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ABSTRACT: Electrochemistry offers an effective means of mimicking enzymatic metabolite pathways, particularly the oxidative 
pathways catalyzed by the cytochrome P450 superfamily. The electrochemical generation and identification of metabolites are time-
sensitive, necessitating adjustable cell designs for accurate mechanistic interpretation. We present a thin-layer electrode (TLE) that 
addresses the needs of both analytical and synthetic electrochemical generation of drug metabolites. The TLE’s ability to conduct 
experiments on a minute-to-hour timescale allows for detailed observation of reaction mechanisms for metabolites not easily identi-
fied by traditional methods. The utility of the TLE for drug metabolite was benchmarked for electrochemical oxidation of acetamino-
phen, acebutolol, and 2-acetyl-4-butyramidophenol, known to produce quinone imine metabolites, i.e., NAPQI, upon oxidation. 
When combined with a microelectrode (µE), the TLE enables probing the concentration profiles for metabolic oxidation of these 
drugs. The micromole scale and pipette-type structure of the TLE facilitate comprehensive structural elucidation of intermediates and 
products using chromatographic and spectroscopic techniques.

INTRODUCTION 
The drug metabolism process involves a variety of chemical re-
actions, including oxidation, reduction, hydrolysis, and conju-
gation, to either activate or deactivate drug molecules, ulti-
mately leading to their excretion from the body. The initial 
phase of xenobiotic elimination predominantly entails first-pass 
hepatic oxidation, occurring at the catalytic site of enzymes be-
longing to the Cytochrome p450 (CYP450) family.1-6 Simulat-
ing hepatic oxidation is crucial for understanding major meta-
bolic pathways and optimizing the drug discovery and develop-
ment process.7–9 In vitro, cytochrome P450 enzyme incubation 
is a well-known method for simulating and studying drug me-
tabolites.10-14 Electrochemistry, mainly due to its tunable elec-
trode potential and mild reaction conditions, represents another 
promising approach for studying drug metabolites and promises 
to expedite this process efficiently.15–17 Electrochemical tech-
niques used for studying drug metabolites include electroana-
lytical and electrolysis techniques.18 The timescale of electro-
analytical techniques, such as cyclic voltammetry, ranges from 
microseconds to a few minutes,19-22 making them suitable for 
generating and studying short-lived intermediates and/or prod-
ucts.23  However, with a reaction scale limited to the diffusion 
layer and negligible compared to the solution bulk, isolating the 
electrode reaction product is not feasible (Fig 1a).24-26 Bulk 
electrolysis reactions offer an extended timescale, typically 
more than an hour to overnight, with reaction scales suitable for 
the isolation and structural elucidation of drug metabolites (Fig 
1c).25 The timescale of the electrolysis reaction is determined 
by the mass transfer regime and the electrode surface area (A) 

to cell volume (V) ratio, making the electrolysis time unadjust-
able and prolonged, which affects the profile of time-sensitive 
products and intermediates. 
We recently introduced a pipette-type thin-layer electrode 
(TLE) for rapid electrolysis reactions within the timeframe 
characteristic of electroanalytical techniques (Fig 1b).27 The 
principle of thin-layer electrochemistry is confining a small so-
lution volume within a thin layer comparable to the thickness of 
the diffusion layer at the electrode surface.28-34 

 

Fig. 1. Schematic presentation of reaction area of a) electroanalyt-
ical cell, b) thin layer electrode, c) electrolysis cell with the corre-
sponding timescales for each cell. 
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This provides a substantial A/V improvement and the oppor-
tunity to overcome the limitations of conventional electrolysis 
cells. The electrolysis reaction in the TLE requires 2 to 20 
minutes, and confining the solution in the TLE allows for ad-
justing the time needed to probe the reaction species over ex-
tended periods (Fig 1). A timescale that bridges the gap between 
the timescales of electroanalytical methods and typical electrol-
ysis reactions. (Fig 1b) The pipette-type structure of the elec-
trode and the solution volume of TLE aid in preparing the sam-
ple for further structural elucidation of the reaction products and 
intermediates.35,36 Moreover, hosting a microelectrode (µE) in 
the TLE enables real-time probing of the redox events or their 
coupled chemical reactions during thin-layer electrolysis.27,37 
The details of TLE and µE fabrication and integration of µE 
into the TLE are described in the Supporting Information, Sec-
tions 1 to 3, and Figures S1 to S8. Herein, the utility of this 
pipette-type TLE for the study of the drug metabolites is bench-
marked using the oxidation of acetaminophen (1a), acebutolol 
(2a), and its proximate metabolite 2-acetyl-4-butyramidophenol 
(2d). Oxidation of all these molecules leads to the formation of 
N-acetyl-p-benzoquinoneimine (NAPQI) metabolites, in which 
the harmful side effects of these drugs are attributed to their 
metabolic formation.38-44 

RESULTS & DISCUSSION 
Study of the metabolites under neutral conditions. We initi-
ated our study using cyclic voltammetry on disk electrodes.  Un-
der mild acidic and neutral conditions, the cyclic voltammo-
gram (CV) of acetaminophen showed an anodic peak (A1) for 
oxidation of acetaminophen (1a) to N-acetyl-p-benzoquinone 
imine (1b), and a cathodic peak (C1) corresponds to the reduc-
tion of electrochemically generated 1b. A peak-to-peak separa-
tion greater than 60 mV that increases with scan rate, and a 
slight decay in the normalized peak current of A1 with increas-
ing scan rate, indicated a quasi-reversible redox behavior for 1a 
(Fig 2a). The cathodic-to-anodic peak current ratio (C1/A1) re-
mains the same at various scan rates, indicating the relative sta-
bility of the 1b under mild acidic and neutral conditions (please 
see Fig S9 and S10 in Supporting Information).39 The C1/A1 

peak current ratio decays by extending the timescale of the volt-
ammetric experiment at very low scan rates (i.e., 5 mVs–1, 
please see Fig S10 in Supporting Information). However, such 
measurements may be inaccurate due to the build-up of density 
gradients and convective disruption of the diffusion layer.28 By 
confining the solution within the TLE, it becomes feasible to 
conduct voltammetric experiments at very low scan rates, up to 
0.2 mVs–1, thereby extending the experiment's duration for 
probing the reactivity of electrochemically generated 1b. CV of 
1a in TLE, at 1 mVs–1, exhibited A1 and C1 peaks that are sym-
metrical about the peak potentials, and return to the baseline at 
the end of each half cycle, matching the bell-shaped character-
istic CV of TLE (Fig 2b). The cathodic-to-anodic peak current 
ratio (IpC/IpA) was less than unity, indicating the instability of 1b 
within the time scale of the voltammetric experiment in TLE. 
The amount of 1a and 1b for each half cycle can be determined 
by measuring the consumed charge, derived by current–time in-
tegration (dashed line in Fig 2), providing a quantitative means 
for measuring the reactivity. The ratio of the consumed charges 
for the cathodic and anodic reactions of voltammetry in TLE 
was 0.78, indicating consumption of >20% of 1b within a 10-
minute scale of this voltammetric experiment. It should be 
noted that a ratio of less than unity was not related to diffusive 
leakage from the TLE. No significant diffusive leak from the 

TLE was observed within the timescale of this experiment, and 
even up to 4 hours.27 CV of acebutolol (2a), under similar con-
ditions, showed an anodic peak (A2 in Fig 2c) at more positive 
potentials, compared to 1a, with no cathodic counterpart peak. 
A pair of new cathodic (C'1) and anodic (A'1) peaks appeared in 
the second and third half-cycles of CV, respectively. The lack 
of reduction peak for the CV of 2a is due to the conversion of 
its oxidation product (2b) to a benzoquinone imine (N-(3-ace-
tyl-4-oxocyclohexa-2,5-dienylidene)butyramide (2c) via a C–O 
bond cleavage. 

 

Fig. 2. a) Normalized CVs of 1a on GC disk electrode at 20, 100, 
and 500 mVs–1. b) CV of 1a in TLE and the consumed charge in 
each half-cycle (dotted line). c) CVs of 2a and 2d, in TLE, third 
half-cycle for CV of 2a is presented in dashed line. Reaction con-
ditions: buffer solution of pH=6, 2 mM of each substrate, 1 mVs–1 
scan rate for TLE experiments. 

Compound 2c can also be generated from direct oxidation 
of 2-acetyl-4-butyramidophenol (2d). The potentials and shapes 
of A'1 and C'1 precisely match the voltammetric features of 2d 
(Fig 2c). The ratio of the consumed charges for the cathodic and 
anodic reactions of 2d and 2c, respectively, indicates that 30% 
of 2c was consumed (please see Fig S11 in Supporting Infor-
mation), and it is slightly less stable than 1b (20% of 1b was 
consumed in a similar experiment). Voltammetric studies of 1a 
and 2d using disk electrodes showed no noticeable reaction or 
difference between the stability of 1b and 2c. To extend the 
timescale of the experiment further, and probe the stability of 
1b and 2c, the combination of TLE and microelectrode (µE) 
was used. Owing to the lack of diffusion limitations, µEs pro-
vide a means to assess the bulk concentration of electroactive 
species and their concentration during chemical reactions. This 
feature enables the investigation of short-lived intermediates 
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and the real-time monitoring of electrolysis reactions, which is 
hindered by the prolonged reaction times dictated by convection 
and the design of conventional cells. This TLE setup facilitates 
real-time monitoring of electrolysis reactions by eliminating 
semi-infinite mass transfer and confining the reaction chamber. 
Fig 3 shows the fabricated TLE with an accommodated minia-
turized µE. In this setup, electrolysis was performed on a glassy 
carbon (GC) rod, and µE served as a probing electrode. Linear 
sweep voltammogram (LSV) of 2d, recorded by µE before elec-
trolysis, exhibited a sigmoidal shape with a plateau current (A’1, 
Fig 3c). By setting the potential of the GC rod at 0.7 V, meas-
ured from LSV recorded by µE, an electrolysis trace was ob-
tained for oxidation of 2d. The electrolysis current reached 2% 
of the initial current in 5 minutes of electrolysis time (Fig 3d) 
due to the consumption of 2d in TLE. A recorded LSV, using 
µE, after electrolysis indicated quantitative conversion of 2d to 
2c (Fig 3c) and formation of a reductive plateau current (C’1, 
Fig 3e). The plateau currents of A’1 and C’1 are proportional to 
the concentrations of 2d to 2c, respectively, in TLE.  

 

 Fig. 3. a), b) Pictures of thin layer electrode with integrated micro-
electrode. c) LSV of 2d recorded using microelectrode, d) electrol-
ysis trace for conversion of 2d to 2c at 0.8 V in TLE, and e) LSV 
of electrochemically generated 2c f) chronoamperogram of 2c ob-
tained by setting the potential of microelectrode at –0.3 V. Reaction 
conditions: buffer solution with pH 6, initial concentration of 2d = 
2 mM, scan rate for LSVs = 50 mV/s–1. 

A chronoamperometric experiment, performed by setting the 
potential of µE at the C’1 plateau, allowed us to derive the con-
centration profile of 2c over time (Fig. 3f). Analysis of this con-
centration profile indicates that the half-life of 2c is 550 s, and 
the rate constant of its reaction is 1.3 × 10⁻³ s⁻¹ (please see Sec-
tion 5 in the SI and Figure S14 for more details). The half-life 
and rate constant for the reaction of 1b, determined using a sim-
ilar experiment, were 707 seconds and 9.8 × 10⁻⁴ s⁻¹. These data 
prove that the degradation rate of 1b and 2c can’t be measured 

within the timescale of the voltammetric experiment. It also in-
dicates that these quinone imine metabolites are not stable 
enough to be detected after electrolysis using traditional elec-
trolysis cells. Performing LSV experiments during and at the 
end of two-hour electrolysis using a commercially available 
electrolysis cell showed accumulation of no more than 2% 1b 
or 2c.45 
The experiment described here indicates that electrochemical 
and mass spectroscopic techniques can detect the reaction prod-
ucts for oxidation of 1a to 1b and 2a or 2d to 2c. However, 1b 
and 2c are unstable for isolation and further structural elucida-
tion. This finding aligns with numerous other drug metabolite 
studies, suggesting that the instability and toxicity of drug me-
tabolites correlate with the reactivity of their oxidized forms.46 

To prevent the degradation of electrochemically generated me-
tabolites, one approach is to reduce them to more stable forms, 
not necessarily the initial parent drug.47 To test this approach, a 
double-step electrochemical technique was employed to synthe-
size 2d from 2a. The first step involved an anodic process con-
verting 2a to 2c (Fig 4a), followed immediately by a reductive 
step resulting in the conversion of 2c to the shelf-stable metab-
olite 2d (Figure 4a). 

  
Fig. 4. a) double-step electrolysis reactions for oxidation of 2a to 
2c, and reduction of electrochemically generated 2b to 2c. b) LSV 
of 2a before oxidation, c) LSV of electrochemically generated 2c, 
and d) LSV of electrochemically generated 2d. LSVs recorded on 
microelectrode, and the gray LSVs are overlaid to show the step-
wise reaction process. Reaction conditions: buffer solution with pH 
6, 2 mM initial concentration of 2d, scan rate for LSVs = 50 mVs–

1; the potentials for double-step electrolysis are 1.1 and –0.3 V (vs. 
Ag/AgCl), respectively. 

The formation of 2c and 2d was confirmed by recording their 
LSV using µE (Fig 4b to 4d) and by HPLC-MS analysis and the 
isolated yield for the resulting 2d was 53% (please see sections 
6 and 7 of Supplementary Information). Confining the solution 
in a thin layer makes a sequential approach possible, and a short 
electrolysis time prevents the side reaction and degradation of 
electrochemically generated intermediates.  
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Study of the metabolites under acidic conditions. Under 
acidic conditions, the oxidation peaks of 2a (A2) and 2d (A'1) 
shifted to more positive potentials due to coupled proton trans-
fer reactions during their electrochemical processes (Fig 5a and 
5b). The C'1 reduction peak disappeared due to the formation of 
an electroinactive adduct (2e) between water and protonated 2c. 
2e subsequently undergoes the chemical transformation into the 
corresponding benzoquinone (2f) by dissociating the butyra-
mide group (Fig 5f). Both cyclic voltammograms (CVs) ob-
tained using the disk electrode and thin-layer electrode (TLE) 
for 2a showed the absence of the C'1 peak. However, only the 
TLE CV revealed the redox features of quinone/hydroquinone 
derivatives (C3/A3). The conversion of 2e to 2f occurs slowly, 
leading to negligible accumulation of 2f near the electrode sur-
face within the typical timescale of voltammetric experiments. 
CV of 2a recorded by disk electrode showed only one anodic 
peak (Fig 5d, please also see Fig S12 in Supporting Infor-
mation). In contrast, the extended timescale of TLE experi-
ments not only captures the CV characteristics of 2e (Fig 5b) 
but also detects subsequent chemical reactions, including Mi-
chael’s addition of water to form 2g (Fig 5b and 5c). 

 
Fig. 5. a) to c) CVs 2a, 2d, and 2g recorded in TLE compared to 
CVs 2a and 2g (curves d and e) on a GC disk electrode. f) the mech-
anisms of 2c and 2g oxidation under acidic conditions. Reaction 
conditions: 0.5 M perchloric acid solution, scan rate for voltammet-
ric experiments in TLE is 1 mVs–1, scan rate for voltammetric ex-
periments on GC disk is 50 mVs–1, initial concentration of all sub-
strates is 2 mM. 
Essentially, TLE allowed visualization of all chemical transfor-
mations involving 2e, whereas such reactions were not observ-
able within the shorter timescale of voltammetry at the disk 
electrode. Similar results were obtained for capturing the CV 
characteristics of the benzoquinone (1d) from the oxidation of 
acetaminophen (1a, please see Fig S13 in Supporting Infor-
mation).  
The results of the voltammetric studies revealed that the elec-
trochemically generated quinoneimine (i.e., 1b) undergoes a 
fast reaction with water followed by a slow elimination of the 
amide group. This results in the transient accumulation of elec-
troinactive intermediate (i.e., 1c) prior to the rate-limiting for-
mation of corresponding benzoquinone (1d). A dual-

electrochemical experiment was designed, utilizing the com-
bined µE-TLE and a bipotentiostat to gain more insights into 
these consecutive reactions. The potential of GC in TLE was set 
at the oxidation potential of 1a, and the µE's potential was 
scanned concomitantly in a linear sweep mode to obtain multi-
LSV during electrolysis (Fig 6).48) The electrolysis current de-
clined and reached the background current in 15 minutes due to 
the consumption of 1a. The A1 plateau current of LSV, corre-
sponding to the 1a oxidation, decreased during electrolysis. No 
reduction current was observed for 1b due to its rapid consump-
tion by the water addition reaction. A plateau, C5, correspond-
ing to the reduction of parabenzoquinone (1d), appeared with a 
3-minute delay, and its current increased gradually over the 
course of the electrolysis reaction. 

  
Fig. 6. a) multi-scan LSV (on microelectrode) during electrochem-
ical oxidation of 1a (in TLE) under acidic conditions, electrolysis 
trace is shown in the inset. b) derived concentration profile of reac-
tion components during electrolysis.  Reaction conditions: 0.5 M 
perchloric acid solution, initial concentration of 1a is 2 mM, scan 
rate for LSV experiments = 50 mVs–1, applied potential for elec-
trolysis in TLE = 1.0 V vs Ag/AgCl. 

The plateau currents of A1 and C5 are proportional to the con-
centrations of 1a and 1d, respectively. Sampling the positive 
and negative currents of multi-scan LSV and concentration-cur-
rent calibration enabled the derivation of the concentration pro-
files of 1a and 1d during electrolysis. The potentials for current 
sampling are indicated with dashed lines in Fig 6a. The sum of 
1a and 1d concentrations is less than the initial concentration of 
1a, due to the accumulation of electroinactive 1c intermediate 
(dashed line in Fig 6b). Formation of an electro-inactive inter-
mediate was also noticeable from the LSV plots, and the in-
crease in the C5 plateau current was not proportional to the de-
cay in the A1 current, especially at the beginning of the reaction. 
For example, after 3 minutes of electrolysis, the A1 current de-
cayed by more than 50%, whereas C5 reached only 10% of its 
maximum. The dual electrolysis experiment proved the for-
mation of an electro-inactive intermediate 1c, where its 
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conversion to 1d was the bottleneck of the reaction. The de-
signed experimental setup also allowed derivation of the con-
centration profile of 1c by subtracting the concentrations of 1a 
and 1d from the total concentration. The rate constant of the 1c 
to 1d reaction was derived by analyzing and fitting the concen-
tration profiles; it equals 0.29 Ms–1. 

CONCLUSIONS 
In conclusion, this study highlights the advantages of omit-

ting inbound convective mass transfer in thin-layer electrodes 
(TLE) to achieve rapid electrolysis reactions within an adjusta-
ble timeframe. This method proves especially valuable for de-
tecting intermediate and unstable products, such as drug metab-
olites, with half-lives ranging from minutes to an hour. The ef-
fectiveness of TLEs was demonstrated through the analysis of 
electrochemically generated quinone imines resulting from the 
oxidation of acebutolol, acetaminophen, and 2-acetyl-4-bu-
tyramidophenol. Using TLE to study quinone imines allowed 
us to detect intermediates and visualize the reactions involved 
in the metabolic processes of these compounds—features that 
conventional electroanalytical or electrosynthetic cells fail to 
reproduce. The pipette-type TLE designed in this study features 
several notable advantages: a) a sample size suitable for spec-
troscopic and chromatographic analysis, b) ease of sample load-
ing and dispensing, c) an extended and adjustable experimental 
time scale, d) the ability to conduct synthetic double-step exper-
iments, and e) the integration of a microelectrode for dual elec-
trochemical experiments. Notably, the integration of a microe-
lectrode allows for potential scanning during electrolysis, facil-
itating the visualization of concentration profiles for all reaction 
components throughout the process. 

EXPERIMENTAL SECTION 
Chemicals: Acetonitrile (CAS-75-05-8), Acetone (CAS-67-64-1), 

Sodium bicarbonate (CAS-144-55-8), Sodium carbonate (CAS-497-
19-8), Sodium hydroxide (CAS-103-90-2), 2-Acetyl-4-butyrami-
dophenol (also known as N-(3-acetyl-4-hydroxyphenyl)butyramide 
CAS-40188-45-2), Perchloric acid (CAS-7601-90-3), and Dimethyl 
sulfoxide (DMSO, CAS-67-68-5) were purchased from ThermoFisher 
Scientific. Acetaminophen (CAS-103-90-2), Acebutolol hydrochloride 
(CAS-34381-68-5), 2’,5’-Dihydroxyacetophenone (CAS-490-78-8), 
and potassium hydrogen phthalate (CAS-877-24-7) were purchased 
from Sigma Aldrich. LC/MS grade water with 0.1% formic acid (CAS-
7732-18-5, 64-18-6) and acetonitrile with 0.1% formic acid (CAS-75-
05-8) were purchased from Fisher Scientific. All chemicals and sol-
vents were purchased from commercially available sources and used 
without further purification. 

Material for Fabrication of Thin Layer Electrode and Microe-
lectrode: Glassy carbon rods (SIGRADUR® G) with 3mm outer di-
ameter (OD) and 2 cm length, 5mm OD and 3.5 cm length, were pur-
chased from HTW Hochtemperatur-Werkstoffe GmbH. 36 AWG cop-
per wire for microelectrode fabrication was purchased from Mouser 
Electronics, Inc. Carbon fiber (11 µm diameter) for microelectrode fab-
rication was purchased from Goodfellow. Copper wire for TLE fabri-
cation was purchased from Mouser Electronics, Inc. Conductive (silver 
particles containing conductive glue) and non-conductive epoxy glues, 
used for TLE and microelectrode fabrication, were purchased from MG 
Chemicals. Different sizes of glass tubes for TLE were purchased from 
Wilmad Lab Glass. Fused silica capillary tubing (150 µM inner diam-
eter) was purchased from Agilent. Chemical resistance polyolefin heat 
shrink tubing was purchased from Raychem. 

Instrumentation for Electrochemical Studies: Electrochemical 
experiments, including electrolysis, voltammetry, amperometry, and 
dual electrochemical experiments analyses, were conducted using 
TLEs and µEs. To perform these experiments, a Pine WaveDriver 200 
EIS Bipotentiostat/Galvanostat was applied. Using the bi-potentiostat 

enabled us to conduct electrolysis (at GC) and voltammetric analysis 
(with µE) simultaneously, with a dual-electrode cyclic voltammetry 
(DECV) method, wherein the potential at the thin layer electrode was 
fixed while the potential at the microelectrode underwent continuous 
scanning throughout the electrolysis within the thin layer.  

Instrumentation for Separation Analysis: HPLC-UV-MS anal-
yses were performed on Shimadzu ultra-fast liquid chromatography 
(UFLC) system equipped with a PDA detector, coupled with an AB 
Sciex 3200 Q-Trap mass spectrometer using electrospray ionization. 
High-resolution mass spectrometry (HRMS) was performed on a Shi-
madzu Nexera XR (40-Series) UHPLC System coupled with a Shi-
madzu 9030 Q-TOF Mass Spectrometer using an ESI ionization 
source. Positive polarity was used on both the mass spectrometers. LC 
separations were performed on a Kromasil (100 mm length, 3 mm in-
ternal diameter, 3.5 μm particle size, 100 Å pore size, part number-
MH3CLC10) column. 

TLE and µE Fabrication: The TLE was fabricated by inserting an 
assembled glassy carbon rod with a heat shrink tube and solid copper 
into a quartz tube. The thin-layer is defined by the space between the 
glass tube and the rod. The µE was fabricated by inserting a carbon 
fiber into a glass capillary tube using a microscope, followed by sealing 
the tube and applying conductive and non-conductive glues. For dual 
electrolysis, the µE was placed in the defined thin-layer with heat 
shrink tubing. 

Electrochemical Experiments: Cyclic voltammetry and electroly-
sis experiments were performed using a Pine WaveDriver 200 Bipo-
tentiostat/Galvanostat. The bulk electrolysis reactions were conducted 
in an undivided cell containing a reticulated vitreous carbon (RVC) 
electrode. The typical cyclic voltammetric experiments were carried 
out with a glassy carbon (GC) electrode, and dual electrolysis was per-
formed using the µE-TLE with a fixed potential for TLE and a scanning 
potential for the µE. The experiments were conducted under two mild 
acidic (pH=6) and acidic (pH=0.48) conditions. 

Characterization of Electrolysis Products: For structural elucida-
tion, the compounds were then analyzed with HPLC-UV-MS, a Shi-
madzu ultra-fast liquid chromatography (UFLC) system equipped with 
a PDA detector, coupled with an AB Sciex 3200 Q-Trap mass spec-
trometer using electrospray ionization. 
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