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ABSTRACT

Thiols and thioamides form part of the pool of reduced sulfur substances (RSS) that modify the health of
aquatic ecosystems acting as radical scavengers and heavy metal ligands. Their concentrations could be
easily determined in seawater by cathodic stripping voltammetry (CSV) were it not be for the coalescence
of their responses in a single peak. Here, we modified the traditional CSV method of RSS analysis to allow
individual recognition and quantification in thiol/thioamide mixes. Glutathione, cysteine, thiourea and
thioacetamide in UV digested seawater were repeatedly analyzed shifting the deposition potential (Eqep)
in the range +0.07 to —0.4V at high resolution. The representation of peak height (i, ) and peak potential
(Ep) vs Egep resulted in different and distinctive profiles for each substance that allowed the selection
of adequate Eqp ranges for their separate quantification. Copper saturation modified thiol profiles and
cancelled the response of thioamides. The vs Eqe, profiles explained the nature of the different thiols and
thioamides present in the sample and permitted their individual quantification with excellent accuracy.
The utility of the method was put to test with seawater modified with natural unknown RSS from pore
waters and Posidonia oceanica exudates. Although both samples gave similar CSV signals, the vs Egep
profiles unveiled completely different electrochemical behaviors incompatible with a similar nature.
Based on those profiles we hypothesized that pore waters released a glutathione/thiourea mix and that
one or several unidentified RSS formed part of P. oceanica exudates. The analytical scheme proposed here
opens a new door to the use of direct voltammetry in the qualitative and quantitative determination of

RSS in natural waters.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

There is copious evidence that the speciation of copper and other
trace metals in seawater is dominated by organic complexation
[1-3]. The chemical and physical characteristics of the metal-ligand
complexes modulate the scavenging [4,5], bioavailability [6] and
solubility [7] of trace metals in seawater. Although the nature of
those ligands remains unknown, previous works have suggested
that thiols constitute the majority of the pool of copper ligands in
natural waters [8-11].

Thiols are organics that include the sulfhydryl group (—SH)
and play a paramount role in cell metabolism due to their
detoxifying effect as metal ligands and reactive oxygen species
scavengers [12]. Thiol sources to coastal waters include phy-
toplankton exudation [13], pore waters [14] or industrial and
sewage effluents [11] suffering of quick degradation caused by
photooxidation [15,16]. Thiols present a huge variety of forms:
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mercapto compounds, glutathione (GSH), cysteine, thioglycolic
acid and many more, plus substitutions of the former (i.e., N-acetyl-
L-cysteine), disulfur dimmers (i.e., oxidized glutathione, GSSG)
and phytochelatins (GSH-cysteine chains) resulting in hundreds
of possible compounds. Other reduced sulfur substances (RSS) of
environmental relevance that could be found in seawater are:
organosulfur compounds as thioamides (—CS—NX), dimethyl sul-
fide (DMS) and disulfide (DMDS), and a complex mix of inorganic
compounds featuring sulfide, poly-sulfides and thiosulfate. Specifi-
cally, thioamides in equilibrium are ambidentate donors with both
their S or N atoms available for coordination, which presence in
natural waters is caused by their used in many fields of industry,
agriculture and chemistry [17,18].

The high affinity of reduced sulfur for mercury facilitates the
analysis of RSS by cathodic stripping voltammetry (CSV) using
mercury electrodes [10,19-24]. RSS determination can also be
performed by other analytical techniques after separation by
high performance liquid chromatography [8,25] although, to our
knowledge, no chromatographic technique has been developed to
determine the concentration of thioamides in seawater. Analysis by
CSV is direct, rapid, cheap and extremely sensitive, is not affected
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by low recoveries and does not require preconcentration or deriva-
tization of unstable species (the case of many RSS). However, CSV
is severely limited by coalescence, i.e., the merge in a single peak of
the signals due to more than one compound. Up to date, chromato-
graphic techniques have been required in the analysis of natural
samples to separate their different RSS prior to their quantification.

Coalescence is the cause of another limitation: the selection
of the model compound appropriate for internal calibration. Pre-
vious works selected the model RSS from a list of commercial
reagents (sulfide, thiourea (TU), thioacetamide (TA), cysteine and
GSH) which better overlapped the peak caused by the natural
RSS [13,20,24,26,27]. The analytical routine was carried out set-
ting the electrode at the unique deposition potential (Eqep) of
maximum response for the model compound. This situation has
translated in non-realistic procedures as the calibration of phy-
toplankton exudates with a compound of industrial origin (TA).
Although voltammetry is used successfully to determine RSS that
produce well-separated peaks [13,22,23], the only efforts put on
the individual qualitative and qualitative analysis in seawater of
RSS that produce overlapping CSV peaks have been by combined
acidification/purge of the volatile fractions [22,24,28].

In this work, we propose the modification of the traditional
CSV approach to measure RSS in seawater incorporating the use
of multiple Egep. We used two thiols (cysteine and GSH) and two
thioamides (TA and TU) to show that the distribution of peak
heights (ip) and peak potentials (Ep) as a function of the Eqep, used to
deposit their Hg and Cu complexes gives distinctive individual pro-
files. Those profiles allowed the identification of appropriate Egep
ranges for their separate quantification in mixes. Copper additions
proved useful to mask the contribution of thioamides. We used
those profiles to obtain important information about the nature
and concentration of RSS released into benthic chambers placed
near the coast of the island of Cabrera (Spain).

2. Experimental
2.1. Instrumentation and reagents

All electrochemical measurements were obtained by a voltam-
meter (Autolab PGStat 10) connected to an electrode stand
(Metrohm VA663) and controlled by the GPES 4.9 software (Eco
Chemie BV). The cell consisted of a hanging mercury drop electrode
(HMDE), a double junction reference electrode, Ag/AgCl, KCl (3 M),
saturated AgCl, with a saltbridge filled with UV digested seawater
and a glassy carbon rod as counter electrode. 10 mL samples were
placed in a glass vessel and dearated with nitrogen before analysis.

Water used for reagent preparation was Milli-Q (MQ, Millipore).
Ammonia (NH40H) (TraceSELECT Ultra, Sigma-Aldrich) was used
from 1:1 dilutions in MQ water. Copper standard solutions were
obtained from the dilution of an atomic absorption standard solu-
tion (Spectrosol, BDH) with MQ, and 0.1% 6 M HCL.

The pH buffer solution was 1M boric acid (Suprapure, Merck)
in MQ water with the addition of ammonia to fix the pH of the
solution at 8.4 (NBS, National Bureau of Standards). A stock solution
of 10 mM EDTA (Merck) was prepared in MQ water and NH4OH at
a pH of 8.3 to avoid pH drifting at increasing EDTA concentrations.

Standard solutions of thioacetamide, oxidized glutathione
(GSSG), thiourea, sodium sulfide and thiosulfate (all from Sigma)
were prepared freshly immediately before use by dissolution in
MQ water in the presence of 0.01 M acetate buffer (pH ~4) and
50 wM EDTA to prevent oxidation [16]. Sodium sulfide and thiosul-
fate stock and standard solutions were also prepared in N, purged
MQ water to determine if the decay (sulfide) or absence (thiosul-
fate) of the signal was due to the presence of oxygen in the solution
with negative results.

Organic matter was removed from seawater by irradiation for
2hin acid clean 30 mL quartz vessels with a 150 W high pressure
mercury lamp placed into a quartz refrigerating jacket filled with
distilled water.

2.2. Sample collection

Seawater samples were collected at Es Port de Cabrera (Cabr-
era; 39°08.745’N 02°56.123’E), Balearic Islands, Spain (Western
Mediterranean) in summer 2009. Lush seagrass meadows of
Posidonia oceanica, the predominant seagrass species in the
Mediterranean meadows [29], covered the shallow sea bottom
where 3 benthic chambers enclosing P. oceanica shoots and another
3 in sandy patch withing the meadows were deployed at 3m
water depth. The chambers consisted of a PVC cylinder (18 cm in
diameter) with a sharpened side firmly inserted 7-10 cm into the
sediments that held a polyethylene plastic bag with a sampling
port (approximate volume 5L). After a period of rest to allow the
sedimentation of any resuspended material, bags were fitted to
the cylinder and 100 mL was withdrawn immediately by means
of 50 mL syringes that were carried to surface and their volume
collected in LDPE bottles. The operation was repeated after 24 h.
Seawater for UV digestion was collected close to the island of Cabr-
era by peristaltic pumping using Teflon tubing and online 0.2 pum
filtering. All plastic material was previously cleaned by successive
detergent and acid (HCI 30%) washing.

2.3. Determination of the concentration of thiols and thioamides
in seawater

The procedure used here to determine the concentration of thi-
ols, thioamides and natural RSS in seawater is based on previous
CSV methods used for the determination of thiols in natural waters
[10,27]. In those previous works, CSV scans of the natural sam-
ple in the presence of buffer were obtained at one unique Ege,
corresponding to the potential of maximum response of a model
compound. This model compound was selected as the commer-
cial RSS that better overlapped the natural RSS peak. Subsequent
calibration was performed by internal standard additions.

In this case, samples (10mL) were buffered with a
borate/ammonia solution for a concentration of 10~2M (pH
8.4) and spiked with increasing additions of 100 wM EDTA until a
stable peak was found (range 2-4 x 10~4 M EDTA). When masking
of thioamides was required, a second 10 mL aliquot was spiked
with borate buffer and 500 or 750nM copper. Aliquots were
placed in the electrochemical cell and after 300s purge with N,
RSS were deposited onto the HMDE for 60s at no less than 12
different potentials in the range +0.07 to —0.4 V. The amplitude of
the Eqep range was constrained by the oxidation of the mercury
electrode and the beginning of the RSS peak. An Egep, of —0.1V was
used at the beginning and the end of the sequence to check the
stability of the measurement. After 8 s quiescence, the potential
was shifted from the Eqep, to —0.8 V in square wave mode with the
following parameters: frequency 10Hz, pulse height 25mV and
step increment of 2.5mV. The E, of the CSV peaks of Hg-RSS and
Cu-RSS complexes were located at potentials in the range —0.5 to
—0.65V (except for cysteine) depending on their nature and the
copper/RSS ratio.

Internal calibrations were performed with those RSS that the
visual inspection of the vs Egep, profiles marked as candidates to be
present in the sample. Model RSS were spiked sequentially to the
same volume. Analyses in the whole Egye, range were performed
after every spike. Sensitivities were obtained at every Ege, from
the peak increase forced by the addition of the model RSS. Concen-
trations were calculated using the peak heights obtained initially
before additions. The novelty in this case was that the Ege, selected
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was not that giving a maximum ip but the Ege, where the signal
was either, free of interferences from the rest of RSS targeted in
this study, or those interferences could be subtracted from the i,
obtained found at other Egep.

We tried here two different types of calibration. One traditional
where a calibration curve was built from triplicates of i, obtained
for the sample and two internal additions of a model RSS at a char-
acteristic Eqep: +0.07 V for TU (minus iy (0V)), —0.02 V for TA (minus
ip (—0.3V)) and —0.3 V for GSH. The limits of detection (LOD) were
calculated from 3 times the standard deviation of 5 consecutive
measurements. Those are a function of the relative proportions of
the constituents of the RSS mix.

The second calibration method was based on the possibility to
obtain different sensitivities and concentrations at each Ege, and
the possibility that after the addition of the model RSS the i, vs
Egep profile could not mimic the previous profile when more than
one RSS was present in solution. We proceeded with “multicali-
brations” calculating first the sensitivity for every RSS at each Ege,,
from single measurements before and after model RSS addition.
Using initial ip, obtained before the beginning of the calibration,
we reported RSS concentrations as the average and the standard
deviation of the concentrations obtained in a continuous range
of Egep that gave coherent values. For mixes of known composi-
tion those ranges were +0.07 to +0.03V for TU (subtracting i, at
Egep=0V), 0 to —0.1V for TA (subtracting ip at Egep =—0.3V) and
—0.25 to —0.4 for GSH. The number of data pairs used is given
in between parenthesis (n=1-14). The goal was to evaluate the
robustness of the quantification via the reproducibility (from the
standard deviation) of the determination in an Ege, range. The
recording of triplicates at every Ege, for sample and standard addi-
tions would increment the statistical robustness but was discarded
due to the excessive accumulation of mercury at the bottom of
the cell and the long duration of the extended analysis (over 4h
per aliquot). A scheme summarizing the procedure is shown in
Figure S1.

3. Results and discussion
3.1. Thiol and thioamide CSV signals and peak coalescence

The high affinity of reduced sulfur for soft acids is the cause of the
pointed and sensitive signals that RSS exhibit by CSV. Sulfur binds
to the mercury of the HMDE forming a film, and scanning to more
negative potentials results in the reduction of the complex [30].
Complexes of some sulfur compounds with other metals as copper
are also electrolabile [26,31,32]. The reduction potentials of some
RSS on the HMDE are different enough to allow their individual
quantification [23]. However, the CSV peaks of some RSS (sulfide,
polysulfides, glutathione, thiourea and thioacetamide) of environ-
mental relevance fall in a narrow potential interval [33] with the
result of coalescence and the impossibility to quantify or even rec-
ognize their individual presence in natural samples. Changes in pH
[23] or blowing out of sulfide and other volatile RSS by nitrogen
purging [34] have been suggested to differentiate some of these
fractions. In Fig. 1 we show how the vicinity of the CSV peaks
of selected thiols and thioamides in the presence of EDTA makes
impossible their simultaneous quantification except for the case of
cysteine complexes that are reduced at more positive potentials.
A ternary mix of GSH, TU and TA appeared as a single peak. EDTA
additions increased the CSV peaks in thioamide solutions and in
natural samples to a plateau and further decay at EDTA additions
around and over 1 mM. The function of EDTA is to sequester copper
(and other metals with the possibility to interfere) and permit the
exclusive analysis of Hg—RSS complexes. This justifies its addition
to all samples except those saturated with copper.

GSH+TA+TU

10 nA

TU

TA + Cu

TA

Cys
GSH + Cu
. ] : . GSH

-0.2 -0.4 0.6 0.8
Potential (V)

Fig. 1. CSV scans of 50 nM GSH, 50 nM GSH + 750 nM Cu, 30 nM cysteine, 20 nM TA,
30nM TA+100nM Cu, 30nM TU and a mix of 40 nM TA+20nM TA and 20 nM TU.
Conditions: 10 mL UV digested seawater at pH 8.4, 300 wM EDTA (except for GSH/Cu
and TA/Cu) and 60 s deposition at 0V (except for TU, Egep =+0.05V).

Fig. 1 also shows that the E, of GSH is a function of the copper
concentration as thiol copper complexes show at more negative
potentials than their mercury analogous [26,35]; the degree of peak
coalescence of RSS mixes is as a result a function of copper/RSS
ratios.

The method we present herein does not require changes of the
psychochemical properties of the sample and permits the qualita-
tive and quantitative analysis of mixes of GSH with thioamides. The
method has the potential to be extended to the analysis of other RSS.
The presence of mixes of thiols and thioamides in natural waters has
been hypothesized before in waters of the Scheldt estuary [10]. This
analytical routine could have confirmed or denied the hypothesis.

3.2. Effect of E4ep and copper concentration on the reduction peak
of thiols and thioamides in seawater

Fig. 2 shows the dependence of E, and i, with respect to Egep, in
the range +0.07 to —0.4'V for the CSV analysis of TU, TA, GSH, GSSG
and cysteine in UV digested seawater at pH 8.4 in the presence of
300 wM EDTA. Fig. 2 also shows the same profiles when EDTA is
substituted for 500 nM Cu to force the formation of Cu-RSS com-
plexes. As a result, all RSS tested gave distinctive ip vs Eqep and Ep
vs Egep profiles.

In the case of thioamides, peaks at Egep, close to the oxidation
potential of mercury (~+0.1V) were much higher than those from
similar concentrations of thiols in consonance with previous works
[33]; however, peaks vanished sharply as E4e, moved to more neg-
ative potentials. The iy vs Egep profile of thioamides took the form
of an inverted S (Fig. 2A) whereas their E, vs Egep, profiles were S-
shaped (Fig. 2C). TU became easily distinguishable from TA as their
peaks vanished at Eqep, <0 and <—0.1 Vrespectively (Fig. 2A). Copper
additions above 10~7 M removed the contribution of thioamides to
CSV scans (Fig. 1).

Thiols also showed a distinctive behavior. The Hg-cysteine com-
plex (Fig. 2A and C) showed a Ep, vs Ege, profile nearly flatand a ip vs
Eg4ep profile with a peak decrease at Eqep, < —0.2 V until the peak dis-
appeared at Egep, ~ Ep (~—0.4V). A 500 nM copper addition shifted
the cysteine peak to more negative potentials by 80-120 mV and
increased significantly the peaks without changing the shape of the
ip Vs Egep profile. However, the Ep vs Egep profile of Cu-cysteine
complexes took a distinctive inverted S-shape, opposite to the
shape shown by Cu-thioamide complexes (Fig. 2C). As the Ep vs Egep,
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Fig. 2. The effect of the deposition potential on the peak height and peak potential of the CSV analysis of model thiols and thioamides in UV digested seawater at pH 8.4. The
analyses were obtained in the presence of 300 wM EDTA and repeated in the presence of 500 nM Cu. (A) and (C): 20 nM thiourea, 20 nM thioacetamide and 30 nM L-cysteine,
(B) and (D): 30 nM glutathione reduced and 60 nM glutathione oxidized. Thioamide peaks disappeared in the presence of copper.

profiles of GSH and GSSG also moved from flat to inverted S-shaped
curves after copper addition (Fig. 2D), the change of the E vs Egep
profile after copper saturation is a powerful tool to recognize the
presence of thiol groups in the sample. Sharp changes at potentials
around —0.15V are related to the redox state of the excess copper
on the surface of the electrode; free copper is reduced at more pos-
itive potentials at the surface of the HMDE that becomes actually a
copper-mercury amalgam [32]. GSH and GSSG mercury complexes
showed identical i vs E;, profiles with a plateau in the range —0.2
to —0.4V, a progressive reduction of the peak up to Egqep =0V, and
slightly higher peaks at potentials close to the mercury oxidation
potential. After copper addition, the iy vs Eqep, profiles remained the
same except in the range +0.07-0V where the decrease of the peak
at intermediate Ege,, continued (Fig. 1B). Whereas copper addition
did not increase the GSH peak (Fig. 1B), the GSSG peak increased
approximately 2-fold. Dimmers of cysteine [31] and glutathione
[32] are reported to experiment disulfide bridge dissociation on
the surface of HMDE during the accumulation step. Therefore, the
increase of the GSSG peak after copper addition was not caused by
Cu-triggered dissociation, but by changes of the copper/thiol ratio.
This ratio also explains the significant increase of the cysteine peak
after copper addition (3-fold) as cysteine is much more sensitive to
this ratio than GSH [35].

We tried to reproduce this procedure for some inorganic RSS
but it was not possible due to different causes: for sulfide, and
according to previous works in seawater using CSV on the HMDE
[19], we obtained a sulfide reduction peak at —0.58 V that rapidly
decreased with consecutive analyses until stabilization at 2-5% of
its initial value. The instability of the sulfide peak was assigned to
high mercury concentrations in solution (from partial dissolution
of the HMDE and the discarded mercury accumulated at the bot-
tom of the voltammetric cell with analyses) combined with the very
low solubility of HgS (Ksp = 107527 [36]). This has been confirmed
by stable sulfide signals obtained when HMDE is coupled to a flow

cell that removes the excess of dissolved Hg [19]. In the presence
of 500 nM copper the stability of the sulfide peak did not improve
and the peak at —0.58 V was replaced by a peak overlapping the
copper peak at ~—0.2V that we did not investigate further. In the
case of sulfite and thiosulfate we could not obtain a CSV peak in
our experimental conditions although both are reported to give a
reduction peak by CSV at pH 8 [23].

From Fig. 1 we can infer that copper addition becomes a valuable
tool to remove the contribution of thioamides to the CSV signal and
identify the presence of thiol compounds from the distinctive shift
of the Ep vs Egep, profile from flat to an inverted S-shape.

From the results in Fig. 2 we can obtain the Ege, ranges where
the individual compounds presented in this study could be deter-
mined when mixed. In the case of GSH, at E4e, more negative than
—0.2V, the CSV peak is free of any contribution from thioamides.
At potentials in the range 0 to —0.15, the CSV peak is a signal over-
lapping the contributions of GSH and TA and at potentials in the
range of +0.07 to +0.02V, the three RSS coalesce in a single signal.
This distribution justified the use of i, (Egep =—0.3 V) to determine
GSH, ip (Egep=—0.02V)-ip (Eqep =—0.3V) to determine TA and ip
(Egep =+0.07 V)~ip, (Egep =0 V) to obtain the concentration of TU. The
determination of cysteine can be carried out without the need to
make use of this scheme because, in the presence of EDTA, is clearly
separated from the rest of RSS, and after copper saturation, that
moves the cysteine peak to ~—0.6V, thioamides are gone and glu-
tathione has experienced a similar shift to the right that prevents
overlapping

3.3. Qualitative and quantitative analysis of thiol/thioamide
mixes in seawater in the presence of EDTA

Prior to the study of mixes of thiols and thioamides, the use of vs
Egep profiles was tested for the quantification of a binary mix of TU
and TA (10 and 20 nM, respectively) in UV digested seawater in the
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Table 1

Results obtained form the determination of thiols and thioamides mixes in UV digested seawater. All concentrations in nM. Standard internal calibrations at appropriate single
E4ep and muticalibrations in Ege, ranges are compared. Peaks used for single Egep calibrations: TU, iy (Egep =+0.07 V)~ip (Egep =0V); TA, i (Egep =—0.02 V)-ij (Egep =—0.3V);
GSH, i (Egep =—0.3 V). LOD from 3 times the standard deviation from 5 analyses. Eqep, range calibration averaged peaks in the intervals: TU, (+0.07 to +0.03 V)-i, (Eqep =0V);
TA, (0 to —0.1 V)i, (Eqep =—0.3V)); GSH (—0.2 to —0.4V). n is the number of concentrations averaged at consecutive Egep.

RSS mix Calibration method [GSH] [TU] [TA]
(Recovery) (Recovery) (Recovery)
LOD/n LOD/n LOD/n
20nM TA/10nM TU Single Eqep ?9.66%1 3 (211(')36;0‘7
3.7 13
Egep range - 12.5+0.9 21.2+1.8
(125%) (106%)
n=3 n=9
40 M GSH/20 nM TU/20 1M TA Single Eqep ?141'31 %2'0 (139'535 1.1 (211(';;%1 0
4.9 3.6 13
Egep range 43.0+4.8 183+5.4 189+1.5
(108%) (92%) (94%)
n=8 n=>5 n=>5
40nM GSH/25nM TA Egep range 40.5+10.9 - 26.2+4.8
(101%) (105%)
n=>5 n=6
50 nM GSH/25nM TA+750nM Cu Eqep range 48.1+1.2 - -
(96%)
n=4

presence of 300 uM EDTA. The dependence of ip and Ep Vs Egep, is
shown in Fig. 3 and corresponds to the accumulation of the features
observed for isolated thioamides in Fig. 2: peaks were absent at
Egep <—0.15V increasing abruptly at more positive potentials, and

A 30

25

20 A —e— TATU mix
— —o— +20 nM TU
- - —a— +20 1M TA
a2

10 -

5

0 T —4

0.10 0.05 0.00 -0.05 -0.10 -0.15 -0.20
B -0.51

-0.52 4
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-0.54 4
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—— TA/TU mix
—o— +20nM TU
—a— +20nM TA

-0.55 4

0.10 0.05 0.00 -0.05 -0.10 0.15 -0.20
Deposition potential (V)

Fig. 3. The effect of the deposition potential on the peak height (A) and peak poten-
tial (B) for the CSV analysis of 10 mL UV digested seawater at pH 8.4 in the presence
of 300 wuM EDTA, 10nM TU and 20 nM TA. The effect of the sequential addition of
20nM TU and 20 nM TA for calibration purposes is also shown.

the Ep vs Egep, profile was close to an S-shape. The presence of more
than one thioamide can be inferred from the presence of peaks at
Egep <0V (pointing to TA), and the increase of ip and decrease of Ej,
in the Eqep range +0.07 to +0.02 V (pointing to a TU/TA mix). Those
features were mimicked by successive additions of 20 nM TU and
20nM TA (an extra addition of 20nM TA and TU is not shown in
Fig. 3). The results of quantifying TA (ip (Eqep = —0.02V)) and TU (as
ip (Egep =+0.07 V)~ip (Eqep =0V)) are shown in Table 1. Good recov-
eries of 96% for TU (sensitivity =0.381 nAnM~!, 12 =0.998) and 106%
for TA (sensitivity=0.277 nAnM~!, r2 =0.999) were obtained. LOD
calculated from 3x the standard deviation of 5 scan replicates of
the TU/TA mix were found to be 3.7 nM and 1.3, respectively.

Because more than one Egep, can be used we tested the multical-
ibration method at the characteristic Ege, ranges described in the
experimental section. The method offered a good estimate of both
the TU and TA concentrations with recoveries of 125% and 106%,
respectively (Table 1).

Next, we checked the suitability of the method in the worst
case scenario of a ternary mix. A 10mL volume of buffered
UV digested seawater was spiked with 300 uM EDTA, 40 nM
GSH, 20nM TA and 20nM TU. The contributions of the three
RSS coalesced in a single peak in the whole Ege, range of the
study (see Fig. 1). Calibration was performed via successive addi-
tions of 2x40nM GSH (using ip (Egep=—0.3V)), 2x20nM TU
(using ip (Egep=+0.07 V)-ip (Egep=0V)) and 2 x 20nM TA (using
ip (Egep=-—0.02V)~ip (Egep=-0.3V)) to the same volume. The
effect of every second RSS addition on i, and Ep is shown in
Fig. 4A and B and the concentrations and recoveries are shown
in Table 1. As for the TU/TA mix, the recoveries obtained for
the three RSS were excellent: 111% GSH, 99% TU and 107% TA.
The three calibrations gave the following parameters: GSH (sensi-
tivity=0.031 nAnM~1, r2=0.999), TU (sensitivity=0.553 nAnM~1,
r2=0.999), TA (sensitivity=0.376 nAnM~1, 12 =0.999) (curves can
be seen in Figure S1). The LOD (n=5) were also found low, being
respectively 4.3 nM (GSH), 3.6 nM (TU) and 1.3 nM (TA) despite the
complexity of the mix. For GSH, concentrations in coastal waters
have been reported in the range 0-40 nM [11,14,37] which under-
lines the worth of the method. Because linear behaviors have
been reported up to 5min for the CSV analysis of GSH in seawa-
ter [26], the method is susceptible to be used for subnanomolar
concentrations.
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Fig. 4. The effect of the deposition potential on the peak height (A) and peak poten-
tial (B) for the CSV analysis of 10 mL UV digested seawater at pH 8.4 in the presence
of 300 wM EDTA, 40nM GSH, 20nM TU and 20nM TA. The effect of the sequen-
tial addition of 80 nM GSH, 40 nM TU and 40 nM TA for calibration purposes is also
shown. Arrows indicate the deposition potentials selected for the determination
(from left to right) of TU, TA and GSH.

Table 1 also presents the excellent recoveries found using mul-
ticalibration: 92%, 94% and 108% for TU, TA and GSH respectively.
Although the multicalibration method is prone to give higher
standard deviation coming from the combination of analyses in
different conditions and the absence of replicates at each Egep, in
samples containing unknown mixes of RSS can give a better esti-
mation of the validity of the method. This is due to the huge error
added to the calculation when a model RSS producing a different
ip VS Egep profile is added to the solution for calibration. The initial
ip Vs Eqep profile would be modified and the sensibilities calculated
would not correspond to that of the original compound, poison-
ing the determination of concentrations. To reduce the uncertainty,
replicates at every Ege, could be performed but they would extend
the duration of the analysis from 1-2.5h to 4-7 h (actual time is a
function of the number of RSS that have to be used for sequential
calibration).

3.4. Quantitative analysis of a thiol/thioamide mix in seawater in
the presence of excess Cu

According to results found for TU and TA (Fig. 1), RSS satura-
tion with copper should free CSV scans from any contribution due
to thioamides. To test this hypothesis we proceeded to compare
the accuracy of the quantification of a GSH/TA mix in UV digested
seawater with and without copper saturation. Multicalibrations

were performed in the whole Ege, range +0.07 to —0.4V to track
interferences at specific Egep.

Table 1 shows the results from the analysis of 40 nM GSH and
25nM TA in UV digested seawater in the presence of 300 wM EDTA
and from its calibration by sequential additions of 20nM TA and
50 nM GSH. Multicalibration in the Eqep, ranges appropriate for GSH
and TA gave again excellent recoveries of 101% for GSH (Egep range:
—0.2to —0.4V; n=>5) and 105% for TA (Ege, range +0.07 to —0.02 V;
n==6).

Next, we tried the quantification of GSH in a 50nM GSH and
25nM TA mix in the presence of 750 nM copper using multicali-
bration after addition of 80 nM GSH (results in Fig. 5). In agreement
with the results shown in Fig. 2, the addition of copper diminished
the peaks obtained at positive Eqep, (due to the electroinactivity of
Cu-TA complexes) and shifted them to more negative potentials
due to the replacement of Hg-GSH complexes for Cu-GSH com-
plexes (Fig. 5A). According to the effects predicted using the profiles
shown in Fig. 2, copper saturation moved the Ep vs Ege, profile from
a S-shape to an inverted S-shape, and the ip vs Egep, profile changed
from a S-shape to adomed shape (Figs.4 and 5). This is the transition
expected from thioamide-dominated profiles to those characteris-
tic of copper-thiol complexes and proved the possibilities of the vs
Eqgep profiles before and after copper saturation for the identification
of the RSS present in the sample.

The addition of 80 nM GSH replicated the domed shape of iy vs
Egep profile in the whole Egep,. The preservation of the ip and Ep
vs Eqep profiles after the addition of a model RSS is a more robust
proof of the nature of the natural RSS than the traditional similar-
ity of sample and model Ej,. The suppression of the contribution
of TA should have allowed the accurate determination of the GSH
concentration in the whole Eg4e,, range. However, this was not the
case and at Egep > —0.2, GSH concentrations were severely under-
estimated (Fig. 5C). In order to precise the cause of this effect we
made an extra spike of 40 nM TA. The effect is shown in Fig. 5B
and C and proved that Cu-TA complexes, despite their nonlability,
interfered with the analysis of GSH forcing a small peak decrease at
Egep >—0.2 V. In the presence of TA and excess copper, GSH can only
be accurately resolved at Eqep < —0.2 V. We did not investigate fur-
ther whether the nature of the interference was due to electrode
surface processes or competition for copper in between ligands.
Once this effect is taken into consideration, we obtained from the
determination in the Ege, range —0.4 to —0.25V an excellent recov-
ery of 96% (Table 1).

3.5. Application to the analysis of environmental samples

Analysis based in vs Ege, profiles was used in natural sam-
ples collected from benthic chambers in contact with either
sandy coastal bottom or P. oceanica. Seawater withdrawn imme-
diately after chamber closure (t=0) presented a small CSV peak
(0.3-0.6nA) at —0.52V due to the necessity for divers to fill the
bags in situ with seawater modified by the influence of the sur-
rounding sediment and/or plants. The strong increase of the CSV
peak after 24 h equilibrium (2-3, up to 11 nA, see Fig. 6) indicated
that RSS had been released. Fig. 6A shows an example of scans
obtained from the CSV analysis of both types of samples after 24 h
accumulation in the presence of 300 wuM EDTA. Both scans show
identical features with a sharp single peak of comparable magni-
tude at the same potential (—0.53 V), potential that would fit with
three of the model RSS presented in Fig. 2 (TA, TU, GSH). For an ini-
tial estimation, we followed the traditional approach [13,20,27,35]
to search for a model compound and found that GSH gave an
overlapping peak (Egep =—0.1V). Used as model compound for cal-
ibration, we determined increments of the GSH concentration of
70 nM for the sandy bottom sample and 100 nM for the P. oceanica
sample.
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Fig. 5. The effect of the deposition potential on the peak potential (A) and peak
height (B) for the CSV analysis of 10 mL UV digested seawater at pH 8.4 spiked with
50 nM GSH, and 25 nM TA before and after the addition of 750 nM copper. The effect
of the sequential addition of 80 nM GSH for calibration purposes and 40 nM TA to
study possible interferences is also shown. (C) The effect of deposition potential on
the determination of the concentration of GSH from peak heights in (B).

However, the use of the i, and Ep, vs Ege, profiles allowed a more
complex interpretation (Fig. 6B and C). In the presence of EDTA,
pore water exudates generated an inverted S-shaped i vs Ege, Pro-
file that in conjunction with a S-shaped Ej vs Ege, profile points to
the presence of a thioamide in the sample. The sharp increase of
peak heights and potentials found in the Ege, interval +0.05-0V
suggests that its nature is TU (Fig. 2A and C). Moreover, the pres-
ence of a well-defined peak at Egep, > —0.1V, coupled to the shift of
the RSS peak to more negative potentials after copper saturation,
indicates that a second RSS is present, probably of thiol nature. The
presence of a thioamide/thiol mix was backed further by the two

6
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Fig. 6. (A) CSV scans of seawater collected from two benthic chambers after 24 h in
contact with coastal sediment (sand) and with Posidonia oceanica shoots (P. ocean-
ica). Conditions: 10 mL seawater at pH 8.4 in the presence of 300 uM EDTA, 60s
deposition at 0V. (B) The effect of the deposition potential on the peak height of the
analysis of the samples described in (A) and the same analysis replacing the EDTA
with 500 nM copper. (C) For the same samples the effect of the deposition potential
on the peak potential.

effects caused by the addition of 500 nM Cu: a strong decrease of the
peak at Egep > 0 and change of the Ep, vs Egep, profile to the inverted
S-shape characteristic of thiol compounds. If we hypothesize that
the whole RSS peak is caused by a mix of TU and GSH, we can use
the multicalibration method to obtain their concentrations in the
appropriate Eqep, ranges: 10.0£1.6nM (n=3) TU units in the Egep
range +0.07 to +0.02V from the EDTA aliquot and 44.4 +2.6 nM



L.M. Laglera, A. Tovar-Sdnchez / Talanta 89 (2012) 496-504 503

(n=9) glutathione units in the Ege, range —0.4 to —0.1V addition
of 180nM from the +Cu aliquot (calibrations as a function of Egep
in Figure S2).

The CSV analysis of P. oceanica exudates produced completely
different features despite the similarity of the scans. The aliquot
spiked with EDTA showed a dome-shaped iy, vs Egep, profile (Fig. 6B)
that is close to the profiles recorded for cysteine and glutathione
(Fig. 2A and B) suggesting the presence of a thiol. The Ej vs Egep
profile was approximately flat in agreement with the GSH pro-
file shown before, except for a shift of E, to slightly more positive
potentials at Ege, <—0.3 V. Both vs Eqep, profiles are incompatible
with any significant presence of thioamides (Fig. 2A). However,
results from the copper saturated aliquot show that the assignation
of the CSV peak exclusively to GSH could be erroneous. The addition
of 500 nM Cu caused: a reduction of the RSS peak of approximately
50% in the whole Eg4e,, range and a displacement of ~20 mV to more
negative potentials, shift much shorter than that caused to GSH in
UV digested seawater (Fig. 2D). On the other hand, the addition of
copper did not affect the flat Ep vs Egep, profile (thiols, if present,
should have caused a change to an inverted S-shape). Additions of
GSH to the copper aliquot provoked a change of the Ep vs Egep, pro-
file to that characteristic of thiols, proving that GSH could not be the
main component of the RSS peak (see Figure S3). Unfortunately, we
could not find the compound or mix that fits the electrochemical
behavior of P. oceanica exudates impeding the qualitative analy-
sis of the sample and its proper calibration. Nevertheless, in order
to have a rough estimation of the RSS concentration, we carried
out a muticalibration with GSH in both aliquots with the follow-
ing results: 98.5+9.9nM (n=8) GSH units in the wide Eye, range
0 to —0.35V from the EDTA aliquot and of 19.7+2.4nM (n=12)
GSH units in the whole Ege, range (—0.4 to +0.07 V) from the Cu
aliquot (Figure S3). This last concentration was 80% short of the
concentration found in the presence of EDTA. We hypothesize that
the disparity is caused by the presence of more than one RSS of
unknown nature that produce an overlapping signal. The copper
complex of one of those RSS would be electrolabile and not the
other, explaining the peak reduction after copper addition. Despite
the uncertainty, the use of Eqep, profiles was useful at least to detect
that the nature of the RSS exudated by P. oceanica could not be
assigned to GSH or thioamides as it would have been the case with
the traditional CSV approach.

In a previous work, a peak of similar characteristics was found in
seawater after incubation with dimethylsulfoniopropionate of sev-
eral phytoplanktonic species to force an increase of its metabolic
transformation to other sulfur compounds [24]. The peak produced
by the fresh exudates could not be ascribed to elemental sul-
fur (as was present after copper addition) and other volatile RSS
as sulfide (as the peak remained after a treatment of combined
purge/acidification followed by neutralization). A similar RSS peak
has been recently found in samples from a eutrophic marine lake
[28]. However, the dependence of the signal as a function of Egep
was not studied.

GSH and TA have been used before for calibration of the concen-
tration of exudates released from plants [27]. From our results, we
hypothesize that RSS peaks by CSV detected in estuarine waters and
algae cultures could have been calibrated with the wrong model
compounds (usually GSH due to its good peak overlapping and
biological origin). As a consequence, GSH role and presence in nat-
ural waters could have been overestimated [26] underlining the
importance of the analytical approach presented here when chro-
matographic separation is not available.

4. Conclusions

We propose here an analytical scheme for the quantitative
analysis of thiol and thioamide mixes in seawater based on the

repetition of CSV measurements in the Ege, range +0.07 to —0.4V
of two sample aliquots spiked with EDTA (to maximize the RSS
peak) and copper (to remove the contribution of thioamides),
respectively. The model compound for calibration can be selected
after visual inspection of the shape of the iy vs Eqep and Ep Vs Egep
profiles obtained in both aliquots. The method proved successful in
quantifying binary and ternary mixes of TU, TA and GSH in seawa-
ter despite peak coalescence. Future work includes the preparation
of a comprehensive database of i, vs Eqep and Ep vs Egep profiles of
mercury and copper complexes of the many RSS can be found in
seawater product of biota metabolism and anthropogenic activities.

The analysis of two natural samples reveal that underneath the
simplicity of the RSS peak found lies a complexity that was ignored
in previous uses of voltammetry.

The utility of the vs Egep, profiles could be easily extended adding
the effect of other variables as pH or the addition of other trace
metals. This could eventually lead to the use of direct voltammetry
as an efficient tool for the analysis in seawater of individual RSS and
complement chromatographic techniques.
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