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a b s t r a c t

Chromatographic determination of glutathione disulfide (GSSG) without any preliminary reduction has
been presented using GSSG derivatization by p-hydroxymercuribenzoate (pHMB) in strong alkaline
medium followed by the determination of GS–pHMB complex by reversed phase chromatography cou-
ccepted 30 May 2010
vailable online 4 June 2010

eywords:
xidized glutathione
SSG

pled to chemical vapour generation and atomic fluorescence detector (RPC–CVGAFS). A detection limit
of 35 nM for GSSG (corresponding to 1.8 pmol) detected as GS–pHMB species was achieved based on a
signal-to-noise ratio of 3 in buffer and in blood. The proposed method was applied to the determina-
tion of GSSG in whole blood and validated by the classical determination of GSSG by derivatization after
reduction with dithiothreitol (DTT).
iquid chromatography
tomic fluorescence spectrometry

. Introduction

Glutathione (�-Glu-Cys-Gly, GSH) is one of the most important
ellular metabolites. The functions of GSH include detoxication of
enobiotics and heavy metals, reduction of oxidation-prone pro-
ein thiols, maintenance of cellular membranes and deactivation of
ree radicals [1]. Its disulfide, GSSG, restores disulfide bridges and
o-regulates metal content of metallothionein [2,3]. The intracel-
ular concentration of total, reduced and oxidized GSH in human
ells is often as high as 1–20 mM [4]. Under oxidative stress GSSG
oncentration increases, and rapidly is reverted back to GSH by
he action of the enzyme glutathione reductase. Changes of the
SH/GSSG ratio are considered indices of oxidative damage [5,6].

Some analytical methods using liquid chromatography (LC)
ombined with different detection techniques have been devel-
ped for the analysis of GSH and GSSG. These methods are generally
ased on derivatization by suitable probes of reduced –SH group
f GSH and of GSSG after chemical reduction [6–9]. Electrochem-

cal methods [10–12] and LC–MS methods [13,14] have also been
roposed for the direct determination of GSSG.

In 1939 Schoberl and Rambacher showed that the disulfide bond
f cystine was “split” on treatment with strong alkali [15]. In 1953

∗ Corresponding author. Tel.: +39 050 315 2293; fax: +39 050 315 2555.
E-mail address: emilia@ipcf.cnr.it (E. Bramanti).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.05.065
© 2010 Elsevier B.V. All rights reserved.

Stricks and Kolthoff obtained indications that GSSG in strong alka-
line media was split according to reaction (1) followed by reaction
(2) [16].

GSSG + OH− � GS− + GSOH (1)

2 GSOH � GSH + GSO2H (2)

They found that reagents prevailed in reaction (1), but it
was driven to completion by including HgCl2, in the solution.
Later, Karush et al. used alkaline solution of fluorescein mercuric
acetate to determine disulfide groups in proteins and peptides
[17].

Thereafter, Andersson and Berg [18] studied the kinetics of
GSSG/p-hydroxymercuribenzoate (pHMB) reaction in the pH range
9.2–11.0 finding that (i) the stoichiometric ratio pHMB:GSSG was
3:2, in agreement with reactions (1) and (2), (ii) the kinetics were
of the first order, (iii) the hydrolysis step (reaction (1)) was rate-
determining and directly proportional to the concentration of OH−,
and (iv) pHMB did not participate in the disulfide cleavage and
reacted with the –GS− formed in the hydrolysis. Above pH 10.6
somewhat more than 3 equiv. of pHMB appeared to react when the
solution was allowed to stand for 6 h or more.
More recently, some authors proposed mercurochrom for the
histochemical quantitation of protein disulfides [19].

Over the last 10 years we extensively studied the interaction
between pHMB with reduced –SH functional groups on proteins
[20–23], low molecular weight thiols [7] and nitrosothiols [24,25]
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y liquid chromatography coupled to chemical vapour generation
nd atomic fluorescence spectrometry (CVGAFS).

In this work we have studied the reaction of pHMB with oxi-
ized thiols (GSSG, cystine, homocystine and selenocystine) in
trong alkaline medium. We have optimized a procedure for the
hromatographic determination of glutathione disulfide (GSSG) by
HMB derivatization in alkaline medium without any preliminary
eduction step, followed by the determination of GS–pHMB com-
lex by reversed phase chromatography (RPC) coupled to CVGAFS.
he method has been applied to the determination of GSSG in whole
lood and validated by comparing the results with those obtained
y dithiothreitol (DTT) reduction method.

. Experimental procedures

.1. Chemicals

Analytical reagent-grade chemicals were used without further
urification. pHMB (4-hydroxymercuric) benzoic acid, sodium salt
CAS No. 138-85-2, HOHgC6H4CO2Na) was purchased from Sigma
Sigma–Aldrich–Fluka Chemical Co., Milan, Italy). 1 × 10−2 M stock
olution of pHMB was prepared by dissolving the sodium salt in
.01 M NaOH in order to improve its solubility, stored at 4 ◦C,
nd diluted freshly, just before use. The precise concentrations of
HMB solutions were determined from the absorbance at 232 nm
ε232 = 1.69 × 104 cm−1 M−1).

Stock solutions of GSH (G6529), cystine (30089, Cys), homocys-
ine (H4628, HCys), oxidized glutathione (49740, GSSG), cystine
30199), oxidized HCys (H0501) and seleno-l-cystine (Fluka
9976) (Sigma–Aldrich–Fluka, Milan, Italy) were prepared in 0.1 M
hosphate buffer solution (PBS) pH 7.4, 0.5 mM ethylendiaminote-
racetic acid (EDTA) or 0.1 M HCl (cystine and selonocystine). In
rder to prevent oxidation, standard solutions of reduced thiols
ere prepared daily and kept cold (4 ◦C) and protected from light
ntil used.

The buffer solutions were prepared from monobasic monohy-
rate sodium phosphate, dibasic anhydrous potassium phosphate
BDH Laboratory Supplies, Poole, England).

Dithiothreitol (DTT, D5545 SigmaUltra, ≥99.0%), N-
thylmaleimide (NEM, 04259 BioChemika Ultra, ≥99.0%, Fluka)
nd 2-vinylpyridine (2-VP, 132292 97%, Aldrich) were purchased
rom Sigma–Aldrich–Fluka and the stock solution prepared daily
n MilliQ water.

Methanol for RPLC was purchased from Carlo Erba (Rodano,
ilan, Italy).
Stock solutions of NaBH4 (about 6.5 M) was prepared by dis-

olving the solid reagent (45288-2 powder, reagent grade >98.5%,
rom Sigma–Aldrich, Milan, Italy) into 0.3% (m/v) NaOH solution.
he solutions were microfiltered through a 0.45 �m membrane and
tored in a refrigerator. Diluted solutions of NaBH4 (0.05 M) were
repared by appropriate dilution of the stock solutions, with the
otal NaOH concentration maintained at 0.3% (m/v).

The 24–26% hydrazine standard solution (53847, CAS No.
0217-52-4) was purchased from Fluka (Sigma–Aldrich–Fluka,
ilan, Italy) and the optimized concentration (0.1 M) added to
aBH4 solution containing 0.3% (m/v) of NaOH.

3.5 M HCl solutions were prepared with 37% (m/m) HCl (Carlo
rba, Rodano, Milan, Italy).

A working solution of Br−/BrO3
− was prepared by solid reagents

Carlo Erba, Rodano, Milan, Italy) (0.075 M Br−, 0.015 M BrO3
−)
eeping an approximate Br−/BrO3
− 5:1 molar ratio on the basis

f stoichiometry of redox reaction. Addition of a moderate excess
f Br− guaranteed a complete conversion of bromate to Br2.

Water deionized with a MilliQ system (Millipore, Bedford, MA,
SA) was used throughout.
2 (2010) 815–820

2.1.1. Safety considerations
pHMB is toxic. Inhalation and contact with skin and eyes should

be avoided. All work should be performed in a well-ventilated fume
hood.

2.2. GSSG derivatization and calibration

GSSG/pHMB mixtures were prepared in 0.1 M PBS at various pH
or in NaOH at various concentrations. The products of the reac-
tion of GSSG and pHMB were studied by RPC–CVGAFS by diluting
the original mixture in 0.1 M PBS pH 7.4, with or without 0.5 mM
EDTA at 21 ± 1 ◦C in order to avoid damage of the column by basic
pHs. Once the GSSG/pHMB derivatization medium was optimized,
we varied GSSG/pHMB molar ratio and reaction time. In the opti-
mized conditions GSSG was derivatized with pHMB in a molar
excess between 2 and 50, in 0.1 M NaOH for 30 min reaction time
at 21 ± 1 ◦C in a thermostatic bath. In these conditions we per-
formed GSSG calibrations at various molar ratio (2, 4, 10, 20, 50:1
pHMB/GSSG ratio). In the same conditions we studied the deriva-
tization of cystine, oxidized HCys and CysGly.

For the calibration experiments of GSH, GSH was derivatized
by diluting the stock solution in 0.1 M PBS (pH 7.43) containing
a stoichiometric amount or a moderate excess of pHMB, at 25 ◦C.
After a reaction time ≥5 min at 21 ± 1 ◦C, the solution was injected
in the RP chromatographic column.

The yield of GSSG derivatization was evaluated by comparing
the slope of the calibration curves of GSSG with the calibration
curve of GS–pHMB complex.

2.3. Human blood sampling and thiol derivatization procedures
in blood

Blood was obtained from 11 volunteer donors. Venous blood
was collected by puncture of an antecubital vein with a butter-
fly needle in resting conditions and collected into evacuated tubes
containing EDTA.

2.3.1. GSSG analysis
For the analysis of GSSG in whole blood, 500 �L of the collected

blood were treated with 2-VP stock solution (400 mM final concen-
tration) to avoid GSH interference [26], vortex, incubated 30 min at
21 ◦C, mixed with 500 �L of 10% trichloroacetic acid (TCA) imme-
diately after collection and the acidified sample was centrifuged
at 10,000 × g for 10 min at 21 ◦C. 100 �L of the supernatant com-
ing from the deproteinized whole blood were diluted in 900 �L of
0.5 M NaOH and derivatized with 100 �M pHMB. After 30 min reac-
tion time at 21 ◦C (thermostatic bath) the mixture was diluted 1:10
in 1 M PBS pH 7.4 and injected in the RPC–CVGAFS system.

GSSG recovery was evaluated in human whole blood by adding a
known concentration of GSSG from a standard solution before any
treatment.

2.3.2. Reduced GSH analysis
For the determination of free reduced GSH 500 �L of the col-

lected blood were mixed with 500 �L of 10% TCA immediately after
collection and the acidified sample was centrifuged at 10,000 × g
for 10 min at 21 ◦C. 10 �L of the supernatant was diluted in 990 �L
0.1 M PBS pH 7.4, 0.5 mM EDTA and derivatized with 100 �M pHMB
and injected.

2.3.3. GSH + GSSG analysis

10 �L of the TCA supernatant were diluted in 40 �L 0.1 M PBS

pH 7.4, 0.5 mM EDTA, treated with 200 �L 0.2 M PBS pH 9.0, 1.0 mM
EDTA, 0.5 mM DTT and incubated at 37 ◦C for 20 min. Then, the
resulting solution was diluted with 1 M PBS pH 7.9 up to 1 mL vol-
ume and derivatized with an excess of pHMB (400 �M) in order
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Fig. 1. AF chromatograms of GS–pHMB complex (5 �M GSH, 20 �M pHMB, trace a,

This reaction was studied as a function of pH of medium. Fig. 2
shows the concentration of GS–pHMB in GSSG/pHMB mixtures (1:2
molar ratio) after 30 min reaction time at 21 ◦C in 0.1 M PBS solu-
tions at various pH (6–12) and in 1 M NaOH (pH 14). The values
have been normalized with respect to the plateau value obtained
V. Angeli et al. / Tal

o complex GSH and DTT [7]. The reduction yield was evaluated
pplying the same procedure to a standard solution of GSSG.

.4. Apparatus

.4.1. Chromatographic instrumentation
An HPLC gradient pump (P4000, ThermoQuest) was coupled

ith a mechanical degassing system (SC1000, ThermoQuest), a
heodyne 7125 injector (Rheodyne, Cotati, CA, USA), and a 50 �L

njection loop. Sample eluted from the column passed into the
VGAFS detection system. CVGAFS detection system provided
ercury-specific chromatograms. The GS–pHMB complex can be

etermined by CVGAFS detection in the adopted operating condi-
ions with a detection limit of 70 nM, a precision (CV%) of 6.5% at
.3 �M concentration level, and a 0.08–50 �M linear dynamic range
24].

.4.2. Chromatographic conditions
The HPLC separations were carried out by a reversed phase

PLC column Hydra RP C18 (Phenomenex) 250 mm × 4.6 mm (silica
article size 4 �m), equipped with a Guard Cartridge KJ0-4282 Phe-
omenex with an isocratic elution in 99% 0.02 M PBS pH 6.0, 5 mM
aCl, 1% methanol flowing at 1 mL min−1 for 17 min and a gradient
p to 100% methanol in 2 min to elute pHMB in excess from the col-
mn. The chromatographic run was complete in 37 min, including
he column re-equilibration time. All the solutions were filtered by
0.45 �m cellulose acetate filter (Millipore).

.4.3. Chemical vapour generation with AFS detection
The schematic diagram and a detailed description of the con-

inuous flow (CF) mercury chemical vapour generator modified
or on line oxidation of organic mercury to inorganic Hg(II) in a

iniaturized Ar/H2 flame have been previously reported [20–24].
eagent concentrations (NaBH4, hydrazine, HCl, and Br−/BrO3

−),
eaction coil dimension, and flow rates, as well, were optimized
nd reported elsewhere [27].

.4.4. ESI-MS measurements
The ESI-MS experiments were performed on a LTQ-Orbitrap

ass spectrometer manufactured by Thermo Fisher Scientific Inc.
Bremen, Germany) which was equipped with an electrospray ion
ource. The Orbitrap was operated at resolution setting of 30,000.
ull-scan spectra over the m/z range 335–685 were acquired in the
ositive ion mode. The voltage on the electrospray needle was set
o 3 kV. The capillary temperature was set to 300 ◦C. The sheath
nd auxiliary gases were nitrogen at flow rates of 20 and five arbi-
rary units, respectively. The tube lens voltage was set to 95 V, and
apillary voltage was set to 39 V. Ion with m/z of 630, which corre-
pond to the protonated molecular ion of pHMB derivatized GSSG
GS–pHMB) was extracted from the full-scan spectra. Data were
rocessed using Xcalibur software (Thermo Fisher Scientific Inc.,
remen, Germany) version 2.0.7.

. Results and discussion

.1. pHMB/GSSG reaction in alkaline medium

Sulphydryl group of GSH reacts quantitatively with a moderate
xcess of pHMB in stoichiometric ratio of 1:1 at room temperature
n 0.1 M PBS, pH 7.4, 0.5 mM EDTA in less than 2 min and the com-
lex is stable 48 h at room temperature and for months at −20 ◦C

24]. Fig. 1 (curve a) shows the RPLC–CVGAFS chromatograms of the
S–pHMB complex, which elutes at 12.8 ± 0.1 min. The peak elut-

ng with the dead volume of the column was present also injecting
he pHMB in the same buffer solution and it was likely due to a non-
ovalent complex of pHMB with EDTA. The pHMB excess eluted as
thin line) in 0.1 M PBS pH 7.4, 0.5 mM EDTA, and GSSG–pHMB mixture (2 �M GSSG,
20 �M pHMB final concentration, trace b, bold line) in 0.1 M PBS pH 7.4. GSSG–pHMB
mixture was prepared in 0.1 M NaOH at 21 ◦C and diluted 20 times after 30 min
incubation time in 0.1 M PBS pH 7.4 before injection. AF = atomic fluorescence.

a broad peak between 15 and 30 min and it did not interfere with
the analysis.

At pH 7.4 we found that oxidized glutathione (GSSG) did not
react with pHMB. However, by mixing GSSG and pHMB in a basic
incubation medium (0.1–1 M NaOH), we found by RPC–CVGAFS
analysis a peak having the same retention time of GS–pHMB com-
plex (Fig. 1, curve b). GSSG (2 �M) and pHMB (20 �M) were mixed
in 0.1 M NaOH at 21 ◦C and diluted 20 times after 30 min incubation
time in 0.1 M PBS pH 7.4. This procedure avoided the injection of
basic solution in the RPC column.

The peaks observed in the GSSG/pHMB mixture chromatogram
had the same retention time of GS–pHMB complex. This suggested
that in 0.1 M NaOH GSSG gave GS−, and GS− formed the GS–pHMB
complex.
Fig. 2. GSSG/pHMB reaction as a function of pH of medium. Normalized GS–pHMB
concentrations (calculated on the basis of the area of 12.1 min peak and sensitivity
factor of GS–pHMB calibration curve) are reported on the y-axis. Operating condi-
tions: GSSG/pHMB mixture prepared in 0.1 M PBS buffer at the indicated pH or 1 M
NaOH (pH 14) with (open circles) or without 0.5 mM EDTA (filled circles), incubated
30 min at 21 ◦C and diluted 20 times in 0.1 M PBS pH 7.4 before injection.
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of –SH groups [29], in the reaction medium at pH 7.4. Not significant
difference between intensity of RS–pHMB peaks with and without
NEM were found, indicating that the percentage of free thiols in
disulfides standard solutions was below the instrumental detection
limit.

Table 1
Percentage of derivatization of disulfides by pHMB in neutral and alkaline solutions,
and in the presence of DTT.

Percentage of derivatizationa

In 0.1 M PBS pH 7.4 In 0.1 M NaOH In 0.5 mM DTT
Fig. 3. Mass spectra of GSSG (a) and GS–pH

etween pH 12 and 14. GS–pHMB concentration values were calcu-
ated on the basis of the area of 12.8 min peak and sensitivity factor
f GS–pHMB calibration curve. Experiments were performed with
r without EDTA in the medium in order to evaluate a possible
atalytic effect of adventitious metals.

For pH ≤ 8 no signal was observed. For pH > 8 the GS–pHMB sig-
al increased and reached a plateau for pH > 12. The plateau value
anged between 77 and 95% (inter-day variability: 83 ± 6% mean
alue ± SD, N = 12 experiments performed during 12 different days)
f expected GS–pHMB concentration considering that 1 mole of
SSG gives 2 moles of GS–pHMB. The plateau value was reached in
min and GS–pHMB concentration did not change for 3 h (investi-
ated time). The presence of EDTA in the reaction medium slightly
hifted the curve toward higher pH by about 0.5–1 pH unit, indi-
ating that adventitious metals actually catalyze the reactions (1)
nd (2).

The reaction of 5 �M GSSG was studied as a function of
HMB/GSSG molar ratio (30 min reaction time at 21 ◦C) and tem-
erature (30 min reaction time, 2:1 pHMB/GSSG molar ratio). We
ound that for molar ratios <1 GS–pHMB signal linearly increased
p to 85.1 ± 1.5% of the expected value for the complete derivatiza-
ion of 5 �M GSSG (data not shown for brevity). The first linear part
f the curve showed an intersection point with the plateau value at
HMB/GSSG molar ratio = 1.5 ± 0.09, which corresponded to a 3:2
toichiometric ratio, in agreement with literature data [18].

We performed calibration curves of GSSG obtained by reaction
f GSSG with pHMB in 0.1 M NaOH at different pHMB/GSSG molar
atio (2:1, 4:1, 10:1, 20:1, and 50:1) followed by RPC–CVGAFS anal-
sis. The concatenate fitting of data gave a slope of 0.229 ± 0.003
R2 = 0.9947), which corresponds to 92 ± 9% of the double of
he slope of GS–pHMB calibration curve (0.124 ± 0.001, N = 5,
2 = 0.9996). This result indicates that (i) the yield of GSSG deriva-
ization by pHMB in alkaline medium is 92 ± 9%, in agreement with
he data obtained at different pHMB/GSSG molar ratio and (ii) the
ynamic range for GSSG determination is linear in the investigated
ange 0.08–50 �M (injected concentration). The yield of the reac-
ion did not change in the 20–37 ◦C range investigated (data not
hown for brevity).

The advantage of the proposed method is its ability in the deter-
ination of GSSG with good sensitivity and without the need of

hiolic or not thiolic reducing agents to give reduced–SH groups.
he detection limits in RPC–CVGAFS were 70 nM for GSH and 35 nM

or GSSG (injected concentration of GSH and GSSG in buffer), based
n a signal-to-noise ratio of 3. GSH and GSSG species were detected
s GS–pHMB complex.

Inter- and intra-day precision calculated as CV% were deter-
ined for standards of GSSG in buffer. Intra-day CV% was 5%.
b) using the Orbitrap at resolution 30,000.

It was calculated by performing N = 5 replicate measurements at
1 �M GSSG concentration level. Inter-day CV% was 7%, calculated
on N = 12 experiments performed during 12 different days.

ESI-MS experiments using Orbitrap at 30,000 resolution con-
firmed that the product of GSSG/pHMB reaction at basic pH is
GS–pHMB complex. Fig. 3 shows mass spectra of GSSG (A) and
GS–pHMB (B).

The method for the identification of GS–pHMB complex has
been described elsewhere [28]. Typically the mass spectral profile
of GSH reacted pHMB was identical to that of GSSG reacted with
pHMB in a basic environment.

The molecular formula of GS–pHMB is C17H22N3O8HgS
(m/z = 630), and the molecular formula of GSSG is C20H33N6O12S2
(m/z = 613). We have typically measured them within 3 ppm of the
expected masses.

The reaction of cystine, homocystine and selenocystine with
pHMB in 0.1 M NaOH in the operating conditions optimized for
GSSG reaction was studied by RPC–CVGAFS.

Table 1 shows the percents of derivatization of disulfides by
pHMB in alkaline medium, in neutral conditions and in the pres-
ence of chemical reducing agent DTT calculated on the basis of the
peak areas.

Cystine and homocystine were not reduced by pHMB when pre-
pared in 0.1 M PBS (pH 7.4) and only 17% homocystine was reduced
in NaOH. Meanwhile, only 10% of selenocystine was reduced at
neutral pH and nearly half was reduced in NaOH.

RPC–CVGAFS was also used to check the purity of disulfide stan-
dards. Disulfide standard solutions of Cys, HCys, GSH and SeCys (at
a concentration of 50 �M each) were analysed after pHMB derivati-
zation with or without N-ethylmaleimide (NEM), a blocking agents
Cystine 0 0 62 ± 6b

Homocystine 0 17 ± 2b 66 ± 7b

GSSG 0 77 ± 6b 99 ± 5b

Selenocystine 10 ± 1b 55 ± 6b 36 ± 4b

a RPC–CVGAFS operating conditions: pHMB/RSSR 2:1, 30 min, 21 ◦C.
b SD, N = 3 replicates.
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Table 2
Valuesa of GSSG (by pHMB direct derivatization and after DTT reduction), GSH, (GSH + GSSG) (obtained after DTT reduction) and GSSG % in TCA-deproteinized blood samples.

Sample GSSGpHMB (�M) GSSGDTT (�M) GSH (�M) (GSH + GSSG)DTT (�M) % GSSG

1b 94 ± 9c 102 625 829 14
2 184 181 880 1243 17
3 187 200 473 873 28
4 253 257 947 1461 21
5 205 206 1167 1578 15
6 118 147 849 1143 12
7 116 120 821 1060 12
8 115 121 651 893 15
9 196 172 990 1335 17
10 110 127 684 939 14
11 92 118 624 860 13

7%.

9769, N = 4.

3

l
2
t
0
5
d
i
R
3
w
b

3
D

a
T
s
G
i
2

p
i
c
G
(
2
o
0
G
(
%

w
[

s
l
b

n
r
a
l

a Triplicate analysis was performed for each analysis. CV% ranged between 5 and
b Sample analysed by analyte addition techniques.
c Calculated on the basis of intercept = 0.182 ± 0.017, slope = 0.194 ± 0.014, R2 = 0.

.2. Control of GSH interference

In view of the application of GSSG/pHMB reaction for the ana-
ytical determination of GSSG in human blood, we tested NEM and
-vinylpyridine (2-VP), another blocking agent of –SH groups [26],
o eliminate GSH interference. 100 �M GSH in 0.1 M PBS pH 7.4,
.5 mM EDTA were spiked with 12 mM NEM or 400 mM 2-VP. After
min incubation for NEM and 30 min for 2-VP the solutions were
iluted 1:10 in 0.1 M NaOH and 100 �M pHMB and, after 30 min

ncubation time at 21 ◦C, diluted 20 times and injected into the
PC–CVGAFS system. While in the GSH solution treated with NEM,
% of total GSH was complexed by pHMB, the GSH solution treated
ith 2-VP did not give any signal, showing that 2-VP is a good

locking agent also at basic pHs.

.3. Analytical application: determination of GSSG, GSH and
DT-reduced GSH (GSH + GSSG) in human blood

GSSG determination method based on pHMB derivatization in
lkaline medium was applied to acid deproteinized whole blood.
he recovery of GSSG was 85 ± 7%, calculated on the basis of the
lope of standard addition curve and GSSG calibration curve. For
SSG calibration, standard solutions were treated as blood samples,

.e. diluted in 0.5 M NaOH, treated with 100 �M pHMB (30 min at
1 ◦C), diluted 1:10 in 1 M PBS pH 7.4 and injected.

The method was validate by determining GSSG in 11 sam-
le of human whole blood by direct derivatization with pHMB

n alkaline medium (GSSGpHMB) and by pHMB derivatization after
hemical reduction with DTT (GSSGDTT) (reduction yield 90 ± 5%).
SSGDTT value was calculated by subtracting GSH value from

GSH + GSSG) value obtained after DTT reduction, and dividing by
. The correlation plot of the results obtained by the two meth-
ds in TCA-deproteinized blood samples (Fig. 4) gave a slope of
.96 ± 0.027 with R2 = 0.9911. Table 2 summarizes the values of
SSG (by pHMB direct derivatization and after DTT reduction), GSH,

GSH + GSSG) (obtained after DTT reduction) and GSSG % (GSSG
= 100 × [GSSG]/([GSH] + [GSSG])).

The GSH and GSSG concentrations (Table 2) were in agreement
ith the range of GSH and GSSG concentrations in human plasma

30].
Inter- and intra-day precision (CV%) in TCA-deproteinized blood

ample was 6 and 8%, respectively. These data are based on trip-
icate assays on each of 3 days of dilutions of TCA-deproteinized
lood sample as described in the text.
The reactivity of pHMB with other oxidized species of GSH was
ot investigated in this report. Indeed, while it is known that Cys
esidues in the proteins can be oxidized to sulfenic (SOH) or sulfinic
cids (SO2H) species [31], currently no reports have been pub-
ished on the existence in vivo of GSH as stable sulfenic or sulfinic
Fig. 4. Correlation plot of GSSG determined in human whole blood by direct deriva-
tization with pHMB in alkaline medium and by pHMB derivatization after chemical
reduction with DTT (slope = 0.96 ± 0.027, R2 = 0.9911, N = 11).

species. Nitrosothiols (RSNOs) could also react with pHMB at basic
pH. However, due to their low stability at basic pH, this method
is not recommended. Suitable blood sampling conditions are also
required to preserve the stability of RSNOs in plasma sample [24].
Therefore, we can assess that the method proposed is specific for
RSSR species.

4. Conclusions

GSSG can be directly derivatized by pHMB in strong alka-
line medium with a 3:2 pHMB/GSSG stoichiometric ratio and the
GS–pHMB complex determined by RPC–CVGAFS. For pH > 12 (typ-
ically in 0.1 M NaOH) GSSG was converted into GS–pHMB with
a yield of 83 ± 6% in a reaction time of 5 min and GS–pHMB
concentration did not change for 3 h (maximum investigated
time). The detection limits of 35 nM GSSG (injected concentration,
1.8 pmol injected amount) in buffer standard solution and TCA-
deproteinized blood samples derivatized and diluted as reported
were achieved based on a signal-to-noise ratio of 3. The dynamic
linear range was 0.08–50 �M and the coefficient of variation was
6.5% at 0.3 �M concentration level. The proposed method was

applied to the determination of GSSG in whole blood deproteinized
by TCA. Recovery of GSSG spiked to whole blood was 85 ± 7%,
based on the analyte addition technique. GSSG determination by
pHMB was validated by the classical determination of GSSG after
DTT reduction. The correlation plot of the results obtained by the
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