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Abstract

Avoltammetric detection mode (VD) in conjunction with multivariate curve resolution with alternating least squares (MCR-ALS) method is
applied to the analysis of cysteine-containing compounds and compared with a well established amperometric detection (AD) mode in a thin-
layer dual Hg/Au cell. VD-MCR-ALS provides an increase in selectivity for cases where satisfactory separation of electroactive compounds
is not allowed. However, concentrations needed for a good quantification in VD are higher than in AD due to much large contribution of
background in VD.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Many methods have been developed for the determina-
tion of thiols and disulfides. Several analytical approaches
Low-molecular-mass thiols, such as cysteine (Cys), glu- use a derivatization procedure in order to obtain compounds
tathione (GSH), and their respective disulfides are ubiquitous suitable for detection by UV or fluorometij#—6]. In re-
in nature and, based upon the many known functions of thesecent years, high-performance liquid chromatography with
compounds in a great variety of biochemical processes, theirelectrochemical detection (HPLC—ED) has been widely ex-
identification and accurate measurement is essefitja). plored[7—23]as an alternative to such derivatization methods.
GSH is considered an essential constituent of all living cells Also capillary electrophoresis with electrochemical detection
and itis usually the most abundant non protein tfipl GSH (CE—ED) has been used for the determination of RSH/RSSR
plays an important role in the complexation and elimination analyteg24-26] Among the different possible HPLC-ED
of toxic heavy metals from the organisrfy, shared with approaches, amperometric detection (AD) in thin-layer dual
more complex peptides and proteins such as metallothioneinsHg/Au electrodes in series is practically the only one used. In
(MT) in mammals or phytochelatins (PCs) in plaf8k The some few cases, coulometric detection is also apfli2@?2].
structure of GSHy-Glu—Cys—Gly) is strongly related to that In general terms, AD at a single potential lacks enough
of PC [(y-Glu—Cys)—Gly]. For this reason, in media where selectivity when two or more analytes coelute or when large
PCs are synthesized their constituent peptides can be alsdackground contributions are present in the measured signal.
present. The change from AD to the voltammetric detection (VD)
mode improves the selectivity of the technique. This change
is equivalent to the band pass, in the spectroscopic domain,
* Corresponding author. Tel.: +34 93 402 15 45; fax: +34 93 402 12 33, 110M & single wavelength to a diode-array multiwavelength
E-mail addresscristina@apolo.qui.ub.es (C. A&d). detection (DAD UV—ViS). However, this ]Ump requires of:
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(i) the use of a fast potential scanning technique, and (ii) 250 mmx 4.6 mm and 10 mnx 4.6 mm, respectively, were
a powerful chemometric technique for the large amount of provided by Supelco (Bellefonte, PA, USA).
information from every VD run. The electrochemical detector system was a CC-5C BAS
Chemometrics has been very scarcely applied to electro-flow cell (BAS, West Lafayette, IN, USA), with a three elec-
chemistry in genergR7], and to electrochemical detection trode system with a 0.2in. gasket, connected to an Autolab
in particular. This can be explained because of the lack of lin- PSTAT 10 (Ecochemie, NL). The GPES 4.4 software (Eco-
earity between currents and concentrations in many electro-chemie) allowed potentiostatic control and data acquisition.
chemical processes, and because of the complex relationship The working electrode was a dual Au/Hg amalgam thin
between concentrations in the electrode diffusion layer and in layer electrode BAS (MF-1002) for which every electrode
bulk solution. Application of chemometrics to HPLC-ED is  surface was disposed parallel to the flow direction. The amal-
mainly focused to optimization and prediction tafk8-30] gam was prepared by placing double-distilled Hg onto the
At the best of our knowledge, only one previous work has polished Au surface and by removing, after 2 min, the excess
been devoted to the use of multivariate analysis methods forHg. A stainless steel auxiliary electrode and an Ag/AgCl (KCI
analyte mixtures determination from HPLC-VD dfga]. In sat.) reference electrode were used in all experiments.
particular, multivariate curve resolution by alternating least  Optimal mobile phase was: 93.25% (v/v) 0.1 M MCA
squares (MCR-ALS) has been used. VD-MCR-ALS has al- aqueous solution, 5% MeOH, 1.75% DMF and 2.25mM
lowed the determination of a mixture of pyrocathecol, ascor- OSA, adjusted to pH 2.8 with KOH. The same mobile phase,
bic acid and epinephrine, compounds that have satisfactorybut with 45,.M OSA, produces coelution of-Glu—Cys and
oxidation processes in a glassy carbon electrode and clearlyGSH. All solutions were filtered through a 0.@&h mem-
different voltammetric behaviour81]. Voltammetric sig- brane filter and degassed. Samples were run isocratically at
nals, as compared to amperometric measurements, give extra flow-rate of 1.0 mL/min at controlled room temperature.
information allowing their better resolution. This implies that GPES 4.4 software recordisversust at E constant (AD
it is not necessary to achieve a complete chromatographicmode), and a voltammogram at each elution time (thus ob-
separation of the different eluting substances provided thattainingl versusE versug data matrix) in VD mode. For thiol
their voltammetric responses are not completely equal. detection in AD mode the applied potential was 0.15V. At
In the present work, a comparison between AD and VD this potential Hg from the electrode is oxidized to form a
modes assisted by MCR-ALS has been made, showing thevery stable complex with sulphur grou[#2] following the
advantages of VD in cases with overlapping peaks. This hasreaction:
been applied to the separation of thiol compounds as PC and n B
smaller cysteine-containing compounds. 2RSH+Hg — (RShHg +2H™ + 2e

The reaction is highly specific for the sulfhydryl group

. and proceeds rapidly and stoichiometrically.
2. Experimental

2.1. Reagents 2.3. Data treatment

In VD-MCR-ALS approach data are arranged in a current
data matrix [) with so many rows as recorded voltammao-
grams and so many columns as potentials scanned during
the measurements. The columnsldi versust whenE is
held constant) correspond to that we can call amperometric
chromatograms. The rows bfl versusE whent is held con-
stant) correspond to that we can call hydrodynamic voltam-
mograms.

The basis of MCR-ALS is to decompose mathematically
| into a product of two orthogonal matrices, represented as
C (containing the calculated concentration elution profiles of
resolved electroactive species at the detector\dn(torre-
sponding to calculated pure voltammograms), plus an error

L-Cysteine,y-Glu—Cys (80% of purity as trifluoroac-
etate salt) and Cys—Gly (85% of purity) peptides were
provided by Sigma (St. Louis, MO, USA). Glutathione,
potassium hydroxide, octanosulfonic acid (OSA,N-
dimethylformamide (DMF) and methanol (MeOH) were
obtained from Merck (Darmstadt, Germany). Monochloro-
racetic acid (MCA) was provided by Aldrich (Milwaukee,
WI, USA). Metal-free phytochelatins B@nd PG were syn-
thesized by Diverdrugs (Barcelona, Spain), both with a purity
of 91.8%.

All solutions were prepared in ultrapure filtered water ob-
tained from Milli-Q plus 185 system (Millipore, Bedford,

USA). matrix X (including the variations not explained 6y and
. . vT)[31,33}
2.2. Instruments and experimental conditions
| =CVT +X 1)

An Agilent (Palo Alto, USA) 1100 chromatographic sys-
tem, with a quaternary pump, a gQ-loop manual in- The iterative decomposition ¢fneeds an initial estima-
jector, a vacuum degasser and a handheld control moduletion of C and/or oV T for each component. For data obtained
were used. Analytical and guard columns, Inertsil ODS C18 from VD the best initial estimation of T is obtained by a
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procedure based on the peak-shape nature of the chromatoand previous experien¢®1], it was explicitly modeled as an
graphic signal§31] through Gaussian functions described by independent mathematical component, having its own con-
centration and voltammogram profiles. The initial estimation
of the background elution profile was modelled by means of

the general equation:

conc= aexp K_(tc_b)zﬂ

where conc is the magnitude of the signidd,the time ana,

)

b, c are adjustable parameters related to the height, position
and width of the peak, respectively. Due to the special char- wheret is the time,a andb are adjustable parameters and
acteristics of the electrochemical background signal in VD, conc is the magnitude of the background elution signal.
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Fig. 1. Schematic flow-chart of multivariate curve resolution by alternating least squares as applied to voltammetric detection in HPLC.
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Table 1

Figures of merit for thiol determination by HPLC—ED (amperometric mode at 0.15V)

Compound Linearity range (ng) Calibration functions Detection limits (ng injected) R.S.D. (%)
Cys 8.77-780.00 y=0.175+0.549, r>=0.9995 332 1.0

Cys—Gly 15.26-1069.00 y=0.226+0.17%, r2=0.9994 27 1.2

GSH 32.40-1113.99 y=4.697 +0.148, r>=0.9932 705 1.0

v-Glu-Cys 22.02-699.99 y=5.955+0.278, r2=0.9952 1%5 0.6

PG 45.53-1231.91 y=—3.044+0.138,r2=0.9972 1249 3.4

PG 169.43-1881.00 y=—0.825+0.038, r2=0.9965 4296 7.3

Calibration functionsy (peak area, as nA/min) andquantity injected, as ng). Detection limits calculated at a signal-to-noise ratio of 3.

To impress chemical sense to the mathematical MCR-  This methodology was tested in the separation and quan-
ALS solution, the iterative ALS procedure allows several re- tification of thiol compounds in three synthetic samples with
strictions (constraints) to be imposed: selectivity (restrict the recoveries ranging from 89 to 111%, showing that it is ap-
presence of one species to some zone of the matrix), non-propriate for separation and quantification ofR@d related
negativity (applied to concentration profiles and/or voltam- compounds.
mograms), unimodality (single peak shape of concentration
elution profiles and/or unit voltammograms) and signal-shape
(fitting of the signals to Gaussian functions owing to the peak- 0.4 - ; T
shaped nature of chromatographic signals).

This VD-MCR-ALS treatment can be applied to a single
matrix obtained in the injection of one sample, orto a column- 0.3
wise augmented data matrix obtained in successive injections
of several standards and the unknown sample. This last pro-
cedure has been applied in this work due to its usefulness for
quantitative purposes.

Fig. 1 shows a flow chart that summarizes the steps of 0.15¢ 1
this VD-MCR-ALS approach applied to the quantification of

0.35f

0.25

0.2}

WA

different analytes by HPLC—-ED, using the VD mode. It will o
be described further in more detail. 0.05}
All data treatment, including data smoothing, base line M U
correction, data matrices preparation, and the own VD-MCR- 00 — 1o 15 20 25 30
ALS analysis were performed by means of home-made pro- (a) t/min
grams implemented in MATLAB version 5[35], some of 2.8

them freely available dtttp://www.ub.es/gesp/mcr/mcr.htm

3. Results and discussion

-

Using AD, separation of Cys, GSH, its fragments and the <
phytochelatins P&and PG is allowed in similar conditions E 3
(see SectioR) to those recommended for thiol and disulphur
separation§20,23] In those conditions P{heed more than
20 min to be eluted, while GSH and its fragments can be

separated in less than 15 mirid. 2a). Table 1summarizes 1t

the figures of merit using these experimental conditions. The \
highest detector response was for Cys and the lowest one for P

PG, the compound eluted at la$able lalso shows the intra- b 0 Vs 150

day repeatability that was evaluated injecting 10 replicates of
20uL of a 2 10~ M solution of each compound. Relative Fig. 2. Chromatograms of a synthetic mixture of thiol compounds: (a) cys-
standard deviation (R.S.D.) values are lower than 1.2% for teine (1), Cys—Gly (2), GSH (3}-Glu-Cys (4), Pg (5) and PG (6), am-
Cys, GSH and its fragments; R.S.D. for £énd PG are perometric detection at +0.15V (vs. Ag/AgCI). Mobile phase: 93.25% (v/v)
higher because they elute later and yield wider peaks. Inter-0-1M MCA aqueous solution, 5% MeOH, 1.75% DMF and 2.25mM OSA
day assays were not evaluated due to the important baseling/uStd to PH 2.8 (b) cysteine (1), Cys—Gly (2), GSH (3) getdlu-Cys

y " Y . p ; ?4), single amperometric detection at +0.15V (vs. Ag/AgCl). Mobile phase:
fluctuations, which strongly depend on both Hg film electrode g3 259 (viv) 0.1 M MCA aqueous solution, 5% MeOH, 1.75% DMF and

and the stability of the power supply line. 45uM OSA adjusted to pH 2.8.
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Although separation of those thiol compounds is easily
allowed, sometimes chromatographic separation can not be
satisfactorily achieved. In those cases the use of a more se
lective detection method plays a crucial role.

The VD-MCR-ALS detection mode has been applied, as
a first approach and for the sake of simplicity, to the analy- < N
sis of PC fragments Cys, Cys—Gly, GSH ap&lu—Cys. In =
the case of complex thiol mixtures, such as those from algae
extracts, presence of overlapping peaks is quite probable be:
cause of small size PC fragments. On the contrary, it does not
seem very likely to find overlapping of the signals fromPC
PG, ..., PG, molecules, whose molecular weights are quite
different.

Linear sweep voltammetry (LSV) scan mode has been E/V
used for VD-MCR-ALS. It requires the optimization of some
eXpe”ment?I parameters asf the span natgr(d the potent_lal Fig. 3. Current measured as a function of potential and time in HPLC
range. The influence afwas investigated in order to achieve analysis (voltammetric detection). Injections of four standards and mixture
an optimal compromise value. Thus, lawalues imply a were done consecutively during the same chromatographic run. Standard
few numbers of scans per minute, i.e., a poor time resolu- 1 corresponding to Cys standard of 34.65#g/standard 2 to Cys—Gly
tion on chromatograms. High values involve an increase  (44.91nghl), standard 3 to GSH (87.90ngL) and standard 4 toy-
of the background current and of the noise. The window of SU-Cys (74.59ngiL) and the mixture (sample) which contains the 4

. . . . thiols under peak coelution conditions, cysteine with a concentration of
applied potentials was selected to allow better differentia- 57 75 g1, cys—Gly with 36.00ngiL, GSH with 70.38 ngkL and -
tion of signals. At low potentials, no oxidation signals were Glu—Cys with a 59.57 nglL concentration. The composition of the mobile
detected. At high potentials, all substances quickly attained phase was: 93.25% (v/v) 0.1 M MCA aqueous solution, 5% MeOH, 1.75%
the same plateau corresponding to limiting current condi- DMF and 45.M OSA adjusted to a final pH of 2.8.
tions (i.e., producing the same voltammetric behaviour in
all species and, thus, hindering electrochemical selectivity). In previous experiments (not shown) standards and mixtures
Additionally, high potential values increase dramatically the were injected separately, but differences among background
background currents. Finally, a potential range of 150 mV baseline contributions of the different chromatographic runs
(from 0.00 to 0.15V) and = 0.15V/s (one scan per sec- compelled accurate quantitative determinations of the ana-
ond) were selected. lyte components in the mixtures. VD-MCR-ALS simulta-

In the application of VD-MCR-ALS to the determination neous analysis of these consecutively injected samples using
of compounds with very similar electrochemical responses, the column-wise augmented data matrix were done following
the selection of the potential range to be analyzed plays a keythe procedure summarizedhig. 1 In this figure, the exper-
role. Then, it has been necessary to consider the part of themental data matrix and the calculated matrices (results) are
experimental matrix that shows a more important change associated to every main step in MCR-ALS.
in the baseline, because in this zone the differences among Fig. 4shows a set of experimental data and the correspond-
the Faradaic responses of the compounds are more accusethg results obtained from the application of this methodology
However, the need to include this potential range on the treat-to the determination of a mixture of Cys, GSH, and its frag-
ment introduces more error in the mathematical solution, asments Cys—Gly ang-Glu—Cys. Thus, the augmented data
lack of fit values show. But, if this part is avoided, conver- matrix (sample plus standards) is shown as a function of time
gence is not achieved or non realistic results are obtained.(Fig. 4a) and of potentialKig. 4b). In other wordsFig. 4a
On the other hand, this fact would explain why in VD the shows the column view of the experimental augmenhtad-
concentrations required for a satisfactory quantitation were trix that is constituted by the chromatograms with ampero-
higher than in AD. metric detection at different potentials for the four standards

As mentioned, in order to check the possibilities of the and the sample. Complementarifig. 4b shows the row
VD-MCR-ALS approach, chromatographic conditions for view of the same experimental mattixhat corresponds to
uncompleted thiols separation were selected. This can bethe hydrodynamic voltammograms, i.e., theersuskE plots
achieved by using the same conditions as in AD but mod- at different elution times. After the MCR-ALS treatment of
ifying the concentration of ion pair compound (4& of these data according to the scheme showkignl, what we
OSA) in the mobile phasé&ig. 2b shows that by HPLC-ED  call concentrations profile§{g. 4c), by analogy to the usual
in AD GSH was not completely separated frgrGlu—Cys. nomenclature in MCR-AL$31,33], are obtained (see also

In order to apply VD-MCR-ALS, injections of the four  Fig. 1). Simultaneously, the normalized unitary pure voltam-
standards and the synthetic mixture sample were done conimograms are also reachdeid. 4d and e). In this particular
secutively during the same chromatographic run, and voltam- case the lack of fit is of 12.7% that from the mathematical
mograms were recorded at any time of the elutibig (3). point of view is quite satisfactory. It must be mentioned that
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Fig. 4. Application of the VD-MCR-ALS approach to the analysis of Cys, GSH, Cys—Glya@ti—Cys to the data shown Fig. 3. MCR-ALS constraints

were selectivity, non-negativity, unimodality and Gaussian peak shape. The augmented datdriga8jixs(shown as function of time at different potentials

(a) and as function of potential at different eluting time (b). MCR-ALS decomposition produces the concentration profiles (c) and the normatized unit
voltammograms (d and e).

Table 2
Determination of a mixture of thiol compounds by HPLC—ED and the VD-MCR-ALS approach
Astandar§ Cstandard! Asamplé Csample (reaﬁ Csample (determineg) Percentage error
Cys 489 290.94 7 232.75 218.35 6.2
Cys—Gly 826 575.20 641 460.16 446.37 3.0
GSH 2200 272.98 190 218.38 235.75 7.9
v-Glu-Cys 1390 683.18 180 546.54 506.24 7.4

Csample(rea@Nd Csample(determinedl€ the real concentrations of the different components of the sample and the concentrations found after the application of
HPLC-ED and VD-MCR-ALS analysis respectively.

a A: area of the peaks in nA min.

b C: concentrations in ng injected.
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is done by using the areas under the peaks of each analyte__ Anal- Biochem. 227 (1995) 14. .
[6] A.M. Svardal, M.A. Mansoor, P.M. Veland, Anal. Biochem. 184

in the sample and in the corresponding standafeble 2 (1990) 338
shows the results obtained by the VD-MCR-ALS approach [7] L a. Allison, R.E. Shoup, Anal. Chem. 55 (1983) 8.
here pl’OpOSEd. [8] S.M. Lunte, P.T. Kissinger, J. Lig. Chromatogr. 8 (1985) 691.
[9] C.B. Jensen, S.J. Grossman, D.J. Jollow, Adv. Exp. Med. Biol. 197
(1986) 407.
[10] A.F. Stein, R.L. Dills, C.D. Klaassen, J. Chromatogr. 381 (1986)

4. Conclusions 259.

. ] ] ] ) [11] J.P. Richie Jr., C.A. Lang, Anal. Biochem. 163 (1987) 9.
Experiments with synthetic thiol mixtures suggest that [12] K. Shimada, T. Oe, T. Nambara, J. Chromatogr. 419 (1987) 17.

HPLC-ED, with AD mode, methofiL7] could be applied [13] E.G. DeMaster, B. Redfern, Methods Enzymol. 143 (1987)
to the analysis of natural PC samples. 110.

[14] C.T. Garvie, K.M. Straub, R.K. Lynn, J. Chromatogr. 413 (1987) 43.
On the other hand, the proposed VD-MCR-ALS approach [15] R.E. Shoup, Curr. Sep. 8 (1987) 38.

appears as a promising feature in the HPLC analysis of case$i6) p.L. Rabenstein, G.T. Yamashita, Anal. Biochem. 180 (1989)
where satisfactory separation of electroactive compounds is  259.
not allowed. Furthermore, VD-MCR-ALS can provide a fast [17] Y. Kuninori, J. Nishiyama, Anal. Biochem. 197 (1991) 19.
way to optimize the potential to be used in AD mode since [18] Y- Sun, D.L. Smith, R.E. Shoup, Anal. Biochem. 197 (1991)
a full set of hydrodynamic voltammograms can be obtained |,q; £ p Gallagher, T.J. Kavanagh, D.L. Eaton, Methods Tox. 18 (1994)
easily and quickly with a single sample injection. 349

Main advantage of VD-MCR-ALS approach lies onthe se- [20] W.A. Kleinman, J.P. Richie Jr., J. Chromatogr. B 672 (1995) 73.
lectivity increasing, while main drawback on the higher con- [21] G.S. Owens, W.R. LaCourse, Curr. Sep. 14 (1996) 82.
centrations required for good quantifications (with respect to [22] S- Melnyk, M. Pogribna, 1. Pogribna, R.J. Hine, S.J. James, J. Nutr.
AD). This appears to be due to the much larger background Biochem. 10 (1999) 490. .

s . [23] W.A. Kleinman, J.P. Richie Jr., Biochem. Pharmacol. 60 (2000) 19.

contribution in VD because the fast potential change along [24] s.m. Lunte, T.J. O'Shea, Electrophoresis 15 (1994) 79.
the multiple scans induces greater perturbations in the elec{25] G.S. Owens, W.R. LaCourse, J. Chromatogr. B 695 (1997) 15.
tric double layer at the electrode surface than in the case of[26] M. Zhong, S.M. Lunte, Anal. Chem. 71 (1999) 251.

AD. [27] S.D. Brown, R.S. Bear Jr., Crit. Rev. Anal. Chem. 24 (1993) 99.
[28] A. Kotani, Y. Hayashi, R. Matsuda, F. Kusu, J. Chromatogr. A 986
(2003) 239;
A. Kotani, Y. Hayashi, R. Matsuda, F. Kusu, Anal. Sci. 19 (2003)
Acknowledgements 865.

[29] T.A. Nguyen, S. Kokot, D.M. Ongarato, G.G. Wallace, Electroanal-

The authors gratefully acknowledge financial support ysis 11 (1999) 1327.
[30] W.J. Bachman, J.T. Stewart, J. Chromatogr. 481 (1989) 121.

from the Spanish Ministerio de ClenC|ayTe_cnohng)r01ect _ [31] F. Berbel, E. Kapoya, JM. Bz-Cruz, C. Ao, M. Esteban, R.

BQU2003-01525) and from the Generalitat of Catalonia Tauler, Electroanalysis 15 (2003) 499.

(project 2001SGR-00056). O.G.-G. thanks the Spanish Min- [32] J.M. Squaris, in: M.R. Smith, J.G. Vos (Eds.), Comprehensive An-

isterio de Ciencia y Tecnoldg for a Ph.D. grant. alytical Chemistry: Analytical Voltammetry, vol. 27, Elsevier, Ams-
terdam, 1992.

[33] M. Esteban, C. Afio, J.M. Daz-Cruz, M.S. Daz-Cruz, R. Tauler,

Trends Anal. Chem. 19 (2000) 49.

References [34] A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals
and Applications, second ed., Wiley, New York, 2002.

[1] A. Meister, M.E. Anderson, Annu. Rev. Biochem. 52 (1983) 711. [35] Matlab’s User Guide, Mathworks, Cochituate Place, MA, 1990.



	Comparison of voltammetric detection assisted by multivariate curve resolution with amperometric detection in liquid chromatographic analysis of cysteine-containing compounds
	Introduction
	Experimental
	Reagents
	Instruments and experimental conditions
	Data treatment

	Results and discussion
	Conclusions
	Acknowledgements
	References


