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Chapter 1 

Introduction and Scope of the Thesis 

The aim of this thesis is to improve the yield and the selectivity of specific drug 

metabolites, with particular emphasis on N-dealkylation metabolites in this study. 

During preclinical and clinical studies of new pharmaceutical discovery and 

development, it is important to predict potential metabolites, to characterize them 

analytically and to synthesize them to evaluate their toxicity before a new chemical 

entity enters the market as a pharmaceutical product. Electrochemistry is used to 

produce drug metabolites under precise potential control. A number of drug 

metabolites have been synthesized in a three-electrode cell by direct 

electrochemistry. However, the selectivity and yield of drug metabolites synthesized 

by direct electrochemistry are often quite low, making the following separation 

processes laborious and product upscaling difficult.  

Electrodes modified with enzymes of the Cytochrome P450 (CYP450) family in 

humans provide a possible way to improve the selectivity by mimicking oxidative 

drug metabolism as executed by CYP450 in vivo. We modified a gold disk electrode 

with the metalloporphyrin hemin, the active site constituent of CYP450, for the 

conversion of the drug molecule lidocaine. For a better understanding of such 

electrodes, hemin was used to modify a nanostructured gold electrode for an in-situ 

surface enhanced Raman scattering spectroelectrochemical (SERS SEC) 

characterization. The SEC analysis system has the merits of wide applicability to 

target molecules, small sample volume, and a low detection limit.  

We noticed that the yield of the N-dealkylation drug metabolites is highly 

dependent on the surface area of the working electrode. Thus, we came up with the 

idea to fabricate a gold working electrode with a small geometric area, but a large 

active surface area, and started to develop nanoporous gold (NPG) electrodes. We 

showed that this NPG can very efficiently catalyze the N-dealkylation reaction 

without applying any potential on the electrode. Moreover, the selectivity of N-

dealkylation is highly improved on the NPG compared to reported electrochemical 

methods.  
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Following up on the work of in-batch NPG catalysis described above, a continuous-

flow reactor by integration of NPG was designed for the catalytic N-dealkylation of 

lidocaine, metoprolol and atropine on NPG by flow chemistry. Such a continuous 

flow system has a fast response, and is promising for upscaling N-dealkylation 

reactions for the synthesis of drug metabolites or added value precursors of 

pharmaceutical products. 

Chapter 2 presents a review on modified electrodes used in the mimicry of oxidative 

drug metabolism. Different methods for the preparation of CYP450-modified 

electrodes are discussed. In addition, the use of synthetic metalloporphyrins, which 

are related to hemin, the active site constituent of CYP450s, for the preparation of 

modified electrodes is discussed.  

Chapter 3 describes an integrated SERS SEC analysis system, which was applied 

to the characterization of a hemin-modified gold electrode. We originally planned to 

use this hemin modified electrode for drug metabolite studies, but no catalytic 

conversion of the desired drug metabolites was detected in the initial experiments. 

Thus, we decided to analyze the modified electrode surface in more detail to 

determine the correct formation of an active hemin layer. A SERS SEC system was 

designed at Twente University, and it combines a small volume microfluidic sample 

chamber with a compact three-electrode configuration for in situ SERS SEC 

measurements.  

Chapter 4 discusses different preparation methods of nanoporous gold, such as 

electrodeposition and chemical dealloying. The chapter also presents the catalytic 

properties of nanoporous gold with special emphasis on the catalysis of CO and 

ethanol oxidation and electrochemically-assisted catalysis. The mechanism of NPG 

catalysis, which is still under debate, is also discussed in this chapter. 

Chapter 5 explores a new catalytic reaction of NPG, the N-dealkylation of drug 

molecules. In this chapter, this NPG was shown to be a very efficient N-dealkylation 

catalyst. N-dealkylation of lidocaine and metoprolol on a catalytic NPG surface 

showed yields of 93% and 99%, respectively, and no other reaction products were 

formed. As a heterogeneous catalyst, nanoporous gold has the merits of easy 

preparation, simplicity of product recovery, excellent selectivity, robustness and 

long-term stability. Nanoporous gold is a promising catalyst for synthesizing N-

dealkylated drug metabolites and added-value pharmaceutical intermediates. 
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Chapter 6 displays a continuous-flow reactor for the catalytic N-dealkylation of 

lidocaine, metoprolol and atropine on NPG by flow chemistry, following up on the 

work of in-batch NPG catalysis described in chapter 5. The continuous flow system 

had a fast response and was easy to handle, which makes it particularly suitable for 

screening reaction conditions prior to scaling up. 

Chapter 7 summarizes the results and discusses the future perspectives of the 

modified electrodes and NPG applied in drug metabolism studies. 
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Abbreviations in this thesis: 

Absorption, distribution, metabolism and excretion: ADME 

Atomic absorption spectroscopy: AAS 

Atomic force microscopy: AFM 

Atomic layer deposition: ALD 

Chronoamperometry: CA 

Cobalt (p-tetrakishydroxyphenyl) porphyrin: Co(p-OH)TPP 

Counter electrode: CE 

Cyclic voltammetry: CV 

Cytochrome P450: CYP450 

Dimethyl sulfoxide: DMSO 

Direct electron transfer: DET 

Edge-plane pyrolytic graphite: EPG 

4-Mercaptopyridine: Mpy 

Gas chromatography: GC 

Gold nanoparticles: GNPs 

Hemin modified electrode: Mpy/hemin 

High-performance liquid chromatography: HPLC 

High-resolution transmission electron microscopy: HRTEM 

Indium tin oxide: ITO 

Iron perchlorinated phthalocyanine: FePcCl16 

Localized surface plasmon resonance: LSPR 

Mass spectrometry: MS 

Micro X-ray fluorescence spectroscopy: µXRF 

Multi-walled carbon nanotube: MWCNT 

N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride: EDC 

Nanoporous gold: NPG 

N-hydroxysuccinimide: NHS 

Normal hydrogen electrode: NHE 

Polydimethylsiloxane: PDMS 

Pyrrole-monosubstituted manganese tetraphenylporphyrin: PMMT 

Quartz crystal microbalance: QCM 

Reference electrode: RE 

Saturated calomel electrode: SCE 

Scanning electron microscopy: SEM 

Selected reaction monitoring: SRM 
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Self-assembled monolayer: SAM 

Spectroelectrochemical: SEC 

Surface plasmon resonance: SPR 

Surface-enhanced Raman scattering: SERS 

Surface-enhanced resonance Raman scattering: SERRS 

Transmission electron microscopy: TEM 

Turnover frequency: TOF 

Ultrahigh vacuum: UHV 

Working electrode: WE 

X ray photoelectron spectroscopy: XPS 




