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Samenvatting

Geavanceerde oxidatie processen zoals UV/H,0, en ozon worden steeds vaker ingezet voor
de productie van drinkwater vanwege desinfectie, maar ook doordat het een belangrijke
barriére vormt tegen organische microverontreinigingen in bronnen van drinkwater. Uit
voorgaand onderzoek is gebleken dat middendruk (MP) UV/H,0, behandeling leidt tot een
positieve respons in de Ames mutageniteitstests, die geheel verwijderd wordt doormiddel
van GAC en duininfiltratie. Deze positieve respons wordt vermoedelijk veroorzaakt door de
vorming van stikstofhoudende bijproducten (N-DBPs) die gevormd worden door de reactie
van fotolyseproducten van nitraat met (fotolyseproducten van) natuurlijk organisch materiaal
(NOM). In voorgaand onderzoek is met behulp van stabiel isotoop gelabeld nitraat ("*"NO;)
aangetoond dat na MP UV behandeling van kunstmatig water dat NOM en nitraat bevat,
verschillende stikstofhoudende bijproducten worden gevormd. Met deze aanpak zijn er in
totaal 84 N-NBPs gedetecteerd, waarvan 22 ook zijn aangetoond in monsters van een full-
scale drinkwaterzuiveringsinstallatie op basis van MP UV/H,0, behandeling. Tot op heden
zijn 14 van de 84 bijproducten geidentificeerd. Echter kan de positieve response in de Ames
test niet verklaard worden door het genotoxisch potentieel van deze geidentificeerde
bijproducten, wat dus vraagt om verder onderzoek.

Uit de literatuur blijkt dat aromatische aminozuren (tyrosine, fenylalanine en tryptofaan) een
mogelijke bron kunnen zijn voor de vorming van stikstofhoudende bijproducten. Wanneer
water dat aromatische aminozuren en nitraat bevat, wordt behandeld met UV, laat dit een
verhoogde mutageniteit zien in de Ames test. In de huidige studie wordt de rol van
aminozuren in de vorming van stikstofhoudende producten verder onderzocht. Hiervoor zijn
stabiele isotoop labeling experimenten uitgevoerd met nitraat, aromatische aminozuren, MP
UV behandeling en hoge resolute massaspectrometrie. Met deze aanpak kon worden
aangetoond dat er veel bijproducten gevormd worden, waarvan slechts een aantal gelinkt
kon worden aan de N-DBPs die gedetecteerd zijn in het kunstmatig water monster van de
vorige studie. Voor tryptofaan kon één N-DBP welke geidentificeerd is als 3-nitroindole,
gelinkt worden aan een N-DBP gedetecteerd in kunstmatig water. De resultaten laten ook
zien dat het niet waarschijnlijk is dat 3-nitroindole gevormd wordt uit tryptofaan, maar wordt
gevormd uit een andere bron. Voor fenylalanine zijn vier (nog) ongeidentificeerde
bijproducten gelinkt aan bijproducten gedetecteerd in kunstmatig water. De resultaten laten
zien dat deze vier bijproducten werkelijk van fenylalanine afkomstig zijn in kunstmatig
water, waarmee aangetoond is dat aromatische aminozuren een bron kunnen zijn voor N-
DBPs gevormd door MP UV behandeling van artificieel water.

Van vijf N-DBPs is de identiteit opgehelderd tijdens deze studie, waardoor het totaal van
geidentificeerde bijproducten op 19 komt. De toxiciteitsbeoordeling van deze vijf N-DBPS is
uitgevoerd op basis van structuur eigenschappen en de uitkomst duidt op mogelijke
potentiele mutageniteit.

In het tweede deel van deze studie is een LC-QToF doelstofmethode ontwikkeld voor de
bepaling van de 19 geidentificeerde N-DBPs in drink- en oppervlaktewater. De
prestatiekenmerken van de methode, zoals aantoonbaarheids- en detectiegrenzen zijn
bevredigend. De methode is vervolgens toegepast voor een monitoringstudie van zeven
maanden van een full-scale drinkwaterzuiveringsinstallatie op basis van MP UV/H,0,
behandeling. Tijdens de monitoring studie zijn 15 van de 19 N-DBPs gedetecteerd in
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concentraties tussen de 1,0 en 44 ng/L. De totale hoeveelheid aan gedetecteerde
verbindingen in een full-scale drinkwaterzuiveringsinstallatie laat de relevantie zien van de
geidentificeerde N-DBPs en de ontwikkelde N-DBPs doelstofmethode.
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1 Introduction

1.1 Disinfection by-products

For the production of drinking water, surface water is gaining importance due to increasing
populations and limited availability of groundwater. However, surface waters may contain a
large variety of organic micropollutants, such as pharmaceuticals, pesticides and industrial
compounds, for which the traditional water treatment systems (e.g. rapid sand filtration,
coagulation, granular activated carbon filtration) do not constitute a robust barrier [1].
Advanced oxidation processes (AOP), such as UV/H;0, and ozone are becoming increasingly
important for the preparation of drinking water, for effectively removing these
micropollutants [2-4]. However, it is known that advanced oxidation processes can produce
potentially harmful disinfection by-products (DBPs) [5-8]. Many studies were performed to
investigate the formation, identities and occurrence of these DBPs [9]. Such studies are
challenging, due to the vast amount of DBPs that can be formed. Many factors can contribute
to the formation of DBPs such as, disinfection method, type of source water and process
conditions. Information on the potential human health risk of these DBPs is often unknown
because of their unknown identity and/or the lack of toxicity data. A relatively new subgroup
of DBPs are the nitrogenous DBPs (N-DBPs) [10-12], which have a higher human toxicological
potential than the well-known chlorinated DBPs [9, 10, 12].

Earlier research has shown that medium pressure (MP) UV/H,0, treatment in drinking water
production may lead to the formation of N-DBPs [7, 13, 14]. These N-DBPs are formed
through a complex mechanism of nitrate photolysis by UV in which nitrate is converted into
the stable nitrite [15, 16]. During this nitrate to nitrite reduction, various nitrate intermediate
radicals are formed [16], which have the ability to react with natural organic matter (NOM)
that is present in source water. This ultimately results in the incorporation of the nitrogen-
atom of nitrate into aquatic NOM [14].

In previous research, an innovative approach was developed in order to trace N-DBPs,
combining stable isotope labeled nitrate with high-resolution mass spectrometry (HRMS)
[13]. It was shown that multiple N-DBPs were formed after MP UV treatment of artificial water
containing nitrate and NOM. Using this approach a total of 84 N-DBPs were detected in
artificial water. A suspect screening for these 84 N-DBPs in water samples from a full-scale
drinking water facility using MP UV/H,0,, resulted in the detection of 22 N-DBPs. The Ames
mutagenicity test, a way to determine genotoxicity of (treated) water [5, 6, 17], was also
performed. It was shown that chemical response detected by the suspect screening was
comparable with the response obtained with Ames fluctuation assay using Salmonella strains
TA98 and TA100. This implies that some of the 22 N-DBPs are possibly responsible for the
positive response in the Ames fluctuation test. The genotoxic effect was shown to be
effectively removed from treated drinking water with granular activated carbon (GAC)
filtration and/or dune infiltration [5, 7].

Without the identity and any information about the toxic potency of N-DBPs, it is not possible
to perform substance-specific health risk assessment. Therefore, it is important to identify
these N-DBPs and to investigate what their mutagenic response is in the Ames test. In our
follow-up study this was investigated by applying a fractionation method to MP UV treated
water containing nitrate and NOM. Next, the different fractions were analysed by
mutagenicity testing and chemical suspect screening [18]. This showed that the presence of
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N-DBPs and mutagenicity in the Ames fluctuation test were correlated. Five potentially
genotoxic by-products, with relatively high concentrations, were linked to fractions in which
mutagenicity was observed. Of the 84 known N-DBPs formed by MP UV treatment, 14 by-
products were unambiguously identified [13, 18]. However, the genotoxic potential of the
identified by-products does not explain the observed Ames response, and the subject for the
present research project is to further identify products that may explain the observed
genotoxicity.

1.2  Objective BTO study

A different strategy for detecting by-products and assessment of their mutagenic response,
is to use model compounds and apply MP UV treatment. Literature has shown that a possible
source for the by-products, besides NOM, could be aromatic amino acids, which are present
in NOM and surface water [19, 20]. Suzuki et al. [21] showed that aromatic amino acids (i.e.
tryptophan, phenylalanine and tyrosine) become mutagenic after UV irradiation in water
containing nitrate and nitrite. For the three aromatic amino acids the highest Ames response
was observed for tryptophan, using the salmonella strain TA98 with and without S9 mix.
Furthermore Aljammaz [22] showed that in water containing aromatic amino acids the
concentration of inorganic nitrogen (i.e. nitrate, nitrite and ammonia) is substantially
decreased after MP UV treatment, which indicates that at least a part of inorganic nitrogen is
converted to organic nitrogen by nitration of the aromatic amino acids. Once again water
containing tryptophan showed the largest nitrogen gap, indicating that tryptophan is most
susceptible for nitration and thus by-product formation. Because aromatic amino acids are
expected to be present in source water (i.e. surface water) [19, 20] for MP UV drinking water
treatment, the role of aromatic amino acids in by-products formation needs to be further
investigated.

In order to explain the observed genotoxic response in MP UV treated water and to perform
substance-specific health risk assessment, the identities of these N-DBPs needs to be known.
Based on evidence by Suzuki and Aljammaz, the following hypothesis was made: aromatic
amino acids are a source for the formation of some of the genotoxic N-DBPs formed by MP
UV water treatment.

The first part of the present study therefore aims to: (i) investigate the role of aromatic
amino acids in N-DBPs formation, by irradiation of aromatic amino acids under MP UV
conditions, in combination with stable isotope labeling and high resolution mass
spectrometry; and (ii) identification of N-DBPs formed from aromatic amino acids and further
identification of relevant N-DBPs formed during full-scale MP UV water treatment. To address
the first goal, the labeling strategy developed by Kolkman et al. [13] using '*N and "N nitrate
was used, and was expanded by also using labeled and unlabeled aromatic amino acids, for
the detection of N-DBPs and for obtaining structural information.

The second part of the study aims to: (i) perform a toxicological evaluation of newly
identified N-DBPs in the present study; and (ii) conduct and evaluate a seven month
monitoring study for identified by-products in order to determine the relevance of N-DBPs in
a full-scale drinking water treatment facility using MP UV treatment.
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1.3 Structure of this report

In the first part of the present study, the role of aromatic amino acids in N-DBPs formation is
investigated. Therefore the presence of aromatic amino acids in in source water (Lake IJssel)
and artificial water (i.e. NOM and nitrate dissolved in ultrapure water) has to be
demonstrated first. Therefore an analytical method is developed in chapter 2, using liquid
chromatography (LC) coupled to a high resolution quadrupole time of flight mass
spectrometer (QToF), for the quantitative determination of aromatic amino acids in source
and artificial water. In chapter 3 the developed LC-QToF method is optimised for stable
isotope labeling experiments involving aromatic amino acids. Experiments are conducted
using tyrosine, phenylalanine, tryptophan, labeled and unlabeled nitrate, labeled tryptophan
and MP UV treatment. Subsequently, the artificial water and full-scale water treatment facility
sample of the prior study [13] in which 84 and 22 N-DBPs were detected, is screened for
aromatic amino acids N-DBPs (formed with labeling experiments) in order to determine if
some of unidentified N-DBPs found in the prior study could originate from aromatic amino
acids and be identified. In chapter 4, more of the 84 previously detected N-DBPs are
identified and a toxicological evaluation is performed on the identified N-DBPs. Finally, an
analytical target method (LC-QToF) is developed and validated for all identified N-DBPs in the
current and prior study, in order to perform and evaluate a seven month monitoring study
for N-DBPs in a full-scale drinking water treatment facility using MP UV treatment. Finally, in
chapter 5 the conclusions of this study are presented and recommendations are discussed.
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2 Development and validation of a
LC-QToF method for the
determination of aromatic amino
acids in water

Only if aromatic amino acids are truly present in source water (Lake IJssel) and artificial water
(i.e. NOM and nitrate dissolved in ultrapure water), N-DBPs originating from aromatic amino
acids can be formed and labeling experiments are meaningful. Therefore, first an analytical
method has to be developed for the determination of free dissolved aromatic amino acids
(i.e. tyrosine, phenylalanine and tryptophan) in water.

This chapter describes the analytical method, method development, validation and sample
analysis of free dissolved aromatic amino acids in water.

2.1 Amino acids analysis

Amino acids present in surface water play an important role in the biogeochemistry of
nitrogen and carbon [23], and are therefore studied extensively. They can be analysed with a
large variety of analytical techniques (e.g. HPLC, GC-MS, CE, IC) in many different types of
matrices. Due to their hydrophilicity and zwitterionic nature, analysis of amino acids can be
challenging. Derivatization techniques are therefore widely used to improve detection and
chromatographic separation in biological and environmental matrices. But derivatization
techniques have some major drawback such as, instable derivatives, low derivatives yield and
being labour intensive. Therefore direct analysis techniques without derivatization are
becoming more popular using analytical methodologies such as, CE-MS [24], HPAEC-PAD
[25], ion-pair chromatography (LC) coupled to MS [26], and HILIC-MS [27]. For the analysis of
the total amount of amino acids in a sample (i.e. bound species and biopolymer), often an
acid or alkaline hydrolysis is employed before chromatographic separation. Since it was
shown that free dissolved amino acids are a potential source for N-DBP formation [11, 21,
22], hydrolysis is not needed.

Because this study focuses on the moderately polar aromatic amino acids and their by-
products, sufficient retention and detection is expected using a regular reversed phase C18
method. As a starting point for the analytical method development of free dissolved tyrosine
(Tyr), phenylalanine (Phe) and tryptophan (Trp) (see Figure 1 for structures) in water, the
non-target high resolution screening method employed in the previous studies was used [13,
18]. A high resolution mass spectrometer was used because of its capabilities for detecting
unknown aromatic amino acids by-products, which is needed for the labeling experiments in

chapter 3.
TYROSINE PHENYLALANINE TRYPTOPHAN
(0] 0
OH OH l OH
Ho NH, NH, HN NH,

Figure 1: Structures of tyrosine, phenylalanine and tryptophan
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2.2 Material & methods
In this section, the final optimized analytical method and sample pre-treatment is described
for the analysis of tyrosine, phenylalanine and tryptophan in water.

2.2.1 Chemicals

All solvents used were of analytical grade quality. Acetonitrile and methanol (ultra gradient
HPLC grade) were obtained from Avantor Performance Materials B.V. (Deventer, the
Netherlands). Formic acid (HPLC quality) was purchased from Sigma-Aldrich (Steinheim,
Germany). The aromatic amino acids reference standards; L-tyrosine, L-phenylalanine and
L-tryptophan were acquired from Sigma-Aldrich. The isotopically labeled internal standards;
L-tyrosine-d4, L-phenylalanine-d5 and L-tryptophan-d5 were purchased from Toronto
Research Chemicals (Toronto, Canada). In table 1, the CAS number, formula, accurate mass
of the protonated molecule ((M+H]*) and Log D are shown for the aromatic amino acids and
their corresponding internal standards. Ultrapure water was obtained by purifying
demineralized water in an Elga Purelab Chorus ultrapure water system. (High Wycombe,
United Kingdom). Stock solutions of the reference and internal standards were prepared in
methanol and ultrapure water (20/80% v/v) at a concentration of 100 and 50 mg/L,
respectively. Stock solutions were stored at -25° C. Standards were prepared from the stock
solutions by dilution in ultrapure water, and were prepared shortly before analysis.

TABLE 1: CAS NUMBER, FORMULA, ACCURATE MASS PROTONATED MOLECULE AND LOG D OF AROMATIC
AMINO ACIDS AND INTERNAL STANDARDS

Name CAS number Formula Accurate mass Log D*
[M+H] (pH 4)
L-tyrosine 60-18-4 CsHiNO; 182.0812 -1.49
L-phenylalanine 63-91-2 CsHiNO; 166.0863 -1.20
L-tryptophan 73-22-3 CiiHi2N:O; 205.0972 -1.10
Internal standards
L-tyrosine-d4 62595-14-6 CsH;D:NO; 186.1063 n.d.
L-phenylalanine-d5 56253-90-8 CsHsDsNO: 171.1176 n.d.
L-tryptophan-d5 62595-11-3 CiH;DsN;0O; 210.1285 n.d.

n.d. not determined

* calculated using ChemAxon

2.2.2 Sample pre-treatment

Fifty mL of water sample was transferred into a 50 mL flask, to which the internal standards
were added (2.0 pg/L). After homogenization the samples were filtered using a 0.2 pm
Phenomenex Phenex regenerated cellulose filter (Utrecht, Netherlands) and were transferred
to an autosampler vial for LC-QToF analysis.

2.2.3 LC-QToF analysis

The LC system consisted of a LC-30AD binary gradient pump, SIL-30AC auto sampler and a
CTO-20AC column oven (Shimadzu Corporation, Kyoto, Japan). The chromatographic
separation was achieved using a Xbridge BEH C18 XP (2.1 x 100 mm, 2.5 ym, Waters,
Milford, MA, USA) preceded by a Phenomenex SecurityGuard Ultra column (Phenomenex,
Torrance, USA) at a temperature of 25° C. The mobile phase consisted out of solvent A;
ultrapure water with 0.05% formic acid (v/v) and solvent B; acetonitrile with 0.05% formic
acid (v/v). The gradient elution started with 4% B and was held constant for 1 minute, and
was then followed by a linear gradient to 100% B in 7 min, and was held constant at 100% B
for 4 min. Then the mobile phase was returned to initial gradient conditions in 0.5 min and
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was held for 4.5 min. The mobile phase flow rate was 0.3 mL/min and the injection volume
was set to 50 pL.

Detection was performed using an AB Sciex TripleTOF 5600+ high resolution QToF mass
spectrometer (AB Sciex, Concord, Canada) operated in positive electrospray (ESI) mode with a
DuoSpray ion source. External mass calibration was automatically performed after thirty
consecutive samples by a calibration delivery system (AB Sciex) using the APCI probe of the
DuoSpray ion source. The source conditions were as follows: ion spray voltage, 5.0 kV; ion
source gas 1 and 2 at 40 and 50 psi, respectively; curtain gas, 25 psi; temperature, 500 °C
and declustering potential, 70 V. Full scan accurate MS and MS/MS mass spectra were
acquired from 100 to 800 Da with a resolving power of 30,000 FWHM (at m/z 400). In order
to unambiguously confirm the identities of tyrosine, phenylalanine and tryptophan, MS/MS
spectra were recorded with a collision energy of 35 eV and collision energy spread (CES) of
15 eV. The recording of MS/MS spectra of the analytes, specified in the mass list, was
continuously acquired (no threshold) from 40 to 300 Da. Data acquisition and processing
were performed using Analyst TF 1.6 and Multiquant 3.0 software (AB Sciex).

2.3 Results method development and optimisation

For the method development of free dissolved aromatic amino acids in water, the LC-QToF
non-target screening method employed in the previous study [18] was used as starting
point . Due to the hydrophilicity of the aromatic amino acids (see table 1 for Log D values),
sample pre-treatment using the solid phase extraction method described in the previous
study is not possible. The recovery for these aromatic amino acids would just be too low.
Therefore the decision was made, to use a direct injection approach in which water samples
are directly injected onto the column, in order to minimize the loss of aromatic amino acids.
The same approach is used for the labeling experiments described in chapter 3, also to
minimize the loss of N-DBPs during sample pre-treatment.

A reversed phase Xbridge BEH C18 XP analytical column was used for the method
development. And for the mobile phase a combination of ultrapure water (A) and acetonitrile
(B) with formic acid as modifier (0.05% v/v) was used. The initial gradient of the non-target
screening method started with 5% B. First the injection volume was optimised. In order to
obtain the most sensitivity, a large injection volume (for a 2.1 mm column) of 100 pL was
tested first. This resulted in a broad peak for tyrosine (most polar) and also a moderately
broad peak for phenylalanine. Satisfactory peak shapes were obtained for all aromatic amino
acids using a 50 pL injection. The gradient was then further optimised by lowering the initial
gradient to 4% B, and by holding the gradient for 1 min, improving retention for tyrosine.
Furthermore the linear gradient was shortened from 40 min (100% B) to 7 min (100% B),
improving total analysis time from 52 min to 17 min.

Since mass spectrometric analysis of amino acids can be performed in the positive or
negative mode using electrospray ionisation, first a comparison was made between both
ionisation modes. It was determined that the sensitivity was improved substantially (> 2x) in
the positive mode. Therefore the mass spectrometric detection was performed by the
detection of the protonated molecular ion ((M+H]*) using an extracted ion chromatogram
window of 10 ppm. In order to improve selectivity and sensitivity, continuous MS2 spectra
recording of the aromatic amino acids was added to the QToF acquisition method. The most
intense fragments per compound were selected for quantification purposes. This resulted in
improved selectivity and thus lower detection limits for all aromatic amino acids. See figure 2
for a comparison between the extracted ion chromatogram (EIC) of the protonated molecular
ion ((M+H]*) and EIC of the most intense fragment per compound.
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Fragment ions were acquired with a collision energy of 20, 35 and 50 eV, which was
automatically averaged (CES) to obtain MS2 spectra with many fragment ions (see attachment
| for MS2 spectra of tyrosine, phenylalanine and tryptophan).
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Figure 2: Chromatograms of drinking water spiked with 0.25 ug/L aromatic amino acids. A) Summed EIC
[M+HJ* trace (10 ppm) of aromatic amino acids. B) Tyrosine MS2 EIC of m/z 91.0542. C) Phenylalanine
MS2 EIC 120.0808. D) Tryptophan MS2 EIC of m/z 118.0651.

Sample pre-treatment consisted of adding isotopically labeled internal standards of the
aromatic amino acids to the sample followed by filtration using a 0.20 um filter prior to LC-
QToF analysis. No loss of aromatic amino acids was observed during the filtration step.

24 Method validation

The developed analytical method was validated for drinking and surface water. The limit of
detection (LOD), limit of quantification (LOQ), repeatability and recovery were determined for
all aromatic amino acids in both matrices. The validation results are shown in table 2 for
drinking water and table 3 for surface water.

TABLE 2: VALIDATION RESULTS AROMATIC AMINO ACIDS IN DRINKING WATER (N=38)

Compounds LOD LOQ Repeatability Recovery
1 ug/L 1 ug/L
(ug/L) (ug/L) (%) (%)
L-tyrosine 0.033 0.10 3.5 98.5
L-phenylalanine 0.008 0.10 2.6 98.5

L-tryptophan 0.016 0.10 2.2 101.9
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TABLE 3: VALIDATION RESULTS AROMATIC AMINO ACIDS IN SURFACE WATER (N=8)

Compounds LOD LOQ Repeatability Recovery
1 ug/L 1 ug/L
(ug/L) (ug/L) (%) (%)
L-tyrosine * 0.10 2.5 93.1
L-phenylalanine * 0.10 0.8 94.3
L-tryptophan * 0.10 2.4 101.6

* Due to the presence of significant amounts of aromatic amino acids in surface water, it was not
possible to determine all validation characteristics. The validation results of drinking water can be used

as reference.

Satisfactory LOD and LOQ results were obtained for the developed analytical method in
drinking water. For surface water the LOD could not be determined due to the presence of
significant amounts of aromatic amino acids and therefore the LOD of drinking water was
used as a reference. The LOQ (i.e. > 3x LOD) was determined for all aromatic amino acids at
0.10 pg/L. Recoveries in drinking- and surface water are between 90.0 and 105 % and are
satisfactory. The reproducibility for all compounds is lower than 4 % (at 1 ug/L). The
validation results for aromatic amino acids in drinking- and surface water show that the
analytical method developed can successfully be applied for the determination of aromatic
amino acids in water.

2.5 Source and artificial water analysis

After validation, the method developed was applied to the analysis of aromatic amino acids
in source and artificial water. A sample was taken from Lake lJssel which is used as source
water for Heemskerk drinking water treatment facility, which uses UV/H,0; for disinfection.
22 N-DBPs were detected after MP UV treatment in this drinking water treatment facility. Two
artificial water samples were also prepared containing Pony Lake or Suwannee river NOM.
Artificial water containing Pony Lake NOM was treated with MP UV in the previous study [13],
resulting in the detection of 84 N-DBPS. Suwannee River NOM is probably the best
characterized NOM [28] and was therefore used as a reference. Results of aromatic amino
acid analysis in source and artificial water are shown in table 4.

TABLE 4: RESULTS AROMATIC AMINO ANALYSIS IN SOURCE AND ARTIFICAL WATER

Compounds Lake IJssel Pony Lake NOM Suwannee river NOM
water intake 5.4 mg/L 5.5 mg/L
(ug/L) (ug/L) (ug/L)

L-tyrosine 0.15 2.7 0.80

L-phenylalanine 0.16 1.5 0.44

L-tryptophan < 0.1 (0.08)* 0.61 0.14

* Detected concentration was lower than LOQ but higher than LOD.

Tyrosine, phenylalanine and tryptophan were detected in all samples with concentrations
ranging from 0.08 to 2.7ug/L. Tryptophan was detected in Lake lJssel below the LOQ but
higher than the LOD, therefore the reported concentration is semi-quantitative. It was shown
that aromatic amino acids are present in moderate concentrations in Lake |Jssel, meaning,
meaning that aromatic amino acids can be a potential source for N-DBPs.
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2.6 Summary/conclusion

A LC-QToF method was developed for the determination of aromatic amino acids in drinking-
and surface water. Satisfactory LOD and LOQ results were obtained for both drinking- and
surface water. Aromatic amino acids were detected in source and artificial water, showing
that they can be a potential source for the formation of N-DBPS.

The developed analytical method demonstrated that it is well applicable for analysis of
aromatic amino acids, and will therefore be used for the labeling experiments in chapter 3.
However some adjustment will be made to the method in order to perform non-target
screening for unknown aromatic N-DBPs (e.g. longer gradient and information dependent
MS2 acquisition).
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3 Labeling experiments

In chapter 2 it was shown that aromatic amino acids are present in source and artificial
water, meaning that the possibility exist that some of the N-DBPs could originate from
aromatic amino acids after MP UV treatment. In this chapter stable isotope labeling
experiments will be conducted to really find out whether this is the case.

3.1 Stable isotope labeling strategy

In the previous study, an innovative stable isotope labeling strategy was developed for
tracing N-DBPs in artificial water [13], based on incorporation of the nitrate atom originating
from nitrate into an newly formed N-DBP after MP UV treatment. This strategy will also be
used for labeling experiments with aromatic amino acids.

The labeling strategy works as follows: when stable isotope nitrate ('’NOs) is added to
artificial water and normal nitrate (*NOs) is added to another artificial water sample from the
same source and both are MP UV treated, '°N will be incorporated into a newly formed N-DBP
in the first artificial water sample, and '*N will be incorporated into the same N-DBP in the
second artificial water. This will result in a mass difference of 0.99704 Da between the N-DBP
formed with normal nitrate (*NO3) and labeled nitrate ("’NO5). This mass difference can be
detected by high resolution mass spectrometry in combination with a non-target screening
approach (see figure 3). Only N-DBPs will have this characteristic mass difference, and can
therefore be distinguished from regular DBPs and background ions.

Figure 3: Stable isotope labeling strategy for the detection of N-DBPs. A mass spectrum is shown with a
Am/z of 0.99704 between the stable isotope labeled N-DBP compared to the normal N-DBP.

3.2 Tryptophan labeling experiments

Since tryptophan showed the highest Ames response and nitrogen gap in other studies [21,
22] after MP UV treatment, tryptophan is the obvious choice for starting the labeling
experiments. Two stable isotope-labeled substances were used for labeling experiments, i.e.
nitrate ("*°NO;) and tryptophan-'3C,, ('*C,;H,,N,0,).The stable isotope-labeled tryptophan was
used to provide additional certainty that the formed by-product really originates from
tryptophan itself, and not from an unwelcome contamination. Another advantage of using
labeled tryptophan is that the number of carbon atoms present in the formed by-products
can easily be determined. A sample scheme was made for the tryptophan labeling
experiments, in which different sample compositions are tested (table 5). All the samples
consisted out of ultrapure water to which a combination of; unlabeled tryptophan, labeled
tryptophan, unlabeled nitrate, labeled nitrate and Pony Lake NOM was added. For the
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labeling experiments a relatively high concentration (5 mg/L) of labeled and unlabeled

tryptophan was used, in order to ensure that high concentration of by-products were formed

in, which easily should be detected using mass spectrometry. Nitrate and NOM concentration

were at the same level as in the previous studies [13, 18], in order to obtain comparable

results and to ensure by-product formation. NOM was added to some samples to find out if

NOM or NOM intermediate products can react with tryptophan to form other by-products.

All samples were prepared in fourfold (with exception of the untreated reference) which then

were subdivided into two duplicate sample sets, of which one duplicate sample set was MP

UV treated while the other remained untreated. Of each sample 100 mL was prepared and

was transferred to a glass sample bottle and was stored at 1-5 °C until MP UV treatment.

TABLE 5: OVERVIEW TRYPTOPHAN LABELING SAMPLE SCHEME
Samples MP UV Unlabeled Labeled Unlabeled Labeled Pony Lake

treatment Tryptophan Tryptophan nitrate nitrate NOM
5 mg/L 5 mg/L 10 mg/L 10 mg/L 5 mg/L

Untreated reference (ultrapure water)
Untreated + Trp, without nitrate X
UV treated + Trp, without nitrate X X
Untreated + Trp + "“NO5 X X
UV treated + Trp + '“NO5° X X
Untreated + Trp + ""NOs’ X X
UV treated + Trp + '*"NOs5° X X X
Untreated + Trp + "“NO; + NOM X X
UV treated + Trp + '“NOs; + NOM X X X
Untreated + Trp + °NO; + NOM X X X
UV treated + Trp + *"NOs; + NOM X X X
Untreated + Trp-'*C, without nitrate X
UV treated + Trp-'3C, without nitrate X X
Untreated + Trp-"*C + '“NOs X X
UV treated + Trp-"3C + "*NO5 X X
Untreated + Trp-"*C + '*"NOs X
UV treated + Trp-"3C + *"NO5 X X X
Untreated + Trp-"*C + “NOs; + NOM X X
UV treated + Trp-"*C + *NOs + NOM X X X
Untreated + Trp-"*C + *"NOs; + NOM X X X
UV treated + Trp-">C + "NOs + NOM X X X X
UV treated + Trp-"*C + "*NO;s + ""NO5 X X X* X*
UV treated + Trp-"3C '“NOs + ""NO;s + X X