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Abstract

This paper reports on the advantages of combining the separation capability of capillary electrophoresis using a novel home-made elec-
trochemical cell adapted to commercially available capillary electrophoresis equipment with the permselective properties of melanin-type
polymer-modified carbon electrodes as amperometric detectors. The excellent permselective properties of the melanic polymer have allowed a
large improvement on the quantification of dopamine, epinephrine and norepinephrine. A linear response was obtained in the range 8-200 pg
of dopamine with sensitivities between 3- and 5-times higher than those at the bare carbon electrodes and detection limits at submicromolar
level (41fmol in the volume injected). The effect of the carbon electrodes size, and capillary electrophoresis parameters on the analytical
performance is also discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction An alternative to the conventional spectroscopic detection
systems, are the electrochemical methi@dl3] that presents

Capillary electrophoresis (CE) becomes an attractive the advantages of allowing a high sensitivity and the possibil-
method for liquid phase separations owing to high separationity of miniaturization without compromising the detection. In
efficiency, low sample consumption and relatively short anal- addition, electrochemical detection can be used to quantify
ysis timeg[1]. Regarding CE detectors, the UV-absorbance a broad range of important analytes, owing to the variety of
ones have been the most frequently used in commercial capil-electrode materials and electrochemical processes that can
lary electrophoresis instruments although the detection limits be used for the detection. The success in the electrochemical
arerelatively high due to the short optical path lengths. Lower detection is strongly dependent on the choice of the work-
detection limits can be achieved by laserinduced fluorescenceng electrode materials. Different electrodes have been used,
detection. However, the laser equipment is rather expensivecarbon4-7], sol—-gel8], platinum[9], gold[10], nickel[11]
and in most of the cases a sample derivatization, which com-and coppef12]. Chemically modified electrod€6,7,9,13]
plicates the analytical process, is necessary to make, particin general based on the incorporation of a catalyst or a redox
ularly if small volumes of samples have to be analyzed. mediator, have extended the applicability of capillary elec-

trophoresis with electrochemical detection to compounds that

—_— ) otherwise could not be detected electrochemically. Most of
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Polymer-modified electrodes have been largely used intheout at room temperature by applying the desired operating
area of electroanalysis to improve electrocatalytic properties, potential. Currents were allowed to reach a stable baseline
to increase the stability and reproducibility of the electrode prior to the amperometric monitoring.
response, to improve molecular recognition, preconcentra- Graphite disk electrodes with 300 and 50@ diame-
tion and permselective propertigsl—16] ter were prepared by threading a pencil lead (Pentel, Japan)

The melanin-type polymer electrogenerated froigiopa through a 20 mm length PTFE tube with an adequate ID and
oxidation have demonstrated to possess excellent permselecOD of 1.6 mm. Glassy carbon electrodes (Goodfellow, 1 mm
tive properties towards anionic specj&g]. Applications of diameter) were prepared in the same way. One end was in-
this type of polymer-modified electrode for the amperomet- serted into a pipette tip and filled with carbon paste (prepared
ric detection of dopamine using flow injection analysis have by mixing graphite powder Acheson #38 (Fischer Scientific,
been reportefil8]. Madrid, Spain) and mineral oil (Aldrich Chemical, Madrid,

In this paper, we described a wall-jet amperometric de- Spain), in a 70:30 w/w proportion). The final electrical con-
tector based on the use of melanin-type polymer-modified tact was established with a copper wire. Then this side was
carbon electrodes combined with a novel home-made elec-sealed with non-conductive cyanoacrilate glue Loctite 401
trochemical cell adapted to commercial available capillary and polyolefin primer Loctite 770 (Loctite, Spain). The other
electrophoresis equipment. To our knowledge, the applica- extreme was polished either on a weighing paper, in the case
tion of such melanin-type polymer carbon electrode in a cap- of graphite disk electrodes or on emery paper (600), followed
illary electrophoresis system has not been reported. by emery paper (BAS) and fine grades of alumina slurries 0.3

The goal of this work is to combine the separation capabil- and 0.05.m (Buehler) in the case of glassy carbon disk elec-
ity of CE with the sensitivity and versatility of electrochem- trodes. The electrodes were exhaustively rinsed with water
ical techniques to develop a more sensitive methodology for after each polishing step.
neurotransmitters quantification, based on the properties of The melanin-type polymer-modified glassy and graphite
the melanin-type polymer that makes it possible the use of carbon electrodes were prepared as it was previously de-
high ascorbic acid concentrations to amplify the neurotrans- scribed/17]. Briefly, the polymer was electrogenerated from
mitters oxidation signal. a3x 103 M L-dopa solution in a 0.050 M phosphate buffer

pH 7.4 by applying 1V for 60 min. Once the polymer was
obtained, the electrode was washed with water and cycled in

2. Experimental the same supporting electrolyte betwee#00 and 800 mV
at 100 mV/s (five cycles).
2.1. Reagents Capillary electrophoresis experiments were carried out

with a SpectraPHORESIS 100 (Thermo Quest Corporation,

L-(+)-Ascorbic acid was purchased from Panreac Spain). Data acquisition and processing were accomplished
(Madrid, Spain). 3,4-Dyhydroxyphenyl acetic acid (dopac), using a 486/PC equipped with two channels and a Chrom-
3-hydroxytyramine (dopamine),-3-3,4-dihydroxyphenyl- Card software package (Thermo Quest Corporation, Spain).
alanine (-dopa), 4-[1-hydroxy-2-(methylamino)-ethyl]-1,2- No variation was introduced in the original commercial set
benzene diol (epinephrine) and arterenol (norepinephrine)up. A 59 cm fused silica column with a 2 cm Nafion tubing
were from Sigma (Madrid, Spain). All stock solutions were decouplef19] was used for electrophoretic separations with
prepared before starting each set of experiments and storeetlectrochemical detection. This column has an ID of.iib
under refrigeration away from the light. Diluted solutions and an OD of 36m and was supplied by Supelco, cat.
were prepared just before use from the stock solutions. All no. 77500 (Bellefonte, USA). At the beginning of each day,
other chemicals were of analytical-reagent grade. Water for the capillary was conditioned by flushing for 5 min with 1 M
preparation of solutions was purified with a Milli-Q Milli-RO ~ NaOH, 5min with 0.1 M NaOH, 5min with purified water
water system{ = 18 MQ2) (Millipore, Spain). Buffers and  and 5 min with the separation buffer. Between runs, the cap-
samples were sonicated for 5 min and microfiltered through illary was rinsed consecutively with water and the separation

a 0.45.m MFS-13 filters (Advantec MFS, Inc., USA). buffer for 6 min. The resulting analysis time for every run was
15 min. Samples were introduced by hydrodynamic mode for
2.2. Apparatus and electrodes 0.5s (the injected volume being 41 nL).

The electrochemical cell used in this work was prepared in
Electrochemical measurements were performed in the our lab and it was recently describfg]. This electrochemi-

three electrode mode using an electrochemical analyzer BAScal device used in connection with commercial capillary elec-
100B connected to a 386/PC computer. Data storage and controphoresis system allowed us to obtain a good performance
version to a “txt” files were performed by BASCOM 2.21 for analytes with reversible or irreversible electrochemical
software (BAS, West Lafayette, USA). Silver and platinum behavior in a simple way and without needing complicated
wires were employed as pseudo-reference and counter elecprecision apparatus. No distortion on analytical signals was
trodes, respectively. All potentials given in this work were re- observed and stable baselines were obtained in all measure-
ferred to that reference system. All experiments were carried ments[5,20].
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Amperometric detection at a constant potential was per- electrode and under our working conditions this effect was
formed with a BAS LC-4C amperometric detector (West negligible (not shown).
Lafayette, IN) using an electrochemical cell configuration Hydrodynamic voltammograms (HDVs) forl 10-°M
similar to that previously describd#]. dopamine, norepinephrine, epinephrine and<510~*M
ascorbic acid were also performed at melanin-type polymer-
modified glassy carbon and graphite disk electrodes. A sim-
3. Results and discussion ilar behavior was observed for the two carbon electrodes.
In the case of the neurotransmitters, potentials higher than
The advantages of using melanin-type modified carbon 500 mV, the currents reach a maximum although at potentials
electrodes for the electrochemical detection of neurotrans-higher than 700 mV the signal becomes noisy (not shown).
mitters previous CE separation are reported in the follow- Therefore, based on the HDVs results the selected working
ing sectionsFig. 1 shows cyclic voltammograms for & potential was 700 mV, where the signal-to-noise ratio is the
10-3M ascorbic acid (A), and 5 10~-°M dopamine (B), highest. Itis important to mention that, as expected, no signal
epinephrine (C) and norepinephrine (D) obtained at bare was obtained in the hydrodynamic voltammograms for ascor-
graphite disk electrode (dotted lines) and at a melanin-type bic acid at the melanin-type polymer-modified electrodes.
polymer-modified graphite disk electrode (solid lines). As ex- The behavior of dopac, the main metabolite of dopamine in
pected, the film effectively rejects negatively charged speciesbrain, was also evaluated and since the molecule is negatively
such ascorbic acid g = 4.1). In contrast, the oxidation charged under the working conditions, no oxidation current
of the cationic neurotransmitters resulted in peak currents was observed in the whole studied range.
even larger than those obtained at the bare graphite disk The electropolymerization time demonstrated to be anim-
electrode, due to a more efficient electron transfer at the portantvariable. Differenttimes, between 5 and 120 minwere
polymer-modified surface, as it was previously repofi&d. evaluated. In all cases, for polymerization times shorter than
We evaluated the possible preconcentration of the cationic5 min the rejection of the ascorbic acid was not significant.
neurotransmitters at the melanic polymer immobilized at the The best signal was obtained in all cases for electropolymer-
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Fig. 1. Cyclic voltammograms of & 10-3 M ascorbic acid (A) and & 10-> M dopamine (B), epinephrine (C) and norepinephrine (D) in a 0.050 M phosphate
buffer solution at pH 7.4, at a 5Qdn bare graphite disk electrode (dotted lines) and s®0coated graphite disk electrode (solid lines). Scan rate 50 mV/s.
First scan in positive direction.
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ization times higher than 50 min, being 60 min the optimum 2,0
to obtain the most reproducible response. ]
The feasibility to electropolymerize-dopa in the CZE 1,54

electrochemical cell was also evaluated using different poly-
merization times. For this study, a 0.050 M phosphate buffer
solution pH 7.4 containing % 10-3M L-dopa was flushed

across the capillary column in order to make a renewable
flow solution in the electrode surface. The best compromise 0,5
between sensitivity and selectivity was obtained for times ] w

1,0

Current (nA)

higher than 120 min. Therefore, since the time necessary
to get a polymer with the best permselective properties is
twice longer than that for obtaining it in a conventional elec-
trochemical cell, all subsequent polymerizations were per- 0,5
formed outside the CE electrochemical cell.

This electrochemical device allowed the use of normal- (A
sized electrodes and commercial CZE instruments to detect
neurotransmitters. Glassy carbon electrodes (& = 1 mm) or
graphite disk electrodes (g = 300 and %08) allowed us
to obtain a high signal-to-noise ratio, low detection limit, 1,54
excellent stability, and high mass transfer rates, making the
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operation simpler than that using a carbon fiber electrode. §

Itis widely known that ascorbic acid reacts with the oxida- E 01
tion product of catecholamines (quinones) reducing it to the £
corresponding catecholamine. Based on the excellentperms- 3 0,5+

elective properties of the melanic polymers, it is possible to ]
use high concentration of ascorbic acid in the measurement 'AM”AI
solution to amplify the oxidation current of the neurotrans- o0 V‘MWMWM %MM
mitters improving, thus, their quantification. Therefore, the ]
key of this methodology is the use of the melanic polymer '0’500 0 40 oo 80 100 1o
as a barrier that allows the use of ascorbic acid in the detec- ®) ' ' ' Ti"’le (min)’ ' '
tion solution to improve the sensitivity of the oxidation of

dopamine, epinephrine and norepinephrine.

Therefore, since ascorbic acid was used to amplify the ox-
idation of neurotransmitters at the surface of the electrode,
the CE response of the electrode in the presence of ascorbic 1,5-
acid was evaluated. The study was carried out usinguen75
ID capillary column filled with 0.030 M phosphate buffer so- 1.0- ﬂ
lution pH 5.6 and a separation voltage of 15 kV. The electro- |
chemical measurements were performed in a cell filled with

[
\
|
a0.050 M phosphate buffer solution pH 7.4 while applying a 0.5+ / ¥
potential of 700 mV as detection potential. ]
Fig. 2 shows the electropherograms for>l 10°°M o,ow MWM *

dopamine under different conditiorfsig. 2A depicts the re-
sponse of dopamine at the bare GCE using a phosphate buffer

solution containing 1x 10-3M ascorbic acid. A large and '0’50’0 " 20 40 60 80 100 120
noisy background signal was obtained as a consequence ofthe ©)
electrooxidation of 1x 103 M ascorbic acid. Under these
conditions, no oxidation signal for dopamine was observed. Fig. 2. Electropherograms with electrochemical detection fer 20-5 M
When the measurement solution was phosphate buffer with-dopamine at: (A) a bare glassy carbon electrode in 0.050 M phosphate buffer
out ascorbic acid, a small dopamine oxidation signal was solution pH 7.40 containing & 10-3 M ascorbic acid, (B) a bare glassy car-

. . _ bonelectrode in 0.050 M phosphate buffer solution pH 7.40 without ascorbic
observedKig. 2B). Fig. 2C shows the electropherogram ob acid and (C) at a melanin-type polymer-modified glassy carbon electrode in

. 5 . .
ta'”‘?q for 1x 107> M dopamine at a melanin-type polymer- buffer solution containing & 10~3 M ascorbic acid. Conditions: buffer so-
modified glassy carbon electrode in phosphate buffer solu- jution in the detection cell 0.050 M phosphate buffer at pH 7.4, detection
tion containing 1x 103 M ascorbic acid. As expected, a potential 700 mV. Capillary length 75 cm. Separation buffer: 0.030 M phos-
dopamine oxidation signal almost four times higher than that Phate, pH5.6. Separation voltage: 15 kV. Hydrodynamic sample introduction
at glassy carbon without the polymer is obtained due to the for 0.5 s. Electropolymerization conditions as in the text.

2,0-

Current (nA)

Time (min)
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amplification of dopamine oxidation mediated by ascorbic 5,0
acid and only possible due to the presence of the melanic

polymer. Similar effect was observed in the case of the other 4,0
positively charged molecules such as epinephrine and nore-
pinephrine (not shown).

The effect of pH and concentration of the buffer on the
electrophoretical separation of neurotransmitters was eval- 2,0 1
uated in order to select the optimum separation conditions. . 2
Since the physico-chemical properties of these neurotrans- 1,0
mitters are very similar, the direct determination of mixtures ]
of these compounds is a dare task. However, when the capil- 0,0
lary electrophoresis separation is used, the electroactive neu- : : :
rotransmitters can be separated according to the charge-to- 0.0 10 20 3,0 40
mass at the separation pH. Considering both, the resolution (A Time (min)
effectand the appearancetime thatdecreases at higher pHs we
selected a borate buffer solution pH 9.6 to separate the neu- 504 1
rotransmitters object of this work. As it is widely known, the
concentration of the separation buffer plays an important role 40+
inthe migration rate of the compounds. Borate concentrations
higher than 0.040 M produced a considerable increase in the
migration time of neurotransmitters. Therefore, we selected
a 0.040 M borate buffer solution pH 9.6 to separate the neu-
rotransmitters of interest, dopac and ascorbic acid.

The effect of the applied voltage on the analytical perfor-
mance was also studied between 5 and 25 kV. Although the
resolution improved when increasing the voltage from 5 to
20kV, the selected running voltage for the subsequent stud-
ies was 15kV (22.A) in order to avoid the Joule’s heating
effect and get analysis times sufficiently short (4 min). It is
important to mention that no interference was observed in the
detection cell when this voltage was applied. 509

Different capillary lengths were also tested. In order to de- 1
crease the analysis time the length was reduced. A capillary 404
length of 59 cm demonstrated the best compromise between 1
time and resolution. Under these conditions the three neuro-
transmitters were separated and detected in times lower than
4 min.

Another important parameter is the gap distance between
the disk electrode and the capillary outlet in the electrochemi- 1,0
cal device. To minimize the diffusional and convective broad- 1
ening of the analyte zone, the gap distance should be as short 0,0 -WW r A
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3,01

2,0
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as possible; to avoid smaller peak height and poorer detec-
tion limits [21]. Based on the sensitivity and reproducibility
of the signals, we selected a 10t gap column-electrode

distance. The RSD evaluated for a 500 electrode, rise Fig. 3. Electropherograms of & 10~>M dopamine (1), epinephrine (2)

from a value of 5.9%r{ = 6) for 100p.m distance to 15.9% and norepinephrine (3) obtained using electrodes with different diameters:

(n=7) for 50p.m. Other small distances were also evaluated graphite disk electrodes 3@8n (A) and 50qum (B), and glassy carbon

but the reproducibility of the analytical signal was poor. electrode 1 mm (C). Conditions: buffer solution in the detection cell 0.050 M
The size of the electrodes is another important parameterphosphate buffer at pH 7.4 containing110-3 M asco.rt_Jic acid..Separation

in CE with electrochemical detectiq@2—24] It is known buffer: 0.040 M borate buffer at pH 9.6. Other conditions as in Fig. 2.

that the best performance, is obtained when the working

electrode diameter is higher than the capillary column in- using different size electrodes and a gap distance column-

ner diameter. The separation of the neurotransmitters waselectrode of 10@um. Fig. 3A shows the amperometric re-

evaluated by using melanin-type modified graphite electrodessponse for 1x 10~°M neurotransmitters using a 3pn

of 500 and 30Qum. Fig. 3shows the electropherograms for graphite electrode. Well-defined signals were obtained for the

the separation of dopamine, epinephrine and norepinephrinethree neurotransmittersig. 3B shows the response obtained

T T T T T T T
1,0 2,0 3,0 4,0
Time (min)
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0 T T T T T T T T T T

at a 50Qum graphite electrode modified with the melanic 6
polymer. In this case there is an increase in the signal due

to a better collection of the solution coming from the col- 5,0 4
umn since the electrode is a little wider than the column. e ——

For comparison it is also shown the response obtained at 40 | Rl TTo
a mm glassy carbon electrode modified with the melanic < ] -
polymer Fig. 3C). We can observe iRig. 3C that the peak 5
signal is smaller and slightly broader than that obtained at
500um electrodes. This behavior could be explained due
to the difference between the inner diameter of the capil-
lary column and electrode size. We described above, that
the size of the electrode and the gap distance between elec-
trode and column are very important operational parame-
ters. In our study we observe that for distances column- 0 ' . ' n ' n ' . , n
electrode of 10gum and electrodes with diameters higher 0 120 240 360 480 600
than 750Qum the signal becomes smaller and broader. There- Analysis Time (min)

fore, a 50Qum graphite electrode was selected for all subse-

quent studies. - . e for 1 x 10~°M dopamine M), epinephrine @) and norepinephrinea() in
The reproducibility of the neurotransmitters quantifica- , coated carbon disk electrode with the analysis time. The total time of each

tion using the melanin-type polymer-modified carbon elec- analysis is 15 min. Other conditions as in the text.

trodes in combination with capillary electrophoresis as well

as the stability of the modified electrodes were evalu-

ated by successive injections of neurotransmittéirg. 4 tested to determine the linearity of this detection method.
shows the oxidation currents fors 10~°M of dopamine, Table 1summarized the regression equation, correlation co-
epinephrine and norepinephrine obtained at a melanin-efficient and detection limit according to thes,8n crite-
type polymer-modified electrode using a detection poten- rion, wherem is the slope of the calibration curve asgl

tial of 700 mV. For series of 20 analysis (with a total of the standard deviation. We can observe that the detection
300 min), the RSD were 3.2, 3.6 and 5.7% for dopamine, limit for dopamine in the case of polymeric electrode was
epinephrine and norepinephrine, respectively. These resultghree times higher than those obtained at the bare carbon
demonstrated the high reproducibility of the overall as- disk electrodeFig. 5 shows two electropherograms under
say and the stability of the polymer-modified electrode. the best separation and detection conditions for the same
Higher analysis times presented the inconvenience of aconcentration of neurotransmitters, ascorbic acid and dopac.
slight electrode poisoning and a loose of the polymeric ma- Huge signals for ascorbic acid and dopac were obtained at
trix, producing a decrease in the signal. For instance, afterbare graphite disk electrod&i¢. 5A). On the contrary, a
450 min analysis, the decrease in the current for dopaminelarge decrease for ascorbic acid and dopac oxidation sig-
is around 80%. It is also important to mention that for nals was obtained at the polymer-coated graphite disk elec-
analysis time higher than 450min the permselectivity of trode Fig. 5B). These results demonstrate that the melanin-
the polymeric electrode practically disappeared and, con-type polymer-modified graphite carbon electrode is suitable
sequently, the signal for the neurotransmitters largely de- as an amperometric detector for capillary electrophoresis,
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Current,

-

0

Fig. 4. Evolution of the electrochemical signal in capillary electrophoresis

creases. allowing a reproducible and more sensitive quantification
A set of standard mixture solutions of the three neuro- of mixtures containing dopamine, epinephrine and nore-
transmitters ranging from & 1076 to 2.5 x 10->M was pinephrine.
Table 1
Analytical characteristics of the capillary zone electrophoresis with electrochemical detection method for the neurotransmitters determinatio
Electrode Compound Regression equationCorrelation coefficient{(=9)  Detection limit (M)? RS (%)
Peak current  Migration time
Bare carbon disk Dopamine y=0.1+ 154 0.998 2.7 3.2 1.7
Epinephrine y=0.0 + 13k 0.990 13 35 1.9
Norepinephrine y=-0.1 + 14% 0.990 1.7 3.4 2.2
Coated carbon disk  Dopamine y=-0.1+ 464 0.9990 0.9 3.1 1.8
Epinephrine y=0.0 +17& 0.998 1.0 3.7 1.8
Norepinephrine y=0.0 + 31& 0.9992 0.8 3.0 1.9

@ Wherey is the peak current in nA andis the neurotransmitter in mM.
b Detection limit according to thesg/m criterion, mis slope of the calibration curve asglithe standard deviation.
¢ Ten injection in the same capillary (10 mM of each neurotransmitters).
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2,5 ment of new methodologies for the determination of other
4 5 electroactive compounds.
2,0
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