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General introduction and scope of the thesis 
etabolism studies of drug molecules play a crucial role in drug discovery and development 

since the early detection of possibly toxic drug metabolites can save time and money [1,2]. 

Metabolites of drug candidates are identified and characterized during the pre-clinical phase 

by performing conventional in vivo and in vitro biotransformation studies [3-5]. During the metabolic 

biotransformation process, oxidation of a drug molecule is catalyzed by specific enzymes which can 

lead to activation or inactivation of the molecule [3,4,6]. Phase I metabolism includes primary oxidation 

reactions including heteroatom dealkylation/oxidation and aromatic hydroxylation reactions which are 

mainly catalyzed by the cytochrome P450 (CYP450) enzyme family and to a lesser extent by the flavin-

containing monooxygenase (FMO) enzyme family. Phase II metabolism covers conjugation reactions, 

such as glutathione conjugation, glucuronidation, acetylation, methylation and sulfation.  

The use of experimental models, such as whole animal models, liver microsomes and isolated 

enzymes provides information of drug metabolism in terms of CYP450 and FMO-mediated oxidation 

reactions [3,4]. In order to determine the toxicological characteristics of drug metabolites, mg amounts 

are required [4,7]. Unfortunately, in vivo and in vitro experimental models are often not sufficient for 

preparative scale synthesis. Organic synthesis methods are required to overcome this challenge. 

However, in most cases they require severe reaction conditions, hazardous chemicals and multiple 

reaction steps. In this respect, electrochemistry (EC) is an interesting alternative that may be suitable 

for cleaner and simpler preparative scale synthesis of drug metabolites. In addition, electrochemistry 

in combination with mass spectrometry (MS) is an emerging instrumental technique to study oxidative 

drug metabolism in detail: drug metabolites are synthesized and the on-line monitoring of drug 

metabolites is performed via mass spectrometry [4,8,9]. 

Various electrochemical methods, namely linear sweep, differential pulse and cyclic voltammetry 

have been employed to study oxidative drug metabolism. Synthesis of oxidative metabolites can be 

achieved in commercially available flow-through cells and three-electrode systems, so called batch cell 
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configurations (see Chapter 2). A significant advantage of EC-MS over conventional in vivo methods 

is that both stable and reactive metabolites can be detected in a very fast and accurate manner by 

coupling electrochemical cells online to a mass spectrometer [8,10]. In addition, liquid chromatography 

can be done in conjunction with EC and MS; on-line separation of oxidation products (e.g. isobaric 

oxidation products) via an EC-LC-MS set-up affords more information about metabolic reactions [8]. 

1.1. Aim of the research 

The aim of the research is to expand the toolbox of EC-mediated methods for the selective 

synthesis of Phase I oxidative metabolites of drug molecules in order to produce them in sufficient 

quantities for the further characterization and toxicity screens. Therefore, the focus was on the 

development of selective and efficient methods for electrochemical production of drug metabolites in 

an effort to broaden the range of CYP450 catalyzed reaction products that can be obtained. In addition, 

FMO-mediated oxidation reactions of soft nucleophile containing drug molecules in the focus of this 

project to extend the scope of the reactions of drug metabolism. 

1.2. Phase I drug metabolizing enzymes 

1.2.1. The Cytochrome P450 (CYP450) enzyme family 

The CYP family is a large and ubiquitous enzyme system which plays a key role in catalyzing many 

oxidation reactions in living organisms [11]. CYP450 enzymes have an active site consisting of a 

hydrophobic environment and a prosthetic heme group (i.e. a porphyrin ring with a central iron ion) 

[12,13]. Although the hydrophobic site of CYP450 interacts with the substrate, the active site of the 

CYP450 enzymes, the heme group, functions as a catalytic activator of molecular oxygen and transfers 

a single oxygen atom to a substrate. The catalytic cycle of CYP450 (Figure 1) [14,15] commences with 

the binding of a substrate to the hydrophobic active-site pocket where a water molecule is displaced 

resulting in a penta-coordinated FeIII-porphyrin complex (2). This complex is reduced by P450 

oxidoreductase protein (POR) by transferring an electron forming the corresponding FeII-porphyrin 

complex (3). Coordination of molecular oxygen with FeII-porphyrin results in a good electron acceptor 

called oxy-FeII-porphyrin (4) which is subsequently reduced by POR to a FeII-peroxo species (5). 

Protonation of this species forms a FeII-hydroperoxo species (6). Finally, after the second protonation 

of the oxygen, the O-O bond is split and a water molecule is released resulting in a high-valency FeIV-

oxo radical cation species (7) which is able to insert an oxygen atom into the substrate. Hence, a range 
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of oxidation reactions, namely aromatic/aliphatic hydroxylation, epoxidation, heteroatom oxidation, 

heteroatom dealkylation and dehydrogenation, take place in living organisms. 

 

 

Figure 1. A simplified representation of the catalytic cycle of CYP450, adapted from Shaik et al [15]. 

1.2.2. The Flavin-containing monooxygenase (FMO) enzyme family 

Besides CYP450 enzymes, flavin-containing monooxygenases are also known to be involved in 

Phase I metabolism by catalyzing oxidation of drugs containing soft nucleophiles such as amines and 

sulfides [16-18]. FMO enzymes show a similar activity profile as CYP450s, but FMOs employ a flavin 

adenine dinucleotide (FAD) prosthetic group to oxidize substrates. FMOs initially utilize NADPH to 

reduce the FAD cofactor to FADH2, which is subsequently oxidized by molecular oxygen to the 
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reactive 4a-hydroperoxyflavin. Finally, in the presence of a substrate a nucleophilic attack occurs in 

which an oxygen atom is transferred from the enzyme-bound hydroperoxide either to a carbon-carbon 

bond of a carbonylic substrate (known as the Baeyer-Villiger reaction) or to a heteroatom (N-, S- and 

P-oxidation) [16,18-23]. The catalytic cycle of FMO is shown in Figure 2. 

 

Figure 2. A simplified representation of the catalytic cycle of FMO, adapted from Krueger et al [18]. 

1.3. In vivo Phase I oxidation reactions 

1.3.1. Heteroatom dealkylation 

N-dealkylation, O-dealkylation and S-dealkylation are well studied reactions which are catalyzed 

by CYP450 enzymes. Two competing mechanisms, namely hydrogen atom transfer (HAT) and single 

electron transfer (SET) have been proposed for CYP450-catalyzed in vivo oxidative dealkylation 

reactions (Figure 3). In the HAT mechanism the hydrogen on the alpha-carbon adjacent to the 

heteroatom is directly abstracted while in the SET mechanism initially an electron is transferred from 

the N-atom to the high-valent FeIV oxo radical cation ([Fe=O]3+) resulting in an  aminium cation radical 

which subsequently releases a proton from the adjacent C-H bond. Both mechanisms generate an 

unstable 1,1-aminoalcohol intermediate which is further eliminated to form an aldehyde or ketone and 
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the N-dealkylated product [24]. Although there is debate about these mechanisms, the SET mechanism 

is widely accepted. On the other hand, the HAT mechanism is suggested for O-dealkylation reactions 

[25]. 

 

Figure 3. Hypothesized oxidative dealkylation mechanisms catalyzed by CYP450 via hydrogen atom 
transfer  (HAT) and single electron transfer (SET), adapted from Bhakta et al [24]. 

1.3.2. Heteroatom oxidation 

In vivo heteroatom oxidations have been assumed to be catalyzed by CYP enzymes for many 

years. However, after FMO enzymes were purified to homogeneity it was shown that these enzymes 

play a significant role in the oxidation of soft nucleophile-containing drugs (e.g. N- and S-oxidation) 

[20]. CYP and FMO enzymes follow a distinct mechanism for heteroatom oxidations. Unlike CYP 

enzymes, FMO enzymes cannot oxidize substrates without soft nucleophiles or catalyze heteroatom 

dealkylations.  

N-oxidation and S-oxidation proceed through the SET mechanism in which a hydroxyl group 

is initially inserted on the carbon adjacent to the heteroatom. N-oxidation reactions follow either a 

concerted oxygen atom transfer mechanism or a one electron transfer mechanism which forms an N-

O bond (Figure 4a). On the other hand, only the concerted oxygen atom transfer reaction is suggested 

for S-oxidation. [12,25]. S-oxidation reactions are catalyzed by FMO enzymes with stereochemical 

specificity resulting in sulfoxides with a high enantiomeric excess. Additionally, sulfoxides can be 

oxidized to sulfones by FMO enzymes (Figure 4b) [18].  
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Figure 4. Proposed heteroatom oxidation mechanisms; a) CYP catalyzed N-oxidation and b) FMO 
catalyzed S-oxidation, adapted from Meunier et al and Krueger et al, respectively [18,25]. 

1.3.3. Aliphatic/Aromatic hydroxylations 

CYP enzymes catalyze hydroxylation reactions in both aliphatic and aromatic systems. Insertion 

of an oxygen atom into aromatic systems is faster compared to saturated aliphatic hydrocarbons. 

Aliphatic hydrocarbons can be hydroxylated by two different mechanisms, namely the radical-in-cage 

mechanism (oxygen rebound) and oxygen insertion (concerted mechanism) (Figure 5). Hydroxylation 

of aromatic compounds can be explained according to the oxygen insertion mechanism, also known 

as the NIH (National Institutes of Health) mechanism, which proceeds via an arene oxide intermediate 

or a non-concerted oxygen addition mechanism (Figure 6) [25]. 
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Figure 5. CYP450 catalyzed oxygen insertion and radical-in-cage mechanisms proposed for 
hydroxylation of aliphatic hydrocarbons adapted from Meunier et al [25]. 

 

Figure 6. CYP450 catalyzed aromatic hydroxylation mechanisms: a) NIH (oxygen insertion) 
mechanism via arene oxide intermediate and b) non-concerted mechanism, adapted from Meunier et 
al [25]. The deuterium (D) atom is used to study the reaction mechanism and it indicates the shift to a 
different carbon atom.  

1.3.4. Dehydrogenation and Epoxidation 

In the dehydrogenation reactions, CYP450 acts as an oxidase-dehydrogenase converting 

molecular oxygen and hydrogen atoms from the drug substrate into water. The CYP450 catalyzed 

dehydrogenation reaction of acetaminophen is proposed to proceed through electron transfer and 

subsequent hydrogen abstraction (Figure 7) [26].  Epoxidation of olefins is successfully catalyzed by 

CYP450 enzymes following a concerted oxygen insertion mechanism with retention of 
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stereochemistry. On the other hand, during the epoxidation of some olefins, especially terminal olefins, 

side products are generated which show that epoxidation reactions do not always follow a fully 

concerted mechanism (Figure 8) [25]. 

 

Figure 7. CYP450 catalyzed dehydrogenation mechanism of acetaminophen which is proposed to  
proceed via electron transfer followed by hydrogen abstraction, adapted from Koymans et al [26]. 

 

Figure 8. Mechanism for epoxidation of terminal olefins showing N-alkylation of the porphyrin as 
potential side reaction, adapted from Meunier et al [25]. 

1.4. Electrochemical synthesis of drug metabolites  

Electrochemical synthesis is a versatile method which can produce many of the same products 

as CYP450-mediated oxidation reactions. For example, aromatic and benzylic hydroxylation, N-

dealkylation, N-oxidation, S-oxidation, O-dealkylation and dehydrogenation reactions can all be 

successfully performed by using direct and/or indirect EC oxidation methods [27].  

1.4.1. Direct electrochemistry 

Direct electrochemical oxidation is the most simple and well-known method to emulate CYP450 

catalyzed Phase I oxidation reactions. Direct EC reactions start with single electron transfer, and they 

are therefore analogous to CYP450 mediated SET reactions. In this respect, heteroatom (N, S and P) 
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dealkylation and oxidation and dehydrogenation reactions are proposed to be initiated by the SET 

mechanism. O-dealkylation and hydroxylation of unsubstituted aromatic rings cannot be imitated by 

direct electrochemistry. These reactions are catalyzed by CYP450 following a HAT mechanism, which 

is inaccessible to direct EC under aqueous conditions due to the high oxidation potentials required 

[28]. As discussed earlier, the SET mechanism starts with a one electron transfer from the heteroatom 

forming a radical cation intermediate which undergoes further reactions. For example, in case of N-

dealkylation, an iminium ion is eventually generated after a second electron transfer and deprotonation 

reaction (Figure 3).  

Although direct EC is a simple method to synthesize potential oxidative metabolites, it has some 

drawbacks. The reactions are initiated by one or more single electron transfers and they usually require 

high oxidation potentials which may exceed the oxidation potential of solvents, in particular of water. 

In this respect, the use of indirect electrochemical methods, such as electrochemical -generation of 

reactive oxygen species, can be a good alternative for the synthesis of other oxidative drug metabolites 

involving HAT-initiated reactions in vivo.  

1.4.2. Indirect electrochemistry 

The scope of electrochemical metabolite synthesis may be expanded by using indirect 

electrochemical methods involving electrochemically generated reactive oxygen species or 

electrochemically-assisted Fenton and Gif reactions [29]. Electrochemical reduction of molecular 

oxygen on a gold electrode generates highly reactive oxygen species, namely, superoxide anions, 

peroxide anions, perhydroxyl anions and hydrogen peroxide, in aprotic solvents [30-32]. In the 

presence of residual water or weak acids, superoxide anions are likely to form perhydroxyl radicals as 

shown in Figure 9 [30,33]. Highly reactive oxygen intermediates can be produced by using different 

electrode materials. For example, oxidation of water on boron-doped diamond (BDD), platinum and 

carbon electrodes can generate reactive hydroxyl radicals and molecular oxygen [34].  

Although perhydroxyl radicals (HO2
.) are very strong oxidizing species, which are able to abstract 

hydrogen from allylic positions in HAT reactions, they do not oxidize organic compounds because 

they are very susceptible to recombination and the formation of hydrogen peroxide (H2O2) [33,35]. 

Superoxide anions take part in proton transfer, one electron reduction and hydrogen transfer reactions 

[30]. Moreover, superoxide anions can reduce hydrogen peroxide to form highly reactive hydroxyl 

radicals (Haber-Weiss reaction shown in Figure 9) which promote HAT reactions [36,37]. 



 

10 

 

Figure 9. Electrochemically-generated reactive oxygen species, adapted from Sawyer et al [30]. 

Hydrogen peroxide can be activated homolytically in the presence of Fe2+ cations in solution to 

form freely diffusing radicals. This reaction is known as the Fenton reaction and it is possible to 

produce hydroxyl radicals in sufficient amounts for drug oxidation [38,39]. In a chemical Fenton 

reaction Fe2+ is regenerated by adding a reducing agent, such as ascorbic acid, while in the EC-Fenton 

reaction the reduction of Fe3+ to Fe2+ is achieved at the working electrode [40]. The metallic cation, its 

relative concentration, the dissolved gas and the pH can all affect the selectivity of the reactions [27]. 

 

Figure 10. Principle of the Fenton reaction. Regeneration of Fe2+ from Fe3+ is done by chemical 
reduction [27]. 

EC-Fenton-generated hydroxyl radicals are capable of reacting with aliphatic hydrocarbons, 

aromatic systems and double bonds by following the HAT mechanism and nucleophilic addition by 

the hydroxyl group. The EC-Fenton chemistry is able to produce a wide range of oxidation products 

as a result of aliphatic, aromatic and benzylic hydroxylation and heteroatom oxidation and dealkylation 

reactions [27,41]. 
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1.5. Scope of the Thesis  

This thesis focuses on the development of efficient and selective electrochemical synthesis 

methods that may be adapted for the mg-scale production of CYP450 catalyzed Phase I oxidative 

metabolites. In addition, Flavin dependent monooxygenase-catalyzed incubation reactions were 

performed to study the metabolism of xenobiotics. Characterization and identification of drug 

metabolites was performed using High-Performance Liquid Chromatography coupled to Tandem 

Mass Spectrometry.  

Chapter 2 provides an introduction to the current trends in Electrochemistry-Mass Spectrometry for 

drug metabolism studies. Specifically, the challenges and recent developments of electrochemical 

synthesis methods are discussed in terms of instrumental aspects, EC-reaction parameters and 

reaction-monitoring approaches, in order to produce drug metabolites selectively from parent drugs 

on a preparative scale (1–10 mg). 

Chapter 3 introduces the use of a multi-parametric optimization approach in an effort to increase the 

selectivity and yield of electrochemical drug metabolite synthesis. This approach provides information 

about inter-parameter correlations and interactions from a limited number of experiments. The Design 

of Experiment (DOE) technique was successfully applied to optimize electrochemical reaction 

parameters for the selective synthesis of the N-dealkylated metabolite of lidocaine.  

Chapter 4 presents a novel approach to synthesizing aromatic hydroxylation metabolites of lidocaine 

in the presence of trifluoroacetic acid (TFA) at a Pt-oxide electrode. A striking selectivity of aromatic 

hydroxylation over N-dealkylation metabolites of lidocaine was obtained by changing the solution pH 

from basic to acidic. Experiments are described that elucidate the mechanism of aromatic 

hydroxylation reaction in the presence of TFA at metal electrodes. 

Chapter 5 describes an alternative approach to studying the metabolism of xenobiotics by using flavin-

dependent monooxygenase (FMO) enzymes overexpressed in Escherichia coli. In order to provide 

alternative biocatalytic tools to generate FMO-derived drug metabolites, a collection of microbial FMO 

enzymes was screened for their ability to oxidize a set of xenobiotic compounds. For each tested 

xenobiotic compounds one or more FMO enzymes showed very good chemo-, regio- and 

stereoselectivity which was assessed by chiral HPLC-MS. 

Chapter 6 discusses the future perspectives of EC-MS in drug metabolism research. 
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Electrosynthesis methods and approaches for 
the preparative production of metabolites from 
parent drugs 

dentification of potentially toxic metabolites is important for drug discovery and development. 

Synthesis of drug metabolites is typically performed by organic synthesis or enzymatic methods, but 

is not always straightforward. Electrochemical (EC) methods are increasingly used to study drug 

oxidation and to identify potential metabolites of new drug candidates, but the absolute yield of 

metabolites of these methods is low. This review discusses the challenges and recent developments of 

electrochemical synthesis in terms of instrumental aspects, EC reaction parameters and reaction 

monitoring approaches, in the effort to selectively produce drug metabolites from parent drugs on a 

preparative scale (1-10 mg). 
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2.1. Introduction 

Drug discovery and development is a high-cost and long term process. It is therefore important 

to identify possibly toxic drug metabolites at the early stages of drug development [1–3]. Prior to 

clinical trials, drug metabolism studies are often performed in experimental models in vivo and in vitro 

[4,5]. Animal and human liver microsomes, whole animal models, and isolated enzymes are used to 

investigate cytochrome P450 (CYP450)-mediated metabolic oxidation reactions [4–7]. However, 

scaling up of in vivo or in vitro metabolite synthesis to mg levels, which is required for toxicity testing 

and structural characterization (e.g. by NMR), is not straightforward, and metabolites have to be 

extensively purified. In addition, these systems have limitations for the isolation of Phase I metabolites, 

which can have a short half-life, and eventually bind to cellular macromolecules or are further 

converted to Phase II metabolites [8].  

Drug metabolites are generally synthesized via organic chemistry methods. Electrochemical (EC) 

synthesis methods, utilizing electron transfer processes in an electrochemical cell to oxidize drug 

compounds in a controlled manner, can offer an alternative for the production of drug metabolites 

[9,10]. Compared to organic synthesis methods, electrochemical synthesis has several advantages 

including a limited number of reaction steps, mild reaction conditions, limited use of organic solvents 

and hazardous chemicals and the use of fairly simple equipment [11–13]. Electrochemistry can be 

readily combined with mass spectrometry (EC-MS) for product monitoring facilitating optimization 

of reaction conditions and is widely used as an analytical technique to study oxidative drug metabolism 

[14,15]. However, production of sufficient amounts of drug metabolites (1-10 mg) in a fast and specific 

manner requires careful adaptation of the existing analytical EC and EC-MS methods.  

Conventional electrosynthesis methods have been used for a wide range of synthetic reactions 

using building blocks with redox-active functional groups. However, there are challenges in the 

synthesis of drug metabolites by electrochemical modification of the parent drug compound, due to 

the complex structure of many drug molecules. Moreover, there are technical challenges to the scaling 

up of electrosynthesis methods, including the geometry and surface area of electrodes, which affect 

mass transfer and conversion rates. Finally, the chemical properties of electrodes and substrates may 

lead to adsorption on the electrode surface in particular at the high substrate concentrations required 

for preparative reactions [1,3,16]. Recent technological developments have led to the more intensive 

application of electrochemistry for the synthesis of drug metabolites or active compounds in the 
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pharmaceutical industry [17]. For instance, Nematollahi et al. [18] have synthesized phenylpiperazine 

derivatives, which are biologically active compounds used in various therapeutic areas, in mg amounts 

using electrochemistry on carbon rod electrodes (Figure 1). 

 

Figure 1.  Electrochemical synthesis of phenylpiperazine derivatives. Electrochemical oxidation of 4-acetyl-
1-(4-hydroxyphenyl)piperazin-1-ium (1) forms a quinone-imine derivative (2) which allows a coupling 
reaction in the presence of arylsulfinic acid derivatives (3) to form phenypiperazine derivatives (4) [18]. 

The metabolite electrosynthesis approaches described in this review typically use the parent drug 

as the EC substrate, although analogues or prodrugs can also be considered in cases where they provide 

easier starting points for EC synthesis. For instance, the analgesic drug phenacetin is initially 

metabolized by O-dealkylation to paracetamol (APAP, also known as acetaminophen) and 

consequently to N-acetyl-p-benzoquinone imine (NAPQI) by dehydrogenation (Figure 2). The 

electrochemical synthesis of NAPQI is considerably more straightforward starting with APAP rather 

than the parent drug [19]. In addition, the reactive NAPQI metabolite is rapidly conjugated in vivo with 

glutathione during Phase II metabolism. The absence of Phase II enzymes and reactive compounds 

such as glutathione makes EC methods more suitable for synthesis of Phase I metabolites, notably 

reactive intermediates [20]. 

Enzyme catalyzed reactions are often stereospecific, whereas many chemical and electrochemical 

reactions produce racemic mixtures. During the electron transfer process, addition or removal of an 

electron from the electrode surface to a substrate can result in an inversion of polarity of a functional 

group (known as umpoling),[11] which can provide stereoselectivity in electrochemical reactions for 

some substrates. 

Electrochemical generation of oxidation products almost always involves multiple steps: the 

initial electrochemical oxidation produces a reactive (radical) intermediate which proceeds to react 

intramolecularly or, more commonly, intermolecularly with solvent molecules. This Electrochemistry 

– Chemistry (E-C) process may be followed by additional reactions, including electrochemical 

reactions, leading to E-C-E, and E-C-E-C processes, and so on. The solvent and electrolyte 

compositions and their relative concentrations therefore play a crucial role in selectivity, as illustrated 
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for NAPQI in Figure 2 [21,22]. Depending on solvent pH, NAPQI readily reacts with water or its 

parent drug paracetamol, while at basic pH an E-C-E-C process leads to the doubly hydroxylated 

product. 

 

Figure 2.  Metabolic pathway of phenacetin to NAPQI. The NAPQI metabolite of phenacetin reacts at 
neutral pH to form a dimer. Hydroxylation occurs at basic pH and the amide of NAPQI is hydrolysed to 
the p-quinone at acidic pH. In vivo NAPQI forms a Phase II metabolite in the presence of glutathione (GSH) 
[66,71]. 

Characterization and purification of metabolites of interest is a crucial step prior to toxicity 

testing. Since electrochemical reactions are rarely selective and often not complete, preparative liquid 

chromatography (LC) is required as the final step for metabolite purification. Chiral LC separation may 

be employed to purify the metabolite stereoisomers of interest. 

This review will focus on the challenges and new developments in EC synthesis of drug 

metabolites from parent drugs on a preparative scale (1-10 mg) in terms of electrosynthesis methods, 

instrumental aspects and EC reaction parameters. 

2.2. Electrochemical Techniques Used in Drug Metabolism 

A range of oxidation reactions is mediated by CYP450 enzymes in living organisms, and the 

products of most of these reactions can be made with EC synthesis methods, albeit through different 

oxidation reaction pathways (Table 1) [2,15,23]. Applications have mainly focused on direct 

electrochemical methods on non-modified, mostly carbon electrodes, due to their simplicity [1,2,24]. 
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The scope of electrochemical metabolite synthesis can be expanded using indirect EC methods 

involving electrochemically generated reactive oxygen species or the EC-assisted Fenton reaction. 

However, indirect EC methods are often less selective due to the generation of very reactive radical 

species, such as the hydroxyl radical [15,25,26]. 

Table 1. Drug molecules used in EC-MS studies, classified by reaction type and electrode material. 

 

Reaction type Glassy carbon Gold Platinum 
Boron-doped 

diamond 

Heteroatom      
(N-, S-) 

dealkylation 

Lidocaine[15] 
Amodiaquine[8,50] 
Clozapine[64] 
Metaprolol[15] 
Toremifene[72]  
Alprenolol[73] 
Acebutolol[73] 
Dopamine agonists N0437 
and N0923 [15] 

Lidocaine[26] Tetrazepam[7] 
Lidocaine[33] Cocaine[46] 

Heteroatom 
(N-,S-,P-) 
oxidation 

Lidocaine[15] 
Amodiaquine[8] 
S-methylthiopurine[23] 
Promethazine[74] 
Parathion[23] 
Phosphothionate[23] 

 
Lidocaine[26] 
 

Lidocaine[33]  

Aromatic 
hydroxylation 

Toremifine[72] 
Diclofenac[75] 
Boscalide[76] 
Mephenyotin (EC-
Fenton)[15] 
Metaprolol (EC-Fenton)[15] 
Dopamine agonists N0437 
and N0923 (EC-Fenton)[15] 
Paracetamol[66] 

 
Tolterodine[77] 
Lidocaine[33] 
 

Triclocarban[47] 
Diclofenac[36] 
 

Aliphatic 
hydroxylation 

Testosterone (EC-
Fenton)[15]   Tetrazepam[7] 

 

Simvastatin[24] 
Lovastatin[24] 
Cocaine[46] 

Benzylic 
hydroxylation 

Metaprolol (EC-Fenton)[15] 
Alprenolol[73]  Metoprolol[15]  

O-dealkylation 
Metaprolol (EC-Fenton)[15] 
Acebutolol[52] 
Toremifene[72] 

 Berberine[37] 
Phenacetin[71]  

Dehydrogenation 

Amodiaquine[8,78] 
Amsacrine[8] 
Mitoxantrone[8] 
Toremifene[72] 
Diclofenac[75] 
Troglitazone[79,80] 

 Tetrazepam[7] 
 

Amodiaquine[78] 
Triclocarban[47] 
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Chemical modification of electrode surfaces with metalloporphyrins and immobilization of 

enzymes on electrode materials are other promising approaches to produce oxidative drug metabolites 

with higher selectivity and yield [9,27–29]. 

Cyclic voltammetry (CV) is often employed as an analytical EC technique to study the redox 

activity of drug compounds [9,30]. CV and linear sweep voltammetry allow to study the effect of 

potential on oxidation or reduction reactions and slow linear sweep voltammetry can be performed 

on-line with MS detection of products [30,31]. These analytical EC methods are therefore useful to 

determine the optimal potential for production of the metabolites of choice. 

In addition to the application of constant potentials, pulsed potentials, switching alternately 

between positive and negative voltages, have been used to tune the selectivity of drug metabolite 

synthesis [30,32]. For example, it has been reported that the N-dealkylation product of lidocaine is 

obtained at short cycle times (below 0.2 s) whereas 4-hydroxylidocaine was the main product at cycle 

times of 1 s or more, presumably due to different reaction kinetics or the stability of reactive 

intermediates [33]. Another important benefit of pulsed potentials is that they may prevent adsorption 

to the electrode surface, reducing the need for regular cleaning of the electrode in order to obtain 

consistent yields [30,33]. 

In general, electrochemical reactions are performed either at controlled potential (potentiostatic) 

or at controlled current (galvanostatic). Most drug metabolism studies have been performed using a 

potentiostat where the potential of the working electrode is held constant with respect to a reference 

electrode. In addition, the current flow between working and counter electrode is allowed to vary in 

order to keep the potential difference between working and the reference electrode constant 

[9,12,24,26,34–38]. In a constant current experiment, in which a galvanostat is used, a controlled 

current is applied between the counter and working electrode and the potential of the working 

electrode is varied depending on the changes in the double layer and solvent resistance [12,35]. 

Selectivity of the reaction is rather low since the potential is not controlled and will increase over time 

when the initial substrate is consumed [12]. Nevertheless, Roth et. al [16] successfully used a 

continuous-flow electrosynthesis cell to synthesize oxidation products of various drug molecules, 

including diclofenac, tolbutamide, primidone, albendazole and chlorpromazine at the mg-scale at 

constant current. A broad range of oxidation reactions namely aliphatic and aromatic hydroxylation, 

S- and N-oxidation and dehydrogenation were achieved. The sulfoxide product of chlorpromazine was 

selectively obtained in high yield (83 % of isolated product yield), while for albendazole the sulfone 
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was also observed in addition to the sulfoxide. Therefore, this technique is of particular interest for 

drugs for which no competitive reactions are possible, i.e. drugs with a single oxidizable group.  

2.3. Design of Electrochemical Cells for Drug Metabolite Synthesis 

There are a number of general challenges of electrochemical cell design which have to be 

addressed to enable the synthesis of drug metabolites in amounts higher than the μg range [39]. The 

cell geometry has a significant effect on metabolite synthesis not only in terms of yield, but also of 

selectivity [39,40]. A commonly observed problem relates to the IR-drop, caused by uncompensated 

resistance between working and counter electrodes which is in turn caused by low solution conductivity 

and a large distance between the electrodes [9,40,41]. In order to reduce the IR-drop (ohmic drop), 

supporting electrolytes can be added to increase the conductivity of the solution, but the choice of 

appropriate electrolytes is often limited, since a change in the chemical composition of the solution 

may greatly affect the reaction pathways, in particular in E-C and E-C-E reactions [39]. Moreover, the 

working, counter and reference electrodes have to be in close proximity to minimize the IR-drop. 

However, this reduces the effective cell volume which in turn limits product yield [39]. 

2.3.1. Electrode Materials 

Widely-used electrode materials in the synthesis of drug metabolites are metal electrodes, 

primarily gold, and platinum, and the carbon-based electrodes glassy carbon (GC), and boron-doped 

diamond (BDD) [7,42]. Each of these electrodes offers unique properties in terms of chemical and 

physical stability, potential window and adsorption properties, as well as availability in forms with a 

large surface area (e.g. porous or mesh electrodes) [40]. The advantages and disadvantages of various 

working electrodes for EC synthesis are listed in Table 2. Pt and carbon electrodes are generally 

preferred for oxidation of organic compounds due to their high stability even at elevated positive 

potentials. In particular, GC electrodes have been extensively used in reactions such as the dealkylation 

of amines and ethers, heteroatom (N-, S-, P-) oxidations, aromatic hydroxylations, alcohol oxidations 

and dehydrogenations [1]. Table 1 classifies oxidation reactions of drug compounds reported in the 

literature according to the electrode type. It should be noted that absolute product yields were not 

reported in any of these studies. 

Adsorption or fouling is a significant problem for most electrode materials [35,40]. The popular 

GC electrodes unfortunately strongly adsorb hydrophobic organic molecules [3,35]. Flat-surface 

working electrodes can be polished manually, but for metabolite synthesis applications, rapid fouling 
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at high substrate concentrations can severely limit the yield [39,40]. In addition, porous, mesh and 

reticulated electrodes, which are attractive for synthesis purposes due to their high surface area, are 

difficult to access and cannot be mechanically polished. Cell blockage or inactivation may be observed 

[43]. Various acidic solutions or organic solvents as well as potential cycling are used to clean these 

electrodes, but reproducibility problems are often observed even after thorough flushing [33,43]. 

Inexpensive, single-use electrodes are a possible solution to the irreversible fouling problem.  

Table 2. Advantages and disadvantages of working electrode materials that have been used in the production 
of drug metabolites (adapted from Analytical Sciences Digital Library (ASDL), Analytical Electrochemistry: 
The Basic Concepts). 

Working 

electrode 

material 

Advantages Drawbacks 

Glassy 

carbon 

- Cheap 
- Large potential window 
- Many types available (rod, flat plate, 

paste, reticulated) 

- Physicochemical form not well defined 
- Brittle, hard to shape 
- High adsorption 

Gold 
- Easy to shape into many types 
- Large potential window 
- Easy to modify with enzymes through 

thiol groups 

- Expensive 
- Anodic window is limited by surface 

oxidation 
- Adsorption of compounds with thiol 

groups 

Platinum 
- Many types available (wire, mesh, flat 

plate) 
- Low adsorption 

- Expensive 
- Limited potential window due to low 

hydrogen overpotential 

Boron-doped 

diamond 
- Large potential window 
- Low adsorption 

- Expensive 
- Difficult to make (reproducibility of 

doping) 
- Cannot be polished physically 
- Fragile, hard to shape 

 

Physicochemical properties of electrodes can also be employed for indirect electrochemical 

oxidation reactions: Pt is known to activate H2O2 leading to electrooxidative formation of molecular 

oxygen [44]. Activated H2O2 on a Pt electrode in the presence of drug substrate has been shown to 

produce aromatic hydroxylation metabolites, presumably through platinum-oxo intermediates. This 

reaction does not occur on GC under the same conditions [45]. 
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The surface area of the electrode material clearly has a major impact on conversion yield and the 

reaction rate. Commercially available electrode materials having large surface areas (in the cm2 range) 

include mesh platinum electrodes and reticulated GC electrodes that are used in batch synthesis cells, 

and porous GC electrodes used in flow-through cells (see next section) [9]. 

2.3.2. Electrochemical Cell Types 

2.3.2.1. Thin-layer Flow Cells 

Thin-layer flow cells are typically used for amperometric measurements but in general they have 

been also used to study drug metabolism [7,36,46,47]. Thin-layer cells have planar working and counter 

electrode surfaces, separated by a thin spacer (typically 10-100 μm) [42]. A schematic representation is 

shown in Figure 3a. Thin-layer cells allow a wide choice of working electrode materials, including Pt, 

Au, Ag, Cu, GC and BDD which are relevant for drug oxidation, and the working electrode is easily 

removed for cleaning or exchange [7,42,48]. 

 

Figure 3. Schematic representation of a (a) thin-layer cell, (b) porous flow-through cell and (c) batch 
electrochemical cell. 

The major limitation of thin layer cells for synthetic purposes is their low surface area and cell 

volume [3]. The effective surface area of working electrodes commonly used in thin-layer cells is in the 

mm2 range. Due to the low surface area, low flow rates (<100 �L/min) have to be used in order to 

obtain conversion yields of 95% or higher [48,49]. 

2.3.2.2. Porous Flow-through Cells 

Electrochemical synthesis of oxidative drug metabolites has thus far mostly been performed 

using commercially available coulometric flow-through cells with a porous GC working electrode 
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(Figure 3b) [15,20,50–52]. A significant advantage over thin-layer cells is the high conversion rate, 

which for some compounds can reach 100% even at flow rates of 0.5 mL/min due to the large surface 

area (estimated to be in the cm2 range) of a ~5 mm3 porous GC electrode [3,38,50]. 

Flow-through cells provide a continuous flow of fresh substrate which limits over-oxidation at 

the electrode surface, although this cannot be prevented completely. It has, for example, been shown 

that during the oxidation of rotigotine the phenol functional group is easily oxidized to the 

corresponding catechol or p-hydroquinone derivative, but that these derivatives are immediately 

oxidized further to the quinone [6]. Disadvantages of flow-through cells are their limited scalability 

and the limited control over dissolved gas parameters, which can only be adjusted prior to infusion 

into the cell. These drawbacks limit the suitability of flow-through cells for large-scale metabolite 

synthesis (see also Table 3). 

Table 3. Comparison of parameters applicable to various cell types required for production of about 1 mg 
of metabolite product from 100 μM substrate concentration. Calculations were done for a metabolite of 
diclofenac (5-hydroxydiclofenac) using the most favorable EC conditions based on the literature [36,75]. 

Parameters Estimated 
cell 

volume 

Estimated 
surface 

area 
Flow rate 

Oxidation 
time 

Conversion 
yield 

Cell Type 

Porous flow-
through (GC) 

0.2 mL 5 cm2 500 μL/min 80 min ~90% 

Thin-layer 
(BDD)  

0.5 μL 10 mm2 10 μL/min 66.6 h ~90% 

Batch 
(GC) 75 mL 10 cm2 Not 

applicable 60 min ~50% 

 

2.3.2.3. Batch Cell Reactors 

A batch cell reactor is typically constructed as a conventional three-electrode electrochemical 

cell (Figure 3c). Since the cell volume, the electrode size and the surface area can be readily increased, 

batch cells are better suited for scaling metabolite synthesis up [4,53]. Another important advantage of 

batch cells over flow-through cells is that solvent and gas parameters can be controlled more easily. 

Batch cells share the advantage with thin-layer cells of a wide choice of working electrode materials in 

the form of flat-surfaced electrodes that can be easily polished [7,9]. Large, spongelike electrodes like 

Pt mesh or reticulated carbon electrodes (RGC) with surface areas of 10 cm2 or more are also available, 

but cannot be polished and cleaned due to their fragile and/or inaccessible surface structures. 

Alternatively, nanostructured electrode materials employing carbon nanotubes, metal nanoparticles 
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and nanowires can be used for synthesis purposes due to their significantly larger surface area. The 

surface area of a planar electrode can be increased up to 1000 times by rendering it nanoporous [54].  

In a batch cell configuration, working and counter electrodes can be separated from each other, 

most commonly by a porous Vycor glass frit [9,26]. This porous frit enables the transfer of ions and 

small organic molecules, but blocks the extensive mixing of solutions between the working and counter 

electrode compartments. Two-compartment cells therefore provide additional selectivity, by 

preventing (1) mixing of oxidation and reduction products of the parent drug, (2) back-reduction of 

drug oxidation products at the counter electrode, and (3) unwanted reaction with reactive (oxygen) 

species generated by reduction of oxygen at the counter electrode [9,55]. For example, for lidocaine it 

has been reported that under conditions where the N-dealkylation product is formed at the working 

electrode, the N-oxide is formed at the counter electrode [26]. Although batch cells provide relatively 

high absolute yields compared to flow-through cells, undesirable over-oxidation products due to 

multiple oxidation steps may occur (e.g. due to E-C-E processes). For example, sulfide-containing drug 

molecules (e.g. albendazole) are primarily oxidized to the sulfoxide but this can be further oxidized to 

the sulfone at longer reaction times, if the potential is sufficiently high [23]. In order to prevent over-

oxidation of sulfoxides in a batch cell, EC parameters such as the potential can be adjusted and the 

reaction can be stopped in time by monitoring the products via MS by sampling either on-line or off-

line as shown in Figure 4.  

Oxidative drug metabolism experiments can be performed with either on-line or off-line EC-(LC)-

MS set-ups [4,34,35,39,56,57]. Figure 4 shows both configurations with the possibility of collecting 

metabolite products. In an on-line EC-MS system, a compromise between EC and MS conditions is 

required, in particular with respect to electrolytes. Electrospray ionization is very sensitive to the presence of 

non-volatile salts, high-proton affinity modifiers such as amines, and solvent composition, all of which may 

greatly suppress the signal of the metabolites of interest. In contrast, in an off-line EC-(LC)-MS system, 

where a batch cell is used, [4] sample conditions can be readily adjusted prior to (LC)-MS [37]. On-line 

sampling is also possible in a batch cell which is depicted in Figure 4a, but solution compatibility with ESI-

MS becomes an issue again [58]. 
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Figure 4. Schematic representation of systems for the electrochemical synthesis of drug metabolites using 
(a) a batch cell and (b) a flow-through cell, with sample collection or on-line monitoring of products by 
electrospray ionization-mass spectrometry (ESI-MS); W: working, and C: counter electrode. 

2.4. Electrochemical Reaction Parameters 

The important electrochemical reaction parameters for metabolite synthesis are solvent type, 

dissolved gases, pH, electrolyte type and concentration, substrate concentration, and oxidation 

potential [40,49,59,60]. Since these parameters are often dependent on each other directly or indirectly, 

careful selection and tuning is crucial to synthesize oxidative metabolites at high selectivity and 

amounts. 

2.4.1. Solvents 

The solvent composition has several important effects: first of all, both the parent drug and its 

metabolites should remain in solution. Moreover, the nature of the solvent (e.g. protic or aprotic) can 
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affect the stability of reactive intermediates and oxidation products with a profound effect on 

selectivity and yield [61]. For example, molecular oxygen can be reduced in aprotic solvents to form 

superoxide anions which are stable in the absence of proton donors and subsequently lead to oxidation 

reactions of drug substrates [26]. Solvents used in electrochemical reactions should have a higher 

oxidation potential than the substrate, because reactions must proceed below the oxidation potential 

of the solvent [60,61]. Acetonitrile, methanol or ethanol and their aqueous mixtures are often used in 

EC-MS studies [1,15]. Among these solvents, acetonitrile is one of the most widely used solvents in 

electrochemical oxidation reactions [62]. It is a polar aprotic solvent with a high dielectric constant 

(�=37), which provides a reasonable conductivity for salt solutions [62]. Moreover, acetonitrile may 

act as an inert solvent for many electrode materials which makes it suitable for electrochemical 

reactions. 

2.4.2. Dissolved Gases 

Dissolved gases, in particular oxygen, can affect selectivity and the yield of electrochemical 

reactions. In general, dissolved molecular oxygen is unreactive due to its triplet electronic structure. 

However, as discussed earlier, electrochemical reduction of molecular oxygen at the counter electrode 

generates hydrogen peroxide and reactive oxygen species such as superoxide anions and hydroxyl 

radicals which can oxidize various organic compounds [63]. It has been reported that electrochemical 

reduction of molecular oxygen was directly involved in the formation of the N-oxide metabolite of 

lidocaine [33]. In order to prevent generation of reactive oxygen species from molecular oxygen, EC 

cells or cell compartments are purged with inert gases such as nitrogen or argon (see also Figure 4).  

2.4.3. Solution pH 

Most electrochemical oxidation reactions are pH-dependent [8,15,23,37]. There are many 

literature examples of specific drug metabolites generated under either acidic, basic or neutral 

conditions. For example, aromatic hydroxylation, S-oxidation, dehydrogenation and O-dealkylation 

occur at acidic and neutral pH (pH 3-7), whereas benzylic hydroxylation, N-dealkylation and N-

oxidation take place at pH 7-10 [1,2,7,8,20,64]. Selective production of a metabolite of interest from a 

parent drug with multiple reactive groups can therefore be induced by selecting the appropriate 

solution pH. When selecting solvent pH, it should be noted that the commonly used Pd/H2 reference 

electrode shows a pH dependent shift of its oxidation potential [65]. 
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The solution pH can also have an effect on the stability of intermediates. Madsen et al. [19,66] 

reported that the stability of reactive intermediates such as NAPQI (Figure 2) shows a strong pH 

dependence: EC oxidation of paracetamol in aqueous solutions does not generate NAPQI, but leads 

to a dimerization reaction between pH 5 to 7, a hydroxylation reaction at alkaline pH, and oxidation 

to the p-quinone under strongly acidic conditions. Moreover, Mali’n and co-workers [67] indicated that 

pH plays an important role in the further reaction of reactive intermediates with trapping agents (e.g. 

KCN) to form the corresponding cyanated products. 

2.4.4. Supporting Electrolyte 

Electrolytes are used to increase conductivity and minimize the IR-drop, and are preferably inert 

compounds which are not reduced or oxidized under the experimental conditions [9]. In aqueous 

solutions, a variety of acids, bases or salts (e.g. acetic acid, ammonia, and ammonium acetate) are used 

as supporting electrolytes in EC-MS applications, partly due to their compatibility with MS analysis, 

whereas in organic solvents salts such as tetraalkylammonium perchlorate and lithium triflate are 

commonly used [35,60,62]. Although high organic-soluble salt concentrations (ranging from 1 mM to 

1 M) are preferred, these electrolytes are not suitable for on-line EC-ESI-MS [23,62]. Moreover, it has 

been reported that quaternary ammonium salts can be oxidized under EC conditions to form by-

products [68]. 

2.4.5. Substrate Concentration 

Elevated substrate concentrations are desired in electrochemical synthesis in order to obtain high 

amounts of products in a short time period. However, increased substrate concentrations will likely 

decrease conversion rates in electrochemical cells with limited electrode surface areas. For example, in 

syntheses using direct electrochemical methods, the maximum rate of chemical change per unit area 

of electrode surface is directly proportional to the substrate concentration in solution [69]. 

To illustrate this, the amount of metabolite product that is formed per time unit in different 

types of electrochemical cells is shown in Table 3. Using the most favorable EC-parameters found in 

the literature, we calculated the time required to synthesize approximately 1 mg of the hydroxyl 

metabolite of diclofenac in a typical thin-layer flow-through cell, a porous flow-through cell and a 

batch cell, with different surface areas. 

Electrochemical reactions are heterogeneous electron transfer processes which take place at the 

electrode surface. Mass transport, the migration of oxidized or reduced species from the electrode 
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surface into solution, determines the rate of the reaction [35,40,69]. There are various modes of mass 

transport namely migration induced by a potential difference, diffusion due to a concentration gradient 

and convection (hydrodynamic transport, e.g. due to stirring or pumping) [13]. High substrate 

concentrations can more easily result in adsorption on the electrode surface. Dimerization of 

metabolites or other intermolecular reactions between parent drugs and oxidized intermediates are of 

significant concern at high substrate concentrations; for instance, drugs with phenol groups readily 

form oligomers, which tend to adsorb at the electrode surface [70]. Therefore, in most of the 

electrochemical cell setups used for drug oxidation reported to date, relatively low starting material 

concentrations (ranging from 5 to 100 �M) are used, which severely limits the absolute amount of 

metabolites synthesized in practice. 

2.5. Conclusions and Future Trends 

Existing analytical electrochemical techniques are adequate to study drug metabolites on a small 

scale, but in order to employ these EC techniques for the large scale synthesis of selected drug 

metabolites, many aspects of the electrosynthesis methods and cells need to be considered. The most 

obvious approach is to increase the size of the electrochemical cell and the electrodes, but in practice 

many other related parameters do not scale well, often leading to disappointing metabolite product 

yields, both in relative and absolute terms.  

Commercially available electrochemical cells share some technical drawbacks when scaled up, 

such as a high IR-drop, low mass transport and low conversion yields due to cell geometry, which 

must be addressed in future cell designs for better scalability. In addition, the fabrication of physically 

and chemically stable electrodes with low adsorption properties and an effective surface area in the 

order of 100 cm2 that can be used in a reasonable cell volume of about 100 mL is required for 

metabolite synthesis. Alternative options are large-surface area porous or nanoporous electrode 

materials which are cheap enough to be used as disposables. Finally, optimization of EC conditions is 

a multi-parameter problem which can benefit from using dedicated statistical optimization approaches 

(e.g. through a design-of-experiment approach) in order to maximize selectivity and yield. We conclude 

that electrosynthesis is a promising alternative tool to generate drug metabolites, even though for most 

metabolites it needs to be improved by at least an order of magnitude in absolute yield to reach mg 

amounts for follow-up studies. 
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Optimization of reaction parameters for the 
electrochemical oxidation of lidocaine with a 
Design of Experiment approach 

dentification of potentially toxic oxidative drug metabolites is a crucial step in the development 

of new drugs. Electrochemical methods are useful to study oxidative drug metabolism, but are 

not widely used to synthesize metabolites for follow-up studies. Careful optimization of reaction 

parameters is important for scaling up the electrochemical synthesis of metabolites. In the present 

study, lidocaine was used as a drug compound in order to optimize electrochemical reaction parameters 

employing a design of experiments approach to improve the yield of N-dealkylated lidocaine, a major 

in vivo metabolite. pH and electrode material were found to have a major effect on the final yield. 
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3.1. Introduction 

The development of new drugs is a costly and time-consuming process. The detection and 

evaluation of possibly toxic oxidative drug metabolites at the early stages of drug discovery and 

development is therefore quite important [1–3]. Drug metabolism is initially studied in in vivo and in 

vitro experimental models, for example in human or animal liver microsomes [4,5]. However, these 

methods are not adequate to produce metabolites in sufficiently large quantities for follow-up studies 

[6]. In order to characterize the structure and study the toxicology of metabolites, it is necessary to 

have quantities in excess of 1 mg [7,8]. While organic synthesis is the standard approach, an emerging 

technique to produce oxidative metabolites is electrochemistry (EC), which can be combined with 

mass spectrometry (EC-MS) for product monitoring to optimize the conditions of metabolite synthesis 

[9,10]. 

 

Figure 1. Lidocaine and its major metabolites. 

The local anesthetic lidocaine (Figure 1) has been used as a model compound for the study of 

oxidative metabolism by electrochemistry. The in vivo reactions, catalyzed by enzymes of the 

cytochrome P450 family, are N-dealkylation and N-oxidation of the tertiary amine, aromatic 

hydroxylation at the 3 and 4 positions and benzylic hydroxylation (Figure 1) [11–14]. Previously, our 

group reproduced most of these reactions by various electrochemical approaches. Jurva et al. showed 

that direct electrochemical oxidation results in N-dealkylation of lidocaine [1]. Nouri-Nigjeh et al. 

showed further that indirect oxidation of lidocaine by electrochemically generated reactive oxygen 

species leads to N-oxide formation [15]. Moreover, aromatic hydroxylations were observed at high 

potentials (3 V or more) in acetonitrile/water (99:1) containing 0.1 M tetrabutylammonium perchlorate 

as background electrolyte [16]. In addition, Nouri-Nigjeh et al. showed that using square-wave potential 

pulses with long cycle times of around 1 s led to formation of the 4-hydroxylation product, but that 

short cycle times of 10 ms or less resulted in N-dealkylation [16]. Although various electrochemical 
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methods have been shown to produce different lidocaine metabolites, they were not optimized with 

respect to yield and reproducibility. Optimizing electrochemical synthetic methods is a multi-parameter 

problem with several interconnected factors affecting selectivity and yield. Electrochemical reaction 

parameters include substrate concentration, solvent, supporting electrolyte, pH, temperature, 

oxidation potential, potential cycle times, electrode material, flow rate (for flow-through cells) or 

reaction time (for batch cells) and cell dimensions. A better understanding of the effects of the reaction 

conditions is thus needed prior to scaling the synthesis up. 

Optimization of EC parameters has thus far mostly been done using on-line EC-MS with 

commercially available flow-through cells [5,10,17–26]. In these systems, drug molecules are prepared 

in solvents of different compositions at different pH values, and these samples are pumped through a 

flow-through cell at various flow rates. A potential ramp may be applied over a desired range, and the 

electroactive species monitored by mass spectrometry and identified from the recorded mass 

voltammograms. While convenient with respect to selecting the optimal potential, this approach is 

time-consuming when it comes to parameters such as solvent, pH and electrode material and notably 

for assessing interdependent parameters. In addition, on-line EC-MS limits the range of parameters, 

such as solvent, pH and electrolytes, since a compromise between MS and EC conditions must be 

found. The above-mentioned problems can be avoided by working off-line so that EC parameters can 

be optimized independent of the MS conditions [15,27–32]. 

In the present study, we used a multi-parametric optimization approach to increase yield and 

selectivity of electrochemical drug metabolite synthesis based on a Design of Experiments (DOE) 

strategy. A set of experiments was planned to obtain information about inter-parameter correlations 

and interactions from a limited number of experiments [33]. Lidocaine was used as model compound 

focusing on optimizing the yield of the N-dealkylation product. Our data show that reaction 

parameters such as pH and electrode material have a major effect on the final yield. 

3.2. Experimental procedures 

3.2.1. Reagents 

Lidocaine (L7757), monoethylglycinexylidide (MEGX, SML0087, the N-dealkylated form of 

lidocaine) and ammonium hydroxide (NH4OH, 221228) were purchased from Sigma-Aldrich. Formic 

acid (HCOOH, 94318) and acetaminophen (00370) were purchased from Fluka and ultra-pure HPLC 

grade acetonitrile (ACN, 01203502) was purchased from Biosolve. Trifluoroacetic acid (TFA, 289084) 

was purchased from Thermo Fisher, and sulfuric acid (H2SO4, 100731100) from Merck Millipore. 
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Ultrapure water was obtained from a Milli-Q Advantage A10 Water Purification system (Millipore 

Corp., Billerica, MA, USA). 

3.2.2. Electrochemical measurements 

All electrochemical measurements were performed with an Antec ROXY potentiostat (Antec 

Leyden, Zoeterwoude, The Netherlands) controlled by the Antec Dialogue software. Electrochemical 

reactions were performed in a one-compartment three-electrode cell in which the working electrodes 

were gold (MF-2014, 1.6 mm diameter, Bioanalytical System (BASi), West Lafayette, IN, USA), 

platinum (MF-2013, 1.6 mm diameter, BASi) or glassy carbon (GC) (MF-2012, 3.0 mm diameter, BASi) 

disk electrodes and the auxiliary electrode a platinum wire (MW-4130, BASi). Potentials were measured 

against a silver wire pseudo-reference electrode (MF-2017, BASi) to avoid possible chloride 

contamination from the traditional Ag/AgCl reference electrode during electrochemical oxidations. 

All electrochemical experiments were performed at ambient temperature, and for deaeration argon gas 

was bubbled at 20 mL/min via a sparge tube (MW-4145, BASi). Working electrodes surfaces were 

polished with a lapping sheet (Micromesh grade 3200) with a 0.05 μm alumina slurry, followed by 

sonication in deionized water, ethanol and water for 1 min each. After mechanical polishing, the 

electrode surface was washed with ethanol and dried with nitrogen.  

For acidic (pH 3) sample conditions, 10 �M lidocaine solutions were prepared in 

ACN/H2O/formic acid (90/9.45/0.55), and 1000 �M lidocaine solutions in ACN/H2O/formic acid 

(90/8/2). For basic (pH 12) conditions, 10 �M and 1000 �M lidocaine samples were prepared in 

ACN/NH4OH (90/10). For pH 8 and pH 10 conditions, 10 �M lidocaine samples were prepared in 

ACN/H2O/NH4OH (90/9.992/0.008) and ACN/H2O/NH4OH (90/8/2), respectively. Unless 

mentioned otherwise, 1 mL solutions of lidocaine were oxidized at various conditions according to the 

DOE experimental plan. After electrochemical oxidation for 30 min, samples were diluted with water 

containing 100 �M acetaminophen as internal standard (IS). For HPLC column compatibility, the basic 

sample (pH 12) was acidified to pH 3-4 with 10% formic acid in water. The final composition of the 

samples contained 1 �� lidocaine (based on the initial concentration) and 10 �M acetaminophen for 

LC-MS analysis. 

3.2.3. Experimental design 

The MODDE v.9.1.1.0 software (MKS Umetrics AB, Stortorget, Sweden) was used to produce 

a D-optimal design in order to optimize the electrochemical reaction parameters. The D-optimal 
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design (determinant) is used for optimization problems that require coverage of a broad range of 

parameters with a minimal number of experiments while gathering a maximum amount of information 

[33]. For the lidocaine metabolite production, a two-step optimization strategy was pursued where the 

second step employed a full factorial design instead of a D-optimal design (Tables 1 and 2). 

3.2.4. LC-MS analysis 

LC-MS analyses were carried out on an LC-Packings Ultimate Plus HPLC system (LC-Packings, 

Amsterdam, the Netherlands) coupled to a Thermo Finnigan TSQ Quantum AM triple quadrupole 

mass spectrometer with an ESI interface in the positive mode (Thermo Finnigan, San José, CA). The 

MS parameters for the TSQ Quantum AM were as follows: spray voltage 4000 V, sheath gas pressure 

40, auxiliary gas pressure 20, capillary temperature 350 ºC, tube lens offset 90 V, skimmer offset -0 V, 

with scans between m/z 100-300 (scan time 1 s, Q1 peak width 0.70 amu FWHM). For selected 

reaction monitoring (SRM), 3 transitions were selected for lidocaine and its metabolites (lidocaine: 

235/86, N-dealkylation product: 207/58, aromatic hydroxylation products: 251/86). For the 

acetaminophen IS the transition 152/110 was selected. All SRM measurements were performed with 

a dwell time of 100 ms each and Q1 and Q3 peak widths of 0.70 amu FWHM. 

LC separations were performed with a C18 reversed-phase column (GraceSmart RP 18 5 �m, 

2.1×150 mm; Grace Davison, Lokeren, Belgium) at a flow rate of 250 �L/min. Solvent A was H2O 

with 0.1% formic acid, while solvent B was ACN with 0.1% formic acid. 20 �L of the diluted oxidation 

product mixture were injected and a linear gradient was applied from 5 to 50 % B over 10 min, followed 

by an instant increase to 95% B, which was held for 2 min. The column was re-equilibrated at 5% A 

for 4 min. Acetaminophen IS was used to normalize the peak areas of lidocaine and its oxidation 

products, resulting in the normalized product yield shown in Figures 2 and 3. Normalized product 

yields obtained for experiments using the GC electrode were additionally corrected for its larger surface 

area by dividing results by a factor of 3.5. 
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Table 1. Experimental plan for the first round of optimizations of the lidocaine N-dealkylation reaction 
conditions. The plan includes three replicates (Exp 21-23). The D-optimal experimental design with a 
minimal number of experiments implies that only the extreme values of each parameter range were 
investigated. 

Exp  
Name 

Run 
 order 

pH 
Conc. 
 (��M) 

Electrodes 
Potential  

(V) 

Exp 1 23 3 10 Carbon 0.75 

Exp 2 10 3 1000 Carbon 0.75 

Exp 3 15 12 1000 Carbon 0.75 

Exp 4 12 3 10 Pt 0.75 

Exp 5 5 12 10 Pt 0.75 

Exp 6 11 3 1000 Pt 0.75 

Exp 7 9 12 1000 Pt 0.75 

Exp 8 14 3 10 Au 0.75 

Exp 9 1 12 10 Au 0.75 

Exp 10 16 3 1000 Au 0.75 

Exp 11 19 3 10 Carbon 1.50 

Exp 12 13 12 10 Carbon 1.50 

Exp 13 6 3 1000 Carbon 1.50 

Exp 14 7 3 10 Pt 1.50 

Exp 15 21 12 10 Pt 1.50 

Exp 16 3 3 1000 Pt 1.50 

Exp 17 17 12 1000 Pt 1.50 

Exp 18 8 3 10 Au 1.50 

Exp 19 18 3 1000 Au 1.50 

Exp 20 2 12 1000 Au 1.50 

Exp 21 4 12 1000 Au 1.50 

Exp 22 20 12 1000 Au 1.50 

Exp 23 22 12 1000 Au 1.50 
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Table 2. Experimental plan of the second round of optimizations. The experiments were performed  
in duplicate and cover the full set of parameter combinations (pH 8, 10, 12, and potential 0.75, 1.00, 
1.25 and 1.50 V) (including 3 replicates, Exp 13-15). 10 �M lidocaine concentration and glassy carbon 
electrode were used for all experiments. 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

3.3. Results and discussion 

3.3.1. Optimization of EC parameters 

Based on literature examples, the most important EC parameters for the electrochemical 

synthesis of drug metabolites are pH, substrate concentration, potential and electrode material [5,17–

20]. In order to investigate the effect of these parameters on the synthesis of N-dealkylated lidocaine 

systematically, a two-step optimization strategy was pursued, starting from a broad range of parameter 

levels. As mentioned in the Experimental Design section a D-optimal design was used to minimize the 

number of experiments while providing coverage of a broad parameter space. The LC-MS peak area 

of the N-dealkylation product was taken as output response. Other metabolites, namely the N-oxide 

and aromatic hydroxylation products, were also monitored but were either absent (hydroxylations) or 

obtained in low and irreproducible yields (N-oxide). Three continuous range factors, pH (3-12), 

concentration (10-1000 �M), and potential (0.75-1.50 V) were defined as well as one a discrete factor, 

the electrode material (Au, Pt or glassy carbon). The software produced a set of 23 conditions, 

Exp  
Name 

Run  
Order 

pH 
Potential 

(V) 
Exp 1 13 8 0.75 

Exp 2 12 10 0.75 

Exp 3 15 12 0.75 

Exp 4 9 8 1.00 

Exp 5 6 10 1.00 

Exp 6 10 12 1.00 

Exp 7 2 8 1.25 

Exp 8 5 10 1.25 

Exp 9 14 12 1.25 

Exp 10 1 8 1.50 

Exp 11 3 10 1.50 

Exp 12 4 12 1.50 

Exp 13 8 10 1.00 

Exp 14 7 10 1.00 

Exp 15 11 10 1.00 
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including three replicates of one randomly selected condition. LC-MS results of this first round of 

optimization are shown in Figure 2 revealing that by far the highest amount of N-dealkylation product 

was obtained in experiment 12 corresponding to a pH of 12 and a potential of 1.5 V in combination 

with a low starting concentration (10 �M) and a glassy carbon electrode. Surprisingly, in most 

experiments where 1000 �M starting concentrations were used the N-dealkylation product was 

obtained in relatively low yield or was even absent. Acidic conditions clearly produced lower yields, as 

evidenced by comparing experiments 11 and 12, which only differ in pH (3 and 12, respectively). This 

is interesting, since a large majority of electrochemical drug oxidation experiments reported in the 

literature were performed at acidic pH. 

The first-step optimization results encouraged us to investigate the effect of pH and potential 

on N-dealkylation of lidocaine in more detail as these appeared to be the most important parameters. 

In the second-step optimization, 10 �M lidocaine and the GC electrode were used throughout and 

narrower ranges were defined for the pH (8, 10 and 12) and the oxidation potential (0.75, 1.00, 1.25 

and 1.50 V). A full set of fifteen parameter combinations was generated, including three replicates for 

one condition. The LC-MS results confirmed that high pH values and high oxidation potentials 

produced the highest amount of N-dealkylation product (Figure 3). As expected, the differences in 

yields were smaller, and no significant increase was observed between 1.25 and 1.5 V.  

Supporting electrolytes are required for conductivity, but their effect on the synthesis was not 

considered during optimization of the EC parameters. A control experiment was thus performed to 

verify whether the observed pH effect on N-dealkylation product yield could instead be explained by 

the difference in supporting electrolyte type and concentration. For this purpose, 10 �M lidocaine was 

prepared at pH 3 in 90% ACN and 10% H2O (containing 10 mM NaCl and 1% FA) and at pH 12 in 

90% ACN and 10% (aq.) NH4OH (containing 10 mM NaCl). The samples were oxidized at 1.5 V 

using the glassy carbon electrode. LC-MS results of samples containing additional supporting 

electrolyte showed almost the same relative yield of the N-dealkylation product as samples without 

additional NaCl, at both pH 3 and 12. These results indicated that the use of additional electrolyte does 

not affect synthesis yield. 

Reproducibility of metabolite yield is rarely reported in studies of electrochemical drug oxidation, 

but is crucial for reliable optimization of conditions and further scale up. In our study one randomly 

chosen condition was measured in triplicate in both the first and second round of optimizations. In 
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addition, the entire second optimization was performed in duplicate. As indicated in Figures 2 and 3, 

the yields were reproducible to within +/- 18%.  

 

 

Figure 2. LC-MS results of the first round of optimizations of the DOE design indicating the relative 
yields of the N-dealkylation product of lidocaine under different experimental conditions (see Table 1 
for details). The experimental design included three replicates (Exp 21-23) which have an average 
normalized yield of 0.052, and a standard error of 0.005. Exp 12 (pH 12, 1.50 V, GC, 10 �M) gave by 
far the highest yield. 

 

Figure 3. LC-MS results of the second round of optimizations (10 μM lidocaine, GC electrode) across 
a narrower range of parameter values (see Table 2 for details). All experiments were performed in 
duplicate and the error bars show the standard error. Exp 9 (pH 12, 1.25 V) gave the highest N-
dealkylation product yield. 
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Figure 4. LC-MS in the SRM mode of lidocaine (235/86) at a) pH 3 (FA) and of the N-dealkylation 
product of lidocaine (207/58) after EC oxidation for 30 min using a glassy carbon electrode and 1.5 
V; b) pH 3 (FA), c) pH 1.5 (TFA), d) pH 0.5 (TFA), and e) pH 0.5 (H2SO4). At pH 0.5 the N-
dealkylation product of lidocaine was below the detection limit. 

3.3.2. pH effect on N-dealkylation   

The results of the optimization experiment can be rationalized by examining the N-dealkylation 

mechanism [15]. Salamone et al. proposed that hydrogen abstraction from the aliphatic C-H group 

adjacent to a basic group can be tuned depending on the strength of the added acid [34]. If lidocaine 

N-dealkylation is indeed initiated in this way, then acidic conditions should prevent N-dealkylation, 

whereas basic conditions should favor this reaction, as observed in our study. To investigate this 

further, we performed additional experiments at pH values between 0.5 and 3.0. 10 �M lidocaine 

solutions were prepared in ACN/H2O/formic acid (90/9.45/0.55; pH 3.0), in ACN/H2O/TFA 

(90/9.45/0.55; pH 1.5), in ACN/H2O/TFA (90/5/5; pH 0.5) and oxidized for 30 min in a batch cell 

at 1.5 V using a GC working electrode. The LC-MS results showed that N-dealkylation is completely 

blocked at pH 0.5 while there is still some N-dealkylation at pH 1.5 (Figure 4 a-d). That this effect is 

not specific for TFA was confirmed by electrochemical oxidation of lidocaine in ACN/H2O/H2SO4 

(90/7.5/2.5; pH 0.5) showing that there was no N-dealkylation (Figure 4e). Strongly basic and acidic 
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conditions have not previously been considered for drug metabolite synthesis by EC but are important 

to include in the parameter range for DOE optimization approaches. 

3.4. Conclusions 

The EC synthesis of the N-dealkylation product of lidocaine was optimized using a two-step 

DOE approach to efficiently cover a wide range of parameters. LC-MS in the selected reaction 

monitoring (SRM) mode was used to follow product formation in a sensitive and selective manner. 

We found that high pH and a high potential in combination with relatively low lidocaine concentrations 

and a glassy carbon electrode are most favorable for the synthesis of the N-dealkylation product. The 

relative yields under the most favorable conditions are still in the low percentage range but this is likely 

due to the small surface area of the electrode.  

High pH values, which are favorable for N-dealkylation, are not commonly used in the field of 

EC drug oxidation. The results can, however, be reconciled with the mechanistic view that abstraction 

of a hydrogen atom from the CH group adjacent to the tertiary amine is critical to initiate the N-

dealkylation reaction [33]. This proposed mechanism was confirmed by blocking the reaction 

completely at pH 0.5, well below the pH range initially used. Our data show that a multistep DOE 

strategy is an efficient approach to optimizing the many interacting parameters in EC-driven drug 

metabolite synthesis reactions covering a broad parameter range. 
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Mechanism of aromatic hydroxylation of 
lidocaine at a Pt electrode under acidic 
conditions 

romatic hydroxylation reactions, which are mainly catalyzed by cytochrome P450 (CYP) 

enzymes in vivo, are some of the most important reactions of Phase I metabolism, because 

insertion of a hydroxyl group into a lipophilic drug compound increases its hydrophilicity and 

prepares it for subsequent Phase II metabolic conjugation reactions as a prerequisite to excretion. 

Aromatic hydroxylation metabolites of pharmaceuticals may be obtained through various synthetic and 

enzymatic methods. Electrochemical oxidation is an alternative with advantages in terms of mild reaction 

conditions and less hazardous chemicals. In the present study, we report that aromatic hydroxylation 

metabolites of lidocaine can be readily obtained electrochemically under aqueous acidic conditions at 

platinum electrodes. Our results show that the dominant N-dealkylation reaction can be suppressed by 

decreasing the solution pH below 0.5 resulting in selective 3-hydroxy lidocaine, which is an in vivo 

metabolite of lidocaine. Experiments in 18O labelled water indicated that water is the primary source of 

oxygen, while dissolved molecular oxygen contributes to a minor extent to the hydroxylation reaction. 
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4.1. Introduction 

Aromatic hydroxylation reactions of pharmaceuticals have been extensively studied due to their 

importance in the biotransformation of drugs and in wastewater treatment for the removal of drug 

residues [1-3]. In vivo, the hydroxylation reaction is mainly catalyzed by cytochrome P450 (CYP) 

enzymes in the liver, where it is an important reaction of Phase I metabolism, resulting in the 

bioactivation or detoxification of drug molecules [4-6]. Insertion of a hydroxyl group into a lipophilic 

drug compound increases solubility so that drugs can be more easily excreted, either directly or after 

conjugation with more polar moieties, such as sulfates or glucuronides [7].  

In order to study hydroxylated drug metabolites and assess their toxicity during the drug 

development process, hydroxylation of drug substrates has been performed by a wide variety of 

enzymatic, organic and electrochemical synthesis methods. In the enzymatic conversions purified or 

enriched CYP enzymes are used to insert an oxygen atom into the C-H bond of an aromatic substrate 

[8-10]. In organic synthesis methods oxidizing reagents such as peroxides or peroxyacids and metal 

catalysts are employed to generate hydroxyl radicals (Fenton and Haber-Weiss reactions) which readily 

react with aromatic substrates to form hydroxylation products [2,11-14]. Compared to enzymatic 

reactions, these chemical methods often require harsh reaction conditions, have low regioselectivity 

and produce undesired byproducts [8,15]. 

Electrochemical (EC) oxidation methods have been used as alternatives to obtain aromatic 

hydroxylation metabolites of drug compounds by employing electrogenerated reactive oxygen species 

[16-18]. For example, the EC-assisted Fenton reaction, which produces hydroxyl radicals from 

hydrogen peroxide in solution, has been used for the hydroxylation of various drug substances 

including metoprolol, buspirone, promazine and 7-ethoxycoumarin [19,20]. We have extensively 

studied alternative electrochemical methods for the synthesis of specific oxidation products of the 

local anesthetic drug lidocaine. Lidocaine is oxidized in vivo to the aromatic hydroxylation products 

3- and 4-hydroxylidocaine, and can also undergo benzylic hydroxylation, N-dealkylation and N-

oxidation reactions [21,22]. By adjusting the electrochemical parameters, a certain degree of product 

selectivity can be achieved. Direct electrochemical oxidation of lidocaine in aqueous solution produces 

N-dealkylation and N-oxidation but no hydroxylation products. Aromatic hydroxylation was only 

observed at potentials higher than 3 V in the presence of 1% water resulting mainly in 4-

hydroxylidocaine [23]. Oxidation in the presence of 1% hydrogen peroxide at 3 V led to both 3- and 

4-hydroxylidocaine, but no N-oxide was formed [24]. In the latter reaction, we proposed that hydrogen 
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peroxide was electrocatalytically activated on the platinum electrode forming platinum-oxo species 

capable of direct insertion of an oxygen atom into the C-H bond of the aromatic ring [24].  

The role of platinum-oxide layers in electrochemical aromatic hydroxylation reactions has been 

extensively studied in the literature. It has been reported that oxide layers are formed on the Pt 

electrode surface under strong acidic conditions [25-29]. Conway et al. showed that a water molecule 

binds to the electrode surface and that a platinum oxide species is formed following the irreversible 

removal of one electron and one proton  [27,28,30]. This Pt-oxide layer is claimed to increase electron 

transfer efficiency [31] thereby facilitating electrochemical oxidation of many organic substances. For 

example, oxidation of aromatic compounds, including benzene and phenol, has been achieved in 

aqueous acidic solutions (e.g. 0.5 M H2SO4) when oxide layers are present on the Pt electrode surface 

[32-34].  

We showed recently that N-dealkylation of lidocaine is favored under basic conditions, while 

this reaction was completely suppressed at pH values below 0.5 in the presence of trifluoroacetic acid 

(TFA) (Figure 1) [35]. In addition, we observed that aromatic hydroxylation products were readily 

produced under these conditions.  In the present study we attempt to elucidate the mechanism of the 

aromatic hydroxylation reaction in the presence of TFA at platinum electrodes, the role of platinum-

oxide layers and notably to define the source of oxygen. 

 
 

Figure 1. Electrochemical oxidation of lidocaine under strong acidic conditions at Pt electrode 
suppressed formation of N-dealklyation of lidocaine whereas favored formation of aromatic 
hydroxylation products of lidocaine. 
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4.2. Experimental procedures 

4.2.1. Reagents 

Lidocaine (L7757), trifluoroacetic acid (TFA, T6508) and H2
18O (329878) were purchased from 

Sigma-Aldrich (Zwijndrecht, The Netherlands). Formic acid (HCOOH, 94318) and acetaminophen 

(00370) were purchased from Fluka and ultra-pure HPLC grade acetonitrile (ACN, 01203502) was 

purchased from Biosolve (Valkenswaard, The Netherlands). Sulfuric acid (H2SO4, 1007311) was 

purchased from Merck Millipore (Amsterdam, The Netherlands). Ultrapure water was obtained from 

a Milli-Q Advantage A10 Water Purification system (Millipore Corp., Billerica, MA, USA). 

4.2.2. Electrochemical measurements 

Constant potential measurements were performed with an Antec ROXY potentiostat (Antec 

Leyden, Zoeterwoude, The Netherlands) controlled by Antec Dialogue software. Cyclic voltammetry 

(CV) measurements were performed with an Autolab PGSTAT204 potentiostat (Metrohm, Schiedam, 

The Netherlands) controlled by Metrohm Nova software. Unless otherwise stated, electrochemical 

reactions were performed in a one-compartment three-electrode cell in which the working electrode 

was a Pt coil (P3640/88, Fischer Scientific, Landsmeer, The Netherlands) and the auxiliary electrode 

a platinum wire (MW-4130, BASi, West Lafayette, IN, USA). During CV measurements, a Ag/AgCl 

(in 3 M NaCl) reference electrode was used, while for constant potential experiments a silver wire 

pseudo-reference electrode (MF-2017, BASi) was used to avoid chloride contamination during 

electrochemical reactions. The potential shift of the Ag wire pseudo reference compared with the 

Ag/AgCl 3 M KCl reference electrode is -0.4 V, measured in an aqueous 0.1 M NaCl solution with 10 

mM potassium hexacyanoferrate. All electrochemical experiments were performed at ambient 

temperature. For deaeration, nitrogen, or helium was bubbled via a sparge tube (MW-4145, BASi). 

Working electrodes were cleaned by sonicating in ethanol followed by drying with nitrogen. 

For strong acidic conditions (pH 0.5, measured with a S20 SevenEasy pH meter (Mettler-Toledo, 

Schwerzenbach, Switzerland) using a pH electrode), 10 �M lidocaine solutions were prepared either in 

ACN/H2O/TFA (90/5/5) or in ACN/TFA (95/5). For CV measurements, a 1 M TFA solution in 

water was prepared. Unless otherwise stated, 3 mL solutions of lidocaine were oxidized for 30 min in 

a one-compartment three electrode cell. For oxygen-free conditions, a three-neck round-bottom flask 

was used and the working (Pt coil), auxiliary (Pt coil) and reference (Ag wire) electrodes were fixed 

each into a separate neck of the flask by using a rubber septum. For purging with nitrogen and 

sampling, two different sparge tubes were also inserted through the septa. The necks of the flask were 
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sealed and air was removed by purging with nitrogen gas for 30 min while simultaneously applying 

vacuum (Figure 2). In order to remove dissolved oxygen from the lidocaine solutions, the solvent 

bottle was sealed and purged with helium gas for 15 min before introduction into the three-neck flask. 

After electrochemical oxidation, samples were diluted with water containing 100 �M acetaminophen 

as internal standard (IS). The final samples for LC-MS analysis contained 1 �M lidocaine (based on 

the initial concentration) and 10 �M acetaminophen. 

 

Figure 2. Electrochemical cell used for oxidation reactions. 

4.2.3. LC/MS analysis 

LC-MS/MS analyses in the selected reaction monitoring (SRM) mode were carried out on an 

HPLC system with an Accela Autosampler and a Surveyor Pump coupled to a TSQ Quantum AM 

triple quadrupole mass spectrometer (Thermo Finnigan, San José, CA, USA) with an electrospray 

ionization interface in the positive mode. The MS parameters for the TSQ Quantum AM were as 

follows: spray voltage 3500 V, auxiliary gas pressure 20 (arbitrary unit), sheath gas pressure 40 (arbitrary 

unit), capillary temperature 350 ºC, tube lens offset 90 V, skimmer offset -0 V, scan range m/z 100-

300 (scan time 1 s, Q1 peak width 0.70 amu FWHM). The SRM transitions selected for lidocaine and 

its metabolites were: lidocaine: 235/86, N-dealkylation product: 207/58, aromatic hydroxylation 
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products: 251/86. The transition 152/110 was selected for acetaminophen. SRM measurements were 

performed with a dwell time of 100 ms for each transition and Q3 peak widths of 0.70 amu FWHM. 

The LC separation of lidocaine and its products was performed with a C18 reversed-phase 

column (GraceSmart RP 18, 5 �m particle size, 2.1×150 mm; Grace Davison, Lokeren, Belgium) at a 

flow rate of 250 �L/min. Solvent A was H2O with 0.1% formic acid, while solvent B was ACN with 

0.1% formic acid. A linear gradient was applied starting from 5% to 95% solvent B in solvent A over 

11 min, which was held for 1 min. Solvent B was decreased rapidly to 5% in 20 s and the column was 

re-equilibrated at 5% solvent B for 4 min. Acetaminophen was used to normalize the peak areas of 

lidocaine and its oxidation products, resulting in normalized product yields. 

4.3. Results and discussion 

4.3.1. Aromatic hydroxylation reactions of lidocaine under strong acidic conditions 

As previously reported, the electrochemical N-dealkylation reaction of lidocaine is completely 

suppressed at pH values below 0.5 [35]. Unexpectedly, under these strongly acidic conditions aromatic 

hydroxylation metabolites of lidocaine are produced instead. Since aromatic hydroxylation of lidocaine 

has not been reported before at potentials as low as 1.5 V, we investigated this reaction in more detail. 

For this purpose, a solution of 10 �M lidocaine was prepared in ACN/TFA/H2O (90:5:5) and oxidized 

at 1.5 V for 30 min. Samples were analyzed by LC-MS/MS showing the generation of 3- and 4-

hydroxylidocaine (Figure 3). The peak at 2.2 min was assigned to 3-hydroxylidocaine using a synthetic 

standard, while the other peak at 1.9 min was assigned to 4-hydroxylidocaine based on literature data 

[36]. The ratio of the LC-MS peak areas of 3- and 4-hydroxylidocaine is 10:1. No other reaction 

products of lidocaine, including benzylic hydroxylation, N-oxide formation and dihydroxylation were 

observed. 

4.3.2. Investigation of the oxygen source 

In order to gain a better understanding of the reaction mechanism, we first investigated whether 

water could serve as the source of oxygen and performed the reaction in 18O-labelled water (97% 18O 

atom). A solution of 10 �M lidocaine was prepared in ACN/TFA/18OH2 (90:5:5) and oxidized at 1.5 

V for 90 min in a sealed three-neck round-bottom flask while purging with nitrogen gas. The LC-

MS/MS results of collected samples showed that approximately 86% of the generated 3-

hydroxylidocaine contained 18O (Figure 4a).  
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The remaining 14 % of 3-hydroxylidocaine contained 16O which may have originated from 

residual unlabeled water in the reaction mixture. In support of this finding, we found that that same 

experiment using a 1:1 ratio of 18OH2/16OH2 yielded 58% of 3-hydroxylidocaine containing 16O and 

42% containing 18O (Figure 4b). 

 

Figure 3. Electrochemical conversion of lidocaine upon oxidation under strong basic or acidic 
conditions. LC-MS/MS chromatograms in the SRM mode were recorded as follows: N-dealkylation 
m/z 207/86, N-oxidation and aromatic hydroxylation m/z 251/86. Oxidation was performed for 30 
min at 1.5 V. Solvent conditions: a) pH 12 (ACN/NH4OH), and b) pH 0.5 (ACN/H2O/TFA). N-
dealkylation and N-oxidation products were observed at pH 12 while only aromatic hydroxylation 
products of lidocaine were observed at pH 0.5. Lidocaine elutes at 3.7 min and the peak in trace a 
(251/86 SRM chromatogram) is due to the partial in-source oxidation of lidocaine during the 
electrospray ionization process. Different intensity scales were used for chromatograms. 

We investigated other possible sources of oxygen by performing the aromatic hydroxylation 

reaction in the absence of water (ACN/TFA (95:5)). The generation of 3-hydroxylidocaine under these 

conditions, albeit in lower amounts (Figure 5), confirmed that there must be another source, possibly 

dissolved molecular oxygen. To study this further, electrochemical hydroxylation was performed in 

the absence of water under oxygen-free conditions. Lidocaine solution in ACN/TFA (95:5) was 

deaerated and subsequently introduced into the reaction flask and the reaction was carried out under 

continuous purging with nitrogen gas. As a control, 10 �M lidocaine solution, prepared in ACN/TFA 

(95:5), was purged with zero air and both solutions were oxidized at 1.5 V for 90 min. The generation 
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of 3-hydroxylidocaine and the consumption of lidocaine were followed by LC-MS/MS and compared 

to a reaction in the presence of water by plotting product yield against oxidation time. While very low 

amounts of 3-hydroxylidocaine were produced under oxygen-free conditions (Figure 5), it was readily 

observed when purging with zero air.  

 

Figure 4. Aromatic hydroxylation product formation upon electrochemical oxidation of lidocaine a) in 
the presence of ACN/TFA/18OH2 (90:5:5), and b) ACN/TFA/18OH2/16OH2 (90:5:2.5:2.5). 
Experiments were repeated two times, and the error bars indicate the standard error. 

10 ��M Lidocaine in ACN/TFA/H2
18O (90:5:5)

0 20 40 60 80 100
0

5

10

15

20

3-16OH-lidocaine
4-16OH-lidocaine
3-18OH-lidocaine
4-18OH-lidocaine

Time (min)

Re
la

tiv
e 

Yi
el

d 
%

10 �M Lidocaine in ACN/TFA/H2
16O/H2

18O (90:5:2.5:2.5)

0 20 40 60 80 100
0

2

4

6

8

10

3-16OH-lidocaine
4-16OH-lidocaine
3-18OH-lidocaine
4-18OH-lidocaine

Time (min)

R
el

at
iv

e 
Yi

el
d 

%

86% 18O

42% 18O

a)

b)

58% 16O

14% 16O



 

60 

The consumption of lidocaine under oxygen-free conditions was negligible which shows that no 

reaction takes place under these conditions. Approximately 0.8 �M of 3-hydroxylidocaine was detected 

when purging with zero air and 1.6 �M of 3-hydroxylidocaine was detected in the presence of water 

under nitrogen purging, corresponding to yields of 8% and 16%, respectively. Moreover, under both 

conditions the ratio of 3- to 4-hydroxy lidocaine was approximately 10 to 1 as was also observed in the 

experiments shown in Figure 4. Taken together these results indicate that dissolved molecular oxygen 

may also serve as oxygen source. We assume that molecular oxygen participates in the aromatic 

hydroxylation reaction after its reduction to water at the counter electrode (Eq. (1)), a reaction that is 

catalyzed by metal oxide electrodes [37], although we cannot exclude that other reactive oxygen 

intermediates derived from oxygen play a role. Since the counter electrode and working electrode 

compartments are not separated, water may diffuse to the working electrode and thus ultimately serve 

as the source of oxygen. 

 

Figure 5. Effect of the presence of molecular oxygen and water on the formation of 3-
hydroxylidocaine. Experiments were repeated 5 times for the oxygen-free experiment and the error 
bars show the standard error. 
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4.3.3. Investigation of the aromatic hydroxylation mechanism 

The aromatic hydroxylation reaction of lidocaine in the presence of water is thought to proceed 

through the formation of hydroxyl radicals upon electrochemical oxidation of water [17,38-40]. 

Comninellis et al. reported that oxidation of water at metal electrodes generates physically adsorbed 

hydroxyl radicals (Eq. (3)) [39-41]. Organic compounds are presumed to be oxidized by either the 

physically adsorbed hydroxyl radicals (Eq. (4) and (5)) or by chemically adsorbed oxygen (Eq. (6)) or 

by a combination of these pathways [40]. 

O2   +   4H+   + 4 e‒    �  2H2O      (1) 

Pt   +   xH2O   �  PtOx   + 2xH+   +   e‒     (2) 

PtOx   +   H2O   �  PtOx(.OH)   +   H+  +  e‒    (3) 

PtOx(.OH)   +   RH   �  PtOx(.OH)y-1   +   H2O   +   R.   (4) 

PtOx(.OH)y-1   +  R.  �  PtOx(.OH)y-2   +   ROH       (5) 

PtOx+1   +   RH   �   PtOx   +   ROH      (6) 

  

Since previous work has shown that oxide layers on the Pt surface are involved in hydroxylation 

reactions, we performed experiments in 18OH2 to produce a Pt-18O layer, and checked whether 18O 

from this layer was subsequently incorporated into lidocaine. Initially, cyclic voltammetry between -

0.1 V and 1.5 V at a 100 mV/s scan rate was performed in the presence of a 1 M aqueous TFA solution 

using a Pt coil working electrode to follow consecutive oxide layer formation and removal. The cyclic 

voltammograms indicated that oxide layers were formed at potentials above 1.0 V and removed again 

from the Pt electrode surface between 0.3 V and 0.6 V (Figure 6) [42].  In order to grow 18O layers on 

the Pt surface 1 M H2S16O4 was prepared in 18OH2 and CV scans were performed by following the 

protocol reported in the literature [43]. The coverage of the oxygen atoms was estimated to be 

equivalent to 0.5-1 monolayers (ML), based on the charge density of ~300 �C/cm2 [44]. The number 

of the Pt atoms on the 8 mm2 working electrode was calculated to be 6.3 × 1013 considering a smooth 

surface. This corresponds to approximately 0.1 nmol Pt [45] translating into 0.05–0.1 nmol oxygen 

atoms. The 18O covered electrode was used as a working electrode to oxidize a 10 �M lidocaine 

solution prepared in ACN/TFA (95:5). The LC-MS/MS results of this experiment showed that the 

aromatic hydroxylation products only contained 16O (16% yield, corresponding to 1.6 nmol), whereas 

we would expect up to 6% 18O contribution. Assuming that the Pt-18O layer was successfully generated, 
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this leads to the conclusion that the oxygen atoms of the Pt-oxide layers are at most a minor source of 

oxygen in the aromatic hydroxylation reaction 

 

Figure 6. The reversible formation of Pt-oxide layers. Cyclic voltammetry experiments were performed 
using a Pt electrode in 1 M TFA in water. Potentials were cycled from -0.1 V to 1.5 V at 100 mV/s 
scan rate vs an Ag/AgCl (in 3 M NaCl) reference electrode. 

4.4. Conclusions 

We report that aromatic hydroxylation of lidocaine can be readily achieved electrochemically 

under strongly acidic conditions (ACN/TFA) at Pt electrodes. Both water and dissolved molecular 

oxygen may function as sources of oxygen. An important prerequisite is that the dominant N-

dealkylation reaction is suppressed at pH values below 0.5. Experiments in the presence of 18O-labelled 

water indicate that water is the primary source of oxygen and we assume that dissolved molecular 

oxygen is reduced to water at the counter electrode thus contributing to the reaction, notably in the 

absence of added water. The aromatic hydroxylation mechanism in the presence of water is assumed 

to proceed through activation of water to generate reactive oxygen species particularly hydroxyl 

radicals. 
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Microbial flavoprotein monooxygenases as 
mimics of mammalian flavin-containing 
monooxygenases for the enantioselective 
preparation of drug metabolites 

ammalian flavin-containing monooxygenases are difficult to obtain and study while they play 

a major role in detoxifying various xenobiotics. In order to provide alternative biocatalytic 

tools to generate FMO-derived drug metabolites, a collection of microbial flavoprotein 

monooxygenases, sequence-related to human flavin-containing monooxygenases (FMOs), was tested for 

their ability to oxidize a set of xenobiotic compounds. For all tested xenobiotics (nicotine, lidocaine, 3-

(methylthio)aniline, albendazole, and fenbendazole), one or more monooxygenases were identified 

capable of converting the target compound. Chiral LC-MS/MS analyses of the conversions of 3-

(methylthio)aniline, albendazole and fenbendazole revealed that the respective sulfoxides are formed in 

good to excellent enantiomeric excess by several of the tested monooxygenases. Intriguingly, depending 

on the chosen microbial monooxygenase, either the (R)- or (S)-sulfoxide was formed. For example, when 

using a monooxygenase from Rhodococcus jostii the (S)-sulfoxide of albendazole (ricobendazole) was 

obtained with an e.e. of 95%, while a fungal monooxygenase yielded the respective (R)-sulfoxide in 57% 

e.e. For nicotine and lidocaine, monooxygenases could be identified that convert the amines into their 

respective N-oxides. This study shows that recombinantly expressed microbial monooxygenases 

represent a valuable toolbox of mammalian FMO mimics that can be exploited for the production of 

FMO-associated xenobiotic metabolites. 
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5.1. Introduction 

Metabolism of xenobiotics in humans and other mammals often starts with oxidation of the 

target molecule. Most of the Phase I metabolism reactions are catalyzed by cytochrome P450 

monooxygenases (CYP450s) [1]. However, apart from CYP450s, recent studies have shown that the 

so-called flavin-containing monooxygenases (FMOs) also play a crucial role in the biotransformation 

of a large variety of xenobiotics, including pharmaceuticals and natural products. Mammals typically 

employ several FMO isoforms. The human proteome contains 5 isoforms, FMO1-FMO5, all of which 

have their typical tissue-dependent expression patterns and roles in metabolism [2]. FMOs have been 

shown to be involved in the oxygenation of heteroatom-containing compounds, such as amines and 

sulfides [2-4]. Different from CYP450s, which contain a heme cofactor, FMOs utilize a flavin cofactor 

for oxidations which also translates into a different oxidative mechanism. Furthermore, to discriminate 

between metabolism by human FMOs or CYP50s, often differences in stability and specific inhibitors 

can be used [5]. FMO enzymes require NADPH for reducing the FAD flavin cofactor. The reduced 

flavin subsequently reacts with molecular oxygen resulting in the formation of a reactive 4a-

hydroperoxyflavin. This reactive flavin intermediate is able to perform a variety of oxygenation 

reactions, for example sulfoxidations and N-hydroxylations (see [1,2,4,6-9] for mechanistic details). 

While it has been established that human FMOs are essential in oxidizing a variety of 

xenobiotics, biochemical and metabolic studies on these enzymes are hampered by their poor 

availability. Human FMOs (hFMOs) and their mammalian orthologs are typically membrane 

associated and often thermolable which appear to be the major reasons for their problematic isolation 

from tissue [10,11] and inefficient recombinant production. While human FMOs can be studied using 

microsomal preparations and some human FMOs were expressed as functional enzymes in 

heterologous hosts [12-15], these enzyme preparations involve costly and cumbersome isolation 

procedures, and often suffer from low activity and stability [2,16]. Sequence comparison studies have 

revealed that FMOs are part of a large family of monooxygenases, the so-called Class B flavoprotein 

monooxygenases [17]. Intriguingly, many bacteria and fungi contain sequence-related Class B flavin-

containing monooxygenases [18] that are typically involved in catalyzing Baeyer-Villiger oxidations 

forming a subfamily of Baeyer-Villiger monooxygenases (BVMOs). Biocatalytic studies on these 

microbial monooxygenases confirmed that they employ the same catalytic mechanism as FMOs [19] 

and, interestingly, are also able to catalyze oxygenations of heteroatom containing compounds. In 
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contrast to hFMOs, many microbial BVMOs are soluble enzymes and can be easily produced in 

recombinant form [20]. 

Inspired by the observation that microbial BVMOs are sequence-related to human FMOs and 

exhibit similar activities, we set out to explore their use as mammalian FMO mimics. By testing a panel 

of xenobiotic compounds, including drug molecules, with a collection of microbial BVMOs, we 

discovered that these biocatalysts may serve as tools to prepare metabolites. By choosing the proper 

monooxygenase, all tested xenobiotics (nicotine, lidocaine, 3-(methylthio)aniline, albendazole, and 

fenbendazole, see Figure 1) could be converted. Chiral LC-MS/MS analysis showed that sulfides were 

converted to the corresponding sulfoxides with excellent and complementary enantioselectivities. This 

study reveals that recombinant microbial BVMOs, which are relatively easy to produce and robust as 

biocatalysts, represent attractive alternatives to mammalian FMOs for the preparation of FMO-related 

metabolites. 

 

Figure 1. Substrates used in microbial monooxygenase-catalyzed conversions. 

5.2. Materials and Methods 

5.2.1. Materials 

3-(Methylthio)aniline, albendazole, ricobendazole (racemic albendazole sulfoxide), 

fenbendazole, lidocaine, nicotine, 1,4-dioxane and Tris were purchased from Sigma-Aldrich 

(Zwijndrecht, The Netherlands). Acetaminophen was purchased from Fluka, ultra-pure HPLC grade 

acetonitrile and HPLC grade methanol were purchased from Biosolve (Valkenswaard, The 

Netherlands). Catalase was purchased from Fluka while phosphite dehydrogenase was prepared using 

an established protocol [21]. Ultrapure water was obtained from a Milli-Q Advantage A10 Water 
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Purification system (Millipore Corp., Billerica, MA, USA). Oasis HLB 30 mg solid phase extraction 

(SPE) cartridges were purchased from Waters (Manchester, UK). 

5.2.2. Recombinant expression of BVMOs and preparation of cell extracts  

The enzymes were overexpressed in Escherichia coli using previously established conditions and 

protocols. CHMOAc, PAMOM446G and BVMORj24 were expressed using the pCRE2 expression vector 

[22], yielding the enzyme fused to His-tagged phosphite dehydrogenase which facilitates cofactor 

regeneration. His-tagged PAMO and Strep-tagged FMORjE were expressed as described previously [23] 

while for expressing BVMOMt1, a pET_SUMO vector was used. Precultures were grown overnight at 

37 °C with shaking (180 rpm) in lysogeny broth (LB) medium containing ampicillin (50 μg/mL). The 

exception was BVMOMt1 for which cells were grown in the presence of kanamycin (100 μg/mL). Flasks 

containing 200 mL TB medium with the respective antibiotic were inoculated 1:100 (v/v) using the 

preculture and grown for another 4 h at 30 °C. After that, each flask was supplemented with inducer: 

1.0 mM isopropyl β-D-thiogalactopyranoside (IPTG) for BVMOMt1, and 0.02% arabinose for PAMO, 

PAMOM446G, and CHMOAc, and 0.002 % arabinose for the remaining enzymes. After 48 h of growth 

at 24 °C with shaking (130 rpm) cells were harvested by centrifugation at 4 °C, 17,000 g and 

resuspended in 50 mM Tris buffer pH 8. Cells were diluted to an OD600 of 212 for TB samples and an 

OD600 of 98 for LB samples. Subsequently, the cells were disrupted by sonication for 90 s using 2 s 

sonication pulses and 2 s breaks, while on ice. The prepared cell extracts were supplemented with 

glycerol (15%), aliquoted (100 μL in Eppendorf tubes), frozen in liquid nitrogen, and stored at -80 °C. 

As negative control E. coli cells were grown without expression plasmid and used for the preparation 

of cell extract as described above. Overexpression of the enzymes was confirmed with SDS-PAGE by 

analyzing OD-normalized samples from bacterial cultures. 

5.2.3. Monooxygenase-catalyzed conversions 

For conversions, cell extracts (100 μL) were supplemented with 1.0 mM substrates (except for 

3-(methylthio)aniline: 3.0 mM was used) using 1,4-dioxane as a cosolvent (1% v/v for all substrates 

except for 3-(methylthio)aniline (0.6% v/v)), 100 �M NADPH, 20 mM phosphite, 5.0 �M phosphite 

dehydrogenase, 20 mU catalase and 50 mM Tris-HCl (pH 8.5) in a total volume of 300 μL. In order 

to increase the solubility of albendazole and fenbendazole, 9.6 mM��-cyclodextrine was added. 

Negative control experiments were performed by incubating substrates with cell extracts that did not 

contain any expressed monooxygenase. All the conversions were performed in duplicate. After 135 

min of incubation at room temperature, a 100 μL sample was taken and proteins were precipitated by 
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adding 300 μL acetonitrile containing 0.2 % formic acid. Samples were vortexed for 30 s and 

centrifuged at 13000 rpm for 6.5 min. After centrifugation, 200 μL of the supernatants was evaporated 

to dryness under nitrogen prior to solid phase extraction (SPE). SPE was performed on Oasis HLB 

30 mg cartridges that were wetted with acetonitrile and equilibrated with H2O/acetonitrile (95:5). Dried 

samples were dissolved in 200 μL water and loaded onto the cartridge. Water (3 x 250 μL) was used to 

wash the cartridges and the final elution was performed with acetonitrile (4 x 250 μL). For the LC-

MS/MS analysis, samples were 10x diluted in water containing 10 �M acetaminophen, as an internal 

standard for LC-MS/MS signal normalization. 

5.2.4. Chiral LC-MS/MS in the Selected Reaction Monitoring (SRM) mode 

LC-MS/MS analyses in the SRM mode were carried out on an HPLC system with an Accela 

Autosampler and a Surveyor Pump coupled to a TSQ Quantum AM triple quadrupole mass 

spectrometer (Thermo Finnigan, San José, CA) with an ESI interface in the positive mode (see Tables 

1 and 2 for details). 3-(Methylthio)aniline, albendazole, fenbendazole and their chiral sulfoxide 

products were separated with an amylose tris(3-chlorophenylcarbamate)-based chiral column 

(Chiralpak ID, 5 μm particle size, 2.1×150 mm; Chiral Technologies Europe, Illkirch, France) at a flow 

rate of either 100 or 200 �L/min. The LC separation of lidocaine and its products was performed with 

a C18 reversed-phase column (GraceSmart RP 18, 5 �m particle size, 2.1×150 mm; Grace Davison, 

Lokeren, Belgium) at a flow rate of 250 �L/min. The LC separation of nicotine and its products was 

performed with a hydrophilic interaction (HILIC) column (Xbridge amide, 3.5 �m particle size, 

2.1x150 mm; Waters, Milford, MA, USA) at a flow a rate of 250 �L/min. The following set of solvents 

was used for the separations: solvent A (H2O with 0.1% formic acid), solvent B (acetonitrile with 0.1% 

formic acid), solvent C (H2O with 20 mM ammonium bicarbonate (pH 9, adjusted with NH3)), solvent 

D (acetonitrile) and solvent E (H2O with 10 mM ammonium formate, pH 5.5). Separation of the two 

3-(methylthio)aniline sulfoxide enantiomers was performed isocratically at 100 �L/min (20 min) with 

90% solvent C / 10% solvent D. The albendazole sulfoxide enantiomers were separated isocratically 

with 50% solvent C / 50% solvent D at 200 �L/min (20 min) and fenbendazole sulfoxides were 

separated with 40% solvent C / 60% solvent D at 200 �L/min (15 min), using the Chiralpak column. 

The LC-MS/MS analysis of lidocaine and its N-oxide was performed by reversed-phase LC applying 

a linear gradient starting from 5% to 95% solvent B in solvent A over 11 min which was held for 1 

min. Solvent B was decreased rapidly to 5% in 20 s and the column re-equilibrated at 5% solvent B 
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for 4 min. The LC-MS/MS analysis of nicotine and its N-oxide was performed by HILIC applying a 

linear gradient starting from 10% to 90% solvent E in solvent D (acetonitrile) over 8 min which was 

held for 2 min. Solvent E was decreased rapidly to 10% in 20 s and finally the column re-equilibrated 

at 10% solvent E for 3 min. Acetaminophen was used as internal standard to normalize the peak areas 

across LC-MS/MS runs. 

5.2.5. Circular Dichroism 

In order to assign the absolute configuration of the products, samples were analyzed by CD 

spectroscopy. Samples were purified with SPE, dried by evaporation of acetonitrile, and dissolved in 

methanol to a nominal concentration of 0.75 mM. For CD analysis samples were further diluted 4 

times in methanol. CD spectra were recorded on a J-810 spectropolarimeter (JASCO, Tokyo, Japan) 

using a 1 mm quartz cell cuvette and scanning from 200 to 350 nm at 25 °C; methanol was used as a 

blank. 

Table 1. Parameters for the MS analysis of the different substrates and their conversion products. Scan 
time, Q1 peak width and skimmer offset were set to 1 s, 0.70 amu FWHM and 0, respectively. 

MS parameters Spray 

Voltage 

V 

Sheath 

gas 

Auxiliary 

gas 

Capillary 

Temp. 
0C 

Tube 

lens 

offset 

Scan 

Range 

m/z Compounds 

3-(methylthio)aniline 2750 60 30 270 74 50-300 

Albendazole 3000 30 15 300 90 50-400 

fenbendazole 3000 40 15 350 90 50-500 

lidocaine 3500 40 20 350 90 50-300 

nicotine 2500 60 15 350 80 50-250 
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Table 2. SRM transitions and corresponding collision energies for the substrates and their oxidation 
products. All SRM measurements were performed with a dwell time of 100 ms and Q1 and Q3 peak 
widths of 0.70 amu FWHM. 1 mTorr collision gas pressure was used for all compounds except for 
nicotine and its N-oxide products (1.5 mTorr). 

Compounds 

SRM 

Transition 

m/z 

Collision 

Energy (V) 

3-(methylthio)aniline 140/93 20 

3-(methylthio)aniline sulfoxide 156/93 20 

albendazole 266/234 20 

albendazole sulfoxide (ricobendazole) 282/240 20 

fenbendazole 300/268 20 

fenbendazole sulfoxide 316/191 21 

lidocaine 235/86 30 

lidocaine N-oxide 251/86 30 

nicotine 163/132 20 

nicotine-1`N-oxide 179/117 15 

nicotine-1-N-oxide 179/148 15 

acetaminophen (IS) 152/110 20 

 

5.3. Results 

5.3.1. Conversion of the sulfide 3-methyl(thio)aniline 

We selected seven microbial flavoprotein monooxygenases originating from three different 

microorganisms. Besides three well-studied BVMOs, phenylacetone monooxygenase (PAMO) from 

Thermobifida fusca [23], the Met446Gly PAMO mutant (PAMOM446G) [24] and cyclohexanone 

monooxygenase from Acinetobacter calcoaceticus (CHMOAc) [22], two recently discovered BVMOs from 

Rhodoccocus jostii (BVMORj4 and BVMORj24) [25] and a BVMO from the fungus Myceliophthora thermophila 

(BVMOMt1) were included in this study. Furthermore, we also included a representative of a newly 

discovered distinct subfamily of microbial monooxygenases, the so-called Type II FMOs, that share 

characteristics of both BVMOs and FMOs: FMORjE from R. jostii [25]. All studied monooxygenases 

belong to the Class B flavoprotein monooxygenases and, hence, are distantly related to mammalian 
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FMOs as evidenced by significant sequence identities (20-40 %) and highly conserved sequence motifs 

[4]. Also the obtained crystal structures of a bacterial FMO and several BVMOs have confirmed that 

Class B flavoprotein monooxygenases share structural and mechanistic features [8,26]. CHMOAc and 

PAMO display complementary and broad substrate acceptance profiles [19], while the other 

monooxygenases have been hardly explored for their substrate scope. Therefore, we anticipated that 

by studying such a large panel of different microbial monooxygenases, several targeted compounds 

could be converted by one or more monooxygenases. 

All monooxygenases were produced in E. coli as expression host. SDS-PAGE gel analysis 

confirmed high and quantitatively comparable overexpression in soluble form of all investigated 

enzymes. In all cell extracts, the expressed monooxygenase was the most prominent protein band on 

the SDS PAGE gel. Because E. coli does not contain any endogenous enzymes with similar activity, 

BVMO- or FMO-type monooxygenases, no enzyme purification step was required and the cell extracts 

were used for performing the conversions. As a first test substrate, 3-(methylthio)aniline was used. 

PAMO and PAMO mutants have been shown to be able to efficiently convert aromatic sulfides [27]. 

Human FMOs are also known for their ability to perform sulfoxidations of aromatic sulfides or 

thioureas [2,28]. Depending on the type of sulfide and FMO isoform, various enantioselectivities by 

mammalian FMOs have been described [29-31]. Conversion of this relatively simple aromatic thioether 

was probed with all 7 studied monooxygenases. For the conversions, 3.0 mM 3-(methylthio)aniline 

was incubated with cell extracts supplemented with phosphite, NADPH and phosphite dehydrogenase 

to regenerate the reduced coenzyme. After 135 min incubation, product analysis was performed by 

chiral LC-MS/MS in the SRM mode. The absolute configuration of the observed sulfoxides was 

determined by CD spectroscopy of the isolated enantiomers. Control reactions also resulted in 

formation of low amounts of sulfoxides due to spontaneous reaction with molecular oxygen. These 

reactions are not enantioselective, and the observed amounts in the enzymatic conversions were 

corrected for the background oxidation level. All tested monooxygenases produced significant 

amounts of sulfoxides but with markedly different enantioselectivity (Figure 2). CD analysis of the 3-

(methylthio)aniline sulfoxides formed in the BVMORj4 and BVMOMt1 samples gave [�]��� values of 

+20.8 and -16.0, respectively (Figure 3). Based on comparison with literature data for (R)-3-

(methylthio)aniline we assign the first eluting enantiomer (at 8.4 min) to (+)-(R)-3-(methylthio)aniline 

sulfoxide and the second eluting enantiomer (at 11.2 min) to (-)-(S)-3-(methylthio)aniline sulfoxide 

[32,33]. 
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Figure 2. Chiral LC-MS/MS in the SRM mode of 3-(methylthio)aniline sulfoxide (3-MTA-SO) (SRM 
transition: 156/93). 3-(methylthio)aniline was incubated for 135 min in the presence of the following 
microbial monooxygenases: a) PAMOM446G, b) CHMOAc, c) PAMO, d) FMORjE, e) BVMORj4, f) 
BVMORj24 and g) BVMOMt1. Based on CD analysis and data reported in the literature, the first eluting 
enantiomer at 8.4 min was assigned to (R)-3-methylthioaniline sulfoxide and the second eluting 
enantiomer at 11.5 min to (S)-3-methylthioaniline sulfoxide [32]. The enantiomeric excess is given as 
e.e.. 

Most monooxygenases have a preference for forming the (+)-(R)-3-(methylthio)aniline sulfoxide 

(e.e. values 66-88%). However, BVMORj4 produced the (-)-(S)-3-(methylthio)aniline sulfoxide with an 

e.e. of > 99.5% showing that this set of monooxygenases allows the synthesis of both sulfoxide 

enantiomers in very good to excellent enantiomeric excess. Only BVMORj4 and BVMOMt1 produced 

an additional sulfone product at less than 2% of the amount of the sulfoxide. The standard addition 

method was used to quantify the conversion of 3-(methylthio)aniline after 135 min incubation. The 

conversion reached 72% for BVMORj24 and 97% for BVMOMt1 (Figure 7). This indicates that with the 

current approach 4-5 mg of enantiopure sulfoxide metabolite is produced in 1 h using a cell extract 

from a 1 L culture. 
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Figure 3. Top panel: CD spectra of 3-methylthioaniline sulfoxide enantiomers. Bottom panel: 
assignment of the first eluting enantiomer to (+)-(R)-3-(methylthio)aniline sulfoxide and the second 
eluting enantiomer to (-)-(S)-3-(methylthio)aniline sulfoxide based on the CD spectra and reported 
[�]�

��value in literature data [32,33]. 

5.3.2. Conversion of the thioether drugs, albendazole and fenbendazole 

Two drugs that are commonly used to treat worm infestations in mammals, albendazole and 

fenbendazole, are known to be converted in an enantioselective manner into their sulfoxides by 

mammalian FMOs [31]. Testing the panel of microbial monooxygenases revealed that three 

monooxygenases (CHMOAc, BVMORj24 and BVMOMt1) converted albendazole, yielding sulfoxides in 

significant enantiomeric excess (Figure 4). Only BVMOMt1 was able to catalyze the sulfoxidation of 

fenbendazole. Determination of the [�]���values by CD analysis could not be performed, because the 

yields of the albendazole and fenbendazole sulfoxides were too low. However, the sulfoxide 

enantiomers of albendazole and fenbendazole have been characterized using the same chiral column 

and a similar solvent system by Materazzo et al. [34], allowing us to assign the first eluting enantiomers 

to (R)-albendazole sulfoxide (3.1 min) and (R)-fenbendazole sulfoxide (3.5 min), respectively, and the 

second eluting enantiomers to (S)-albendazole sulfoxide (5.5 min) and (S)-fenbendazole sulfoxide (7.1 
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min), respectively. Chiral LC-MS/MS in the SRM mode showed that CHMOAc and BVMOMt1 formed 

the same product as mammalian FMOs, (R)-albendazole sulfoxide (32 and 55% e.e., respectively), 

whereas BVMORj24 enzyme produced (S)-albendazole sulfoxide with an enantiomeric excess of 95%. 

The yields of albendazole sulfoxide were determined with standard addition and reached 55% for 

BVMORj24 and 25% for BVMOMt1 (Figure 8). This corresponds to 1-2 mg/h and per L of bacterial 

culture. Less than 1% of the sulfone product was formed by BVMORj24, BVMOMt1 and CHMOAc upon 

conversion. No other side products were detected. Chiral LC-MS/MS in the SRM mode showed that 

conversion of fenbendazole by BVMOMt1 yields (S)-fenbendazole sulfoxide in 96% e.e. (Figure 5). 

 

Figure 4. Chiral LC-MS/MS in the SRM mode of albendazole sulfoxide (ABZ-SO) (SRM transition: 
282/240). Albendazole was incubated for 135 min in the presence of the following monooxygenases: 
a) CHMOAc, b) BVMORj24, c) BVMOMt1. The first eluting enantiomer at 3.1 min was assigned to (R)-
albendazole sulfoxide and the second eluting enantiomer at 5.5 min to (S)-albendazole sulfoxide based 
on literature data [34]. 
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Figure 5. Chiral LC-MS/MS in the SRM mode of fenbendazole sulfoxide (FBZ-SO) (SRM transition: 
316/284). Fenbendazole was incubated for 135 min in the presence of the studied monooxygenases 
of which only BVMOMt1 showed activity. The first eluting enantiomer at 3.5 min was assigned to (R)-
fenbendazole sulfoxide and the second eluting enantiomer at 7.1 min to (S)-fenbendazole sulfoxide 
based on literature data [34]. 

5.3.3. Conversion of the amines, lidocaine and nicotine 

Lidocaine and nicotine contain a regular and a cyclic tertiary amine group, respectively. Lidocaine 

is a widely-used local anesthetic while nicotine is a plant alkaloid which acts as a stimulant. Both drugs 

are known to be oxidized by mammalian FMOs into their corresponding N-oxides. LC-MS/MS 

analysis showed that significant conversion of lidocaine into the N-oxide is performed by BVMORj24, 

while nicotine is converted by CHMOAc (Figure 6). With the applied conditions, the degree of 

conversion for both substrates was rather low, below 10%. 
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Figure 6. Relative yields of the N-oxide products of lidocaine (top) and nicotine (bottom) in the 
presence of different bacterial monooxygenases as determined by LC-MS/MS in the SRM mode. 
Experiments were performed in duplicate. 
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For lidocaine no other products (specifically the Cytochrome P450-catalyzed N-dealkylation or 

aromatic hydroxylation products) were observed in significant amounts. The N-oxide of lidocaine can 

be distinguished from other monooxygenation products by its specific SRM transition (m/z 251/130). 

Additionally, its retention time was confirmed using a chemically oxidized lidocaine N-oxide standard. 

LC-MS/MS analysis of the nicotine conversion samples showed two N-oxidation products 

which could be assigned on the basis of their fragmentation patterns; the SRM transition of m/z 

179/117 is unique for nicotine-1`-N-oxide (oxidation of nitrogen on the pyrrolidine ring) and the m/z 

179/148 transition is unique for nicotine-1-N-oxide (oxidation of nitrogen on the pyridine ring) 

[35,36]. The nicotine-1`-N-oxide product was the major N-oxide formed by CHMOAc. The low 

amount of nicotine-1-N-oxide was similar to the amount formed in the control reaction. 

5.3.4. Quantification of product yields with standard addition method 

5.3.4.1. 3-methyl(thio)aniline 

Since a 3-(methylthio)aniline sulfoxide standard was not available, we measured the 

concentration of 3-(methylthio)aniline remaining after the 135 min conversion reaction. During the 

conversion reaction 3 mM 3-(methylthio)aniline was used. In the extraction step, the sample was 

diluted 4 times (to a nominal concentration of 750��M) and in the SPE purification step it was diluted 

a further 20 times. For the LC-MS/MS quantification, control (extract with no monooxygenase 

expressed), BVMORj24 and BVMOMt1 samples were diluted 10 times more, and used as unknowns in 

the standard addition method (see Table 3). All the quantification experiments were duplicated. 

The control sample was used to determine the 3-(methylthio)aniline concentration after 

extraction and SPE cleanup, but without conversion. Samples were analyzed with LC-MS/MS and 

peak areas were plotted (Figure 7). According to the standard addition curve the concentration of 

unknown (control) was 3.2 �M. The remaining 3-(methylthio)aniline concentrations after 135 min 

incubation in BVMORj24 and BVMOC1a samples were found to be 0.9 �M and 0.1 �M (Figure 7). Based 

on these concentrations and that of the control, the consumption of 3-(methylthio)aniline after 135 

min incubation was calculated to be roughly 72% for BVMORj24 and 97% for BVMOMt1, without 

correcting for recovery or sample instability during storage. 
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Table 3. Standard addition method used for quantification of 3-(methylthio)aniline, albendazole and 
albendazole sulfoxide in enzymatic conversion. All dilution series had a total volume of 1 mL. 

Unknown 

(��L) 

Acetaminophen 

(IS) 

(�L) 

Reference 

std 

(�L) 

Concentration 

of reference std 

(�M) 

Water 

(�L) 

100 100 0 0 800 

100 100 100 (1 �M stock) 0.1 700 

100 100 200 (1 �M stock) 0.2 600 

100 100 400 (1 �M stock) 0.4 400 

100 100 80 (10 �M stock) 0.8 720 

100 100 160 (10 �M stock) 1.6 640 

 

5.3.4.2. Albendazole sulfoxide  

BVMORj24 and BVMOMt1 samples, which showed the highest of albendazole sulfoxide peaks in 

LC-MS/MS were used for quantification. The same extraction, SPE purification and dilution steps 

were followed for albendazole as stated for 3-(methylthio)aniline(see Table 3).  

To a control extract 1 mM of ricobendazole (racemic albendazole sulfoxide) was added and used 

as a control (Figure 8) to correct for the loss during the extraction and SPE purification steps. The 

concentration determined to be 2.0 �M. The albendazole sulfoxide product concentrations were 

calculated to be 1.1 �M for BVMORj24 and 0.5 �M for BVMOMt1. The estimated product yield of 

albendazole sulfoxide is therefore 55% for BVMORj24 and 25% for BVMOMt1 (Figure 8). 
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Figure 7. Standard addition curve of 3-(methylthio)aniline. The concentration of 3-(methylthio)aniline 
in: a) control sample was found to be 3.2 �M, b) BVMORj24 was found to be 0.9 �M, and c) BVMOMt1 
was found to be 0.1 �M. 
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Figure 8. Standard addition curves of albendazole sulfoxide. The concentration of albendazole 
sulfoxide in: a) control sample was found to be 2 �M, b) BVMORj24 was found to be 1.1 �M, and c) 
BVMOMt1 was found to be 0.5 �M. 
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5.4. Discussion  

Human FMOs and other mammalian FMOs play a crucial role in degrading a wide range of 

xenobiotics, including many drugs. While they are known for their chemo- and enantioselective 

oxidations, mammalian FMOs are notoriously difficult to obtain or to use as isolated biocatalysts. To 

provide an alternative for the biocatalytic production of FMO-derived metabolites, we explored the 

use of the microbial Class B flavoprotein monooxygenases which are all sequence-related to FMOs. 

Besides sequence similarities, members of the Class B flavoprotein monooxygenases all share a similar 

structural fold. They are composed of FAD-binding domain with a tightly bound FAD as a prosthetic 

group and a NADPH binding domain which binds NADPH as coenzyme during catalysis [4]. In 

addition, kinetic and mechanistic studies on FMOs and BVMOs have revealed that these flavoprotein 

monooxygenases also share a common catalytic mechanism. This is also reflected in the type of 

oxygenations reactions that are catalyzed by members of both monooxygenase groups: they overlap 

and include N-oxygenations, sulfoxidations and Baeyer-Villiger oxidations [37]. The catalytic cycle 

starts with binding of the reduced coenzyme NADPH which results in reduction of the flavin cofactor. 

Through a subsequent fast reaction with molecular oxygen, the peroxyflavin intermediate is formed 

that is key to catalyze substrate oxygenation [19,38]. The reactive peroxyflavin is stabilized through 

interactions with active site residues and awaits entry of a suitable substrate in the active pocket. The 

accessibility, character and size of the active site pocket determines the substrate specificity and the 

enantio- and regioselectivity of each monooxygenase. As a consequence and different from many other 

flavoprotein monooxygenases and CYP450, formation of the reactive oxygenating enzyme 

intermediate is not dependent on binding of a substrate. Many Class B monooxygenases, including 

human FMOs, have been shown to display a relaxed substrate acceptance profile. This triggered our 

study to explore the catalytic potential of microbial flavoprotein monooxygenases, that are sequence 

related to mammalian FMOs, for the conversion of FMO substrates. One of the advantages of using 

such enzymes for in vitro conversion of FMO-targeted xenobiotics is the ease of production of the 

microbial enzymes at high levels and in soluble form in E. coli. Upon growth of the recombinant 

bacteria, the cell extracts could be immediately used for conversion of the targeted xenobiotics. 

Another advantage of this approach is the fact that in the last decade a large number of recombinant 

microbial flavoprotein monooxygenases have become available. For example, we have generated an 

in-house library of >30 different microbial flavoprotein monooxygenases [23,39]. For our study we 

decided to explore a set of seven monooxygenases that are known to display dissimilar substrate 

acceptance and oxygenation selectivity profiles. 
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Five different xenobiotics (3-(methylthio)aniline, albendazole, fenbendazole, lidocaine and 

nicotine) were chosen to examine enantio-, region- and chemoselective oxygenation by using a panel 

of seven different recombinant microbial flavoprotein monooxygenases. Chiral LC-MS/MS in the 

SRM mode was instrumental in establishing activity and selectivity of each enzyme towards each test 

compound. The enzymes that were found to be able to convert albendazole and fenbendazole formed 

the corresponding sulfoxides with very good enantiomeric excess. Both enantiomers of albendazole 

sulfoxide were produced in enantiomeric excess (CHMOAc and BVMOMt1 for the (R)-sulfoxide and 

BVMORj24 for the (S)-sulfoxide). Previously, it has been shown that mammalian FMOs have a 

preference for forming (R)-albendazole sulfoxide from albendazole [30,31]. For fenbendazole, only 

one active enzyme (BVMOMt1) was identified which preferentially forms the (S)-sulfoxide. 

Fenbendazole has been shown to be converted into the (R)-sulfoxide by mammalian FMOs with 

significant enantiomeric excess [30]. The observation that only one out of seven enzymes was active 

on fenbendazole may reflect the fact that fenbendazole differs from albendazole in having a phenyl 

moiety replacing a propyl moiety making it more bulky, sterically hindering oxidation of the thioether. 

It is worth mentioning that, except for the formation of low amounts of sulfones, no other oxidation 

products were formed upon conversion of the tested thioethers which demonstrates that the 

monooxygenases are chemo-, regio- and enantioselective. Monooxygenases that form the N-oxides of 

nicotine (CHMOAc) and lidocaine (BVMORj24) were also identified. In the literature it was reported that 

human FMO3 is responsible for selective formation of nicotine-1`-N-oxide [16], which was also the 

major N-oxide formed by CHMOAc. This shows that the microbial monooxygenases can also be used 

for chemo- and regioselective N-oxidations of xenobiotics. 

Our study illustrates that sequence-related microbial monooxygenases can be used for the 

production of FMO-related metabolites. As for mammalian FMOs [11,16], each tested oxidation was 

very specific and no side products were formed in considerable amounts. This makes them interesting 

biocatalysts for the production of pharmaceutically relevant drug metabolites. 
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Future Perspectives 
n this project lidocaine was used as a test drug molecule to study Phase I metabolism reactions 

by employing newly developed electrochemical methods. Although lidocaine covers a number of 

important CYP450 catalyzed reactions, it is a relatively simple drug molecule. Therefore, to extend 

the scope of our EC methods it is important to test a wider range of more complex drug compounds. 

We have two compounds available, darunavir and felodipine (kindly contributed by Janssen 

Pharmaceuticals and AstraZeneca, respectively) (Figure 1), which are attractive compounds since their 

known in vivo metabolites are available as standard reference materials. For most other complex drug 

compounds metabolites are not available except through custom synthesis. Availability of standards 

makes the characterization of their metabolites via LC-MS analysis much more straightforward, in 

particular for isomeric metabolites, such as the various hydroxylation products of lidocaine. Based on 

the results of Chapter 3 we expect that EC reaction parameters of these compounds can be optimized 

efficiently in a short time period by employing the DOE approach. We have performed preliminary 

experiments with darunavir and observed only one aromatic hydroxylation metabolite and the 

sulfonamide hydrolysis product (which is a postulated metabolite, but was not yet observed in vivo) 

under optimized EC conditions. The other in vivo metabolites of darunavir could not be obtained 

within the scope of the DOE study. Previously established EC-methods, including the pulsing method, 

EC-Fenton and Pt-electrocatalysis with H2O2 were not yet employed for these drug molecules. While 

these methods may provide selective formation of other darunavir metabolites, screening all methods 

with a range of parameters is time-consuming even with the DOE approach. 
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Figure 1. Darunavir and felodipine compounds. 

We also focused on the development of methods to improve the electrochemical synthesis of 

the oxidative metabolites of lidocaine in an effort to obtain them at the mg scale.  In general, scaling-

up of chemical processes has always been an important problem, and in EC synthesis this was 

particularly difficult to solve. Our initial approach was to use the EC parameters which were previously 

optimized for lidocaine N-dealkylation in a small batch cell by DOE (chapter 3), and simply translate 

these parameters to a larger synthesis batch cell. Instead of a small carbon disk electrode a large-

surface-area reticulated carbon electrode was used as a working electrode. However, higher absolute 

yields were not achieved, and we ascribed this to technical problems in the form of a high IR-drop and 

low mass transport efficiency, which were related to the design of the electrochemical batch cell. In 

recent years, there has been an increasing interest in flow-chemistry, which is claimed to allow direct 

scalability of protocols using relatively small reaction cells in a fast manner. Compared to batch reactor 

cells, continuous flow cells offer some advantages. For example, in a flow cell conversion can be 

achieved in a single pass without formation of side products due to overoxidation or secondary 

reactions. Moreover, this technology offers the possibility of monitoring unstable or very reactive 

compounds on-line. Microfluidic systems offer the use of multiple parallel channels. Cell design and 

the use of various electrode materials can be efficiently optimized in a microfluidic electrochemical 

cell, and hence the rate of the electrochemical reactions can be easily controlled. Building on these 

advantages of flow-chemistry, a flow-through electrochemical cell may be combined with microfluidic 

technology to produce oxidative drug metabolites in preparative amounts. Continuous-flow 

electrochemical synthesis cells are commercially available (e.g. Asia Flow Chemistry System (Syrris), 

Ammonite family of Electrolysis Cell (Cambridge Reactor Design)) but they can also be custom-made 

in the lab. For example, as can be seen in Figure 2, a commercially available Antec μ-PrepCell can be 

modified for this purpose. In this cell, a spacer and a Viton O-ring are used to adjust the volume of 

the cell, and the spacer is modified by addition of microchannels, which may be prepared by laser 



 

92 

cutting. The surface area of the electrode materials in these cells can be further increased by making 

the material porous. Fabrication of novel nanoporous electrode materials (e.g. gold, platinum, glassy 

carbon) offers large surface area electrodes which can be used for scaling-up purposes. Combination 

of these nanoporous electrode materials in continuous-flow electrochemical cells with long channels 

may allow the production of metabolites with high conversion rates in short reaction times.  

 

Figure 2. Proposed modification for the Antec �-PrepCell. The spacer can be modified with 
meandering channels to increase the effective surface area.  

In this thesis, enzymatic drug metabolite synthesis in the form of FMO enzyme-mediated 

conversion of sulfide and nitrogen containing drugs was studied in collaboration with the Department 

of Biotechnology at the University of Groningen (Prof. Marco Fraaije) as an alternative approach to 

(electro)chemical metabolite synthesis. Our results showed that each of the tested microbial FMO 

enzymes is capable of providing very good enantioselectivity for sulfide containing compounds. For 

preparative, stereospecific production of these drug metabolites, FMO enzymes may be covalently 

immobilized on electrode materials, such as gold, by linking the flavin cofactor to the electrode surface 

(Figure 3). In this system, a clean gold electrode surface was initially functionalized with a cysteamine 

linker. In the second step, the amine-terminated linker can be covalently linked to the FAD cofactor 

and finally the apo-flavoenzyme can be reconstituted. Modification of the gold surface with the FAD 

cofactor was monitored by cyclic voltammetry (CV). This FMO-immobilized gold electrode is 

expected to transfer electrons efficiently between the enzyme, electrode and the substrate to catalyze 

the oxidation of a variety of soft nucleophile containing drugs.  

Viton O-ring

Proposed spacer
with channels
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Figure 3. Representation of the covalent immobilization of an Flavin monooxygenase enzyme on the 
surface of a gold electrode via the FAD cofactor.  

In conclusion, synthesis of specific metabolites in higher amounts is especially crucial for their 

further characterization such as toxicity testing and structural analyses by NMR. There is a still room 

for improvement of the design of electrochemical cells in order to upscale metabolite synthesis. 

Moreover, the toolbox needs to be extended by developing efficient electrochemical synthesis methods 

in order to imitate a variety of reactions occurring in biological systems (e.g. CYP450-catalyzed 

reactions). Therefore, the focus of the EC-MS work should be on gaining a better understanding of 

EC-driven reactions notably on the electrode surface.  
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Nederlandse samenvatting 
n dit project is lidocaine gebruikt als farmaceutische teststof voor het onderzoek naar reacties van 

het Fase I metabolisme, gebruik makend van nieuw ontwikkelde electrochemische methodes. 

Hoewel lidocaine een aantal belangrijke reacties kan ondergaan die door CYP450 worden 

gekatalyseerd, heeft het een relatief eenvoudige structuur. Om de toepasbaarheid van de 

electrochemische methodes te vergroten is het daarom belangrijk om een breder panel van meer 

complexe farmaceutica te testen. We hebben twee stoffen tot onze beschikking, te weten darunavir en 

felopdipine (ter beschikking gesteld door respectievelijk Janssen Pharmaceuticals and AstraZeneca) 

(Figuur 1), die interessant zijn vanwege de beschikbaarheid van hun in vivo gevormde metabolieten als 

standaard referentiemateriaal. Voor de meeste andere complexe farmaceutische stoffen zijn geen 

metabolieten beschikbaar, en deze kunnen alleen door gerichte synthese worden verkregen. De 

beschikbaarheid van standaarden maakt de karakterisering van metabolieten door middel van LC-MS 

analyse veel eenvoudiger, vooral voor isomere metabolieten, zoals bijvoorbeeld de diverse 

hydroxylatieproducten van lidocaine. Op basis van de resultaten beschreven in Hoofdstuk 3 

verwachten we dat de EC reactieparameters van deze stoffen op een efficiënte wijze kunnen worden 

geoptimaliseerd met de DOE aanpak. We hebben al voorbereidende experimenten met darunavir 

uitgevoerd en hebben slechts één aromatisch hydroxylatieproduct en het sulfonamide 

hydrolyseproduct (een voorspeld metaboliet, dat echter nog niet eerder in vivo is aangetoond) 

gedetecteerd met geoptimaliseerde EC condities. De andere in vivo metabolieten van darunavir konden 

niet worden gedetecteerd binnen de grenzen van de DOE studie. Eerder ontwikkelde EC methodes, 

waaronder de pulsmethode, EC-Fenton en Pt-electrocatalyse met H2O2 zijn nog niet toegepast op deze 

stoffen. Hoewel met deze methodes mogelijk andere metabolieten van darunavir op selectieve wijze 

gemaakt zouden kunnen worden, is het screenen van alle methodes met een groot bereik van de 

parameters tijdrovend, zelfs met de DOE aanpak. 
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Figuur 1. Structuur van darunavir en felodipine. 

We hebben ons ook toegelegd op het ontwikkelen van methodes voor de verbetering van 

electrochemische synthese van de oxidatieve metabolieten van lidocaine, in een poging deze te 

produceren op milligram schaal. Algemeen gesteld is het opschalen van chemische processen altijd een 

uitdaging, en voor EC synthese is dit probleem nog moeilijker op te lossen. Onze eerste aanpak was 

het gebruik van de parameters die eerder waren gevonden door optimalisatie met DOE van de N-

dealkylatie van lidocaine in een kleine batchcel (Hoofdstuk 3), en het simpelweg vertalen van deze 

parameters naar een grotere batchcel voor synthese. In plaats van een kleine koolstof schijfelectrode 

is een netvormige koolstofelectrode met een groot oppervlak gebruikt als werkelectrode. Er werd 

echter geen hogere absolute opbrengst bereikt, wat we toeschrijven aan technische problemen als een 

hoge spanningsval en een lage efficiëntie van massatransport, die beide samenhangen met het ontwerp 

van de electrochemische batchcel. 

In de afgelopen jaren is de belangstelling voor flowchemie toegenomen, omdat deze methode 

directe en snelle schaalbaarheid van protocollen voor relatief kleine reactorcellen mogelijk maakt. 

Vergeleken met batchreactorcellen hebben continue-flowcellen een aantal voordelen. In een flowcel 

kan bijvoorbeeld een stof worden geconverteerd in een enkele passage door de cel, zonder vorming 

van bijproducten door overoxidatie of secundaire reacties. Bovendien geeft deze technologie de 

mogelijkheid om instabiele of zeer reactieve stoffen on-line te meten. Microfluïdische systemen bieden 

tevens de mogelijkheid om meerdere parallelle kanalen te gebruiken. Het ontwerp van cellen en het 

gebruik van diverse electrodematerialen kan op efficiënte wijze worden geoptimaliseerd in een 

microfluïdische electrochemische cel en hierdoor kan de snelheid van electrochemische reacties 

eenvoudig worden beheerst. Voortbouwend op deze voordelen van flowchemie zou een doorstroom-

electrochemische cel gecombineerd kunnen worden met microfluïdische technologie voor de 

productie van oxidatieve metabolieten van farmaceutica in preparatieve hoeveelheden. Continue-flow 

electrochemische synthesecellen zijn commercieel verkrijgbaar (b.v. Asia Flow Chemistry System 
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(Syrris), Ammonite family of Electrolysis Cell (Cambridge Reactor Design)) maar kunnen ook op eigen 

specificatie in het laboratorium vervaardigd worden. Bijvoorbeeld kan de commercieel verkrijgbare 

Antec μ-PrepCell, afgebeeld in Figuur 2, voor dit doel worden gemodificeerd. In deze cel worden een 

spacer en een Viton O-ring gebruikt om het volume van de cel aan te passen en de spacer kan worden 

aangepast door het aanbrengen van microkanaaltjes, vervaardigd door lasersnijden. Het oppervlak van 

de electrodematerialen in deze cellen kan verder worden vergroot door het materiaal poreus te maken. 

Productie van nieuwe nanoporeuze electrodematerialen (b.v. goud, platina, of glasvormig koolstof) 

levert electrodes op met grote oppervlaktes die kunnen worden gebruikt voor opschaling van synthese. 

Het combineren van deze nanoporeuze electrodematerialen in continue-flow electrochemische cellen 

met lange kanalen maakt de productie van metabolieten met hoge conversiesnelheden en korte 

reactietijden mogelijk. 

 

Figuur 2. Voorgestelde modificatie van de Antec �-PrepCell. De spacer kan worden voorzien van 
meanderende kanalen om het effectieve oppervlak te vergroten.  

 

In dit proefschrift is tevens enzymatische synthese van geneesmiddelmetabolieten bestudeerd 

als een alternatief voor (electro)chemische synthese. In samenwerking met de Biotechnologie vakgroep 

van de Rijksuniversiteit Groningen (Prof. Marco Fraaije) is hiervoor gekeken naar de conversie van 

sulfide- en stikstof-bevattende stoffen door FMO enzymen. Onze resultaten lieten zien dat elk getest 

FMO-enzym in staat is tot zeer goede enantioselectieve conversie van sulfide-bevattende stoffen. Voor 

de preparatieve, stereospecifieke productie van deze metabolieten kunnen de FMO-enzymen covalent 

Viton O-ring

Proposed spacer
with channels
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worden geïmmobiliseerd op electrodematerialen zoals goud, door het binden van de flavine cofactor 

aan het electrodeoppervlak (Figuur 3). In dit systeem is eerst een schone goudelectrode 

gefunctionaliseerd met een cysteamine linker, waarna in een tweede stap het terminale amine van deze 

linker covalent aan de FAD cofactor gebonden kan worden en tenslotte het apo-flavoenzym kan 

worden gereconstitueerd. Modificatie van het goudoppervlak met de FAD cofactor werd 

gecontroleerd met cyclische voltammetrie (CV). De goudelectrode met geïmmobiliseerd FMO zou 

efficiënt electronen moeten kunnen overdragen tussen enzym, electrode en substraat voor het 

katalyseren van de oxidatie van geneesmiddelen met enn zachte nucleofiele groep. 

 

Figuur 3. Representatie van de covalente immobilisatie van een Flavine monooxygenase enzym op 
het oppervlak van een goudelectrode via de FAD cofactor.  

 

De synthese van specifieke metabolieten in grote hoeveelheden is, ter conclusie, van cruciaal belang 

voor hun verder karakterisering zoals toxiciteitsstudies en structurele analyse door middel van NMR. 

Er is nog steeds ruimte voor verbetering in het ontwerp van electrochemische cellen voor het 

opschalen van metabolietsynthese. Bovendien moet de gereedschapskist worden uitgebreid door het 

ontwikkelen van efficiënte electrochemische synthesemethodes om een grotere verscheidenheid aan 

reacties die in biologische systemen plaatsvinden (b.v. reacties gekatalyseerd door CYP450) te kunnen 

nabootsen. De focus van EC-MS onderzoek zou daarom moeten liggen op een beter begrip van door 

EC gedreven reacties, met name op het electrodeoppervlak. 
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