 1 mL supernatant aliquot and aqueous large-volume
125  injection (50 pL) into the chiral column. Details of the second workflow based on sample enrichment by vacuum-
126  assisted evaporative concentration (VEC, concentration factors: 150 for SW, 37.5 for EWW and 15 for IWW) are
127 described in [36]. None of the sample preparations included a clean-up step. Details on the instrumental analysis
128  can be found in the SI.E.
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2.3 Two-dimensional achiral-chiral 2DLC column-switching electrospray ionization high-resolution
tandem mass spectrometry

To ensure applicability of 1DLC (cf. Table 1) to water samples (artificial EWW-dominated SW) from recirculating
water-sediment test flumes, an achiral-chiral 2DLC-ESI-HRMS/MS method was established (details on method
development in SI.D.a; a scheme of the column-switching approach is shown in Fig. SI.D-7). Inspired by achiral-
chiral 2DLC using octyl restricted-access media bovine serum albumin column in the first dimension (achiral), and
chiral LC in the second dimension [25, 26], in the present study the achiral dimension was a reversed-phase column
(Atlantis T3, 20 mm length x 3 mm 1.D., 5 ym particles, Waters, Switzerland), which served the purpose of analyte
retention and online sample clean-up (removal of matrix interferences that affect chromatographic enantiomer
separation and have ions that could interfere in PIM). The second dimension was the aforementioned vancomycin-
based chiral column. Detection was achieved by HRMS/MS interfaced to chiral LC by an ESI interface that was
operated in positive ion mode (see Table SI.E-7 for details). Suspected biological TPs of atenolol, metoprolol,
celiprolol, fluoxetine and propranolol tentatively identified in a former study on an achiral LC column [29] were
further investigated in this study by manually extracting ion chromatograms acquired by achiral-chiral 2DLC-ESI-
HRMS/MS for deriving hints on their enantiomeric composition.

2.4 Flume experiments

The flume experimental design [27], the flume hydrology [28] and the biotransformation of OCs [29] have been
described in detail elsewhere. In brief, the major variables among the recirculating water-sediment test flumes were
bacterial diversity and hyporheic exchange flow. Both were established at 3 levels (high, medium, low) by dilution
(S1: 10, S3: 103, S6: 10) of river sediment with baked commercial sand (bacterial diversity) and by different
numbers of bedforms (B6, B3, BO) in the flume sediment (hyporheic flow), respectively. Combinations of the 2
variables resulted in 9 treatments. All treatments were set up as duplicates, but the mid-level (S3+B3) in 4
replicates. After a pre-incubation period of 12 days to reach same bacterial abundances, flumes were fortified with
31 OCs at 10 ug L', of which 16 were spiked at racemic composition. SW was sampled 1, 3, 7, 14, 21, 28, 42 and
56 days after fortification, and for analytical reasons, only 8 of the 16 racemic OCs were finally analyzed. While the
flumes were inside a white tent to shield them from weather, block direct solar radiation and reduce the influence
of photolysis, air-borne microbial contamination was possible at any time [27].

3 Results and discussion

3.1 Four one-dimensional chiral liquid chromatographic methods for the enantiomeric resolution of 20
chiral organic pollutants

More than 500 optimization runs (test parameters: mobile phase composition, flow rate, separation temperature)
resulted in 4 final multi-residue methods (2 in PIM, 2 in RPM) that allowed for the simultaneous separation of up to
10 OCs (method 1) and 20 OCs in total (Table 1). The limited number of resolved enantiomers was an expected
outcome, which can be attributed to the high selectivity of chiral stationary phases. Three column oven (separation)
temperatures (10, 20 and 30 °C) were tested and a lower temperature typically improved the enantiomeric
resolution (a comparison between 10 and 30 °C is provided in SI.C.c). Therefore, all final methods were run at 10
°C. As a general observation, enantiomers of structurally similar OCs (drugs of the same therapeutic class) were
resolved with the same chiral LC method (Table 1), e.g. beta-blockers (atenolol, celiprolol, metoprolol, propranolol,
occasionally sotalol, all having secondary or tertiary amines) with method 1, profens (ketoprofen, ibuprofen) by
method 3, and benzamide antipsychotics (amisulpride, sulpiride) with method 4 (enantiomeric separation shown in
S1.B). Method 1 was able to resolve the largest number of racemic OCs and was therefore validated with and
without sample enrichment (see section 2.2 for details and SI.C for validation parameters). Enantiomeric separation
of benproperine and sotalol (method 1) was occasionally lost, even in the absence of matrix (i.e., in NPW). The
other 8 OCs with constant enantiomeric resolution (Rs > 1.0, definition of Rg in SI C.b) in NPW (both workflows) are
depicted in Fig. 1. Since none of the two workflows involved a sample clean-up, enantiomeric resolution of individual
OCs either decreased in environmental samples (SW, EWW, IWW) compared to NPW, or was entirely lost
(exemplarily shown for EWW in Fig. 2, see Fig. SI.D-8 for IWW and SW). Loss of enantiomeric resolution was
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especially pronounced in concentrated samples (VEC in Fig. 2 and Fig. SI.D-8), likely due to the enrichment of
matrix constituents alongside analytes causing matrix effects on the chiral stationary phase and thus loss of
chromatographic resolution in PIM (cf. SI.D.d). The desired peak resolution was = 1, i.e. a maximum overlap of
2.3% between peaks of Gaussian distribution. In NPW, peak resolutions were > 1.5 (0.15% overlap) and ranged
from 1.5 (fluoxetine) to 2.1 (celiprolol). In spiked EWW, peak resolutions were 0.8 (atenolol), 1.1 (venlafaxine) and
1.4 (citalopram), in spiked IWW 1 (atenolol), 1.3 (venlafaxine) and 1.5 (citalopram) (other OCs <LOQ). Matrix
interferences, i.e. in this case matrix-induced signal enhancement and suppression, were also reflected in LOQs,
which ranged from 100 to 1’000 ng L-' in NPW (median: 375 ng L"), and were shifted towards higher values in SW
(95 to 1’200 ng L', median: 400 ng L"), EWW (100 to 2’200 ng L', median: 500 ng L-'), and IWW (100 to 1’700 ng
L-', median: 500 ng L-'). (details on calculation in SI.C.a and individual values in Table SI.C-4).
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187 Table 1 Four final (one-dimensional) chiral liquid chromatographic methods for the enantiomeric resolution of 20
188 chiral analytes (all analytes are drugs except the herbicide bromacil). Separation temperature: 10°C. Analytes in
189  brackets: no constant enantiomeric resolution in NPW (R¢<1.0).

Method Eluent; separation Flow rate in mL min"'  Column post-rinse Enantioresolved analytes
mode (flow duration) (solvent)

1 5 mM NH3/HOAc (1:3, 0.4 (30 min), 15 min, 0.8 mL min™' atenolol, (benproperine),
v/v) in MeOH; PIM 1.2 (15 min) (eluent) celiprolol, citalopram,

flecainide, fluoxetine,
metoprolol, propranolol,
(sotalol), venlafaxine

2 1 mM NHas/propionic 0.1 (50 min) MeOH bromacil, metaxalone,
acid (1:2, v/v) in NPW/ methsuximide
MeOH/butan-2-ol
(95:5:5, viviv); RPM

3 10 mM NH4OAc in 0.1 (12 min) MeOH/NPW (70:30, etodolac, ketoprofen,
NPW/MeOH v/v) & MeOH naproxen, methotrexate,
(50:50, v/v); RPM ibuprofen
4 1 mM NH,OAc in 0.1 (30 min) MeOH/NPW (70:30, amisulpride, sulpiride
MeOH, 0.05% v/v) & MeOH
formic acid; PIM
190 HOACc: acetic acid. MeOH: methanol. NH,OAc: ammonium acetate. NPW: NANOpure™ water. PIM/RPM: polar ionic/reversed-phase mode

Atenolol cHa CHa
)Ci CH
r H,C NH
oH OH
l | Celiprolol

- %

~
Atenolol Metoprolol Celiprolol Propranolol
| | Fluoxetine (ATEN) (METO) (CEL) (PROP)
| | Metoprolol q
= T T =

Propranolol 7%
N
me” ¢

Venlafaxine - ’ ¥ L
Flecainide Citalopram Fluoxetine Venlafaxine
R ; (FLE) < (CIT) (FLX) (VEN)

10 20 30 40 :
Chromatographic retention time (min)

191

192 Fig. 1 Eight chiral drugs with constant enantiomeric resolution (Rs>1.0) in NANOpure™ water using method 1
193 (Table 1). Left: extracted ion chromatograms of analytes (sum of enantiomers: 10 ug L', absolute: 0.5 ng, no
194  enrichment).
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3.2 Achiral-chiral two-dimensional liquid chromatography ensures enantiomeric resolution in complex
water matrices

The achiral-chiral 2DLC approach with the validated method 1 in the second LC dimension functioned without
extensive optimization and enantiomeric resolution was successfully restored for racemic analytes that were
unresolved in complex (concentrated) samples using 1D chiral LC (cf. section 3.1). This is shown in Fig. 2 for
racemic STD and IS in EWW (concentrated and not concentrated, other matrices in Fig. SI.D-8). Other than that,
the successful application of the 2DLC method to a flume water sample (0 bedforms, low bacterial diversity, 1 day
after fortification with racemic STD) is shown.

1DLC, direct workflow 1DLC, VEC workflow 2DLC, VEC workflow 2DLC, direct workflow
EWW 4ng S, 0.05 ng STD 4nglS, 1.9ng STD 4nglS, 1.9 ng STD 1nglS, ca. 0.5 ng STD
Conc. factor: 0 Conc. factor: 37.5 Conc. factor: 37.5 flume water

Atenolol “

Benproperine

Y
Celiprolol ) IL‘
'
k

Flecainide

Metoprolol

Propranolol

Sotalol

il

—h .
'Y
A

1

il

A

%

Atenolol-d7

Flecainide-d4

Metoprolol-d7

Propranolol-d7

Sotalol-d6

Venlafaxine-d6

0 10 20 30 40 0 10 20 30 40 0 5 10 15 20 25 30 O 10 20 30 40 50
Chromatographic retention time (min)

Fig. 2 Loss or decrease of enantiomeric resolution during one-dimensional chiral liquid chromatography (1DLC, 7%
and 2" column, in comparison to NPW in Fig. 1) of racemic analyte standards (STD, fop) and assigned racemic
isotope-labelled internal standards (IS, bottom) in effluent wastewater (EWW) and EWW concentrated by vacuum-
assisted evaporation (VEC) — restoration of enantiomeric resolution through achiral-chiral two-dimensional liquid
chromatography (2DLC, 3 column) and its application to an artificial EWW sample taken from a recirculating water-
sediment test flume (4" column). General notes: analyte amounts in column header are the sum of both
enantiomers; scaling of omitted y-axes can differ; STDs and isotope-labeled internal standards of citalopram and
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fluoxetine are not shown (for other matrices see Fig. SI.D-8) due to analytical issues; mass traces cut after 50 min
in 4 column.

3.3 Enantiomeric composition of 8 chiral pharmaceuticals over 56 days in recirculating water-sediment
test flumes

The 2DLC approach was used to determine enantiomeric compositions (in this study presented as the enantiomeric
fraction EF, i.e., the concentration of E1 divided by the sum concentration of E1+EZ2; E1: first eluting enantiomer,
E2: second eluting enantiomer) of 8 chiral OCs in river-simulating water-sediment test flumes over 56 days (Fig. 3,
SI.F to SI.H). During the analysis of flume SW, EFs of calibration standards were measured at the beginning and
end of a 2DLC sequence, serving as a quality control. All OCs were eliminated by at least 60% in all 20 flumes
(atenolol/citalopram/fluoxetine/metoprolol:  complete  elimination, celiprolol/flecainide/propranolol:  261%,
venlafaxine: 289%). Compound-specific half-lives (sum of enantiomers, assuming first-order kinetics [27]) ranged
from <0.5 d (mostly S1) to 24 d (celiprolol in S3+B3). Significantly different enantiomer-specific half-lives were only
observed at most distinct EF (0.93 for celiprolol in S1 flumes, E1: 16 to 18 days, E2: 4.5 to 5.6 days, see Sl.J and
SI.K for details). EFr in this study refers to the change of the initial EF of 0.50+£0.05 (racemic) to an EF greater or
smaller 0.50+0.05. Fig. 2 depicts EFs and elimination percentages of 8 chiral OCs over the 56-days experimental
period after fortification. While attenuation of citalopram, fluoxetine and venlafaxine was not accompanied by EFr,
metoprolol and propranolol displayed EFr in the majority of treatments (EF >0.55). Atenolol, celiprolol and flecainide
underwent treatment-specific EFr, of which only for flecainide an EF <0.45 was observed. A dependency between
EFr and elimination percentage did not become apparent within 56 days.

Atenolol Celiprolol Metoprolol Propranolol
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@ 51 clc0 T T 3

° S3EF Y OO 1 ! .
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= : ;s ; . f=frm
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Fig. 3 Enantiomeric fractions (EF, solid lines) and elimination (dashed lines) of 8 chiral organic contaminants over
the 56-days experimental period. Treatments differ in sediment dilution (i.e. bacterial diversity; S1, S3, S6). Bedform
numbers are not resolved. Contaminants were spiked at racemic composition (EF 0.50+0.05, grey bar). Data points
with error bars: mean+SD. The maximum EF over 56 days are summarized in Sl.I.

3.3.1  Unchanged enantiomeric compositions of citalopram, fluoxetine and venlafaxine

Citalopram, fluoxetine and venlafaxine underwent complete attenuation (venlafaxine >80%) across all flumes, but
without distinct EFr (only minor changes within 0.5£0.05). This is in line with biodegradation studies conducted at
similar test conditions, i.e. attenuation in river water simulating microcosms (fluoxetine) [37] or EWW-receiving
rivers (all 3 OCs) [38] was accompanied by only mild or no EFr. By contrast, attenuation in activated sludge
simulating microcosms [37, 38] was typically more complete and accompanied by EFr. These behaviors were
reflected in profiled wastewaters (IWW, EWW), i.e. citalopram was typically found at non-racemic EF between 0.57
(IWW) and 0.7 (EWW) [21], fluoxetine at around 0.2 (IWW) [21] and 0.7 (EWW) [39—-41], and venlafaxine mostly at
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243 racemic composition [34, 41-44]. In fate studies at the enantiomer level (e.g. [37, 38]), some TPs of the above OCs
244 were monitored, however, attempts were barely made to explain the underlying pathways leading to EFr. A
245 comprehensive screening for citalopram TPs in activated sludge was performed in [45]. Some of the reported TPs
246 (citalopram carboxylic acid/desmethyl/didesmethyl) were occasionally found in the flumes, but without a distinct
247 pattern. [29] Biological TPs (zebrafish metabolites) and photodegradation products of fluoxetine were recently
248  described in [46]. Norfluoxetine, the major biological TP of fluoxetine, was not observed in flume SW [29]. 4-
249  trifluoromethylphenol, a later generation target TP of fluoxetine, was only found in single flumes (no general
250  pattern).[29] In some S1 treatments (B6 and B3), N-succinyl fluoxetine was tentatively identified [29] (confidence
251 level [47]: 3, also found as biological TP in zebrafish [46] and in activated sludge [48]). Venlafaxine target TPs
252 monitored in flumes were O-desmethyl/N-desmethyl/N,N-didesmethyl/N,O-didesmetylvenlafaxine and venlafaxine-
253 N-oxide, of which only the N-oxide and N-desmethyl TP demonstrated clear formation patterns over time (other
254  TPs were mostly <LOQ). Despite these TP findings, biotransformation was not reflected in EFs, which remained
255  virtually constant.

256 3.3.2 Enantiomeric fractionation of atenolol, metoprolol, celiprolol, propranolol and flecainide

257 Celiprolol is a barely studied beta-blocker that showed the most distinct EFr among all substances and an
258 interesting enantioselective behavior, indicating biodegradation at highest bacterial diversity (Fig. 3, S1, EF of 0.9).
259  Also at low and medium bacterial diversity, celiprolol underwent attenuation, however, without significant EFr (small
260 changes within 0.5£0.05). EFr of atenolol and metoprolol, both beta-blockers that are structurally similar to celiprolol
261 (Fig. 1), was significantly lower (between 0.55 and 0.7). In a former biodegradation study using activated sludge
262  simulating microcosms [49], slight enantioselectivity was observed for metoprolol, whereas atenolol degraded non-
263 enantioselectively. In another study [50], EFr of metoprolol was observed along a river stretch (0.49 at site A, 0.43
264  at site B), with further EFr across the water-sediment interface (<0.40). In wasterwaters, atenolol [21-23, 33, 41,
265 51] and metoprolol [21-23, 51] were mainly racemic (0.50+0.05), with the EFs of atenolol and metoprolol ranging
266  from 0.39 (IWW) [51] to 0.55 (EWW) [33], and 0.3 [41] to 0.60 [51] (both IWW), respectively. A common (and major)
267 TP of atenolol and metoprolol (and other structurally similar beta-blockers) [52] is atenolol (metoprolol) acid. It is
268 formed from atenolol by (enzymatic) hydrolysis [53], e.g. in cyanobacteria [54], or abiotically [55], and by
269  dealkylation of metoprolol (aerobic biotransformation and human metabolism [56, 57], microalgae [54, 58], fungi
270 [59]). In the test flumes, atenolol/metoprolol acid emerged at medium and low bacterial diversity (S3, S6), where it
271 was further attenuated (details in [29]): the lower the bacterial diversity (the higher the sediment dilution), the slower
272  was its further attenuation. At highest bacterial diversity (across all bedform levels), atenolol/metoprolol acid was
273  only observed in single replicates, and, if at all, only in the first couple days after fortification [29]. In the respective
274 treatments, its further attenuation was presumably so fast, that formation-attenuation dynamics were not captured
275  with the chosen sampling resolution. Thus, while EFr of atenolol/metoprolol indicated biodegradation at highest
276  bacterial diversity (S1), absence (or fast degradation) of atenolol/metoprolol acid among these treatments would
277 not necessarily have allowed this conclusion. In the case of atenolol/metoprolol, parent attenuation, EFr, and TP
278 formation combined provided meaningful evidence of biotransformation.

279 Propranolol underwent EFr in all treatments apart from treatment S3+B6 (cf. Sl.I). This is in line with former
280 biodegradation studies (activated sludge simulating microcosms), in which propranolol underwent enantioselective
281 degradation (racemic to 0.43 and 0.44 in [60], minor EFr in [49]). Naphthoxyacetic acid (reported in [61] as human
282 metabolite) was the only propranolol TP tentatively identified in a suspect screening of flume SW [29]. Its formation
283  followed a similar pattern as atenolol/metoprolol acid, i.e. fast formation was followed by fast attenuation at highest
284 bacterial diversity (S1). At intermediate diversity (S3), formation and attenuation were both slower and at lowest
285  diversity (S6), only formation and the onset of attenuation after approx. 56 days were observed [29]. EFr during
286 biotransformation of propranolol to naphthoxyacetic acid appears feasible, since the transformation occurs at the
287 chiral side chain and the chiral center itself (loss of chirality).

288 Flecainide concentrations decreased by at least 60% across all flumes, however, distinct EFr was only observed
289  at highest bacterial diversity (all S1 flumes). Unlike the other 4 OCs that demonstrated preferential degradation of
290 E2, E1 was preferentially degraded in case of flecainide (enrichment of E2). Major metabolites formed in human
291 metabolism (m-O-dealkyl-flecainide, m-O-dealkyl-flecainide lactam, phenolic glucuronide and sulfate conjugates of
292  the latter) [62] were not detected in flume SW [29]. Flecainide is marketed as racemate (equipotent enantiomers)
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[63] and approx. 10 to 50% of this drug are excreted unchanged by non-enantioselective renal pathways [62]. To
our knowledge, EFr of flecainide has only been reported during nonrenal clearance (metabolism) from humans with
hepatic cytochrome P45011D6 deficiency [64], but not during microbial (bacterial) biodegradation.

3.3.3 Celiprolol-H2 — structural evidence for a reduced celiprolol transformation product

The strong EFr of celiprolol in S1 flumes (Fig. 3) might be explained by enzymatic reduction of the acetyl group to
yield celiprolol-H2, a transformation that can be highly regio- and enantioselective [65-67]. Enantioselective
reduction at environmental conditions has been described before. For instance, the chiral drug climbazole has been
reported to undergo enantioselective reduction to climbazole-H2 at biotic anoxic conditions in constructed wetlands
and batch sludge experiments [68]. The proposed mechanism was carbonyl reductase catalyzed ketone reduction
by direct hydride transfer from the NAD(P)H cofactor. In flume SW, oxygen levels at days 28, 36, 44 and 86 were
significantly different in different sediment dilutions, i.e. they were lowest in S1 flumes, followed by S3 and S6 [27].
Consquently, reductive processes were most favored in S1 flumes.

A signal at the mass of celiprolol-H2 evolved in all treatments [29], however, it evolved faster at highest bacterial
diversity, e.g. in S1 treatments after 1 day (extracted-ion chromatograms of celiprolol and celiprolol-H2 obtained by
chiral analysis are shown in Fig. 4 for some selected flumes, celiprolol-H2 time-trends of the suspect screening can
be found in [29]). In all other treatments, the respective signal evolved after a lag-phase of approx. 3 weeks [29].
EFs at low and medium bacterial diversity (S3, S6) were in the 0.5+£0.05 range, except for a slight enrichment of
E1 in one of the replicate S3+B0 treatments. The rather moderate EFr of atenolol and metoprolol in comparison to
celiprolol might be due to other biotransformation pathways that involve less stereospecific enzymes. Moreover,
sites of transformation in the parent molecules are the primary amide group in atenolol and the methyl ether moiety
in metoprolol. Both groups are opposite (para) the chiral center, i.e. more distant than acetyl group and chiral center
in celiprolol (ortho). We previously tentatively identified celiprolol-H2 based on the exact mass at a confidence level
of identification of 4 (no MS2 information) [29]. Re-analysis of flume SW increased the confidence level to 2
(diagnostic MS2 fragments). For further (unambigious) structural confirmation (confidence level 1), samples were
compared (Fig. 4, bottom) against a celiprolol-H2 reference standard that was synthesized by the reduction of
celiprolol with aluminium borohydride (details in Sl.J.a). In this process of suspect identification, celiprolol-H2 was
also identified as an impurity of the celiprolol reference material (analytical grade). Consequently, it is possible that
minute amounts of celiprolol-H2 were added during flume fortification with celiprolol, however, the strong EFr of
celiprolol and the concentration decrease of celiprolol accompanied by the signal increase of celiprolol-H2 rather
prove biotic formation processes. Moreover, EFr of celiprolol was also reflected in the stereocisomeric composition
of celiprolol-H2 (Fig. 4, top), which is further strong evidence for the proposed transformation reaction
(enantioselective enzymatic reduction). For S1+B0 flumes a significant higher formation of only one celiprolol-H2
diastereomer was observed, whereas for S3+B3 flumes both diastereomers were formed in similar amounts in
accordance with the enantioselective and non-enantioselective transformation of celiprolol, respectively. In general,
literature information on celiprolol TPs and human metabolites is hardly existent (e.g. [69]), which might be
explained by its minor metabolization (1-3%) in the human body [70] or its lower prescription and use compared to
other beta-blockers (e.g. [71]). This study provides the first clear evidence for a celiprolol TP that is likely to be
formed under environmental conditions.
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Fig. 4 Evidence for the (biotic) enzymatic reduction of celiprolol to celiprolol-H2. Top: Extracted-ion chromatograms
(2DLC) of celiprolol and celiprolol-H2 from 1 d to 56 d after fortification. At intermediate bacterial diversity (S3+B6)
celiprolol attenuation and celiprolol-H2 formation occur via a non-enantioselective process. At high bacterial
diversity (S1+B0), celiprolol undergoes strong enantiomeric fractionation and only 1 dominant celiprolol-H2 peak
evolves (please note: the enantiomeric composition of celiprolol-H2 was assessed visually). Bottom: head-to-tail
plot of ms2 fragments obtained for synthesized celiprolol-H2 and celiprolol-H2 in a S1+B6 flume. 96% similarity

between ms2 spectra at 10 ppm mass tolerance and 0.01 relative intensity cut-off (overlap: 14 of 16 fragments).
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4 Environmental implications

The development of a multi-residue method for the enantioseparation of chemically diverse chiral OCs in a single
analytical run was time intense and more complex than expected. This is attributable to the method development
process, which is generally often based on trial and error. Further separation might only be reached with other
chiral stationary phases providing different interactions. Method development ultimately revealed that most OCs
with similar chemical structures can be separated within the same analytical run. However, chiral separation was
often lost during direct chiral analysis of OCs in environmental samples due to matrix interferences. Consequently,
elimination of matrix components is essential to achieve enough resolving power in enantiomeric analysis. In our
study this could be solved by achiral-chiral 2DLC column-switching, a fast and efficient method implementing the
sample clean-up into the analytical run.

Application of 2DLC to water-sediment test flumes revealed that EFr can be affected by the level of bacterial
diversity. An example is the strong EFr of celiprolol at high bacterial diversity, which was virtually absent at middle
and low diversity. Similar trends were found for atenolol and flecainide. Since biodiversity and, thus, the variety of
enzymatic pathways is expected to vary across environmental compartments and conditions, such as redox
conditions for celiprolol, the usefulness of EFr as indicator of biological processes seems limited. This statement is
supported by the different EFs of the beta-blockers atenolol and metoprolol reported for various environmental
compartments in the literature (cf. section 3.3.2). The combination of EFr with transformation product analysis can
solve this dilemma by providing an additional indicator. In the case of celiprolol, 2DLC did not only provide first
evidence on its enantioselective degradation, it also gave important hints at the formation of celiprolol-H2. In this
context, parent attenuation, TP formation and EFr were complementary indicators of biodegradation. While it has
been shown that bacterial diversity and sediment bedforms can significantly influence the dissipation half-lives of
OCs in water-sediment test flumes [29], chiral analysis further revealed that a dissipation half-life can also depend
on the enantiomeric composition of a test compound. For a better comparison of dissipation half-lives in fate studies,
efforts should be made to report the stereocisomeric compositions of test chemicals.
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Fig. 1 Eight chiral drugs with constant enantiomeric resolution (Rs>1.0) in NANOpure™ water using method
1 (Table 1). Left: extracted ion chromatograms of analytes (sum of enantiomers: 10 pg L-1, absolute: 0.5
ng, no enrichment).
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Fig. 2 Loss or decrease of enantiomeric resolution during one-dimensional chiral liquid chromatography
(1DLC, 1st and 2nd column, in comparison to NPW in Fig. 1) of racemic analyte standards (STD, top) and
assigned racemic isotope-labelled internal standards (IS, bottom) in effluent wastewater (EWW) and EWW

concentrated by vacuum-assisted evaporation (VEC) - restoration of enantiomeric resolution through
achiral-chiral two-dimensional liquid chromatography (2DLC, 3rd column) and its application to an artificial

EWW sample taken from a recirculating water-sediment test flume (4th column). General notes: analyte

amounts in column header are the sum of both enantiomers; scaling of omitted y-axes can differ; STDs and
isotope-labeled internal standards of citalopram and fluoxetine are not shown (for other matrices see Fig.
SI.D-8) due to analytical issues; mass traces cut after 50 min in 4th column.

ACS Paragon Plus Environment



Environmental Science & Technology Page 20 of 21

Atenolol Celiprolol Metoprolol Propranolol

. - S1EF [- > <

@ $1 cicO i —

s SIEF X ¥ 4 -

2 S3cic0 3 s

86 EF \
5 S8 el ¥ g
i

s s o § t 2
O 4 ) 2
B * B
g < = g

° c
= o 2 o®
_g 137 14 21 28 42 56 137 4 21 28 42 56 137 14 21 28 42 56 137 14 21 28 42 56 E [
= . . . c =
g Citalopram Flecainide Fluoxetine Venlafaxine E 3

- =
o o o =
£: we

A 3

®© 3 5 kS
&5 : <

ol } L \

= ¥ 8

w » 2 p! 2 g ——a

E — = 3 s 3

- —y ¢ ot S | v ~ g

S ¥ = +-§__-3%

@ T il 5

2

137 14 21 28 42 56 137 14 21 28 42 56 137 14 21 28 42 56 137 14 21 28 42 56

Time in days

Fig. 3 Enantiomeric fractions (EF, solid lines) and elimination (dashed lines) of 8 chiral organic contaminants
over the 56-days experimental period. Treatments differ in sediment dilution (i.e. bacterial diversity; S1, S3,
S6). Bedform numbers are not resolved. Contaminants were spiked at racemic composition (EF 0.50+0.05,
grey bar). Data points with error bars: mean+SD. The maximum EF over 56 days are summarized in SI.I.
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Fig. 4 Evidence for the (biotic) enzymatic reduction of celiprolol to celiprolol-H2. Top: Extracted-ion
chromatograms (2DLC) of celiprolol and celiprolol-H2 from 1 d to 56 d after fortification. At intermediate
bacterial diversity (S3+B6) celiprolol attenuation and celiprolol-H2 formation occur via a non-
enantioselective process. At high bacterial diversity (S1+B0), celiprolol undergoes strong enantiomeric
fractionation and only 1 dominant celiprolol-H2 peak evolves (please note: the enantiomeric composition of
celiprolol-H2 was assessed visually). Bottom: head-to-tail plot of ms2 fragments obtained for synthesized
celiprolol-H2 and celiprolol-H2 in a S1+B6 flume. 96% similarity between ms2 spectra at 10 ppm mass
tolerance and 0.01 relative intensity cut-off (overlap: 14 of 16 fragments).
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