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Oxidation and adduct formation of xenobiotics in
a microfluidic electrochemical cell with boron
doped diamond electrodes and an integrated
passive gradient rotation mixer†
Floris T. G. van den Brink,a Tina Wigger,bc Liwei Ma,a Mathieu Odijk,*a
Wouter Olthuis,a Uwe Karstbc and Albert van den Berga
Reactive xenobiotic metabolites and their adduct formation with biomolecules such as proteins are important to study as they can be detrimental to human health. Here, we present a microfluidic electrochemical
cell with integrated micromixer to study phase I and phase II metabolism as well as protein adduct formation of xenobiotics in a purely instrumental approach. The newly developed microfluidic device enables
both the generation of reactive metabolites through electrochemical oxidation and subsequent adduct formation with biomolecules in a chemical microreactor. This allows us to study the detoxification of reactive
species with glutathione and to predict potential toxicity of xenobiotics as a result of protein modification.
Efficient mixing in microfluidic systems is a slow process due to the typically laminar flow conditions in
shallow channels. Therefore, a passive gradient rotation micromixer has been designed that is capable of
mixing liquids efficiently in a 790 pL volume within tens of milliseconds. The mixing principle relies on turning the concentration gradient that is initially established by bringing together two streams of liquid, to take
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advantage of the short diffusion distances in the shallow microchannels of thin-layer flow cells. The mixer
is located immediately downstream of the working electrode of an electrochemical cell with integrated
boron doped diamond electrodes. In conjunction with mass spectrometry, the two microreactors integrated in a single device provide a powerful tool to study the metabolism and toxicity of xenobiotics, which
was demonstrated by the investigation of the model compound 1-hydroxypyrene.

Introduction
Covalent binding of reactive species to biomolecules plays a
crucial role in the toxicity of xenobiotics. The fundamental
idea of this concept emerged in 1938, when Fieser was the
first to suggest a toxic mechanism involving the conjugation
of xenobiotics to “substances present in the organism”.1
About ten years later, Miller and Miller reported the binding
of aminoazo dyes to proteins in the livers of rats.2 This was
followed by numerous studies which substantiated the link
between adduct formation and xenobiotic-induced toxicity.3–8
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Adduct formation is a process usually initiated by the bioactivation of xenobiotic compounds during phase I metabolism. Via metabolic transformation, highly reactive and predominantly electrophilic species are generated, such as quinones and related compounds, which are able to react with
nucleophilic groups in biomolecules. The consequences of
this covalent binding are diverse and depend on a variety of
factors, such as the type and extent of the modification. In
some cases, adduct formation and the resulting structural
changes can lead to the impairment or the loss of essential
functional properties of the affected biomolecules.9–11
An important class of target molecules for reactive species
are proteins.11 Here, the conjugation often occurs at nucleophilic groups of amino acids such as cysteine or lysine. The
modification of important structural or regulatory proteins
can cause cellular dysfunction or even cell death, which ultimately leads to toxic effects such as organ damage or cancer.
Due to their relevance in xenobiotics-induced toxicity, protein
adducts are of interest for the elucidation of toxic mechanisms and risk assessment of xenobiotics.10,12,13 Moreover,
they can serve as biomarkers for monitoring the exposure to
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toxic substances.14,15 Therefore, the development of analytical
methods that enable the fast identification and characterization of reactive metabolites and their protein adducts is of
importance.
One approach that has shown to be powerful for studying
the metabolism of xenobiotics is the direct coupling of
electrochemistry with mass spectrometry (EC/MS).16–18 This
purely instrumental technique aims at mimicking oxidative
metabolism in an electrochemical cell. Compared to conventional methods, such as in vivo and in vitro metabolism studies, this method is much faster and cheaper and enables the
direct detection of reactive intermediates due to the absence
of a complex biological matrix. Furthermore, EC/MS allows
one to study adduct formation of reactive species under defined conditions by adding selected biomolecules to the
electrochemically generated oxidation products. A comprehensive overview of the various applications of EC/MS in metabolism studies is provided in a review.19
Current developments in the field of EC/MS are directed
towards miniaturization of the electrochemical cells with the
aim to reduce analyte consumption and increase conversion
efficiencies while keeping analysis times short.20–23 As shown
before, transit times between microfluidic electrochemical
cell and MS equipment can be significantly reduced by
attaching an electrospray ionization (ESI) emitter directly to
the cell outlet, which enabled the detection of short-lived radical drug metabolites.24 Similarly, it could be expected that
by reducing the transit time between the electrochemical cell
and a micromixer, more electrogenerated reactive products
could be captured.
The aim of this work was to develop microfluidic devices
for application in adduct formation studies. Until now, adducts were formed by combining electrogenerated metabolites with biomolecules of interest using a T-junction downstream of the electrochemical cell. The problem with this
approach is that the mixing process tends to be slow and inefficient. Moreover, it can take seconds up to tens of seconds
for the electrochemically generated metabolites to reach this
T-junction.24 If rapid and efficient mixing is desired due to
limited stability of reactive metabolites, another approach is
needed. Due to the small volumes of microfluidic devices,
the time between electrogeneration of reactive metabolites
and follow-up reactions could be drastically reduced through
integration of both an electrochemical and a chemical reactor
in a single device. However, fluid flow in microfluidic structures is usually laminar, often with Reynolds numbers <1. In
this flow regime, mixing relies on diffusion only and various
microfluidic structures have been proposed to enhance
mixing speed and efficiency under these conditions.25–27 In
classical diffusion mixers two streams of reagent are
squeezed through a narrow channel, thereby reducing the
diffusion distance required for mixing.28 Alternatively, laminar flow was manipulated using so-called ‘herringbone’
structures at the bottom of microchannels, which initiate helical flow trajectories.29 Here, typical channel lengths required for mixing were several millimetres. In our work a pas-
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sive gradient rotation mixer was developed to be integrated
on chip together with an electrochemical cell. This mixer was
designed specifically to rapidly mix liquids in the shallow
channels required for thin-layer electrochemical flow cells
and its operating principle is based on rotation of the concentration gradient to span the channel height. A mixing efficiency of 76–80% was measured using fluorescent dyes in a
790 pL volume on a 0.12 mm2 footprint. This mixer was integrated on-chip together with an electrochemical cell
equipped with boron doped diamond (BDD) electrodes,
where we combine the benefits of well-controlled electrochemistry within a small (160 nL) reactor volume to enable
subsequent mixing of electrogenerated metabolites with proteins within seconds after they are generated.
To demonstrate the use of the combined electrochemical/
chemical microreactor for xenobiotic toxicity studies, the
model compound 1-hydroxypyrene (1-OHP) was investigated.
1-OHP is a partially oxidized derivative of pyrene and therefore belongs to the large group of polycyclic aromatic hydrocarbons (PAHs). These widespread environmental contaminants are released due to incomplete combustion of organic
matter, such as carbon-based fuels and it has been reported
that occupational exposure to PAHs is related to increased
risks of cancer.30–33 1-OHP is formed not only due to oxidative transformation processes of pyrene in the environment,
but also represents an important metabolite that is used as a
biomarker in several studies related to occupational exposure
to PAHs.33–36 It has already been shown in electrolytic and
photolytic investigations that oxidation of 1-OHP can lead to
the formation of quinoid species.37,38 These are potential reactive intermediates for protein adduct formation.39
To study the electrochemical oxidation behaviour of
1-OHP in the newly developed microfluidic electrochemical
cell, mass voltammograms were recorded using an online ECMS configuration. To highlight the benefits of BDD on chip
with respect to platinum, a mass voltammogram of 1-OHP
was also recorded using Pt electrodes in an otherwise identical electrochemical cell, showing a reduced potential window
available for oxidation and a smaller amount of products being generated. Following this, the reactivity of these phase I
metabolites towards nucleophilic groups was studied by
mixing them with biomolecules using the gradient rotation
mixer, after which the adducts were analysed using (LC/)MS.
In the first step, adducts formed with the endogenous antioxidant glutathione (GSH) were studied to demonstrate the reactivity of phase I metabolites towards the thiol group of cysteine and to mimic detoxification. Binding of GSH to the
often hydrophobic xenobiotic compound or its reactive phase
I metabolite is a metabolic pathway to produce a hydrophilic
adduct that can be easier transported and ultimately excreted. Following this, the proteins bovine β-lactoglobulin A
(LGA) and human haemoglobin (Hb) were modified with the
electrochemically generated metabolites of 1-OHP. This series
of experiments demonstrates that the microfluidic electrochemical cell with integrated gradient rotation mixer constitutes a powerful tool in xenobiotic metabolism studies; to
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generate reactive metabolites of environmental pollutants,
mimic their detoxification and study possible toxicity as a result of protein binding.

Experimental
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Microfluidic electrochemical cell and micromixer on chip
The electrochemical cell and gradient rotation mixer integrated in a single device are illustrated in Fig. 1A and B. The
chip is built up from four layers of micro-fabricated structures, shown in Fig. 1C, which are I) a BDD-on-insulator wafer with the working and counter electrodes (WE and CE) structured in BDD on top of a Si3N4/SiO2 layer, and II) the pseudoreference electrode (pRE) and electrical contact pads made from
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sputtered platinum. Microchannels were made in 5 μm thick
SU-8 (III), and additional 5 μm deep structures and access holes
were etched and powder blasted in borosilicate glass, respectively (IV). For fluorescence microscopy experiments and online
EC/MS analysis to compare the performance of different
electrode materials, this cell is also fabricated with a complete
Pt three-electrode system in glass (Pt/glass version). Following the
inlet of the electrochemical cell, the flow is split at a T-junction
into two separate channels – one located above the WE and the
other located above the CE (see Fig. 1D), to keep their reaction
products separated. The pRE is located in close proximity to the
WE (300 μm distance) just before the junction to minimize the
electrolyte resistance between these two electrodes and to prevent
unwanted Ohmic drop. A network of narrow channels (frit

Fig. 1 Combined electrochemical and chemical microreactor. A: Photo of completed device equipped with BDD electrodes. B: Exploded view of
the chip, showing the different layers with microstructures. C: Schematic layout of the four layers with structures containing I) a BDD WE and CE,
and II) a Pt pRE and contact pads. Microchannels were made from 5 μm thick SU-8 (III) and additional 5 μm deep structures and access holes were
etched and powder blasted in borosilicate glass, respectively (IV). D: Schematic diagram of the two fluidic layers of structures. E: Expanded view of
the micromixer, indicating the direction of the flow. Insets: The separate structures in SU-8 (I) and glass (II), and a cross-sectional view along the
red line (III).
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channels) is located between the WE and CE channels to promote
ionic conductance between the WE and CE and to generate a uniform current density over the electrodes. It has been shown previously that the use of frit channels can significantly enhance the
electrochemical conversion efficiency of a microfluidic cell.22
The gradient rotation mixer is located just ahead of the WE,
at a distance of ∼1.5 mm, to enable rapid mixing of electrogenerated products with additional reagents. For example, if the
flow rate over the WE is 1 μL min−1, the time for an oxidation
product to reach the mixer will be between 0.1 s (from the end
of the WE) and 1.5 s (from the beginning of the WE). Fig. 1E
shows an enlargement of the mixing structures. This mixer is
fabricated in two fluidic layers of 5 μm depth, which are I) the
SU-8 layer connected to the electrochemical cell, and II) the
etched borosilicate glass layer connected to inlet 2. The channel
coming from inlet 2 is also split at a T-junction, with one channel combining with the flow over the CE, together going to the
waste outlet, and the other channel combining with the flow
over the WE, together entering the mixer. This symmetric design
ensures an equal pressure throughout the WE and CE channels,
resulting in an equal flow rate in both channels and avoiding
undesired convection in the frit channel network. With a total
length of 600 μm, and a width of 200 μm, this mixer has a footprint of 0.12 mm2 and a total volume of 790 pL. With a total flow
rate of 2 μL min−1, the mixing time is 24 ms.
Chemicals
For the mixing efficiency studies, solutions were prepared of
50 μg mL−1 Alexa Fluor 488 (AF 488) and 16 μg mL−1 Alexa
Fluor 647 (AF 647), both in phosphate buffered saline, pH 7.4
(PBS). These concentrations were chosen based on their
reported extinction coefficients (83 000 cm−1 M−1 for AF 488
and 270 000 cm−1 M−1 for AF 647).
For the PAH metabolism studies, a solution was prepared
of 50 μM 1-hydroxypyrene in 50/50 (v/v) 100 mM aqueous ammonium formate (pH 7.4)/acetonitrile. The ammonium formate buffer was adjusted to pH 7.4 using a 1% aqueous ammonia solution. Glutathione was prepared at a 50 μM
concentration in water, and bovine β-lactoglobulin A and human haemoglobin were both prepared at a 20 μM concentration in 6 M aqueous guanidinium hydrochloride.
Alexa Fluor 488 carboxylic acid, trisĲtriethylammonium) salt
and Alexa Fluor 647 carboxylic acid, trisĲtriethylammonium) salt
were obtained from Life Technologies (Bleiswijk, The Netherlands). 1-Hydroxypyrene, glutathione, β-lactoglobulin A, human
haemoglobin, ammonium formate, formic acid and
guanidinium hydrochloride were purchased from Sigma-Aldrich
GmbH (Steinheim, Germany). Acetonitrile was obtained from
Merck (Darmstadt, Germany). Water was purified before use
with an Aquatron A4000D system (Barloworld Scientific,
Nemours, France).
Instrumentation and measurements
The electrochemical/chemical microreactor was installed in a
custom-made chip holder using NanoPort fluidic connectors
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(Upchurch Scientific), and flushed with buffer solution prior
to use. Analyte solutions were introduced at a total flow rate
of 2 μL min−1 at each inlet using a syringe pump (Nemesys,
Cetoni, Korbussen, Germany) installed in a Lab-in-aSuitcase.40 Since both inlets are connected to a T-junction,
this results in a 1 μL min−1 flow over the WE, and both
analytes combined produce a 2 μL min−1 flow through the
mixer and ESI interface, as well as a 2 μL min−1 flow going to
waste. To characterize the micromixer, a Pt/glass microfluidic
chip was installed on the microscopy table of an Invitrogen
EVOS FL Cell Imaging system (Bleiswijk, The Netherlands).
Images were acquired with a Sony ICX285AQ colour CCD
camera. An EVOS GFP light cube was used in combination
with AF 488, and an EVOS CY5 light cube was used in combination with AF 647. To obtain quantitative information about
the mixing efficiency, one dye was used at a time and mixed
with PBS buffer. To visualize the concentration profiles, both
dyes were mixed and overlay images were produced. Image
processing and quantitative analysis was done using ImageJ
software (NIH, Bethesda, USA).
Three different experiments were performed using the
microfluidic electrochemical/chemical reactor. Prior to
electrochemical oxidation, cyclic voltammetry scans were
recorded in buffer solution (−2 to 2 V, 100 mV s−1) until reproducible CVs were obtained. First, mass voltammograms of
1-OHP were recorded using online EC-MS measurements by
applying a linear potential sweep to the WE from 0 to 2.5 V
with a 10 mV s−1 scan rate using a portable potentiostat (SP
200, Bio-Logic, Claix, France). Analyte was introduced at a
flow rate of 2 μL min−1 through inlet 1, and buffer was added
at the same flow rate through inlet 2. This resulted in a total
flow rate of 2 μL min−1 into the MS and 2 μL min−1 going to
waste. The oxidation products were analysed using a time-offlight MS (micrOTOF, Bruker Daltonics, Bremen, Germany),
which was operated in the positive ionization mode. To compare the performance of BDD with Pt as WE materials, oxidation of 1-OHP was evaluated in the Pt/glass version of the
microfluidic electrochemical cell. In this experiment, online
mass voltammograms were recorded by ramping the WE potential from 0 to 1.5 V at 10 mV s−1.
Second, electrogenerated reactive metabolites of 1-OHP
were captured by adding GSH to the 2nd inlet of the chemical microreactor at a flow rate of 2 μL min−1. Mass
voltammograms (0 to 2.5 V, 10 mV s−1) were recorded in online EC-MS measurements to monitor these reactions. Third,
protein modification by reactive metabolites was studied.
Using a constant potential of 1.2 V, 1-OHP was oxidized and
a protein solution (containing β-lactoglobulin A or
haemoglobin) was added to the effluent of the WE channel.
The microreactor was coupled to an injection coil for online
HPLC/MS analysis via a six-port valve connected to an LC system (Alexys, Antec Leyden, Zouterwoude, The Netherlands),
which consisted of two LC 100 pumps, an OR 110 organizer
rack with degasser and pulse dampener, an AS 100
autosampler and a Roxy column oven. By switching the valve,
a 5 μL sample plug was loaded onto the LC column
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(Discovery Bio Wide Pore C5, 150 × 2.1 mm (length × inner
diameter), 5 μm particle size, Supelco, Steinheim, Germany).
The mobile phase was composed of 0.1% formic acid and
acetonitrile, the flow rate was set to 300 μL min−1 and the
temperature was 40 °C. For LGA adducts, a binary gradient
was used starting at 25% acetonitrile for 2 min. Following
this, the amount of acetonitrile was increased to 60% in 4
min and kept at this level for 3 min. The acetonitrile content
was subsequently decreased to 25% in 3 min, after which the
system was equilibrated for 3 min. For Hb adducts, the gradient also started at 25% acetonitrile for 2 min. Following this,
the amount of acetonitrile was increased to 38% in 8 min,
followed by a further increase to 70% in 4 min and kept at
this level for 3 min. The acetonitrile content was subsequently decreased to 25% in 3 min, after which the system
was equilibrated for 3 min. During the first 2.5 min of separation, the LC effluent was directed into the waste container
in order to discard the salt fraction. MS detection was carried
out in positive ionization mode, see detailed settings in the
ESI† Table S1.

Results and discussion
Operating principle of the passive gradient rotation mixer
The challenge faced when designing a mixer for this device
was to work with fluidic layers of 5 μm height, required to
achieve high conversion efficiencies in the electrochemical
cell, while keeping the pressure drop over the mixer within
reasonable limits. To handle this, we designed structures capable of rotating the concentration gradient formed upon
combining the two liquids to such an extent that it spans the
mixing chamber height instead of width and diffusion distances are drastically reduced. This promotes the mixing process within a short distance of 600 μm.
The structures constituting the gradient rotation mixer are
shown schematically in Fig. 2. One mixer inlet is provided
with liquid coming from the WE of the electrochemical cell
in the SU-8 layer, and the second inlet is connected to the
T-junction etched in glass, which means that the two streams
are combined on top of one another. This combined flow enters the mixer through the first ‘neck’, a 10 μm long channel
with a 10 × 10 μm2 cross-sectional surface area, which connects to the first 10 μm deep circular mixing chamber. Inside
this chamber, the flow is split and recombined in the second
neck. This structure is repeated to split-and-recombine the
flow a second time before the solution is ejected from the
mixer via the third neck. At the outlet, the channel depth is
reduced to 5 μm height, as these channels are made from
SU-8 only.
At the entrance of the mixer, the concentration profile is
diagonal due to the stacked inlet channels. To rapidly mix
these liquids, mass transport has to be enhanced. In this
mixing process, the initially diagonal concentration gradient
that emerges upon combining the two flows is rotated to reduce diffusion distances and enlarge interfacial contact area
of the liquids. To achieve this, 5 μm high barriers are located
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Fig. 2 Illustration of the gradient rotation mixer. Flow directions are
indicated with arrows, and the structure heights are doubled for easier
visualization.

at the entrance and exit of each mixing chamber, that manipulate the flow velocity field in such a way that the concentration profile is forced to rotate, providing a nearly vertical gradient within the mixing chambers. See also Fig. 1E (III) for a
schematic illustration of the structures. This mixing process
is further investigated using numerical simulations.
Numerical simulation
To predict the mixing efficiency in a 3D model of the mixing
structures, simulations were performed using COMSOL
Multiphysics (version 5.1). First, the flow velocity and pressure variables were calculated for a stationary incompressible
laminar flow according to the steady-state Navier–Stokes and
continuity equation:
ρu·∇u = −∇p + μ∇2u

(1)

∇·u = 0

(2)

Viscosity ( μ) and density ( ρ) of water were used (0.89 mPa s
and 1000 kg m−3, respectively). Boundary conditions at each
inlet are set to 1 μL min−1 flow rate, and at the outlet is zero
pressure (vs. a reference pressure of 1 atm). All other boundaries are provided with a no-slip condition (u = 0). The calculated velocity field was subsequently used to obtain concentration profiles by solving the steady-state convectiondiffusion equation:
u·∇c = D∇2c

(3)

Boundary conditions at the two inlets are a starting concentration (c0) of 1 mM and zero concentration, respectively. The
concentration gradient normal to the outlet is assumed to be
zero and the normal flux at all other boundaries are zero.
The diffusion coefficients (D) evaluated are 4.4 × 10−10 and
3.3 × 10−10 m2 s−1 from the two Alexa Fluor dyes (AF 488 and
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AF 647, respectively41,42), 1.0 × 10−09 and 1.0 × 10−10 m2 s−1.
The concentration profiles obtained for AF 488 are shown in
Fig. 3A.
It can be seen that the concentration gradient is stretched
to span the mixing chamber height over almost the entire
width of the first chamber. In the second mixing chamber,
only a shallow gradient can be observed because the species
are largely mixed. In the 2D cross-sectional plots of the 10 ×
10 μm2 necks, a clockwise rotation of the concentration gradient can be observed when moving in the direction of the
flow velocity. The arrows represent the horizontal (u) and vertical components (w) of the velocity field u. These transversal
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components, which are absent in a regular straight channel
carrying a laminar flow (see example in Fig. 3C), result from
manipulation of the laminar flow velocity field within these
mixer structures and are expected to be responsible for
mixing in this configuration. As can be seen in Fig. 3A (III),
rotation of the concentration gradient is more than the required 45° that would be needed for it to be vertically directed; a rotation of almost 180° was produced instead, to
form a semi-diagonal concentration profile at the outlet (IV).
Nevertheless, significant mixing did occur in the process. As
it turns out, manipulation of the concentration gradient depends on the diffusion coefficient and flow rate that is used.

Fig. 3 Numerical simulation results of the gradient rotation mixer. A: 3D plot of the mixer (including spatial dimensions in μm and coordinate
system) containing slices with concentration profiles across the mixer, showing the gradient to be stretched out inside the two mixing chambers.
Insets: Cross-sectional view of the concentration profiles in the three 10 × 10 μm2 ‘necks’. The arrows represent x and z components of the flow
velocity field. B: Concentration distribution at the centre plane of the mixer. Along the red line, the concentration is averaged over the channel
depth and plotted as a function of position for diffusion coefficients D = 1.0 × 10−09, 4.4 × 10−10, 3.3 × 10−10 and 1.0 × 10−10 m2 s−1. C: Simulated
concentration profile of a diffusion mixer employing a T-junction. D: Concentration profile representing zero mixing, which is used for efficiency
calculations.
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If, for example, a substance with D = 1.0 × 10−09 m2 s−1 is
used in combination with a total flow rate of 1 μl min−1, the
concentration gradient is rotated toward a more vertical direction. See ESI† Fig. S2 for an analysis analogous to the one
of Fig. 3. Here, the lower Q and higher D produce Peclet
numbers throughout the system that are shifted compared to
the simulations in Fig. 3 to favour more diffusive mass transport, and it could be expected that the rotation of the concentration gradient, which is mainly the result of advection, is
therefore less prevalent. Using these kinds of simulations,
the number of mixing chambers in future designs can be easily adjusted to fulfil the requirements of specific applications.
For example, adding a chamber would increase the mixing efficiency as well as the residence time and footprint.
To quantify the mixing process, mixing efficiency is defined by calculating the standard deviation σmix around the
average concentration (c̄) measured over the channel width,
in an approach analogous to Johnson et al.43 This represents
the extent to which the concentration distribution deviates
from perfect mixing, which is a uniform concentration equal
to c̄ everywhere in the channel:

(4)

The concentration is measured at N points along a line spanning the outlet channel. σ 0 represents 0% mixing and is defined by the situation in which c0 is present over half the
channel width and the other half has zero concentration, as
illustrated in Fig. 3D. Using the concentration profiles
extracted from the simulations (Fig. 3B), predicted mixing efficiencies at 2 μL min−1 are 82% for AF 488 and 79% for AF
647. In addition, efficiencies of 72 and 92% were found for
diffusion coefficients of 1.0 × 10−10 and 1.0 × 10−09 m2 s−1,
respectively.
The simulated pressure drop over this mixer was 130
mbar. The pressure of a straight channel with a certain width
(w), height (h) and length (l), with w ≫ h, is related to the
flow rate (Q) by:
(5)
With w = 200 μm, h = 5 μm, Q = 2 μL min−1 and the viscosity
of water (0.89 mPa s), the channel length providing an equivalent pressure drop is calculated to be 914 μm. Simulation of
a standard diffusion mixer based on a T-junction of this
length results in mixing efficiencies between 7.8–13% for the
four diffusion coefficients between 1.0 × 10−10 and 1.0 × 10−09
m2 s−1 (see the result for AF 488 in Fig. 3C). From this, it can
be concluded that our newly designed gradient rotation mixer
with a comparable footprint (200 μm wide, 600 μm long) provides a significantly improved mixing efficiency. It can be noticed that the variation in mixing efficiency with changing
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diffusion coefficients is lower in our mixer compared to the
T-junction. This suggests that in our mixer a combination of
diffusion and advection is responsible for the mixing process,
which qualifies this design to be used for mixing a variety of
biological and chemical substances.
Experimental characterization
To verify the simulations, fluorescence images were analysed
using two fluorescent dyes. First, both dyes were individually
mixed with PBS to obtain quantitative information about the
mixing efficiency. Following this, they were combined to obtain a visualization of the concentration distributions inside
the mixing chambers. In both experiments, the flow rate at
each mixer inlet is 1 μL min−1, resulting in a total flow of 2
μL min−1 through the mixer. From the data shown in Fig. 4A,
a mixing efficiency was calculated using a modified version
of eqn 4, in which the recorded pixel intensity values are
used instead of concentrations (fluorescence intensity is proportional to dye concentration in dilute solutions). The experimentally determined mixing efficiencies are 80 and 76% for
the AF 488 and AF 647 dyes, respectively, which compares
well with the simulation results. Fig. 4B shows the microscopy image obtained when the two dyes are combined. In a
qualitative way, this concentration distribution resembles the
simulated distribution from Fig. 3B quite well. In the first
mixing chamber, the concentration gradient is stretched out
and in the second chamber mixing has been accomplished to
a large extent. Ultimately, the purple dye that entered the
mixer from the top side can be found at the bottom of the
outlet channel, and vice versa for the green dye, which confirms that the concentration gradient has turned >45°.
To maintain the focus of this paper on adduct formation
using the gradient rotation mixer, the electrochemical cell design and its characterization are presented in a separate publication.44 However, to show the advantage of integrated BDD
electrodes and to motivate the selected WE potential ranges,
CVs recorded in electrolyte solution using BDD and platinum
WEs are included in the ESI† Fig. S3.
Electrochemical oxidation of 1-hydroxypyrene
The capability of the microfluidic electrochemical/chemical
microreactor to generate PAH metabolites was tested using
1-hydroxypyrene (1-OHP). A linear potential sweep from 0 to
2.5 V was applied to the WE with a scan rate of 10 mV s−1 in
an online EC-MS experiment. From these data, mass
voltammograms are produced that allow one to determine
the potentials at which oxidation products are generated and
to perform a rapid qualitative screening of the various products that are formed. The proposed oxidation pathway of
1-OHP is shown in Fig. 5A, and the recorded mass
voltammogram in Fig. 5B. Note that only one structural formula is presented in these figures for each (intermediate)
product, but multiple isomers can be formed upon oxidation
(e.g., 1,6-pyrenequinone and 1,8-pyrenequinone are known oxidation products of 1-OHP (ref. 38)). It can be seen that oxidation starts at ∼0.4 V with a decrease in signal intensity for
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Fig. 4 Fluorescence spectroscopy measurements to determine mixing
efficiency. A: Intensity profiles for AF 488 and AF 647, measured at the
outlet of the mixer when both dyes are introduced at a flow rate of 1
μL min−1. The average intensity is plotted (dashed), around which the
standard deviation was calculated. B: Combined fluorescence images
of both dyes, showing qualitatively the mixing effect and rotation of
concentration gradients. Intensity profiles from (A) are obtained from
measurements along the red line, which is positioned at the same
distance from the mixer outlet as the red line in Fig. 3B.

1-OHP (m/z = 217 and 218) and a simultaneous increase in
the signal for the pyrene quinone (PQ) (m/z = 233). The signal
intensity for PQ remains stable until the upper limit of the
potential sweep at 2.5 V. Also at 0.4 V, PQ is further hydroxylated to form hydroxypyrene quinone (m/z = 249), and pyrene
quinone imine (PQI) is formed through addition of an amino
group followed by hydrogen loss (m/z = 232). At potentials of
0.8 V and above, the signal for 1-OHP has almost completely
disappeared, indicating nearly 100% electrochemical conversion efficiency in the microfluidic cell.
These results demonstrate that this electrochemical microreactor can be used in an online EC-MS setup to generate
mass voltammograms and obtain a rapid assessment of
phase I metabolites that could emerge upon oxidation. To
demonstrate the importance of the integrated BDD electrodes
in these devices, an electrochemical cell having an identical
geometry equipped with a Pt three-electrode system was used
in the same online EC-MS arrangement. A mass
voltammogram was recorded by applying a linear potential
sweep to the WE (0 to 1.5 V, 10 mV s−1); see Fig. 6. The onset
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Fig. 5 Oxidation of 1-hydroxypyrene. A: Proposed pathway showing
expected intermediates and observed metabolites. Note that one
structural formula is given for each (intermediate) product, but
multiple isomers can be formed by this mechanism. B: Mass
voltammogram showing MS signal intensities of 1-OHP and its oxidation products pyrene quinones (PQ, m/z = 233), pyrene quinone imine
(PQI, m/z = 232) and hydroxypyrene quinone (HPQ, m/z = 249) as a
function of applied WE potential. The onset of oxidation is ∼0.4 V.

of oxidation at this Pt WE is ∼0.8 V, which is evident from a
decrease in signal intensity for 1-OHP, and a concomitant increase in signal intensity for the PQ and PQI metabolites. Although the signal for 1-OHP has not yet disappeared, higher
potentials >1.5 V could not be applied due to the onset of
water electrolysis. The oxidation product hydroxypyrene quinone, which was observed upon oxidation at BDD, is absent
in this mass voltammogram. This comparison demonstrates
that BDD could be regarded a better choice of electrode material for PAH metabolism studies. A possible explanation for
this superior performance could be the capability of BDD to
generate hydroxyl radicals (˙OH) at sufficiently high potentials that can oxidize organic compounds.45 This is illustrated
by studies of Comninellis et al., who used 2-naphthol and
phenol to demonstrate that oxidation at a BDD electrode occurs via two mechanisms.46,47 At relatively low potentials,
within the limits of electrolyte stability, partial oxidation occurs to form quinones (among a few other compounds), and
a polymeric film can develop at the electrode surface. At
higher potentials, in the region of electrolyte decomposition,
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complete oxidation to CO2 could be achieved. This improvement was attributed to the formation of hydroxyl radicals,
which could both contribute to the oxidation of 2-naphthol
and prevent passivation of the electrode surface:

Published on 16 September 2016. Downloaded by Universiteit Twente on 09/01/2017 11:37:33.

H2O → ˙OH + H+ + e−

(6)

In comparison, at Pt electrodes, irreversible adsorption
and polymerization of the phenol oxidation products hydroquinone and benzoquinone was observed,48 which rapidly decreased electrode activity.
Fig. 6 Mass voltammogram of 1-OHP recorded using a microfluidic
electrochemical cell equipped with a platinum three-electrode system
having an identical geometry as the cell used to obtain Fig. 5. Compared to the mass voltammogram recorded using BDD based electrochemical cells, limited oxidation of 1-OHP took place, and the only
metabolites observed were pyrene quinones (PQ) and quinone imines
(PQI).

Phase I + II metabolism of 1-OHP
In the second step, the reactivity of electrogenerated phase I
metabolites of 1-OHP towards the antioxidant glutathione
(GSH) was evaluated. Glutathione conjugation is an in vivo
detoxification process and part of the metabolism of PAHs.
By generating both phase I and phase II metabolites in a

Fig. 7 Oxidation of 1-OHP followed by conjugation with GSH. A: Mass voltammogram showing two glutathione adducts. B: Mass voltammogram
in the low mass range showing monoadducts with GSH. C: Mass voltammogram in the high mass range showing diadducts with GSH. D: Reaction
pathway of two GSH conjugation steps.
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other GSH molecule to produce a diol and quinone diadduct
(Fig. 7C). The diol monoadduct and diol diadduct signals in
Fig. 7B and C show a rather stable signal starting at ∼0.8 V
until the upper limit of the potential sweep. However, the
quinone monoadduct and quinone diadduct signals show an
optimum at ∼1.3 V, after which the peaks disappear upon increasing potential, probably due to other reactions involving
these PQ products. The nature of these reactions could not
be elucidated, because no other products were found in this
m/z range.

Protein modification by reactive metabolites

Fig. 8 Deconvoluted mass spectra of β-lactoglobulin A (18363.3 Da)
incubated with 1-OHP. A: The WE potential was set to OCP (control).
B: The WE potential was set to 1200 mV. Electrochemical oxidation of
1-OHP leads to modification of LGA, which became evident from the
peak at 18595.0 Da. This peak is shifted by 231.7 m/z units with respect
to the LGA peak, which corresponds to the addition of one pyrene quinone to form a diol adduct (see Fig. 7D).

single microfluidic device, we demonstrate a rapid assay to
study detoxification of these common environmental
pollutants.
1-OHP was oxidized using a linear potential sweep (0–2.5
V, 10 mV s−1), and the oxidation products were allowed to react with GSH in the gradient rotation mixer immediately after
leaving the WE of the electrochemical cell. The recorded
mass voltammogram is shown in Fig. 7A. Starting at ∼0.6 V,
two series of PQ-GSH adducts were detected: one of a PQ with
a single GSH, and one of PQ with two GSH molecules. In addition, Na+ and K+ adducts give rise to extra series of peaks
with a mass shift of 22 and 38 m/z units, respectively, compared to the protonated molecules. The reaction pathway
leading to these GSH conjugated products is shown in
Fig. 7D. Upon electrochemical oxidation of 1-OHP, pyrene
quinone is formed that can react with the free thiol group of
cysteine in a 1,4-Michael addition to produce a pyrenediol
adduct (m/z = 540). This diol can undergo further autoxidation to form the quinone adduct (m/z = 538). Fig. 7B shows
the mass voltammogram for these single adducts. In a
follow-up reaction, the quinone adduct can react with an-

This journal is © The Royal Society of Chemistry 2016

In the next step, the reactivity of phase I metabolites of
1-OHP towards proteins was tested, with the aim of evaluating possible toxicity as a result of protein binding. The proteins β-lactoglobulin A and haemoglobin were used for these
studies. 1-OHP was oxidized at a constant potential of 1200
mV and oxidation products were allowed to react with the
proteins in the integrated gradient rotation mixer. The reaction mixture was subsequently loaded onto an LC column for
online HPLC/MS analysis.
β-Lactoglobulin A (LGA) has 162 amino acids, among
which is one free cysteine. It was shown before, using GSH,
that the nucleophilic thiol group of cysteine readily reacts
with the phase I metabolite PQ. Therefore, it is expected that
LGA can be modified by PQ at the cysteine thiol group in a
similar fashion. Fig. 8A shows the deconvoluted mass spectrum of LGA (18363.3 Da), showing also a lactose-modified
version of LGA (18687.6 Da), which is recorded in a control
experiment where the WE potential was set to open circuit
potential (OCP). Upon electrochemical oxidation of 1-OHP at
1200 mV, a new signal becomes visible with a mass shifted
231.7 Da higher (18595.0 Da) compared to unmodified LGA
(see Fig. 8B). This mass difference coincides with the addition of one PQ, forming the diol adduct in a 1,4-Michael addition analogous to the mechanism shown in Fig. 7D, which
demonstrates that protein modification by reactive PAH metabolites is possible and can be studied using our combined
electrochemical/chemical microreactor.
In a final experiment, the larger protein haemoglobin was
used to verify adduct formation by reactive metabolites of
1-OHP. Haemoglobin is an important oxygen transport protein in red blood cells. It is constituted from two α- and two
β-subunits, designated Hb-α and Hb-β, respectively, and each
subunit is provided with an iron-containing heme group. Under the strongly denaturing conditions used in these experiments, the protein subunits can be individually detected.
Fig. 9A shows the deconvoluted mass spectra of Hb-α
(15126.5 Da) and Hb-β (15867.3 Da), which were recorded in
a control experiment where the WE potential was set to OCP.
Upon electrochemical oxidation of 1-OHP at 1200 mV, new
peaks are observed at higher masses: 15 356.9 Da for modified Hb-α and 16 098.1 Da for modified Hb-β (Fig. 9B). The
mass differences of 230.4 and 230.8 Da can be related to the
addition of one PQ in a 1,4-Michael addition followed by an
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Fig. 9 Deconvoluted mass spectra of haemoglobin, consisting of
α-subunits (15126.5 Da) and β-subunits (15867.3 Da), incubated with
1-OHP. A: The WE potential was set to OCP (control). B: The WE potential was set to 1200 mV. Electrochemical oxidation of 1-OHP leads
to modification of both subunits, which became evident from new
peaks at 15356.9 Da and 16098.1 Da. This represents a mass shift of
230.4 and 230.8 m/z units, which can be related to the addition of one
pyrene quinone to the Hb-α and Hb-β subunits, respectively, to form
quinone adducts (see Fig. 7D).

oxidation step to yield the quinone adduct, analogous to the
mechanism shown Fig. 7D. Although Hb-β has two free cysteine
residues, only a single adduct has been detected. This could be
due to the accessibility of the respective cysteines, or to the fact
that 1-OHP was present in only a 2.5-fold excess over Hb.
It should be noted that two different adducts are formed with
the two proteins studied. The main product from LGA reacting
with electrogenerated PQ was a diol adduct, whereas the quinone adduct was preferred upon Hb modification. The reason for
this difference in detected adducts is unclear, but it has been
observed already for the GSH adduct formation (see Fig. 7) that
both types can coexist. In the cases of the protein adducts, it
could be that either one form is preferred, or both forms are present, but due to the limited resolution obtained after
deconvolution they are not separated.
Nevertheless, these results demonstrate that also the modification of complex proteins by electrogenerated metabolites
can be investigated using our microfluidic electrochemical/
chemical reactor.
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In this work we demonstrate the development and use of a fully
integrated electrochemical/chemical microreactor for generating
phase I and II metabolites of 1-hydroxypyrene and to assess adduct formation. Detoxification by glutathione was demonstrated,
as well as protein binding by reactive metabolites to study potential toxicity. Integrated BDD electrodes were capable of generating a larger amount of oxidation products compared to Pt and
benefit from a larger potential window of electrolyte stability.
The novel gradient rotation mixer with a sub-nanoliter volume
enables mixing reactive oxidation products with additional reagents within seconds after they are generated and with an efficiency of ∼80%, which is ∼8-fold higher than a T-junction mixer
with a comparable footprint and pressure drop. Successful mimicry of 1-OHP detoxification by GSH and modification of
β-lactoglobulin A and haemoglobin demonstrate that this microreactor can be used to predict potential hazards associated with
exposure to this class of environmental pollutants.
Further improvements could be made by systematically
studying the mixing efficiency as a function of diffusion coefficient, volumetric flow rate and number of mixing chambers
to enable easy optimization of the geometry based on
application-specific requirements. In addition, the short time
between electrogeneration and adduct formation could be
further exploited by investigating electrogenerated short-lived
metabolites. Finally, the formation of adducts with other relevant biomolecules such as DNA can be envisioned using this
versatile platform for xenobiotic toxicity studies.
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