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ABSTRACT
The oxidation behavior of L-tyrosine was studied using a carbon-based screen-printed electrode in ammonium acetate buffer,

coupled with an electrochemical flow cell and mass spectrometry via capillary electrophoresis. Cyclic voltammetry and linear

sweep voltammetry were employed to investigate the oxidation behavior of this compound. The migration in capillary electro-

phoresis, mass-to-charge ratios, and isotopic patterns of L-tyrosine’s oxidation products were examined. Results indicated that

three different diffusive oxidation products could be detected within a potential range of 0–1.3 V. Because measurements are made

over a short time, both stable oxidation products and intermediates could be observed. Three main product species were recorded

with real-time electrochemistry-mass spectrometry and electrochemistry coupled to capillary electrophoresis-mass spectrometry.

The product species 3-nitrotyrisine was identified with the help of an available standard, and the formulas of the other two

product species were determined, along with suggestions corresponding to structures.

1 | Introduction

Tyrosine (Tyr) is one of the nonessential amino acids involved in
key physiological processes. Several studies have detected Tyr-
related oxidation products in serum, eye lens, cerebrospinal fluid,
and brain. These findings suggest that increased levels of Tyr oxi-
dation products in oxidatively damaged proteins are associated
with various diseases, including atherosclerosis [1], eye cataracts
[2], Parkinson’s, and Alzheimer’s diseases [3]. As a result, clinical
interest in Tyr oxidation products has led to the development of
important techniques for their specific analysis.

First, providing a selective sample pretreatment or analyte
conversion technique plays a significant role. Tyr-dependent oxi-
dation studies have been achieved using several methods, includ-
ing chemical, electrochemical, photochemical, and enzymatic
oxidation with phenylalanine hydroxylase [4–7], as well as non-
enzymatic oxidation by hydroxyl free radicals [8].

One of the most well-known enzymatic oxidation products of Tyr
is L-DOPA (L-3,4-dihydroxyphenylalanine), catalyzed by the
enzyme Tyr hydroxylase [9]. L-DOPA is a crucial intermediate
in the biosynthesis of catecholamines, including dopamine, nor-
epinephrine, and epinephrine, which play vital roles in neuro-
transmission and stress responses [10–12]. On the other hand,
nonenzymatic oxidation of Tyr is often derived by reactive oxy-
gen species (ROS) or metal ions, generating various quinones and
reactive intermediates [4, 13, 14]. For instance, Tyr can be oxi-
dized to form Tyr radicals, which may dimerize to produce di-
Tyr, a cross-linked product commonly used as a biomarker for
oxidative stress in proteins [15, 16]. Aromatic ring of Tyr can also
be nitrated by peroxynitrite (ONOO−). Superoxide (O2

•−) and
nitrogen monoxide (•NO) combine quickly to generate
ONOO− and it is suggested that the nitration of Tyr proceeds
through a radical mechanism with the intermediary production
of •NO2 [17]. Additionally, under strong oxidizing conditions,
Tyr can degrade into smaller molecules such as p-hydroxyphenyl
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pyruvic acid or homogentisic acid, which are involved in meta-
bolic pathways or accumulate in certain genetic disorders like
alkaptonuria [18, 19].

The oxidation products of Tyr have significant implications in
both physiology and pathology. In melanocytes, the formation
of melanin from Tyr oxidation protects cells from DNA damage
[20]. While in neurodegenerative diseases like Parkinson’s, this
misregulation of Tyr-derived catecholamines contributes to neu-
ronal degeneration [21]. Furthermore, oxidative modifications of
Tyr residues in proteins are associated with aging, inflammation,
and various diseases, highlighting the dual role of Tyr oxidation
as both a protective mechanism and a contributor to oxidative
damage [22, 23]. Understanding these pathways provides insights
into therapeutic strategies targeting oxidative stress-related con-
ditions [24].

Tyr-containing peptides are susceptible to oxidation, primarily
through the modification of the phenolic side chain of Tyr
residues. This oxidation can occur via various mechanisms,
including reactions with ROS, metal-catalyzed oxidation, or
enzymatic processes mediated by peroxidases or tyrosinases
[4, 25, 26]. The primary oxidation products of Tyr include di-
Tyr, DOPA, and Tyr quinones, which can lead to cross-linking
or aggregation of peptides and proteins [13, 14, 25, 26].
Analytical techniques such as mass spectrometry and HPLC
are commonly used to monitor Tyr oxidation products, enabling
researchers to study their mechanisms and consequences.
Understanding and controlling Tyr oxidation is crucial for
optimizing peptide-based therapeutics, food products, and
biomaterials [24, 27, 28].

Early electrochemical studies on Tyr confirmed its electroactive
nature at carbon-based electrodes [29–32]. In 1980, Malfoy and
Reynaud [29] reported the first mechanistic studies using gold
and vitreous carbon electrodes. In a recent study, Todorov
et al. [33] reported a more detailed mechanistic insight into tyro-
sine oxidation based on fast-scan cyclic voltammetry (CV) studies
using carbon-fiber microelectrodes. They were able to distinguish
between adsorbed and diffusing product species.

In 2010, Bischoff et al. [34] led a study on the electrochemical
oxidation and cleavage of Tyr-containing peptides by coupling
electrochemistry to mass spectrometry (EC–MS) as a potential
instrumental alternative to chemical and enzymatic cleavage.
The detected products were divided into three groups: cleavage
products, noncleavage oxidation products, and unassigned prod-
ucts, which include dimers for Tyr-containing peptides.

Using EC, redox reactions can be easily achieved under physio-
logically relevant conditions. Electrochemical oxidation offers
numerous benefits, including well-controlled parameters such
as a wide variety of electrode materials, adjustable oxidation
potentials, and variable reaction times, all within a simple setup
[35]. Therefore, electrochemical oxidation is an attractive alter-
native to other oxidation processes.

Apart from sample pretreatment, several classical separation and
detection techniques are available to analyze Tyr’s oxidation
products and understand the reaction mechanism. MS has
become an important detection technique for the measurement

of amino acids in recent years, which is usually coupled with GC
or HPLC [36, 37].

In this context, coupling EC with MS (EC–MS) is among the most
powerful techniques because it enables measurements to identify
both products and intermediates of electrochemical reactions,
although it requires significant expense and expertise [38].
Notably, the versatility of MS arises from two main points: first,
MS is a highly sensitive and effective detector for electrochemical
cells; second, its compatibility with many electrochemical setups
and ability to provide information on molecular weight and isoto-
pic patterns offer reliable data on various target analytes [39].
Additionally, MS analysis can contribute to structural determina-
tion using tandem MS techniques [40]. Overall, real-time
coupling of EC with MS allows for the simultaneous characteriza-
tion of both electrochemical and mass spectrometric properties of
the analyte, delivering complementary information that improves
understanding [41]. In this work, the EC–MS approach relies on
the straightforward coupling of a modified electrochemical flow
cell to an electrospray ionization (ESI) interface originally
designed for capillary electrophoresis (CE) measurements [42].

CE is used as a separation method, and the oxidized sample is
simply directly injected into the capillary from an integrated dis-
posable screen-printed electrode surface [43]. This provides us
with several advantages, such as easy coupling to MS, high-speed
analysis, and efficient transfer into the separation system [43, 44].

In this study, a real-time mass voltammogram was recorded by
online EC–MS using an electrochemical flow cell with an
integrated disposable carbon screen-printed electrode, providing
the potential-dependent product profile. On the other hand, EC–
CE–MS electropherograms resulting from measurements with
and without electrochemical pretreatment were investigated to
study the separation behavior and the structural properties of
the electrogenerated species.

2 | Experimental

2.1 | Chemicals and Materials

The following chemicals of analytical grade were used:
acetic acid (Sigma–Aldrich, MO, USA), formic acid (Merck,
Darmstadt, Germany), isopropanol (Roth, Karlsruhe,
Germany), Tyr, caffeine, and 3-nitrotyrosine (Sigma–Aldrich,
St. Louis, MO, USA). Fused silica capillaries (Polymicro
Technologies, USA) with an inner diameter (ID) of 50 μm and
an outer diameter (OD) of 360 μm were used. Disposable
screen-printed carbon electrodes (SPCEs) (type DRP-110) were
obtained from DropSens (Metrohm DropSens, Spain).

2.2 | EC–MS Experimental Setup

The electrochemical conversion of Tyr was performed using a
modified flow cell (Metrohm DropSens, Spain) for screen-printed
electrodes (SPEs). Type DRP110 SPEs (Metrohm DropSens,
Spain) with carbon-based counter and working electrodes,
and a silver quasireference electrode were used for all the
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electrochemical protocols. All potentials refer to the silver qua-
sireference electrode. A scan of potential was applied using a
μAutolab III potentiostat, controlled by NOVA 2.0 software
(Metrohm Autolab B. V., Utrecht, The Netherlands). The sample
solution flowed through the electrochemical flow cell by imple-
menting a syringe pump of type UMP3 with a Micro2T pump
controller (World Precision Instruments, USA) equipped with
a 1mL glass syringe. For MS detection, a Bruker micrOTOFmass
spectrometer (Bruker Daltonics, Bremen, Germany), equipped
with a grounded coaxial sheath liquid ESI interface (Agilent
Technologies, Waldbronn, Germany), was used. Sheath liquid
(isopropanol/H2O/formic acid 49.9:49.9:0.2 v/v/v) was injected
using a syringe pump (Type 161 553, KD Scientific, Holliston,
MA, USA), equipped with a 1mL glass syringe (ILS,
Stu·tzerbach, Germany) at a flow rate of 8 μL min−1. A fused sil-
ica capillary (ID 50 μm) with a length of 21 cm was used to con-
nect the flow cell and the MS. One side of the fused silica
capillary (injection end) is polished with a 15-degree angle to
keep the closest (and well-specified) distance between the tip
of the capillary and the surface of the working electrode, and
the detection end of the capillary is installed in a grounded
ESI sprayer. The ESI–MS was operated in positive ion mode
using the following settings: ESI voltage of 3 kV, mass range
m/z 50−500, spectra rate 5 Hz, nebulizer 1.0 bar, dry gas
8.0 L min−1, dry temperature 250°C.

2.3 | EC–CE–MS Experimental Setup

An existing fully automated EAI cell setup [43], in combination
with a laboratory-assembled CE system and a micrOTOF-MS,
was utilized to perform all experiments, as illustrated in
Figure 1; 65 μL of the sample solution was applied to the central
region of the SPE (DRP-110). During electrochemical pretreatment,
a 1.2 V oxidation potential was applied for 20 s. Afterward, the sep-
aration capillary was automatically moved into the sample drop
with an injection time of 10 s. The capillary was then moved back
into the buffer vial. Electrophoretic separations were performed by
applying a high voltage of 25 kV for all measurements. The sepa-
ration capillaries were 35 cm long. The sample solution contained

1.0mM Tyr and 0.05mM caffeine as the electroosmotic flow (EOF)
marker in 50mM ammonium acetate (pH 7). 500mM acetic acid
with pH 3.6 was used as the buffer for the separation. MS/MSmeas-
urements were carried out using EC–CE combined with a Q-TOF-
MS system (model 6540, Agilent Technologies) using the following
parameters: ion source: AJS ESI; dry gas temperature 300°C; dry
gas flow 8 L min−1; nebulizer gas pressure 2.8 bar; sheath gas tem-
perature 300°C; sheath gas flow 10 L min−1. Collision-induced dis-
sociation of target species at 10 and 20 eV.

3 | Results and Discussion

3.1 | Online EC–MS Measurements

To begin, CV measurements were performed to investigate the
electrochemical activity of Tyr on SPE DRP-110. Figure 2 shows

FIGURE 1 | Experimental setup of the fully automated EAI–CE–MS system.

FIGURE 2 | Cyclic voltammograms of 50mM ammonium acetate

buffer (pH 7.2) as the background electrolyte (BGE) (black dashed line)

and 1mM Tyr in 50mM BGE (pink line). Voltammograms were recorded

from 0 to 1.4 V at a scan rate of 10mV/s using SPCE DRP-110.
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the CV measurements of a 50 mM ammonium acetate buffer, pH
7.2, as the background electrolyte (BGE) and 1mM Tyr prepared
in BGE.

For the first step of our experiments, EC–MSmeasurements were
carried out to gain information about the potential-dependent
formation of electrogenerated oxidation products of Tyr. The
sample solution was degassed using a sonication bath to release
trapped gases, particularly oxygen, carbon dioxide, and nitrogen
from the sample solution. To prevent the time delay between the
electrochemical reaction and MS detection, the flow rate is opti-
mized and set to 16 μL/min. This condition provides measure-
ments with a transfer time of less than 2 s and makes it more
probable to determine the less stable products, aside from the
stable ones. Figure 3 shows the mass voltammogram of a
1mM Tyr solution in 50 mM ammonium acetate in neutral
media. A mass voltammogram not only validates MS information
(m/z, MS signal intensity) but also allows for current-potential
characteristics to be carried out at the same time. A different oxi-
dation potential of Tyr in LSV measurements compared to CV
measurements could be seen here as a result of the hydrody-
namic nature of LSV measurements in a flow cell, providing a
different mass transport situation. However, the CV measure-
ment is done in static mode, outside of a flow cell.

Here, m/z indicates mass-to-charge ratios of protonated species
([M+H]+). As can be seen, after 0.5 V, the intensity of the
extracted ion trace of Tyr (m/z 182.08) decreases, and the mass
intensity of the main electrochemical oxidation product, P1 (m/z
180.06), increases and stays almost the same until the end of
the measurement. The mentioned product could be formed by
a 2-electron transfer mechanism resulting in the keto–enol deriv-
ative of Tyr [33, 34].

At the potential range of 0.6 –1.1 V, one electron from the
phenolic hydroxyl group is removed, generating a reactive
Tyr phenoxyl radical. This radical undergoes dimerization to
form di-Tyr, a stable cross-linked product. The extracted ion
trace of 361.14 (P2) probably indicates dimerized Tyr [45].
The mass accuracy of the detected species was measured to
be between 2 and 5 ppm. Another oxidation product, with a
mass-to-charge ratio of 227.06 (P3), shows up in the potential
range between 0.6 and 0.9 V. P3 could be generated through
the addition of a nitrogen dioxide group (•NO2) to the phenolic
ring, resulting in 3-nitrotyrosine. This is probably a result of
complex electrochemical reactions happening on the surface
of the electrode [33]. The very same results were achieved by
measuring 1 mM tyrosine in 500 mM acetic acid, pH 3, to con-
firm that the formation of P3 is not an artificial effect of the used
BGE. Through these measurement results, it can be seen that
several species are being formed simultaneously, and many
complex electrochemical processes are going on at the same
time.

To the best of our knowledge, no online EC–MS studies were
conducted on Tyr using SPEs, while several studies were
conducted on the electrochemical oxidation of Tyr-containing
peptides using a porous graphite electrode. Various oxidation
products were reported, including peptide fragments formed
by hydrolysis at the C-terminal side of Tyr [34, 46].

The low signal intensities in the EC–MS studies make it
difficult to further investigate the details. Therefore, EC–CE–
MS measurements were conducted by applying a specified
potential for a longer timescale to not only determine migration
behavior but also provide measurements with more detailed
information.

FIGURE 3 | Mass voltammogram of 1mM Tyr solution in 50mM ammonium acetate buffer (pH 7.2). The measurements were conducted on a

carbon-based SPE implemented in a flow cell. Linear sweep voltammograms were performed from 0 to 1.3 V at a scan rate of 10mV/s. Currents recorded

during measurements are shown as a blue dashed line. The flow rate of the sample solutions was 16 μL/min. The transfer capillary had an ID of 50 μm
and a length of 23 cm.
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3.2 | EC–CE–MS Measurement

In the second part of the experiments, online EC–CE–MS meas-
urements were performed on a 1mM Tyr solution in 50 mM
ammonium acetate adjusted to pH 7, containing 0.1 mM caffeine
as an EOF marker. If the detected species in EC–MS measure-
ments are unstable or prone to react while moving through
the capillary, they may not be detected due to the longer transfer
times through a rather long capillary in the CE part.
Nevertheless, all the components detected in EC–MS measure-
ments were stable enough to be detected in our EC–CE–MS
configuration.

Using EC–CE–MS, the migration behavior and isotopic patterns
of each compound detected by EC–MS measurements could be
further studied to provide a seal of approval for the results of the
previous measurement.

Figure 4 shows the electropherograms resulting from a mea-
surement without electrochemical pretreatment (Figure 4A)
and with applying electrochemical pretreatment (Figure 4B).
The electrochemical pretreatment was performed through
the following protocol: a potential of 1.2 V was applied for
20 s to 65 μL of 1 mM Tyr solution in 50 mM ammonium ace-
tate adjusted to pH 7.0. The hydrodynamic injection lasted for
10 s using a fused silica capillary with an ID of 50 μm and a
length of 35 cm. A 500 mM acetic acid solution with a pH value
of 3.6 was used as the separation buffer, and the applied
separation voltage was 20 kV. Observing the migration behav-
ior shows that all the species migrate before the EOF marker.

FIGURE 4 | Electropherograms for EC–CE–MS measurements without electrochemical pretreatment (A) and with an applied potential of 1.2 V (B).

The potential was applied for 20 s. Hydrodynamic injection lasted 10 s. The separation capillary had an ID of 50 μm and a length of 35 cm. The separation

voltage was 20 kV, and the separation buffer was a 500mM acetic acid solution, pH 3.6.

FIGURE 5 | Enlarged potential-dependent electropherograms of a

1 mM Tyr solution (pH 7, 50 mM ammonium acetate). The potential

was applied for 20 s. Hydrodynamic injection lasted 10 s. The separation

capillary had an ID of 50 μm and a length of 35 cm. The separation voltage

was 20 kV, and the separation buffer was a 500mM acetic acid solution,

pH 3.6.
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This indicates that all the detected components moving in CE
are positively charged (cationic). Without applying electro-
chemical pretreatment (Figure 4A), no signal related to the
oxidation products was detected, while by applying electro-
chemical pretreatment (Figure 4B), four signals were recorded,
each with a specific migration time. The extracted ion trace of
Tyr (m/z 182.08) shows its specific migration time at 320 s, and

the extracted ion trace related to P2 (m/z 361.14) shows up at
200 s. At 192 s, the mass trace of dimerized Tyr P2 (m/z 361.14)
was recorded. The migration times of the other produced spe-
cies with m/z ratios of 227.06 (P3) and 180.06 (P1) are at 305
and 335 s, respectively. The EC–CE–MS data show that not
only does the major oxidation product (P1) form on the surface
of SPE DRP-110 but also the two additional components that

FIGURE 7 | Possible electrochemical mechanism for the formation of diffusive species during tyrosine oxidation on a SPE.

FIGURE 6 | EC–CE–MS Electropherograms (A) showing the specific migration times and suggested structures of each [M+H]+, chemical formula,

and structures. Normalized ion intensity versus m/z to show the measured (B) and the simulated (C) isotopic patterns.
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were observed in real-time EC–MS studies. This also provides
results with sufficient signal intensities to further investigate
the isotopic patterns.

To facilitate the understanding of the effect of the applied oxida-
tion potential value in the electrochemical pretreatment protocol
on the intensity of the detected species, Figure 5 is provided. The
graph is enlarged due to the low intensities of the oxidation
products; therefore, the intensity of Tyr is out of range.

Even though increasing the oxidation potential from 1.0 to 1.1 V
and then to 1.2 V increases the intensity of the detected positively
charged oxidation products, applying oxidation potentials
lower than 1.0 V and higher than 1.2 V does not change the
mass intensities. In mechanistic point of view, it can be
concluded that, in some ways, adsorption is coupled with diffu-
sion. Additionally, in the end, we are only able to detect species
that are diffused into the solution.

Figure 6 illustrates the m/z ratios, migration times, and the sim-
ulated and measured isotopic patterns of positively charged Tyr
and its electrogenerated products. These results enabled us to
assign chemical formulas and propose possible structures. The
found m/z ratio of 227.06 can be assigned to 3-nitrotyrosine,
and this was confirmed by analyzing a standard solution of
3-nitrotyrosine regarding accurate mass determination, isotopic
pattern, and migration time investigation.

To gain further mechanistic insight into the possible electro-
chemical oxidation of Tyr, Figure 7 summarizes the main results
of this study.

4 | Conclusions

Reliable electrochemical modeling of Tyr oxidative stress has
been studied in detail using CV, online EC–MS, and EC–CE–
MS measurements, with a commercially available flow
cell and a fully automated EAI-CE-MS system with an inte-
grated commercial screen-printed electrode (SPE-DRP110).
According to our studies, three main product species with pos-
itive ion traces ofm/z of 180.06, 361.14, and 227.06 were found.
A keto–enol derivative of Tyr, di-Tyr, and 3-nitrotyrosine were
detected as the electrochemical oxidation products of Tyr. It is
shown that hyphenating electrochemistry with mass spectrom-
etry can be very beneficial toward reaching more in-depth
and detailed studies on our target analyte in comparison with
pure electrochemical approaches. This powerful approach to
characterizing the redox products indicates that other
oxidation products might be produced during electrochemical
treatment of Tyr at even higher potentials, which are not
detectable using classical methods. EC–MS and ECNCE–MS
techniques emerge as powerful tools, thus making it possible
to improve the understanding of reaction pathways through
the identification of products or intermediates. It was clearly
shown that various electrogenerated species are formed in vol-
tametric experiments, simultaneously. However, in the context
of our methodical approach, only diffusive product species can
be recorded.
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