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ABSTRACT: Over the last 3 decades, electrochemistry (EC) has
been successfully applied in phase I and phase II metabolism
simulation studies. The electrochemically generated phase I
metabolite-like oxidation products can react with selected reagents
to form phase II conjugates. During conjugate formation, the
generation of isomeric compounds is possible. Such isomeric
conjugates are often separated by high-performance liquid
chromatography (HPLC). Here, we demonstrate a powerful
approach that combines EC with ion mobility spectrometry to
separate possible isomeric conjugates. In detail, we present the
hyphenation of a microfluidic electrochemical chip with an integrated mixer coupled online to trapped ion mobility spectrometry
(TIMS) and time-of-flight high-resolution mass spectrometry (ToF-HRMS), briefly chipEC-TIMS-ToF-HRMS. This novel method
achieves results in several minutes, which is much faster than traditional separation approaches like HPLC, and was applied to the
drug paracetamol and the controversial feed preservative ethoxyquin. The analytes were oxidized in situ in the electrochemical
microfluidic chip under formation of reactive intermediates and mixed with different thiol-containing reagents to form conjugates.
These were analyzed by TIMS-ToF-HRMS to identify possible isomers. It was observed that the oxidation products of both
paracetamol and ethoxyquin form two isomeric conjugates, which are characterized by different ion mobilities, with each reagent.
Therefore, using this hyphenated technique, it is possible to not only form reactive oxidation products and their conjugates in situ
but also separate and detect these isomeric conjugates within only a few minutes.

1. INTRODUCTION

N-acetyl-p-aminophenol (APAP, paracetamol) is an analgetic
drug for which multiple in vivo and in vitro metabolism studies
have been performed. The main metabolites include the toxic
phase I metabolite N-acetyl-p-benzoquinone imine (NAPQI),
p-aminophenol, acetaminophen-sulfate, acetaminophen-glucur-
onide, and glutathionyl-acetaminophen.1 NAPQI, which
contains a reactive quinone imine substructure, physiologically
gets conjugated to glutathione (GSH) in a detoxifying enzyme-
catalyzed reaction forming the phase II conjugate APAP-GSH.2

When an overdose of APAP is applied, the liver’s GSH reserves
can be depleted by NAPQI, possibly leading to liver damage.
An antidote that can be used is N-acetylcysteine (NAC), which
acts as a precursor to GSH.3 NAC may also react with NAPQI
directly, forming an APAP-NAC conjugate. While transferases
drive the detoxification reaction with GSH, the reaction with
NAC may proceed uncatalyzed to a greater extent, thereby
generating an isomer mixture.4

A structurally related compound is 6-ethoxy-2,2,4-trimethyl-
1,2-dihydroquinoline (ethoxyquin, EQ).5 As an antioxidant, it
is used as an animal feed additive, particularly in fish culture.6

Originating from the animal feed, EQ, its metabolites, and
oxidation products can enter the human organism after
consuming the corresponding food products. In 2017, the
authorization of EQ as a feed additive was suspended after a re-
evaluation initiated by the European Food Safety Authority.7

The reason for this was the lack of data on the safety of EQ
and its transformation products for the consumer. In contrast
to APAP, EQ and its metabolism have not yet been entirely
elucidated, which is why it continues to be suspended as a feed
additive, and are already in the focus of investigation by
different research groups.8−11 However, not only the
metabolites but also the oxidation products, which can be
formed during transport and storage times, can be dangerous
for humans and the environment.12−14 Among the most
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controversial transformation products of EQ are EQ-dimer
(EQDM), which can accumulate in fish, and EQ quinone
imine (EQI), which is highly reactive. Merel et al. presented all
known transformation products of EQ in 2019.10 The found
metabolites can be divided into six groups, depending on the
mechanism of their formation: dimerization, cleavage, oxygen-
ation, cleavage and oxygenation, cleavage and conjugation, and
other alterations.
The methods used for human metabolism mimicry range

from complex in vivo animal models over in vitro studies to
purely instrumental approaches.15,16 The latter are among the
fastest and simplest ways to mimic drug metabolism and do
not suffer from interferences by biological matrices. In general,
no experiment can simulate the human metabolism com-
pletely. Metabolic pathways differ between individuals and also
depend on other factors such as the individual’s nutrition or
health status. The closest method to simulate human
metabolism are the abovementioned in vivo experiments, i.e.,
animal studies. Such in vivo studies can be performed on
varying animals, which are selected to mirror the human
metabolism as well as possible. However, they do not always
match the human metabolism perfectly.
Electrochemistry (EC) arguably represents one of the most

popular of the purely instrumental approaches.17−21 It has
been extensively shown that electrochemical methods can
mimic specific oxidative metabolism processes.22−25 Jurva et al.
give an overview of possible electrochemical reactions and
compare them with enzyme-catalyzed reactions.22 They
conclude that EC can be very useful in the field of prescreening
of different xenobiotics. According to the paper, electro-
chemical reactions that proceed in exactly the same way as
enzyme-catalyzed reactions include, for example, N-deethyla-
tion, S-oxidation, phosphothionate oxidation, dehydrogen-
ation, and hydroxylation.22

Van den Brink et al. introduced a theoretical thin-layer plate
number (NTL) that can describe a system’s electrochemical
conversion performance.26 For electrochemical microfluidic
cells, this can be up to 2 orders of magnitude higher than in
commercial thin-layer cells. This improved electrochemical
performance on microfluidic chips results in a smaller amount
of analyte needed for metabolism investigations.27 Some purely
instrumental microfluidic chips with integrated electrochemical
cells have been used successfully for both phase I and
integrated phase II28−32 metabolism mimicry.
High-resolution mass spectrometry (HRMS) has been

established as an excellent general method for detecting
electrochemically generated transformation products, separa-
ted by their mass-to-charge ratios (m/z).24,44 However, the
differentiation between isomers is not always possible, even
when including tandem mass spectrometry (MS/MS) data.33

High-performance liquid chromatography (HPLC) can be
used to separate electrochemically generated transformation
products.34 The optimization of the HPLC method, however,
can be lengthy and challenging. Additionally, reactive electro-
chemical transformation products may degrade quickly and
will no longer be detectable after the chromatographic
separation.
Ion mobility spectrometry (IMS) coupled to HRMS may be

used as an alternative approach for separating isomers. While
HPLC separations are typically performed within several
minutes, IMS can be employed to separate analytes in less than
1 s.35 The separation is based on differences of the ions’
mobilities (K) in the gas phase, which depend on the analytes’

intrinsic properties and experimental parameters like temper-
ature and pressure.36 For better interlaboratory comparability,
the reduced mobility (K0) is calculated by normalizing these
experimental parameters to standard conditions.37 Collision
cross section (CCS) values are calculated from K0 by the use of
the Mason−Schamp equation.36 The CCS value is character-
istic for each analyte and can be used to differentiate isobaric
compounds, e.g., constitutional isomers, and identify analytes
by database matching. Trapped IMS (TIMS) is a contempo-
rary IMS technique providing high resolution in a compact
design.38 Ions are accelerated through a TIMS funnel by a
moving carrier gas flow. The drag force caused by the drift gas
depends on the ions’ size and shape and is counteracted by an
opposing axial electrical field gradient. Consequently, the ions
are focused on different axial positions of the TIMS analyzer
depending on their size-to-charge ratios. The ions are then
eluted to the mass spectrometric detector by constantly
decreasing the electrical field.39 TIMS has been used for
various applications, as Fernandez-Lima et al. have demon-
strated in numerous publications.40−49 Here, we present a
hyphenated method for use in drug development research
based on a microfluidic electrochemical chip’s online coupling
with TIMS and ToF-HRMS, short chipEC-TIMS-ToF-HRMS.

2. EXPERIMENTAL SECTION
2.1. General Setup. The general setup of the hyphenated

method based on the online coupling of a microfluidic
electrochemical chip with TIMS and time-of-flight (ToF)-
HRMS, short chipEC-TIMS-ToF-HRMS, is shown and
summarized in S1. The chip was described in more detail
previously by van den Brink et al.31,50

2.2. Chemicals. Ethoxyquin (PESTANAL, analytical
standard), paracetamol (99%), and reduced L-glutathione
(98%) were obtained from Sigma-Aldrich Chemie GmbH
(Steinheim, Germany). Acetonitrile (ACN, liquid chromatog-
raphy-mass spectrometry (LC-MS) grade) was purchased from
VWR Chemicals (Darmstadt, Germany). N-acetylcysteine
(98%), ammonium formate (99%), and 1,1′-ferrocenedime-
thanol (98%) were used from ACROS Organics (New Jersey).
Formic acid was obtained from Th. Geyer GmbH & Co. KG
(Renningen, Germany). Solutions were prepared in doubly
distilled water generated with an Aquatron water still A4000D
(Cole-Parmer, Staffordshire, U.K.). A FiveEasy pH meter from
Mettler Toledo GmbH (Greifensee, Germany) was used to
adjust pH values to a physiological value of 7.4.

2.3. Electrochemical Instrumentation. In the micro-
fluidic electrochemical setup, neMESYS UserInterface v2.6.0.4
(Cetoni GmbH, Korbussen, Germany) was used to operate the
syringe pumps, and EC-Lab v.11.33 (BioLogic SAS, Seyssinet-
Pariset, France) was utilized for the operation of an SP-300
potentiostat. The electrochemical data were exported via EC-
Lab. The microfluidic syringes (#81075, 100 μL, Hamilton
Company, Reno) were operated with a flow rate of 2 μL·
min−1. The microfluidic chip information and additional
parameters for the potentiostat operation are given in S1.
For the experiments, an electrolyte solution with 40 mM
ammonium formate buffer (pH 7.4) in a solvent mixture of
doubly distilled water (H2Odd) and ACN (50:50, v/v) was
created. The analyte solutions were prepared with 150 μM
APAP or EQ in the electrolyte solution. Additionally, solutions
with 200 μM NAC and 200 μM GSH in H2Odd were prepared.
The microfluidic chip was directly coupled to a TIMS-ToF
mass spectrometer with an integrated quadrupole and a
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collision cell (timsTOF flex, Bruker Daltonik, Bremen,
Germany). All analyses were performed using electrospray
ionization (ESI) in the positive ion mode. The corresponding
mass spectrometric parameters for the electrochemical
oxidation and detection of the formed conjugates without
TIMS and the related parameters for TIMS separating
measurements are given in S2. The respective parameters
selected for the TIMS ramp were adjusted for each analysis to
obtain the highest resolution. To change the TIMS resolution,
scan rates were varied. Slower scan rates result in a higher
resolution than faster scan rates.51 The mass spectra and
mobilograms were recorded using the software oTOFcontrol
version 6.1 (Bruker Daltonik, Bremen, Germany). During the
electrochemical transformation experiments, a potential ramp
of 0 to +1 V versus an integrated pseudo-reference electrode
(pRE) was applied to the working electrode (WE) with a scan
rate of 10 mV·s−1. This way, mass spectra were generated for
each potential step, which were displayed in a three-
dimensional waterfall diagram, a so-called mass voltammogram
(MV). By plotting the signal intensity of a given m/z against
the inverse reduced mobility 1/K0, an extracted ion mobilo-
gram (EIM) can be obtained, allowing the distinction of
isobaric compounds based on differences in their mobility.
When coupling EC with TIMS-ToF-HRMS, the EIMs of the
selected m/z values can be plotted against the applied cell

potential forming mobilo voltammograms, which can be
employed to study isomer formation during electrochemical
processes.35 The data for the mobilo voltammograms were
obtained while applying varying potentials against the pRE
included inside the chip. The mass voltammograms and
mobilo voltammograms were created using OriginPro 2019
(OriginLab Corporation, Northampton, MA). The proposed
chemical structures and pathways were generated using
ChemDraw Professional version 19.1.1.21 (Perkin Elmer,
Waltham, MA). Data processing was performed with the
software DataAnalysis version 5.3 (Bruker Daltonik, Bremen,
Germany). The duration of the performed experiments is
described in detail in S2.

2.4. Chromatographic Separation. Chromatographic
separation was performed to confirm that the different
mobilities are caused by isomeric APAP-NAC conjugates.
Isocratic elution with 95% 10 mM formic acid in H2Odd as
aqueous eluent and 5% ACN as organic eluent with a flow rate
of 550 μL·min−1 was performed within 14 min. The injection
volume was 15 μL. Further settings and parameters for the
chromatographic separation are noted in S2.

3. RESULTS AND DISCUSSION

3.1. Oxidation of APAP and Conjugation with NAC. In
2006, Lohmann et al. reported the electrochemical formation

Figure 1. (a) Reaction pathway of APAP to NAPQI by oxidation and subsequent conjugate formation with NAC, which can be bound at position 2
or 3 onto the molecule forming the APAP-NAC conjugate; (b) extracted MV with the signal m/z 313.0853 (protonated form of APAP-NAC); (c)
mobilo voltammogram for m/z 313.0853 ± 0.002 (protonated APAP-NAC conjugate with two different signals); (d) extracted ion chromatogram
(EIC) for m/z 313.0853 ± 0.002 (protonated APAP-NAC conjugate); and (e) overlay of the EIMs for m/z 313.0853 ± 0.002 at tR1 = 5−7 min
(dashed line, red background) and tR2 = 8−10 min (continuous line, blue background).
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of NAPQI and the subsequent detection of two isomeric
conjugates after the addition of the antidote NAC using
HPLC-HRMS.4 Here, we present a different approach,
demonstrating that TIMS can be used as a faster tool for the
separation of isomers. For that purpose, the model compounds
APAP and NAC were utilized to form isomeric conjugates. To
confirm the functionality of the hyphenated chipEC-TIMS-
ToF-HRMS method, APAP was oxidized to NAPQI using the
BDD WE in the microfluidic chip. Subsequently, NAC was
added to the electrochemically generated NAPQI via the
integrated mixer. The solution was then transferred directly to
TIMS-ToF-HRMS, and mass spectra and mobilograms were
recorded. So far, APAP has been reported to be oxidized at the
hydroxy and amine groups, leading to the quinone imine
structure. The conjugate formation then occurs via the
nucleophilic thiol group of NAC, which can attack the α, β-
unsaturated carbonyl compound in NAPQI via a Michael
addition mechanism. This reaction occurs on either one of the
four unsubstituted carbon atoms located in the chinoid-like
structure, forming two possible conjugates due to the

symmetry of the molecule. Figure 1a shows the reaction
pathway for the electrochemical oxidation of APAP and the
subsequent addition of NAC under rearomatization. The
APAP-NAC conjugate can be detected as a protonated
molecule [M + H]+ with m/z 313.0853 after ESI in positive
mode.
The extracted MV in Figure 1b shows the formation of the

protonated APAP-NAC conjugate. The signal intensity begins
to increase at an oxidative potential of ca. +300 mV versus
pRE. Since this proved that the oxidative APAP-NAC
conjugate was generated on the microfluidic chip, the TIMS
dimension was used in a further oxidative experiment.
Following this experiment, a mobilo voltammogram for m/z
313.0853 was created and is shown in Figure 1c. The TIMS
parameters were 900 ms for the ramp time and 1/K0 = 0.75−
0.83 Vs·cm−2 for the ramp range. Within this TIMS ramp, the
mobilo voltammogram exhibits two separated signals, with 1/
K0 = 0.788 Vs·cm−2 for the more intense signal and 1/K0 =
0.805 Vs·cm−2 for the second, smaller signal. The two different
signals of the same m/z value, which is caused by the

Figure 2. (a) Proposed reaction scheme of EQ: route (1) oxidation of EQ to the quinone imine structure EQI, route (2) addition of the smaller
reagent NAC forming the TQ-NAC conjugate initially, further oxidized to EQI-NAC, and route (3) addition of the tripeptide GSH forming the
TQ-GSH conjugate initially, further oxidized to EQI-GSH; (b) mobilo voltammogram for m/z 349.1217 ± 0.005 (EQI-NAC conjugate with two
different signals); and (c) mobilo voltammogram for m/z 493.1751 ± 0.005 (EQI-GSH conjugate with two different signals).
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protonated APAP-NAC conjugate with m/z 313.0853, indicate
the formation of two different isomeric structures.
To verify the assumption that the two observed TIMS

signals correspond to constitutional isomers of the APAP-NAC
conjugate and were not caused by other isobaric compounds
such as protomers, an HPLC-TIMS-ToF-HRMS analysis was
performed. The goal here was to show that the constitutional
isomers separated by HPLC have the same inverse reduced ion
mobilities that were observed during direct chipEC-TIMS-
ToF-HRMS experiments. For that purpose, a C18 polar
embedded HPLC column was used with 10 mM formic acid as
aqueous eluent and ACN as organic eluent. The resulting
extracted ion chromatogram (EIC) of m/z 313.0853 is shown
in Figure 1d. For the same mass, two signals occur with
different retention times. The first, less intense signal has a
retention time of tR1 = 5−7 min (red background), and the
second signal can be observed at tR2 = 8−10 min (blue
background). By including the TIMS dimension, mobilograms
can be obtained. Figure 1e presents the EIMs for m/z
313.0853 during the respective retention time windows of the
chromatographic separation. The colors indicate the same
compound across both Figure 1d and e and show that the two
distinct chromatographic peaks have two different ion
mobilities. The first peak with a retention time of tR1 = 5−7
min has an inverse reduced ion mobility of 1/K0 = 0.803 Vs·
cm−2 (red background, dashed line), while the second, more
intense peak with a retention time of tR2 = 8−10 min has an
inverse reduced ion mobility of 1/K0 = 0.786 Vs·cm−2 (blue
background, continuous line). This experiment has shown that
these two different peaks are two constitutional isomers of
APAP-NAC that could be separated and detected by both
HPLC-ToF-HRMS and TIMS-ToF-HRMS.
In Figure 1c, the signal with 1/K0 = 0.788 Vs·cm−2 is more

intense than the signal with 1/K0 = 0.805 Vs·cm−2. Since these
are constitutional isomers, it can be assumed that ionization
efficiency is comparable. Thus, the differences in intensity are
likely caused by the preferred formation of one isomer over the
other. This behavior is in agreement with previous reports by
Lohmann et al.,4 who claimed that the isomers were not
formed in equal amounts. One possible explanation for this
might be the α, β-unsaturated carbonyl compound in NAPQI.
In the α-position, the electron-withdrawing effect of the
carbonyl group has a more substantial impact than in the more
distant β-position. NAC’s nucleophilic thiol group preferably
attacks the more electrophilic position, possibly causing the
preferred formation of one isomer over the other. Using the
obtained inverse reduced ion mobilities, corresponding CCS
values can be calculated. The signal with 1/K0 = 0.788 Vs·cm−2

has a CCS value of 164.7 Å2, and the second signal, with 1/K0
= 0.805 Vs·cm−2, has a CCS value of 168.3 Å2. The obtained
parameters for the two APAP-NAC conjugate signals are noted
in S3. Further, electrochemically formed and conjugated
oxidation products of APAP with NAC are presented,
discussed, and compared with literature data in S5.
3.2. Oxidation of EQ and Conjugation with NAC.

According to the limited studies on EQ metabolism available,
EQI could be identified as a primary metabolite in Atlantic
salmon.52 EQI is structurally related to NAPQI, containing
similar conjugation sites. For that reason, EQ was first
electrochemically oxidized and then conjugated with NAC
using the same method as previously described for APAP.
During the oxidation of EQ, it was noticed that the ethyl group
of EQ was cleaved, forming a quinone imine structure (Figure

2a, route 1). The so-formed oxidation product EQI reacts with
NAC under rearomatization to form 2,2,4-trimethyl-1,2-
dihydroquinolin-6-ol (TQ-NAC; Figure 2a, route 2).
An MV for EQ’s oxidation process is shown in S6. It is

noticeable that the signal with m/z 351.1373, which is the TQ-
NAC conjugate, is low in intensity, while another signal in the
shown mass range with m/z 349.1217 is formed very intensely.
The formal loss of 2 H suggests that this is an oxidation
product of the formed conjugate TQ-NAC with m/z 351.1373,
called EQI-NAC. This behavior has already been described by
Vandeput et al.9 A possible explanation for this oxidized form
is the atmospheric oxygen causing further oxidation before
detection by TIMS-ToF-HRMS. Since the signal of EQI-NAC
is more intense and more accessible for further experiments,
the focus is placed on the EQI-NAC conjugate. An explanation
for the signal intensity disparity apart from the susceptibility of
TQ-NAC for oxidation may be a difference in the efficiency of
ionization of the TQ-NAC conjugate compared to the EQI-
NAC conjugate causing ion suppression of m/z 351.1373.
The onset of m/z 349.1217 is at ca. +200 mV versus pRE.

After a detailed examination of the MV, it can be observed that
there is a spike inside the signal of EQI-NAC, which is the
signal m/z 349.1414. This secondary signal has a much lower
intensity and is caused by the 13C1 isotope of another
compound with m/z 348.1381, as shown in S4. However, due
to the use of HRMS, a differentiation between the two signals
is possible. Because the primary goal of this work is to study
the formation of isomeric conjugates of the quinone imine
structure with selected reagents, only the signal with m/z
349.1217 is considered in the further experiments. A similar
signal behavior is visible for the higher m/z values: at m/z 351,
three signals overlap, which makes the HRMS capability of the
method indispensable.
To check whether EQI-NAC with m/z 349.1217 forms

isomers analogous to APAP-NAC, TIMS separation was
performed. The TIMS parameters were 700 ms for the ramp
time and 1/K0 = 0.80−0.95 Vs·cm−2 for the ramp range. A
corresponding mobilo voltammogram of the protonated
conjugate EQI-NAC is shown in Figure 2b. The mobilo
voltammogram for m/z 349.1217 exhibits two separated
signals with 1/K0 = 0.861 and 0.876 Vs·cm−2. The two
separated signals demonstrate that EQI and NAC form two
isomeric conjugates. In analogy to the previous experiment, the
CCS values for EQI-NAC conjugates were calculated and are
noted in S3, along with their associated parameters. The signal
with 1/K0 = 0.876 Vs·cm−2 has a CCS value of 179.2 Å2, and
the second signal with 1/K0 = 0.861 Vs·cm−2 has a CCS value
of 182.3 Å2. Since EQI was expected to behave similarly to
toxic NAPQI, conjugate formation should have occurred
analogous to the reaction of NAPQI with NAC.

3.3. Oxidation of EQ and Conjugation with GSH. To
investigate whether TIMS separation is also suitable for larger
conjugates, the tripeptide GSH, which is relevant in phase II
metabolism, was used in the following application of our
developed online chipEC-TIMS-ToF-HRMS method. With a
monoisotopic mass of 307 Da, GSH is almost twice as heavy as
NAC (163 Da) and has already been described in its conjugate
formations with many oxidatively activated drugs.53−56 Based
on the previously shown reactions for EQI and NAC, a
possible pathway for EQI and GSH is shown in Figure 2a,
route 3, which was already postulated by Vandeput et al. in
2018.9 Since the TIMS separation depends on the charge, size,
and shape of the investigated compound, the GSH conjugate
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isomers were expected to behave differently from the
previously described conjugates. S6 shows the extracted MV
of the formed EQI-GSH conjugate with m/z 493.1751. The
onset of the electrochemical generation of the oxidation
product EQI and conjugation with GSH is at ca. +300 mV
versus pRE. The primary conjugate TQ-GSH with m/z
495.1908 is not properly visible in the MV, while EQI-GSH
with m/z 493.1751 shows a much higher signal intensity.
These results were consistent with the results of the
experiments with EQ and NAC. Again, likely causes for the
signal disparity were the better efficiency of ionization of EQI-
GSH than TQ-GSH and the high reactivity of TQ-GSH with
oxygen in the environment. Figure 2c shows the formation of
two signals obtained for m/z 493.1751 in the mobilo
voltammogram after TIMS separation. The TIMS parameters
were 900 ms for the ramp time and 1/K0 = 1.03−1.10 Vs·cm−2

for the ramp range. The two signals with 1/K0 = 1.059 and
1.076 Vs·cm−2 are more similar in intensity than the signals of
EQI-NAC. Assuming the same efficiency of ionization for both
isomers, the larger structure of GSH may affect the formation
of both isomers. It is also noticeable that the inverse reduced
mobilities are larger than those of the previous conjugates,
which correlates with the larger masses of the EQI-GSH
conjugates. The associated CCS values were calculated, and all
of the parameters obtained are noted in S3. The signal with 1/
K0 = 1.059 Vs·cm−2 has a CCS value of 218.0 Å2, and the
second signal, with 1/K0 = 1.076 Vs·cm−2, has a CCS value of
221.5 Å2. Further, electrochemically formed and conjugated
oxidation products of EQ with NAC and GSH are presented,
discussed, and compared with literature data in S6.
3.4. General Discussion. With the newly developed

chipEC-TIMS-ToF-HRMS method, the xenobiotics APAP
and EQ were oxidized in a microfluidic electrochemical chip
and subsequently conjugated in situ with the reagent NAC and
in the case of EQ also with GSH. The formed isomeric
conjugates were then separated and detected via TIMS-ToF-
HRMS. The method’s capabilities to generate and separate
isomer conjugates were verified by comparing the results of the
APAP-NAC conjugate formation to an offline EC-HPLC-
TIMS-ToF-HRMS method. With this approach, it was
confirmed that the signals from the online chipEC-TIMS-
ToF-HRMS method stemmed from isomers of the formed
conjugates and not from other isobars, e.g., protomers.
Furthermore, the online method was applied for the oxidation
of the controversial feed additive EQ and its conjugation with
both NAC and GSH. Both compound combinations of EQ
with NAC and GSH behaved similarly to APAP and NAC
concerning the generation of two constitutional conjugate
isomers each. However, unlike APAP, the initially formed
conjugates TQ-NAC and TQ-GSH were detected only with
low intensities. Due to further oxidation, leading to the EQI-
NAC/GSH conjugates, m/z values lowered by the mass of 2 H
were observed instead. To further elucidate why the conjugates
EQI-NAC and EQI-GSH are present in the oxidized form as
opposed to the reduced form of the APAP-NAC conjugate, a
different method reported by Falck et al. could be employed.57

The authors present an online method hyphenating EC with
solid-phase extraction-stripline-nuclear magnetic resonance
spectroscopy, short EC-SPE-stripline-NMR, to obtain struc-
tural information of short-lived and reactive compounds. The
similar reactivity of the oxidation products EQI and NAPQI
toward the nucleophilic reagents NAC and GSH, respectively,
may indicate an in vivo reactivity of EQI similar to NAPQI and

thus a toxicological relevance as well. Performing the entire
experiment for one analyte, starting with the electrochemical
oxidation, continuing with the in situ conjugate formation, and
ending with the TIMS separation and HRMS detection, took a
maximum of 7 min for each analyte and conjugate formant
combination. The TIMS subsystem separated three sets of
isomeric conjugates for the abovementioned compound
combinations with good separation quality after a quick and
straightforward optimization process for each of the con-
jugates. The high-resolution mass spectrometer allowed the
selective detection of the conjugates while reducing isobaric
interferences by isotope peaks of different substances.

4. CONCLUSIONS

In summary, the presented chipEC-TIMS-ToF-HRMS method
is much faster than traditional, HPLC-based isomer separa-
tions that take tens of minutes and additional time for the
electrochemical generation of the transformation products.
The formed oxidation products and conjugates presented
herein prove that our chipEC-based method is suitable to
complement existing methods in metabolism mimicry by
providing new insights that can complete the picture of the
human metabolism of xenobiotics.
Also considering the speed of our method and the low

amounts of analyte needed, it can be a valuable screening
method to reduce time, financial expenses, and animal
experiments necessary for drug development. Our method
also offers many advantages owing to the inclusion of a
microfluidic electrochemical reactor. Due to the low internal
volume of 160 nL and low necessary flow rates, only small
amounts of both analyte and solvent are needed for a full
analysis, making this method suitable for green chemistry. The
reaction products of the working and counter electrodes are
kept separated via frit channels to improve the sample purity
and in turn the quality of the generated data and its analysis.
This is typical for microfluidic devices and minimizes the signal
loss caused by splitting the liquid flow into two separate ones.
Due to the integrated mixer, any reactive intermediates can be
trapped very quickly, making it easy to use our method to
stabilize reactive intermediates and gain insights into the
oxidative behavior and connected reaction mechanisms of the
analytes. To conclude, we presented a powerful online chipEC-
TIMS-ToF-HRMS method suitable to help improve drug
development research and to investigate electrochemically
generated and reactive isomers in particular.
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