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INTRODUCTION 

In vitro oxidation of drugs in 

electrochemical (EC) reactors 

has been proposed as a va-

luable screening tool in the 

investigation of potential 

oxidative metabolites [1-11]. 

During the last three decades, 

extensive research has been 

conducted in this field sho-

wing that it is possible to 

simulate typical phase I reac-

tions by using EC coupled to 

mass spectrometry (MS), 

even though the enzymatic 

mechanism differs from the 

electrochemical oxidation 

pathway.   

Extending the EC/MS set-up 

by integrating liquid chroma-

tography (LC) provides addi-

tional information regarding 

the polarity of the metabolites 

and the formation of isomeric 

products.  

The benefits of EC/(LC)/MS in 

metabolism studies has al-

ready been shown for a varie-

ty of common pharmaceuti-

cals such as paracetamol, 

diclofenac, and amodiaquine. 

Aminoglycosides 

 Amikacin  

 Framycetin Sulphate 

 Gentamicin Sulphate 

 Kanamycin Sulphate  

 Lincomycin 

 Neomycin 

 Spectinomycin 

 Tobramycin 

PET imaging tracer 

 FDG 

Macrolide antibiotics 

 Azithromycin 

 Azaerythromycin 

 Clarithromycin 

 Erythromycin 

 Roxithromycin 

Bioanalysis of pharmaceutics 

 Acetaminophen 

 Artemisinin 

 Dihydro-artemisinin 

 Artemether 

 Etoposide 

 8-OH-DPAT     

 mesna BNP7787 

 Vincristine 

 

• Simulating Cytochrome P450 oxidation  

 using EC/LC in conjunction with MS  

• Automated screening of multiple samples 

• Phase I and II oxidative metabolism  

• Versatile & powerful platform 

 

   

 

 

 

 

 

 

 

 

Summary 

A novel and flexible EC/LC/MS approach is demonstrated for 

automated screening of multiple samples based on the integration 

of an EC cell into the autosampler flow path of the ROXY EC/LC 

system [10, patent pending].  
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Fig. 1. Automated generation of phase I and II metabolites of APAP using 

the ROXY™ EC/LC system: with Reactor Cell™ ON (top) immediate forma-

tion of the NAPQI—GSH conjugate (phase II reaction) is observed (red). 

 

ROXY™ EC/LC SYSTEM – A NOVEL TOOL                  

FOR AUTOMATED SCREENING OF                                      

PHASE I AND PHASE II DRUG METABOLISM 

THE MOST RELIABLE LC-EC APPLICATIONS FOR  

PHARMACEUTICAL & BIOTECH ANALYSIS 

EVER FORMULATED 
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Mimicking of oxidative metabolism  

The knowledge of the metabolic pathways and the biotransforma-

tion of new drugs is crucial for elucidation of degradation routes of 

new active compounds and assessing the toxicity of formed meta-

bolites. Traditional research in the field of oxidative metabolism 

involves time-consuming in-vivo or in-vitro methods. A new fast 

alternative for the classical method is the application of electro-

chemistry in conjunction with MS, a purely instrumental technique, 

for the simulation of oxidative metabolism. 

Current EC/LC/MS approaches are either based on the generation 

of metabolites (1) online using an electrochemical cell integrated 

in the LC flow path or (2) offline with the EC cell connected to a 

sampling valve [1-9]. 

In the first approach, the LC separation conditions may such as 

flow rate, mobile phase composition and pH may have a signifi-

cant effect on the generation of metabolites via EC.  Moreover 

coulometric EC cells are often used. These cells are sensitive to 

adsorption onto the electrode surface, which affect the reproduci-

bility. 

In the second approach, a (syringe) pump is used to deliver sam-

ple into the EC cell and fill a loop of an injection valve with oxi-

dized product(s). Although such a configuration has the advan-

tage that the oxidation conditions are decoupled from the LC 

conditions, it does not allow the automated handling (oxidation, 

separation and MS analysis) of multiple samples. 

 

In the ROXY EC/LC system,  a ReactorCell™ (amperometric thin-

layer cell) is placed between the injection capillary and the injec-

tion valve of an AS 110 autosampler which allows fully automated 

oxidation, conjugation (i.e., adduct formation), separation and 

online MS analysis of multiple samples. A major advantage of this 

configuration is that the decoupling from the LC flow path allows 

that samples can be oxidized under optimal conditions (flow rate, 

mobile phase conditions and pH) which may differ from the LC 

conditions required for the separation making the ROXY EC/LC a 

powerful and versatile platform for automated metabolic screen-

ing. The capabilities of the system are demonstrated below using 

acetaminophen (APAP, paracetamol) as a model compound. 

 

Model compound 

Acetaminophen is a non-narcotic, analgesic and antipyretic drug, 

widely used as a pain relief medicine. Acetaminophen is metabo-

lized in the liver by enzyme cytochrome P 450 to a highly reactive 

metabolite – N-acetyl-p-benzoquinoneimine (NAPQI), which can 

cause acute hepatic necrosis if not followed by conjugation with 

glutathione (GSH) (figure 2).  Automated phase II reactions are 

demonstrated on the ROXY EC/LC system using the conjugation 

reaction of GSH with NAPQI. 

 

 

 

Fig. 2. Structures and monoisotopic masses of acetaminophen, glutathione 

and conjugate of the reactive metabolite of acetaminophen (NAPQI-GSH).  

 

Method 

The ROXY™ EC/LC System (figure 3) for automated screening 

(p/n 210.0080C) includes the ROXY potentiostat equipped with a 

ReactorCell™, an AS 110 autosampler, two LC 110S HPLC 

pumps and all necessary LC connections for user-friendly installa-

tion and use with a MS (Table 1). The pumps are configured to 

work in high-pressure gradient mode and the final mobile phase 

composition is achieved by mixing phase A and B in a 250µL 

binary tee mixer.  

 

The ROXY EC/LC System is controlled by Clarity chromatography 

software (DataApex). The ReactorCell with Glassy Carbon work-

ing electrode and HyREF™ reference electrode was used for the 

generation of acetaminophen metabolites. 

 

Table 1  

Configuration of the ROXY EC/LC system  

 

1 AS 110 autosampler, cool, micro, 6-PV  

2 Reactor Cell with Pt, GC, Au, MD WE, and HyREF 

3 LC 110S HPLC pump (2x) 

4 OR 110 organizer rack, dual channel 

5 ROXY potentiostat DCC 

6 Clarity chromatography software, including  LC, AS modules 
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Fig. 3.Top: ROXY™ EC/LC System including ReactorCell™ integrated in 

the AS110 autosampler flow path. Bottom:  Detailed lay-out of autosampler 

flow path with 6-port injection valve and ReactorCell™ 

 

The automated electrochemical conversion of samples (Phase I), 

and addition of reagents for follow-up reactions (Phase II) are 

controlled by means of user-defined injection programs (UDP) of 

the AS110 autosampler (See appendix 210.002A). The Reactor-

Cell was integrated in the auto sampler flow path as shown in 

figure 3 (Bottom) and the volume of the buffer tubing, speed of 

autosampler syringe was optimized to facilitate optimal conditions 

for efficient electrochemical conversion. A 25 µL syringe was 

installed to be able to run at the lowest possible aspiration flow 

rate (lowest speed is 3µL/min).  

 

 

The potential applied to the working electrode (WE) of the Reac-

torCell was controlled by the ROXY potentiostat and can be pro-

grammed within the ROXY control module in the Clarity chroma-

tography software. The optimal potential used for acetaminophen 

oxidation was determined based on a recorded mass voltammo-

gram shown in figure 4 (for details see Application note 210.001). 

 

The use of UDP’s in combination with the unique ROXY LC/EC 

hardware offers a fully automated and flexible solution for meta-

bolic screening of multiple samples and is easy adaptable to any 

application in the field of oxidative metabolism.  

 

 

Fig. 4. Mass voltammogram of acetaminophen. 

 

Table 2  

Conditions 

 

System ROXY™ EC/LC System (p/n 210.0080C) 

Cell ReactorCell™ with GC WE and HyREF™ 

Flow Rate 300 µL/min 

Column BetaSil Phenyl, 250x3mm; 3µm 

Injection 10µL 

Mobile phase (MP) A. 20 mM ammonium acetate pH 6.9 

B. 50% methanol 

Potential Off or 800 mV 

Standard Phase I 10 µM acetaminophen in MP A 

Standards Phase II 1. 10 µM acetaminophen in MP A 

2. 50 µM GSH
*
 in MP A 

(25 µL of standard 1 mixed with 50 µL of rea-

gent 2; see paragraph Phase II for details) 

*GSH should be freshly prepared to avoid spontaneous oxidation to gluta-

thione disulfide (GSSG). 

 

The EC and LC conditions are listed in table 2. Separation was 

achieved by gradient elution over a BetaSil Phenyl column. The 

gradient was adapted from Lohmann et al. [1], as described in 

table 3. Total analysis time was 17 minutes. 

 

Mass Spectrometry 

A MicrOTOF-Q (Bruker Daltonik, Germany) with an Apollo II ion 

funnel electrospray source was used to record mass spectra and 

MS data were analyzed by Compass software. The relevant mass 

spectrometer parameters are listed in the Table 4. The method 

was optimized on use of a 10 µM paracetamol (APAP) solution. 

Mass spectrometer calibration was performed using sodium for-

mate clusters at the beginning of the measurements. 

Table 3  

Gradient composition  

 

Time[min.] A [%] (Buffer) B [%] (Methanol) 

Initial 90.0 10.0 

2.00 90.0 10.0 

3.00 50.0 50.0 

15.00 50.0 50.0 

16.00 90.0 10.0 
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Table 4  

Bruker MicrOTOF-Q MS settings 

 

Parameter Value 

Mass range  50 – 1000 m/z 

Ion polarity Positive 

Capillary voltage -4500 V 

Nebulizer 1.6 Bar 

Dry gas 8 L/min 

Temperature 200 C 

Funnel 1 RF 200 Vpp 

Funnel 2 RF 200 Vpp 

ISCID energy 0 eV 

Hexapole 100 Vpp 

Ion energy 5 eV 

 

Results  

Table 5 consists of a list of compounds related to the metabolism 

of acetaminophen, their empirical formulas, their monoisotopic 

masses and the mass-to-charge (m/z) ratio used for mass spectra 

interpretation.  

 

Table 5  

Compounds related  to acetaminophen metabolism 

 

Name Formula m/z [Th] 

Acetaminophen C8H9NO2 152.070605 

NAPQI C8H7NO2 150.054954 

GSH C10H17N3O6S 308.091082 

NAPQI-GSH C18H24N4O8S 457.138760 

 

Phase I 

To evaluate phase I metabolism of APAP using the ROXY EC/LC 

system three experiments were performed: 

 

1.) Oxidative conversion 

In this experiment, a potential of 800mV was applied to the 

working electrode (Glassy Carbon) of the ReactorCell to 

generate metabolites. 

  

2.) Control measurement 

During the control measurement, no potential was applied to 

the ReactorCell. This was done to measure the area of the 

parent ion signal when no electrochemical conversion takes 

place.  

 

3.) Carry-over check 

Injection of mobile phase under the same conditions after the 

first two experiments were run to check carry-over of the sys-

tem. 

 

All experiments were executed automatically by means of a sam-

ple sequence with methods containing specific settings and UDP’s 

for each. The results are shown in figure 5. Note that the reactive 

NAPQI metabolite of APAP cannot be detected by ESI-MS directly 

and the formation of metabolite has to be judged based on the 

attenuation of the parent ion signal. When a potential of 800 mV 

was applied to the ReactorCell, a 65% attenuation of the parent 

ion of acetaminophen was observed (figure 5) indicating the for-

mation of metabolite. The mobile phase injected after the control 

measurement does not show any significant acetaminophen carry-

over in the system. 

 

 

Fig. 5. Extracted ion chromatograms (EIC) of APAP (m/z= 152 Th), eluted 
in 14 min. 65% conversion of the APAP is observed with ReactorCell™ ON 
(800mV; light blue). Dark blue trace corresponds to control measurements  
with ReactorCell™ OFF. Red trace is a mobile phase injection 

 

Phase II 

To evaluate phase II metabolism with APAP & GSH using the 

ROXY EC/LC system, three experiments were performed: 

 

1.) Conjugation reaction 

In this experiment, a potential of 800mV was applied to the 

working electrode (Glassy Carbon) to generate metabolites. 

The acetaminophen was oxidized in the ReactorCell and 

then 25µL of acetaminophen was mixed in a destination vial 

containing 50µL of GSH. The loop was subsequently filled 

with NAPQI-GSH conjugate and injected in the column. The 

GSH reagent does not undergo oxidation in this protocol. 

See figure 6 for a simplified schematic representation of the 

Phase II injection routine. 

 

2.) Control measurement 

An identical experiment was performed as described above 

for the conjugation reaction, with the difference that during 

the control measurement no potential (Cell off) was applied 

to the ReactorCell. Due to the fact that in such case no elec-

trochemical conversion takes place it is expected that no 

NAPQI-GSH conjugate is formed. 
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3.) Carry-over check 

Injection of mobile phase under the same conditions directly 

after run 1 and 2 to check carry-over of the system. 

 

 

The mass chromatograms of the Phase II experiments are shown 

in figure 1 on the first page of this note. The conjugation product, 

corresponding to a m/z ratio of 457 is present only when a poten-

tial was applied and the acetaminophen sample was electro-

chemically oxidized. In the control experiment,  no NAPQI-GSH is 

found in the mass chromatogram as expected. 

 

 

 

 
Fig. 6. Simplified schematic representation of the automated Phase II 
injection routine. Blue:sample,red: oxidized sample, black: reagent and 

green: oxidized sample mixed with reagent.  

 

 

In addition to the mass chromatograms (figure 1) the mass spec-

tra are presented (figure 7) to confirm the presence of the conju-

gation product of acetaminophen reactive metabolite (NAPQI) and 

GSH. The protonated ion of NAPQI-GSH conjugate (m/z = 

457.1432 Th) as well as its sodium adduct (m/z = 479.1245 Th) 

were identified based on high resolution measurement (figure 7B). 

When the ReactorCell was OFF none of these peaks were formed 

(Figure 7B). 

 

 

 

Fig. 7. Result of conjugation of phase I metabolite of acetaminophen 

(NAPQI) and GSH. (A.) ReactorCell OFF, (B.) Reactor Cell EC = 800mV. 

 

To confirm that the peak at m/z of 457 Th is originating from the 

NAPQI  GSH adduct, the fragmentation spectrum (figure 8) was 

acquired and the chemical formula was calculated using Smart 

Formula (Bruker Daltonic software). The correct formula was 

found with relative error of 0.8 ppm. The fragmentation pattern 

confirmed loss of Glycine and Glutamate, which are building 

blocks of glutathione (Glu-Cys-Gly). 

 

 

 

Fig. 8. Fragmentation spectrum (MS/MS) of conjugation product.  

 

An injection of mobile phase (A) was executed to evaluate carry-

over in the system (figure 9) after the phase II injection method 

was applied with APAP and GSH. No carry-over in the system 

was observed. 
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Fig. 9. Carry-over experiment: Black traces in all panels correspond to EIC 
of 152 (acetaminophen); 457(conjugation product) and 308 (GSH), respec-
tively, for injection of mobile phase A. No peaks were detected when mobile 
phase was injected.  
 

 

 

CONCLUSIONS 
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PART NUMBERS 

 

210.0080C ROXY™ EC/LC System 

 

The ROXY™ EC/LC system provides a powerful and versatile 

platform for automated screening of drugs, pharmaceuticals, 

herbicides, etc. in phase I and phase II metabolomics stu-

dies. The combination of user-defined injection programs 

(UDP’s) with the unique ROXY LC/EC hardware allows full 

flexibility and control over automated electrochemical con-

version of series of samples and the addition of reagents for 

follow-up reactions.  


