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Abstract

A method employing solid-phase extraction coupled with HPLC separation of thiol-monobromobimane (mBBr)
derivatives was developed and optimized to quantify dissolved thiols at concentrations as low as 0.1 nM for glutathione
(GSH) andg-glutamylcysteine (gEC) in natural waters. The reducing reagent, tri-n-butylphosphine (TBP), is needed for
complete derivatization. At the optimal addition of TBP ([TBP] / [mBBr]50.4–1.6), no interference from copper was
observed. The thiol fluorescence signal was totally suppressed if the mole ratio of TBP to mBBr was 2.6 or greater.
Consistent recovery of thiols standards in a NaCl solution (0.5M) was obtained using the Waters HLB reversed-phase resin,
and blank levels of GSH andgEC were extremely low (less than 0.03 nM). The detection limits for GSH,gEC and
phytochelatin-2 (PC-2) were 0.03, 0.03, and 0.06 nM, respectively.
   2003 Elsevier Science B.V. All rights reserved.
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1 . Introduction detection of dissolved thiols at the sub-nM levels
typical of surface waters, sensitivity and method

Fahey and Newton[1] developed a method for blanks are major obstacles. With few exceptions[6],
thiol determination based upon fluorescence detec- preconcentration is needed to increase the sensitivity
tion of HPLC separated thiol-monobromobimane of the method. Direct immobilization of thiols using
(mBBr) derivatives. This method has been adopted a thiol–disulfide exchange resin[7] or extraction of
for thiol determination in anoxic environments[2,3], the products from the thiol–disulfide interchange
and in marine microorganisms[4,5]. However, for reaction onto a C cartridge[8] has been proposed.18

However, the efficiency of the thiol–disulfide inter-
change reaction in environmental samples is likely to
be poor or variable due to the presence of com-
pounds which bind to thiols, making them inaccess-*Corresponding author. Tel.:11-608-262-2123; fax:11-608-
ible to the interchange reaction[9]. The C cartridge262-0454. 18
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peptides, i.e., phytochelatins[10], but its usage for 2 . Experimental
small peptides, e.g., glutathione, has not been re-
ported. Stripping voltammetry has been used to 2 .1. Instrument and chemicals
detect dissolved thiols[11], but quantification of
specific thiol species is difficult. A recent study Glutathione (GSH,.97.0%), L-cysteine (Cys,
showed improved electrochemical detection of thiols .99.5%), g-glutamylcysteine (g-EC, 99%), tri-n-
through coupling with HPLC separation[12], but its butylphosphine (TBP, 95%), methanesulfonic acid
application to environmental samples has not been (MSA,.99.0%), trifluoroacetic acid (TFA,
reported. .99.5%), monobromobimane (mBBr,.97%), ace-

For the fluorescence measurement of thiols in tonitrile (.99.93%), methanol (.99.9%), and cop-
environmental samples, two parameters are of con- per chloride (97%) were purchased from Sigma and
cern regarding derivatization efficiency[13]: (1) the used without further purification. Phytochelatin-2
use of a reducing reagent, and (2) the presence of (PC-2) standard (95% purity) was synthesized by
trace metals. To detect the disulfide form of thiols, Biopeptide, Inc. Milli-Q water (18.3 MV) was used
the reducing reagent, e.g., tri-n-butylphosphine to prepare aqueous solutions. The HPLC system
(TBP), is needed. However, it has been shown that included a gradient controller (Waters 600), a high-
TBP can cause large decreases in the fluorescence pressure pump (Waters 600E), a temperature-con-
signals [14]. An extra solvent extraction step (e.g., trolled autosampler (Waters 717), and a fluorescence
n-hexane) is typically required to remove it from the detector (Spectroflow 980, ABI Kratos). The HPLC
aqueous phase before derivatization[15]. The pres- system is controlled by Waters Millenium software.
ence of trace metals can also impact thiol detection, A reversed-phase C column (Beckman Ultrasphere18

due to formation of thiol–metal clusters[16], which ODS, 25034.6 mm, particle size, 5mm) with a C18

makes the sulfhydryl group less accessible to the guard column (Beckman All-Guard cartridge, ODS,
fluoroprobe. The reducing reagent, TBP, has been 7.534.6 mm, 5mm) was used at room temperature
shown to ameliorate this problem when another for thiol species separation. The fluorescence detec-
fluoroprobe (ammonium 7-fluorobenzo-2-oxa-1,3- tor was tuned to 390 nm for excitation and a high-
diazole-4-sulfonate, SBD-F) was used for thiol de- band-pass filter (470 nm) was used for isolation of
termination [13]. The possible influences of trace the emission signals.
metals on thiol determination when using the mBBr The thiol-mBBr derivatives were separated using a
derivatization technique, however, have not been binary gradient of mobile phase A (0.08% TFA in
reported. aqueous solution) and B (100% acetonitrile). Both

The recognized importance of thiols in controlling solutions were purged continuously by high purity
the bioavailability of trace metals[17] and other helium before and during analysis. During condition-
toxic compounds in natural waters necessitates a ing of the column and prior to injection, the mobile
sensitive technique for their detection. In this manu- phase composition was 8% B and 92% A. The
script, we report the development of a solid-phase percentage of mobile phase B was changed as
extraction method to preconcentrate the fluoro-tag- follows after injection: 8–10% from 1 to 15 min;
ged thiols, followed by HPLC analysis of these 10–14% from 15 to 20 min; 14–16% from 20 to
derivatized compounds. Factors influencing derivati- 24 min; 16–18% from 24 to 28 min; 18–22% from
zation, such as the appropriate use of both the 28 to 35 min; 22–35% from 35 to 40 min; 35–80%
reducing reagent and fluoroprobe, the presence of from 40 to 42 min; 80–8% from 42 to 47 min. In all
trace metals (copper), and reaction temperature, are steps, the gradients used were linear except for the
also addressed. We demonstrate that the enhancement last step in which mobile phase B was rapidly cut
or suppression of the overall thiol fluorescence from 80 to 8%. Separation was carried out at a
signals, caused by the reducing reagent (TBP), flow-rate of 1.0 ml /min except that flow was linearly
depends on the relative amounts of TBP and fluoro- increased to 1.3 ml /min from 20 to 24 min and
probe used. returned to 1 ml /min from 24 to 28 min, to wash out
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most of the reagent peak (mainly caused by TBP if followed by evaporation to dryness using N . The2

used) before PC-2 elution. After a 15-min period to derivatives were dissolved in a MSA solution (15
re-equilibrate the column with the initial mobile mM) to achieve the required concentration factor.
phase, the autosampler was set to inject the next These procedures were carried out under dim light.
sample (150–200ml). Experiments demonstrated that the HLB cartridge

can be used up to 10 times without losing extraction
2 .2. Fluorescence derivatization efficiency. At the highest concentration level of thiol

standards (20 nM), no breakthrough was observed
For routine analysis, all standards were prepared with a loading volume of 100 ml.

in a 15 mM MSA solution, and field samples were
stabilized by acidification with MSA to a similar
level. The stock of 1 mM thiol standards in the MSA 3 . Results and discussion
(15 mM) solution was stored at 48C for up to 2
months. Experiments demonstrated that frozen 3 .1. Chromatogram and thiol recovery
(220 8C) standards are stable for at least 6 months.
The working solution (1mM) was made from stocks Compared with the results from direct analysis, all
every 2 weeks. For derivatization, 30ml of TBP fluorescence signals in the HLB extracted samples
(0.5% in acetonitrile) was added to 50 ml of acidified are enhanced, including possible interfering peaks.
sample or standard, and 10 min was allowed for Typical chromatograms are presented inFig. 1.
reduction. The acidified samples or standard solu- Chromatographic separation of standards in the NaCl
tions were then neutralized by addition of 140ml of solution (0.5M) yielded extremely low blank signals
NaOH (6 M), and solution pH was subsequently of GSH andgEC (less than 0.03 nM) (chromatogram
buffered near 8.5 by adding 1 ml of buffer con- a), and fluorescence signals increased with thiol
taining boric acid (2M), NaOH (0.8M), and EDTA concentrations (chromatogram a–c). Chromatograms
(10 mM). The addition of 120ml of the mBBr b and c represent injections of 200ml of the
solution (7.7 mM in acetonitrile) gave a concen- concentrated solution of thiol–mBBr derivatives, in
tration of 18.5mM in a 50-ml sample solution before which thiol standards were originally added to a
derivatization and a mole ratio of TBP to mBBr of NaCl solution (0.5M) to make concentrations of 0.5
about 0.65. The derivatization reaction was con- nM and 5.0 nM, respectively. Chromatogram d
ducted at 608C in the dark for 40 min before 800ml represents an extraction from the growth medium of
of MSA (6 M) was added to terminate the reaction. a marine diatom culture (see below). The solid-phase

extraction step increases the sensitivity by at least a
2 .3. Solid-phase extraction factor of 20 for all thiols, compared with that from

the direct measurement[4,5]. The enhancement of
A Waters HLB reversed-phase cartridge (60 mg) fluorescence signals after concentration by solid-

was used to extract the thiol–mBBr derivatives from phase extraction enables the detection of thiols at
the derivatized solution. The cartridges were attached concentrations that are otherwise undetectable in the
to a solid-phase extraction manifold (Supelco Vis- direct measurement approach.
iprep), and the vacuum was maintained at less than The thiol–mBBr fluorescence signals were detect-
5 p.s.i. during the entire procedure. The HLB able after solid-phase extraction at thiol levels as low
cartridges were conditioned with 1 ml methanol and as 0.1 nM in NaCl solution (0.5M) for GSH,gEC
2 ml MSA (15 mM) sequentially before loading and PC-2. Thiols at concentrations higher than
samples. Samples were suctioned through the HLB 10 nM in solution can be measured without the
cartridges at about 2 ml /min, followed by a rinse solid-phase extraction procedure. The data from five
with 2 ml MSA solution (15 mM with 2% metha- independent experiments showed consistent overall
nol). Then 1 ml methanol was used to elute thiol– percent recoveries of GSH,gEC and PC-2 from 0.5
mBBr derivatives into a 4-ml amber glass vial, M NaCl solution over concentrations ranging from
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Fig. 1. Chromatograms for (a) 0 nM, (b) 0.5 nM, (c) 5 nM standards, and (d) the growth medium of diatom,Thalassiosira weissflogii. The
concentration factor is 200 after solid-phase extraction. The vertical lines 1, 2, 3, and 4 represent Cys, GSH,gEC and PC-2 peaks,
respectively; the number on the left indicates different scales of signals in chromatograms a and b, compared with chromatogram c and d.

0.3 to 20 nM with average values (6standard GSH, making baseline definition difficult. The pro-
deviation) of 86.2 (65.7), 76.4 (65.1), and 74.3 posed method is suitable for detection of nanomolar
(65.0), respectively (Table 1). Although standard and sub-nanomolar levels of GSH andgEC. Addi-
deviations (nM) increased with concentration, rela- tional optimization of the method is needed before
tive standard deviations (%) were largely indepen- quantification of Cys at sub-nanomolar levels can be
dent of concentration. For PC-2, variability is largely achieved, due to its low observed recovery (,50%,
related to its elution on the shoulder of the large data not shown) and the interference from a reagent
TBP-related reagent peaks eluting from 30 to 35 peak (Fig. 1). However, these factors should not
min. Variability at higher concentrations ofgEC may limit direct analyses (without pre-concentration) of
be caused by the close vicinity of thegEC peak to Cys at concentrations higher than 10 nM.

T able 1
Percent recovery (R) and standard deviation (SD) for thiol determinations at different concentration levels in 0.5M NaCl solution from five

aindependent experiments

Thiol GSH gEC PC-2

R (%) SD (nM) R (%) SD (nM) R (%) SD (nM)

0.1 nM 89.3 0.01 78.7 0.01 76.1 0.01
0.3 nM 77.3 0.01 68.8 0.02 66.3 0.03
0.5 nM 78.8 0.02 69.7 0.05 70.3 0.08
1 nM 85.9 0.05 74.3 0.10 70.2 0.15
5 nM 87.0 0.29 81.2 0.33 76.5 0.75
10 nM 92.1 0.62 80.5 1.19 79.0 1.46
20 nM 93.1 0.93 81.9 2.13 81.5 2.90
Average ofR 86.2 76.4 74.3
SD of R 5.7 5.1 5.0

a Experiments were carried out in November and December of 2002 using one batch of HLB cartridges.
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Fig. 2. GSH fluorescence signals increase with the recovery-corrected amount of GSH injected into the HPLC after solid-phase extraction.
Numbers above or below the data symbols represent the GSH concentrations in original solutions.

Fluorescence intensity increased with thiol con- These results demonstrate the capability of the
centrations ranging from 0.1 to 20 nM (Fig. 2), as proposed method to reproducibly detect sub-nanomo-
demonstrated from the fluorescence response for lar levels of dissolved GSH andgEC. In the follow-
GSH plotted against the recovery-corrected GSH ing sections, we discuss some factors which are
concentration for the five experiments described in unrelated to pre-concentration steps, but nonetheless
Table 1. The inter-experimental consistency of the important for successful derivatization. These experi-
method is shown by the narrow range of the data ments were conducted at concentrations sufficiently
points for each concentration level. Detection limits, high for direct measurements without pre-concen-
calculated as three times the standard deviation for tration using HLB cartridges.
the lowest thiol concentration (0.1 nM), are 0.03,
0.03, and 0.06 nM for GSH,gEC and PC-2, respec- 3 .2. Derivatization temperature and reaction time
tively.

The precision of thiol recovery was also evaluated Although the derivatization of thiols by mBBr is a
on subsamples of an experimental seawater medium relatively fast process[1], efficiency is temperature-
‘‘Aquil’’ [18] (without Zn and EDTA) in which a dependent[9]. We found fluorescence intensity to
marine diatomThalassiosira weissflogii had been change with reaction time and temperature (Fig. 3).
grown for 30 h in the presence of Cu (120 nM). At room temperature, fluorescence signals increased
Average concentrations of thiols found from six rapidly during the first 120 min and then changed
separate extractions and measurements were slowly with further reaction time. At 608C, the
(average6standard deviation) 2.3260.29 (nM), and reaction was essentially complete within 80 min for
0.7260.03 (nM), for GSH, andgEC, respectively. gEC and GSH, and even sooner for Cys and PC-2.
PC-2 was not detected in these samples. The chro- The fluorescence signals then decreased with time.
matogram for one subsample is shown inFig. 1d. When CuCl (400 nM) was also added to some2
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Fig. 3. Relative fluorescence changes of thiols (50 nM each) in NaCl solution with reaction time and temperature. The label ‘‘circle’’
represents reaction at room temperature without Cu present (‘‘filled circle’’) or with addition of 400 nM Cu (‘‘open circle’’). The label
‘‘triangle’’ indicates results obtained at 608C without Cu present (‘‘filled triangle’’) or with 400 nM Cu (‘‘open triangle’’). Signals for each
thiol were normalized to the signal measured at 608C with a 40-min reaction time.

samples at concentrations twice that of the total SH 3 .3. Fluorescence tag
group in solution, fluorescence intensity increased in
samples derivatized at room temperature. However, We also investigated the optimum concentration of
the difference was eliminated in samples derivatized the fluoroprobe, mBBr. In practice, mBBr should be
at 608C. These results indicate that copper has no in large excess of total thiols to insure that the
influence on thiol-fluorescence when derivatization is fluorescence signal of each thiol is linearly related to
performed at 608C and that the higher temperature is its initial concentration. As shown inFig. 4, fluores-
very important for complete derivatization of natu- cence intensity increased with the amount of mBBr
rally occurred thiols (see below). In summary, de- added. The fluorescence ratio, obtained by normaliz-
rivatization is complete within a short time period ing to the response of the lowest mBBr addition,
and fluorescence signals are usually higher when increased dramatically at lower [mBBr] / [thiol] mole
samples are derivatized at 608C rather than at room ratios for both thiol concentrations (10 and 50 nM)
temperature. Therefore, we recommend a reaction studied. The signal began to level off at [mBBr] /
temperature at 608C and reaction time of 40 min for [thiol] ratios.200. We conclude that the amount of
routine analysis. mBBr added should be at least 200 times more than
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the total thiol concentration in samples to obtain used (less than that of mBBr). Interestingly, the
adequate intensity and complete recovery. A higher blank signal for Cys also decreased in the presence
[mBBr] / [thiol] ratio may be beneficial for samples of TBP, a possible benefit for the direct measurement
with lower thiol concentrations, especially for the of Cys. The fluorescence signals for samples without
determination of PC-2 (Fig. 4). TBP addition (points with [TBP] / [mBBr]50 in Fig.

5) were similar to those with a proper TBP addition.
3 .4. Reducing reagent This is expected because reduced forms of thiols

were used in this experiment under acidic condition,
Reducing reagents are used to reduce the disulfide and acidification prevents oxidation from thiol to its

bond and release the sulfhydryl group before de- disulfide. However, in environmental samples, due to
rivatization in total thiol determinations. However, the presence of oxidative species, a reducing reagent
suppression of the fluorescence signal by reducing is needed for complete derivatization (see next
reagents has been reported[14,15]. To study the section).
possible influence of the reducing reagent (TBP) on
thiol quantification, experiments were conducted 3 .5. Trace metal (Cu)
using different mole ratios of TBP and mBBr during
the derivatization. Fluorescence intensities remained Some trace metals have a very high affinity for the
fairly constant (for Cys) or increased slightly (for sulfhydryl group, a factor which could influence the
GSH,gEC and PC-2) with an increase in the [TBP] / fluorescence detection of thiols[13]. In the experi-
[mBBr] ratio up to 2.6 (Fig. 5). The intensities, ments shown inFigs. 3 and 5, thiol standards
however, were severely suppressed when the ratio containing 200 nM of total thiols were prepared in a
was 5.2 or higher. Thus, careful control of the mole NaCl solution (0.5M) acidified with MSA to pH less
ratio between TBP and mBBr is critical for a than 2.0. An excess amount of CuCl (400 nM) was2

successful derivatization. The reported suppression also added to some samples to determine the effect
of the fluorescence signals by the reducing reagent of Cu on fluorescence. For reactions conducted at
[14] may result from the use of excessive reducing room temperature in the presence of reducing reagent
reagent. The extra solvent extraction step[15] may (TBP), Cu addition resulted in a higher signal at
not be necessary if an appropriate amount of TBP is longer reaction times (Fig. 3.); for reactions at 608C,

 

Fig. 4. Thiol fluorescence ratio changes with the mole ratio of mBBr to total thiol in solution. Fluorescence intensity is normalized to the
value for the lowest mBBr to thiol ratio. The labels ‘‘circle’’, ‘‘triangle’’, ‘‘square’’, and ‘‘diamond’’ represent Cys, GSH,gEC, and PC-2,
respectively.
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Fig. 5. Relative fluorescence of thiol–mBBr derivatives versus the mole ratio of reducing reagent (TBP) to fluorescence tag (mBBr). The
labels represent normalized fluorescence intensity for blanks (‘‘circle’’), 50 nM thiol solutions (‘‘triangle’’), and 50 nM thiol plus 400 nM
Cu solutions (‘‘square’’). Signals were normalized to the signal for a sample containing the respective thiol but neither Cu nor TBP.

Cu addition did not influence fluorescence signals, decreased the GSH fluorescence signals. At [TBP] /
except for the slightly higher signal for PC-2. [mBBr] between 0.4 and 1.6, a consistent and strong
Furthermore, as shown inFig. 5, fluorescence was fluorescence signal of GSH was obtained. These
not affected by Cu addition under conditions of no results suggest that the optimal TBP addition level
added TBP ([TBP] / [mBBr]50) or when the [TBP] / for complete derivatization of Cu–GSH complexes is
[mBBr] ratio was,2.6 in these samples. at [TBP] / [mBBr] between 0.4 and 1.6. The differ-

In another series of experiments, copper was ence in results between experiments may result from
spiked into a NaCl solution (0.5M), containing slow kinetics of the reaction between GSH and
50 nM of GSH at neutral pH (without acidification), Cu(II) under acidic conditions. In the experiments
and the samples were stored for 28 h to mimic the shown inFigs. 3 and 5,Cu was added to samples at
possible reaction between GSH and Cu in natural pH,2.0, while the results inFig. 6 were obtained
waters after GSH release from algae. As shown in when Cu was added at neutral pH. This is another
Fig. 6, the TBP suppression of the thiol-fluorescence reason why natural samples should be acidified to
signal occurred, at [TBP] / [mBBr]$2.6 (‘‘open preserve thiols before analysis[19]. At neutral pH,
square’’), rather than [TBP] / [mBBr]$5.2 as ex- GSH quickly reacts with Cu by either forming
pected from the results shown inFig. 5; at low Cu(II)–GSH complexes or Cu (I)–GSH complexes
[TBP] / [mBBr] rations (#0.1), copper addition also after reduction of Cu(II) to Cu(I)[20]. We have
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Fig. 6. Relative fluorescence for glutathione (GSH, 50 nM) as influenced by Cu addition at neutral pH.

demonstrated that the reducing reagent, TBP, makes covery and a good linear range for the thiols studied
the Ag(I)–thiolates accessible to a different fluoro- for concentrations ranging from 0.1 to 20 nM. The
probe[13]; here we show that for mBBr derivatiza- estimated detection limits for GSH,gEC and PC-2
tion, Cu(II)– and Cu(I)–thiol complexes will not are 0.03, 0.03, and 0.06 nM, respectively. Careful
suppress the fluorescence signal of GSH at the control of the derivatization conditions is crucial for
optimal TBP level. Thus, the ambient Cu in surface successful detection in both the direct and the solid-
waters will not significantly influence thiol determi- phase extraction measurements. To achieve optimum
nations, as long as the samples are preserved in fluorescence signals, the reducing reagent, tri-n-
acidic condition and the derivatization is conducted butylphosphine, should be added at the optimal
at 608C for 40 min at the optimal TBP level. Other addition level ([TBP] / [mBBr]50.4 to 1.6); Cu,
soft metals such as Ag(I) and Hg(II) are present at which is present at higher concentrations than thiols
levels typically less than 10 pM in natural waters, so in most natural waters, does not interfere with the
their effects on thiol quantification should be mini- determination of thiols under these derivatization
mal. conditions.
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