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A  simple,  highly  selective,  sensitive  and  reproducible  liquid  chromatography-electrospray  ionization
mass  spectrometry  method  has  been  developed  for  the  direct  and  simultaneous  determination  of  reduced
(GSH)  and oxidized  (GSSG)  glutathione  in  microdialysis  samples  from  human  dermis.  Chromatographic
separation  was  carried  out  on  an  MODULO  CART  QS  KROMASIL  5C18  (250  mm  × 2 mm  × 5 �m)  analytical
eywords:
xidized glutathione
educed glutathione
iquid chromatography
ass spectrometry

column  at  a flow  rate  of 0.25  ml/min.  An  isocratic  mode  was  used  and  consisted  of  acidified  water  and
acetonitrile  (50/50,  v/v).  To  improve  the sensitivity,  silver  nitrate  was  added  as  post-column  reagent.  A
trap  mass  spectrum  was used  equipped  with  an  ESI interface.  The  limits  of  detection  and  quantification
were  respectively  0.12  and  0.4  ng/ml  for GSH  and  0.2  and  0.5  ng/ml  for  GSSG.  Intra-day  and  inter-day
accuracy  and  precision  were  determined  and  the  variability  was  less  than  6.2%  (R.S.D.).
ilver adducts

. Introduction

Glutathione is a thiol found intracellularly at high concentra-
ions and is also present in small amounts in extracellular fluid [1].
lutathione exists as reduced glutathione (GSH) and in oxidized

orm as glutathione disulfide (GSSG). GSH is a tripeptide of glycine,
lutamate, and cysteine and GSSG is a dimer of GSH, where two  GSH
olecules are linked through a disulfide bond. A deficiency in glu-

athione is thought to be associated with a variety of diseases, such
s cancer, neuro-degenerative disorders, cystic fibrosis, lung dis-
ases, HIV, liver diseases and dystrophic skin fibroblasts [1–3]. One
f the important functions of GSH in biological systems is antioxi-
ant activity where GSH is oxidized to GSSG as it scavenges reactive
xygen species [2,4]. Therefore, the simultaneous determination of
SH and GSSG in biological fluids, such as microdialysates, is impor-

ant since the ratio of GSH to GSSG concentration may  be used as a
iomarker of oxidative stress [2,5].

Methodologies for the determination of both GSH and GSSG
ave been reviewed recently [6,7]. Selectivity and sensitivity were
chieved using chromatographic techniques such as thin layer
hromatography and high-performance liquid chromatography

HPLC). Recent methods have used HPLC coupled to a variety of
etection techniques, including UV–vis and diode array detection,
uorimetry, electrochemical detection and mass spectrometry. To

∗ Corresponding author.
E-mail address: nathalie.leveque@u-psud.fr (N. Leveque).

570-0232/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2011.09.052
© 2011 Elsevier B.V. All rights reserved.

prevent the thiol oxidation and consequently to further enhance
sensitivity, common procedures include derivatization of the free
thiol group in the GSH molecule with chromophores, fluorophores
or with idioacetamide and isopropylchlorformate [8].  In gen-
eral, GSSG is measured by reducing it to GSH with the enzyme
glutathione reductase. The difference between the total (after
reduction) and initial GSH values is used to estimate the GSSG
concentration in the sample. Using this procedure, the GSSG con-
centration found in a given sample often could be similar to the
standard deviation between replicates [9].

HPLC–MS techniques have been a major step toward the deter-
mination of GSH and GSSG during recent years [8–12]. These
techniques improve selectivity and avoid the GSSG reduction step.
LC/MS has become increasingly popular and the method of choice
in the pharmaceutical industry for the analysis of biological sam-
ples. We  describe in this paper an LC/MS method with nitrate silver
as post-column reagent to simultaneously quantify GSH  and GSSG
in microdialysates from human skin. The method requires minimal
sample treatment and offers high selectivity and sensitivity.

2. Materials and methods

2.1. Materials
Glutathione, glutathione disulfide and glutathione ethyl ester
(internal standard) were obtained from Sigma Chemical (St Louis,
MO). HPLC grade acetonitrile was purchased from Carlo Erba

dx.doi.org/10.1016/j.jchromb.2011.09.052
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:nathalie.leveque@u-psud.fr
dx.doi.org/10.1016/j.jchromb.2011.09.052
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Milan, Italy). Metal salts (LiI, CoCl2, ZnCl2, NaCl, KCl, AgNO3) were
ommercially available at 99.9% (Sigma, St Louis, MO,  USA).

.2. Standard solutions

Ringer’s lactate solution, which was used as perfusate for
he microdialysis probes (Cl−: 111 mmol/l; K+: 5.3 mmol/l; Ca2+:
.8 mmol/l; Na+: 130 mmol/l; lactate: 27.6 mmol/l; pH 6; Maco
harma, Paris, France). A stock solution of GSH, GSSG and internal
tandard (IS) were prepared in acetonitrile (ACN) at 1000 �g/ml,
500 �g/ml and 1000 �g/ml, respectively and stored at 4 ◦C. Cal-

bration standards and quality control samples were prepared by
dding appropriate volume of the stock solution of GSH and GSSG,
0 �l of IS and an appropriate volume of Ringer’s solution to get a
nal volume of 500 �l. Thus eight standard concentrations contain-

ng the two analytes (GSH and GSSG) and the IS were prepared in the
ange 0.2–200 ng/ml. Three quality control (QC) samples containing
ll compounds were prepared at 5, 100 and 200 ng/ml.

.3. Microdialysis’ samples collection

The microdialysis system, used in this investigation, consisted of
 CMA/20® syringe pump (Phymep, Paris, France) and a Univentor
20® microfraction collector which collected sample at 4 ◦C. The
icrodialysis probes (CMA/20®), used in this work, had a 20 kDa cut

ff with a polyarylethersulfone membrane (length 10 mm)  and they
ere perfused with Ringer lactate solution at a flow rate of 3 �l/min.

he collected microdialysis samples were frozen at −20 ◦C until
heir analysis. The microdialysis samples were analyzed without
ny pre-treatment.

.4. Determination of the relative recovery

.4.1. Relative recovery (RR)
This method consists in continuously perfusing a physiolog-

cal fluid, i.e. Ringer solution or ultrapure water, which creates
 concentration gradient along the dialysis membrane. The com-
ounds diffuse through the membrane from the interstitial fluid
o the perfusate or from the perfusate to the interstitial fluid. The
utlet perfusate is collected in microtubes. The principal diffusion
arameter is expressed by an RR which is the ratio between the
oncentration in the dialysate (Cout) and the concentration in the
edium surrounding the probe (Cin). This relation is represented

n the following equation

R = Cin − Cout

Cin

In our investigation, in vitro recovery experiments were con-
ucted with probes placed in a vial containing either GSH or GSSG at

 mM dissolved in Ringer’ solution and perfused with Ringer lactate’
olution at a flow rate of 3 �l/min. This flow rate was  considered as
ptimal by Mary et al. [13]. Samples were collected every hour for

 period of 6 h.

. Instruments and method

.1. High-performance liquid chromatographic system

A Spectra system (Thermo Fisher, Boston, USA) composed of a
CM1000 degasser, a SN4000 solvent delivery system; a P1000XR
njector (20 �l injection loop) was used. An MODULO CART QS KRO-

ASIL 5C18 (INTERCHIM, France) (250 mm × 2 mm × 5 �m)  was

sed. An isocratic solvent program was used as followed: ace-
onitrile/water acidified with 0.1% of formic acid (50/50, v/v). The
ow rate of the mobile phase was 0.25 ml/min. Metal salt solutions
100 �mol/l) were introduced into the LC effluent after the column
 879 (2011) 3599– 3606

at a flow rate of 0.05 ml/min by using a T connector (Interchim,
Montlucon, France) and an Hewlett Packard 1050 pump (Agilent
Technologie, Santa Clara, USA).

3.2. ESI-MS

The column described above was connected to a Thermo-
Finnigan LCQ quadrupole ion trap mass spectrometer (Thermo
Fisher, Boston, USA) equipped with an ESI ion source. The entire vol-
ume  of the column effluent was  directed to the mass spectrometer.
Operating conditions for the ESI source, used in positive ioniza-
tion mode, were optimized in the infusion mode. Typical optimized
values for the source parameters were source voltage 4.5 kV, capil-
lary temperature 250 ◦C, capillary voltage 20 V and tube lens offset
5 V. Nitrogen was used both as sheath gas and as an auxiliary gas
at a flow rate of 75 and 50 (arbitrary units), respectively. In the
infusion mode, sample concentrations were typically 10 �g/ml in
ACN/water (0.1% formic acid) (50/50, v/v). All solutions were con-
tinuously infused by means of a syringe pump at a typical flow-rate
of 5 �l/min into the electrospray probe. Mass spectrometry analysis
was conducted in positive ion mode and set-up in selected ion mon-
itoring (SIM) mode. Data processing was  performed on Xcalibur
data system (Woburn, MA,  USA).

3.3. Validation procedure of the LC–MS assay

3.3.1. Selectivity
The selectivity was studied by preparing and analyzing a QC

standard (2 ng/ml) compared to blank microdialysis sample spiked
with the internal standard. This test was done with three QC sam-
ples at 2 ng/ml and three microdialysis blank samples.

3.3.2. Calibration curve, LLOD and LLOQ
Calibration curves were obtained by plotting the peak area ratio

of each analyte and the internal standard against the actual con-
centration of the analyte using regression over a range from 0.2 to
200 ng/ml. Each standard was  prepared in triplicate over 3 days.

3.3.3. Accuracy and precision
Accuracy was measured by the deviation of the bias (%) of the

mean found concentration from the actual concentration on stan-
dards and on quality controls (QC).

Repeatability and intermediate precision were studied. Intra-
day precision, expressed as the coefficient of the variation of
repeatability (CV), was performed for the three levels of the QC
(five replicates). Inter-day precision, expressed as the coefficient
of variation of intermediate precision (CV) was evaluated for each
level of QC over 5 days (five replicates).

3.3.4. Stability
The stability of GSH and GSSG in Ringer’s lactate solution was

evaluated under different temperature and storage conditions.
Samples of GSH and GSSG were subjected to room temperature,
4 ◦C and −20 ◦C. All stability studies were conducted at three con-
centrations of GSH and GSSG (5, 100 and 200 ng/ml) with three
determinations each.

4. Results and discussion

4.1. Method development
The purpose of the present study was  to develop a method to
determine simultaneously GSH and GSSG concentrations in human
skin. A simple sample preparation, short separation time and a low
quantification limit were considered when the study started.
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Microdialysis offered the advantages to be less invasive than
ther technique such as suction bubbles and also to collect protein
ree samples. Therefore, less sample treatments were necessary.
owever, the main disadvantages of this technique are the sam-
le size (100 �L) and also the relative recovery. Therefore, a very

ensitive method is necessary. To improve the limit of quantifica-
ion several metal ions have been investigated. Co2+, Zn2+, Li+, Na+,
+ and Ag+ were tested. These metals were added as post-column
eagent and the results obtained showed that the best sensitivity
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ig. 1. (A) ESI mass spectra of (a) GSH and (b) GSSG standards in positive ion mode with
tandards in positive ion mode with AgNO3 as post-column reagent.
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was obtained with silver nitrate as post-column reagent. The sen-
sitivity was  improved by a factor of 5 comparing the intensity
of [M+H]+ (obtained with a solution of 100 ng/ml of GSH, with-
out silver nitrate addition as post-column reagent) and [M+Ag]+

ions obtained with GSH solution at 100 ng/ml with AgNO3 as post-

column reagent (Fig. 1a and b). Similar results were get with GSSG.
Therefore, the following steps were done by using silver nitrate
(100 �M in acetonitrile/water (50/50, v/v)) as post-column reagent
with a flow rate of 0.05 ml/min. The ions selected for GSH were
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out AgNO3 as post-column reagent. (B) ESI mass spectra of (a) GSH and (b) GSSG
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14.3–416.3 and for GSSG 719.6–721.6. The doublets obtained were
ue to silver as it has two isotopes 107Ag and 109Ag with similar
bundance.

.2. Validation of the method
.2.1. Selectivity
The selectivity was demonstrated by comparing analyses of

tandard mixture sample at 100 ng/ml (Fig. 2) and a microdialy-
is blank sample. No significant interfering peaks were detected
m/zm/z

inued.)

at retention times of the studied solutes when running blank
microdialysis samples (n = 3) (Fig. 2). Different programs were
investigated for exclusion of matrix interference. At the end of this
investigation, the best program for a good resolution was  selected
and thus all experiments used the program described above.
4.2.2. Stability
GSH and GSSG were determined to be stable under different

temperature and storage conditions. The analytes samples made
in Ringer’ solution were subjected to short term temperature
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Fig. 2. LC–MS detection of GSH and GSSG and IS from ex vivo sampling (A) and blank sample (B) QC sample (2 ng/ml for each analyte).
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Fig. 3. Calibration curves of GSH and GSSG with silver nitrate as post-column reagent (n = 9).

Table 1
Stability of GSH and GSSG under various conditions (n = 3).

Storage conditions Concentration (ng/ml) R.S.D. (%)

Nominal Mean measured

Stability at room temperature (1 h) 5 5.07 6.0
100 100.98 3.4
200 199.78 5.5

Stability at room temperature (4 h) 5 4.89 5.0
100 98.98 5.4
200 199.87 2.7

Stability at 4 ◦C (30 days) 5 5.34 5.4
100 98.12 3.2
200 198.34 1.9

Stability at −20 ◦C (30 days) 5 4.93 6.3

c
a
c
(
v

4

0
c
G
c

a
n

Table 3
Intra-day (n = 5) and inter-day (n = 5) repeatability of the LC–MS method with nitrate
silver as post-column reagent.

Compound 5 ng/ml 100 ng/ml 200 ng/ml

GSH GSSG GSH GSSG GSH GSSG

Intra-day
Mean assessed
concentration

5.2 5.1 102.0 101.9 200.2 199.8

R.S.D. (%) 0.4 0.5 5.4 3.9 5.3 3.5
Bias  (%) 4.0 2.0 2.0 1.9 0.1 −0.1

Inter-day
Mean assessed
concentration

4.9 5.0 99.1 100.8 201.7 199.6

R.S.D. (%) 0.4 0.7 3.9 3.9 6.2 5.1

T
C

100 101.23 3.2
200 200.45 1.8

onditions for 1 and 4 h, long term storage conditions for 10, 20
nd 30 days (at 4 ◦C and at −20 ◦C). Results reported in Table 1
orresponded to the stability at 30 days. The intermediate results
10 and 20 days) were not shown. All samples evaluated displayed
ariability less than 10% (R.S.D.) (Table 1).

.2.3. Calibration curves and LLOQ
The calibration curves were determined over the range

.2–200 ng/ml for the compounds (GSH and GSSG). The analytes
alibration curves were constructed by plotting the peak area of
SH or GSSG to the IS versus the concentration of the analyte. The

alibration curves revealed good linear correlation (Fig. 3).

The lowest limit of detection (LLOD) was estimated as the
mount of GSH and GSSG that resulted in a signal three times the
oise (S/N ≥ 3). The LLOD were calculated to be 0.12 and 0.2 ng/ml

able 2
omparison of LC–MS methods to quantify GSH and GSSG.

Reference Derivatization GSH (LOQ) (nM)

[14] Iodoacetic acid, dansyl choride 25 

[15]  n-Ethylmaleimide 50 

[16]  5,5 dithiobis (2-nitrobenzoic acid) 500 

[17] n-Ethylmaleimide 100 

[18]  Iodoacetic acid 163 

Our  work Silver nitrate as post column reagent 1.3 
Bias  (%) −2.0 0.0 −0.9 0.8 0.85 −0.2

for GSH and GSSG, respectively. The lowest limits of quantification
(LLOQ) were found to be 0.4 ng/ml for GSH and 0.5 ng/ml for GSSG
with acceptable accuracy and precision (<10%).

During the past decades, LC–MS has proven to be one of the most
effective tools in biological research, particularly for the analysis of
very low amounts of compounds in complex biological matrices.
In Table 2 we have made a quick comparison between previous
LC–MS methods developed to quantify GSH and GSSG (Table 2) that
the addition of silver nitrate as post-column reagent improves the
LOQ by a factor of 20 for GSH and 30 for GSSG. In addition, our
method does not necessitate GSH and GSSG derivatization before
their quantification.
4.2.4. Accuracy and precision
Accuracy was  of this method was acceptable as all bias values

were lower than 4% (Table 3).

 GSSG (LOQ) (nM) Sample

25 Hepatic cells
200 Human lymphocytes
500 Rat blood, lung, liver

1000 Saliva
82 Rat hepatocytes

0.8 Microdialysis samples from human skin
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fragment. Basal GSH and GSSG levels in the dermis, after correction
with the relative recovery, are presented in Fig. 5. The mean average
of the ratio GSSG/GSH during the 6 h experiments was 8.69 ± 2.80%.
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Fig. 4. In vitro relative recove

The intra-day repeatability of the LC–MS method with nitrate
ilver as post-column reagent was assessed from 5 consecutive
hromatographic runs using a standard solution of GSG, GSSG and
he IS at three concentration levels. The variation in peak area was
ested for each analyte (Table 3).

The inter-day repeatability of the method was assessed by ana-
yzing the same standard solutions for 5 consecutive days. The
elative standard deviation (R.S.D.) for peak area was in the range
.4–5.4% in the intra-day test and 0.4–6.2% in the case of the inter-
ay test (Table 3).

. Determination of GSH and GSSG in microdialysis samples

.1. Microdialysis probe relative recovery

The in vitro relative recovery (RR) from 1 mM solution of GSH and
SSG is represented in Fig. 4. Within 1 h after the beginning of the
xperiment, GSH and GSSG recovery values reached, respectively,

 steady state, 14.7 ± 0.6% and 13.0 ± 0.5% (mean ± SD,  n = 3) calcu-
ated by the previous equation. Thus the collect of microdialysates
ould be, for ex vivo experiment maintained at least 6 h. Our rela-
ive recovery results were lower than those obtained by Hoque et al.
18]. The differences could be explained by the materials as Hoque
t al. [18] used CMA/100 probes while in this work we used CMA/20
icrodialysis probes. As the pores of our probes were lowest than

hose of Hoque et al. [18] this could explained that our recoveries
ere smaller. In addition Hoque et al. [18] worked with a perfu-

ion flow rate of 1 �l/min while we used a flow rate of 3 �l/min.
gain, the lowest the flow rate was, the better was the RR as the
embrane exchanges were favourable. However, if the flow rate
as very low, then the sample quantity became very small and dif-

cult to use for analysis. This is the reason why we decided to work
ith the flow rate of 3 �l/min which was considered as the best

ompromise between the relative recovery and the sample volume
ollected.
e (h)

(A) GSH and (B) GSSG (n = 3).

5.2. Basal dermal concentrations of GSH and GSSG

The basal GSH and GSSG concentrations were determined in the
dermis of three human. Three probes were inserted in each skin
76543210
Time (h)

G

Fig. 5. Basal concentrations of (A) GSH and (B) GSSG in human dermis (n = 9).
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his result is in a good accordance with the ratio get by Rhie et al.
19]. However, Rhie et al. [19] used biopsies which are an invasive

ethod to determine this ratio while in this work we demonstrated
hat we get similar results with microdialysis which can be used
n vivo.

. Conclusion

A new LC–MS method with nitrate silver as post-column reagent
as been developed to analyze simultaneously reduced and oxi-
ized glutathione in microdialysis samples from human dermis.
he method provided a simple and effect way for the detection of
he analytes in a single run with an excellent sensitivity as it was
ncreased by 500-fold relative to previous method developed for
SH and GSSG concentrations determination in microdialysis sam-
les. The limits of detection for GSH and GSSG in microdialysates
rom human dermis were 0.4 and 0.5 ng/ml, respectively. The

ethod was successfully used to determine GSH and GSSG basal
oncentrations in ex vivo human skin and could be employed in
he future to monitor GSH and GSSG concentration changes with
xidative stress in vivo.
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