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Abstract

A method for the determination of selected aromatic amino acid biomarkers of oxidative stress
using microchip electrophoresis with electrochemical detection is described. The separation of
the major reaction products of phenylalanine and tyrosine with reactive nitrogen and oxygen
species was accomplished using ligand exchange micellar electrokinetic chromatography with a
PDMS/glass hybrid chip. Electrochemical detection was achieved using a pyrolyzed photoresist
film working electrode. The system was evaluated for the analysis of the products of the Fenton
reaction with tyrosine and phenylalanine, and the reaction of peroxynitrite with tyrosine.
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1. Introduction

Reactive nitrogen and oxygen species (RNOS) are a group of free radical and non-radical
molecules that are generated from enzymatic and nonenzymatic processes in cells. These
molecules are highly reactive and short-lived 7n vivo [1]. Under normal cellular conditions,
the production of RNOS is kept at homeostasis by a defense system of antioxidants and
related enzymes [2]. An increase in the production of RNOS in the cell due to the imbalance
between the formation and elimination of these species /n vivois known as oxidative and
nitrosative stress [2-3]. RNOS, such as hydroxyl radicals and peroxynitrite, can react with
cell macromolecules including lipids, DNA and proteins, leading to structural and functional
changes that ultimately result in cellular injury and death [4]. Oxidative and nitrosative stress
has been linked to cardiovascular disease [5], cancer [6], and neurodegenerative diseases,
such as Alzheimer’s [7], and Parkinson’s [8] disease.
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Free and protein-bound tyrosine and phenylalanine residues are prone to undergo structural
and functional modifications as a result of reactions with RNOS under oxidative/nitrosative
stress conditions [9-10]. Tyrosine can exist as three different isomers, /.e., para-, meta-

and ortho-tyrosine (p-Tyr, m-Tyr and o-Tyr, respectively). Under physiological conditions,
phenylalanine hydroxylase converts L-phenylalanine to L-p-Tyr, which is the only known
isoform produced enzymatically /n vivo[11]. However, under oxidative stress conditions,
hydroxyl radicals can react with phenylalanine to produce the other two isomers, m-Tyr and
o-Tyr. In addition, the reaction of hydroxyl radicals with naturally occurring L-p-Tyr can
result in the formation of 3,4-dihydroxyphenylalanine (L—-DOPA) [12]. Therefore, m-Tyr,
o-Tyr and L-DOPA are all regarded as free radical biomarkers /n vivo [11-13]. Peroxynitrite
is produced /n vivothrough the reaction of nitric oxide and superoxide. The reaction

of peroxynitrite with both free and protein bound L-p-Tyr can lead to the formation of
3-nitrotyrosine (NT) and 3,3’-dityrosine (di-Tyr). The protonated form of peroxynitrite,
peroxynitrous acid (ONOOH), can also generate hydroxyl radicals that can react with
phenylalanine to produce m-Tyr and o-Tyr [14-15] (Figure 1). Therefore, all six of these
modified phenylalanine and tyrosine products can be used as biomarkers of oxidative stress
in the brain and other tissues.

A wide variety of separation-based methods have been used to investigate the oxidative
products of tyrosine and phenylalanine [16-19]. Separation and detection of the tyrosine
isomers has been accomplished by liquid chromatography (LC) using UV [20-22], mass
spectrometry [23] and fluorescence [24] detection. The simultaneous determination of
nitrotyrosine and tyrosine in human urine and animal tissue has been reported using LC-UV
[25] and LC-MS/MS [26], respectively. LC with fluorescence detection has also been
employed to separate and quantify underivatized L-DOPA and tyrosine in reaction mixtures
containing either purified or crude catalase enzyme preparations [27]. Since the majority

of the products of RNOS with tyrosine and phenylalanine are electroactive at modest
potentials, liquid chromatography with electrochemical detection has also been used for

the direct detection of tyrosine, 3-nitrotyrosine and 3,3’-dityrosine from protein digests of
human brain specimens [28]. In one study, LC with dual electrode detection was used for the
determination of the tyrosine isomers, 3-nitrotyrosine and L-DOPA in rat plasma samples
[29].

Capillary electrophoresis (CE) is a useful method for the highly efficient separation of
charged analytes and has been used extensively for amino acid separations [30]. CE-MS has
been used for the determination of L—-DOPA, tyrosine and NT in biological samples [31-33].
CE with UV detection has been previously reported for the determination of 3-nitrotyrosine
in urine [34]. It has also been used to separate and detect p-Tyr and NT standards using
micellar electrokinetic chromatography [35]. In that application, sodium dodecyl sulfate
(SDS) was employed to enhance the resolution of tyrosine and NT. CE has also been
explored for chiral separations of tyrosine and other amino acids using ligand exchange
chromatography [36]. In particular, the use of a L-4-hydroxyproline — Cu(ll) complex as a
chiral selector for the separation of amino acid enantiomers, including tyrosine, has been
investigated [37-38]. Most relevant to our work is the report by Chen et a/. where they used
a combination of ligand-exchange and micellar electrokinetic chromatography (LE-MEKC).
A background electrolyte containing the copper(l1)-4-hydroxyproline complex along with
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SDS was employed to facilitate the separation of p-, m- and o-tyrosine and their respective
enantiomers by CE-UV [39].

Microchip electrophoresis (ME) is a miniaturized version of CE and has many advantages
over more conventional separation-based analytical systems, such as liquid chromatography,
for the separation of these biomarkers as well as enantiomeric separations [40-42].
Compared to LC, separation times of ME are faster (2-3 minutes) and require much smaller
sample volumes. With ME, it is also possible to use background electrolytes containing
additives that would be too expensive or not compatible with the stationary phases used

in LC. The detection instrumentation required for LC or CE systems is generally more
expensive and complex than that employed for ME. There are several modes of detection
for ME, with fluorescence detection being the most popular. However, electrochemical
detection (EC) is an ideal detection method for the determination of aromatic amino acid
biomarkers of oxidative stress because, as previously mentioned, most of these compounds
are electrochemically active. This mode of detection also has several additional advantages
for ME. Electrodes can be integrated directly into the chip using conventional micro-
fabrication methods, and different electrode materials are available to enhance selectivity.
The associated electronics are also inexpensive and can be easily miniaturized to generate
portable analysis systems [41, 42].

In this paper, a comprehensive ME-EC method for the separation and detection of six of
the major products of the reaction of phenylalanine and tyrosine with hydroxyl radicals or
peroxynitrite is reported. A LE-MEKC method was developed that was compatible with
ME-EC for the determination of all three isomeric tyrosines, 3-nitrotyrosine, L-DOPA and
3,3’-dityrosine. The method was demonstrated by analyzing the products of reactions of
phenylalanine and tyrosine with hydroxyl radicals generated by the Fenton reaction and
in-house synthesized peroxynitrite.

Experimental

2.1 Reagents and Solutions

L-p-tyrosine and 3,4-dihydroxy-L-phenylalanine (L—DOPA) and nitrilotriacetic acid were
purchased from Sigma-Aldrich (St. Louis, MO, USA). 3-L-nitrotyrosine, DL-m-tyrosine,
DL-o-tyrosine, DL-phenylalanine, 4-hydroxy-L-proline, copper(Il) sulfate, SDS, sodium
acetate, acetic acid, ammonium hydroxide, hydrogen peroxide, isopropyl alcohol and
iron(11) sulfate were obtained from Fisher Scientific (Pittsburgh, PA, USA). 3,3’-Dityrosine
was synthesized by the Synthetic Chemical Biology Core Laboratory at the University

of Kansas (Lawrence, KS, USA). The following materials were purchased and used for
microchip and electrode fabrication: quartz glass plates (4 in x 2.5 in x 0.085 in, Glass

Fab, Rochester, NY, USA); AZ 1518 positive photoresist and AZ 300 MIF developer (AZ
Electronic Materials, Somerville, NJ, USA); SU-8 10 negative photoresist and SU-8 10
developer (Micro-Chem, Newton, MA, USA); polydimethylsiloxane (Sylgard™ 184) silicon
elastomer base and curing agent (Dow Corning Corp., Midland, Ml, USA); copper wire
(22-gauge, ACE Hardware, Lawrence, KS, USA); epoxy glue (J-B Weld, Sulphur Springs,
TX, USA), and colloidal silver liquid (Ted Pella, Inc., Redding, CA, USA). All the solutions
were prepared in 18.2 MQ.cm Milli-Q water (Millipore, Kansas City, MO, USA).
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2.2 Fabrication of PDMS Microchip

The fabrication of PDMS microchips has been described previously [43]. Briefly, SU-8 10
negative photoresist was spin coated onto a 4 in silicon wafer using a Cee 100 spin coater
(Brewer Science, Rolla, MO) at 1650 rpm for 30 s to obtain a 15 pm thick layer. The film
was baked for 3 min at 95 °C. Channel features were created using Autodesk AutoCad
software (San Rafael, CA, USA) and printed on a transparency film to use as a negative
photomask. A simple “t” design containing a 5 cm long separation channel and 0.75 cm
long top and side arms (unless mentioned otherwise) was used. All channels were 40 pm
wide. The negative photomask was placed on top of the coated silicon wafer and exposed to
UV light (15 mW. cm™2) for 10 s using a UV flood source (AMB Inc., Scotts Valley, CA,
USA). Using a programmable hot plate (Thermo Scientific, Waltham, MA, USA), the silicon
wafer was baked for 3 min at 95 °C. The silicon master was then developed (using SU-8 10
developer) and rinsed with isopropyl alcohol. It was dried with N, gas and baked in an oven
at 200 °C for 2 hours. A total of 12 g of PDMS elastomer base/curing agent was mixed at

a ratio of 10:1 (base:curing agent) and poured onto the silicon master to create the PDMS
microchip. The PDMS was then allowed to cure at 70 °C overnight in an oven, cooled to
room temperature, and removed from the silicon master for experimental use. The holes for
the sample, buffer, buffer waste and sample waste reservoirs were produced using a 4 mm
biopsy punch (Harris uni-Core, Ted Pella, Inc., Redding, CA, USA).

2.3 Fabrication of Pyrolyzed Photoresist Film (PPF) Carbon Electrode

The fabrication of the PPF carbon electrode was accomplished as previously described by
our group [44]. Briefly, AZ-1518 positive photoresist was deposited onto a clean quartz
glass plate (2.5 x 4 inch) using a Cee 100 spin coater at 100 rpm for 10 s. The spin coater
was ramped to 2000 rpm and held for 20 s. The coated plate was then baked for 3 min at
100 °C on a hot plate. The coated glass plate was covered with a positive photomask that
contained the electrode features and exposed to UV light (15 mW.cm=2) for 13 s. The plate
was developed using AZ 300 MIF developer and rinsed with NANOpure water, followed
by drying with N5 gas. The plate with the photoresist feature was post-baked at 100 °C for
10 min and then placed inside a Linden-Blue 3 Zone tube furnace (Cole-Palmer, Vernon
Hill, IL, USA) under 5 psi N, gas flow. The temperature of the furnace was increased from
room temperature to 925 °C at a rate of 5.5 °C/min and held at 925 °C for 1 hour. The final
dimensions of the electrodes on the glass plates were 35 um in width and 420-480 nm in
height, which was determined by a Profilm3D optical profilometer (Filmetrics, San Diego,
CA, USA).

2.4 Microchip Electrophoresis Separation Procedure

The PDMS/glass hybrid chip was produced by carefully positioning the PDMS layer on
the glass with the PPF working electrode with reversible bonding (Figure 2a). The glass
containing the PPF electrode was washed with isopropyl alcohol and Milli-Q water and air
dried prior to bonding with PDMS. The electrode and separation channel were conformally
aligned to a pseudo-end channel configuration (Figure 2b).

The channels of the microchip were flushed with isopropyl alcohol, Milli-Q water and
then with background electrolyte (BGE) for approximately 5 minutes each prior to
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electrophoresis. The BGE was freshly prepared before each set of experiments and was
filtered using a 0.22 um filter prior to use. For the separation, an Ultra\olt high voltage
power supply (Ronkonkoma, NY, USA) was used, which was controlled by a LabView
program (National Instruments, Austin, TX, USA) written in-house. For these studies,
sample introduction was accomplished utilizing an electrokinetic gated injection method.
Here, a “gate” was created at the junction of the simple “t” device by applying + 1900 V at
the sample reservoir (+ 2700 V for the 7 cm chip) and +1600 V at the buffer reservoir (+
2400 V for the 7 cm chip) while keeping the other two reservoirs (sample waste and buffer
waste) grounded. Sample was injected into the separation channel by floating the voltage at
the buffer reservoir for 1.0s (0.7 s for 7 cm chip) and then the voltages were restored for
separation. Freshly prepared BGEs (different compositions of L-4-hydroxyproline, CuSO4
and SDS) and standards prepared in Milli-Q water (25 uM each, unless otherwise noted)
were used for these experiments. Samples were injected into the device after a stable
baseline was observed when the buffer and sample reservoir potentials were applied. In
between each sample, an injection of BGE was made to flush the system prior to the
injection of the next sample. During ME-EC experiments, deposition of copper onto the

Pt leads that were used to connect the microchip to the electrophoresis power supply was
sometimes seen (but only on the Pt leads in the waste reservoirs). When this was observed,
the electrodes were cleaned using 10% HNO3 and then Milli-Q water prior to the next run.

2.5 Electrochemical Detection

Electrochemical detection in these studies was accomplished using an electrically isolated
potentiostat (Pinnacle Technology, Inc., Lawrence, KS, USA). A two-electrode (carbon PPF
working electrode and Ag/AgCI reference electrode) system was utilized where a detection
potential of + 1.1V (vs. Ag/AgCI reference electrode) was applied to the working electrode.
The data sampling rate was set to 10 Hz and data acquisition was carried out wirelessly
through Sirenia software (Pinnacle Acquisition Laboratory).

2.6 Cyclic Voltammetry

Cyclic voltammetry (CV) measurements were performed using an 812 C potentiostat

(CH Instruments, Austin, TX, USA). The electrochemical cell consisted of a 3 mm
diameter glassy carbon working electrode (CH Instruments), a Ag/AgCl reference electrode
(Bioanalytical Systems, West Lafayette, IN, USA) and a platinum wire counter electrode.
The surface of the glassy carbon electrode was renewed by mechanically polishing the
surface with alumina slurry (Bioanalytical Systems) and rinsing thoroughly with Milli-Q
water. Three supporting electrolytes (SE) were tested; SE1 = 0.1 M acetate at pH 4.0; SE2 =
25 mM 4-hydroxyproline and 12.5 mM CuSOy at pH 4.0; SE3 = 25 mM 4-hydroxyproline
and 12.5mM CuSOyq at pH 4.0 with 8 mM SDS. After adding 2.7mL of supporting
electrolyte to the electrochemical cell, 0.3 mL of 2 mM p-tyrosine dissolved in Milli-Q
water (final concentration = 200 uM) was added. Cyclic voltammograms were recorded at a
scan rate of 100 mV/s using a 1 mV sampling rate and potential range from + 500 to +1200
mV vs. Ag/AgCI.

A separate set of CV measurements was performed for p-Tyr and NT to determine the
optimal oxidation potential for their detection with ME-EC. In this case, both analytes (final
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concentration = 200 uM) were dissolved in a SE containing 25 mM 4-hydroxyproline,
12.5mM CuSO, and 15 mM acetate buffer at pH 4.0 with 16.5 mM SDS. Cyclic
voltammograms were recorded at a potential scan rate of 100 mV/s using a 1 mV sampling
rate and potential range from + 0 to +1200 mV vs. Ag/AgCl.

2.7 Capillary Electrophoresis Separations

An Agilent 7100 capillary electrophoresis system (Agilent Technologies, Santa Clara, CA,
USA) with UV detection was utilized for CE experiments. The separation was carried out
using a fused silica capillary (50 um 1.D. x356 um O.D.) (Polymicro Molex, Lisle, IL,
USA) with a total length of 56 cm and an effective length of 47.5 cm. The capillary was
conditioned with subsequent flushes of 0.1 M NaOH, Milli-Q water, and the BGE for 10
minutes, prior to electrophoresis. Samples were injected using electrokinetic injection (5 s
at 10 kV) and the separation was performed by applying a separation voltage of 14 kV. UV
detection was performed at 208 nm.

2.8 Fenton Reaction

The Fenton reaction generates hydroxyl radicals that can then react with aromatic amino
acids to produce the compounds analyzed by the ME-EC method developed here. The
Fenton reaction was initiated by adding H,O, (final concentration = 1 mM) to a final
volume of 5 mL solution containing 1 mM FeSQ4, 2 mM nitrilotriacetic acid and either
5 mM DL-phenylalanine or 1 mM L-p-tyrosine in 10 mM acetate buffer at pH 5.5. The
reaction mixture was incubated at room temperature for 1 hour before analysis.

2.9 Reaction of Peroxynitrite with p-Tyrosine

The synthesis of peroxynitrite was adapted from the protocol by Schilly [45]. All solutions
used were freshly prepared and chilled on ice prior to use. To perform the reaction, 150 uL
of a solution of 0.7 M HCl in 0.6 M H,0, was added to a tube containing 200 pL of 0.6 M
NaNO, and mixed. Then, 200 pL of 2 mM L-p-Tyr was added within 1-2 s of the addition
of acidified H,O5 to NaNO,. The reaction mixture was kept on ice prior to analysis, then
diluted 8-fold with the background electrolyte and injected into the ME-EC system.

3. Results and Discussion

3.1 Separation Optimization of RNOS Products with Tyrosine and Phenylalanine

Initial ME-EC experiments were conducted using a PDMS/glass hybrid chip with a5 cm
separation channel. The microchip design and detection strategy are illustrated in Figure 2a.
Here, several different BGEs that were previously employed by our group for the separation
of catecholamine neurotransmitters were evaluated for the separation of NT, L-DOPA,

and p-, m-, and o-tyrosine [43, 44]. These BGEs consisted of different combinations of
phosphate and borate buffers containing SDS concentrations between 2-10 mM. Additives,
such as p-cyclodextrins (1-4 mM), dimethyl sulfoxide (DMSOQ) and ethanol (5-10%), were
also evaluated. All the BGEs tested were able to separate NT and L-DOPA from the tyrosine
isomers. However, the three tyrosine isomers could not be resolved.
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Chen et al. previously reported the separation and detection of the three tyrosine isomers
by CE-UV using a L-4-hydroxyproline-copper(ll) complex [39]. The proposed mechanism
for the separation is shown in Figure 3. First, 4-hydroxyproline reacts with copper(ll) in
the ratio of 2:1 to form a complex. Upon addition of the aromatic amino acid of interest, a
ternary complex is produced via a ligand exchange mechanism, where one molecule of L-4-
hydroxyproline is replaced by the amino acid. The difference in formation constants for the
amino acid-Cu(ll)-hydroxyproline complexes results in a difference in their electrophoretic
mobilities. In the work of Chen et a/., SDS was also introduced into the BGE to form

a micellar system. The partitioning of the amino acid-Cu(I1)-hydroxyproline complexes
with micelles further differentiates the overall mobility of each amino acid type, thus
improving the separation. This approach was successfully demonstrated by Chen et al. for
the separation of all the tyrosine isomers and enantiomers using CE-UV [39].

Since CE and ME are based on the same separation principles, the separation of the tyrosine
isomers and other tyrosine derivatives using the above mentioned BGE was tested first

on a commercial CE-UV instrument before applying the LE-MEKC method to microchip
electrophoresis. A BGE consisting of 50 mM 4-hydroxyproline and 25 mM CuSOy, at pH
4.5 with 10 mM SDS provided a good separation of all the analytes tested (NT, L-DOPA,
p-, m-, and o-tyrosine). With this BGE, it was possible to baseline resolve all the analytes of
interest, including the D and L forms of m- and o-tyrosine (Figure 4). However, the CE-UV
system suffered from high inconsistent background absorbance and the separation took 18
minutes.

3.1.1 Effects on BGE for the Oxidation Potential of Tyrosine—The next step
was to evaluate the BGE for ME-EC analysis of these compounds. First, the effect of the
LE-MEKC buffer on the electrochemical behavior of tyrosine was investigated using cyclic
voltammetry. As expected, the oxidation of p-tyrosine proceeded irreversibly in all three SEs
(Figure 5a). The oxidation potential of p-tyrosine in acetate buffer at pH 4.0 was shifted
slightly higher when the SE was changed to Cu(l1)-4-hydroxyproline complex at pH 4.0
(from 876 to 902 mV vs Ag/AgCl) and the peak current was reduced (-6.73 to —6.11 pA).
However, the SE that contained the Cu(ll)-4-hydroxyproline complex and SDS provided

a relatively similar oxidation potential and peak current compared to those observed for
p-tyrosine in acetate buffer. These results indicated that the electrochemical behavior of
p-Tyr does not change drastically due to the addition of a solution containing the Cu(ll)-4-
hydroxyproline complex at pH 4.0 with SDS. Therefore, the Cu(ll)-4-hydroxyproline
complex at pH 4.0 with SDS was used as the BGE for ME-EC detection of tyrosine and its
isomers.

3.1.2 Microchip Electrophoresis with Electrochemical Detection (ME-EC)—
Once the separation was optimized using CE-UV and the effect of LE-MEKC BGE

on the electrochemical response was determined, the method was transferred to ME-EC
using a PDMS/glass hybrid chip with a 5 cm separation channel and a PPF electrode

in a pseudo end-channel configuration. First, the effect of the relative concentrations

of 4-hydroxyproline, copper (1) and SDS on resolution of the analytes of interest was
investigated at pH 4.5. BGE concentrations of 4-hydroxyproline ranging from 20 mM to
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50 mM were investigated while maintaining the ratio of 4-hydroxyproline to copper(ll) at
2:1. The resolution of the three tyrosine isomers improved with increasing concentrations

of L-4-hydroxyproline and CuSO4. However, at concentrations greater than 25 mM, the
separation current increased dramatically resulting in a high and inconsistent background
current. Therefore, 25 mM L-4-hydroxyproline and 12.5 mM CuSQO,4 were chosen as the
optimum additive concentrations. To complete the LE-MEKC mechanism, the effect of SDS
concentrations starting from 8 mM (CMC) and above on the separation was investigated.

At 8 mM SDS, the resolution of the three tyrosine isomers, NT and L-DOPA started

to improve. However, at concentrations above 10 mM SDS, there was no additional
improvement in resolution, and higher SDS concentrations introduced high separation
currents that damaged the microchip device. Based on these studies, a BGE consisting of 25
mM L-4-hydroxyproline and 12.5 mM CuSO, at pH 4.5 with 10 mM SDS provided the best
separation for all the analytes tested (Figure 6).

3.1.3 Effect of Channel Length on Tyrosine Isomer Resolution—In an attempt
to further improve the resolution of the tyrosine isomers, the effect of a longer separation
channel was investigated. A PDMS/glass hybrid chip with a 7 cm separation channel was
used for these studies. The separation voltages of the sample reservoir and buffer reservoir
were kept at + 2700 V and + 2400 V, respectively, for gated injection and to maintain a
similar field strength (232 V/cm) inside the separation channel as that was used for the 5 cm
channel (222 V/cm).

A BGE consisting of 25 mM 4-hydroxyproline and 12.5 mM CuSOy4 at pH 4.0 containing
8 mM SDS was initially tested with the microchip device containing a 7 cm separation
channel. Unfortunately, this did not result in an improved separation of the three tyrosine
isomers compared to that achieved with the 5 cm channel. The effect of varying
concentrations of SDS on the separation of the three tyrosine isomers was then investigated
with the 7 cm channel microchip. The objective was to see whether better resolution of the
peaks was achieved at SDS concentrations above the CMC (8 mM). For these experiments,
the rest of the BGE constituents were kept the same (25 mM 4-hydroxyproline and 12.5
mM CuSOy at pH 4.0). It was found that the separation of the three tyrosine isomers
started to improve when the SDS concentration was increased to 12 mM. Even though the
resolution was further improved, at SDS concentrations of 20 mM or above, the separation
currents were 10— 15 pA higher than normal (20-25 pA). Therefore, a SDS concentration
in the range of 16-16.5 mM was considered the best compromise between resolution and
separation current generation and was used for all future experiments.

3.14 Addition of Ammonium Acetate to the BGE—One issue that was observed
with the BGE described above was high run-to-run variablilty in migration times for the
analytes of interest. The %RSD values for migration times were between 4 and 5 % for all
analytes for multiple injections (n = 3) on the same 7 cm microchip. It was hypothesized
that this variability could be due to a gradual change in BGE pH during the electrophoresis
process because the system was not well buffered. To improve the buffer capacity of the
system, ammonium acetate was introduced into the BGE. It was found that the addition of
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10 mM ammonium acetate to the BGE significantly improved migration reproducibilty with
RSD values of approximately 1 % (Table 1).

A BGE consisting of 25 mM 4-hydroxyproline and 12.5 mM Cu(ll) containing 16.5 mM
SDS and 10 mM ammonium acetate at pH 4.0 was tested for the separation of all of six
analytes of interest (L—-DOPA, p-Tyr, m-Tyr, o-Tyr, NT and di-Tyr). The resulting separation
is shown in Figure S1. Most of the analytes are baseline resolved. The ammonium acetate
concentration was then increased to 15 mM and baseline resolution of all of the analytes
was accomplished. Therefore, this BGE was used for all further experiments. It should also
be noted that the analyte stock solutions used in these experiments contained the D and L
enantiomers of o-Tyr and m-Tyr, since these compounds are only commercially available as
racemic mixtures. As can be seen in the electropherograms in Figure 7 and S1, the peak for
o-Tyr is split into two, indicating the separation of the two enantiomers of o-Tyr along with
the other analytes of interest. In Figure S1, the m-Tyr enantiomers were also separated.

3.2 Analysis of Fenton Reaction Products of Phenylalanine and Tyrosine by ME-EC

The optimized ME-EC method was then evaluated for the analysis of the reaction products
of DL- phenylalanine with the hydroxyl radical as generated by the Fenton reaction. The
Fenton reaction is a well described system for the production of hydroxyl radicals ("OH)
[46]. In this reaction, *OH is generated by the reduction of H,O5 in the presence of Fe(ll).
It has also been shown that some chelating ligands, such as nitrilotriacetic acid (NTA), can
accelerate the catalytic activity of Fe(ll) when these chelators form complexes with Fe(ll)
[21, 47-48]. In a separate study, Maskos et a/. reported that the reaction of Phe or Tyr

with *OH generates the maximum yield of hydroxylated products at pH 5.5 [49]. Therefore,
in our studies, Fe(ll)-nitrilotriacetic acid was reacted with H,O5 in the presence of 5 mM
DL-phenylalanine in 10 mM acetate buffer at pH 5.5. The reaction conditions were adapted
from a previously published procedure on the Fenton reaction with phenylalanine [21].

In these experiments, the reaction of phenylalanine with Fenton reaction was performed at
room temperature and allowed to progress for approximately 1 hour. The mixture was then
diluted 2-fold with 10 mM acetate buffer at pH 4.0 and injected into the ME-EC system
containing BGE (25 mM 4-hydroxyproline, 12.5 mM CuSQy, 15 mM acetate buffer at

pH 4.0 and 16.5 mM SDS). As can be seen in Figure 8a, all three tyrosine isomers were
observed in the electropherogram. Here, the stock solution of phenylalanine contained both
D and L forms, and as a result, all the enantiomers of p-, m- and o-Tyr were also produced as
indicated in Figure 8a by the spilt peaks for p-, m- and o-Tyr peaks in the electropherogram.

Relative standard deviations (%RSD) of the peak heights of p-, m- and o-Tyr peaks for the
Fenton reaction were within the range of 4-5 % (n = 3) while for a mixture of standards

(50 uM each), the %RSD for the peak heights of p-, m- and o-Tyr were within the range

of 3-6% (n = 3). This result indicates that the injection of Fenton reaction solution into the
chip does not have an apparent effect on the electrochemical response of the PPF working
electrode compared to the BGE. Literature suggests two additional products, L-DOPA and
2,3-dihydroxyphenylalanine, are generated by the further hydroxylation of phenylalanine by
hydroxyl radical during the Fenton reaction [48]. However, neither product was detected in
these ME-EC experiments.
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ME-EC was also used to investigate the products of L-p-tyrosine in the Fenton reaction.
Again, the reaction mixture was diluted 2-fold with 10 mM acetate buffer at pH 4.0 and
injected into the microchip containing BGE (25 mM 4-hydroxyproline, 12.5 mM CuSQy, 15
mM acetate buffer at pH 4.0 and 16.5 mM SDS). In this case, the production of L-DOPA
was observed as seen in Figure 8b. Similarly to the results obtained with the Fenton reaction
and Phe, there was no significant change in the %RSD for peak heights for the products

of Fenton reaction with L-p-tyrosine compared to that of the standards. However, in the
electropherogram for the Fenton reaction solution, an unknown peak was observed (Peak 3
in Figure 8b). The magnitude of this peak increased substantially with each injection from
the sample reservoir, indicating that Fenton reaction could still be in progress during the
electrophoretic analysis.

3.3 ME-EC Separation and Detection of Reaction Products of Peroxynitrite and p-Tyrosine

Peroxynitrite is generated /n vivo by the reaction of superoxide and nitric oxide. Its
protonated form, peroxynitrous acid, can by synthesized using acidified H,O, and NaNO»
[50]. Peroxynitrous acid (pKa ~6.8) has a short half-life of less than one second under
acidic conditions and undergoes homolysis to produce NO,* and *OH radicals that can

react with aromatic amino acids [50-51]. To ensure that L-p-Tyr has enough time to

react with peroxynitrous acid, L-p-Tyr was added within 1-2 s following the addition of
acidified H,O, to NaNO,. The instantaneous formation and disappearance of a yellow color
suggested the formation and fast degradation of the peroxynitrous acid. Figure 9 shows

the electropherograms for the reaction mixture of peroxynitrite and a standard mixture
containing L-p-Tyr and NT. Only one prominent peak was observed in the reaction mixture,
and it was identified as NT based on its migration time and spiking the sample with NT
standard. Since L-p-Tyr was the limiting reagent in this reaction, its complete conversion

to NT was not unexpected. To further confirm the identity of NT, ME-EC analysis of the
sample and standards was performed at two different oxidation potentials (+ 1.1V and + 0.9
V vs. Ag/AgCI). First, analysis of the mixture containing authentic p-Tyr and NT at the two
different working electrode potentials (+1.1 VV and + 0.9 V vs Ag/AgCl) was performed.
The results were then compared to the electropherograms obtained for the reaction mixture
at the same detection potentials. Although the NT peak was detected at +1.1 V in both
electropherograms, it was not present in either the sample or the standard mixture at +

0.9 V vs. Ag/AgCI (Figure 9). As can be seen in the cyclic voltammograms in Figure 5b,
the oxidation of NT in this BGE occurs at a much higher oxidation potential (+1.0 V vs
Ag/AgCI) than p-Tyr (+ 0.85 V vs. Ag/AgCI). Therefore, this difference in electrochemical
behavior can be used to further verify the reaction product as NT.

It has been reported that Tyr can be oxidized to Tyr* by either NO," or°OH to generate
L-DOPA or di-Tyr, along with NT [52]. However, these products were not observed under
the experimental conditions used in these analyses. It should be noted that in these studies,
the reaction mixture of peroxynitrite with p-Tyr was diluted 8-fold with the BGE before it
was injected into the microchip. Less dilute samples generated high separation currents that
damaged the microchip. Therefore, there is the possibility that products such as L-DOPA
and di-Tyr were not observed in the electropherogram due to the dilution of the sample.
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4. Conclusion and Future Directions

In this work, the optimization of a ME-EC system for the separation and detection of
modified phenylalanine and tyrosine biomarkers of oxidative stress is described. Under
optimal conditions, six compounds including 3-nitrotyrosine, L—-DOPA, 3,3’-dityrosine and
p-, m- and o-tyrosine were separated and detected with an analysis time of less than two
minutes. The method was applied to the analysis of products generated by model systems
used for the production of *OH and peroxynitrite. Using MEEC, the reaction products of
tyrosine with hydroxyl radicals or peroxynitrite as well as phenylalanine with hydroxyl
radicals were analyzed and tentatively identified based on migration times, spiking with
standards and electrochemical behavior. In future studies, this method will be applied to
profile oxidative and nitrosative modifications of these residues that occur in small tyrosine-
and phenylalanine-containing peptides.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Production of modified tyrosine and phenylalanine products due to the reactions of reactive
nitrogen and oxygen species with phenylalanine and tyrosine.
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Fig. 2.

a)gDiagram of the ME-EC detection system consisting of a PDMS/glass hybrid chip
with pyrolyzed photoresist film (PPF) working electrode. b) An image under an inverted
microscope (10x magnification) of the 35 uM carbon PPF electrode aligned with the
separation channel of the PDMS chip in a pseudo-end channel configuration.
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Fig. 3.
Separation mechanism for ligand exchange micellar electrokinetic chromatography (LE-

MEKC) (a) 4-hydroxyproline complexes with copper. Tyrosine and its derivatives replace
the 4-hydroxyproline leading to a new complex and a change in mobility. (b) Illustration of
the partitioning of Cu(ll)-ligand complex with micelles, adapted from Chen et a/. [39].
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Fig. 4.
Electropherogram of CE-UV detection of L-DOPA, tyrosine isomers and 3-nitrotyrosine

standards. The concentrations of each standard were 100 uM. The BGE consisted of 50
mM 4-hydroxyproline and 25 mM Cu(ll) at pH 4.5 with 10 mM SDS. A capillary with an
effective length of 47.5 cm and a separation voltage of 14 kV were used. UV detection was
performed at 208 nm. Peak identities: (1) L-DOPA, (2) p-Tyr (3) DL-m-Tyr, (4) DL-o-Tyr
and (5) NT.
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a) Cyclic voltammograms of 200 pM p-Tyr dissolved in (i) SE1 = 0.1 M acetate buffer at pH
4.0 (ii) SE2 = 25 mM 4-hydroxyproline and 12.5 mM CuSOy4 at pH 4.0 (iii) SE3 =25 mM
4-hydroxyproline and 12.5 mM CuSQy at pH 4.0 with 8 mM SDS. A glassy carbon working
electrode, Pt auxiliary electrode, and Ag/AgCl reference electrode were used at a scan rate
of 100 mV/s. b) Cyclic voltammograms of (i) 200 uM p-Tyr and (ii) 200 pM NT in 25 mM
4-hydroxyproline, 12.5 mM CuSO,4 and 15 mm acetate buffer at pH 4.0 with 16.5 mM SDS.
A glassy carbon working electrode, Pt auxiliary electrode, and Ag/AgCl reference electrode

were used at a scan rate of 100 mV/s.
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Fig. 6.

MgE—EC electropherogram of a mixture of (1) L-DOPA, (2) DL-p-Tyr, (3) DL-m-Tyr, (4)
DL-o-Tyr and (5) NT (final concentration = 25 pM for each standard). The BGE consisted of
25 mM 4-hydroxyproline and 12.5 mM Cu(ll) at pH 4.5 with 10 mM SDS. A PDMS/glass
chip with a 5 cm separation channel and a PPF working electrode were used. Separation
voltages: + 1900 V at buffer reservoir and +1600 V at sample reservoir. Applied working
electrode (WE) potential was +1.1 V vs. Ag/AgCI.
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Fig. 7.

El?ectropherogram for the separation of a mixture containing of all the selected RNOS
biomarkers (final concentration = 25 pM for each standard) by ME-EC. The separation
buffer consisted of 25 mM 4-hydroxyproline, 12.5 mM Cu(ll) and 15 mM ammonium
acetate at pH 4.0 with 16.5 mM SDS. A PDMS/glass chip with a 7 cm separation channel
was used. Separation voltages: + 2700 V at buffer reservoir & + 2400 V at sample reservoir.
Applied WE potential was +1.1 V vs. Ag/AgCI. Peak identities: (1) L-DOPA, (2) L-p-Tyr,
(3) DL-m-Tyr, (4) DL-0-Tyr, (5) NT and (6) di-Tyr.
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Fig. 8.

Elgctropherogram for (a) the reaction mixture of the Fenton reaction with 5 mM DL-Phe
(Peak identities: (1) DL-p-Tyr (2) DL-m-Tyr and (3) DL-0-Tyr) and (b) the reaction mixture
of the Fenton reaction with 1 mM L-p-tyrosine (Peak identities: (1) L-DOPA (2) L-p-Tyr
and (3) unknown). Both reaction mixtures were diluted 2-fold with 10 mM acetate buffer

at pH 4.0 and injected into microchip with 7 cm separation channel containing 25 mM
4-hydroxyproline, 12.5 mM Cu(ll) and 15 mM acetate buffer at pH 4.0 with 16.5 mM SDS.
Separation voltages and applied WE potentials were similar to those used in Figure 7.
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Electropherograms of (a) a standard mixture of 50 uyM L-p-Tyr and 100 pM NT in BGE

(25 mM 4-hydroxyproline, 12.5 mM Cu(ll) and 15 mM acetate buffer at pH 4.0 with 16.5
mM SDS) at an applied working electrode potential of +1.1 V vs. Ag/AgCl (b) Sample from
the reaction of peroxynitrite with L-p-Tyr (diluted 2-fold with BGE) at an applied working
electrode potential of +1.1 V vs. Ag/AgCl, and same standard (c) and reaction mixture (d) at
an applied working electrode potential of + 0.9 V vs. Ag/AgCl. Peak identities: (1) L-p-Tyr
and (2) NT. Separation voltages were similar to those used in Figure 7.

Electroanalysis. Author manuscript; available in PMC 2023 May 22.



Page 23

Weerasekara and Lunte

160 050 €675 1A1-0

G660 80 v905  JAL-W 0¥ HA FeaRRIE WNjUOWWe AW 0T ‘SAS INW §'9T YOSND

180 20 'Ly 1A1-d INW GZT ‘dutjodAxopAy-y W G2

1Sy GT'E 9669 1A1-0

6V €L 09  ALw 0y Hd 1e'SAs Ww g'9T *OsSnD

106 00°€ 68'65 1A1-d INW GZT ‘dutjodAxopAy- W Gg
asd % as (s)aswn uoiresbiwabeny 8ikruy uonsodwod 399

*3uIS04A1-0 pue ‘-w ‘-d

aInIXiw e Jo sisAfeue D3-JIA Y1 10} ASHY pue (dS) uonelAap piepurls ‘awil uonelbiw sbeiane ay) uo uonisodwod 31Aj04195]8 punolbxoeq Jo 1990 ay L

‘TalqeL

Author Manuscript Author Manuscript

Author Manuscript Author Manuscript

Electroanalysis. Author manuscript; available in PMC 2023 May 22.



	Abstract
	Introduction
	Experimental
	Reagents and Solutions
	Fabrication of PDMS Microchip
	Fabrication of Pyrolyzed Photoresist Film PPF Carbon Electrode
	Microchip Electrophoresis Separation Procedure
	Electrochemical Detection
	Cyclic Voltammetry
	Capillary Electrophoresis Separations
	Fenton Reaction
	Reaction of Peroxynitrite with p-Tyrosine

	Results and Discussion
	Separation Optimization of RNOS Products with Tyrosine and Phenylalanine
	Effects on BGE for the Oxidation Potential of Tyrosine
	Microchip Electrophoresis with Electrochemical Detection ME-EC
	Effect of Channel Length on Tyrosine Isomer Resolution
	Addition of Ammonium Acetate to the BGE

	Analysis of Fenton Reaction Products of Phenylalanine and Tyrosine by ME-EC
	ME-EC Separation and Detection of Reaction Products of Peroxynitrite and p-Tyrosine

	Conclusion and Future Directions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Table 1.

