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Abstract
Redox reactions play an important role in human physiology and pathophysiology. For
example, oxidative stress and free radical-mediated oxidation of proteins and lipids are
implicated in several diseases such as Alzheimer’s and Parkinson’s disease. Oxidation
reactions belong also to the most important phase I metabolism pathways of drugs, which
can give rise to pharmacologically active or toxic metabolites. The established methods for
in vitro drug metabolism studies, e.g. methods using hepatocytes, human liver microsomes
(HLMs), and recombinant enzymes, are relatively time-consuming and expensive. Thus, the
potential of several nonenzymatic oxidation methods, such as those based on
metalloporphyrins, electrochemistry (EC), and Fenton reaction, have been explored for
metabolism studies. However, new methods need to be developed to enable rapid
production of drug metabolite standards and since none of the above nonenzymatic methods
allow comprehensive prediction of phase I drug metabolism.
The titanium dioxide (TiO2) photocatalysis method was developed and applied to
evaluate the effect of phosphorylation of tyrosine on the oxidation of (phospho)peptides
with the same sequence but different phosphorylation states. The results obtained using
ultra-high-performance liquid chromatography – mass spectrometry (UHPLC-MS) show
that nonphosphorylated tyrosine was the amino acid most susceptible to hydroxyl radicalinitiated oxidation, but oxidation of tyrosine was in most cases inhibited by its
phosphorylation.
The feasibility of TiO2 photocatalysis for imitation of in vitro phase I HLM metabolism
of small drug molecules was studied using UHPLC-MS and compared with the
electrochemically assisted Fenton reaction (EC-Fenton) and EC. TiO2 photocatalysis, ECFenton, and EC imitated 44%, 31%, and 11%, respectively, of the in vitro phase I HLM
metabolites of four model compounds. As TiO2 photocatalysis proved most feasible for the
imitation of in vitro phase I HLM metabolism, its feasibility for imitation of in vitro phase
I HLM metabolism of five anabolic steroids was also examined. TiO2 photocatalysis was
able to imitate over half of the hydroxylation and dehydrogenation metabolites, but its
imitation of the metabolites resulting from combinations of these reactions was considerably
poorer.
To enable even more rapid experiments to study biologically relevant oxidation
reactions, TiO2-photocatalysis was simply integrated with desorption electrospray
ionization (DESI)-MS by using the same TiO2-coated glass wafer for photocatalytic
reactions and DESI-MS analysis. This new method enabled high-throughput investigation
of photocatalytic oxidation reactions, as demonstrated using 12 model compounds, and
imitation of several drug metabolism reactions of three model compounds studied in more
detail.
In conclusion, TiO2 photocatalysis proved a feasible method for oxidation of compounds
with different polarities. TiO2 photocatalysis cannot predict drug metabolism
comprehensively, but offers a potential method for rapid, simple, and inexpensive study of
oxidation reactions of biomolecules and imitation of several drug metabolism reactions.
Preparative scale synthesis of oxidation products by TiO2 photocatalysis is likely an
alternative application of the method, but this remains to be demonstrated.
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1 Introduction
Redox reactions play a major role in several physiological and pathophysiological processes
in the human body. For example, oxidative stress and free radical-mediated oxidation of
biomolecules are implicated in aging and a wide spectrum of diseases, including
neurodegenerative diseases, such as Parkinson’s and Alzheimer’s disease and amyotrophic
lateral sclerosis, stroke, central nervous system injuries, cardiovascular diseases, such as
atherosclerosis, chronic inflammation, diabetes, obesity, and several cancers.[1-5] Oxidation
reactions are also among the most important phase I metabolism pathways of xenobiotics
such as drugs[6] and carcinogens[7]. Considering the fundamental role of oxidation reactions
in human health, it is essential to develop methods for studying and imitating these
reactions. The work described in this thesis was aimed at developing and applying titanium
dioxide (TiO2) photocatalytic methods for oxidation of (phospho)peptides, imitation of
phase I oxidative metabolism, and rapid screening of oxidation products.

1.1 Oxidative stress and protein oxidation by reactive oxygen
species
Reactive oxygen species (ROS) are produced at low levels in normal metabolic processes
of mammalian cells such as cellular respiration and various enzyme functions.[8] ROS are
involved as signaling molecules in the regulation of cell proliferation, apoptosis, and gene
expression.[4, 9] Phagocytes generate ROS as an essential defence mechanism in microbial
infections. Intensive physical activity, pollutants or toxins, such as cigarette smoke, alcohol,
and pesticides, ionizing and ultraviolet radiations (UV), and ozone also trigger generation
of ROS. Transition metal-catalyzed “Fenton-like” reactions are an important source of ROS
in cells.
Oxidative stress results from excessive ROS production relative to the cell’s capacity
for ROS detoxification.[9] ROS include hydroxyl radical (•OH), superoxide anion (O2•−),
singlet oxygen (1O2), hydrogen peroxide (H2O2), hydroperoxide (HO2•), alkoxyl (RO•) and
peroxyl (ROO•) radical, ozone (O3), and hypochlorous acid (HOCl).[10] Also reactive
nitrogen species, such as nitric oxide (NO), nitrogen dioxide (•NO2), and peroxynitrite
(ONOO-), are involved in oxidative stress. Reactions of ROS often produce other ROS. For
example, superoxide is the primary ROS created in mitochondrial respiration. It is not very
reactive towards biological macromolecules. Instead, it reacts with superoxide dismutase to
produce hydrogen peroxide, which can further react with metal ions or metal complexes to
form hydroxyl radicals. Hydroxyl radical is the most aggressive oxidant species and
responsible for most of the oxidative damage of biomolecules.[9]
Hydroxyl radicals can react with all classes of biomolecules such as lipids, proteins, and
nucleic acids.[9] Proteins are the most abundant organic components of most biological
systems[8] and are major initial targets of hydroxyl radicals in the cells.[11] Oxidative damage
to proteins is mainly irreversible.[2, 8] While some oxidations of cysteine and methionine can
be reduced enzymatically, mostly the fate of oxidatively damaged proteins is proteolysis.[8]
Extensive oxidative modifications, cross-linking, and aggregation can render proteins
12

resistant to proteolysis.[12] Proteolysis is also diminished in aging and diseases associated
with the accumulation of oxidized proteins such as atherosclerosis, cataract, rheumatoid
arthritis, Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis.
Identification of oxidative modifications in vivo is important to find biomarkers possibly
facilitating diagnosis of diseases. Redox proteomics aims at identification of oxidatively or
nitrosatively modified proteins.[2] For example, protein carbonylation and tyrosine
nitrosylation are markers of oxidative stress.

1.2 Drug metabolism
Drug metabolism in general facilitates the elimination of drugs from the body. Drugmetabolizing enzymes are present in all tissues, but the main drug-metabolizing organ is the
liver.[13] Drug metabolism is often divided into phases I and II. Phase I involves
functionalization reactions, such as oxidation, reduction, or hydrolysis, where a functional
group is attached to or exposed in a drug molecule. Phase II involves conjugation reactions
that facilitate detoxification or excretion of the drug from the body. Phase I metabolism
plays a key role in the bioactivation of drugs, as phase I reactions may give rise to
pharmacologically active, toxic, or reactive metabolites.[14, 15] The most important phase I
metabolic pathways are oxidation reactions catalyzed by cytochrome P450 (CYP450)
isoenzymes.[16]
Detailed understanding of the metabolism of a drug candidate is essential at all stages of
drug discovery and development in view of drug safety and pharmacokinetics.[15, 17] Drug
metabolism is studied early in the drug discovery phase, as the metabolic stability, major
metabolites, main metabolism routes, and metabolizing enzymes and their kinetics need to
be determined before selection of lead and candidate molecules.[17] Drug metabolism is
preliminary studied in vitro using e.g. liver slices, hepatocytes, complementary DNAexpressed recombinant enzymes, or subcellular fractions such as human liver microsomes
(HLMs) or S9 fraction. Whole cell systems, i.e. liver slices and hepatocytes, give the most
complete view of hepatic metabolism, as all metabolizing enzymes and cofactors are
present.[18] Thus, the in vitro/in vivo correlation in whole cell systems is superior to that of
subcellular fractions, and both enzyme induction and inhibition can be studied.[13, 17] In
addition, hepatocytes and liver slices allow metabolite identification as well as evaluation
of kinetics and metabolizing enzymes. Subcellular fractions are prepared by differential
centrifugation of the liver homogenate.[19] The microsomes are vesicles derived from the
hepatocyte smooth endoplasmatic reticulum and contain the CYP450 enzymes and phase II
uridine 5'-diphospho-glucuronosyltransferase enzymes, whereas the cytosolic fraction
contains most phase II enzymes. The S9 fraction contains both the cytosolic and the
microsomal fractions, thus including both phase I and phase II enzymes. Subcellular
fractions can be used to identify metabolites and study enzyme kinetics, metabolizing
enzymes, and enzyme inhibition, but require addition of cofactors.[17] Recombinant
enzymes allow the study of metabolizing enzymes and enzyme inhibition. Even though the
well-established in vitro methods yield abundant metabolic information, pharmacokinetic
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profile and toxicity need to be determined in a rodent and non-rodent animal species before
clinical studies.[20]
As drug metabolism is nowadays studied in the early stages of the drug discovery
process, the number of compounds to be tested is large, producing the need for faster,
cheaper, and more convenient methods than the traditional in vitro methods, which are
relatively time-consuming and expensive. In addition, drug metabolites must be produced,
e.g. for analytical standards and toxicity testing, and can be sometimes difficult to
synthesize.

1.3 Oxidation methods for in vitro protein research and imitation
of drug metabolism
Oxidation of proteins in vitro allows the study of oxidative modifications and oxidation
mechanisms in a less complex environment without biological interferences. Oxidation of
proteins has also been exploited in proteomics, e.g. to facilitate sample preparation and
purification, to alter chromatographic retention properties, to specifically cleave proteins,
and to enable protein footprinting.[21] In protein footprinting, protein structure and
conformational changes are studied by monitoring solvent accessibility.[22] The parts of the
protein that are exposed to the solvent/environment are modified by reactive species. The
locations of the oxidized amino acids can be analyzed using liquid chromatography – mass
spectrometry (LC-MS) and used to determine the tertiary or quaternary structure of the
protein or the interface region of two interacting proteins.[23]
As the most important phase I metabolic reactions are oxidation reactions catalyzed by
CYP450 isoenzymes, various nonenzymatic oxidation methods, such as
metalloporphyrins,[24] electrochemical reactions,[25, 26] Fenton reaction,[27-29] and TiO2
photocatalysis[30, 31], have been studied from the perspective of providing faster, more
convenient, and affordable alternatives to metabolite screening and production in the early
preclinical phase. Although the exact reaction mechanism may differ from the enzymatic
route, many CYP450 reactions can be simulated by these methods (Table 1).
Several methods have been used for oxidation of proteins and drugs, and the following
sections focus on hydroxyl radical-based oxidation methods, direct electrochemistry (EC),
and metalloporphyrins, as these are the most relevant considering the scope of this thesis.
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Summary of the imitation of the most common phase I drug metabolism reactions
by Fenton reaction, direct electrochemistry, metalloporphyrins, and TiO2 photocatalysis.

Reaction

Fenton

EC

Metallo-

TiO2

porphyrins
x

Indirect EC,

x

x

x

x

x

Direct EC: only allylic
and benzylic
hydroxylation
x

Indirect EC,
Direct EC: only
hydroxylation of
aromatic rings with
activating
substituents

x

x

x

x

x

x

x

x

x

x

x

x

x

x

Poorly imitated, ipso-

x

x

substitution of
aromatic rings more
likely

Fenton reactions are from refs. [26-29, 32-35]
Electrochemical reactions are from refs. [25, 26, 36-42]
Metalloporphyrin reactions are from refs. [26, 43]
TiO2 photocatalytic reactions are from refs. [30, 31, 44-46]

1.3.1 Hydroxyl radical-based methods
Hydroxyl radicals can be generated from water or hydrogen peroxide by various chemical,
photochemical, electrochemical, or electrophysical methods.[21, 22, 47] Even though hydroxyl
radicals can be regarded as the main oxidative species, also other ROS, such as superoxide,
hydroperoxide, and hydrogen peroxide, are often formed.[22]
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In the Fenton reaction,[48] hydrogen peroxide oxidizes Fe2+ to Fe3+ and dissociates to a
hydroxyl ion and a hydroxyl radical (Equation 1).[49] Active Fe2+ can be regenerated from
Fe3+ by using a chemical reductive agent, such as ascorbic acid, or electrochemical reduction
at the working electrode.[50, 51] Several other transition metal ions in their lower oxidation
states (e.g. Cu+, Ti3+, Cr2+, and Co2+) and their complexes catalyze “Fenton-like” oxidation
reactions similarly to the Fenton reagents.[22]
(1)

Fe2+ + H2O2 Æ Fe3+ + OH• + OH-

Radiolysis of water and photolysis of hydrogen peroxide generate hydroxyl radicals
photochemically. Radiolysis of water can be achieved by synchrotron X-ray irradiation,[52,
53]
γ-ray irradiation produced by decay of, for example, 60Co or 137Ce,[11, 54] or pulsed
electron beams accelerated in a particle accelerator.[55] The specific, expensive equipment,
which is not widely accessible, and use of ionizing radiation are the disadvantages of the
radiolytic techniques. UV-induced homolysis of hydrogen peroxide in an aqueous solution
generates two hydroxyl radicals.[56] The advantage of photochemical methods is fast (nanoto microseconds) radical generation, which allows time-resolved protein footprinting.[47, 55]
Water can be oxidized in an electrochemical cell to hydroxyl radicals at sufficiently high
potentials.[21] A high voltage (typically 6-8 kV) on the electrospray emitter tip of an ordinary
electrospray ion source of a mass spectrometer can generate a corona discharge, which leads
to formation of hydroxyl radicals and other ROS, which can react with proteins in the gas
phase.[57] Oxygen can be used as a nebulizer gas to enhance formation of ROS.
Hydroxyl radicals react with organic molecules by hydrogen atom abstraction from
saturated carbons or by addition to unsaturated bonds or aromatic rings.[22] Even though the
hydroxyl radicals are relatively non-selective oxidants, the selectivity of their reactions is
determined by several factors: the strength of the C-H bond, the electronegativity of the
substituents on the target sites, the stability of the nascent organoradical, steric effects, and
statistical factors (i.e. the number of equivalent positions of attack).[8, 22]
As proteins are the primary target of hydroxyl radicals in oxidative stress, oxidation of
proteins, peptides, and amino acids by hydroxyl radicals has been widely studied.[11, 58-61]
Hydroxyl radicals provide also an excellent tool for protein footprinting and enable
investigations of protein structure, folding/unfolding, interactions, aggregation, and onset
of oxidative damage.[47, 53, 56, 62-64] Hydroxyl radicals are able to oxidize both the backbone
and the side chains of proteins, but the amino acid residues are usually more accessible than
the backbone.[22] Cysteine and methionine are the amino acids most susceptible to hydroxyl
radical attack, followed by the aromatic tryptophan, tyrosine, and phenylalanine.[8, 22, 58]
The hydroxyl radical-based Fenton reaction has sporadically been used for imitation of
drug metabolism. Fenton reaction products of various compounds have been compared with
the metabolites of these compounds reported in the literature.[27-29, 32-35] Fenton reaction was
observed to imitate several metabolites resulting from, for instance, aliphatic, aromatic, and
benzylic hydroxylation, dehydrogenation, N-dealkylation, S-oxidation, defluorination, and
decarboxylation, and combinations of these (Table 1). Electrochemically assisted Fenton
reaction (EC-Fenton) has been shown to imitate hydroxylation, dehydrogenation, and
heteroatom oxidation and dealkylation metabolic reactions.[26] Detailed experimental
comparisons of metabolic and Fenton reaction product profiles remain nevertheless
16

scarce.[26] Formation of reactive quinone metabolites and intermediate semiquinones of
paracetamol,[65] amodiaquine,[66] and pyronaridine[67] have also been studied by electron
pulse radiolysis.

1.3.2 Direct electrochemical oxidation
Direct electrochemical oxidation is initiated by electron abstraction from the substrate by
the electrode, and thus, requires the presence of a non-binding electron that can be initially
abstracted.[68] Therefore, the sulphur-containing cysteine and methionine, and aromatic
tryptophan and tyrosine are the amino acids most susceptible to direct electrochemical
oxidation.[21] Oxidation of cysteine and methionine is reversible, whereas oxidative
modifications in tryptophan and tyrosine are irreversible. Electrochemical oxidation of
tyrosine and tryptophan leads to protein cleavage at the C-terminal side of tyrosine and
tryptophan.[69, 70] This has been suggested as an alternative to the traditional chemical and
enzymatic cleavage methods, which cleave the proteins at specific amino acid residues.
Enzymatic protein digestion methods are commonly used in bottom-up proteomics, where
proteins are cleaved into smaller peptides for identification and characterization by MS.[71]
Interestingly, it was observed that phosphorylation of tyrosine prevents its
electrochemical oxidation, inhibiting also the subsequent cleavage.[69] This has been
exploited as an alternative way to distinquish between phosphorylated and
unphosphorylated tyrosine residues in peptides.[72, 73] Identification of phosphorylation sites
is a crucial task in phosphoproteomics.[71] Reversible phosphorylation of tyrosine,
threonine, and serine is among the most important mechanisms in cell signaling.[74]
Phosphorylation of tyrosine residues is involved in the regulation of various cellular
processes such as proliferation, differentiation, cell cycle progression, cell adhesion, and
metabolic homeostasis. Even though both phosphorylation and oxidation of proteins are
well known, the effect of phosphorylation on oxidation of proteins and peptides has not
been studied with methods involving biologically relevant ROS as oxidant species. Namely,
the electron transfer mechanism of electrochemical oxidation may not be the most
biologically relevant.
Imitation of the most important drug metabolism reactions and the compounds studied
by direct EC have been reviewed recently.[68] In brief, direct EC has proved suitable for
imitation of drug metabolism reactions that can begin with a single electron transfer
mechanism, reactions such as dehydrogenation, S-oxidation, P-oxidation, and Ndealkylation (Table 1).[25] In addition, allylic,[36] benzylic,[26, 41] or aromatic hydroxylation[38,
40]
as well as ipso-substitution[39, 42] can occur in EC if there is an activating electrondonating heteroatom substituent at a suitable position, enabling initial electron transfer
followed by electron delocalization to the above-mentioned positions.[68] However,
overoxidation is common in hydroxylation of substituted aromatic rings, as the
hydroxylation products may be oxidized further at lower potentials than the starting
compound.[25]
Even though, in principle, electrons can be abstracted from any bond, oxidation
potentials of aliphatic hydrocarbons are typically higher than those of solvents.[75] Thus,
aliphatic hydroxylation, aromatic hydroxylation of non-activated aromatic rings, and O17

dealkylation are not observed in direct electrochemistry.[25] However, aliphatic
hydroxylation and aromatic hydroxylation reactions have been exceptionally achieved with
use of a platinum electrode and 1.5–2 V potentials.[36, 37] The reaction is not direct EC, but
is likely mediated by water oxidation (see Section 1.3.1 Hydroxyl radical-based
methods).[37, 68] O-dealkylation was not achieved for 7-ethoxycoumarin,[25] but was reported
for verapamil[41], metoprolol,[26] and toremifen[76] The mechanism was not discussed,
however, and for verapamil and toremifen could actually be ipso-substitution.
Electrochemical oxidation has resulted in product profiles very similar to those of in vivo
and in vitro metabolism,[36] but also considerable differences have been reported.[26, 77]

1.3.3 Metalloporphyrins
Metalloporphyrins are metalloorganic complexes that act as surrogates for the active centers
of CYP450 enzymes.[24] Metalloporphyrins have been widely used as biomimetic catalysts
and for drug metabolism imitation. Whereas molecular oxygen is the oxygen donor in
CYP450-catalyzed reactions,[78] single oxygen donors, such as peroxides, periodates, and
iodosylbenzene, are used to provide the oxygen in metalloporphyrin reactions.[24] Iron and
manganese are the most commonly used metals in metalloporphyrins. Different oxidants,
solvents, and co-catalysts can be used to control the reaction.
Metalloporphyrins have been shown to be capable of imitating all of the common types
of phase I drug metabolism reactions, including aliphatic, benzylic, and aromatic
hydroxylation, N-dealkylation, O-dealkylation, N-oxidation, S-oxidation, and
dehydrogenation (Table 1).[26] It is rare, however, that all of the main metabolites of a given
drug could be imitated by metalloporphyrins.[79, 80] Comprehensive imitation of the
metabolites of a selected drug may require using several different metalloporphyrin
catalysts and reaction conditions.[81] The yields of the desired products can be low and
byproducts, which are not observed in CYP450-mediated metabolism reactions, are often
observed due to the different selectivities of metalloporphyrins and CYP450 reactions.[82-87]
Controlling the orientation of the substrate respective to the metalloporphyrin may
necessitate addition of binding groups to the substrate, especially in the oxidation of
steroids.[88-91] Metalloporphyrins are strong oxidizing agents and easily oxidizable
substrates can be overoxidized to stable products, thus bypassing possible reactive
intermediates formed in phase I metabolism reactions.[24] However, careful selection and
controlling of reaction conditions may also allow isolation of unstable metabolites or
intermediates, which may not be observed in metabolism assays.[92] The production of the
desired product in adequate amounts requires rigorous optimization of the reaction
conditions such as selection of suitable metalloporphyrin and oxygen donor.[85] Nonetheless,
even commercial kits for biomimetic production of drug metabolites are available.[93]
Various reaction conditions are screened and then the reaction conditions are optimized for
production of the desired metabolite.
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1.4 Titanium dioxide photocatalysis
TiO2 can catalyze both oxidation and reduction reactions when exposed to UV, which has
higher energy than the band gap of TiO2.[94] TiO2 has three mineral forms: anatase, rutile,
and brookite. Anatase and rutile are the most commonly used in photocatalysis and have
band gaps of 3.2 eV (385 nm) and 3.0 eV (410 nm), respectively. Anatase is considered
photocatalytically more active than rutile.[95-97] Commercial Degussa P25 TiO2 is a mixture
of anatase and rutile and exhibits higher photocatalytic activity than either anatase or rutile
alone.[98]
UV excites electrons (e-) from the valence band to the conduction band of TiO2 , leaving
holes (h+) on the valence band (Figure 1).[99] The formed electron–hole pair separates into a
free electron and a free hole, which can diffuse to the surface of the TiO2 particle. Surfacetrapped holes can react with water to produce hydroxyl radicals or accept an electron
directly from an organic molecule adsorbed onto the TiO2 surface. Surface-trapped electrons
can reduce molecular oxygen to superoxide. In addition, singlet oxygen can be formed by
oxidation of superoxide by holes.[100, 101] However, singlet oxygen has a lifetime of 2 μs,
and thus, is likely to participate in photocatalytic oxidation only if the molecule is adsorbed
on the TiO2 surface.[102, 103]

Figure 1 The principle of TiO2 photocatalysis (modified from [99, 104, 105]).

The TiO2 surface contains amphoteric titanol (TiOH) groups, and the point of zero
charge of commercial Degussa P25 is 6.25.[105] Above pH 6.25, the TiOH groups
deprotonate and the surface is negatively charged, whereas below pH 6.25, the TiOH groups
protonate, making the surface charge positive. The enrichment of phosphopeptides using
TiO2 columns is based on this,[106-108] and pH control may be relevant also in photocatalytic
oxidation experiments, even though inconsistent results of the effect of pH and adsorption
of the substrate have been reported.[109-112]
TiO2 photocatalysis has been widely applied to degradation of organic pollutants, waste
water purification and self-cleaning materials.[94, 99, 104] In relation to oxidation of peptides
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and proteins, TiO2 photocatalysis has been proposed as an alternative protein and peptide
digestion method[113] and used to study the byproducts of toxic microcystin peptides
produced by cyanobacteria.[114, 115] As TiO2 photocatalysis generates the same ROS as in
biological systems, it provides a potential method for imitation of biological oxidation
reactions in a pure matrix, free from biological interferences.
Previously, few studies have addressed the use of TiO2 photocatalysis in imitation of
drug metabolism,[30, 31, 44-46] and no experimental comparisons with other methods (such as
EC and EC-Fenton) have been reported. TiO2 photocatalysis was reported to be capable of
hydroxylation, dehydrogenation, and N- and O-dealkylation, forming products similar to
the metabolites formed in vivo and/or in vitro (Table 1).[30, 31, 44-46] The possible reaction
mechanisms in TiO2 photocatalysis, namely electron transfer on the TiO2 surface or
hydroxyl radical attack, should enable imitation of metabolism reactions beginning with
electron transfer or hydrogen atom transfer mechanisms.
TiO2 photocatalysis can be conventionally performed using micro- or nano-sized TiO2
particles. However, the TiO2 particles need to be removed before the analysis, which is timeconsuming and can be difficult to assess by visual inspection in the case of micro- and
nanoparticles. Performing photocatalysis on a TiO2-coated surface eliminates this
shortcoming. Photocatalytic coatings have been widely used in self-cleaning and
antifogging materials such as windows and mirrors.[99] TiO2 coating has also been utilized
in a microchip that combined a TiO2-coated nanoreactor and micropillar electrospray
ionization (μPESI).[31] The microchip approach provided much faster analysis of
photocatalytic reactions than conventional methods. However, the lack of separation of the
possible reaction products is a disadvantage of this microchip. Furthermore, the fabrication
of the μPESI chip is demanding and requires the use of expensive clean-room facilities.

1.5 Mass spectrometry in identification of reaction products
Reliable identification of reaction products requires specific and sensitive analytical
methods. LC-MS offers excellent sensitivity and specificity and relatively high sample
throughput for identification of unknown compounds. Since the invention of atmospheric
ionization methods, LC-MS has become the preferred technique in drug metabolism and
proteomics studies.[71, 116-118] The atmospheric ionization methods, electrospray ionization
(ESI), atmospheric pressure chemical ionization, and atmospheric pressure photoionization,
enable efficient ionization of different types of molecules and straightforward coupling of
reversed phase LC to MS.[116, 117] ESI is a very soft ionization method, which also allows
ionization of proteins and peptides as well as labile conjugates potentially formed in phase
II metabolism.[116, 119] Ultra-high-performance LC (UHPLC) provides improved
chromatographic resolution and decreased analysis time owing to the reduced particle size
of stationary phases in UHPLC columns.[117]
Minimal sample preparation is preferred to avoid losing reaction products in
pretreatment or causing conformation changes of proteins. For example, protein
precipitation to stop the microsomal incubation is an adequate pretreatment in metabolite
screening. Proteins can be analyzed as intact (top-down proteomics) or can be digested to
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peptides prior to analysis (bottom-up proteomics).[71, 119] Reaction products are usually
identified by comparing a test sample with a negative control (blank sample). Anticipated
reaction products can be searched based on the change in the mass-to-charge ratio (m/z)
(Table 2).[120] Various data mining tools, metabolite identification software, and protein
sequence databases are used for identification of the reaction products.[117-120]
Examples of common phase I drug metabolism and protein oxidation reactions.

Reaction

Change in

Δm/z

formula
Phase I drug

Hydroxylation or heteroatom oxidation

+O

+16

metabolism

Hydroxylation+dehydrogenation (ketone formation)

+O-2H

+14

reactions[117]

Dehydrogenation

-2H

-2

Demethylation

-CH2

-14

Dihydroxylation

+2O

+32

Protein

Hydroxylation or methionine oxidation to sulfoxide

+O

+16

oxidation

Dihydroxylation, peroxidation, cysteine oxidation to

+2O

+32

reactions[22]

sulfinic acid or methionine oxidation to sulfone
Trihydroxylation or cysteine oxidation to sulfonic acid

+3O

+48

Hydroxylation+dehydrogenation (carbonylation)

+O-2H

+14

Arginine deguanidination

+O-CH5N3

-43

Glutamic or aspartic acid decarboxylation

-CH2O

-30

High-resolution mass spectrometry
High-resolution mass spectrometry (HRMS) instruments, such as time-of-flight (TOF)-MS,
orbitrap, and Fourier-transform ion synchrotron resonance, allow accurate mass
measurement and high resolving power, i.e. the capacity to distinquish ions with close m/z
values, enabling characterization and structural elucidation of unknown compounds.[121, 122]
The elemental composition of an unknown compound can be calculated based on the
accurate mass.[121] Mass accuracy is the difference between the theoretical (exact) and
measured (accurate) mass of an ion. The higher the mass accuracy is, the fewer options of
elemental compositions exist. High resolving power and the isotopic pattern fit increase
certainty of the elemental composition calculation.[123] While HRMS allows distinguishing
isobaric compounds, i.e. compounds with the same nominal mass but different exact masses,
tandem mass spectrometry (MS/MS) is needed for distinguishing isomeric compounds, i.e.
compounds having the same number of each isotopic atom but differing in their positions
within the molecule.
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Tandem mass spectrometry
MS/MS techniques provide structural information. Precursor ion and neutral loss scan
modes of triple quadrupole instruments enable group-specific detection of unknown
metabolites of a drug such as glucuronide or sulfate conjugates.[116, 117] In contrast, product
ion scan is more powerful in structural characterization of the detected reaction products.[116]
Determination of elemental compositions of product ions with exact mass measurements
using HRMS instrument increases the certainty of structural characterization.[117] Typical
hybrid instruments, which allow reproducible MS/MS with high resolution, have a
quadrupole (Q) or an ion trap in front of HRMS, e.g. Q-TOF or ion trap-orbitrap.[120] MSn
experiments with an ion trap mass spectrometer enable more specific elucidation of the sites
of modification, as the product ions can be selectively isolated and further fragmented.[116]
The N-terminal protein or peptide fragments are called a-, b-, and c-series and the Cterminal fragments x-, y-, and z-series, depending on the location of the bond cleavage.[71]
The b- and y-series ions are most frequently observed ion types in low-energy collisions.[124]
The amino acid sequence of the peptide and the sites of oxidative modifications can be
deduced from the mass differences of fragment peaks observed in the product ion spectrum.

Ambient mass spectrometry
Ambient MS comprises methods enabling desorption and ionization of compounds directly
on sample surfaces. The major advantage of these techniques is rapid analysis of the surfaces
of native objects without the need for sample preparation.[125, 126] Thus, rapid screening and
fingerprinting are major uses of these techniques, which can also be used in the field
environment. A multitude of methods have been developed and examples include
desorption electrospray ionization (DESI),[127] direct analysis in real time,[126] and
desorption atmospheric photoionization.[128] DESI was used in this work for the sampling
and ionization of photocatalytic oxidation products directly from a TiO2-coated glass wafer.
In DESI, a pneumatically assisted charged spray is used to desorb and ionize compounds
from a surface.[127] The solvent is sprayed from a small capillary with the aid of a nebulizer
gas, typically nitrogen. Like in ESI, a potential difference of 1-8 kV is applied between the
spray capillary and the mass spectrometer inlet. Desorption and ionization occur in a single
step, likely by a droplet pick-up mechanism.[129-131] The spray droplets hit the sample,
spreading out on the surface to form a thin liquid film, which then dissolves sample
molecules. Later-arriving droplets remove the sample molecules from the surface. After
desorption, the ionization proceeds as in ESI.[127] Multiple droplet fissions lead to formation
of gas-phase analytes by ion evaporation[132, 133] or charge residue mechanisms,[134] and the
ions are drawn into the mass spectrometer. Like ESI, DESI is best suited for ionic and polar
compounds.
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2 Aims of the study
Oxidative stress and ROS play an important role in several diseases. Therefore, it is
important to develop methods to study ROS-mediated oxidation of biomolecules, as this
can be difficult to investigate in the real biological environment. Radiolytic and photolytic
methods used for the hydroxyl radical-based oxidation of proteins require the use of special
equipment and/or ionizing radiation. TiO2 photocatalysis may offer a more convenient way
to oxidize biomolecules. In addition, the effect of tyrosine phosphorylation on oxidation of
proteins, peptides, or amino acids has not been investigated by an oxidation method, where
the oxidation is mediated by biologically relevant oxidant species, as in TiO2 photocatalysis.
Therefore, this study aimed at developing a TiO2 photocatalytic method for oxidation of
phosphopeptides and at applying it to examine the effect of phosphorylation on the oxidation
of peptides using UHPLC-MS/MS for the analysis of reaction products (I).
Rapid, easy, and affordable methods are needed for screening and production of drug
metabolites. Metalloporphyrins, EC, and Fenton reaction have not been able to imitate the
oxidative phase I metabolism reactions adequately to allow comprehensive prediction of
potential drug metabolites. A few studies have suggested that TiO2 photocatalysis is a
feasible method for drug metabolism imitation. However, the feasibility of TiO2
photocatalysis for drug metabolism imitation has rarely been critically evaluated by
comparing the photocatalytic reaction products with the actual metabolites using a proper
UHPLC-MS/MS method that allows separation of potential isomeric products.
Furthermore, experimental comparisons with other non-enzymatic oxidation reactions are
completely lacking. To address this need, this work aimed at comparing the feasibilities of
TiO2 photocatalysis, EC, and EC-Fenton for imitation of phase I metabolism of drugs (II)
and at evaluating the feasibility of TiO2 photocatalysis for imitation of phase I metabolism
of anabolic steroids (III) using UHPLC-MS/MS for the characterization of the reaction
products. To enhance the applicability of TiO2 photocatalysis for high-throughput screening
of oxidation products, the aim was to develop a rapid and simple method for photocatalytic
oxidation and mass spectrometric characterization of oxidation products by integrating TiO2
photocatalysis with DESI-MS analysis (IV).
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3 Experimental
This section briefly describes the chemicals, materials, samples, instrumentation, and
experimental setups used in the work. Details can be found in original publications I-IV.

3.1 Chemicals and materials
Chemicals and materials used in the work are listed in Table 3. Notes indicate their use. The
solvents were at least HPLC grade, and all reagents were at least reagent grade. Table 4
presents the model compounds used in this work.
Chemicals and materials used in the study.

Chemical/Material

Manufacturer/Supplier

Use

Publication

Acetonitrile (ACN), LC-MS grade

Sigma-Aldrich (Steinheim,

Solvent

II-IV

Solvent

II

Reagent

II, III

Reagent

I

Germany)
Acetonitrile, HPLC grade

Biosolve BV (Valkenswaard,
The Netherlands)

Ammonium acetate

Sigma-Aldrich (Steinheim,
Germany)

Ammonium hydroxide

Mallinckrodt Baker B.V.
(Denventer, The Netherlands)

Androstenedione

Steraloids (Newport, RI, USA)

Standard

III

β-nicotinamide adenine

Sigma-Aldrich (Steinheim,

Cosubstrate

II, III

dinucleotide 2′-phosphate

Germany)

Solvent

I-IV

Solvent

II

Reagent

IV

reduced tetrasodium salt
hydrate (NADPH)
Deionized water

Milli-Q Plus purification
system (Molsheim, France),
Arium® 611 (Sartorius Stedim
Biotech Gmbh, Goettingen,
Germany), and
Millipore Elix® Essential 5
(Molsheim, France)

Disodium hydrogen phosphate

Merck (Darmstadt, Germany)

Reagent

II, III

Ethylenediaminetetraacetic acid

Sigma-Aldrich (Steinheim,

Reagent

II

disodium salt dehydrate (EDTA,

Germany)

99-101%)
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Table 3 continued

Chemicals and materials used in the study.

Chemical/Material

Manufacturer/Supplier

Use

Publication

Ferric chloride hexahydrate

Sigma-Aldrich (Steinheim,

Reagent

II

(98%)

Germany)
Reagent

I, II, IV

Modifier

II, III

Reagent

II, III

Formic acid (98-100%)

Sigma-Aldrich (Steinheim,
Germany)

Glacial acetic acid (≥ 99.85%)

Sigma-Aldrich (Steinheim,
Germany)

Human liver microsomes

BD Gentest (Franklin Lakes,
NJ, USA)

Magnesium chloride

Merck (Darmstadt, Germany)

Reagent

III

Magnesium chloride

Sigma-Aldrich (Steinheim,

Reagent

II

hexahydrate

Germany)

Methanol, LC-MS grade

Sigma-Aldrich (Steinheim,

Solvent

I-IV

Germany)
Methanol, HPLC grade

Biosolve BV (Valkenswaard,

Solvent

II

Oasis 30 mg 1 mL cartridges

The Netherlands)
Waters (Manchester, UK)

Solid phase

III

extraction
Perchloric acid (70-72%)

Merck (Darmstadt, Germany)

Reagent

III

Pyrex glass wafer (diameter 100

Plan Optik AG (Elsoff,

Sample

IV

mm, thickness 0.5 mm)

Germany)

platform

Sodium dihydrogen phosphate

Sigma-Aldrich (Steinheim,

Reagent

II, III

Germany)
Sodium hydroxide

Merck (Darmstadt, Germany)

Reagent

II, III

Titanium(IV) isopropoxide (TTIP)

Aldrich (Steinheim, Germany)

Reagent

IV

Sigma-Aldrich (Steinheim,

Photocatalyst

I-III

97%
TiO2 Degussa P-25

Germany)
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Model compounds used in this work.

Compound

Formula

Mmonoisotope

Manufacturer/

Publication

Supplier
(Phospho)peptides (Insulin receptor peptide 1142-1153)
TRDIYETDYYRK (IR0)

C72H107N19O24

1621.77

Anaspec

I

TRDIpYETDYYRK (IR1A)

C72H108N19O27P

1701.74

Anaspec

I

TRDIYETDpYYRK (IR1B)

C72H108N19O27P

1701.74

Anaspec

I

TRDIYETDYpYRK (IR1C)

C72H108N19O27P

1701.74

Anaspec

I

TRDIpYETDpYpYRK

C72H110N19O33P3

1861.67

Anaspec

I

(IR3)
Small drug molecules and anabolic steroids
7-ethoxycoumarin

C11H10O3

190.0630

Sigma-Aldrich

II

Amodiaquine

C20H22ClN3O

355.1451

Sigma-Aldrich

IV

dihydrochloride dihydrate

(free base)

D-amphetamine sulfate

C9H13N

135.1048

Synthesized in

IV

house

(free base)
Atenolol

C14H22N2O3

266.1630

Sigma-Aldrich

IV

Buspirone hydrochloride

C21H31N5O2

385.2478

Sigma-Aldrich

II, IV

234.1810

Sigma-Aldrich

IV

(free base)
Lidocaine hydrochloride

C14H22N2O

monohydrate

(free base)

Metandienone

C20H28O2

300.2089

Steraloids

III

Methyltestosterone

C20H30O2

302.2246

Diosynth

III

Metoprolol tartrate

C15H25NO3

267.1834

Sigma-Aldrich

IV

Moperone hydrochloride

C22H26FNO2

355.1948

Sigma-Aldrich

IV

(free base)
Nadolol

C17H27NO4

309.1940

Sigma-Aldrich

IV

Nandrolone

C18H26O2

274.1933

Diosynth

III

Nicotine hydrogen tartrate

C10H14N2

162.1157

Sigma-Aldrich

IV

324.2838

Sigma-Aldrich

IV

(free base)
Quinidine sulfate

C20H24N2O2

dihydrate

(free base)

Stanozolol

C21H32N2O

328.2515

Sterling-Winthorp

III

Promazine hydrochloride

C17H20N2S

284.1347

Sigma-Aldrich

II

(free base)
Propranolol hydrochloride

C16H21NO2

and Orion
259.1572

Sigma-Aldrich

IV

(free base)
Testosterone

C19H28O2

288.2089

Sigma-Aldrich

II, III

Verapamil hydrochloride

C27H38N2O4

454.2832

Sigma-Aldrich

IV

(free base)
T threonine, R arginine, D aspartic acid, I isoleucine, Y tyrosine, E glutamic acid, K lysine, p phosphorylated
Anaspec (Fremont, CA, USA), Sigma-Aldrich (Steinheim, Germany), Steraloids (Newport, RI, USA),
Diosynth (Oss, The Netherlands), Orion (Orion Oy, Espoo, Finland)
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3.2 Sample preparation
3.2.1 Titanium dioxide photocatalysis
Nanoparticle-based titanium dioxide photocatalysis
Photocatalytic reactions of (phospho)peptides (I), small drug and drug-like molecules (II),
and anabolic steroids (III) were performed in duplicate using Degussa P25 TiO2
nanoparticles. Blank samples were prepared without the substrate. The samples were
magnetically stirred while exposed from above to a 5000-PC Series Dymax UV Curing
Flood Lamp (Dymax Light Curing Systems, Torrington, CT, USA). The lamp was a metal
halide UV lamp with nominal intensity of 225 mW cm-2. The photocatalytic protocols for
oxidation of (phospho)peptides, anabolic steroids, and drugs as well as for evaluation of the
effect of acetonitrile on the photocatalytic reaction kinetics and routes are described in Table
5.

Titanium dioxide photocatalysis integrated with desorption electrospray ionization –
mass spectrometry
The TiO2-coated wafers were fabricated by depositing TiO2 films on Pyrex glass wafers by
atomic layer deposition (ALD) from TTIP and deionized water at a temperature of 250°C
with PicosunTM R-150 ALD reactor (Picosun Oy, Espoo, Finland). TTIP was evaporated
from a heated source and water from an external vessel, held at 60°C and at room
temperature, respectively. Reactor pressure was in the order of 5 mbar, maintained by mass
flow controlled, constant nitrogen (99.999% N2) flow and Adixen 2033 C2 vacuum pump
(Adixen Vacuum Products, Annecy, France). Deposition sequence of 1.6 s TTIP pulse, 5 s
purge, 0.1 s water pulse, and 5 s purge was repeated for 4000 cycles. The TiO2 films were
characterized by UV-VIS reflectometry (Hitachi U-2000, Hitachi Ltd., Tokyo, Japan) and
X-ray diffraction (PANalytical X’Pet Pro, Cu KD radiation, PANalytical B.V., Almelo, The
Netherlands).
Aqueous samples (1 μL) of the model drug compounds (50 μM or 100 μM) were
dispensed on the rim of the TiO2-coated wafer. The diameter of a sample spot was about 2.5
mm and the sample spots were about 1 mm apart from each other. The sample spots were
UV exposed (for 15-180 s) from above either online or offline. The UV-exposed droplets
were allowed to evaporate before DESI-MS analysis.
Offline reactions were performed using a 5000-PC Series Dymax UV Curing Flood
Lamp with a metal halide lamp. The whole TiO2-coated wafer was placed under the UV
lamp (distance approximately 15 cm). For online reactions, a UV lamp (TEK-Lite, Union
Bridge, MD, USA, maximum at peak 365 nm, intensity of 100 mW cm-2) was positioned
3.5 mm above the sample wafer. The samples were UV exposed while the TiO2-coated
wafer rotated and transferred the exposed samples online to DESI-MS analysis.
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470 μL

72 μL

Addition of 8 μL

of methanol

Supernatant 2.

Pretreatment of

supernatant 2.

No pretreatment

450 μL

Centrifugation of first supernatant for 10 min at 13200 rpm

90 μL
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photocatalytic products

the product ion spectra of the

and testosterone for acquisition of

enrichment for 7-ethoxycoumarin

No pretreatment, except 9-fold

450 μL

470 μL

or 2 min (7-ethoxycoumarin and

Supernatant 1.

0, (0.5) 1, 2, 3, 4, 6, and 12 min (1% ACN)

testosterone)

and 15 min

exposure

15 s (buspirone and promazine)

and testosterone)

or 1% ACN (7-ethoxycoumarin

Water (buspirone and promazine)

10 μM

1 g L-1

500 μL

Drugs (II)

1, 5, 10, 15, 20, and 30 min (50% & 95% ACN)
Removal of TiO2 particles by 10-min centrifugation at 13200 rpm

0, 2, 4, 6, 8, 10,

0, 15, 30, 45, 60, 90, and 120 s (0% ACN)

1%, 50% & 95% ACN (testosterone)

hydroxide

0%, 1%, & 50% ACN (buspirone)

ammonium

Duration of UV

Solvent

10 μM

1 g L-1

500 μL

Studying the effect of ACN (II & III)

0.01%

100 μM

Substrate

concentration

0.1 g L-1

TiO2 concentration

100 μL

peptides (I)

(Phospho-)

Photocatalytic reaction conditions using TiO2 nanoparticles.

reaction mixture

Volume of

Table 5.

extraction (3.2.5)

Solid-phase

450 μL

470 μL

stanozolol 15 min

2 min, except for

50% ACN

for stanozolol

1% ACN, except

10 μM

1 g L-1

500 μL

steroids (III)

Anabolic

3.2.2 Incubation of human liver microsomes
The phase I metabolism reactions of buspirone, promazine, testosterone, and 7ethoxycoumarin (II) as well as metandienone, methyltestosterone, nandrolone, stanozolol,
and testosterone (III) were performed in vitro with HLMs (Table 6).
Human liver microsomal incubation protocols.

Drugs (II)

Anabolic steroids (III)

Total volume

100 μL

100 μL

Phosphate buffer

50 mM

50 mM

50 μM

50 μM

water (buspirone and

acetonitrile (testosterone,

promazine), water–acetonitrile

methyltestosterone,

(testosterone and 7-

metandienone, and nandrolone)

ethoxycoumarin)

or methanol (stanozolol) solution

0.5%

1%

MgCl2 concentration

5 mM

5 mM

Initiation

5 μL of 20 mM NADPH

5 μL of 20 mM NADPH

Cosubstrate addition

-

5 μL of 20 mM NADPH at 6, 12,

Incubation time

2h

1, 3, 6, 12, 18, and 24 h

Termination by protein

200 μL ice-cold acetonitrile, and

10 μL 4 M perchloric acid, and

precipitation

transfer of the tubes to -18 qC

transfer of the tubes into an ice

for 30 min

bath

Removal of

centrifugation at 13200 rpm for

centrifugation at 13200 rpm for

precipitated HLMs

10 min

10 min

Pooling

-

supernatants from 1, 3, 6, 12, 18,

Pretreatment

-

concentration (pH 7.4)
Substrate
concentration
Substrate solvent

Final concentration of
organic solvent

and 18 h

and 24 h incubations
Solid-phase extraction (see
Section 3.2.5)

3.2.3 Electrochemical oxidation
The test solution contained 10 μM buspirone, promazine, testosterone, or 7-ethoxycoumarin
in acetonitrile:water 50:50 + 0.1% formic acid (EC-acidic). In the case of testosterone and
7-ethoxycoumarin, no products were observed at 10 μM concentration and the concentration
was increased to 100 μM. Also basic conditions (EC-basic) were tested for the oxidation of
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buspirone and promazine, with acetonitrile:water 50:50 + 0.1% ammonium hydroxide used
as the solvent. The solution was infused at a flow rate of 50 μL min-1 through the
electrochemical ESA 5021A conditioning cell with a working electrode of porous graphite
(ESA Inc., Bedford, MA, USA). The electrochemical cell was controlled by an ESA
Coulochem III potentiostat (ESA Inc.). All reported cell potentials are versus a palladium
reference electrode. The potential was ramped from 0 to 1500 mV with steps of 10 mV / 3.6
s. All the potential ramp experiments were made in duplicate. Online-ESI-MS was used to
monitor the formed products. Samples for UHPLC-MS analysis were collected at constant
potentials chosen on the basis of the potential ramp experiments (Table 7). The samples
were diluted 10-fold with water before UHPLC-MS analysis.
Constant potentials used for sample collection in direct EC.
Compound

EC-acidic, potential (mV)

EC-basic, potential (mV)

Buspirone

800, 1000, 1200, 1500

800, 1000, 1200, 1500

Promazine

500, 600, 1000, 1200, 1500

600, 700, 800, 1000

Testosterone and

No products observed in ramps in acidic conditions Æ no sample

7-Ethoxycoumarin

collected with constant potentials

3.2.4 Electrochemically assisted Fenton reaction
The EC-Fenton setup used for buspirone, promazine, testosterone, and 7-ethoxycoumarin
(II) was based on the methods previously reported.[26, 51] Each reaction mixture (550 μL)
consisted of 50 μL 10 mM substrate (in water or acetonitrile), 50 μL 10 mM EDTA/FeCl3
in water, 125 μL or 75 μL acetonitrile, 275 μL or 325 μL water (depending on whether the
sample was in water or acetonitrile, respectively) and 50 μL 0.1 M hydrogen peroxide
(added just before the start of infusion through the EC cell). An ESA 5021A conditioning
cell with a working electrode of porous graphite was used for EC-Fenton reactions. Samples
were infused through the electrochemical cell first at a flow rate of 50 μL min-1. After 1
min, the flow rate was lowered to 2 μL min-1 and a potential of -500 mV was applied. Sample
collection was started after 15 min. The samples were diluted 25-fold with water before
UHPLC-MS analysis.

3.2.5 Solid-phase extraction
For the anabolic steroids (III), the second supernatant (450 μL) of photocatalytic reactions
and the pooled supernatant (270 μL) from HLM incubations, used for comparison of the
reaction products, were diluted each with 1 mL of 100 mM ammonium acetate buffer (pH
6.0) for solid-phase extraction. Waters Oasis 30 mg 1 mL cartridges were conditioned with
1 mL of methanol and 1 mL of purified water. The sample was loaded to the cartridge,
which was then washed with 1 mL of water-methanol 95:5 (v:v) and 1 mL of watermethanol 95:5 (v:v) + 2% acetic acid. The steroids and reaction products were eluted from
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the cartridge with 1.5 mL of acetonitrile (testosterone, methyltestosterone, metandienone,
and nandrolone) or 1.5 mL of methanol (stanozolol). The samples were evaporated to
dryness in a water bath under nitrogen. Dry residues were reconstituted in 100 μL (HLM
samples) or 50 μL (photocatalysis samples) of the LC mobile phase A:B 75:25 (v:v) (Table
8).

3.3 Analytical methods and instrumentation
3.3.1 Liquid chromatography – mass spectrometry
ACQUITY UPLC™ (Waters, Milford, MA, USA) and Xevo™ Q-TOF-MS (Waters,
Manchester, UK) were used for analysis of the reaction products of (phospho)peptides (I),
small drug molecules (II), and anabolic steroids (III) (Table 8). The chromatographic
gradients were optimized for each model compound and details can be found in the original
publications (I-III). MS and MS/MS spectra were collected in the positive ion mode using
electrospray ionization (ESI). MS data were centroided and corrected during acquisition
using as external reference (Lockspray) leucine enkephalin (concentration 2 ng μL-1, flow
rate 20 μL min-1) at m/z 556.2771.
Metabolynx XS V4.1 software (Waters, Milford, MA, USA) was used in the search for
unexpected reaction products (II, III). If a reaction product with the same m/z and retention
time (tR) as in HLM experiments was found also in TiO2 photocatalytic reactions,
electrochemical oxidation, or Fenton reaction, its product ion spectrum was compared with
the product ion spectrum of the corresponding metabolite (see Table 8 for criteria).
A TSQ Quantum AM (Thermo Fisher Scientific, Waltham, MA, USA) triple quadrupole
mass spectrometer was used for online monitoring of products during EC potential ramps.
The detailed parameters can be found in the original publication (II).
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(Phospho)peptides (I)

Buspirone and
testosterone (II)

Promazine and 7ethoxycoumarin (II)

Anabolic steroids
(III)

0.15

400–1650
70–1650
0.15

400–1900

0.15
150qC
1000 L h-1, 500qC
25

400–1750
70–1750

0.1
150qC
1000 L h-1, 500qC
30 (buspirone)
25 (testosterone)

30–560
30–560
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30–560
30–560

30 ppm
0.05 min

0.1
150qC
1000 L h-1, 500qC
20 (promazine)
25 (7-ethoxycoumarin)

Criteria for reaction products with matching m/z and tR selected for comparison of product ion spectra
Mass window
30 ppm
tR window
0.05 min

Scan time (s)
Ion source temperature
Desolvation gas (nitrogen)
Collision energy (eV)
(Collision gas argon)

MS scan range (m/z)
Product ion scan range (m/z)

20 ppm
0.5%

0.1
120qC
800 L h-1, 450qC
15 & 20 (metandienone)
20 & 25 (methyltestosterone and
nandrolone),
42 & 47 (stanozolol)
20 & 30 (testosterone)

30–560
30–560

Acquity UPLC BEH C-18 column (100 mm x 2.1 mm i.d., 1.7 μm particle size)
Vanguard BEH C18 (5 mm x 2.1 mm i.d.,
in-line filter (0.2 μm) or
in-line filter (0.2 μm)
Vanguard BEH C18
1.7 μm particle size)
Vanguard BEH C18
Eluent A
0.1% formic acid
95:5 water/100 mM ammonium acetate
Eluent B
0.1% formic acid in methanol/water 98:2
95:5 methanol/100 mM ammonium acetate
Buffer pH (adjusted with acetic acid)
n/a
4.5 or 6.0
4.5
6.0
Injection volume and mode
5 μL, partial loop
5 μL, partial loop
5 μL, partial loop
5 μL, partial loop
Sample and column temperature
8°C, 40°C
8°C, 40°C
8°C, 40°C
8°C, 40°C
Mass spectrometric parameters
IR0
IR1A, IR1B, IR1C
Capillary voltage (kV)
3
3
4
3
3
3
Extraction cone voltage (V)
0
0
0
3
3
3
Sampling cone voltage (V)
20
20
45
25
20
25

Chromatographic parameters
Column
Precolumn

Parameter

Parameters used for detection of the model compounds and their reaction products with UHPLC–ESI–Q-TOF-MS.

3.3.2 Desorption electrospray ionization – mass spectrometry integrated
with titanium dioxide photocatalysis
In DESI-MS, a home-built sprayer was used with Agilent Ion Trap 6330 (Agilent
Technologies, Walbronn, Germany) in the positive ion mode (Figure 2). The ESI capillary
(i.d. 83 μm, o.d. 184 μm) was grounded and the MS inlet capillary voltage was 2000 V.
Nebulizer gas (N2) was introduced at 9.5 bar through the outer capillary (i.d. 0.25 mm). The
sprayer was attached to an x-, y-, z-stage, aligned parallel to the MS inlet, on-axis, with the
following geometry: impact angle 60°, vertical distance from sprayer to sampling surface
4 mm. The sampling surface was level with the lower edge of flared capillary extension
inlet (i.d. 1.6 mm). The horizontal distance of the sample to the MS inlet was 10 mm.
Methanol/water (1:1, v:v) + 0.1% formic acid was used as the spray solvent at the flow rate
of 3 μL min−1. The TiO2-coated glass wafer used as a sampling surface was placed on a
rotating platform (Thorlabs CR1-Z7/M, Thorlabs Sweden AB, Gothenburg, Sweden),
which was placed on an x-, y-, z-stage. The rotation of the platform was controlled by
Thorlabs computer software APT motor controller.

Figure 2 TiO2 photocatalysis–DESI-MS rotating array platform setup.
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4 Results and discussion
4.1 Photocatalytic oxidation of phosphopeptides
As phosphorylation of the tyrosine residue has a key role in the cellular processes, its effect
on the oxidation process mediated by ROS was addressed in this study (I). A TiO2
photocatalytic oxidation method was developed to compare the effect of phosphorylation
with the help of five peptides, which had the same sequence (TRDIYETDYYRK), and three
tyrosine (Y) residues of which none (IR0), all (IR3), or one was phosphorylated (IR1A,
IR1B, and IR1C). UHPLC-ESI-MS methods were developed for the analysis of reaction
products.

4.1.1 Optimization of duration of exposure to ultraviolet radiation
First, the duration of the UV exposure for the TiO2 photocatalytic oxidation of the studied
(phospho)peptides was optimized. The peptides decomposed under TiO2 photocatalysis
within 15 min (Figure 3). The initial, but not always the most abundant, oxidation products
were M+O and M+2O products, on which this study concentrated. All initial oxidation
products of each peptide formed and degraded following similar kinetics. The UV exposure
time yielding the greatest abundance of M+O and M+2O products was chosen for the
structural elucidation of the M+O and M+2O products (Figure 3), and was 2 min for IR1A
and IR1C, 4 min for IR0, and 6 min for IR1B. The UV exposure time was not optimized for
IR3, as no oxidation products were observed with UV exposure time of either 1 min or 6
min.

Figure 3 Degradation of peptides IR0, IR1A, IR1B, and IR1C and formation of initial reaction
products under TiO2 photocatalysis (calculated using the triply protonated ion).
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4.1.2 Identification of photocatalytic oxidation products of
(phospho)peptides
The mass spectra of peptides IR0, IR1A, IR1B, IR1C, and IR3 analyzed by the developed
UHPLC-ESI-MS method showed multiple protonated molecules (one to four protons). The
triple protonated molecule [M+3H]+3 was the most abundant ion for nearly all peptides and
their M+O and M+2O oxidation products. Thus, it was selected as the precursor ion for
product ion analyses. The most common product ions of the peptides were sequence
diagnostic single protonated N-terminal b-ions and C-terminal y-ions. The oxidation sites
of the M+O and M+2O products of the studied peptides were determined based on the
oxidized and the nonoxidized b- and y-ions of the peptides (Table 9). As an example, the
product ion spectrum of the M+O product of IR0 eluting at 1.90 min showed an oxidized
y4-ion and a nonoxidized y3-ion, indicating that the oxidation site was Y9. Similar data
interpretation also applies to the other identifications.
TiO2 photocatalysis produced five M+O products of IR0, eight M+O and five M+2O
products of IR1A, two M+O products of IR1B, and five M+O products of IR1C (Table 9).
Traces of M+2O products of IR0, IR1B, and IR1C were also observed, but at quantities
lower than those needed for reliable identification based on acquisition of the product ion
spectra. By considering all oxidation products, the oxidation site was at a
nonphosphorylated tyrosine (Y) in 21 products, at a phosphorylated tyrosine in two
products, and at isoleucine 4 (I4) in two products. Thus, the nonphosphorylated peptide IR0
and the monophosphorylated peptides IR1A, IR1B, and IR1C were preferentially oxidized
at nonphosphorylated tyrosines. This is in agreement with the reaction rate constant of
tyrosine with hydroxyl radicals, which is at least an order of magnitude higher than that of
the other amino acids present in the studied peptides.[22] The two observed M+2O products
of isoleucine (based on diagnostic b4+2O ion) are consistent with the reaction rate constant
of hydroxyl radicals with isoleucine (1.8×109 M-1s-1), being the third highest after tyrosine
and arginine, and approximately an order of magnitude higher than those of the other amino
acids (7.5×107–5.1×108 M-1s-1) present in the studied IR peptides.[22] Interestingly, both
oxygens in the M+2O oxidation products attacked the same amino acid.
Although the favored oxidization site was shown to be at a nonphosphorylated tyrosine,
IR1A and IR1C each produced a minor M+O product, in which the oxidation site was the
phosphorylated tyrosine. However, no oxidation products of the triply phosphorylated
peptide IR3 (all tyrosines phosphorylated: pY5, pY9, and pY10) were observed. Thus, the
results suggest that phosphorylation of tyrosine significantly inhibits its oxidation under
TiO2 photocatalysis conditions.
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Proposed diagnostic product ions of the reaction products. Accurate masses of the
precursors and product ions can be found in the Supporting Information of original
publication I.

Nonoxidized product ions are marked
with X, singly oxidized product ions
(X+O) are marked with O, and doubly
oxidized product ions (X+2O) are
marked with 2O.
Pept./

Oxidation

tR

Prec.

b4

b5

b6

y3

y4

y5

y6

Otherc

3+

prod.

site

(min)

[M+3H]

IR0
M+O
M+O
M+O
M+O

Y9
Y10*
Y5
Y9 & Y10a*

5.98
1.90
2.42
4.31
4.57

541.6
546.9
546.9
546.9
546.9

X
X
X
X
X

X
X
X
O
X

X
X
X
O
X

X
X
O
X
X/O

X
O
O
X
O

X
O
O
X
O

X
O
O
X
O

IR1A
M+O
M+O
M+O
M+O
M+O
M+2O
M+2O
M+2O
M+2O
M+2O

Y9
Y9 & Y10a*
Y9 & Y10a*
Y9 & Y10a*
pY5
Y9
I4
Y10
Y9b
I4

5.43
2.09
2.29
2.57
4.00
7.00
2.62
2.94
3.13
3.30
3.67

568.3
573.6
573.6
573.6
573.6
573.6
578.9
578.9
578.9
578.9
578.9

X
X
X
X
X
X
X
2O
X
X
2O

X
X
X
X
X
O
X
2O
X
X

X
X
X
X
X
O
X
2O

X
X
X/O
X/O
X/O
X
X
X
2O

X
O
O
O
O
X
2O
X
2O

X
O
O

X
O
O
O
O
X
2O
X

X

X

X

X

IR1B
M+O
M+O

Y5
Y10*

9.64
7.42
7.57

568.3
573.6
573.6

X
X
X

X
O
X

X
X
O

X
X

X
X
O

X
X
O

O
X
2O
X
2O

X

X
O
X

b3
x2
b8, z3
b3

IR1C
5.20 568.3
X
X
X
X
X
X
X
M+O
Y9
1.94 573.6
X
X
X
X
O
O
O
M+O
Y9
2.14 573.6
X
X
X
X
O
O
O
M+O
Y5
3.61 573.6
X
O
O
X
X
X
X
M+O
Y9
3.80 573.6
X
X
X
X
O
O
O
M+O
pY10*
8.29 573.6
X
X
X
O
O
O
O
a
Two oxidation products that could not be resolved chromatographically.
b
No oxidized product ions were observed, but the nonoxidized product ions rule out there being other
oxidation sites.
c
Other diagnostic product ions (nonoxidized).
*y1- and y2-ions were not observed in the product ion spectra, and hence, the assignment of the oxidation site
is not explicit. Y10 was assumed to be more readily oxidized than arginine 11 (R11) or lysine 12 (K12), as the
reaction rate of hydroxyl radicals with Y (1.3×1010 M-1s-1) is approximately an order of magnitude higher than
with R (3.5×109 M-1s-1) and two orders of magnitude higher than with K (3.5×10 8 M-1s-1).[22]
Pept. peptide, prod. product, Prec. precursor ion
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The two products in which the oxidation site was a phosphorylated tyrosine eluted later
in the reversed-phase C18 liquid chromatography conditions than did the respective
nonoxidized peptide (Table 9). Instead, the M+O and M+2O products in which the oxidation
occurred at a nonphosphorylated tyrosine eluted earlier than the respective nonoxidized
peptides. Thus, oxidation of the phosphorylated tyrosine rendered the peptide more
hydrophobic, increasing its retention within the C18 column, whereas oxidation at a
nonphosphorylated tyrosine yielded more polar products, with decreased retention relative
to the respective nonoxidized peptide. Hydroxylation of a phosphorylated tyrosine may
enable internal hydrogen bonding between the formed hydroxyl group and the phosphate
group, thus rendering the peptide more hydrophobic (Figure 4).

Figure 4 Internal hydrogen bonding may cause the increased hydrophobicity of the peptide
oxidized at the phosphorylated tyrosine.

4.1.3 Mechanism of photocatalytic oxidation of (phospho)peptides
The possible oxidant species involved in TiO2 photocatalysis include the hole on the
TiO2 surface, the hydroxyl radical, the superoxide ion, and the singlet oxygen.[99] In
addition, hydrogen peroxide and molecular oxygen are involved in the photocatalytic
oxidation reactions. The reaction rate of hydroxyl radical with tyrosine (1.3×1010 M-1s-1)[22]
is significantly higher than those of either the superoxide ion or the singlet oxygen
(1.0±0.2×101 M-1s-1 and 0.8–0.9×107 M-1s-1, respectively).[10] Moreover, the oxidation of
tyrosine residue is more likely to be mediated by hydroxyl radicals than by surface holes
since basic reaction conditions (pH 10.5) were chosen to prevent the adsorption of the
peptides onto the TiO2 surface. At this pH, the TiO2 surface is negatively charged[105] and
electrostatic repulsion orients the negatively charged phenolic moiety of the tyrosine residue
and the negatively charged phosphate group at the phosphorylated tyrosine out from the
TiO2 surface, which results in decreased interaction and oxidation of tyrosine residues of
the peptides with the holes. It has also been suggested that organic molecules should be
adsorbed onto the TiO2 surface[103] to react with the short-lived singlet oxygen (lifetime 23 μs).[102] Hence, hydroxyl radicals obviously play a major role in initiating oxidation
reactions of the tyrosine residue of the studied peptides.
Xu and Chance presented a scheme for a hydroxyl radical-initiated oxidation mechanism
of tyrosine residue[22] in which the hydroxyl radical reacts rapidly with the tyrosine residue
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that produces the dihydroxycyclohexadienyl radical (Figure 5). The most obvious reaction
site is the meta-position, due to the directing effect of the original hydroxyl substituent at
the para-position. The dihydroxycyclohexadienyl radical then reacts with oxygen (via
addition), followed by the elimination of the hydroperoxyl radical to form αhydroxycyclohexadienone, which is finally converted to 3,4-dihydroxyphenylalanine
residue (DOPA) (M+O product). Further hydroxylation of DOPA via the same oxidation
mechanism can produce trihydroxyphenylalanine residue (M+2O product). The inhibitory
effect of phosphorylation upon the oxidation of tyrosine may be explained by the presented
oxidation mechanism. The phosphorylation of the hydroxyl group of tyrosine (paraposition) prevents the formation of the α-hydroxycyclohexadienone intermediate, and thus,
inhibits oxidation of phosphorylated tyrosine. Even if the two meta-positions of each
tyrosine are the favored oxidation sites, our results suggest that oxidation may also occur at
other positions since four different M+O products of IR1A were oxidized at Y9, three
different M+O products of IR1A were oxidized at Y10, and three different M+O products
of IR1C were oxidized at Y9. However, the exact oxidation site at tyrosine was not
elucidated in this study.

Figure 5 Hydroxyl radical-mediated oxidation of tyrosine (adapted from [22]).

4.2 Imitation of phase I metabolism by titanium dioxide
photocatalysis
First, the TiO2 photocatalytic reaction conditions were optimized for oxidation of small drug
molecules with different polarities using buspirone and testosterone as model compounds
(II, III). The feasibility of TiO2 photocatalysis for imitation of phase I metabolism was
compared with that of EC-Fenton and direct EC (II). Buspirone, promazine, testosterone,
and 7-ethoxycoumarin were chosen as test compounds as their metabolism covers the most
common phase I reactions such as aliphatic hydroxylation, aromatic hydroxylation, Noxidation, S-oxidation, N-dealkylation, and O-dealkylation. The reaction products from
TiO2 photocatalysis, EC-Fenton, and direct EC reactions were compared with the phase I
metabolites produced in vitro by human liver microsomes. The feasibility of TiO2
photocatalysis for imitation of phase I metabolism of anabolic steroids was studied by
comparing the photocatalytic reaction products of metandienone, methyltestosterone,
nandrolone, stanozolol, and testosterone to the in vitro phase I HLM metabolites (III).
UHPLC-ESI-MS methods were developed for the analysis of reaction products (II, III).
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4.2.1 Optimization of photocatalytic reaction conditions
In TiO2 photocatalysis, addition of organic solvent to water was necessary in order to
increase the solubility of anabolic steroids and 7-ethoxycoumarin. Acetonitrile was selected
as an organic solvent because it has weaker radical scavenging activity than methanol[135]
The effect of acetonitrile on the photocatalytic oxidation reaction rates and routes was
studied using three different solvent conditions per compound: 100% water, 1% and 50%
acetonitrile in water were used for buspirone (II), whereas 1%, 50%, and 95% acetonitrile
in water were used for testosterone (III).
The reaction products formed very fast in 100% water, and the intensity of the main
products of buspirone was highest at 15 s (Figure 6). At longer UV exposure times, the
initial products underwent further reaction or degradation. Acetonitrile effectively slowed
down the photocatalytic reactions even at 1% concentration, and the highest intensity of the
main products was observed at 2 min. The effect was even more pronounced at 50% and
95% concentrations of acetonitrile. At 50% acetonitrile concentration, the intensities of the
products continuously increased within the 30-min time-frame studied. In 95% acetonitrile,
however, the formation of the products became slower than their degradation by the end of
the 30-min period.
Acetonitrile scavenges hydroxyl radicals,[135] which slows down the hydroxyl radicalmediated photocatalytic reaction. Acetonitrile was found not only to inhibit but also to direct
the photocatalytic reactions; the increase of acetonitrile concentration completely inhibited
a few of the products formed at the lowest acetonitrile concentration (buspirone 0%,
testosterone 1%) (Figure 7). In addition, completely new products not observed at the lowest
acetonitrile concentration were formed with increasing acetonitrile concentration (Figure
7). Detailed lists of the reaction products can be found in original publications II (buspirone)
and III (testosterone). The reaction products of buspirone in 100% water and testosterone in
1% acetonitrile were similar to those described in Sections 4.2.2 and 4.2.3, even though not
all the isomeric compounds were separated in the reaction condition optimization phase.
The increase of acetonitrile concentration also changed the relative abundances of the
reaction products. As an example, 100% water favored formation of a
hydroxylation+dehydrogenation product (M+O-2H, m/z 400, tR 4.51 min) of buspirone over
the formation of dehydrogenation (M-2H, m/z 384, tR 5.47 min) and N-,N-deethylenation
(M-C2H2 m/z 360, tR 4.45 min) products (Figure 6). Increasing acetonitrile concentration
clearly inhibited formation of the M+O-2H product and favored formation of the M-2H and
M-C2H2 products of buspirone. In the case of testosterone, the same products were observed
in 1% and 50% acetonitrile (Figure 7), although their relative intensities were different.
Acetonitrile concentrations of 50% and 95% clearly favored the formation of a
dehydrogenation product (M-2H, m/z 287.20, tR 3.34 min) over the formation of
hydroxylation (M+O, m/z 305.21, tR 2.99 min) and hydroxylation+dehydrogenation (M+O2H, m/z 303.19, tR 2.67 min) products, whereas these three product types were formed with
relatively similar abundances in 1% acetonitrile (Figure 6). In general, the formation of
M+O and M+O-2H products was less abundant and slower in 95% acetonitrile than in 50%
acetonitrile. The addition of acetonitrile, having electron scavenging capability, inhibited
formation of ROS, and thus, formation of hydroxylation products. Therefore, at higher
acetonitrile concentrations buspirone and testosterone instead reacted directly with the
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photogenerated holes on the TiO2 surface via one electron oxidation to produce
dehydrogenation and, in the case of buspirone, N-dealkylation products.

Figure 6 Degradation of buspirone and testosterone and formation of selected reaction
products in TiO2 photocatalysis.

Higher acetonitrile percentages with longer UV exposure times produced greater
abundance of oxidation products in most cases (Figure 6). This is probably due to the slower
degradation of formed products and may be useful in photocatalytic synthesis of metabolite
standards. The possibility to use acetonitrile as a solvent enables oxidation of very poorly
water-soluble compounds by TiO2 photocatalysis. However, the amount of acetonitrile was
kept to a minimum in this study in order to simulate physiological conditions and because
the reactions were much faster and more convenient than with higher acetonitrile
percentage. Thus, UV exposure times of 15 s and 2 min were chosen for TiO2 photocatalysis
in 100% water (buspirone and promazine) and 1% acetonitrile (metandienone,
methyltestosterone, nandrolone, testosterone, and 7-ethoxycoumarin), respectively.
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Stanozolol was not soluble enough in 1% acetonitrile, and thus, 50% acetonitrile and UV
exposure time of 15 min were chosen for stanozolol.

Figure 7 Effect of acetonitrile on the TiO2 photocatalytic reaction products of buspirone and
testosterone.

4.2.2 Comparison of titanium dioxide photocatalysis, electrochemical
oxidation, and electrochemically assisted Fenton reaction for imitation of
phase I metabolism
The TiO2 photocatalytic, EC, and EC-Fenton reaction products of buspirone, promazine,
testosterone, and 7-ethoxycoumarin were compared with the in vitro phase I HLM
metabolites using UHPLC-MS (II). The high resolving power of the UHPLC allowed
separation of nearly all isomeric compounds. The good repeatability of the retention times
(RSD typically less than 0.5%), together with the mass spectrometric data, enabled reliable
comparison of the products of different oxidation methods. All reaction products were
observed as protonated molecules. In most cases, the product ion spectra of the imitation
reaction products and HLM metabolites with the same m/z of the protonated molecule
(tolerance 30 ppm) and retention time (tolerance 0.05 min) correlated well, indicating that
products and metabolites identified on the basis of m/z and retention time were indeed the
same. In the few cases where the product ion spectra were different, products having the
same retention time and precursor ion probably were different isomers.
To compare the reaction product profiles of different oxidation methods, the abundances
of the reaction products were normalized relative to the most abundant reaction product
obtained with the particular method. Products were classified as major (S), medium (M), or
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minor (W) according to their relative abundances (50–100%, 20–50% and 5–20%,
respectively). In view of the many trace products, reaction products of less than 5% relative
abundance were excluded from the comparison of the reaction products. Figure 8 shows the
main reaction pathways of buspirone, promazine, testosterone, and 7-ethoxycoumarin. The
product ion spectra allowed tentative structural assignment of most reaction products of
buspirone, promazine, and 7-ethoxycoumarin. The oxidation sites of the isomeric reaction
products of testosterone could not be identified based on the product ion spectra, but a major
product was identified as androstenedione using a standard. The detailed comparison of the
reaction products formed in HLM incubations, TiO2 photocatalysis, EC-Fenton, and direct
EC is presented in Tables 10-13, and the reactions are briefly discussed by compound.
Buspirone
The HLM metabolism reactions of buspirone included aromatic hydroxylation, aliphatic
hydroxylation of R3 and R4 with or without subsequent dehydrogenation, N-oxidation of
R2, loss of the ethylene group from R2, N-dealkylation between R2 and R3, and
combinations of these (Table 10, see Figure 8 for explanation of the R-groups). All of these
reaction types, except N-oxidation, were observed in TiO2 photocatalysis and EC-Fenton,
but the combinations of reactions and isomers were often different from those in HLM
metabolism. The oxidation reactions were mostly similar in TiO2 photocatalysis and ECFenton, and typically proceeded further than in HLMs; for example, dehydrogenation
followed hydroxylation, and multiple hydroxylations of pyrimidine and opening or
fragmentation of the pyrimidine ring were observed. EC was not capable of aromatic or
aliphatic hydroxylation, but was the only imitation method that produced N-oxides, as
suggested by the late elution[117] and the product ion spectra of these products.
Promazine
HLM metabolism reactions of promazine included N-demethylation, S-oxidation, aromatic
hydroxylation, N-oxidation, and dehydrogenation, alone or in different combinations (Table
11, Figure 8). TiO2 photocatalysis and EC-Fenton mainly produced sulfoxides and aromatic
hydroxylation products. EC also produced sulfoxides and was the only imitation method
capable of N-dealkylation of promazine. None of the imitation methods produced the HLM
metabolite promazine N-oxide. Again, the oxidation typically proceeded further in TiO2
photocatalysis and EC-Fenton than in HLM reactions.
Testosterone
The main reactions of testosterone in phase I HLM metabolism, TiO2 photocatalysis, and
EC-Fenton reactions were hydroxylation and dehydrogenation and combinations of these,
but the isomers were partly different in each system (Table 12, Figure 8). Minor reactions
unique to each of the systems were also observed. Direct EC failed to oxidize testosterone
at all.
7-ethoxycoumarin
TiO2 photocatalysis and EC-Fenton imitated only the main HLM metabolism reaction of 7ethoxycoumarin, which was O-deethylation leading to 7-hydroxycoumarin (Table 13,
Figure 8). Overall, the HLM, TiO2 photocatalysis, and EC-Fenton reactions of 742

ethoxycoumarin produced only a few products. Direct EC failed to oxidize 7ethoxycoumarin at all.

Figure 8 Pathways for formation of the main reaction products of buspirone, promazine,
testosterone, and 7-ethoxycoumarin in HLM metabolism, TiO2 photocatalysis, EC-Fenton,
and direct EC (see Table 1 for examples of the reactions). a Aromatic hydroxylation of the
3-position most likely [136]; b Allylic hydroxylation of the 6β-position most likely. [137, 138]
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M+2O b,c

C21H31N5O4
Hydroxylation of R1 and R4
Dihydroxylation of R4
Hydroxylation of R4, N-oxidation of R2
Dihydroxylation of R4
Dihydroxylation of R4
Hydroxylation of R1 and R3 or R4
Hydroxylation of R4, N-oxidation of R2
Hydroxylation of R2 and R4
Hydroxylation of R4, N-oxidation of R2

2.53
3.05
3.19
3.50
3.96
4.02
4.79
5.38
5.50
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Dihydroxylation of R4
d

Hydroxylation of R3, N-dealkylation

2.45

5.30

N-dealkylation

N-oxidation of R2

5.59
0.80

Hydroxylation of R1 d

4.86

418.245

C13H21NO3

C8H12N4

Hydroxylation of R4

4.18

M+O-R1-R2 c

Hydroxylation of R4

3.44

240.160

Hydroxylation of R4

3.22

M-R3-R4 a,c,d

Hydroxylation of R4 d

165.114

Hydroxylation of R3 or R4

2.79

Tentative structural assignment

2.61

5.03

C21H31N5O3

M+O a,b,c

C21H31N5O2

Buspirone

402.251

tR

386.256

Formula
(min)

Reaction product

(calc.)

[M+H]+

Imitation of HLM metabolites of buspirone by TiO2 photocatalysis, EC-Fenton, and EC.
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x
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x
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M-2H b

M-151

M-R1 c,d

M-36 d

M-CH2

M-8

M+O-CH2

M+O-4H

M+20

400.235

384.240

235.145

308.234

350.256

372.240

378.251

388.235

398.219

406.245

C20H31N5O4

C21H27N5O3

C20H29N5O3

C19H31N5O3

C20H29N5O2

C18H31N5O2

C17H29N3O2

C13H18N2O2

C21H29N5O2

C21H29N5O3

Hydroxylation and dehydrogenation of R2
Hydroxylation and dehydrogenation of R3

5.40
5.53

Dehydrogenation of R2

5.55

3.49
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Dihydroxylation and fragmentation of R1

Hydroxylation and 2x dehydrogenation

N-oxidation and demethylation of R2

6.76
2.46

Hydroxylation and demethylation of R2

Hydroxylation and fragmentation of R1

Demethylation

Fragmentation of R1

N-dealkylation

4.33

3.32

4.43

3.05

3.59

N,N-dealkylation of R2, 2x dehydrogenation

Dehydrogenation of R2

5.38
5.26

Dehydrogenation of R2

Hydroxylation and dehydrogenation of R2

4.69

6.06

Hydroxylation and dehydrogenation of R4

or R4

Hydroxylation and dehydrogenation of R4 d

2.83

N,N-deethylenation of R2

N-dealkylation

Dihydroxylation and dehydrogenation of R3,

Tentative structural assignment

2.24

4.38

M-C2H2 b

360.240

C19H29N5O2

4.92

C13H19NO4

M+2O-2H-R1-R2 c

tR

254.139

Formula
(min)

Reaction product

W

W

W

W

HLM

M

W

W

M

W

W

W

W

M

W

W

S

S

M

TiO2

Imitation of HLM metabolites of buspirone by TiO2 photocatalysis, EC-Fenton and EC.

(calc.)

[M+H]+

Table 10 continued

EC-

W

M

M

M

W

M

W

W

W

W

M

S

M

Fenton

EC-

S

M

M

acidic

EC-

M

S

W

S

basic

M+O+NH3-2H

M+2O-2H

M+3O-CH2

M+4O-CH2

M+3O c

M+3O+4H

415.246

416.230

420.225

434.204

434.240

438.272

2.75

2.65

2.56

4.05

7.24

7.13

2.73

2.16

5.10

Trihydroxylation of R1, opening of pyrimidine

ring, 2 x hydrogenation

Trihydroxylation of R1, opening of pyrimidine

Trihydroxylation of R4

hydroxylation and dehydrogenation of R4

Trihydroxylation and demethylation of R1,

Trihydroxylation and demethylation of R1 or R2

2x N-oxidation and dehydrogenation of R2

dehydrogenation of R4

Hydroxylation of R1, hydroxylation and

dehydrogenation of R4

Hydroxylation of R2, hydroxylation and

addition of ammonia to R2

Hydroxylation and dehydrogenation of R2,

Dihydroxylation 2x dehydrogenation of R2

Dihydroxylation and fragmentation of R1

Tentative structural assignment

HLM

W

M

W

W

W

TiO2

EC-

W

W

W

W

S

W

W

Fenton

EC-

S

acidic

EC-

W

M

basic
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ring, 2 x hydrogenation
S = 50–100%, M = 20–50%, W = 5–20% of the peak area of the most abundant reaction product of the particular method.
Buspirone groups R1-R4 are explained in Figure 8.
Observed earlier in HLM incubations: a five M+O metabolites: 5-hydroxybuspirone, 3’-hydroxybuspirone, 6’-hydroxybuspirone, oxa-buspirone and buspirone N-oxide
[139] b
; six M+O metabolites, seven M+2O metabolites [140]; c six M+O metabolites, seven M+2O metabolites, three M+O metabolites.[141]
d
Observed earlier in TiO2 photocatalysis: hydroxylation of R4: three M+O products; hydroxylation and dehydrogenation of R4: two M+O-2H products; hydroxylation of
both R1 and R4: two M+2O products.[30]
* Produced at 800 mV. Other EC-acidic and EC-basic reaction products were produced at 1000 mV and 1200 mV potentials, respectively.

C21H35N5O5

C21H31N5O5

C20H27N5O6

C20H29N5O5

C21H29N5O4

C21H31N6O3

5.50

3.32

C21H27N5O4

M+2O-4H

C20H33N5O4

M+22

414.214

tR

408.261

Formula
(min)

Reaction product

Imitation of HLM metabolites of buspirone by TiO2 photocatalysis, EC-Fenton, and EC.

(calc.)

[M+H]+

Table 10 continued

Reaction

product

Promazine

M-CH2

M+O

M+O-CH2

M+2O b

M+2O-2H

M+2O+2H

M+3O

M+3O+2H

[M+H]+

(calc.)

285.143

271.127

301.138

287.122

317.132

315.117

319.148

333.127

335.143

C17H22N2O3S

C17H20N2O3S

C17H22N2O2S

C17H18N2O2S

C17H20N2O2S

C16H18N2OS

C17H20N2OS

C16H18N2S

C17H20N2S

Formula

M+2O in phenothiazine

4.61

5.17

4.81

4.90
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2x S-oxidation, aromatic hydroxylation, hydrogenation

2x S-oxidation, aromatic hydroxylation

S-oxidation, N-oxidation, dehydrogenation

2x S-oxidation
S-oxidation and N-oxidation or aliphatic hydroxylation

4.30
4.45

S-oxidation, aromatic hydroxylation, dehydrogenation

M+2O in phenothiazine

4.05

5.84

S-oxidation, hydroxylation of phenothiazine

4.71

M+2O in phenothiazine

3.62

Aromatic hydroxylation, N-demethylation

3.36

S-oxidation, N-demethylation

N-oxidation

7.71

5.64

Aromatic hydroxylation

5.57

3.95

S-oxidation a,b

N-demethylation a

Tentative structural assignment

3.97

7.05

6.95

(min)

tR

Imitation of HLM metabolites of promazine by TiO2 photocatalysis, EC-Fenton, and EC.

W

W

W

W

W

M

S

S

S

x

HLM

W

W

W

W

W

W

W

M

W

W

S

x

TiO2

EC-

W

W

W

S

Fenton

EC-

W

M*

W

S

acidic

EC-

S

M

S

x

basic

product

M+O-

(calc.)

216.048

M+O-2H

M+O+NH3-

299.122

300.117

CH2-2H

M+O+NH3-

C16H19N3OS

C16H17N3OS

C17H18N2OS

C15H16N2OS

C16H16N2S

C12H9NSO

Formula

2.86

4.86

1.29

3.93

2.95

5.82

(min)

tR

addition of ammonia

S-oxidation, N-demethylation, dehydrogenation,

addition of ammonia

S-oxidation, N-demethylation, 2x dehydrogenation,

S-oxidation, dehydrogenation

S-oxidation, 2x N-demethylation

N-demethylation, dehydrogenation

dealkylation)

phenothiazine sulfoxide (resulting from S-oxidation, N-

Tentative structural assignment

HLM
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TiO2

Imitation of HLM metabolites of promazine by TiO2 photocatalysis, EC-Fenton, and EC.

S = 50–100%, M = 20–50%, W = 5–20% of the peak area of the most abundant reaction product of the particular method.
EC-acidic and EC-basic reaction products were produced at 1000 mV and 600 mV potentials, respectively.
a
Observed earlier in HLM incubations.[136]
b
Observed earlier in EC experiments: two M+2O products.[142]

302.133

M+O-2CH2

273.106

CH2-4H

M-CH4

269.111

C5H11N

Reaction

[M+H]+

Table 11 continued

ECFenton

EC-

W

W

acidic

EC-

M*

M

W*

W

S

M

basic

Imitation of HLM metabolites of testosterone by TiO2 photocatalysis, EC-Fenton,
and EC.

[M+H]+ (calc.)

Reaction product

Formula

tR (min)

HLM

TiO2

EC-Fenton

289.217

Testosterone

C19H28O2

9.44

x

x

x

305.212

M+O a, b

C19H28O3
M

W

W

W

W

3.41
4.25

W

4.54
4.82

W

5.35

S

5.87

M

M

W

W

W*

W*

W

W

W

W

S

S

W

M*

W

M*

4.55

M

W

4.97

W

6.34
6.72

W

6.94

W

6.99

287.201

M-2H a, c

7.20

W

7.50

M

8.72

S

C19H26O2
9.13

303.196

M+O-2H

W
W

9.25

W

4.14

W

C19H26O3

5.12

W

5.32
5.40

W
W

M

W

6.01

W

W

6.42

W

W

7.29

W
W

285.186

M-4H

C19H24O2

8.26

301.180

M+O-4H

C19H24O3

2.37

W

323.186
M+3O-CH2
C18H26O5
9.96
M
S = 50–100%, M = 20–50%, W = 5–20% of the peak area of the most abundant reaction product of the
particular method.
a
Observed earlier in HLM incubations: androstenedione, 1α-, 1β-, 2α-, 2β-, 6α-, 6β-, 7α-, 11β-, 15β-, 16α-,
16β-, and 18/12α-hydroxylation, 6β the major hydroxylation site (see Figure 8) [137, 138, 143, 144];
b
Observed earlier in EC-Fenton experiments: two M+O products [26];
c
The major M-2H product was androstenedione, as confirmed through comparison with a standard by MS/MS.
* The product ion spectrum does not correlate well enough with the spectrum of the HLM metabolite,
indicating different isomers.
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Imitation of HLM metabolites of 7-ethoxycoumarin by TiO2 photocatalysis, ECFenton, and EC.

[M+H]+

Reaction

(calc.)

product

Formula

tR

Tentative

(min)

structural

HLM

TiO2

ECFenton

assignment
191.071

7-ethoxy-

C11H10O3

6.64

C9H6O3

3.79

x

x

x

S

M

S

S

S

coumarin
163.040

M-C2H4 a

Deethylation to
7-hydroxycoumarin

183.102

M+O+4H-CO

C10H14O3

4.64

179.034

M+O-C2H4

C9H6O4

2.73

M
Hydroxylated 7-

W

hydroxycoumarin b
197.081

M+O-CH2+4H

C10H12O4

3.92

205.050

M+O-2H

C11H8O4

4.32

W
Hydroxylation and
dehydrogenation of
the ethylene moiety

207.066

M+O a

C11H10O4
4.69

Hydroxylation of

M

4.78 coumarin
M
W
S = 50–100%, M = 20–50%, W = 5–20% of the peak area of the most abundant reaction product of the
particular method.
a
Observed earlier in HLM incubations: 7-hydroxycoumarin, 3- and 6-hydroxylations [143]; b 3-hydroxylation
(see Figure 8 for numbering) is most likely to occur.[145, 146]

TiO2 photocatalysis was able to produce almost half (44%) of the HLM metabolites; the
coverage was considerably poorer for EC-Fenton (31%), and direct EC (coverage 11%)
failed to produce most of the HLM metabolites (Equation 2). All of the imitation methods
produced also several products other than HLM metabolites (Figure 9). In total, EC
produced the smallest number of reaction products, whereas TiO2 photocatalysis, ECFenton, and HLM reactions were close to each other in the total number of reaction products.
The main phase I HLM metabolism reactions of the model drugs covered the most
common phase I reactions such as hydroxylation, dehydrogenation, N-dealkylation, Odealkylation, N-oxidation, and S-oxidation (Table 14). All of these reaction types, except
N-oxidation, were observed commonly in TiO2 photocatalysis and EC-Fenton reactions,
where the hydroxyl radical-based mechanism enables reactions beginning with hydrogen
atom abstraction. However, TiO2 photocatalysis and EC-Fenton reaction often overoxidized
the compounds (e.g. hydroxylation followed by dehydrogenation) as compared with in vitro
metabolism. Direct EC was mainly capable of N-dealkylation and S-oxidation reactions,
which can begin with single electron transfer. TiO2 photocatalytic reaction can begin both
by hydrogen atom abstraction by hydroxyl radicals and by single electron transfer to an
electron hole on the TiO2 surface, both of which are essential mechanisms in CYP450
catalyzed phase I metabolism. This may account for the better ability of TiO2 photocatalysis
to imitate HLM metabolites relative to EC and EC-Fenton. TiO2 photocatalysis was also
much faster than EC-Fenton and the traditional in vitro methods. Despite the possibility for
the same reaction types, different isomeric products and combinations of reactions often
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occurred, owing to the different selectivities of the compared oxidation methods. All in all,
the highly selective enzymatic reactions cannot be comprehensively imitated by any of the
imitation methods and none of the compared imitation methods allow exact prediction of
the metabolism of a novel drug. Nonetheless, some of the imitation reaction products not
found in HLM could be clinically relevant, as all of the drug-metabolizing enzymes are not
present in HLMs. In addition, other nonbiological oxidation products could form through,
for example, incorrect storage of the medicinal preparation.

(2)

 ݁݃ܽݎ݁ݒܥൌ

௨௧௦௧ௗ௨௧௦
௧௧௧௦ௗுெ௧௦
ͲͲͳݔΨ
௧௧௨௧௧௦ௗ௨ௗ௬ுெ

Figure 9 Summary of imitation of HLM metabolites of buspirone, promazine, testosterone, and
7-ethoxycoumarin by TiO2 photocatalysis, EC-Fenton, and EC. The number of the products
is given in the bars. No reaction products of testosterone and 7-ethoxycoumarin were
observed in EC-acidic.

51

x
x

EC-Fenton

x

x

TiO2

EC-Fenton

x

x

EC-Fenton

EC-acidic
n.a. = reaction not applicable for the compound

x

x

x

TiO2

n.a.
hydroxylation of the
coumarin structure

n.a.

HLM

7-ethoxycoumarin

EC-acidic

x

x

Testosterone
HLM

x

x

x

x

x

EC-basic

n.a.

x

EC-acidic

n.a.

x

x

TiO2
x

x

x

Promazine
HLM

x

x

x

EC-basic

x

EC-Fenton

x

x

Dehydrogenation

x

x

TiO2

Aromatic
hydroxylation

EC-acidic

x

Buspirone
HLM

Aliphatic
hydroxylation

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

x

x

x

x

Noxidation
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n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

x

x

x

x

x

n.a.

n.a.

n.a.

n.a.

n.a.

Soxidation

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

x

x

x

x

x

x

x

x

Ndealkylation

x

x

x

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

Odealkylation

x

x

x

Hydrogenation

Main reaction types observed in HLM phase I metabolism, TiO2 photocatalysis, EC-Fenton, and EC reactions.

x

x

Addition of
ammonia

4.2.3 Imitation of phase I metabolism of anabolic steroids by titanium
dioxide photocatalysis
Compared with EC and EC-Fenton, TiO2 photocatalysis proved the most suitable for
oxidation of nonpolar compounds such as testosterone (II). Thus, TiO2 photocatalysis was
also applied to imitation of phase I metabolism of anabolic steroids (III). The photocatalytic
reaction products of commonly used doping substances metandienone, methyltestosterone,
nandrolone, stanozolol, and testosterone were compared with their phase I metabolites
produced by HLMs.
The good chromatographic performance of the developed UHPLC-MS method was
recognized as narrow, and non-tailing peaks, and relative standard deviations of retention
times were typically less than 0.25%. This allowed separation of several isomeric oxidation
products formed in HLM metabolism and TiO2 photocatalysis. ESI mass spectra of the
anabolic steroids and their oxidation products showed an abundant protonated molecule
with few fragment ions typically formed by the loss of one or two water molecules. A few
products observed with the same m/z and retention time in the HLM metabolism and TiO2
photocatalysis showed, however, differing product ion spectra, indicating that these
products were different isomers. The different isomeric products can be attributed to the
different selectivity of the enzymatic reactions and the hydroxyl radical attack in TiO2
photocatalysis.
The main reaction types both in TiO2 photocatalysis and phase I HLM metabolism of
the anabolic steroids were hydroxylation (M+O), dehydrogenation (M-2H), and a
combination of these (M+O-2H) (Figure 10, see Table 1 for examples of the reactions). In
total, TiO2 photocatalysis produced 31% of all the HLM reaction products of all the steroids
studied (Equation 2). The HLM metabolites and photocatalytic reaction products of
testosterone conformed well to those found in Study II. As a whole, the main phase I HLM
metabolism reactions of methyltestosterone, nandrolone, testosterone, and stanozolol were
imitated considerably better than those of metandienone. The reaction products are briefly
discussed by product type below.
TiO2 photocatalysis produced 50% of the M-2H metabolites of the anabolic steroids
studied (Equation 2). The M-2H metabolites of structurally similar methyltestosterone,
nandrolone, and testosterone were imitated well by TiO2 photocatalysis (Figure 10). The
main M-2H product of testosterone was identified as androstenedione by comparison of the
product ion spectrum to that of a standard. 17-keto metabolites are the main excreted
metabolites of anabolic steroids having a secondary 17β-hydroxy group such as testosterone
and nandrolone (see testosterone in Figure 10 for numbering of the steroid skeleton).[147]
Thus, the main M-2H product of nandrolone is most likely formed by oxidation of 17βhydroxyl to ketone. Metandienone, methyltestosterone, and stanozolol also formed an M2H metabolite each. Nevertheless, the 17α-methyl group of methyltestosterone,
metandienone, and stanozolol should inhibit their 17β-oxidation. Therefore, the M-2H
metabolite is likely to result from formation of a double bond in the steroid skeleton. The
most obvious site of dehydrogenation in the steroid skeleton is the C6-C7 bond since in this
case the increased degree of conjugation of double bonds stabilizes the product via π53

electron delocalization. Dehydrogenation of the C6-C7 bond has also been observed in
human in vivo metabolism of methyltestosterone[148] and metandienone.[147] A few isomeric
M-2H products, which were not formed in HLM reactions, were formed in TiO2
photocatalysis of each of the steroids.

Figure 10 Imitation of steroid HLM metabolites by TiO2 photocatalysis.The number of the
products is given in the bars.

TiO2 photocatalysis imitated 55% the M+O metabolites of all the steroids studied
(Equation 2). The M+O metabolites of metandienone were imitated remarkably poorer than
those of other steroids (Figure 10). Seven hydroxylation products were observed in HLM
metabolism of testosterone. These include most likely the 1β-, 2β-, 6β-, 11β-, 15β-, and 16βhydroxytestosterones previously found in HLM reactions, of which the 6β-hydroxylation
product is the dominant metabolite.[137, 138, 144] Also minor 1α-, 2α-, 6α-, 7α-, 16α-, and
18/12α-hydroxylation products of testosterone have been found in HLM incubations.[143]
The metabolism of the other steroids used in this study has mainly been examined using
human subjects,[149-151] various animal species,[152-154] or in vitro using liver preparations
from different animals.[143, 155] These former studies cannot, however, be directly compared
54

with the HLM results in this work because of species differences in metabolism and
differences between excreted metabolites and other metabolites formed in the body.
Generally, TiO2 photocatalysis imitated the M+O-2H metabolites poorer (26%) than the
M-2H and the M+O metabolites (Figure 10). The combination of two reactions can produce
more possible isomers and the probability that the same isomers are formed in both systems
is lower. In addition to M-2H, M+O, and M+O-2H products, dihydroxylation products
(M+2O) were formed mainly in HLM reactions, and products formed by
dihydroxylation+dehydrogenation (M+2O-2H) were favored by TiO2 photocatalytic
reactions. This implies that the oxidation proceeds further in TiO2 photocatalysis than in
HLM metabolism, as also observed in Study II. In addition, a few other minor oxidation
products were observed in TiO2 photocatalysis (Figure 10).
Importantly, TiO2 photocatalysis proved capable of producing over half of the M+O
products of anabolic steroids. Capability of aliphatic hydroxylation is essential for the
imitation of phase I metabolism of anabolic steroids, which can be enzymatically
hydroxylated at numerous sites.[138, 141, 149, 150, 156, 157] TiO2 photocatalysis may provide a
valuable way to oxidize also other nonpolar and hydrophobic compounds.

4.3 Titanium dioxide photocatalysis – desorption electrospray
ionization mass spectrometry rotating array platform
TiO2 photocatalytic reactions are very fast, especially if no organic solvent is needed.
However, the removal of the nanoparticles and the LC-MS analysis step are timeconsuming. A TiO2-coated nanoreactor μPESI chip provided much faster photocatalytic
experiments than conventional methods.[31] The fabrication of μPESI chip is, however,
demanding and requires the use of expensive clean-room facilities. To omit the complicated
microfabrication and the need for pretreatment and to enhance the speed of analysis, a TiO2
photocatalysis-DESI-MS rotating array platform for high-throughput screening of oxidation
products was developed in this study. For this purpose, a round glass wafer was coated with
photocatalytically active anatase-phase TiO2 using atomic layer deposition. The same TiO2coated glass wafer was used as a sample platform for photocatalytic reactions and DESIMS analysis (Figure 11). The performance of the TiO2 photocatalysis-DESI-MS rotating
array platform was characterized and its capability for imitation of phase I metabolism
reactions was studied using amodiaquine, buspirone, and verapamil as model drug
compounds. The feasibility of the platform for high-throughput screening of oxidation
products was investigated using 12 model drug compounds (amodiaquine, buspirone,
verapamil, amphetamine, propranolol, metoprolol, nicotine, lidocaine, quinidine,
moperone, atenolol, and nadolol).
The X-ray diffraction analysis of the TiO2-coated glass wafer proved that the film crystal
structure was photoactive polycrystalline anatase, which provides efficient and fast TiO2
photocatalytic oxidation reactions.[31, 95-97] Microscopic examination of the coated wafer
appearance and the UV-VIS reflectometry showed the TiO2 film was uniform, with a
thickness of 100 nm ensuring repeatable oxidation experiments. Owing to the stability of
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the film, the TiO2-coated glass wafer could be reused by washing the sample residues from
the surface after DESI analysis.
The volume of the sample needed for the oxidation reaction was only 1 μL. This is
significantly less than in nanoparticle-based photocatalytic methods or in in vitro
metabolism assays, where the sample volumes are typically hundreds of microliters.
Approximately 70 samples could be introduced onto the rim of one TiO2-coated glass wafer
(Figure 11), allowing high-throughput experiments.
All samples on the TiO2-coated glass wafer could be exposed to UV at the same time
offline using large diameter UV lamp (Figure 11a). UV exposure times of 30 s, 45 s, and
120 s were the most suitable for producing oxidation products of verapamil, buspirone, and
amodiaquine, respectively. Longer exposure times resulted in increased decomposition.
Analysis of samples from an uncoated glass wafer with UV exposure as well as from TiO2coated glass without UV exposure showed no oxidation products. Thus, the oxidation
products of the model compounds were formed only upon UV-initiated TiO2 photocatalytic
oxidation reactions.
Alternatively, the samples were UV exposed online while the TiO2-coated glass wafer
rotated and transferred the exposed samples to DESI-MS analysis (Figure 11b). The reaction
products of amodiaquine, buspirone, and verapamil obtained using online (100-120 s) UV
exposure were similar to those obtained via offline exposure. In the online method, the
exposure time was determined by the diameter of the UV beam and the rotation speed,
which must be optimized to allow proper exposure and analysis times. Therefore, the offline
mode offered higher throughput than the online mode in this work.

Figure 11 A schematic picture of the experimental a) offline and b) online TiO2
photocatalysis–DESI-MS rotating array platform setups (not in scale). MS = mass
spectrometer.
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The repeatability and sensitivity of DESI-MS analysis were dependent on the rotation
speed of the wafer and positioning of the DESI sprayer and sample relative to the capillary
extension inlet. In this work, the optimal rotation speed for maximum sensitivity and
stability was 15 mm min-1, which allowed analysis of four samples within one minute. As
previously reported,[158] the positioning of the DESI sprayer and the sample spot relative to
the flared capillary extension inlet was not as critical as with a conventional “straight”
capillary extension inlet. The signal-to-noise ratio was highest when the distance of the
sample from the flared capillary extension inlet was between 10 mm and 17 mm and did not
significantly change within this range. The repeatability of the method was tested with
verapamil samples exposed to UV offline for 30 s (Figure 12). The average relative standard
deviation of the peak areas of a six-replicate DESI-MS analysis of verapamil and its main
oxidation products was 16%. The repeatability was typical for DESI-MS analysis,[159-161]
although it also included the repeatability of TiO2 photocatalysis.

Figure 12 Extracted ion profiles of verapamil (six parallel samples) and its main reaction
products after offline TiO2 photocatalysis of 30 s.

To demonstrate the feasibility of the TiO2 photocatalysis–DESI-MS rotating array
platform for high-throughput screening of oxidation products, 12 drug compounds were UV
exposed offline for 30 s. Oxidation products of all test compounds were observed using only
one compromised UV exposure time (Table 15). However, optimization of the UV exposure
time separately for each compound might enable more efficient conversion of the
compounds to the products.
The feasibility of the TiO2 photocatalysis–DESI-MS rotating array platform for
imitation of drug metabolism reactions was studied with buspirone, verapamil, and
amodiaquine as model drug compounds. The DESI-MS spectra of the model compounds
and their oxidation products showed abundant protonated molecules ([M+H]+), which were
used as precursor ions in MS/MS analysis. The main TiO2 photocatalytic oxidation products
detected were formed by oxidation, hydroxylation, demethylation, and dehydrogenation and
their various combinations (Table 16). The photocatalytic reaction products of buspirone
and verapamil conformed well to the product types observed earlier in TiO2 photocatalysis
and HLM metabolism (II).[30, 31] However, in the case of amodiaquine, only a minor
hydroxylation product was observed. Aromatic hydroxylation of amodiaquine has been
reported to occur in human in vivo metabolism[162, 163] as well as with recombinant
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cytochrome P450 enzymes[164], but in combination with other reactions such as
deethylation. Aromatic hydroxylation is catalyzed by CYP1A1 and CYP1B1 isoforms,
which are mainly found in extrahepatic tissues, and therefore, the reaction is not observed
in HLM incubations.[164] Nevertheless, the major metabolite of amodiaquine is
deethylamodiaquine.[162, 163, 165] Detection of the reactive quinone imine metabolites of
amodiaquine and deethylamodiaquine[166] would likely require conjugation with, for
example, glutathione, imitating phase II metabolism. Imitation of phase II conjugative
metabolism in combination with TiO2 photocatalysis was recently demonstrated by
conjugating the reactive quinone imine formed in TiO2 photocatalytic oxidation of
paracetamol.[46] Minor TiO2 photocatalytic oxidation of amodiaquine relative to verapamil
and buspirone may relate to amodiaquine solution containing 0.25% acetonitrile (the stock
solution was made in acetonitrile), as even 1% acetonitrile inhibited considerably the
photocatalytic reaction performed with TiO2 particles (II).
TiO2 photocatalytic reaction products observed in high-throughput screening of
oxidation products after 30 s offline UV exposure.

Compound

Reaction

[M+H]+

Compound

356

Propranolol

M+O
Buspirone

[M+H]+

product

product
Amodiaquine

Reaction

372

260
M+2O

Metoprolol

386

292
268

M+O

402

M+O-2H

400

M+O-CH2

388

M-C2H2

360

M+2O

418

M+O-2H

249

M+2O-2H

416

M+O

251

M-2H

384

M-16

370

M-2H

323

M-36

350

M+2O

357

M+O

341

Verapamil

M+O-2H
Nicotine

163
M+O

Lidocaine

179
235

Quinidine

455

282

325

Moperone

M-CH2

441

M+O

471

M-HF

336

N-dealkylation

291

M+O

372

M+O-2H

469

M-2xCH2

427

M+2O

487

Amphetamine

356

Atenolol

267
M+O

Nadolol

283
310

136

M-2H

308

M+O

152

M+O

326

M+O-2H

150

M+O-2H

324

M+2O

168
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Reaction product types of buspirone, verapamil, and amodiaquine observed in
TiO2 photocatalysis–DESI-MS experiments, HLM metabolism[31, 167] (II), and TiO2
photocatalysis using nanoparticles (buspirone) or μPESI chip[31] (verapamil).

Reaction products

[M+H]+

observed in TiO2
photocatalysis–DESI-MS
Buspirone
Main products

Minor products

Minor products
Amodiaquine

Observed earlier
in TiO2

metabolism

photocatalysis
Particle-based

386
M+O*

402

x

x

M+O-2H*

400

x

x

M+O-CH2

388

M+2O

418

M+2O-2H

416

M-C2H2

360

x

M-2H

384

x

Verapamil
Main products

Observed
earlier in HLM

x
x

x
x
x
x
μPESI

455
M-CH2* (≥ 2 isomers)

441

x

M-2xCH2* (≥ 2 isomers)

427

x

M+O

471

x

x

M+O-2H* (≥ 3 isomers)

469

x

x

M-164, N-dealkylation

291

x

x

M+2O

487

x

M+2O-CH2

473
356

**

x

No data found

M+O*
372
*Tentative structural assignment based on product ion spectra (Figure 13)
** See the text above for the discussion of amodiaquine metabolism.

Although DESI-MS does not allow separation of isomeric reaction products, the MS/MS
analysis provides information of the modification site. The time-consuming LC-MS/MS
analysis does not necessarily allow more precise determination of the modification site even
if the reaction products are chromatographically separated. The product ion spectra of the
main photocatalytic products in TiO2 photocatalysis-DESI-MS rotating array platform
experiment allowed identification of oxidation sites of several reaction products (Figure 13).
The interpretation of the product ion spectra can be found in Manuscript IV. In the case of
buspirone, the oxidation sites of the reaction products could be identified using DESIMS/MS with similar precision as in LC-MS/MS analysis (II). However, the LC-MS/MS
analysis allowed separation of several isomeric reaction products of buspirone, which were
not observed based on the DESI-MS/MS spectra. In contrast, the DESI-MS/MS analysis of
the M-CH2, M-2xCH2 and M+O-2H reaction products of verapamil allowed identification
of several isomers. Nevertheless, TiO2 photocatalysis often produces different isomers than
those produced by enzymes, and analysis of these isomers may require proper
chromatographic separation to avoid false matches. Furthermore, the chromatographic
separation of isomeric compounds provides a more exact number of the formed reaction
products, facilitates the interpretation of the MS/MS spectra of the individual separated
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compounds, and allows use of data-dependent MS/MS methods as well as spectral
interpretation and metabolite identification software. The DESI-MS/MS and LC-MS/MS
approaches, however, are complementary and can be utilized according to the requirements
of the study. The TiO2 photocatalysis–DESI-MS rotating array platform is most suitable to
applications where rapid and easy screening is needed instead of rigorous separation of
possible isomeric products.

Figure 13 Tentative structural assignment of the photocatalytic reaction products of buspirone
(M+O and M+O-2H), verapamil (M-CH2, M-2xCH2 and M+O-2H), and amodiaquine
(M+O) on a TiO2-coated glass wafer (see Table 1 for examples of the reactions). M-CH2
product of verapamil ≥ 2 isomers: 1. O-demethylation of B ring and 2. O-demethylation of
A-ring or N-demethylation (the alternative reaction sites are italicized). M-2xCH2 products
of verapamil ≥ 2 isomers: 1. O-demethylation of B ring and O-demethylation of A-ring or
N-demethylation, 2. O-demethylation of A-ring and N-demethylation or 2x O-demethylation
of A-ring.
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5 Conclusions and future perspectives
Developing clever methods to investigate biologically relevant oxidation reactions is
essential, as redox reactions play a major role in several physiological and
pathophysiological processes such as oxidative stress, which causes oxidative damage to
biological macromolecules, and drug metabolism. TiO2 photocatalysis is an interesting
option for imitation of biological oxidation reactions, as it produces several oxidizing
species enabling several oxidation mechanisms; hydroxyl radicals, superoxide, and singlet
oxygen can be formed in TiO2 photocatalysis, making it a potential technique to study
oxidative modifications of biological macromolecules caused by ROS that are also involved
in oxidative stress. In CYP450-catalyzed oxidative drug metabolism, two common initiation
mechanisms are hydrogen atom transfer and electron transfer from the substrate molecule
to the enzyme. TiO2 photocatalysis enables both of these mechanisms, as hydroxyl radicals
can abstract hydrogen atoms and holes on the TiO2 surface can accept electrons from the
substrate. Direct electrochemical oxidation is limited to reactions beginning with single
electron transfer, whereas the hydroxyl radical-based methods, such as EC-Fenton, enable
only hydrogen atom abstraction or addition of hydroxyl radicals to unsaturated bonds.
Furthermore, TiO2 photocatalysis is a nonhazardous oxidation method and easily accessible,
as TiO2 particles and UV lamps are commercially available as well as relatively
inexpensive. The photocatalytic reaction can be easily controlled by UV exposure time, and
no other specific instrumentation is needed.
In this work, TiO2 photocatalysis proved to be a feasible, fast, and simple method for
oxidation of compounds with different polarities. TiO2 photocatalysis was, for the first time,
used to study oxidation reactions of phosphorylated peptides. The hydroxyl radical-initiated
oxidation resulted mainly in hydroxylation of nonphosphorylated tyrosine, whereas
phosphorylation generally protected the tyrosine residue from oxidation. It should be
assessed whether phosphorylation is involved in controlling oxidation of tyrosine residues
in vivo, in order to open up new research targets. Other interesting applications concerning
oxidation of biomolecules could be determination of the location of the double bond in
unknown unsaturated lipids and oxidation of oligonucleotides.
TiO2 photocatalysis imitated 44% and 31% of the phase I HLM metabolites of the model
drugs and anabolic steroids, respectively, and performed better in imitation of phase I HLM
metabolism than did EC-Fenton or direct EC. This can be explained by the mechanistic
differences of the three imitation methods discussed above. All of the compared imitation
methods produced too few metabolites and too many nonmetabolic products, and thus, none
of them can be used for exact prediction of drug metabolites. The enzymatic reactions are
highly selective and their diversity cannot be imitated adequately by a method with different
selectivity, such as EC, or by relatively nonselective methods, such as TiO2 photocatalysis
and EC-Fenton. For comparison, computational methods have been shown to correctly
predict 50-90% of the most likely sites of metabolism,[168-172] and to rival the
biotransformation experts in prediction accuracy.[168-169] Nevertheless, the in silico methods
that predict metabolites instead of sites of metabolism tend to predict too many false
metabolites because of the various combinations of metabolic reactions.[171-172] It seems
unlikely that the in silico methods would completely abolish the need for in vitro and in vivo
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metabolism experiments in the near future. It is noteworthy, however, that neither the in
vitro metabolism experiments nor the animal experiments can exactly predict the human in
vivo metabolism of a drug, yet these experiments provide other essential information, such
as pharmacokinetic data, which cannot be derived from the imitation reactions. Even though
the correlation of TiO2 photocatalytic products and the HLM metabolites was far from
perfect, TiO2 photocatalysis may aid in compound optimization by revealing easily
oxidizable spots in a drug molecule, which can potentially be metabolically susceptible sites
as well.
The imitation methods may provide straightforward approaches for rapid and low-cost
synthesis of metabolite standards, obviating the need to develop multistep synthetic
strategies or to purify compounds present in complex biological matrices, especially when
these are not easily obtained by other methods. Nonetheless, fractionation is needed for
purification of specific compounds, as a mixture of large number of compounds is usually
obtained, particularly with TiO2 photocatalysis and EC-Fenton, which enable hydroxylation
of various sites. TiO2 photocatalysis, being much faster than EC-Fenton or the enzymatic in
vitro metabolism assays, can provide an extremely rapid and inexpensive way to produce
aliphatic and aromatic hydroxylation products. Hence, an interesting use of TiO2
photocatalysis, in addition to rapid synthesis of standards, could be diversification of hit or
lead compounds, i.e. production of multiple hydroxylated derivatives of bioactive
compounds, which may have improved activity, selectivity, or bioavailability relative to the
original molecule. The preparative applications require scaling up, which should, however,
be possible considering that TiO2 photocatalysis has been used for waste water treatment
applications, where the volumes are large. EC has been widely used for studying reactive
metabolites,[173] and glutathione conjugation of a reactive metabolite of paracetamol
produced by TiO2 photocatalysis has also been demonstrated.[46] Thus, the wider
applicability of TiO2 photocatalysis for studying reactive intermediates could be an
interesting area for future research.
Simple integration of TiO2 photocatalytic reactions into DESI-MS analysis by using the
same TiO2-coated glass wafer as a sample platform for the photocatalysis and DESI-MS
analysis omitted the need for the time-consuming removal of TiO2 particles prior to sample
analysis and enhanced the speed of analysis considerably. Thus, the TiO2 photocatalysis–
DESI-MS rotating array platform enabled high-throughput screening of photocatalytic
oxidation products as well as imitation of some drug metabolism reactions, even though the
isomeric products could not be identified exactly. The major advantages of the TiO2
photocatalysis–DESI-MS rotating array platform include straightforward fabrication, low
sample consumption, and quick experiments to study biologically relevant oxidation
reactions. The rotating platform can be further applied to investigate various catalytic
reactions and combined with ambient mass spectrometric analysis using techniques other
than DESI, e.g. direct analysis in real time, desorption atmospheric pressure
photoionization, and various plasma-based techniques. The system could also be applied to
photodegradation studies, with or without TiO2 coating, to support the study of
photostability and environmental burden of drugs and other compounds. For instance, an
analogous system, integrating an UV lamp above the DESI-MS spot, could enable online
monitoring of photostability of solid drug formulations or active pharmaceutical
ingredients.
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In conclusion, TiO2 photocatalysis offers a rapid, inexpensive, and simple approach for
oxidation of diverse compounds. With appropriate development in the future, the most
feasible use of TiO2 photocatalysis in drug discovery and development is likely to be
synthesis of metabolites or other more hydrophilic derivatives of bioactive compounds.
However, probably a more interesting use of TiO2 photocatalysis is studying oxidation of
various biomolecules. In addition, TiO2 photocatalysis may help in identification of
environmental transformation products of drugs, pesticides, and other environmental
pollutants and in their production for toxicity testing.
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