
23 May 2023

AperTO - Archivio Istituzionale Open Access dell'Università di Torino

Original Citation:

Bioelectrochemical platform with human monooxygenases: FMO1 and CYP3A4 tandem reactions
with phorate

Published version:

DOI:10.1016/j.bioelechem.2022.108327

Terms of use:

Open Access

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

Availability:

This is a pre print version of the following article:

This version is available http://hdl.handle.net/2318/1885176 since 2023-01-10T14:22:57Z



 
1 

Bioelectrochemical platform with human monooxygenases:  

FMO1 and CYP3A4 tandem reactions with phorate 

Hanna Cheropkina,1 Gianluca Catucci,1 Federico Cesano,2,3 Arianna Marucco,1 Gianfranco 

Gilardi,1,3 Sheila J. Sadeghi1,3∗	

1Department of Life Sciences and Systems Biology, University of Torino, via Accademia Albertina, Torino 
10123, Italy 

2Department of Chemistry & INSTM-UdR Torino, Via Giuria 7, Torino 10125, Italy 
3Centre for Nanostructured Interfaces and Surfaces, University of Torino, via Pietro Giuria 7, 10125 Torino, 

Italy 
 

 
ABSTRACT 
 
It is highly advantageous to devise an in vitro platform that can predict the complexity of an 

in vivo system. The first step of this process is the identification of a xenobiotic whose 

monooxygenation is carried out by two sequential enzymatic reactions. Pesticides are a good 

model for this type of tandem reactions since in specific cases they are initially metabolised 

by human flavin-containing monooxygenase 1 (hFMO1), followed by cytochrome P450 

(CYP). To assess the feasibility of such an in vitro platform,  hFMO1 is immobilised on glassy 

carbon electrodes modified with graphene oxide (GO) and cationic surfactant 

didecyldimethylammonium bromide (DDAB). Uv-vis, contact angle and AFM measurements 

support the effective decoration of the GO sheets by DDAB which appear as 3 nm thick 

structures. hFMO1 activity on the bioelectrode versus three pesticides; fenthion, methiocarb 

and phorate, lead to the expected sulfoxide products with KM values of 29.5 ± 5.1, 38.4 ± 7.5, 

29.6 ± 4.1 µM, respectively. Moreover, phorate is subsequently tested in a tandem system 

with hFMO1 and CYP3A4 resulting in both phorate sulfoxide as well as phoratoxon 

sulfoxide. The data demonstrate the feasibility of using bioelectrochemical platforms to mimic 

the complex metabolic reactions of xenobiotics within the human body.  
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1 Introduction 
Pesticides are an integral part of agriculture for the prevention, control and elimination of 

pests. Yearly, more than 2.4 billion kilograms of broad-spectrum pesticides are used including 

mainly organophosphates, carbamates, organochlorines, neonicotinoids and pyrethroids [1]. 

But majority of pesticides are hazardous chemicals and increasing the field of their action has 

led to significant attention to their toxicity and adverse influence on the environment and human 

health. Chronic exposure to low levels of pesticides can cause mutations [2]. Among the many 

pesticides, organophosphates and carbamates have also been classified as carcinogens as well 

as neurotoxic causing neurodegenerative diseases such as Parkinson's [3-4] and Alzheimer's [5-

6]. This has led to legislators imposing limits for the maximum residual amounts for individual 

pesticides of 0.1 µg/L [7].  

Exposure to organophosphate and carbamate pesticides can occur in occupational settings 

but also in general public. In the case of the general public, the main routes of exposure include 

dermal, inhalation and diet [8]. Once they have entered the human body, pesticides are mainly 

metabolized by two major classes of Phase I oxidative enzymes: cytochromes P450 and flavin-

containing monooxygenases (FMOs) [9]. Cytochrome P450 monooxygenases (CYPs) are a 

superfamily of haem-containing proteins whereas the FMO family is quite small with only 5 

functional members which have a FAD cofactor [10-12]. Both families are NADPH dependent 

but FMOs are capable of accepting electrons directly from NADPH whereas CYPs require a 

NADPH reductase. Both enzyme families have been extensively studied in relation to the 

detoxification of pesticides. In the case of organophosphate pesticides, the P450 enzymes have 

been shown to be involved in oxidative transformations resulting in oxon, sulfoxide and sulfone 

[13] whereas the FMOs only produce sulfoxides [14]. Previous studies by Furnes and Schlenk 

have shown that amongst the 5 different FMO isoforms, the extrahepatic FMO1 primarily found 

in kidney and intestines, is the most efficient in catalysing the sulfoxidation of carbamate and 

organophosphate pesticides [15]. Other in vitro studies of pesticide metabolism mediated by 

hFMO1 have described the preference of this enzyme for oxidation of sulfur atoms with a high 

level of stereoselectivity and catalytic efficiency [15-17]. 

The main method for determination of the activity of these enzymes towards the pesticides 

has been the in vitro enzymatic assay where the reductant NADPH is added to initiate the 

reaction. An alternative method can be the use of electrodes where these enzymes are 

immobilised and which have successfully been applied to drug metabolism studies [18-20]. In 
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addition, in order to miniaturize the electrode and enhance the sensing characteristics, different 

nanostructured materials are widely used such as gold nanoparticles, graphene and its derivates. The 

main advantages of using nanostructured materials in enzyme electrodes is their efficient 

electrocatalyst properties, high surface area or surface-to-volume ratio and enhancement of electron 

transfer [21]. One such material is graphene oxide that has occupied a dominant place in the 

biosensing field due to its efficient electrochemical and catalytical properties [22-24].   

In this work, human FMO1 (hFMO1) is initially immobilised on glassy carbon electrodes 

in the presence of graphene oxide (GO) for investigating the feasibility of following the 

oxidation of different pesticides by the enzyme. The GO is functionalised by the cationic 

surfactant dimethyldidodecylammonium bromide (DDAB) to avoid denaturation of this enzyme 

[25-26] and surface properties of functionalized GO sheets are investigated by contact angle 

and atomic force microscopy (AFM). Three well-known substrates of hFMO1, 

organophosphate pesticides phorate and fenthion as well as the carbamate insecticide, 

methiocarb, are chosen and voltammetric titrations are carried out for the determination of 

kinetic parameters. Subsequently and more interestingly, the possibility of mimicking the 

complexity of the in vivo metabolic reactions of phorate within the human body is investigated 

in an in vitro tandem bioelectrochemical set up with hFMO1 and CYP3A4 (cytochrome P450 

3A4 the most important hepatic P450 in terms of xenobiotic metabolism). The data obtained 

confirm the possibility of using immobilised hFMO1 and CYP bioelectrodes for the in vitro 

prediction of the metabolic fate of pesticides. 

 
 

2 Material and methods 

2.1 Reagents 

Riboflavin, FAD, IGEPAL, β-mercaptoethanol, glycerol, PMSF, lysozyme, NADPH, 

didodecyldimethylammonium bromide (DDAB), phorate, phorate S-oxide, phorate sulfone,  

fenthion, fenthion S-oxide, methiocarb, methiocarb S-oxide, acetonitrile, phosphoric acid, 

methanol, and salts were all purchased from Sigma-Aldrich. Phorate oxon sulfoxide was 

purchased from Toronto research chemicals, Canada. GO (4 mg/mL, water dispersion) was 

purchased from Graphenea (Donostia, Spain). PK-4 Polishing Kit and all supplements for 
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electrochemical measurements were from BASi (USA). All chemicals were of highest quality 

and used without any further purification. All media, solutions, and buffers were prepared 

with deionized Milli-Q water. 

2.2 Purification of human FMO1 

Human FMO1 was expressed in Escherichia coli JM109 cells in 2 L conical flasks 

containing 500 mL Terrific Broth in the presence of ampicillin (100 µg/mL) and riboflavin 

(50 mg/L) as described previously [27]. After expression, the protein was purified from the 

membrane fractions via DEAE anion-exchange and Ni- chelating Sepharose fast-flow affinity 

column, following the procedure described previously [28]. The concentration and yield of 

obtained FMO1 protein were estimated by UV/Vis spectroscopy considering a 1:1 molar 

content of FAD. Protein purity was verified by separation and visualization in a 12% SDS 

polyacrylamide gel stained with Coomassie Blue. The activity of the purified FMO1 was 

determined by the methimazole assay described by Catucci and co-workers [29].  

2.3 In vitro metabolic assay 

To estimate kinetic parameters for S-oxygenation of pesticides mediated by hFMO1, 

reactions were set up in a final volume of 200 µL in 50 mM potassium phosphate buffer pH 

8.0 containing 0.5 µM enzyme, 0.5 mM NADPH and different concentrations of pesticide 

from 0 to 200 µM. The reaction was initiated by adding NADPH and incubated at 37 °C 

for 30 min. The reactions were terminated by adding 100 µL of ice-cold acetonitrile. After 

protein precipitation the mixture was centrifuged at 12000 × g for 5 min and the supernatant 

was analysed by HPLC to identify the metabolite(s) formed. 

2.4 High-Performance Liquid Chromatography  

The separation and quantitation of the reaction mixtures were performed by using a calibration 

curve of analytical standards of substrates (phorate, methiocarb, fenthion) and products (phorate 

S-oxide, methiocarb S-oxide, fenthion S-oxide). The analysis was performed with an Agilent 1200 

quaternary pump HPLC System equipped with a diode array UV detector (Agilent Technologies, 

USA) with a Kinetex 5 µm EVO C18 100Å column 250 × 4.6 mm. Pesticides and their metabolites 

were separated by gradient elution consisting of A – acetonitrile and B – 10 mM phosphoric acid 
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as follows: A – 5%, B – 95% (0-2 min); A – 95%, B – 5 % ( 18 min); 20 min: A – 95 %, B – 5 

%; 23 min: A – 5 %, B – 95 %; 30 min: A – 5 %, B – 95 %. All metabolites were detected 

at a wavelength of 210 nm at a flow rate of 1 mL/min. The retention time of pesticides and 

their metabolites were: phorate 17.2 min, phorate S-oxide 12.7 min; methiocarb 13.7 and 14.2 

min (commercially obtained compound had two peaks), methiocarb S-oxide 8.3 min; fenthion 

16.5 min, fenthion S-oxide 12.2 min. 

2.5 Preparation of DDAB functionalized graphene oxide (GO-DDAB) 

For the preparation of DDAB-GO, 100 mM DDAB water solution with 1 mg/mL of GO 

dispersion was sonicated for 30 min to obtain a homogeneous dispersion. After this, the 

mixture was heated at 80 ºC for 1 hour to achieve the ionic functionalization of GO by 

cationic surfactant DDAB [30]. After cooling down the obtained mixture was used for 

electrode modification and FMO1 immobilization without any additional washing or 

preparation steps.  

2.6 Contact angle measurement 

Contact angle data were obtained using Kruss Easy Drop DSA100 (Hamburg, Germany) and 

analyzed by the Drop Shape Analysis software. Silicon wafers were cleaned using isopropanol 

and placed in a sonicator bath for 10 minutes and then rinsed with milli Q water. Initially, 20 µl 

of 1 mg/ml GO solution was placed on the wafer and after evaporation the static contact angle was 

measured. In the second experiment, 20 µl of a solution DDAB-GO prepared as described above, 

was placed on the silicon wafer. Also in this case, after the sample had dried the static contact 

angle was measured with the following parameters: sessile water drop with constant drop volume, 

volume dispensed 10 µl, needle diameter 1 mm (thin), setting of Young Laplace equation for the 

data analysis. The data obtained are the mean of three independent experiment in which the value 

of the angle obtained is the mean of 10 acquisitions. 

2.7 Atomic force microscopy 

AFM measurements were carried out in the intermittent contact mode using a 225 µm long 

super-sharp Si cantilever (Nanosensors, SSS-NCL), having a tip radius of approximately 5 nm, 

which was mounted on a Nanosurf Easyscan2 AFM instrument equipped with a high-resolution 
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scan head (10 x 10 µm). The instrument, shielded in an insulated enclosure, was placed on an 

antivibration platform. Before analysis, 2 µl of GO sheets dispersed in water (final concentration 

1 mg/ml), were dropped on a freshly cleaved mica support. Scan speed was 0.25 Hz with an image 

resolution of 256 × 256 pixels. Root-mean-square roughness (Rrms) was determined by measuring 

only the atop surface of sheets. Height distribution diagrams and Abbott-Firestone curves were 

determined on a selected regions of the AFM images. 

2.8 Electrode preparation 

All electrodes, 3.0 mm working glassy carbon electrode (BASi, USA), were mechanically 

polished with PK-4 polishing kit before each experiment. The working glassy carbon electrodes 

were subsequently modified with 5 µL of 100 mM DDAB water solution [31] or 5 µL GO-DDAB. 

This was followed by addition of 5 µL of purified hFMO1 (50 µM) onto the modified electrode 

surface and overnight incubation at 4 °C. 

2.9 Cyclic Voltammetry and pesticide titration 

Electrochemical measurements of immobilized hFMO1 in DDAB and/or GO-DDAB 

modified electrodes were performed in a three-electrode standard electrochemical cell with C-

2 low-volume sample chamber, 0.5 mm platinum coil auxiliary electrode and Ag/AgCl (3 M 

NaCl) reference electrode. Working electrolyte consisted of 50 mM potassium phosphate 

buffer pH 8.0 and 0.1 M KCl. Measurements were carried out using an Autolab PGSTAT12 

controlled by Nova 2.1 software (Metrohm / Ecochemie, The Netherlands) at room 

temperature. 

Cyclic voltammograms of hFMO1 were performed under anaerobic conditions in a 

glovebox (Belle Technologies, UK) with nitrogen atmosphere. Scans were recorded from 0 to 

-750 mV with different scan rates from 20 to 120 mV/s. 

For the titration experiments with different pesticides (increasing concentrations from 0 

to 280 µM) the electrochemical response of the immobilized hFMO1 was measured after each 

addition of the pesticide. The electrochemical cell had a total volume of 500 µl with 50 mM 

potassium phosphate buffer pH 8.0 and 0.1 M KCl. After each addition the solution within 

the electrochemical cell was vigorously stirred for a couple of minutes to minimize mass 
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transport effects and the cyclic voltammogram recorded. 

2.10 Tandem chronoamperometry with immobilised hFMO1 and CYP3A4 

For the tandem chronoamperometry experiments, CYP3A4 was heterologously expressed 

in E. coli for 48 h and purified using two chromatography steps as described previously [18, 

32]. The purified enzyme was subsequently immobilised on glassy carbon (GC) electrodes 

modified with poly (diallyldimethylammonium) (PDDA) polymer in a 1:1 mixture of 

PDDA:enzyme (25 µM) also described by our group [33].  

The tandem chronoamperometry reactions were carried out in the presence of oxygen with 

continuous stirring at 200 rpm to prevent the mass transport limitations and saturation of the 

reaction products near the surface of the working electrode, at the optimal reaction temperature 

of 37 °C. Cyclic voltammetry was carried out before and after each chronoamperometric 

experiment to estimate the stability of the bioelectrodes. The chronoamperometry 

measurements were carried out in 500 µl of 50 mM potassium phosphate buffer pH 8.0 and 0.1 

M KCl at a set potential of -650 mV (vs. Ag/AgCl2). Initially, the chronoamperometry was carried 

out with the immobilised FMO1 on GC-DDAB-GO in the presence of phorate (final 

concentration of 500 µM) in the 3-electrode electrochemical cell described above. After 30 min 

of the reaction at 37 ºC, the electrode with immobilised hFMO1 was replaced by a new GC 

electrode, this time with CYP3A4 immobilised. Before starting the second chronoamperometry 

experiment, a 100 µl sample of the electrochemical cell solution was taken for HPLC analysis. 

Again, the chronoamperometry experiment was carried out at the same potential bias for another 

30 min at 37 ºC after which time a second sample was taken for HPLC separation and analysis.  

For the HPLC analyses, a 10 mM stock solution of phorate and its metabolites was 

prepared in the methanol and diluted to 100 µM in 0.1 M phosphate buffer pH 7.4. Prior to 

HPLC analysis the samples were further diluted 2:1 with the acetonitrile. The HPLC analysis 

was performed with an Agilent 1200 quaternary pump HPLC System equipped with a diode 

array UV detector (Agilent Technologies, USA) with a Kinetex 5 µm EVO C18 100Å LC 

column 250 × 4.6 mm. Phorate and its metabolites were separated by gradient elution with 

the required post-analysis washing step. The mobile phase consisted of A – acetonitrile and 

B – 10 mM Phosphoric acid. Gradient profile was: 0-2 min: A – 5 %, B – 95 %; 20 min: A – 

95 %, B – 5 %; 23 min: A – 5 %, B – 95 %; 30 min: A – 5 %, B – 95 %. All metabolites were 
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detected at a wavelength of 210 nm at a flow rate of 1 mL/min. The retention times were: 

phorate – 17.2 min, phorate sulfoxide – 12.7 min, phorate sulfone – 14.3 min, phorate oxon 

sulfoxide – 9 min. 

3 Result and discussion 

3.1 In vitro measurement of kinetic parameters for selected pesticides and hFMO1 

Human FMO1 was purified through two sequential chromatography steps as outlined in 

the methods section. It was then characterized by spectroscopy where the characteristic FAD 

cofactor absorbance maxima at 375 nm and 450 nm were observed. The spectrum was also 

used for the calculation of the yield of the expressed protein as well as concentration of the protein 

for subsequent in vitro experiments.  

Subsequently, the in vitro metabolism of carbamate and organophosphate pesticides 

mediated by hFMO1 was investigated using three compounds namely phorate, fenthion and 

methiocarb. The chemical structures of these pesticides and their corresponding oxygenated 

products are shown in Figure 1. Phorate is an organophosphate insecticide widely used in 

crops such as corn, potato, cotton, wheat and peanuts. Fenthion, another organophosphate 

insecticide has low solubility in water but is highly soluble in organic solvents. It is used in 

post-harvest treatment of fruits and vegetables. It is moderately toxic to humans but highly 

toxic to birds. Both phorate and fenthion act via cholinesterase inhibition [34-35]. The third 

pesticide, methiocarb, is a carbamate insecticide. Due to its toxicity (also an 

acetylcholinesterase inhibitor), methiocarb approval as a plant protection product has been 

withdrawn by the EU  effective 2020 [36]. 
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Figure 1: The chemical structures of the three investigated pesticides and their conversion to sulfoxides 
mediated by hFMO1.  

 

The kinetic parameters KM and Vmax, for each of the three pesticides were measured with 

purified hFMO1 as described in the methods section. For each pesticide, different 

concentrations were used with of hFMO1 and with the addition of NADPH. Reactions were 

carried out at 37 ºC for 30 min after which time the product(s) was separated and analysed by 

HPLC. Typical HPLC chromatograms obtained are shown in Figure 2. Phorate and its S-

oxide have the retention times of 17.2 and 12.7 min , fenthion and its S-oxide 16.5 and 12.2 

min and methiocarb and its S-oxide 13.7,14.2 and 8.3 min, respectively. As can be seen in 

figure 2, methiocarb and to a lesser extent, phorate and fenthion, were all actually present in 

two forms in the commercially obtained samples. However, in all cases hFMO1 is highly 

stereoselective only producing one product consistent with previous reports [17, 37-38]. In 

the specific case of phorate, Hodgson and colleagues have previously shown that hFMO 

produces predominantly the (+) stereoisomer [37]. In this study, we did not embark on 

separating the isomers and used the commercially available standards to identify the 
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sulfoxide.  

The KM values calculated for the in vitro conversion of phorate, fenthion and methiocarb 

to their corresponding oxygenated products by purified hFMO1 were 93 ± 14 µM, 87 ± 36 

µM and 98 ± 16 µM, respectively. Different KM values ranging from 30 to 340 µM have been 

reported previously [15-17] using human liver microsomes and these differences might be 

attributed to the source of the enzymes as well as the solubility of the pesticides used. 
 

   A    B     C 

 Figure 2: HPLC chromatograms of the separation of the in vitro sulfoxidation products obtained from 
the incubations of the three pesticides with hFMO1 (red line) and the respective control experiments in 
the absence (black line) of hFMO1. Reaction were carried out in a final volume of 200 µL in 50 mM 
potassium phosphate buffer pH 8.0 containing 0.5 µM enzyme, 0.5 mM NADPH and 200 µM of phorate 
(A), fenthion (B) and methiocarb (C). 

 

3.2 Immobilisation of hFMO1 on glassy carbon electrodes 

The in vitro enzymatic assay of hFMO1 with the 3 pesticides was followed by the 

investigation of the same reactions but with the enzyme this time entrapped/immobilised on 

glassy carbon electrodes. To this end, the cationic surfactant DDAB, which we have 

successfully used for another human FMO, hFMO3 [25-26, 39-40], was used with or without 

the addition of GO. The presence of GO and its interaction with the DDAB was investigated 

using different methodologies  including UV/Vis spectroscopy, contact angle and AFM. 

Initially, the functionalization of DDAB by GO was followed by UV/Vis spectroscopy and 

the data obtained are shown in Figure 3A. As can be seen in the figure, the main GO 

absorption peaks at 233 nm corresponding to π-π* transition of the C-C aromatic bonds, and 

305 nm corresponding to n-π* transition of C=O bonds are totally lost in the GO-DDAB 

 

Phorate S-oxide 

Phorate  
Fenthion S-oxide 

Fenthion  Methiocarb S-oxide 

Methiocarb  
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spectrum [41]. Since the GO fingerprints are completely absent in DDAB-GO spectrum this 

implies not only that GO is attached to the DDAB but also its surface is entirely covered by 

DDAB. 

The hydrophilicity of the GO-DDAB was analysed by contact angle measurements and 

compared to the GO water suspension. This methodology allows for the quantitative 

measurement based on intermolecular interactions between the surface already functionalized 

by GO or GO-DDAB and a small drop of water in contact with it. It is mainly used for 

assessing the wettability of a surface but here it was used to determine any changes regarding 

the hydrophobicity of the GO-DDAB. The contact angle results are shown in Figure 3B-C. 

As can be seen in the figure, the GO water suspension as expected is hydrophilic in character 

and thus results in very low water contact angle i.e. 8.0 º ± 0.71. On the other hand, the 

addition of the DDAB causes an increase in the hydrophobicity of the resulting GO-DDAB 

layer and therefore water contact angle of 46º ± 0.19 is observed. This value is in line with 

data published previously [30]. The observed increase in hydrophobicity is advantageous for 

the immobilisation of hFMO1 since this protein, similar to hFMO3, has a predicted 

hydrophobic group of amino acids at its C-terminal which anchor it to the ER membrane [42]. 

The latter being the reason behind purifying this protein from membrane fractions and not the 

E. coli cytosol.  

 

Figure 3. UV/Vis absorbance spectra of modified GO by cationic surfactant DDAB (A). Contact 
angles of water droplets on the surface of GO (B) and GO-DDAB deposited films (C). The red bars 
demonstrate the changes in the angles measured. 

 

B C 

CA = 8.0° ± 0.71 CA = 46.2° ± 0.19 

A 
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3.2.1 Atomic Force Microscopy (AFM) 

The surface properties of GO and of DDAB-grafted GO sheets were investigated by means 

of AFM. Morphological signals, height profiles along selected lines, and height distributions 

are shown in Figure 4, respectively. In Figure 4a, a few GO sheets are AFM imaged. From 

this figure it is clear that the majority of the sheets had lateral sizes in the 0.5-1 µm range, but 

smaller sheets were also present. The root-mean-square average of the profile height 

deviations from the mean line value (Rrms) [43] of the top surface of GO sheets was calculated 

to be 249 pm. The height profiles of about 1 and 2 ± 0.1 nm measured along two selected 

lines (Figure 4b) are typically observed for single-layered (1L) and bilayered (2L) GO sheets, 

respectively. The height distributions of a region selected in Figure 4a (red histogram in 

Figure 4c) revealed three peaks with Gaussian profiles with maxima spaced of 0.9 ± 0.05 nm. 

Such peaks can be safely assigned to the atop height of the mica support, 1L- and 2L-GO 

sheet thicknesses, respectively. A surface statistical approach was then performed by 

processing the cumulative distribution function of the surface heights (known as Abbott-

Firestone curve or bearing curve) [44]. As shown in Figure 4c (black curve), the cumulative 

curve of heights showed a distinctive profile with three roughly vertical steps in the 0.4-1.0 ± 

0.1 nm interval for ~66 % of the bearing area, a second increment in the 1.3-2.0 ± 0.1 nm 

corresponding to the ca. 95% of the surface, and a third and smaller increment of 2.3-2.7 ± 

0.1 nm corresponding to ca. 99.8 % of the bearing area. In summary, these bearing area values 

are representative of the predominance of 1L-GO in comparison with 2L-GO sheets, and a 

quasi-negligible contribution of multi-layered GO sheets can be highlighted (1L-GO > 2L-

GO >> multi-layered- GO sheets).  
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Figure 4 a) AFM image of GO sheets deposited on the mica support, b) related height profiles along two 
selected lines, c) height distribution (red histogram) and Abbott-Firestone curve (black line) of a selected 
region in a); d) AFM image of DDAB- grafted GO sheets deposited on the mica support, e) related height 
profiles along two selected lines, f) height distribution (red histogram) and Abbott-Firestone curve (black 
line) of a selected region in d).   

 

In Figure 4d, two DDAB-functionalized GO sheets are AFM imaged. In this figure the 

sheets with lateral sizes in the 0.3-0.5 and 1 µm range are shown. Height profiles of about 2.9 

and of 6.0 ±0.1 nm were measured along two selected lines shown in Figure 4d. Such heights 

could correspond to multi-layered GO and/or DDAB fully covering the GO sheets. However, 

from the comparison between Rrms value of GO sheets (GO Rrms = 249 pm) with the same 

value of DDAB-GO sheets (DDAB-GO Rrms = 1.26 nm) an increase of the Rrms of one order 

of magnitude is observed. Such increase in Rrms  could be associated with the DDAB layer 

forming a rougher surface on the sheets, as also previously reported for Au surfaces modified 

with benzenethiol derivatives [45]. The height distributions of a region selected in Figure 4d 

(red histogram in Figure 4e) revealed three peaks with Gaussian profiles with maxima spaced 

of 2.75 ± 0.1 nm. Such peaks can be safely assigned to the atop heights of the mica support 

and of DDAB-functionalized-GO sheets of different stacking order, respectively. The Abbott-

Firestone curve or is shown in Figure 4f (black curve), the cumulative curve of heights 
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showed a distinctive profile with three vertical steps in the 0.1-0.8 ± 0.1 nm interval with ~67 

% of the bearing area, a second increment in the 2.9-3.4 ± 0.1 nm corresponding to the ca. 

91.5% of the surface, and a third smaller increment of 6.0-6.6 ± 0.1 nm corresponding to ca. 

99.5 % of the bearing area. In summary, these bearing area ranges are representative of a 

rougher surface after the functionalization with DDAB.  

In conclusion, based on UV-Vis spectra, contact angle and AFM measurements, a 

structure model of DDAB-GO system can be schematized (Figure 5). In this figure, GO with 

oxygen-containing groups (-COOH, -OH, >C=O) located at the edges and epoxy groups on 

the basal planes of the GO structural unit is shown, thus behaving as an amphiphilic system 

with hydrophobic basal planes and hydrophilic edges [46]. The GO amphiphilic nature takes 

place at pH =< 7 with -COOH protonated species or pH > 8-9 with the carboxylate anions (–

COO-), respectively [47-48]. From this structure model it is clear that, due to the interaction 

of DDAB with GO sheets on the basal planes with the Br ions far away and the long aliphatic 

chains facing GO sheets, an effective decoration of the GO sheet is observed. Such DDAB-

decorated GO system appears about 3 nm thick in line with the AFM data.  

 

Figure 5: The structure model of DDAB-GO 

 

3.3 Electrochemical behaviour of immobilized hFMO1  

Characterization of redox properties of immobilized hFMO1 on modified GC electrodes was 

performed by cyclic voltammetry under anaerobic conditions to prevent spontaneous regeneration 

of enzyme-bound FAD cofactor to its oxidized form. Measurements were performed on both DDAB 
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and GO-DDAB modified electrodes (Figure 6) and the results obtained are summarized in Table 1. 

As expected in the control experiments, electrodes without immobilized enzyme, no redox 

peaks were observed (data not presented).  

 
Figure 6: Cyclic voltammograms of hFMO1 immobilized on GC electrodes modified by DDAB in the 
presence (blue line) and absence (red line) of GO at scan rate of 100 mV/sec. The corresponding control 
cyclic voltammograms of GC electrodes modified with DDAB (dashed red) and DDAB-GO (dashed 
blue) are also shown. Bottom panel are original cyclic voltammogram with the linear dependence of 
current versus scan rate shown in the insert. Cyclic voltammograms in the top panel are baseline 
corrected.   

 

Electrochemical reduction and oxidation process of immobilized hFMO1 demonstrated a 

reversible behaviour in both presence and absence of GO. The linear dependence of increasing 

current as a function of scan rate (up to 120 mV/s) shown in Figure 6 inset, is indicative of a thin-

film confined electroactive species that are not under diffusion control as stated by Laviron’s 

theory [49]. Midpoint potentials of the immobilised hFMO1 were -379 ± 3 and -395 ± 2 mV in the 

absence and presence of GO, respectively. Similar midpoint potentials were observed with hFMO3 

immobilised on GC electrodes modified with DDAB [25]. Since the presence of GO resulted in 

higher observed currents, the number of electroactive species in the absence and presence of the 

GO were determined using the Laviron equation [49] by integration of the reduction peaks of 

the cyclic voltammograms. The surface coverage on GC-DDAB and GC-DDAB-GO were 

calculated to be 7.0 x 1012 and 1.3 x 1013 molecules/cm2, respectively. 
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Table 1 Redox properties of immobilized hFMO1 on modified electrodes # 

Electrode EOx (mV) ERed (mV) ∆E (mV) E1/2 (mV) 

GC-DDAB-hFMO1 -346 ±  6 -412 ± 2 66 ± 7 -379 ± 3 

GC-GO-DDAB-hFMO1 -364 ± 2 -425 ± 1 61 ± 2 -395 ± 2 

# Data obtained from cyclic voltammograms of hFMO1 under anaerobic conditions in a glovebox at 
room temperature. Scans were recorded from 0 to -750 mV with different scan rates from 20 to 120 
mV/s in 50 mM phosphate buffer pH 8.0 and 0.1 M KCl. 

 

3.4 Voltammetric titration of pesticides  

The efficiency of modified GC/GO-DDAB/hFMO1 in the conversion of the three pesticides 

was investigated and the kinetic parameters determined. The electrode response was recorded 

in the presence of increasing pesticide concentration. Control measurements were carried out in 

the  absence of immobilized protein (data not shown). The proportional increase of cathodic 

peak current simultaneously with pesticides concentration corresponds to enzyme catalytic 

activity of substrate oxygenation by using molecular oxygen dissolved in buffer, reducing 

equivalent and electrons from the electrode.  
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Figure 7: Typical cyclic voltammograms of hFMO1 immobilised on glassy carbon electrode modified 
with GO-DDAB titration with increasing pesticide concentrations from 0 µM (black line) to 280 µM 
(red line) in the presence of oxygen (A). Normalized catalytic current values as a function of the 
concentration of the pesticide added: Methiocarb (B), Phorate (C) and Fenthion (D) fitted to the 
Michaelis-Menten equation. Estimated standard errors of three different electrode measurements are 
represented as error bars. 
 
 
Human FMO1 immobilised on electrode and the resulting response to titration with increasing 

concentrations of each of the three pesticides, methiocarb, fenthion and phorate was followed by 

cyclic voltammetry. The obtained increases in the cathodic peak current upon addition of the 

pesticides was subsequently plotted against the known concentration of each pesticide in order to 

calculate the relevant kinetic parameters of hFMO1 modified electrodes by fitting the data to the 

Michaelis-Menten equation (Figure 7). The calculated apparent KM values for fenthion, 

methiocarb and phorate were 29.5 ± 5.1 µM, 38.4 ± 7.5 µM, 29.6 ± 4.1 µM, respectively. 

Kinetic values obtained for the conversion of the pesticides by the immobilized hFMO1 

were compared to the in vitro data from the present work as well as previously published data 

[15-17, 37-38]. In general, the KM values are within the same order of magnitude although 

for fenthion the values show larger variations. More studies need to be carried out to clarify 

the reasons behind these differences but one parameter could be the source and preparation 

of the enzyme as well as the assay conditions. 

3.5 Bioelectrochemical tandem reactions of hFMO1 and Cytochrome P450 3A4 with phorate 

 
Previously, Levi and Hodgson [37] have shown the conversion of phorate to different oxidation 

products with FMO and cytochrome P450s, a summary of which is shown in Figure 8. 

According to the latter researchers [37] hFMO1 is able to convert phorate (1) exclusively to 

phorate sulfoxide (2), whereas cytochrome P450 can potentially transform it to other additional 

oxidation products including phoratoxon sulfone (3) (via the intermediate phorate sulfone) and 

phoratoxon sulfoxide (4) (Fig. 8).  
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Figure 8. Scheme of FMO and CYP reactions involved in phorate oxidation [37].  
 

Therefore, we investigated the possibility of performing an electrochemically-driven tandem 

reaction exploiting two immobilized enzymes on different electrodes working on a single 

reaction mixture. Initially, phorate was added to hFMO1 immobilized on DDAB-GO glassy 

carbon electrode and chronoamperometry was carried out for 30 min by applying a potential 

bias of -650 mV in the presence of oxygen. An aliquot of the reaction was then withdrawn from 

the mixture and HPLC separation revealed the expected phorate sulfoxide product (2) as shown 

in Figure 9. The same reaction mixture was then further subjected to electrocatalysis using a 

cytochrome P450, human hepatic CYP3A4 immobilized on glassy carbon electrode modified 

with PDDA (refer to methods section for details). CYP3A4 has been previously shown to carry 

out the different oxidation steps of phorate metabolism [17] although the main cytochrome P450 

indicated in phorate transformation is 2C9 [17]. The reaction with immobilised CYP3A4 was 

carried out for a further 30 min as before. The HPLC separation in this case shows that the 

addition of this second step leads to the formation of two extra products: phoratoxon sulfone 

(3) and phoratoxon sulfoxide (4). Phoratoxon sulfone was not available as a pure standard 

therefore we inferred its presence from a previously published HPLC separation containing the 

same analytes [37]. As expected the amount of phorate sulfoxide (2) in the tandem reaction is 

increased due to the fact that CYP3A4 can also perform the same S-oxygenation reaction carried 

out by FMO1 but at a lower rate [17] (Figure 9). Nevertheless, CYP3A4 does not seem to form 
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phorate sulfone or phoratoxon that could be postulated as intermediate products on the route 

leading to phoratoxon sulfone (3) and phoratoxon sulfoxide (4), respectively as shown in Figure 

S1. For this reason, a reaction with only CYP3A4 using phorate as substrate was also carried 

out (Figure S1). In this case, phorate sulfoxide (2) and phoratoxon sulfone (3) were detected 

confirming that only the tandem reaction leads to the formation of phoratoxon sulfoxide (4) and 

that no observable intermediate product is formed in the CYP3A4 mediated transformation.        

 
Figure 9. HPLC separations of the products of electrochemically driven reactions of hFMO1 (bottom, blue 
trace) and hFMO1 in tandem with CYP3A4 (top, red trace) with organophosphate pesticide phorate. Each 
sample contained 500 µM of phorate in 0.1 M phosphate buffer pH 7.4 with 0.1 M KCl as supporting 
electrolyte. The two enzymes were immobilized on glassy carbon electrodes as described within the text. 
Retention times are: phorate 17.2 min, phorate sulfoxide 12.7 min, phoratoxon sulfone 10.8 min and 
phoratoxon sulfoxide 9.0 min. 

 
4. Conclusions  
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Xenobiotic metabolism is a complex process involving different enzymes often acting in 

sequence. It would be particularly interesting to have an in vitro platform able to mimic this 

complex process. As a step in this direction the data presented in this paper demonstrates the 

feasibility of using bioelectrodes with separately immobilised hFMO1 and CYP3A4, 

successfully carrying out their tandem reactions in the conversion of phorate, an 

organophosphate pesticide. These bioelectrochemical conversions not only lead to the single 

phorate sulfoxide product of hFMO1 but also the phoratoxon sulfoxide, the tandem enzymatic 

product of FMO1 followed by CYP3A4. These preliminary data are encouraging and lead the 

way to construct microfluidic systems which go beyond the single enzyme cell [50], by using 

several enzymes immobilised in a sequential format representing the detoxification pathways 

of xenobiotics within the human body. 
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