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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 
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Chapter 2 

Surface-modified Electrodes in the Mimicry of 

Oxidative Drug Metabolism* 

This review discusses different approaches that have been taken to mimic 

oxidative drug metabolism as executed by members of the Cytochrome P450 

(CYP450) family of enzymes in humans. Non-modified electrodes can be used 

to produce some of the oxidative drug metabolites observed in vivo but their 

scope is rather limited. Modifying electrodes with simple cofactors in analogy 

to those observed in CYP450 but without the protein scaffold extends these 

possibilities and notably allows driving reactions following a CYP450-like 

mechanism. The review ends with approaches to immobilize CYP450s or 

analogs thereof on electrodes to fully mimic in vivo drug metabolism. Future 

perspectives are discussed with respect to the advantages and disadvantages 

of each level of complexity and possible ways forward. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* This chapter is based on T. Yuan, H. Permentier, R. Bischoff. Surface-modified electrodes in the 

mimicry of oxidative drug metabolism. Trends Anal. Chem. 70 (2015) 50-57. 



Surface-modified Electrodes in the Mimicry of Oxidative Drug Metabolism 

 

 

7 
 

2.1 Introduction  

It is a long journey before a new chemical entity enters the market as 

pharmaceutical product. An important part of preclinical and clinical studies 

relates to the study of drug metabolism. A new drug may be converted into 

pharmacologically active, inactive or even toxic metabolites in vivo. The 

regulatory authorities therefore require studies summarized under the term 

ADME (absorption, distribution, metabolism and excretion) to assure the 

safety and efficacy of newly developed pharmaceuticals [1, 2]. Preclinical 

ADME studies are performed in experimental animals ranging from mice to 

monkeys prior to use in humans owing to safety considerations. In order to 

investigate drug metabolism at an early stage of new drug development it is 

thus important to predict potential metabolites, to characterize them 

analytically and to synthesize them to evaluate their toxicity.  

  In vitro methods for drug metabolism research usually use extracts of rat or 

human liver microsomes that contain enzymes of the CYP450 family. The 

discovery of CYP450 enzymes traces back to the early 1960s when a 

pigmented protein that binds carbon monoxide and exhibits an absorption 

maximum at 450 nm was discovered in liver microsomes of pigs and rats [3, 

4]. It was subsequently shown that CYP450s contain an iron protoporphyrin 

IX (heme) as cofactor. This heme-containing protein was later identified as a 

b-type cytochrome and therefore called Cytochrome P450 [5].  

  The CYP450 family comprises many isoforms such as CYP1A2, 2A6, 2B6, 

2D6 and 2E1 with different substrate specificities [6], despite the fact that 

sequence similarity is as high as 80% [7]. CYP450 catalysis requires a constant 

supply of NADPH as the electron source and CYP450 reductase to deliver 

electrons to the active site, both of which are costly and require continual 

addition upon extended incubations [8]. Additionally, it can be very difficult 

to detect drug metabolites or isolate and study reactive intermediates from 

incubations with microsomes, due to the complexity of the biological sample. 

Reactive intermediates may also react further, for example with proteins, and 

escape detection. Thus, new approaches capable of generating oxidative drug 

metabolites and of allowing their analysis are needed to gain a better 

understanding of oxidative drug metabolism (Phase I metabolism) and of 
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synthesizing drug metabolites at a scale that allows toxicological studies in 

experimental animals.  

  Electrochemistry has been used as a versatile technique for the mimicry of 

oxidative drug metabolism [9-24], since it allows generating drug metabolites 

and reactive intermediates under controlled conditions avoiding the 

complexity of the in vitro or in vivo systems [25]. Direct electrochemistry on 

metal or carbon electrodes proved to be a powerful tool for the synthesis of a 

wide range of metabolites due to N-dealkylation, N-oxidation, S-oxidation or 

P-oxidation reactions [26]. However, a number of reactions that are catalyzed 

by CYP450s could not be reproduced on non-modified electrodes, including 

aliphatic hydroxylation. Moreover, electrochemistry on metal- or carbon-

based electrodes produces these metabolites through mechanisms that do not 

resemble CYP450-mediated reaction pathways making them unsuitable to 

mimic and study such reactions in greater mechanistic detail.  

  In order to mimic the natural enzyme system more closely, approaches to 

immobilize CYP450s on different electrodes have been promoted [27-29], 

including different bare electrodes, clay modified electrodes, phospholipid 

modified electrodes and electrodes modified with multilayer films, in which 

the electrode serves as the supplier of electrons to drive the CYP450 catalytic 

cycle and thus to expand the range of reactions leading to oxidative drug 

metabolites. Immobilizing redox-active metalloporphyrins or CYP450 

enzymes on electrodes has been shown to facilitate their use as catalysts in 

electrochemical cells, due to a fast, direct, reversible electron transfer between 

the redox center and the electrode surface [30]. Different strategies to 

immobilize CYP450 were reported [31], for example, adsorption to bare 

electrodes or thin films, layer-by-layer adsorption, encapsulation in polymers 

of gels, covalent attachment to a self-assembled monolayer (SAM).  However, 

the active redox site in CYP450s is deeply embedded in the interior of the 

enzyme, which insulates it and impedes electron transfer from the electrode, 

resulting in a diminished biocatalytic activity of directly immobilized enzymes 

on bare electrodes [32]. Regioselective immobilization of CYP450s to on 

SAM modified electrodes was shown to be beneficial in this respect.   

  In this review, we summarize the applications of metalloporphyrin and 

CYP450 modified electrodes in the field of drug metabolism research, and 
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introduce the reader to different strategies for the preparation of such modified 

electrodes.  

2.2 Metalloporphyrin-modified electrodes 

Due to the importance and versatility of the porphyrin macrocycle and its 

metalated complexes in nature, considerable efforts have been devoted to 

understanding, mimicking and expanding the role of metalloporphyrins [33]. 

The last two decades have witnessed considerable progress in biomimetic 

applications of synthetic metalloporphyrins in, among others, olefin 

epoxidation [34, 35], alkane hydroxylation [36] and the electrocatalytic 

reduction of O2 [37, 38]. As iron is located in the active center of CYP450s, 

iron complexes are the most widely studied metalloporphyrins, although other 

metal ions, such as manganese, ruthenium and cobalt, have also been 

investigated. One of the shortcomings of immobilized metalloporphyrins in 

view of mimicking drug metabolism is their poor regioselectivity, for example 

with respect to aromatic hydroxylation reactions.  

  Mimicking the catalytic reaction mechanism of CYP450s with immobilized 

metalloporphyrins is a challenge. Reduction of the central metal ion in the 

presence of O2 to produce either an oxo-iron intermediate or H2O2 has been 

reported [39]. For example, a manganese porphyrin (Figure 1a) polymer film 

deposited on a platinum or carbon electrode surface by electropolymerization 

of a pyrrole-monosubstituted manganese tetraphenylporphyrin (PMMT) was 

designed [40], where the pyrrole was covalently linked to the phenyl groups. 

However, steric hindrance limited the efficiency of the electrochemical 

polymerization process of the metalloporphyrin monomer. Cauquis et al. 

reported that connecting the polymerizable group to the macrocycle through a 

flexible chain improved the electropolymerization efficiency [40].  Platinum 

or carbon electrodes coated with electropolymerized pyrrole-substituted 

manganese tetraphenylporphyrin films were used for the catalytic epoxidation 

of cyclo-octene and stilbene with molecular oxygen.  



Chapter 2  

 

 

10 
 

 

Figure 1. Chemical structures of different metalloporphyrins discussed in this 

review: (a) pyrrole-monosubstituted manganese tetraphenylporphyrin [40]; (b) 

cobalt (p-tetrakishydroxyphenyl) porphyrin (Co(p-OH)TPP) [41]; (c) cobalt 

corrin vitamin B12 hexacarboxylic acid [42]; (d) iron perchlorinated 

phthalocyanine  (FePcCl16) [43].  

  An electropolymerized cobalt porphyrin modified vitreous carbon electrode 

was reported by Bedioui et al. to catalyze the oxidation of 2-mercaptoethanol 

[41]. Cobalt (p-tetrakishydroxyphenyl) porphyrin (Co(p-OH)TPP, Figure 1b) 

was immobilized by repeated potential scans between -1.4 and 1.4 V (vs 

saturated calomel electrode (SCE)) in an acetonitrile solution containing 1 mM 
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Co(p-OH)TPP. Surface coverage of the porphyrin on the electrode was 

calculated to be 4×10-10 mol/cm2, and the formal potential was -1.01 V (vs 

SCE), corresponding to the redox couple of Co2+/1+. An enhanced oxidation 

current was observed in the presence of 2 mM 2-mercaptoethanol, while no 

oxidation of 2-mercaptoethanol was observed on the non-modified electrode, 

indicating electrocatalytic oxidation of 2-mercaptoethanol. While the products 

of the oxidized 2-mercaptoethanol were not identified, this is the first report 

of porphyrin-based modified electrodes applied to the electrocatalytic 

activation of thiols.  

  The thickness of the metalloporphyrin films on the electrode was found to 

play a key role for the catalytic activity of the modified electrode. Rusling’s 

group reported a cobalt corrin vitamin B12 hexacarboxylic acid (Figure 1c)-

modified carbon electrode [42], which was immobilized by covalent amide 

bonding to a poly-L-lysine (PLL) layer on a carboxyl-group-functionalized 

carbon electrode. An enhanced current was observed at the forward Co2+ 

reduction potential of -0.75 V (vs SCE) in the presence of trans-1,2-

dibromocyclohexane, while only a minimal current was observed for the 

oxidation of Co+ to Co2+, indicating a characteristic electrochemical catalytic 

reduction. Optimal conversion was obtained at a vitamin B12 hexacarboxylic 

acid coverage of 2 nmol/cm2. Electron and reactant mass transport within the 

films became limiting factors above the optimal coverage, while kinetic 

control became predominant below the optimal coverage. 

  Iron perchlorinated phthalocyanine (FePcCl16, Figure 1d) adsorbed on a 

graphite electrode displayed good electrocatalytic activity for the reduction of 

O2 [43]. Its suitability for the electrooxidation of 2-mercaptoethanol was 

further evaluated by adsorption of a drop of 0.1 mM FePcCl16 in 

dimethylformamide on a pyrolytic graphite disk for 30 min [44]. The electrode 

showed two pairs of characteristic redox peaks centered at ~ -0.1 V and ~ -0.3 

V (vs SCE), respectively, with a calculated surface coverage of 0.31 nmol/cm2. 

The current peaks increased linearly with the square root of the potential scan 

rate indicating a mass-transport controlled process. In the presence of 3 mM 

2-mercaptoethanol, a peak at -0.8 V (vs SCE) was observed, which was 

attributed to the reduction of the disulfide bond formed during the positive 

scan. Such an electrode is also applicable to the detection of other thiols, such 
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as aminoethanethiol, cysteine and glutathione, which is of great importance in 

deodorizing reactions such as the treatment of waste water.  

2.3 CYP450-modified electrodes 

As one of the most versatile enzyme families in nature, CYP450s utilize 

molecular oxygen and two reducing equivalents of NADPH to catalyze a great 

variety of stereospecific and regioselective oxygen insertion reactions [45]. 

Such processes are of great significance in biosystems, where the enzyme 

participates in detoxification and biodegradation. In humans, CYP450s are the 

most important phase I drug metabolizing enzymes contributing about 75% to 

the metabolism of all drugs [46]. The active species of the enzyme is the iron 

protoporphyrin IX heme cofactor, which has two axial ligands. The proximal 

ligand is a thiolate from a cysteine residue of the protein while the distal ligand 

is variable and can be a substrate molecule.  

  Electrochemistry has attracted much attention in recent years to drive redox-

enzyme-mediated catalytic processes. However, some obstacles still exist for 

efficient electron transfer between heme-containing enzymes and the electrode 

surface. Firstly, it is difficult to transfer electrons between the surface of 

electrodes and the active site because of the long distance between the 

electroactive center of the heme-containing enzyme and the electrode surface 

[47]. Secondly, loss of electrochemical activity and bioactivity often occur 

when heme-containing enzymes are immobilized on an electrode due to 

adsorptive denaturation and an inappropriate orientation [48]. One strategy to 

immobilize heme-containing enzymes is to incorporate them into modified 

films on the electrode surface. In this section, we will discuss different 

strategies based on the material of the working electrode. 

2.3.1 Gold electrodes 

A nanostructured gold surface prepared by sputtering was modified with 4-

aminothiophenol to make a self-assembly monolayer (SAM) and CYP2C9 

was covalently immobilized through reaction of a carboxylic acid residue in 

the enzyme and amino groups on the SAM [49]. A pair of voltammetric peaks 

were observed with a formal potential of -0.399 V (vs Ag/AgCl) 

corresponding to direct electron transfer between CYP2C9 and the electrode. 
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This CYP-modified electrode was applied to the electrochemical analysis of 

drug metabolism reactions using tolbutamide as the substrate. At the formal 

potential of the enzyme, an increase in current was observed that correlated 

with an increase in drug concentration, demonstrating the electrochemically-

driven drug metabolism reaction by CYP2C9. For comparison, the 

electrochemical responses of CYP2C9 were also evaluated using two other 

linkers, p-hydroxythiophenol and p-carboxythiophenol, but no electron 

transfer was observed, demonstrating that these two linkers are not suitable for 

direct electron transfer to the active site of CYP2C9. 

  In another approach, CYP2C9 was immobilized on an 11-

mercaptoundecanoic acid-modified SAM by coupling the N-terminus of the 

enzyme to the carboxylic acid group on a gold electrode [50]. Direct 

electrochemistry of the covalently coupled CYP2C9 to the SAM-modified 

electrode was observed by cyclic voltammetry with a formal potential of -0.45 

V (vs Ag/AgCl). CV measurements of the modified electrodes displayed an 

increase in the reduction current at -0.49 V in the presence of the known 

CYP2C9 substrate warfarin (Figure 2), and this reduction current was proved 

to be dependent on warfarin concentration. To further assess the 

electrochemical catalytic activity of the immobilized CYP2C9, warfarin was 

incubated with the modified electrode at a constant potential of -0.38 V under 

aerobic conditions. The typical metabolite 7-hydroxywarfarin was observed 

by high-performance liquid chromatography (HPLC) after 2 h of electrolysis, 

which is comparable to a control experiment where CYP2C9 was incubated 

with NADPH and CYP reductase.  
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Figure 2. Cyclic voltammograms of a CYP2C9-modified gold electrode in 40 

mM phosphate buffered saline containing 154 mM NaCl. (a) In the absence of 

warfarin under anaerobic condition. (b) In the absence of warfarin under 

aerobic condition. (c) In the presence of 0.5 µM warfarin under aerobic 

condition [50]. (reproduced from ref 50, copyright 2009 American Society for 

Pharmacology and Experimental Therapeutics) 

  Nanoparticles have been used to fabricate modified electrodes. An ethylene 

glycol bis(succinic acid N-hydroxysuccinimide ester) (EG) CYP2E1 modified 

gold electrode was designed as a biosensor for the determination of rifampicin 

[51]. The gold electrode was first modified with a polyvinylpyrrolidone-

modified silver nanoparticle/poly(8-anilino-1-naphthalene sulphonic acid) 

nanocomposite followed by electrodeposition of EG-CYP2E1 at a potential of 

700 mV (vs Ag/AgCl) for 10 min. The assembly procedure was followed by 

electrochemical impedance spectroscopy comparing the charge transfer 

resistance after each assembly step. The modified electrode was used for the 

analysis of rifampicin in 50 mL phosphate buffer (0.1 M, pH 7.4) with a 

detection limit of 50 nM. 

  Joseph et al. reported a CYP3A4-modified gold electrode by first coating the 

gold surface with a monolayer of 3-mercapto-1-propenesulfonic acid, and then 
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an alternate adsorption from poly(diallyldimethylammonium chloride) and a 

CYP3A4 solution for multiple times [52]. A formal potential of 98 mV (vs 

normal hydrogen electrode (NHE)) was observed on the modified electrode, 

which was attributed to the heme Fe3+/2+ couple in CYP3A4. A quartz crystal 

microbalance (QCM) was used for monitoring the formation of the enzyme 

films on the electrode by measuring changes in the resonance frequency of the 

electrode after each modification step. A linear change of the resonance 

frequency with cycles of adsorption on the electrode was observed, indicating 

a linear increase of film mass with increasing number of cycles. This modified 

electrode was used for the catalytic conversion of three classic substrates of 

CYP3A4, namely verapamil, quinidine and progesterone. A 2 h electrolysis 

experiment was carried out in the presence of substrate under aerobic 

conditions. Subsequent product analysis by LC-MS displayed the same 

metabolites as for CYP3A4 in vivo, confirming the catalytic activity of the 

modified electrode.   

  Direct electrochemistry of CYP enzymes adsorbed on bare electrodes was 

generally thought to be difficult owing to the instability of the enzymes and 

the deeply buried heme cofactor. Nonspecific adsorption of enzymes results in 

a randomly oriented layer on the electrode, which is difficult to control. 

However, when the enzyme binds to the electrode covalently through a thiol 

linker, an oriented and compact monolayer covalently bound to the gold 

surface will be obtained. Gilardi’s group reported the electrochemical 

investigation of different CYP2E1-modified electrodes by both adsorption and 

covalent linking [53]. Electron transfer on a CYP2E1-modified gold electrode 

(formal potential -177 mV vs NHE), where the enzyme was covalently bound 

to a cysteamine monolayer, was 2-times faster than after adsorption on a glassy 

carbon electrode, probably due to the well-controlled orientation. Conversion 

of p-nitrophenol into p-nitrocatechol was achieved at a potential of -300 mV 

indicating electrocatalytic activity of the modified electrode. 

  Hydrophobicity of the SAM is one of the critical parameters in the fabrication 

of electrocatalytic CYP-modified gold electrodes. Mie’s group thoroughly 

investigated the influence of hydrophobicity by preparing different 

hydrophobic and hydrophilic thin layers [54]. A well-defined redox peak was 

observed on a naphthalenethiolate hydrophobic SAM with a formal potential 

of -0.4 V (vs Ag/AgCl), while no voltammetric peaks were observed on an 
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aminoethanethiolate hydrophilic SAM. Interestingly, another hydrophobic 

SAM based on ethanethiolate displayed redox peaks that were only 10% of 

that on the naphthalenethiolate SAM although both have similar surface 

hydrophobicity. This demonstrates that aromatic hydrophobic layers are more 

effective for direct electron transfer, owing to the fact that unsaturated 

oligophenylene thiolates show better electronic conductance compared to 

saturated alkanethiolates [55]. Testosterone was used as a substrate of 

CYP3A4 to study the electrocatalytic activity of the modified electrode and 

the main metabolite 6β-hydroxytestosterone was detected by HPLC. 

  A CYP450-based amperometric platform was proposed by Gilardi et al. for 

measuring the individually variable, polymorphic response in phase I drug 

metabolism depending on drug therapy [56]. Since no catalytically active 

protein was observed after direct immobilization of CYP450 enzymes on the 

electrode surface, chemical spacers were used to form a SAM by covalently 

binding to the gold electrode on one side, while the other side binds the protein 

(Figure 3). Two isoforms of CYP450 with relevance for polymorphism in drug 

metabolism, CYP2C9 and CYP2D6, were covalently linked to a sputtered 

polycrystalline gold working electrode surface as depicted in figure 3. The 

electrochemical response of the enzyme electrodes was verified by cyclic 

voltammetry. Redox couples corresponding to the Fe3+/2+ transition of the 

heme cofactor were observed on all enzyme-modified electrodes under 

anaerobic conditions. Electrocatalysis was observed at a constant potential of 

-0.21 V over 30 min in the presence of the substrates bufuralol and warfarin 

resulting in the generation of 1-hydroxy bufuralol and 7-hydroxy warfarin, as 

determined by HPLC analysis, indicating the catalytic activity of the enzyme 

electrodes.  
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Figure 3. Two strategies for the immobilization of CYP2D6 on a gold electrode 

via SH groups (a) and via NH2 groups (b). (reproduced from ref 56, copyright 

2011 American Chemical Society) 

2.3.2 Carbon-based electrodes 

  A new platform for rapid in vitro mimicking of CYP450 metabolic pathways 

on a nanoparticle-modified glassy carbon electrode was reported by Liu et al. 

[57]. The electrode was first covered with poly(diallyldimethylammonium 

chloride)-functionalized graphene containing gold nanoparticles to increase 

the surface area and conductivity of the electrode. CYP3A4, which is 

positively charged, can thus be electrostatically bound to the negatively 

charged surface of the modified electrode. A couple of reversible redox peaks 

was observed with a formal potential of -0.482 V (vs SCE). Nifedipine was 

used as a CYP3A4 substrate, and the predominant metabolite 

dehydronifedipine was observed by high-performance liquid chromatography-

mass spectrometry (HPLC-MS) when a constant potential of -0.5 V (vs SCE) 

was applied for 1 h. The Michaelis-Menten constant KM was measured to be 
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1.3 µM, which is 75-times lower than the values reported before [58], 

indicating a high electrocatalytic activity.  

  Arcos-Martinez et al. reported a screen-printed carbon electrode and used it 

for cocaine analysis [59]. The electrode was first incubated in a 4-

nitrobenzenediazonium tetrafluoroborate solution to form an amine 

functionalized monolayer after sweeping the potential between -0.4 V and 0.8 

V (vs Ag/AgCl), and then incubated with CYP2B4, N-hydroxysuccinimide 

(NHS) and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride 

(EDC). EDC was used to activate the carboxylic acid groups of CYP2B4 and 

the resulting NHS esters reacted with amine groups on the electrode surface 

by covalent formation of amide bonds. Cocaine was selected as one of the 

preferred substrates of CYP2B4 to study its electrocatalytic activity. Cocaine 

street samples were analyzed by chronoamperometry (CA) on the modified 

electrodes and the results were in agreement with those obtained by HPLC 

analysis. 

  Fungal (Aspergillus terreus MTCC 6324) CYP450 monooxygenase, isolated 

from an A. terreus culture grown in the presence of n-hexadecane, has been 

immobilized on a multi-walled carbon nanotube-Nafion-polyethyleneimine 

(MWCNT-NF-PEI) modified glassy carbon electrode [60]. To prepare the 

modified electrode, a suspension of MWCNTs and NF was layered on the 

surface of a glassy carbon electrode, followed by incubation with the CYP450 

solution overnight and the addition of PEI. Atomic force microscopy (AFM) 

was employed for characterization of the surface morphology. A formal 

potential of -0.53 V (vs Ag/AgCl) was observed, which was attributed to the 

Fe3+/2+ couple in CYP450. In the presence of the CYP450 substrate n-

hexadecane, a positive shift in the redox potential to -0.475 V was observed, 

and the current response increased linearly with the concentration of n-

hexadecane demonstrating electrocatalytic activity. 

  A CYP6A1-modified electrode was prepared by immobilizing the enzyme 

on a dioctadecyl dimethylammonium bromide (DDAB) film on an edge-plane 

pyrolytic graphite (EPG) electrode for aldrin metabolism research [61]. 

Voltammetry showed that the CYP6A1-modified electrode displayed a pair of 

redox peaks with a formal potential of -0.36 V (vs Ag/AgCl). An oxygen 

reduction peak current was observed on the modified electrode in the presence 
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of the CYP6A1 substrates aldrin or heptachlor. Electrolysis was performed at 

-0.45V for 1 h, samples were collected and analyzed by MS. Epoxidized 

products were detected, indicating that the immobilized CYP6A1 on the 

electrode displayed comparable catalytic activity to the enzyme in vitro.  

  A carbon cloth electrode was used to construct a CYP1A2-modified electrode 

after prior adsorption of polystyrene sulfonate by repeated, alternating 

incubation with sodium poly-(styrenesulfonate) and the protein solution [62]. 

A reduction-oxidation peak pair with a formal potential of -0.31 V (vs SCE) 

was observed under anaerobic conditions, corresponding to the reversible 

Fe3+/2+ redox pair. After sparging oxygen through the buffer, the reduction peak 

increased, while the oxidation peak disappeared, indicating the expected 

electrochemical catalysis behavior of CYP1A2. To measure the catalytic 

activity of the modified electrode, a constant potential of -0.6 V (vs SCE) was 

applied in the presence of styrene, and the product styrene oxide was detected 

by gas chromatography (GC), demonstrating electrocatalytic activity. The 

turnover rates of CYP1A2 in solution and on the modified electrode were 

comparable.  

2.3.3 Other types of electrodes 

Direct electron transfer (DET) of adsorbed CYP450 with most non-modified 

electrode materials proved to be difficult. However, DET on indium tin oxide 

(ITO) electrodes was reported to be possible. Niwa’s group observed direct 

electron transfer on a CYP450-modified polycrystalline ITO electrode by 

electrostatic interaction without any surface modification [63]. At neutral 

conditions, the surface of the ITO is negatively charged while CYP3A4 is 

positively charged. Two different surface nanostructures of ITO films were 

used in this study, both polycrystalline and amorphous. The electron transfer 

rate of oxygen reduction on polycrystalline ITO was fifteen times higher 

compared to the amorphous film due to the larger surface area. A clear 

reduction peak at -0.52 V was detected (Figure 4), which was due to the 

reduction of oxygen. In the presence of a CYP inhibitor ketoconazole, the 

oxygen reduction current disappeared, while in the presence of CYP3A4 

substrate testosterone, this reduction current increased 3.7-fold, demonstrating 

the good catalytic activity of CYP3A4 on the ITO. Comparable results were 
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obtained on an ITO electrode to which liver CYP3A4 microsomes were 

adsorbed.  

 

Figure 4. (a) Schematic illustration of CYP450 redox reactions on an ITO 

electrode. (b) Cyclic voltammograms of CYP3A4 adsorbed on bare ITO 

electrodes (pc: polycrystalline; am: amorphous) in 50 mM Tris-HCl buffer (pH 

7.4) at a scan rate of 20 mV/s. (reproduced from ref 63, copyright 2013 

American Chemical Society) 

  As an alternative, Niwa's group evaluated carbon nanomaterials, including 

carbon nanofibers, carbon nanotubes and carbon black as electrode materials 

for CYP3A4 inhibitor screening [64]. The unique property of high 

conductivity, large surface area and sufficient edge planes makes carbon 

nanofibers the preferred material. Owing to their simple preparation, such 

modified electrodes have potential for the evaluation of CYP activity in drug 

metabolism research. 

  Clay material, such as montmorillonite, is widely used to modify electrodes 

since it easily forms films on conductive material after dropping of a colloidal 

clay suspension on the electrode surface. Wollenberger and coworkers 

reported a CYP2B4-modified glassy carbon electrode by incubating the 

electrode with a mixture of clay colloid and a CYP2B4 solution [65]. In the 

presence of 0.33% of the nonionic detergent Tween 80, CYP2B4 is in its 

monomeric state, and can thus be reduced faster on the modified electrode. A 

reversible redox peak was observed with a formal potential of -0.298 V (vs 

Ag/AgCl). The electrocatalytic performance was investigated for 1 h by 

constant potential electrolysis at -0.5 V in the presence of typical substrates 
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such as aminopyrine and benzphetamine. When incubating with methyrapone, 

an inhibitor of CYP2B4, the reaction was totally suppressed, indicating that 

substrate conversion was due to electrocatalytic turnover.  

Table 1. Overview of different modified electrodes. 

Species Electrodes Immobilization 

strategy 

Techniques Substrate 

catalysis 

Reference 

PMMT Platinum/carbon adsorption CV cyclo-octene and 

stilbene 

40 

Co(p-OH)TPP vitreous carbon electropolymerize CV 2-mercapto-

ethanol 

41 

cobalt corrin-

polyion 

carbon electropolymerize CV No 42 

FePcCl16 graphite adsorption CV, CA 2-mercapto-

ethanol 

43 

CYP2C9 Gold thiophenol SAM CV, HPLC tolbutamide 49 

CYP2C9 Gold organic acid SAM CV, HPLC warfarin 50 

CYP2E1 Gold nanoparticles EIS, TEM, 

CV 

rifampicin 51 

CYP3A4 Gold organic acid SAM QCM, LC-

MS 

verapamil, 

quinidine 

52 

CYP2E1 Gold cysteamine SAM CV p-nitrophenol 53 

CYP3A4 Gold thiolate SAM CV, HPLC testosterone 54 

CYP2C9/CYP2D6 

CYP3A4 

CYP2B4 

Gold 

glassy carbon 

screen-printed 

carbon 

SAM 

nanoparticles 

amine SAM 

CV, HPLC 

CV, HPLC 

CV, CA 

bufuralol and 

warfarin 

nifedipine 

cocaine 

56 

57 

59 

Fungal 

monooxygenase 

glassy carbon MWCNT-NF-PEI AFM, CV n-hexadecane 60 

CYP6A1 EPG DDAB film CV, MS aldrin or 

heptachlor 

61 

CYP1A2 carbon cloth sulfonate film CV, GC styrene 62 

CYP3A4 

CYP2B4 

ITO 

glassy carbon 

electrostatic 

adsorption 

CV 

CV 

testosterone 

aminopyrine, 

benzphetamine 

63 

65 
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2.4 Conclusions and perspectives 

Electrochemistry is a powerful tool for in vitro drug metabolism research. A 

number of phase I metabolites of common, marketed drugs can be produced 

by direct electrochemistry. However, direct electrochemistry shows 

limitations when it comes to some specific reactions such as regioselective 

aromatic and aliphatic hydroxylations. To address this issue, surface-modified 

electrodes have been proposed to extend the range of electrochemically-driven 

reactions and as a new tool for more extensive drug metabolism studies. 

Notably the mimicry of CYP450-mediated reactions has greatly benefitted 

from surface-modified electrodes.   

  Adsorbing CYP450 directly on metal or carbon-based electrodes proved to 

be unsuccessful in most cases, since catalytic activity was lost probably due to 

the fact that conformational changes of the enzyme on the electrode surface 

are sterically hindered. Anchoring CYP450 through a linker to the electrode 

surface provides more conformational flexibility such that the substrate can 

access to the active site of the enzyme. Modified electrodes have been 

characterized by a number of analytical techniques. Electrochemical methods, 

such as cyclic voltammetry, quartz crystal microbalance and electrochemical 

impedance spectroscopy offer quantitative information about the surface layer, 

while AFM and SEM give insights into surface morphology. Other analytical 

methods have been used to follow drug conversion such as HPLC and mass 

spectrometry.  

  Modified electrodes cannot mimic the complexity of all CYP450-mediated 

reactions taking place in vivo. Hence, there is no doubt that modified 

electrodes will not replace existing in vivo and in vitro methods. But with the 

modified electrodes as electron supplier, they may serve to generate 

metabolites in sufficient quantities for further studies obviating the use of 

NADPH and CYP reductase in complex biological matrices. It is noteworthy 

that few studies report conversion yields or measures of robustness of the 

modified electrodes, so there is need for further development to make this 

promising technique suitable for routine use and for the generation of 

sufficient quantities of drug metabolites for preclinical toxicology or activity 

studies. While most of the reported work focuses on specific CYP450 enzymes 

and their respective preferred substrates, there are other drug metabolizing 
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enzymes of interest such as the FAD-dependent monooxygenases. Studying 

this class of enzymes provides room for future investigations. 
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Chapter 3 

An in situ Surface-Enhanced Raman 

Spectroelectrochemical Analysis System with Hemin 

Modified Nanostructured Gold Surfaces* 

An integrated surface-enhanced Raman scattering (SERS) 

spectroelectrochemical (SEC) analysis system is presented that combines a 

small volume microfluidic sample chamber (< 100 L) with a compact three-

electrode configuration for in-situ surface-enhanced Raman 

spectroelectrochemistry. The SEC system includes a nanostructured Au 

surface that serves dual roles as the electrochemical working electrode (WE) 

and SERS substrate, a microfabricated Pt counter electrode (CE), and an 

external Ag/AgCl reference electrode (RE). The nanostructured Au WE 

enables highly sensitive in situ SERS spectroscopy through large and 

reproducible SERS enhancements, which eliminates the need for resonant 

wavelength matching of the laser excitation source with the electronic 

absorption of the target molecule. The new SEC analysis system has the merits 

of wide applicability to target molecules, small sample volume, and a low 

detection limit. We demonstrate in situ SERS spectroelectrochemistry 

measurements of the metalloporphyrin hemin showing shifts of the iron 

oxidation marker band 4 with the nanostructured Au working electrode under 

precise potential control.  

 

 

 

 

 

* This chapter is based on T. Yuan, L. L. Thi Ngoc, J. Nieuwkasteele, M. Odijk, A. van den Berg. H. Permentier, R. 
Bischoff, E. T. Carlen. In situ surface-enhanced Raman spectroelectrochemical analysis system with a hemin 
modified nanostructured gold surface. Anal. Chem. 87 (2015) 2588-2592, and 
 L. L. Thi Ngoc, T. Yuan, N. Oonishi, J. Nieukasteele, A. van den Berg, H. Permentier, R. Bischoff, E. T. Carlen. 
Suppression of surface-enhanced Raman scattering on gold nanostructures by metal adhesion layers. J. Phys. Chem. 
C. 120 (2016) 18756-18762. 
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3.1 Introduction   

Spectroelectrochemistry combines conventional electrochemistry with optical 

spectroscopy, which provides a more complete description of chemically driven 

electron transfer processes and redox events. In situ Raman spectroelectrochemistry 

is particularly important for understanding electrode processes at the interface of a 

WE and sample solution [1]. With the WE under potential control, electrochemistry 

can provide thermodynamic and kinetic information of chemical processes, while in 

situ Raman spectroscopy provides molecular vibrational information indicative of 

structure and conformation. The discovery of SERS on nanostructured metal 

surfaces, which is due to the large enhancement of the inelastic scattering cross-

section of a molecule at the metal surface, has enabled the determination of structural 

information of adsorbed molecules at very low concentrations using Raman 

spectroscopy [2-4]. The combination of surface-enhanced Raman spectroscopy and 

electrochemistry has been shown to be a powerful tool to monitor in situ structural 

changes of surface adsorbates or reaction intermediates [5-9]. The application of 

spectroelectrochemistry for the investigation of redox processes is of great interest, 

especially when the processes can be triggered electrochemically through precise 

control of the WE potential. 

Resonance Raman spectroscopy and in situ surface-enhanced Raman 

spectroelectrochemistry have been applied extensively to redox-active proteins, 

heme proteins and metalloporphyrins [10-19]. However, in most cases surface-

enhanced resonance Raman scattering (SERRS), excited with high laser powers, is 

required in order to detect small quantities of adsorbed species on the WE [10-17]. 

SERRS requires that the laser source wavelength is resonant with the surface 

plasmon resonance wavelength of the nanostructured metal surface as well as the 

electronic absorption band of the molecule of interest, thus SERRS 

spectroelectrochemistry is most often performed on Ag nanostructures, which are 

prone to oxidation in aqueous solutions. The SERRS requirement limits in situ 

Raman spectroelectrochemistry to molecules with absorption wavelengths in the 

visible spectrum, and the high laser powers can affect thermally and photochemically 

sensitive redox systems in an uncontrolled manner. 

In this chapter, we present an in situ SERS spectroelectrochemical (SEC) analysis 

system that is comprised of a microfluidic sample chamber integrated with a compact 

three-electrode configuration. The WE and CE are microfabricated on a silicon 
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substrate that is directly bonded to the microfluidic chamber. The WE is a SERS-

active nanostructured Au surface that has been recently reported by our research 

group [20]. The nanostructured Au WE surfaces provide reproducible SERS 

enhancements on the order of 108 that can be precisely tuned to the incident laser 

wavelength. Therefore, resonance Raman excitation is no longer required to achieve 

a reasonable signal to noise ratio, which allows the use of a Au WE. Additionally, 

the small sample volume microfluidic chamber is especially suitable for the analysis 

of hazardous or costly samples. 

3.2 Experimental Section  

Reagents. 4-Mercaptopyridine (MPy), dimethyl sulfoxide (DMSO), NaH2PO4, 

Na2HPO4, 30% H2O2 and concentrated H2SO4 are analytical grade and purchased 

from Sigma-Aldrich (Munich, Germany). Hemin (H651-9, Frontier Scientific, USA) 

was used without further purification. Water was purified by a Maxima Ultrapure 

water system (ELGA, High Wycombe, Bucks, UK). 

SEC chip fabrication. Figure 1 shows the SEC chips fabrication process. A 40 nm 

thick low stress silicon nitride (SiN) layer was first deposited onto the silicon wafer 

by low-pressure chemical vapor deposition (Figure 1a). Next, a positive photoresist 

was spin-coated on the SiN layer and patterned with conventional contact ultraviolet 

lithography, and subsequently developed. After the development step, a 5 nm Cr and 

100 nm Pt metal stack was deposited on the wafer by sputtering, and followed by a 

lift-off process with acetone, ultrasonication, and rinsing with deionized water 

(Figure 1b). There was a 1.5 mm separation gap at the center of the chip between the 

Pt electrodes where the nanostructured WE was to be fabricated. The wafer was then 

cut into 5 pieces (chips). The chips were then cleaned in a 3:1 mixture of piranha 

(H2SO4: 30% H2O2). The nanopatterned SiN template surfaces were then formed 

over a 0.50.5 mm area at the center of the chip between the Pt electrodes (Figures 

1c-1e) (see the details of the fabrication of the nanostructured gold surface in the 

following section). The final step of the SEC chip fabrication was the deposition of 

the nanostructured Au WE. A custom-made shadow mask (0.1 mm thick sheet of Ni) 

with a square hole (1 mm2) at its center was used to selectively deposit Au on the 

nanopatterned SiN region to form the nanostructured Au WE. A 60 nm Au layer, 

(with a thin Ti adhesion layer to prevent delamination,) was deposited (sputtering 

with DC source in Ar plasma) on the SiN template to form the SERS-active WE. 

The Au layer partially overlaps one of the Pt electrodes for external electrical 
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connection to the potentiostat (Figure 1f and 1g). The Ti adhesion layer is very thin 

(deposition rate: 0.06 nm s-1 and deposition time: 3 s) to prevent plasmon damping. 

The microfluidic chamber was fabricated from a 3 mm thick layer of 

polydimethylsiloxane (PDMS). A 3 mm diameter hole was punched (3.0 mm 

Unicore, Harris) in the PDMS layer to form a cylindrical well (21 mm3). The 

patterned PDMS layer was then bonded to the SEC chip by applying pressure (Figure 

1h). The SEC chips can be used multiple times by replacing the Ti/Au WE layer and 

the PDMS microfluidic chamber. 

 

Figure1. SEC chip fabrication process steps. See text for clarification of the 

individual steps (a) to (h). 

Nanostructured gold working electrode fabrication. A 100 nm polymethyl 

methacrylate (PMMA, MicroChem Corp.) electron-sensitive photoresist was spin-

coated on a silicon substrate and exposed to a 130 pA electron beam with the area 

dose in the range of 90-120 μA s cm-2 (FEI Sirion UHR-SEM). The electron-beam 

exposure along the length of the SiN template was aligned to the [110] direction of 

the (100) silicon wafers using the wafer flat as a reference. The total template surface 

array of 1 mm2 is written in 0.10.1 mm sections. The exposed regions were 

developed in a 1:3 methyl isobutyl ketone: isopropanol solution for 30 s, followed 

by immersion in isopropanol. The exposed SiN regions were removed using reactive 
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ion etching (60 W, 25 sccm CHF3 and 5 sccm O2), followed by removal of the 

remaining PMMA and surface cleaning with oxygen plasma. Prior to silicon etching, 

the native oxide on the exposed silicon regions was removed by immersion in 1% 

hydrofluoric acid solution for 1 min, and subsequent rinsing with deionized water. 

The silicon was etched in a 1% KOH solution at 55 °C with stirring for 45 s and 

rinsed with deionized water for 2 min. The different crystal planes etch 

anisotropically by hydroxide ions in an alkaline solution where (111) planes have 

the lowest etch rate and (100) and (110) planes both have higher etch rates. The 

surfaces were then cleaned in a 3:1 piranha solution (H2SO4:30% H2O2) for 15 min, 

rinsed with deionized water for 2 min, and dried with N2. The Ti and Au film stack 

is deposited by sputtering (DC source) in an Ar plasma (Au deposition rate: 0.06 nm 

s-1 and Ti deposition rate: 0.06 nm s-1) deposition. 

SERS WE modification. Electrochemical measurements were performed on a 

conventional Au disk electrode, while the nanostructured Au electrode was used for 

the in situ SEC measurements. The conventional Au disk electrode (1.6 mm diameter) 

was polished (Micromesh microcloth, Grade 3200) with alumina slurry (0.05 m 

diameter particles), and followed by sonication in water, ethanol, and water, each for 

1 min. The Au electrode was then immersed in a 3:1 piranha solution (H2SO4:30% 

H2O2), and washed thoroughly with deionized water and dried with N2. Following 

the cleaning step, the Au electrode was immersed in a 1 mM MPy in ethanol solution 

for 4 h, followed by 1 min sonication in ethanol, to form the self-assembled 

monolayer (SAM) on the Au surface. (Figure 2). After drying the MPy modified Au 

electrode with N2, it is immersed in a hemin solution (1 mM in DMSO) for 18 h. 

Before use, the hemin modified electrode (MPy/hemin) was sonicated for 1 min in 

DMSO and water, respectively. The nanostructured Au WE was prepared and 

modified with the MPy/hemin layer using a similar protocol. 

Working electrode preparation and modification. Two working electrodes were 

used for the experiments. Electrochemical measurements were performed on the Au 

disk electrode while the nanostructured Au surface was used for the in situ SEC 

measurements. A conventional Au disk electrode (Bioanalytical Systems, Inc.) with 

1.6 mm diameter was polished with a microcloth (Micromesh Grade 3200) and 

alumina slurry (0.05 m diameter particles), and subsequently sonicated in water, 

ethanol and water, each for 1 min. The Au electrode was then immersed in a 3:1 

piranha solution (H2SO4:30% H2O2), and washed thoroughly with deionized water 

and dried with N2. The workflow of the electrode modification is displayed in Figure 
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2. First, the Au electrode was immersed in 1 mM 4-mercaptopyridine (MPy) in 

ethanol for 4 h, followed by 1 min sonication in ethanol. After drying the MPy 

modified Au electrode with N2, it was immersed in a hemin solution (1 mM in 

DMSO) for 18 h. Before use, the hemin modified electrode was sonicated in DMSO 

and water, each for 1 min. The nanostructured Au WE was modified with the 

MPy/hemin layer using a similar protocol. 

 

Figure 2. Workflow of the preparation of the 4-Mercaptopyridine (MPy)/hemin 

modified gold electrode. 

Raman scattering measurement instrumentation. A confocal Raman microscope 

system (alpha300R, Witech GmbH) was used for the Raman scattering 

measurements, which is comprised of a TE-cooled charge coupled device (DU970P-

BV, Andor Technology, Belfast, Northern Ireland), UHTS300 spectrometer (f/4 300 

mm FL; grating: 600 lines mm-1), fiber-coupled confocal configuration with 50 µm 

core diameter, and fiber coupled laser excitation through a /2 rotator plate for 

polarization control and laser focusing with the microscope objective. The spectral 

resolution of the spectrometer is ±3 cm-1. Elastically scattered light is removed with 

an edge filter. A He-Ne (1.96 eV/632.8 nm) laser source in a backscatter 

configuration was focused on the surfaces using a 40×/0.8 NA dipping microscope 

objective (Nikon, Fluor). 

SERS measurements. The surface plasmon resonance energy was tuned to the laser 

excitation energy (to maximize the SERS enhancement) by controlling the pitch and 

nanogap width (Figure 1) through controlling the nanostructured Au layer thickness, 

which was verified with reflectance measurements. The SERS spectra of the MPy 
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and MPy/hemin modified nanostructured Au surfaces were measured in aqueous 

sodium phosphate buffer with a laser power of 0.2 mW (the laser power was 

measured at the entrance of the microscope objective). The integration time for the 

MPy modified electrode measurements was 3 s and the integration time for the 

MPy/hemin modified electrode measurements was 10 s. Spatial imaging was 

performed over a 5×5 µm area. 

Electrochemical instruments and measurements. Electrochemical measurements 

were performed with a potentiostat (VSP 200, Bio-Logic SAS, France). A batch cell 

system with conventional three-electrode configuration consisting of the 

conventional Au WE (1.6 mm diameter, MF-2014, Bioanalytical Systems, Inc.) and 

Pt wire (MW-4130, Bioanalytical Systems, Inc.) CE was used for control 

experiments. All potentials were measured against an Ag/AgCl RE (MF-2079, BaSi). 

A 25 mM sodium phosphate buffer (pH 7.0) was used as the supporting electrolyte. 

The SEC-chip was clamped and bonded to a custom-made printed circuit board and 

spring-loaded Cu clips provided the electrical connection from the microfabricated 

Pt electrodes to the Cu trace on the circuit board. Conventional coaxial cables and 

connectors were used to connect the SEC-cell to the potentiostat. 

3.3 Results and Discussion  

3.3.1 In situ SERS SEC system 

The in situ SERS SEC system consists of a SEC-cell optically interfaced to the 

Raman microscope, and electrically interfaced to a potentiostat, as shown in Figure 

3a. The SEC-cell is comprised of an on-chip nanostructured Au WE and 

microfabricated Pt CE, directly bonded to the microfluidic sample chamber that is 

optically interfaced to the Raman spectrometer via a dipping microscope objective 

(Figure 3b). An external Ag/AgCl wire RE is inserted directly into the microfluidic 

chamber (Figure 3c). A representative scanning electron microscopy (SEM) image 

of a nanostructured Au WE surface is shown in Figure 3d. The peak surface plasmon 

resonance wavelength of the nanostructured Au WE is tuned to coincide with the 

He-Ne laser excitation wavelength of 632.8 nm to ensure an optimal SERS 

enhancement [19]. Additionally, a thin Ti adhesion layer is deposited prior to the Au 

deposition to prevent delamination during WE modification. The nanostructured Au 

WE is first modified with the 4-Mercaptopyridine self-assembled monolayer (MPy 

SAM). Hemin is subsequently added to the MPy surface, which was previously 
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reported to form a coordinative bond between the iron core of the heme and the 

nitrogen of the MPy SAM [14, 21-22]. 

 

Figure 3. In situ SERS SEC analysis system. (a) Schematic representation of the 

Raman SEC analysis system, (b) SEC-cell comprised of a SEC-chip directly bonded 

to a small-volume microfluidic sample chamber with an optical interface to a 

microscope objective, (c) SEC-cell consisting of a Pt CE and a nanostructured Au 

WE patterned on the silicon SEC-chip, and an external Ag/AgCl RE, (d) 

Representative SEM image of the nanostructured Au WE. 

3.3.2 Electrochemical characterization of the hemin modified gold electrode 

The electrochemical characteristics of the hemin modified electrode were first 

investigated on a conventional Au disk electrode, and subsequently reproduced on 

the nanostructured Au working electrode. Cyclic voltammetry (CV) was performed 

with 5 mM Fe(CN)4
3-/4- in the supporting electrolyte. The CV from an unmodified 

Au disk WE shows a pair of redox peaks corresponding to the Fe3+/Fe2+ redox 

transitions (blue trace, Figure 4a). After incubation with MPy and hemin, the current 

decreased significantly (black and red traces, Figure 4a), thus demonstrating that 

hemin is immobilized on the MPy modified WE. In Figure 4b the CV of a 

MPy/hemin modified Au disk WE in argon-saturated sodium phosphate buffer with 

pH 7.0 (red trace) shows a well-defined, quasi-reversible redox couple (vs Ag/AgCl) 

from the MPy/hemin modified surface. CV of the nanostructured Au WE is shown 

in Figure 4c, where the anodic and cathodic peak currents increase linearly for scan 

rates in the range of 3-10 V s-1, thus indicating that the redox reaction of the 
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immobilized hemin is a surface-controlled process [23], which further supports 

immobilization of hemin on the nanostructured Au WE. The hemin surface coverage 

on the nanostructured gold electrode is estimated to be 8.6×10-12 mol cm-2 [24]. 

 

Figure 4. Cyclic voltammograms from conventional and nanostructured Au WEs. (a) 

Unmodified (blue), MPy modified (black), and MPy/hemin modified (red) 

conventional Au WE measured in 5 mM Fe(CN)4
3-/4- (scan rate 100 mV/s), (b) MPy 

modified (black) and MPy/hemin modified (red) conventional Au WE in 25 mM 

sodium phosphate buffer, pH 7.0 (argon saturated, scan rate 1 V/s), (c) MPy/hemin 

modified nanostructured Au WE in 25 mM sodium phosphate buffer (pH 7.0, argon 

saturated), with scan rates in the range of 3-10 V s-1 (inner to outer traces).  

3.3.3 SERS spectra of an MPy/hemin modified nanostructured Au electrode 

The SERS spectra measured from the MPy/hemin modified nanostructured Au WE 

using the in situ SERS SEC analysis system are shown in Figure 5. Figure 5a shows 

a schematic of the MPy/hemin modified Au WE. The SERS vibration bands of the 

MPy modified nanostructured Au WE are shown in the spectrum of Figure 5b, 

corresponding to 6a(a1), (C-S)+ (C-C) (700 cm-1); 10b(b1), (C-H) (778 cm-1); 

1(a1), (C-C-C) (1000 cm-1); 18a(a1), (C-H) (1036 cm-1); 12(a1), (C-C-C)+(C-S) 

(1094 cm-1); 9a(a1), (C-H) (1210 cm-1); 3(b2), (C-H) (1274 cm-1); 19a(a1), 

ν(C=C/C=N) (1492 cm-1); 8b(b2), (C-C) (1577 cm-1); and 8a(a1), (C-C)  (1608    

cm -1), in agreement with previous assignments [25]. The labels γ, β, and ν indicate 

out-of-plane bending, in-plane bending, and stretching modes, respectively. The 

spatially averaged enhancement factor is in the range of 107-108, which is in 

agreement with previously reported values for nanostructured Au and Ag surfaces 

[20, 26]. The signal-to-noise ratio (SNR) is defined as SNR= S /, where  S  is the 

average band intensity and  is the amplitude of the noise signal in the region of the 

band [27]. For the 1(a1) vibration mode, SNR1(a1)≈12, and for the 12(a1) vibration 

mode SNR12(a1)≈22. 
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The SERS spectra measured from the MPy/hemin modified nanostructured Au WE 

are shown in Figures 5c, 5d and an enhancement is depicted in Figure 6. Since the 

primary scope of this work is the development of the SEC analysis system, we 

provide a preliminary analysis of the measured SERS spectra of the MPy/hemin 

modified WE. Figures 5c and 5d depict SERS spectra for WE potentials E=-0.2 V 

and E=-0.5 V (vs. Ag/AgCl), respectively. Many of the MPy vibration bands are 

observed in the SERS spectra, such as 700 cm-1 6a(a1), 1000 cm-1 1(a1), and 1094 

cm-1 12(a1). Certain vibrational modes of the porphyrin ring of hemin have been 

observed to shift in frequency consistent with the oxidation state, axial ligation, or 

coordination, and spin state of the central iron atom [11-15, 28-29]. The (C-C) and 

(C-N) stretch vibrations of the porphyrin ring are typically observed to shift in 

frequency according to the iron oxidation state, which occur in the marker band 

range of 1300-1700 cm-1. The 4 (A1g) vibration mode is due mainly to C-N stretch 

vibrations of the pyrrole subunits that are sensitive to electron transfer in the π* 

orbital of the porphyrin ring [30], and is an indicator of the iron oxidation state. The 

4 mode is observed in the frequency range of 1368-1377 cm-1 for ferric (Fe3+) hemin 

and in the range of 1344-1364 cm-1 for ferrous (Fe2+) hemin [18, 31]. 
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Figure 5. SERS spectra of a nanostructured Au WE under potential control in 25 mM 

sodium phosphate buffer. (a) Schematic of the MPy/hemin modified Au surface, (b) 

SERS spectrum of MPy modified Au surface, (c) SERS spectrum of MPy/hemin 

modified Au surface with E=-0.2 V, (d) SERS spectrum of MPy/hemin modified Au 

surface with E=-0.5 V. Blue traces: raw data, red traces: modeled data, and green 

traces: modeled background (the vibration bands are modeled with a Lorentzian 

band shape after subtraction of the background using a cubic polynomial function). 

In Table 1, assignments of the measured spectra from MPy modified nanostructured 

Au surfaces are listed [32]. Preliminary assignments of the measured spectra from 

MPY/hemin modified nanostructured Au surfaces are listed in Table 2. 
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Table 1. Raman band assignments from MPy modified nanostructured Au surfaces. 

The labels γ, β, and ν indicate out-of-plane bending, in-plane bending, and stretching 

modes, respectively. Laser power: 0.2 mW and 3 s integration time. 

Band (cm-1) Assignment3 

700 6a(a1), (C-S)+ (C-C) 

778 10b(b1), (C-H) 

1000 1(a1), (C-C-C) 

1036 18a(a1), (C-H) 

1094 12(a1), (C-C-C)+(C-S) 

1210 9a(a1), (C-H) 

1274 3(b2), (C-H) 

1492 19a(a1), ν(C=C/C=N) 

1577 8b(b2), (C-C) 

1608 8a(a1), (C-C) 
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Table 2. Raman band assignments from MPy/hemin modified nanostructured Au 

surfaces. Laser power: 0.2 mW and 10 s integration time. NA indicates not assigned. 

Hemin mode assignments 2, 3, 4, 10, 15, 20, 21, and 22 from Sanchez and Spiro 

[33], and Hu et al. [34]. 

E=-0.2 V E=-0.5 V 

Band 
(cm-1) 

Band 

area 
Assignment 

Band 
(cm-1) 

Band 

area 
Assignment 

698 67797 MPy, 6a(a1) 697 53731 MPy, 6a(a1) 

753 31141 hemin, 22 (B1g)8 748 16538 hemin, 22 (B1g)8 

820 62381 NA - - - 

999 190534 MPy, 1(a1) 1008 90055 MPy, 1(a1) 

1091 21430 MPy, 12(a1) - - - 

1123 51794 hemin, 22 (A2g)7 1115 92383 hemin, 22 (A2g)7 

- - - 1163 21323 NA 

- - - 1203 68978 NA 

1236 471392 NA 1245 283345 NA 

- - - 1271 24064 MPy, 3(b2) 

1303 28550 hemin, 21 (A2g)7 1305 140876 hemin, 21 (A2g)7 

1345 102876 hemin, 4 (A1g), Fe2+ 1349 114378 hemin, 4 (A1g), 

Fe2+ 

1366 23812 hemin, 4 (A1g), Fe3+ - - - 

1393 32577 hemin, 20 (A2g)8; 

hemin+Py6 

1386 113532 hemin, 20 (A2g)8; 

hemin+Py6 

1445 112956 hemin, 3 (A1g) + 

MPy 19b(b2)3 

1447 331564 hemin, 3 (A1g) + 

MPy 19b(b2)3 

1521 163211 NA 1533 251298 NA 

1570 213342 hemin, 2 (A1g)7 1574 90939 hemin, 2 (A1g)7 

1619 58160 hemin, 10 (B1g)7 1607 215321 hemin, 10 (B1g)7 

3.3.4 In situ SERS spectra in the iron marker band range 

Figure 6 shows the corresponding SERS spectra in the iron marker band range. For 

an applied potential of E=-0.2 V (Figure 6a), two bands can be resolved at 1345     

cm-1 and 1366 cm-1. The 4-1=1345 cm-1 band lies in the ferrous state range with 81% 

of the integrated counts, and the 4-2=1366 cm-1 band lies in the ferric state range 

with 19% of the integrated counts, which indicates that most of the iron is in the Fe3+ 

stage [18], For an applied potential of E=-0.5 V (Figure 6b), a single vibration band 

is observed at 4≈1349 cm-1, which lies in the reduced ferrous state range, thus 

indicating reduction to the Fe2+ state (see Table 2 for a tabulated list of the observed 

Raman bands). 
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The vibration modes 2 (A1g), 3 (A1g), and 10 (B1g), which are mainly due to the 

(C-C) stretch vibrations, are typical indicators of the coordination and spin state of 

the Fe2+/3+ ions in hemin. The bands at 1570 cm-1 (Figure 6a, E=-0.2 V) and 1574 

cm-1 (Figure. 6b, E=-0.5 V) are most likely associated with the v2 mode of hemin, 

which corresponds well to previous assignments of five-coordinated ferric heme 

with high spin state (5cHS).32 The bands at 1619 cm-1 (Figure. 6a, E=-0.2 V) and 

1607 cm-1 (Figure 6b, E=-0.5 V) are likely associated with the 10 (B1g) mode of 

ferrous hemin, which also correspond well to previous assignments of 5cHS heme 

[32]. It is important to note that the v2 and v10 modes overlap the MPy ring stretch 

(C-C) modes 8b(b2) at 1577 cm-1 and 8a(a1) at 1608 cm-1 (Figure 6b), respectively. 

The broad vibration modes at 1445 cm-1 (Figure 6a, E=-0.2 V) and 1447 cm-1 (Figure 

6a, E=-0.2 V) may be due to a combination of the in-plane ring stretching mode of 

MPy 19b(b2) near 1450 cm-1 [25], and the v3 (A1g) mode near 1495 cm-1 of hemin, 

but this requires further investigation before definitive assignments can be made [35]. 

The bands at 1392 cm-1 and 1387 cm-1 are not currently assigned, but were previously 

observed in SERRS spectra of hemin adsorbed on Ag surfaces in the presence of 

pyridine [36]. It is important to note that these observations and assignments are 

preliminary. 

 

Figure 6. SERS spectra from MPy/hemin modified nanostructured Au WE in the 

marker band region (background corrected). (a) Electrode potential E = -0.2 V, (b) 

Electrode potential E = -0.5 V. Raw data: blue traces and modeled data: red traces. 
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3.3.5 Enhancement factor estimations 

 The mean and variance of the spatially averaged SERS enhancement factor are 

estimated from measurements of benzenethiol self-assembled monolayers on Au and 

Ag nanostructured surfaces and liquid neat benzenethiol. Since SERS is used for 

surface-enhanced Raman spectroscopy, the analytical enhancement factor for a 

specific vibrational mode at each measurement location (xi, yi) is estimated with 

i(i/NSERS)(CR/NCR)-1, where i and CR are the integrated intensities from the 

SERS and conventional Raman measurements, respectively. NSERS and NCR are the 

number of molecules in the collection volume of each measurement, respectively. It 

should be noted that NSERS is estimated from a monolayer on the SERS substrate 

surface. 200 SERS spectra from a Raman image were modeled using Lorentzian 

peak shapes and a cubic polynomial function for background subtraction. The i of 

each band is estimated for each of the i measurements using modeled bands. The 

number of molecules within the collection volumes for each measurement of 

benzenethiol is NSERS=DsAs, where Ds [unit: molecules/cm-2] is the surface density of 

the molecules and As is the collection area of the microscope objective. The 

collection area can be estimated as As≈πRd 
2, where Rd is the radius of the diffraction 

limited spot size of the microscope objective, which can be estimated from 

2Rd=Dd≈1.27/N.A., where  is the wavelength of the laser source, in this case 

=632.8 nm, and N.A. is the numerical aperture of the microscope objective, in this 

case N.A.=0.8. Therefore, As≈110-12 m2, assuming that the spot size diameter is 1 

µm.  

3.3.6 Suppression of SERS on gold nanostructures by metal adhesion layers 

  The damping of surface plasmon resonance (SPR) in Au thin films by Ti and Cr 

adhesion layers was addressed by the biosensing community over twenty years ago 

[37]. It is now common practice to manufacture SPR biosensors with ultrathin (1-2 

nm) Ti adhesion layers with approximately 50-nm thick Au layers, which offers a 

reasonable trade-off between plasmon damping and adhesion strength of the metal 

layer to glass substrates [38]. Plasmon damping by metal adhesion layers has been 

recently rediscovered in PC-Au nanostructures [39]. However, in the experiment, we 

found that the SERS signals varied according to the thickness of the Ti layer. Ti 

adhesion layers broaden and redshift the localized surface plasmon resonance   

(LSPR) band, as well as suppress SERS on PC-Au nanostructures. For Au 
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nanostructures with dimensions more than 50 nm, ultrathin Ti layers (~1-2 nm) do 

not significantly dampen the LSPR and SERS and provide a good trade-off between 

SERS enhancement and substrate reliability. 

3.4 Conclusions  

In conclusion, we present a new in situ SERS spectroelectrochemical analysis 

platform that is comprised of a small volume sample chamber and a nanostructured 

Au working electrode, which allows for the simultaneous SERS and electrochemical 

investigation of any modified electrode surface with very low laser power. Ultrathin 

Ti offers high SERS enhancement, as well as stability. The nanostructured Au 

working electrode has a large and reproducible SERS enhancement, which enables 

highly sensitive surface-enhanced Raman spectroscopy without resonant excitation 

of the molecule of interest, thus simplifying the measurement apparatus and 

expanding the applicability to a wider range of target molecules.  
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Chapter 4 

Nanoporous Gold: Preparation and Catalytic 

Applications  

This review will discuss different methods for the preparation of nanoporous gold 

(NPG) surfaces comprising dealloying and deposition methods. Specific emphasis 

will be placed on applications in heterogeneous catalysis, such as the oxidation of 

carbon monoxide (CO), the oxidation of alcohols and its use in the 

electrochemically-assisted catalytic oxidation of formic acid. The review will end 

with a discussion of possible reaction mechanisms and an outlook into the many 

possibilities of NPG-mediated catalytic conversions. 
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4.1 Introduction   

There has been a significant increase in the demand for energy-efficient and green 

processes in industry and notably in the chemical industry, which is the largest 

consumer of delivered energy [1]. Oxidations constitute a large part of these energy-

demanding reactions. There is thus an urgent need for the development of innovative 

catalysts for oxidation reactions, with adequate selectivity and a much lower need 

for energy. Good catalysts can also contribute to environmentally friendly processes 

by reducing hazardous chemical waste, such as heavy metals, and by having a long 

lifetime.  

Planar gold is catalytically inactive. However, Haruta et al. reported the catalytic 

oxidation of CO on another morphological type of gold, gold nanoparticles (GNPs), 

for the first time in 1989 [2]. Subsequently, many publications emerged describing 

studies of the catalytic activities of GNPs, revealing these to be highly size dependent. 

GNPs with diameters larger than 5 nm showed hardly any catalytic activity [3]. 

However, GNPs are prone to aggregation at these low-nm sizes and are thus not very 

stable owing to the high surface energy [4]. In addition, GNPs are usually not 

thermally stable and tend to aggregate upon heating, which has led researchers to 

look for alternative ways of preparing gold-based catalysts.  

In 1999, Iizuka et al. reported the use of unsupported gold powder for the 

oxidation of CO, with particle sizes of 25-50 nm [5]. Later studies showed that gold 

nanotubes with a diameter of 0.4 nm can also catalyze conversion of CO [6]. A 

milestone was reached about 10 years ago when two groups independently reported 

the catalytic behavior of nanoporous gold (NPG) for the oxidation of CO, opening a 

new field of research [7, 8].  

Nanoporous gold has attracted considerable attention as a catalyst due to its large 

surface area, electrical conductivity, unique three-dimensional pore structure and 

robustness in terms of reusability. Hence, it has been widely used in the fields of 

catalytic oxidation reactions [9-12], but also for electrochemistry [13-19] and 

biosensor [20-23] applications. In this review, we will discuss different strategies for 

the preparation of NPG and its catalytic applications, with special emphasis on the 

reaction mechanisms on the NPG surface.  
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4.2 Preparation of NPG 

The most widely used methods for preparing NPG are dealloying and 

electrodeposition. Dealloying of gold alloys is usually performed in concentrated 

acid [24, 25], where the less noble elements, such as silver, copper or aluminum, are 

etched away, leaving a continuous nanoporous structure. Similar structures can be 

obtained by electrodeposition of gold from solution under precise potential control 

in a three-electrode system [26, 27]. These two preparation processes are discussed 

in more detail, with emphasis on different characterization techniques for NPG.  

4.2.1 Dealloying  

Dealloying is an old technique dating back to the Incan civilization when copper was 

etched away from Cu/Au alloys for the fabrication of pure gold artifacts. This 

technique was also used by artisans during medieval Europe [28]. It was not until the 

1960s that a first morphological study by transmission electron microscopy (TEM) 

was reported [29]. This started a number of systematic investigations into the 

structure of NPG in relation to the dealloying conditions, focusing mainly on Au/Ag 

alloys. Recent studies have revealed that NPG possesses a sponge-like 3D 

nanoporous structure with pores and ligaments ranging from a few nanometers to 

several micrometers depending on the dealloying conditions [30].  

Ding et al. reported the preparation of NPG by dealloying a Au50/Ag50 (wt %) 

alloy in concentrated nitric acid showing that the size of pores and ligaments was 

highly dependent on the etching time [31]. Scanning electron microscopy (SEM) 

characterization showed that a uniform ligament size of 8 nm was formed after 5 min 

of etching. When prolonging the etching time to 15 min, the size of the pores and 

ligaments increased to 15 nm and further to 40 nm in 24 h. Later studies from Zhang 

et al. showed that the pore size of NPG prepared by etching Au33/Al67 alloys in HCl 

was highly dependent on the concentration of acid [32], and a coarser surface with 

enlarged pore size was obtained at higher concentrations of HCl.  

The dealloying method can be applied to morphologically different starting materials, 

including plates (ingots), foils and hollow shells (Figure 1). After sustained use of 

an NPG catalyst, it is important to remove residual carbon species from its surface 

in order to retain its catalytic activity. Ultrahigh vacuum (UHV) conditions at an 

elevated temperature of 600 K have been used for the activation process [33], but 

http://www.baidu.com/link?url=skAGcRPll2CKpFna4FwgNfikzgPkB01p5XxxgAq_L40YsLuhIfY4Ur_huecOkbkU8sz6GJ-_yxh294rzGcRChd_SJ-cdFf5kni0Lomwy-tC&wd=&eqid=cb2c15f60011c31300000004573b626f
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this leads to coarsening of NPG and the accumulation of Ag on the surface. Personick 

et al. proposed a more reproducible method for the activation of NPG by purging 

with an ozone/oxygen mixture at 150 °C under UHV conditions [34]. 

 

Figure 1. Optical and SEM images of different NPG materials: ingots (a, b), foil (c, 

d), hollow shells (e, f). (reproduced from ref 34, copyright 2015 American Chemical 

Society)  

4.2.2 Electrodeposition 

Electrodeposition is usually carried out in a three-electrode system, with a 

working electrode, a counter electrode and a reference electrode. When a potential, 

which is several tens of Volt more negative than the Nernst equilibrium potential for 

the reduction of the metal ion presented in the electrolyte, is applied on the working 

electrode, the metal ion in the solution will be reduced, and thus electrodeposited on 

the working electrode.  

NPG was fabricated by electrodeposition of Zn on a gold electrode in the presence 

of ZnCl2 and benzyl alcohol by applying multi-cycle cyclic voltammetry (CV) scans 

from 1.88 to -0.72 V vs Zn, which is the potential window of benzyl alcohol [35]. 

The size of the pores and ligaments was tunable by changing the cycling time of the 

CV scans. Roughness factors – the ratio between the real active area and the 

geometric area – of up to 560 were reached when taking the integrated cathodic peak 
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area at 0.88 V during CV in 0.5 M H2SO4 (vs saturated calomel electrode (SCE), 

Figure 3). This NPG was used for the sensitive detection of dopamine with a 

detection limit of 5 nM, which is 100 times lower than for a conventional gold disk 

electrode.  

 

Figure 3. Electrochemical characterization of NPG by cyclic voltammetry in 0.5 M 

H2SO4 (black trace: normal gold disk electrode without nanopores; blue trace: NPG 

prepared by 10 cycles of CV; red trace: NPG prepared by 30 cycles of CV). 

(reproduced from ref 35, copyright 2007 American Chemical Society) 

Bonroy et al. proposed an electrodeposition method by applying a potential of -

0.6 V (vs Ag/AgCl) in a solution of 80 mM HAuCl4 and 4 mM Pb(CH3COO)2 [36], 

for the preparation of NPG on a planar gold surface. The roughness factor was 

measured to be 16 by CV in H2SO4. This NPG was used for the immobilization of 

octadecanethiol and S-layer protein (protein SbpA from Bacillus sphaericus). 

Compared to a planar gold electrode with the same geometric area, the surface 

densities of octadecanethiol and S-layer protein were increased 11.4-fold and 3.3-

fold, respectively. This indicates the differences in accessibility of the pores in the 

NPG for molecules of different size. 
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NPG is thermally unstable at high temperature, for example at 800 °C. It has a 

tendency to coarsen, resulting in enlargement of pores by hundreds of times and loss 

of catalytic activity [37]. Biener et al. used an atomic layer deposition (ALD) method 

to deposit 1 nm Al2O3 films with improved thermal stability on NPG at a temperature 

of 1000 °C [38]. They also found that TiO2 ALD coating on NPG can improve 

catalytic oxidation of CO by 3-fold compared to uncoated NPG.  

 

Figure 2. SEM characterization of NPG, inset: pore size of TiO2- and Al2O3-coated 

and uncoated NPG at different annealing temperatures. (reproduced from ref 38, 

copyright 2011 American Chemical Society) 

An NPG tube was prepared by electrodeposition of Ag on a gold tube working 

electrode in AgNO3 solution by the square wave pulse technique. First, a positive 

current density of 20 mA /cm2, and then a reversed pulse current density of 10 mA 

/cm2 was applied on the gold tube electrode. Every cycle is 1 s with 0.85 s for the 

positive current and 0.15 s for the negative current. [39]. A three electrode system 

was used, where the counter electrode was Ag and the reference electrode Ag/AgCl. 

The deposited Ag was subsequently etched in concentrated nitric acid for 24 h. The 

size of the pores was 45 nm. It is noteworthy that the size of the pores and ligaments 

can be tuned by temperature control. The pore size was increased to 80 nm and 450 

nm at 200 °C and 400 °C, respectively.  
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Figure 4. A) Schematic illustration of the fabrication process of NPG by 

electrodeposition of Ag. B) NPG with tunable ligament sizes, a) original NPG, b) after 

2 h heating at 200 °C，c) after 2 h heating at 400 °C. (reproduced from ref 39, 

copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 

Toit et al. proposed a method to prepare an NPG film by electrodepositon on a 

gold disk electrode [40]. Briefly, the potential was set to -0.7 V for 5 s (vs SCE) in 

0.1 M HAuCl4 and 1 M NH4Cl to fabricate a preliminary NPG film. The potential 

was subsequently set to -4 V for 10 s for hydrogen evolution, which is a key factor 

to improve the stability of the NPG film. The NPG film displayed a 3D sponge-like 

structure with a roughness factor of 1000, and was used for the sensitive 

amperometric detection of glucose in phosphate buffer saline (PBS) with a detection 

limit of 5 μM. 

4.3 Catalysis on NPG 

4.3.1 Catalysis of CO oxidation 

CO is a poisonous gas that is produced during the combustion of fossil fuels, notably 

in automobiles, and its oxidation to CO2 in catalytic converters has been widely 

studied [41-43]. Unlike Pt catalysts, which are easily ‘poisoned’ (i.e. inactivated) by 

CO, gold is a stable catalyst for the selective conversion of CO to CO2, eliminating 

the CO contaminant in exhaust gas [44].  
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An NPG with ligament sizes of several tens of nanometers, prepared by dealloying 

from an Au30/Ag70 alloy, was first reported for the oxidation of CO [7]. X-ray 

Photoelectron Spectroscopy (XPS) revealed that the amount of Ag on the surface 

decreased from 70% to 4.4% after etching. The residual Ag was presumed to play 

an important role for the catalysis. Almost at the same time, another group made a 

similar observation by preparing an NPG surface by selectively etching Ag from an 

Au/Ag alloy in concentrated nitric acid while applying an anodic potential of 1.0 V 

for 15 min [8], resulting in a homogeneous surface with ligament sizes below 6 nm. 

The prepared NPG was able to catalyze the oxidation of CO to CO2 at temperatures 

as low as -30 °C with a conversion yield of 85%.  

4.3.2 Catalysis for alcohol oxidation 

NPG has been widely used to oxidize alcohols. An NPG was prepared from 

Au58/Ag42 (wt %) alloy by nitric acid etching and displayed a 3D sponge-like 

morphology with pore sizes of 20 nm. The prepared NPG was subsequently used for 

the oxidation of benzyl alcohol to benzaldehyde with a conversion yield of 58% [45]. 

The selectivity of this reaction is more than 92% with benzoic acid being the other 

product. Interestingly, after reaction for 5 h at 240 °C, the pore size increased to 60 

nm, indicating a change in morphology of NPG during the catalytic reaction. 

Atomic oxygen adsorbed on the NPG surface is thought to play a vital role in 

catalytic oxidations. Xu et al. found that gold oxidized by ozone treatment resulted 

in NPG with pore diameters of 2 nm [46]. Such an Au-O surface characterized by 

high-resolution electron energy loss (HREEL) was used for the oxidative conversion 

of methanol to three products: methyl formate, formaldehyde and formic acid. 

Selectivity was highly dependent on temperature. At low oxygen coverage (below 

0.5 monolayers), methyl formate was the main product at 220 K. Formaldehyde 

became prominent at 250 K, while formic acid was formed at 280 K. High oxygen 

coverage (above 1 monolayer) led to the combustion of methanol to CO2 and H2O.  

NPG prepared by chemical etching from an Au30/Ag70 alloy was reported for the 

aerobic oxidation of ethanol, methanol, and n-butanol. [47] The pores and ligaments 

of NPG were in the range of 30-50 nm after 48 h etching in concentrated nitric acid. 

For ethanol oxidation, two products were observed, acetaldehyde and ethyl acetate, 

at a molar ratio of 2:1, while only methyl formate was formed during the oxidation 

of methanol. In the case of n-butanol oxidation, only n-butanal was observed.  



   Nanoporous Gold: Preparation and Catalytic Applications 

 

 

59 
 

4.3.3 Other catalytic reactions 

NPG with a nanopore size of 30 nm prepared by dealloying an Au30/Ag70 alloy 

proved to be an efficient catalyst for the oxidation of a series of organosilanes in the 

presence of water, producing the corresponding silanols and hydrogen gas [48]. The 

NPG was easily cleaned by rinsing with diethyl ether and could be reused 5 times 

while maintaining its catalytic activity.  

Highly selective semihydrogenation of alkynes to alkenes by using both 

hydrosilanes and H2O as hydrogen sources was reported on NPG with an average 

pore size of 30 nm [49], prepared by etching an Au30/Ag70 alloy in concentrated nitric 

acid for 18 h. High-resolution TEM (HRTEM) and scanning TEM (STEM) revealed 

a high density of atomic steps and kinks on the NPG surface, suggesting a high 

coverage with low-coordination Au atoms, which may play an important role as 

catalytic sites.  

4.3.4 Electrochemical catalysis 

The properties of NPG, such as high surface area, tunable porosity and enhanced 

conductivity, facilitate electron transfer on the NPG surface, making it an excellent 

electrode material for electrochemical catalysis [50-54]. For example, NPG prepared 

by dealloying an Au50/Ag50 alloy in nitric acid was used for the electrocatalytic 

reduction of oxygen and hydrogen peroxide [55]. The average ligament size was 

about 15 nm with a roughness factor of ten. 4% residual Ag was measured on the 

NPG surface by energy-dispersive spectroscopy (EDS). By using this NPG as a 

working electrode, oxygen was reduced to hydrogen peroxide via a four-electron 

route, and further reduced to water.  

  An NPG-Pt catalyst was prepared by electrochemical reduction of PtCl6
2- absorbed 

on NPG (Figure 5a), which was prepared by dealloying silver-gold alloy leaves in 

concentrated nitric acid for 2 h [56]. In this way, Pt was effectively deposited on the 

NPG. The NPG-Pt was subsequently used as a working electrode for the 

electrochemical oxidation of formic acid to CO2. The catalytic activity of NPG-Pt 

was more than 100 times higher than a commercial Pt/C catalyst. Moreover, an 

anodic peak at ~0.5 V was observed on the NPG-Pt catalyst, which is 0.2 V negative 

shifted compared to a Pt/C catalyst (Figure 5b), thus preventing CO poisoning which 

occurs at ~0.95 V on the Pt/C catalyst (Figure 5b).  
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Figure 5. a) Schematic description of the process to prepare the NPG-Pt catalyst. b) 

Mass specific electrochemical catalytic oxidation of 0.5 M formic acid in 1 M H2SO4 

on a commercial Pt/C catalyst (black trace) and on the NPG-Pt catalyst (red trace). 

CO oxidation at 0.95 V on a Pt/C catalyst can be prevented on an NPG/Pt catalyst. 

(reproduced from ref 56, copyright 2014 The Royal Society of Chemistry). 

4.4 Mechanism of NPG catalysis 

In contrast to supported GNPs, where the support plays a crucial role for catalytic 

activity, NPG is an unsupported material. Therefore, the origin of catalytic activity 

of NPG has been debated for many years, even until today. One explanation is that 

the low-coordination Au atoms at the steps and kinks on the NPG surface form the 

catalytic sites [3, 57, 58], since they are able to activate molecular oxygen [59, 60]. 

Another hypothesis is that the residual amount of less noble metals such as Ag or Cu 

plays a vital role for catalysis [61], because Ag and Cu can more easily bind and 

activate molecular oxygen than Au [62, 63].  

4.4.1 Surface defect catalysis mechanism  

Studying the surface morphology, especially characterizing surface defects, is 

critical for the understanding of the catalytic mechanism of NPG. Fujita et al. used 

a spherical-aberration-corrected high-resolution TEM for an in situ morphology 

study during CO oxidation [58]. A considerable number of kinks and surface steps 

were observed, which implies the presence of large numbers of low-coordination Au 

atoms, which may be the catalytically active sites.  
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The relationship between the amount of Ag on the NPG surface and the oxidation 

yield was also investigated, since the etching process cannot completely remove all 

Ag atoms from the surface [64]. NPG shows enhanced catalytic activity with higher 

amounts of residual Ag. This is thought to be due to a stabilizing effect of residual 

Ag on the steps and kinks on the NPG surface. Recent studies by high-resolution 

STEM provided quantitative results about the density of low-coordination gold 

atoms on the NPG surface, revealing that surface-defect regions, which are rich in 

low-coordination surface atoms, are responsible for catalysis on NPG [65].  

Fujita et al. followed the structural coarsening process by in situ atomic HRTEM 

[66]. The ligament sizes increased remarkably, resulting in a coarser surface when 

prolonging the reaction time (Figure 6). Catalytic activity of NPG decreased on 

coarser surfaces. This was explained by a fast diffusion of Au atoms at the surface 

step regions, due to the interaction of reactant gases with active surface atoms during 

catalytic reactions.  

 

Figure 6. Dependence of the catalytic oxidation of CO to CO2 at 30 °C on time and 

coarseness of the NPG surface. Inset: SEM images of NPG surfaces. (reproduced 

from ref 66, copyright 2014 American Chemical Society) 
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NPG was used for the catalysis of the oxidation of D-glucose to gluconic acid, an 

important industrial product, and the effect of residual Ag on catalysis was studied. 

The NPG displayed enlarged pore size and lower Ag amount when prolonging the 

etching time, and a higher yield compared to NPG prepared by shorter etching times. 

It was assumed that the Au atoms at the surface defects, that is the corners and edges 

of the NPG surface, were the catalytic sites for the reaction [67].  

4.4.2 Residual element catalysis mechanism 

Finely divided gold without any support has been successfully used as a catalyst. 

For example, nanotube gold [68] or gold powder [69] have been used for the 

oxidation of CO. However, the results turned out to be strongly influenced by Ag 

impurities. The level of surface-exposed Ag may differ considerably from that in the 

bulk material. NPG with a ligament size of 30-50 nm was prepared by etching an 

Au30/Ag70 alloy in concentrated nitric acid for 48 h [70]. The amount of Ag in bulk 

NPG was 1 atom% when measured by atomic absorption spectroscopy (AAS) or 

energy-dispersive X-ray spectroscopy (EDX), while X-ray photoelectron 

spectroscopy (XPS) showed that up to 7 atom% Ag was present at the NPG surface, 

indicating surface enrichment and segregation of Ag on the surface. Therefore, the 

NPG prepared by dealloying should be considered to be a bimetallic catalyst instead 

of a pure Au catalyst.  

NPG prepared from an Au/Ag alloy with pores and ligaments of 30 nm and 

different amounts of residual Ag was used for the gas phase oxidative reaction of 

methanol [71]. At 20 °C, methanol was exclusively converted to methyl formate, 

while at 80 °C, the selectivity for methyl formate slightly decreased to 97%, and 3% 

of CO2 was formed. In the proposed mechanism (Figure 7), methanol was activated 

by oxygen on the NPG surface and captured as methoxide. Subsequently, an 

intermediate aldehyde was formed by deprotonation, which reacted further with 

methoxide to form methyl formate. If exposed to an excess of oxygen, the aldehyde 

was further oxidized to CO2. Residual silver was found to play an important role in 

the activation of molecular oxygen on the NPG surface, and thus to control the 

selectivity of the reaction, since higher amounts of residual Ag resulted in reduced 

selectivity for methyl formate product formation. 



   Nanoporous Gold: Preparation and Catalytic Applications 

 

 

63 
 

 

Figure 7. SEM characterization of NPG used for the selective oxidation of methanol. 

Inset: Proposed reaction mechanism on the NPG surface (see main text for details). 

(reproduced from ref 71, copyright 2010 American Association for the Advancement 

of Science) 

Competition for the reactive sites between reactants and intermediates on NPG 

was reported to determine the selectivity and the yield of the reaction. One example 

is the oxidation of methanol and n-butanol on NPG [72], where adsorbed atomic 

oxygen combines with methanol and n-butanol to form alkoxy intermediates (Figure 

8). The alkoxides further underwent β-H bond cleavage to form aldehydes, which 

reacted with residual alkoxides to form hemiacetal species, and hence produce ester 

species by eliminating another hydrogen. It was found that 90% methanol in the 

reaction mixture resulted in optimum selectivity to produce methyl butyrate.   

 

Figure 8. Mechanism of oxidative coupling of alcohols on NPG. (reproduced from ref 

72, copyright 2010 American Chemical Society) 
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Residual elements on the NPG surface, such as Ag, may play an important role in 

catalytic oxidations by aiding the activation of molecular oxygen. Such elements 

may be deposited on the NPG surface in controlled amounts. For example, NPG 

modified with TiO2 particles enhanced the conversion of CO by 100 times [73]. This 

shows the potential for the preparation of tunable NPG surfaces by controlled 

modification with different elements.  

NPG prepared by dealloying Au35/Ag65 in concentrated nitric acid for 30 min was 

used as a substrate for the chemical deposition of MoS4
2- by incubation with 5 mM 

(NH4)2MoS4 [74]. High-resolution SEM measurements showed that a 4 nm layer of 

MoS4
2- was formed on the NPG surface in a core-shell nanoporous structure. XPS 

further confirmed the presence of MoS4
2-. NPG-MoS was used for the 

electrocatalytic reduction of water to generate hydrogen. The prepared NPG-MoS 

exhibited a 4 times higher current density at -0.2 V than NPG, making it a promising 

material for hydrogen production.  

Although the catalytic activities of NPG have been thoroughly investigated during 

the last decade, the underlying mechanism is still under debate, as it is difficult to 

strictly separate the effects of surface defects from those of other residual metal ions. 

Techniques based on controlled electrodeposition may allow to study both effects 

independently and in greater detail.  

4.5 Perspective  

In spite of the fact that the technique of dealloying has been known for a long time, 

the catalytic properties of NPG were only discovered some 10 years ago. Since then, 

great efforts have been made to extend the range of catalytic applications of NPG for 

CO oxidation at low temperatures and the oxidation of alcohols. As a new and green 

catalyst, NPG has the merits of a large surface area, high electric conductivity, and 

unique continuous 3D nanoporous structure, making it an attractive material for 

other fields, such as biosensors, the synthesis of pharmaceuticals, manufacturing of 

chemicals and drug metabolite studies. In parallel, refining the preparation process 

to tune and modify NPG, for example, by adding small amounts of Pt or metal oxides 

(TiO2, Al2O3), resulted in improved catalytic activity in terms of conversion yield 

and/or selectivity. All of these studies contribute to a better understanding of the 

catalytic mechanism, which is still controversial today.  
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Clarifying the catalytic mechanism at the atomic level is of vital importance for 

the design of highly active and sustainable NPG catalysts. High resolution in situ 

morphology measurements under oxidative conditions have provided new insights, 

notably that catalytic activity is located at surface defect regions and that other 

elements like Ag play an important role. NPG has the potential to help the chemical 

industry meet the need of sustainable and energy-efficient production processes, a 

challenge for the decades to come.  
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Chapter 5 

Catalytic N-dealkylation of Drug Molecules on a 

Nanoporous Gold Surface* 

Nanoporous gold (NPG) prepared by dealloying has received considerable attention 

as a versatile catalyst. Here we report for the first time the application of NPG for 

the highly selective N-dealkylation of drug molecules. 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. The turnover frequencies 

of lidocaine and metoprolol were 3.1 h-1 and 4.3 h-1. NPG with lower Ag content and 

larger pore size improves the N-dealkylation yield. 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. 

 
 

 

 

 

 

 

 

 

 

 

 

 

* This chapter is based on T. Yuan , J. Wu , T. Zhang, M. Holtkamp, P. Rudolf, U. Karst, R. Bischoff a and H. Permentier, 
Catalytic N-dealkylation of drug molecules on a nanoporous gold surface. Submitted.  
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5.1 Introduction  

Nanoporous gold (NPG) can be fabricated by etching gold alloys, containing less 

noble elements such as silver or copper, under strongly acidic conditions, resulting 

in a three-dimensional sponge-like porous network structure [1]. The NPG surface 

area is ten to several hundred times larger than a planar gold surface of equivalent 

geometrical surface area. In contrast to surface-supported gold nanoparticles, which 

exhibit little catalytic activity when the diameter is larger than 5 nm, NPG surfaces 

with a pore size larger than 30 nm exhibit significant catalytic activity [2]. The 

catalytic oxidation of CO to CO2 on an NPG surface was first reported about ten 

years ago [3]. Since then, more catalytic reactions have been reported on NPG, for 

example, the gas phase catalytic oxidation of methanol [4, 20], benzyl alcohol [5], 

and allyl alcohol [6]. In addition, liquid phase oxidation reactions were investigated 

on NPG, such as the oxidation of glucose [7] and organosilanes [8]. Owing to its 

large interface-to-volume ratio, ease of preparation and tunable pore size, NPG is 

recognized as an attractive material for catalytic reactions. In this study, we report a 

new liquid phase catalytic reaction of NPG: the selective N-dealkylation of drug 

molecules. 

  N-dealkylation of complex drug molecules is an important biochemical reaction 

catalyzed by members of the cytochrome P450 enzyme family [9, 10]. Before a new 

chemical entity enters the market as a commercial pharmaceutical product, it is 

critically important to ensure the safety of drug metabolites which may be formed in 

vivo. Synthesis of these metabolites is helpful for preclinical ADME (absorption, 

distribution, metabolism and excretion) studies in the early development of a new 

drug. The N-dealkylation reaction has been carried out by chemical and 

electrochemical methods [11, 12]. However, these approaches have limitations such 

as loss of catalytic activity at elevated temperatures, limited scalability, the use of 

toxic or environmentally hazardous reagents, or the need for elevated electric 

potentials, leading to side reactions such as N-oxide formation and benzylic or 

aromatic hydroxylations. Moreover, the requirement for isolating the product of 

interest from complex mixtures makes many of these methods costly and time-

consuming.  

  In the search for a more sustainable and environmentally-friendly way to N-

dealkylate drug molecules, we explored the effectiveness of NPG. We show for the 
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first time that NPG acts as a robust heterogeneous catalyst for the selective N-

dealkylation of lidocaine and metoprolol. 

5.2 Experimental Section  

Materials. HNO3 (69%), hydrogen peroxide (30 vol%), lidocaine, and metoprolol 

were purchased from Sigma-Aldrich. A 1×1×0.05 cm piece of 99.99 wt% (weight%) 

gold sheet and a 585 gold alloy sheet containing 58.5 wt% gold, 30 wt% silver and 

11.5 wt% other not further specified, non-noble metals, all were purchased from 

Heraeus (Hanau, Germany) and cut into four equal pieces. Another gold alloy 

containing 58.5 wt% gold and 41.5 wt% silver was purchased from Allgemeine 

Gold- und Silberscheideanstalt AG (Pforzheim, Germany). Unless specified, the 

gold alloy and NPG used are from Heraeus (Hanau, Germany). An Ag/AgCl 

reference electrode and a Pt wire counter electrode were purchased from 

Bioanalytical Systems (West Lafayette, USA). Water was purified by a Milli-Q 

Advantage A10 system (Merck Millipore, Billerica, USA). Ultrapure HPLC grade 

acetonitrile (ACN) was purchased from Biosolve Chimie (Dieuze, France). Acetone 

(AR-grade) was purchased from Biosolve BV (Valkenswaard, the Netherlands), and 

H2SO4 (98%) was purchased from Merck (Darmstadt, Germany). Electrochemical 

measurements were done with an Autolab system (PGSTAT 204, Metrohm, 

Schiedam, the Netherlands) in 0.5 M H2SO4. 

Preparation of the catalytic nanoporous gold surface and gold plate electrode. 

The catalytic nanoporous gold (NPG) surface was prepared from the Heraeus 585 

gold alloy by etching in concentrated nitric acid for different time periods (2 h, 6 h, 

24 h and 720 h), followed by thorough washing with deionized water and acetone 

prior to use. The alloy from Allgemeine Gold-und Silberscheideanstalt AG was 

etched in concentrated nitric acid for 24 h, and was used only in Fig. S8. Before the 

electrochemical measurements, the 99.99 wt% gold plate electrode and NPG were 

immersed in freshly prepared piranha solution (98% H2SO4:30% H2O2 with volume 

ratio of 3:1) for 3 min, and then rinsed with water prior to use. Piranha solution was 

also used for the cleaning of the 24 h etching NPG.  

Sample preparation. For catalytic conversions, solutions of lidocaine and 

metoprolol were prepared at 100 µM in acetonitrile. 500 µL samples were incubated 

with NPG (3 independent preparations from three 24 h etching NPG) under the 

indicated conditions of time and temperature. Samples were diluted 100 times in 
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deionized water and subsequently analyzed by LC-MS/MS. For high-resolution 

MS/MS measurements, samples were dried and diluted 5 times in H2O prior to 

analysis. 

LC-MS/MS analysis. The LC-MS/MS system consisted of an Ultimate plus HPLC 

(Dionex-LC Packings, Amsterdam, The Netherlands) coupled to an API 365 triple 

quadrupole mass spectrometer (MDS Sciex, Concord, Canada) operated in positive 

electrospray ionization mode. MS/MS parameters were as follows: ion spray voltage 

5000 V, ring (RNG) voltage 170 V, orifice (OR) 40 V, and collision energy 20 eV. 

The product ion scan range was m/z 70 to 700 with step size 1.0 amu and a dwell 

time of 1 ms. A flow rate of 1 L/min nitrogen at 450 °C was used for LC-MS/MS. A 

C18 reversed-phase column (GraceSmart RP 18 5 μm, 2.1×150 mm Grace Davison, 

Lokeren, Belgium) was used throughout the experiments at a flow rate of 250 μL/min. 

Solvent A: H2O with 0.1% formic acid; solvent B: ACN with 0.1% formic acid. A 

linear gradient of 20-50% B in 10 min was used for elution with 40 μL injections of 

the diluted samples. High-resolution MS/MS measurements were performed on an 

LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, Bremen, Germany) in 

positive electrospray ionization mode. The normalized collision energy was set to 35 

V. MS scans from m/z 200 to 350 were performed at a resolution of 72000. 

Fragmentation was induced by collision-induced dissociation (CID) in the linear ion 

trap of the instrument and fragment ions were analyzed at a resolution of 17500.  

Scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy 

(XPS). SEM characterization of the NPG surfaces was performed on a Philips XL-

30S SEM FEG system (Amsterdam, the Netherlands) at 30 kV. X-ray photoelectron 

spectroscopy (XPS) characterization of the NPG surfaces was done on an SSX-100 

photoelectron spectrometer from Surface Science Instruments (Ontario, Canada) 

with a monochromatic Al Kα X-ray source (1486.6 eV), operating at a pressure of 

1.3×10-10 mbar. The analyzed area was 600 μm in diameter. At least three different 

spots were measured on each sample to check for reproducibility. The energy 

resolution was set to 1.26 eV. The spectra were analyzed by Winspec software 

developed at the LISE laboratory, University of Namur, Belgium.  

Micro X-ray fluorescence spectroscopy (µXRF). To investigate the elemental ratio 

in the NPG surfaces, a laboratory benchtop µXRF spectrometer M4 Tornado (Bruker 

Nano GmbH, Berlin, Germany) was used. The Rh-anode micro-focus X-ray tube 

was set at a voltage of 50 kV and anode current of 600 µA. The device is equipped 
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with polycapillary optics to focus the incident X-ray beam on a size of 25 µm for the 

Mo-K-alpha line. The analytes Cu (8,0267 keV), Ag (22,1630 keV) and Au (9,6280 

keV) were detected on their major K- or L-alpha lines. The signals were detected by 

means of a silicon drift detector (SDD, XFlash® 5030, Bruker Nano, GmbH). Each 

sample was investigated with 20 replicates over the whole surface, with 10 seconds 

measuring time per spot. Data Processing was performed using the software ESPRIT 

HyperMap (Bruker Nano GmbH). 

5.3 Results and Discussion  

5.3.1 Morphological Characterization of NPG 

The nanoporous gold (NPG) surface was prepared by etching a 5 × 5 × 0.5 

mm piece of gold alloy containing 58.5 wt% (weight%) gold, 30 wt% silver 

and 11.5 wt% other, unspecified, non-noble metals [13b] in concentrated 

nitric acid, as described elsewhere [13]. The morphology of the NPG was 

investigated by scanning electron microscropy (SEM), showing a sponge-like 

homogeneous three-dimensional structure after etching for 24 h (Figure. 1a, 

1b). The diameter of the pores was in the order of tens of nanometers.  

X-ray photoelectron spectroscopy (XPS) was used to study the surface 

elemental composition of the original alloy and NPG. Micro X-ray 

fluorescence spectroscopy (µXRF) was used to characterize NPG at a depth 

of a few µm. XPS measurements of the original alloy showed that, besides 

Au and Ag, only Cu was present at a level of 10.8 wt%. We did not find other 

common metals, such as Fe, Co, Ni or Al, on the surface of the alloy. After 

etching, Cu was no longer detected upon XPS analysis (Figure 1c) and the 

amount of silver decreased from 33.5 wt% to 6.4 wt% as deduced from the 

integrated area of the intensity of the Ag3d signal to that of the Au4f signal 

(average of 3 spots, Figure. 1c). Peaks of carbon and oxygen were also 

observed due to contamination of the surface by residual organic compounds 

that are difficult to remove completely during sample preparation [3a]. µXRF 

measurements across the NPG gave a composition of 8.3 wt% Cu (± 1.2 wt%), 

which did not change significantly upon etching for up to 24 h indicating that 

etching with concentrated nitric acid only affects the surface of the material. 
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Weight percentages of Ag and Au were 25.0% and 63.4%, respectively, after 

24 h etching. These relative amounts were not affected by etching. 

 

Figure. 1. Scanning electron microscopy (SEM) image of the catalytic, nanoporous 

gold (NPG) surface at a magnification of 20000 (a) and 50000 (b). (c) X-ray 

photoelectron spectroscopy (XPS) analysis of the original gold alloy (black trace) 

and the NPG surface (red trace), average of 3 spots. 

5.3.2 Electrochemical characterization of NPG 

In order to determine the roughness factor of the NPG surface, which is the ratio 

between the active surface area and the geometrical surface area, cyclic voltammetry 

(CV) was performed in 0.5 M H2SO4 (Figure. 2). The integrated cathodic peak area 

at ~0.8 V, corresponding to the reduction of gold oxide that was formed during the 

anodic scan, was taken to be proportional to the active surface area of the electrode 

[14, 15], giving a roughness factor of 174 after etching. 
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Figure. 2. Cyclic voltammetry (CV) of a nanoporous gold (NPG, 24 h etching) 

electrode (red trace), a gold plate electrode with the same geometrical surface area 

(blue trace; see insert for magnification). Measurements were done in 0.5 M H2SO4 

at a scan rate of 1 V/s. 

5.3.3 Catalytic N-dealkylation of lidocaine on NPG 

To study the catalytic activity of the NPG surface with respect to N-dealkylation, we 

used lidocaine, a drug that has been thoroughly investigated by our group, as first 

example [16]. Lidocaine contains a tertiary amine that is dealkylated during Phase-I 

metabolism by cytochrome P450. Former reports showed that a mixture of two 

products, the N-dealkylation product and the N-oxide, was obtained 

electrochemically in a three-electrode cell with a gold disk working electrode and 

tetrabutylammonium perchlorate (TBAP) as electrolyte [17]. In this study, control 

experiments showed that planar gold and an Au/Ag alloy without the nanoporous 

structure do not catalyze N-dealkylation of lidocaine (Figure. S1), while simply 

dipping the NPG catalyst into a 100 µM lidocaine solution in acetonitrile for 24 h at 

room temperature without applying an electric potential resulted in 50% N-

dealkylation (Figure. S1), indicating that the nanoporous nature of the surface is 

critical for catalysis.  



Chapter 5 

 

 

80 
 

  Experimental conditions were further optimized to promote the N-dealkylation 

reaction. Lidocaine was incubated with the NPG catalyst in a closed vial without 

stirring for 3 h at different temperatures ranging from 23 °C (room temperature) to 

60 °C, a temperature where most biocatalysts would rapidly lose their activity. N-

dealkylation yield increased remarkably from 10% at room temperature to 50% at 

60 °C (Figure. 3a). Molecular oxygen, activated by residual Ag in the NPG, was 

reported to play an important role in NPG catalysis [18]. Our studies show that 

molecular oxygen significantly boosts the N-dealkylation reaction, since the yield of 

the N-dealkylation product of lidocaine after 3 h incubation at 60 °C was 22 % under 

N2 purging, while increasing to 93 % with air purging (Figure. 3b).    

 

Figure. 3. Effect of temperature and oxygen on the NPG-catalyzed N-dealkylation of 

lidocaine. a) N-dealkylation yield of 100 µM lidocaine in acetonitrile on an NPG (24 

h etching) surface after 3 h incubation in a closed 1 mL vial at different temperatures 

without stirring; b) N-dealkylation conversion yield of 100 μM lidocaine on NPG in 

acetonitrile for 3 h at 60 °C with nitrogen purging or compressed air purging. Each 

sample was prepared and analyzed three times.  

A more detailed study of N-dealkylation yield and reaction time showed that a 

plateau of 93% was reached after ~90 min at 60 °C with air purging (Figure. 4b, 4c). 

The N-dealkylation yield on the NPG surface without potential is 150 times higher 

than for a gold disk electrode (Figure. S2) under the optimal electrochemical 

conditions as reported in [17]. It is noteworthy that NPG catalysis produced only the 

N-dealkylation product with no N-oxide formation, benzylic hydroxylation or 

aromatic hydroxylation, which are often generated as side products by other methods 

[16, 17]. No other products, such as diethylamine (m/z 74) and the double N-

dealkylation product (m/z 179) were detected by LC-MS/MS. There was no loss in 
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catalytic activity after ten months for three separately prepared samples of NPG, 

demonstrating that NPG is a robust catalyst for long-time use. 

 

Figure. 4. Catalytic N-dealkylation of lidocaine (100 µM) on an NPG surface (24 h 

etching) in acetonitrile. a) The N-dealkylation reaction of lidocaine; b) LC-MS/MS 

analysis of the sample after 2.5 h incubation at 60 °C with air purging, N-dealkylated 

lidocaine (m/z 207, red trace), lidocaine (m/z 235, black trace); c) Time-dependent 

N-dealkylation yield of lidocaine on an NPG surface at 60 °C with air purging (each 

sample was prepared and analyzed three times). 

5.3.4 Catalytic N-dealkylation of metoprolol on NPG 

In order to investigate whether the NPG surface functions as a general N-

dealkylation catalyst, we studied a more complex drug molecule, metoprolol, which 

contains a secondary amine (Figure. 5a). Metoprolol undergoes a range of oxidation 

reactions by cytochrome P450, including N-dealkylation, aromatic hydroxylation, 

benzylic hydroxylation, and O-dealkylation [19]. Control experiments by incubation 

with the original gold alloy showed no conversion of metoprolol. However, when 

incubated with NPG at 60 °C with air purging, the N-dealkylation product was 

readily observed reaching complete conversion after 2 h. The turnover frequency 

(TOF) of this reaction is 0.22 h-1 on NPG. Metoprolol (m/z 268) was converted to a 
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product with an m/z of 226 corresponding to removal of the isopropyl group (Figure. 

5a, 5c). Product identity was confirmed by high-resolution MS and MS/MS analyses 

(Figure. 5b, 5d). This shows that NPG catalyzes also the N-dealkylation of the 

secondary amine in metoprolol without any side reactions, such as O-dealkylation, 

isopropylamine formation, aromatic hydroxylation or benzylic hydroxylation, which 

are observed upon electrochemical oxidation [19]. 

 

Figure. 5. Catalytic N-dealkylation of metoprolol (100 µM) on an NPG surface (24 h 

etching) in acetonitrile at 60 °C with air purging. a) The N-dealkylation reaction of 

metoprolol; b) Assignment of MS/MS fragments of the N-dealkylation product of 

metoprolol shown in Figure. 5d; c) LC-MS/MS analysis after 2 h incubation 

(metoprolol black trace, N-dealkylation product red trace); d) High-resolution MS/MS 

spectrum of the N-dealkylation product of metoprolol. 

Taken together, these examples demonstrate that the NPG surface catalyzes N-

dealkylation reactions without the need for an electrochemical potential or a 

combination of metal-based catalysts and oxidizing agents in solution, which are the 

current methods of choice.  

In view of upscaling the N-dealkylation reaction in the batch system it is important 

to determine the turnover frequency (TOF), which is the number of drug molecules 
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converted to the N-dealkylation product per surface gold atom per hour [4]. The TOF 

increased substantially when the lidocaine concentration was increased from 100 μM 

(0.4 h-1) to 3 mM (3.1 h-1) at where a plateau was reached (Figure. S3), indicating 

that the reaction rate is limited by mass transport. Similar results were found for 

metoprolol with a maximum TOF of 4.3 h-1 at a metoprolol concentration of 3 mM 

(Figure. S4). Compared to the reported lidocaine N-dealkylation reactions by 

cytochrome P450 enzymes, where the TOF is in the range of 0.6 to 120 h-1 [10b], the 

TOF on the NPG is comparable. At 3 mM concentration, we were able to synthesize 

0.12 and 0.2 mg of the N-dealkylation products of lidocaine and metoprolol, 

respectively, in 0.5 h. 

5.3.5 N-dealkylation Catalytic mechanism on NPG 

The mechanistic basis for the catalytic activity of the NPG surface is intriguing, 

but controversial [20-23]. Our studies show that N-dealkylation of lidocaine is an 

oxygen-assisted reaction (Figure. 3b), similar to the oxidation of CO or methanol 

reported before [13, 24]. Residual Ag was previously reported to play an important 

role in NPG-catalyzed reactions since it can activate molecular oxygen on the NPG 

surface [18]. To study this further, we prepared NPG with different etching times. 

The amount of residual Ag on the NPG surface decreased only slightly from 8.9 wt% 

to 6.3 wt% when the etching time was varied between 2 and 24 h (Figure. S5), while, 

the pore size increased from 18 nm to 38 nm (Figure. S6). The yield of lidocaine N-

dealkylation increased from 16.8% to 50.2% when prolonging the etching time from 

2 h to 24 h (Figure. S7; 60 °C, no air purging), which may be ascribed to a coarsening 

of the surface due to the dissolution of Ag [7, 25]. The amount of Ag decreased very 

slowly when prolonging the etching time up to 30 days (Figure. S5), while the N-

dealkylation yield remained stable (Figure. S7). This indicates that residual Ag plays 

a minor role in catalysis relative to the porous structure of NPG. The alloy contained 

also about 11.5 wt% Cu as non-noble metal but surface-exposed Cu was below the 

detection limit of XPS after etching. To investigate whether minor traces of residual 

Cu have an effect on catalytic activity, we tested a different alloy containing 58.5% 

gold and 41.5% silver (weight) but no Cu. As displayed in Figure. S8, the N-

dealkylation catalysis of lidocaine on an NPG prepared from this alloy proceeded as 

well, albeit with a lower yield (26%) than the alloy containing both Ag and Cu (50% 

yield, figure 3b). 
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Based on these observations, we conclude that NPG-catalyzed N-dealkylation 

reaction is an oxygen-mediated reaction, and that the 3D nanoporous structure is 

critical for efficient N-dealkylation but that residual Ag and Cu are of minor 

importance for catalytic activity. The observation that pure gold nanoparticles on a 

ZrO2 support catalyze the N-dealkylation reaction of lidocaine in the absence of 

silver, albeit to a low extent, further supports this conclusion (Figure. S9). 

5.4 Conclusions 

In summary, a nanoporous gold (NPG) surface with a sponge-like structure was 

prepared from a gold alloy by chemical etching in concentrated nitric acid. NPG 

catalyzed the N-dealkylation of two drug molecules of increasing complexity, 

lidocaine and metoprolol, with high selectivity and excellent yield. NPG showed 

stable catalytic activity over extended time periods (up to ten months tested so far). 

Catalytic activity was enhanced at elevated temperatures with air purging. Our 

results describe an N-dealkylation catalyst with potential applications in the 

synthesis of drug metabolites and added-value intermediates for the production of 

pharmaceuticals [26]. 
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Supporting information 

Turnover frequency calculation 

The turnover frequency (TOF) of lidocaine was defined as the number of drug 

molecules converted to N-dealkylation product per surface gold atoms of NPG 

(nanoporous gold) per second [4]. The conversion of 100 μM lidocaine showed 48% 

yield in 0.5 h on NPG (148.8 mg). The active surface area of NPG was 

electrochemically measured to be 8.74×10-3 m2 (Figure 2a). The density of surface 

atoms for Au(111), the most energetically stable surface of gold is 1.4×1019 atoms/m2 

[4]. Based on these values, we calculated the TOF of lidocaine to be 0.4 h-1 at a 

lidocaine concentration of 100 μM. Similarly, the TOFs of lidocaine and metoprolol 

under different concentrations have been calculated and plotted in Figures S3 and 

S4. 

 
Figure. S1. N-dealkylation yields of 100 μM lidocaine in acetonitrile after 24 h at room 

temperature in a closed 1 mL vial, using a planar surface of the alloy before etching, 

a gold plate electrode and nanoporous gold (NPG, 24 h etching). Lidocaine 

incubated without any metal sheet was added as a control. Each sample was 

prepared and analyzed three times. 
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Figure. S2. LC-MS/MS analysis of the electrochemical conversion sample of N-

dealkylation of lidocaine (100 µM) on a gold disk electrode, N-dealkylated lidocaine 

(m/z 207, red trace), lidocaine (m/z 235, black trace), N-oxide (m/z 251, blue trace). 

Working electrode: gold disk; counter electrode: Pt wire; reference electrode: Ag wire. 

-1 V potential was applied on the working electrode for 1 h, air purging was used 

throughout the experiment. The solution was 100 μM lidocaine in acetonitrile 

containing 100 μM tetrabutylammonium perchlorate as electrolyte. 

 

Figure. S3. Turnover frequency (TOF) of lidocaine on NPG at different 

concentrations. 2 mL lidocaine solutions were incubated with NPG under air purging 

for 30 min at 60 °C in a vial. 
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Figure. S4. Turnover frequency (TOF) of metoprolol on NPG at different 

concentrations. 2 mL metoprolol solutions were incubated with NPG under air 

purging for 30 min at 60 °C in a vial. 

 
Figure. S5. X-ray photoelectron spectroscopy (XPS) analysis of the percentage of 

Ag (at%) on the surface of NPG after different etching times. Each sample was 

analyzed three times. 
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Figure. S6. Scanning electron microscopy (SEM) images of the nanoporous gold 

(NPG) surface after different etching times. The size of the ligaments is 15, 22, 28, 

38 and 200 nm after 2 h, 6 h, 12 h, 24 h and 30 days etching, respectively. The 

magnification was 20000 for 2 h and 6 h samples, and 10000 for 12 h, 24 h, and 30 

day samples. 

 
Figure. S7. N-dealkylation yield of 100 μM lidocaine in acetonitrile after 3 h 

incubation at 60 °C without purging on NPG surfaces that were prepared as shown 

in Figure S6 (2 h, 6 h, 12 h, 24 h, 30 days etching). The corresponding Ag amount 

is 15.0 %, 14.7 %, 15.9 %, 10.8 %, 10.0 %. Each sample was prepared and analyzed 

three times. 



Catalytic N-dealkylation of Drug Molecules on a Nanoporous Gold Surface 

 

 

89 
 

 

Figure. S8. N-dealkylation of 100 μM lidocaine in acetonitrile after 24 h incubation at 

60 °C without air purging in a closed vial on NPG prepared from an alloy from 

Allgemeine Gold- und Silberscheideanstalt AG (Pforzheim, Germany) containing 

58.5 wt% gold and 41.5 wt% Ag after etching in concentrated nitric acid for 24 h. N-

dealkylated lidocaine (m/z 207, red trace), lidocaine (m/z 235, black trace). 

 
Figure. S9. N-dealkylation of 100 μM lidocaine in acetonitrile after 24 h incubation at 

60 °C without air purging on a gold nanoparticle catalyst (average size 3 nm in 

diameter) on a ZrO2 support [27]. N-dealkylated lidocaine (m/z 207, red trace), 

lidocaine (m/z 235, black trace). 
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Chapter 6 

Catalytic N-dealkylation of Pharmaceuticals on 

Nanoporous Gold in a Continuous Flow System 

Continuous-flow systems are widely applied in synthetic organic chemistry. The fast 

mass transfer and mixing in a flow reactor opens new possibilities for organic 

synthesis. In this study, we report a continuous-flow system with nanoporous gold 

as a catalyst that allows the selective conversion of lidocaine and metoprolol to their 

N-dealkylation products, and the N-demethylation of atropine to noratropine. This 

continuous-flow system is promising for upscaling N-dealkylation reactions for the 

synthesis of drug metabolites or added value precursors of pharmaceutical products. 
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6.1 Introduction 

Recently, continuous-flow systems have attracted considerable attention for the 

synthesis of complex organic molecules, for example, active pharmaceutical 

ingredients (APIs) or natural products [1, 2]. Owing to the small dimensions of 

continuous-flow systems, mass transfer and heating are much more efficient than in 

batch systems. Moreover, hazardous or toxic reaction products that may pose safety 

hazards when operating in a batch system can be handled more safely [3]. In another 

aspect, reaction processes have more flexibility in a flow system, where different 

parameters, such as temperature, flow rate, and pressure can be controlled more 

precisely [4].  

Pharmaceuticals can be N-dealkylated in vivo by members of the cytochrome 

P450 enzyme family as part of Phase-I metabolism [5, 6], or by conventional organic 

synthesis methods. However, the subsequent purification processes are usually 

costly and time-consuming [7]. In addition, they often require toxic reagents that 

pose a threat for the environment. There is thus a need to develop sustainable 

methods for the selective conversion of pharmaceuticals to high-value N-

dealkylation product, for example, conversion of atropine to noratropine.  

Nanoporous gold (NPG), prepared by chemical etching of alloys in concentrated 

nitric acid, displays a sponge-like structure with pore sizes ranging from a few 

nanometers to a few micrometers [8], depending on the alloy and etching time. NPG 

has been shown to be an efficient catalyst for the oxidation of, for example, CO [9], 

methanol [10], ethanol [11], and glucose [12]. In addition, NPG can be easily 

produced and reused, making it interesting for production up-scaling. Recently, we 

reported the selective N-dealkylation of lidocaine and metoprolol with yields above 

90% in a batch system at 60 °C under conditions of air purging [13]. Of note, no 

other side products were observed, such as N-oxides or hydroxylation products, 

demonstrating the high selectivity of the NPG-mediated reactions.  

Batch systems, rather than continuous-flow systems, are widely used for fine 

chemicals production, and the synthesis of more complex molecules, such as drugs, 

in a continuous-flow system, proved difficult [4b, 14]. Heterogeneous catalysts such 

as NPG are ideally suited for flow systems provided they are highly selective [1a]. 

In this work, we designed a continuous-flow system for the N-dealkylation of 

complex molecules under precisely controlled flow conditions. Highly selective N-
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dealkylation of lidocaine and metoprolol was achieved. In addition, the selectivity 

of the N-demethylation of atropine to noratropine over formation of the N-formyl 

by-product was improved from 25% in a batch system to 88% in the continuous-

flow system. All reactions were performed in water, making this an environmental-

friendly approach that is amenable for further up-scaling. 

6.2 Experimental Section  

Materials. HNO3 (69 %), lidocaine, metoprolol and atropine were purchased from 

Sigma-Aldrich. A 10×10×0.5 mm piece of 99.99 % gold sheet and 585 gold alloy 

sheet containing 58.5% gold, 30% silver and 11.5% other non-noble metals was 

purchased from Heraeus (Hanau, Germany). Water was purified by a Milli-Q 

Advantage A10 system (Merck Millipore, Billerica, USA). Ultrapure HPLC grade 

acetonitrile was purchased from Biosolve Chimie (Dieuze, France). Acetone (AR) 

was purchased from Biosolve BV (Valkenswaard, the Netherlands), and H2SO4 

(98%) was purchased from Merck (Darmstadt, Germany). The flow-through cell 

(Flexcell) was purchased from Antec Leyden (Zoeterwoude, the Netherlands). 

Preparation of the catalytic nanoporous gold (NPG) surface. The catalytic NPG 

surface was prepared from the gold alloy by etching in concentrated nitric acid for 

24 h, followed by thorough washing with deionized water and acetone. The NPG 

was subsequently cut to fit the dimensions of the Flexcell. 

Sample preparation. For catalytic conversions in a continuous-flow reactor, 

solutions of lidocaine, metoprolol and atropine were prepared at 1 µM in water, and 

purged with air for 15 min in a 4 mL glass vial to ensure oxygen saturation. The 

samples were subsequently pumped through the Flexcell at different flow rates using 

a peristaltic pump at 60 °C. For the turnover frequency study, 1 mL samples with 

different compound concentrations were incubated with NPG under air purging in a 

4 mL glass vial. The catalysis samples of lidocaine and metoprolol were prepared by 

incubation with NPG at 60 °C for 30 min with air purging.  

LC-MS/MS analysis. Samples of lidocaine and metoprolol prepared in the Flexcell 

were analyzed by LC-MS/MS in a system consisting of an Ultimate plus HPLC 

(Thermo Scientific, Sunnyvale, United States) coupled to an API 365 triple 

quadrupole mass spectrometer (MDS Sciex, Concord, Canada) operated in positive 

electrospray ionization mode. MS/MS parameters were as follows: ion spray voltage 
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5000 V, ring (RNG) voltage 170 V, orifice (OR) 40 V, and collision energy 20 eV. 

A flow rate of 1 L/min nitrogen at 450 °C was used.The product ion scan range was 

m/z 70 to 700 with step size 1.0 amu and a dwell time of 1 ms. A C18 reversed-phase 

column (GraceSmart RP 18 5 μm, 2.1×150 mm Grace Davison, Lokeren, Belgium) 

was used throughout the experiments at a flow rate of 250 μL/min. Solvent A: H2O 

with 0.1 % formic acid; solvent B: ACN with 0.1 % formic acid. A linear gradient 

of 20-50 % B in 10 min was used for elution with 40 μL injections of the diluted 

samples.  

Samples for the turnover frequency study were analyzed by LC-MS/MS in a system 

consisting of an Ultimate plus HPLC (Thermo Scientific, Sunnyvale, United States) 

coupled to a TSQ Quantum AM triple quadrupole mass spectrometer with an ESI 

interface in the positive mode (Thermo Finnnigan, San Jose, CA). MS/MS 

parameters were as follows: spray voltage 4000 V, auxiliary gas pressure 20, sheath 

gas pressure 40, capillary temperature 350 °C, tube lens offset 90 V, skimmer offset 

0 V. The product ion scan range was from m/z 50 to 350, with a scan time of 1 s and 

Q1 and Q3 at 0.7 FWHM. For the selected reaction monitoring (SRM) analysis, two 

transitions were used for lidocaine (235/86) and the N-dealkylation product (207/58), 

two transitions for metoprolol (268/116) and the N-dealkylation product (226/121), 

three transitions for atropine (290/124), nor-atropine (276/110) and N-formyl-

noratropine (304/138). A dwell time of 100 ms was used for each transition. 

Scanning electron microscopy (SEM). SEM characterization of the NPG surfaces 

was performed on a Philips XL-30S SEM FEG system (Amsterdam, the Netherlands) 

at 30 kV. 

6.3 Results and Discussions 

6.3.1 Continuous-flow system 

Figure 1a shows the continuous-flow reactor. The Flexcell, which is normally used 

for electrochemical detection and conversion reactions, was used as a continuous-

flow system with the NPG mounted in place of the working electrode. The system 

was not connected to a potentiostat. NPG was prepared by chemical etching of a 

gold/silver alloy in concentrated nitric acid for 24 h as reported before [9]. The NPG 

has a homogeneous continuous 3D structure with an average pore diameter of 35 nm 

(Figure 1c). The NPG and the conducting-plastic surface is separated by a Teflon 
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spacer of 50 µm thickness with a lozenge-shaped hole, so that an NPG flow chamber 

of approximately 500 nL is formed between the spacer and the NPG (Figure 1b). For 

temperature control, the cell was placed in an oven at a temperature of 60 °C, which 

proved optimal during previous batch experiments [13]. Prior to the reaction, the 

sample solution was purged with air for 15 min in a 4 mL glass vial to ensure the 

sample was saturated with oxygen, since the N-dealkylation reaction was shown to 

be an oxygen-dependent reaction [13]. The sample solution was pumped through the 

flow cell at flow rates ranging from 1 to 25 µL/min. Fractions were collected at the 

outlet of the flow reactor at different time points for LC-MS/MS analysis. 

 
Figure 1. Continuous flow system for the N-dealkylation of lidocaine, metoprolol and 

atropine; schematic drawing (a); nanoporous gold (NPG) catalysis flow chamber (b); 

scanning electron microscopy (SEM) image of NPG surface at a magnification of 

50000 (c). 

6.3.2 Catalytic N-dealkylation of lidocaine in the continuous-flow system 

The catalytic activity of NPG in a flow cell system was first evaluated using lidocaine, 

a drug molecule that has been thoroughly investigated before in our lab [15]. 

Lidocaine was shown to be N-dealkylated on NPG in a batch cell under conditions 

of air purging at 60 °C [13]. As shown in Figure 2b, the N-dealkylation yield of 

lidocaine was 82% (by using a synthetic standard) at flow rate of 1 μL/min under air 

purging. Taking into account that the internal volume of the continuous-flow system 
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is 500 nL, the residence time of the lidocaine solution on the NPG surface is only 30 

s, demonstrating the fast kinetics of the N-dealkylation reaction on NPG. In addition, 

only the N-dealkylation product (m/z 207) was observed, and no other side products 

were detected, such as the N-oxide (m/z 251), the di-dealkylation product or 

diethylamine.  

Figure 2c shows that the yield of N-dealkylated lidocaine decreased to 15% when 

increasing the flow rate to 20 μL/min (calculated contact time of 1.5 s). The 

decreasing yield at higher flow rates may be due to mass transfer limitations [3]. N-

dealkylation of lidocaine reached 93% in a batch cell after 1.5 h while it took only 

30 s contact time in a flow system to reach a yield of 82%. It is thus likely that flow 

systems with contact times of a few minutes would be sufficient to give complete 

conversion of lidocaine. This can, for example, be achieved using longer flow paths. 

It is interesting to note that an N-dealkylation yield of 15% was observed at 25 

μL/min. It is currently unclear why the yield does not decrease any further despite 

the fact that contact times are very short. Further work at higher flow rates is needed 

to elucidate this phenomenon. It is expected that the yield will approximate 0 as flow 

rates are further increased, since the residence time of lidocaine will be so short that 

mass transfer limitations will prevent most of the lidocaine molecules from reaching 

the surface. 
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Figure 2. Catalytic N-dealkylation of lidocaine (1 µM in water) on an NPG surface in 

a flow cell. a) The N-dealkylation reaction of lidocaine; b) LC-MS/MS analysis of the 

sample at a flow rate of 1 μL/min at 60 °C with air purging, N-dealkylated lidocaine 

(m/z 207, red trace), lidocaine (m/z 235, black trace); c) Flow rate dependence of 

the catalytic N-dealkylation yield of lidocaine. Each sample was prepared and 

analyzed three times. 

6.3.3 Catalytic N-dealkylation of metoprolol in the continuous-flow system 

Metoprolol, which has a secondary amine, as well as groups that are amenable to O-

dealkylation, was also evaluated on the flow cell system. This compound was 

converted to 99% of the N-dealkylated form in a batch cell after 2 h with air purging 

at 60 °C by loss of an isopropyl group as reported earlier [13]. When 1 µM sample 

was pumped through the NPG cell at a flow rate of 1 μL/min, metoprolol was 

converted to the N-dealkylation product (m/z 226) with an estimated yield of 48% 

by comparing the integrated peak areas. Only N-dealkylation occurred on the NPG 
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in the flow system, with no side reactions such as O-dealkylation, aromatic 

hydroxylation or isopropylamine formation. Figure 3c shows the flow rate 

dependence of the N-dealkylation yield of metoprolol, which decreases from 48% at 

1 μL/min to 10% at 25 μL/min, slightly lower than for lidocaine. 

 
Figure 3. Catalytic N-dealkylation of metoprolol (1 µM in water) on an NPG surface. 

a) The N-dealkylation reaction of metoprolol; b) LC-MS/MS analysis at a flow rate of 

1 μL/min at 60 °C with air purging (metoprolol, m/z 268, black trace, N-dealkylation 

product, m/z 226, red trace); c) Flow rate dependence of the N-dealkylation yield of 

metoprolol. Each sample was prepared and analyzed three times. 

6.3.4 Catalytic N-dealkylation of atropine in the continuous-flow system 

To assess the scope of N-dealkylation reactions that can be catalyzed by NPG, we 

investigated the conversion of a complex natural product atropine, which contains a 

cyclic tertiary amine, to nor-atropine. In the batch system, N-demethylation of 
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atropine to nor-atropine (m/z 276) reached a maximum after 7 h incubation at 60 °C 

with air purging (Figure S1b). Using synthetic nor-atropine as a standard, we 

confirmed its identity in the reaction mixture by co-elution and high-resolution 

MS/MS (Figure S1a, S1c). Another product N-formyl-noratropine (m/z 304) was 

also observed (Figure S2). The ratio of nor-atropine to N-formyl-noratropine on 

NPG was only 25%. In order to confirm the identity of N-formyl-noratropine, we 

synthesized N-formyl-noratropine by following a protocol reported before [16], and 

its structure was confirmed by MS/MS analysis (Figure S2). Of note, when 

performing the experiment in the continuous-flow system, the selectivity of N-

dealkylation of atropine was highly improved to 88% (Figure 4b), possibly due to 

the short residence time in the flow reactor, so that the side product of N-formyl-

noratropine is more difficult to form. This gave new insights for the further 

application of such a continuous flow system, especially for the improved selectivity 

synthesis of noratropine. 

 

Figure 4. Catalytic N-dealkylation of atropine (1 µM in water) on an NPG surface. a) 

The N-dealkylation reaction of atropine; b) LC-MS/MS analysis at a flow rate of 1 

μL/min at 60 °C with air purging (atropine, m/z 290, black trace; N-dealkylation 

product (nor-atropine), m/z 276, red trace; N-formyl-noratropine, m/z 304, blue trace).  
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6.4 Conclusions 

In summary, a continuous-flow system with NPG as catalyst was designed for the 

highly selective N-dealkylation of lidocaine, metoprolol. Of note, the formation of 

N-formyl-noratropine, a major by-product of the batch reaction, was greatly reduced 

in the continuous flow system probably due to the short residence time. 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. While the 

volume of the continuous flow system was just 500 nL, it has been shown that flow 

systems can be scaled up by tuning dimensions [17]. Continuous flow systems 

containing an NPG catalyst are of interest for the synthesis of N-dealkylation 

metabolites of pharmaceuticals and the production of added value intermediates 

under environmentally friendly, sustainable conditions. 
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Supporting information 

 
Figure. S1. Catalytic N-dealkylation of 100 µM atropine in water on an NPG surface 

at 60 °C with air purging. a) Fragment assignment of the N-dealkylation product (nor-

atropine) in Figure S2c; b) LC-MS/MS analysis after 7 h incubation (atropine black 

trace, N-dealkylation product red trace, N-formyl-noratropine blue trace); c) High-

resolution MS/MS spectra of N-dealkylation product of atropine. 
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Synthesis of N-formyl-noratropine. N-formyl-noratropine was synthesized as 

described elsewhere [16]. Briefly, 30 μL HCOOH was added to 1 mL CH2Cl2 on an 

ice bath under stirring, then 0.08 mg EDC was added and mixed for 15 min. After 

that, 0.11 mg nor-atropine and 0.04 mg N-methymorpholine was added, and stirred 

for 1 day. The sample was diluted 400 times in water for product ion scan analysis 

by direct infusion on API 365 triple quadrupole mass spectrometer.  

 
Figure. S2. Left: LC-MS/MS analysis of synthetic N-formyl-noratropine, noratropine 

red trace, N-formyl-noratropine blue trace. Right: direct infusion MS/MS spectra of 

N-formyl-noratropine. Inset right: assignment of fragment ion at m/z 138 

characteristic for N-formyl-noratropine. 
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Chapter 7 

Summary and Perspectives 

The theme of this thesis is to develop new methods for the highly selective synthesis 

of drug metabolites with high yield. Although most of the drug metabolites generated 

by cytochrome P450 can be synthesized electrochemically, in most cases, a mixture 

of different drug metabolites is obtained in an electrochemical batch cell, and the 

yield is usually quite low. In this thesis, we developed different methods for 

circumventing this problem. First, a hemin modified electrode was prepared and 

characterized in an in situ system in chapter 3, nanoporous gold (NPG) was 

developed as N-dealkylation catalyst in chapter 5, and a continuous-flow reactor was 

developed in chapter 6. 

In chapter 2, we reviewed different approaches that have been taken to mimic 

oxidative drug metabolism as executed by members of the cytochrome P450 

(CYP450) family of enzymes in humans. A complete array of drug metabolites can 

be produced on a modified electrode surface with enzymes from the CYP450 family, 

immobilized through a self-assembled monolayer. On the electrode, the use of 

NADPH and CYP reductase can be obviated. However, immobilization of active 

CYP450s is not straightforward and keeping the enzyme active is even more 

challenging. Strategies for the preparation of different CYP450-modified electrodes 

are discussed, such as gold electrodes, carbon-based electrodes and indium-tin oxide 

electrodes. In addition, synthetic metalloporphyrins are discussed for the preparation 

of modified electrodes. 

In chapter 3, a hemin modified electrode was prepared, and was characterized by 

an integrated surface enhanced Raman scattering spectroelectrochemical (SERS 

SEC) analysis system, which allows for the simultaneous SERS and electrochemical 

investigation of any modified electrode surface with very low laser power. A 

nanostructured gold working electrode was used, which enables highly sensitive in 

situ SERS spectroscopy through large SERS enhancements, eliminating the need for 

resonant wavelength matching of the laser excitation source with the electronic 

absorption of the target molecule. In situ SEC measurements showed shifts of the 

iron oxidation marker band 4 on the nanostructured Au working electrode under 
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precise potential control. This result is a strong indication that the hemin layer is 

indeed electrochemically active on the gold surface, and that the absence of product 

formation may be due to the low surface coverage.  

In chapter 4, different methods for the preparation of nanoporous gold (NPG), 

such as electrodeposition and chemical dealloying, were discussed. Special attention 

was paid to the catalytic properties of nanoporous gold, such as the catalytic 

oxidation of CO and ethanol and electrochemically-assisted catalysis. The 

mechanism of NPG catalysis was also discussed in this chapter. The fact that the size 

of the nanopores varies while changing the amount of Ag by etching complicates 

mechanistic studies. While most applications use dealloyed NPG, electrodeposition 

methods hold considerable promise for mechanistic studies, because the nanoporous 

structure can be prepared without Ag, or with strictly controlled amounts of Ag or 

other metals on the surface. 

In chapter 5, we report a new catalytic reaction of NPG, the N-dealkylation of 

drug molecules. A nanoporous gold surface with a nanopore size of about 38 nm was 

prepared by chemical etching, with a roughness factor of 174. High temperature 

(60 °C) and air purging were found to be the conditions leading to the highest N-

dealkylation yield. Lidocaine and metoprolol were used for the catalysis study on 

NPG, both producing only the N-dealkylated product at high yield and selectivity. 

The catalytic mechanism probably depends on the unique nanoporous structure, 

especially the surface defect regions. However, we cannot eliminate the effect of the 

presence of residual Ag.  

In chapter 6, following the in-batch NPG catalysis work, a continuous-flow 

reactor was designed for the catalytic N-dealkylation of lidocaine, metoprolol and 

atropine on NPG by flow chemistry. The results showed the highly selective 

conversion of lidocaine and metoprolol. Of note, for atropine, the selectivity of the 

N-dealkylation reaction was improved from 25% in a batch system to 88% in the 

continuous-flow reactor.  

There is no doubt that modified electrodes will not replace existing in vivo and in 

vitro methods, since modified electrodes cannot mimic the complexity of all 

CYP450-mediated reactions taking place in vivo. However, with the modified 

electrodes as electron supplier, the need for NADPH and CYP reductase in complex 

biological matrices is obviated. It is noteworthy that that all studies to date were 

performed at the laboratory scale, thus the amount of metabolites is quite limited. In 
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the future, more effort should be put into the design of robust modified electrodes, 

which can be reused for extended periods of time, and thereby produce the desired 

drug metabolites selectively and in high amounts. 

In the case of the in situ SERS SEC work, future work should focus on the 

preparation of different modified electrodes, for example, electrodes modified with 

CYP450s, for in situ SEC and drug metabolite studies. On the other hand, it is clear 

that the low surface area of a gold electrode in a regular electrochemical cell is not 

sufficient for synthesis of mg amounts of drug metabolites by direct electrochemistry 

and even less on a hemin-modified surface. High-surface area gold, such as gold 

nanoparticles or nanoporous gold provide options to achieve better yields. 

Regarding NPG, adding small amounts of Pt or metal oxides (TiO2, Al2O3) was 

reported to result in improved catalytic activity in terms of conversion yield and/or 

selectivity. This provides new ideas to prepare efficient NPG catalysts. Clarifying 

the catalytic mechanism at the atomic level is of vital importance for the design of 

highly active and sustainable NPG catalysts. High resolution in situ morphology 

measurements have provided new insights, notably that catalytic activity is located 

at surface defect regions and that other elements like Ag play an important role. 

Secondly, different nanoporous gold surfaces can be prepared from different alloys 

containing different ratios of Au/Ag, or from Au/Cu, or Au/Al alloys, for the 

systematic study of how residual elements influence NPG catalysis. NPG has the 

potential to help the chemical industry meet the need for sustainable and energy-

efficient production processes, a challenge for the decades to come.  

The continuous flow system is particularly suitable for screening reaction 

conditions prior to scaling up owing to the merits of fast response and ease of 

operation. For the upscaling of drug metabolites, a more efficient design of the flow 

reactor should be developed, for example, by tuning dimensions, improving the 

heating system and adding a high pressure system. 

  



                                                                                                                      Nederlandse Samenvatting  

  

 

111 
 

Nederlandse Samenvatting 

Het thema van dit proefschrift is het ontwikkelen van nieuwe methodes voor de 

selectieve synthese van geneesmiddelmetabolieten met hoge opbrengst. Hoewel de 

meeste geneesmiddelmetabolieten die door cytochroom P450 worden gemaakt ook 

electrochemisch gesynthetiseerd kunnen worden, wordt in een electrochemische 

batch-cel in de meeste gevallen een mengsel van verschillende metabolieten 

verkregen, en is de opbrengst vaak erg laag. In dit proefschrift hebben we 

verschillende methodes ontwikkeld om dit probleem te omzeilen. Een electrode 

gemodificeerd met hemine is gebruikt en gekarakteriseerd in een in situ systeem in 

hoofdstuk 3, nanoporeus goud (NPG) is ontwikkeld als katalysator voor N-

dealkylatie in hoofdstuk 5, en een continue-doorstroomreactor is ontwikkeld in 

hoofdstuk 6. 

In hoofdstuk 2 hebben we verschillende strategieën besproken die zijn 

beschreven voor het nabootsen van het oxidatieve metabolisme van geneesmiddelen 

zoals dat wordt uitgevoerd door leden van de familie van humane cytochroom P450 

(CYP450) enzymen. Een volledige reeks van metabolieten kan worden gemaakt met 

een electrodeoppervlak gemodificeerd met enzymen van de CYP450 familie, 

geïmmobiliseerd op een zelfvormende monolaag. Op de electrode is het gebruik van 

NADPH en CYP reductase overbodig, maar immobilisatie van actieve CYP450s is 

niet eenvoudig en de activiteit van het enzym in stand houden is een nog grotere 

uitdaging. Strategieën voor het vervaardigen van verschillende electrodes 

gemodificeerd met CYP450 worden besproken, waaronder goud electrodes, 

electrodes op koolstofbasis en indium-tinoxide electrodes. Bovendien worden 

synthetische metalloporfyrines voor het vervaardigen van gemodificeerde electrodes 

besproken. 

In hoofdstuk 3 wordt een electrode gemodificeerd met hemine vervaardigd en 

gekarakteriseerd met een geïntegreerd ‘surface enhanced Raman scattering 

spectroelectrochemistry’ (SERS SEC) analysesystem, dat gelijktijdige SERS en 

electrochemische studies mogelijk maakt van gemodificeerde electrodes, 

gebruikmakend van een zeer lage laserkracht. Er is gebruik gemaakt van een gouden 

werkelectrode met nanostructuren, die zeer gevoelige in situ SERS spectroscopie 

mogelijk maakt door het grote SERS versterkingseffect, zodat er geen golflengte-

matching meer nodig is van de laserexcitatiebron en de electronische absorptie van 
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het targetmolecuul. De in situ SERS metingen toonden verschuivingen aan van de 

oxidatieband ν4 van ijzer op de electrode met goud-nanostructuren met nauwkeurige 

controle van de potentiaal. Dit resultaat is een sterke aanwijzing dat de hemine-laag 

inderdaad electrochemisch actief is op het goudoppervlak, en dat de afwezigheid van 

productvorming mogelijk het gevolg is van een lage oppervlaktebezettingsgraad. 

In hoofdstuk 4 worden verschillende methodes voor de vervaardiging van 

nanoporeus goud (NPG) besproken, zoals electrodepositie en het chemisch selectief 

oplossen van een legering. Speciale aandacht is besteed aan de katalytische 

eigenschappen van nanoporeus goud, zoals de katalytische oxidatie van CO en 

ethanol, en electrochemisch ondersteunde katalyse. Het mechanisme van NPG 

katalyse is ook in dit hoofdstuk besproken. Het feit dat de grootte van de nanoporiën 

varieert als de hoeveelheid Ag verandert is een complicatie voor mechanistische 

studies. Hoewel de meeste toepassingen NPG vervaardigd door chemisch selectief 

oplossen van een legering gebruiken is electrodepositie een veelbelovende methode 

voor mechanistische studies omdat de nanoporeuze structuur gemaakt kan worden 

zonder Ag of met goed gecontroleerde hoeveelheden Ag of andere metalen op het 

oppervlak. 

In hoofdstuk 5 rapporteren we een nieuwe katalytische reactie van NPG: de N-

dealkylatie van geneesmiddelen. Een nanoporeus goudoppervlak met een 

nanoporiegrootte van ongeveer 38 nm en een ruwheidsfactor van 174 is gemaakt 

door middel van chemisch etsen. Een hoge temperatuur van 60 °C en aeratie 

vormden de condities die de hoogste opbrengst van N-dealkylatieproduct gaven. 

Lidocaine en metoprolol zijn gebruikt voor het bestuderen van de katalyse op NPG, 

en beide gaven het N-dealkylatieproduct met hoge opbrengst en selectiviteit. Het 

katalysemechanisme hangt waarschijnlijk samen met de unieke nanoporeuze 

structuur, in het bijzonder de onvolkomenheden in het oppervlak. We kunnen echter 

het effect van eventueel aanwezig residueel Ag niet uitsluiten. 

In hoofdstuk 6 is een continue-doorstroomreactor ontworpen, voortbouwend op 

het in-batch NPG katalysewerk, en is gebruikt voor de katalytische N-dealkylatie 

van lidocaine, metoprolol en atropine. De resultaten tonen een zeer selectieve 

conversie van lidocaine en metoprolol aan. Opmerkelijk was verder de verbetering 

van de selectiviteit van de N-dealkylatiereactie van atropine van 25% in het batch-

systeem naar 88% in de continue-doorstroomreactor. 
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Het lijdt geen twijfel dat gemodificeerde electrode de bestaande in vivo en in vitro 

methodes niet zullen vervangen, aangezien gemodificeerde electrodes niet de 

complexiteit van alle in vivo reacties van CYP450 kan nabootsen. Echter, met de 

gemodificeerde electrodes als bron van electronen zijn NADPH en CYP reductase, 

zoals aanwezig in complexe biologische matrices, overbodig. Het is belangrijk om 

op te merken dat alle studies tot op heden op de schaal van het laboratorium zijn 

gedaan, en de hoeveelheid geproduceerde metabolieten is dus erg beperkt. In de 

toekomst zou meer aandacht moeten worden besteed aan het ontwerp van robuuste 

gemodificeerde electrodes, die voor langere tijd kunnen worden hergebruikt en op 

deze manier geneesmiddelmetabolieten selectief en in grote hoeveelheden kan 

produceren. 

Voor het in situ SERS SEC-werk zou in de toekomst gefocust moeten worden op 

het vervaardigen van verschillende gemodificeerde electrodes, bijvoorbeeld met 

CYP450s, voor in situ SEC en studies van geneesmiddelmetabolieten. Aan de andere 

kant is het duidelijk dat het kleine oppervlak van een goudelectrode in een reguliere 

electrochemische cel onvoldoende is voor de synthese van milligram-hoeveelheden 

van geneesmiddelmetabolieten door middel van directe electrochemie, en nog 

minder op een oppervlak gemodificeerd met hemine. Goud met een groot oppervlak, 

zoals goud-nanodeeltjes of nanoporeus goud, geeft de mogelijkheid voor betere 

opbrengsten. Voor NPG is beschreven dat het toevoegen van kleine hoeveelheden Pt 

of metaaloxides (TiO2, Al2O3) een verbeterde katalytische activiteit oplevert wat 

betreft conversie-opbrengst en/of selectiviteit. Dit levert nieuwe ideeën op voor het 

vervaardigen van efficiënte NPG katalysatoren. Het ophelderen van het katalytische 

mechanisme op het niveau van atomen is van cruciaal belang voor het ontwerp van 

zeer actieve en duurzame NPG katalysatoren. Hoge resolutie metingen van de in situ 

morfologie hebben nieuwe inzichten opgeleverd, met name dat de katalytische 

activiteit is gelokaliseerd op onvolkomenheden op het oppervlak en dat andere 

elementen waaronder Ag een belangrijke rol spelen. Ten tweede kunnen 

verschillende nanoporeuze goudoppervlakken gemaakt worden van verschillende 

legeringen van Au/Ag, of van Au/Cu, of Au/Al legeringen, om zo een systematische 

studie te maken van de wijze waarop residuele elementen de katalyse op NPG 

beïnvloeden. NPG heeft het potentieel om de chemische industrie te helpen om 

tegemoet te komen aan de vraag naar duurzame en energie-efficiënte 

productieprocessen: een uitdaging voor de komende decennia. 
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Het continue-doorstroomsysteem is in het bijzonder geschikt voor het uittesten 

van reactieomstandigheden voorafgaand aan opschaling, vanwege zijn voordelen op 

het gebied van snelle respons en gebruiksgemak. Voor het opschalen van productie 

van metabolieten van geneesmiddelen is een efficiënter ontwerp van de 

doorstroomreactor noodzakelijk, bijvoorbeeld door het aanpassen van de dimensies, 

het verbeteren van het temperatuurcontrolesysteem en het toevoegen van een hoge-

druksysteem.
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