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Abstract

Glutathione (GSH) and glutathione disulfide (GSSG) are important thiols, which provide defence against oxidative stress by scavenging
free radicals or causing the reduction of hydrogen peroxide. The ratio GSH/GSSG is often used as a sensitive index of oxidative stress in
vivo. In this paper, a direct electrochemical method using an electrode modified with functionalized carbon nanotubes as electrochemical
detector (ED) for liquid chromatography (LC) was described. The electrochemical behaviors of GSH and GSSG on this modified electrode
were investigated by cyclic voltammetry and it was found that the functionalized carbon nanotubes exhibited efficiently electrocatalysis on
the current responses of GSH and GSSG. In LC-ED, both of the analytes showed good and stable current responses. The detection limit of
GSH was 0.2 pmol on column and that of GSSG was 1.2 pmol on column, which were low enough for the analysis of real small samples.
The method was sensitive enough to detect difference in concentration of GSH and GSSG in hepatocytes from animals with and without
introduction of oxidation stress by glucose or hydrogenperoxide.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Glutathione; Glutathione disulfide; Hepatocytes; Functionalized carbon nanotubes

1. Introduction The determination of glutathione and glutathione disulfide
has been carried out with various detection technid+e3.
Thiols and disulfides play an important role in metabolism However, since GSH and GSSG are absent of spectrum
and cellular homeostasis. The low molecular mass thiol, glu- groups and the derivatization is time-consuming and more
tathione (GSH), has been found in many living cells, and difficult to avoid the oxidation of GSH, the application of
serves diverse biological functiofi], such as redox regu-  fluorometric[10,11] or other photometric method8,12] to
lation [2] and detoxificatiorf3]. As an antioxidant, GSH is  the determination of GSH and GSSH is limited. To eliminate
involved in the reaction with reactive oxygen speciesObl the need for derivatization, Loughlin et §L3] developed a
and other peroxides. Its oxidised form is glutathione disulfide rugged ion exchange LC/MS method to quantify GSH and
(GSSGJ)4]. Under oxidative stress the concentration of GSH GSSG simultaneously. However, high performance liquid
will reduce, while the concentration of GSSG will increase chromatography (HPLC) combined with electrochemical
[5]. So the ratio GSH/GSSG is often used in assessment ofdetection (ED)14,15] has many advantages in the analysis
oxidative stress or redox status in cells. of biological compounds, such as simplicity, rapidity, high
sensitivity and low cost. Several electrochemical detection
* Corresponding author. Tel.: +86 21 62232627; fax: +86 21 62232627. Methods for GSH and GSSG have been reported. The detec-
E-mail addresswenzhang26@163.com (W. Zhang). tion was often based on the reduction of GSSG on a hanging
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mercury drop electrodd 6] or on the oxidation of both GSH  Double-distilled deionized water was used for all solutions.

and GSSG on an unmodified electrode,18] However, Prior to use, all solutions were degassed with purified nitro-

with the first method, there was a problem of pollution and gen for 20 min.

with the second method, GSH and GSSG were hard to be

oxidized and detected on the electrode under a common2.2. Apparatus

potential while under a high potential, the sensitivity of

electrodes always declines fast. These may be resolved by Electrochemical experiments were performed with a

using a chemically modified electrode (CME) since the CHI832 electrochemical system (CHI Company, USA). The

sensitivity and selectivity of HPLC-ED often can be further three-electrode system consisted of a MWNT-COOH modi-

enhanced by this wajj19,20] When there is a kind of CME  fied electrode or a glassy carbon electrode as working elec-
which has good electrocatalysis to the oxidation of GSH and trode, a Ag/AgCl electrode as reference electrode and a gold
GSSG, the electrochemical detection method for them will wire electrode as counter electrode.

be much expanded. Liquid chromatographic experiments were conducted on

Carbon nanotubefR21-23] are a kind of nanostructure a model 510 pump and a U6K injector (Waters Association,
material, which is of much interest for the high surface USA). Theinjectionvolume was 30. The columnwas Luna
area, excellent electrical conductivity, significant mechanical 5u Gig (4.6 mmx 25cm) (Phenomenex Company, USA)
strength and good chemical stability. These special propertiesdirectly attached to a {g precolumn (1.0 mnx 15 mm).
of carbon nanotubes bestow them with a broad range of po-The detector consisted of a laboratory-made thin-layer cell
tential applications such as catal{&4], templates fornanos- and a CH-lI Potentiostat (Jiangsu Electrochemical Instru-
tructure425], nanoprobes in scanning probe microsc@té ments Works, Jiangsu, China). The working electrode was
andtransistor7]. The carbon nanotubes have been success-a MWNT-COOH modified electrode or a glassy carbon elec-
fully applied on electrode as novel CME28,29]because of  trode. The mobile phase was 0.2 mof'Lphosphate buffer
their ability to promote electron-transfer reactions in electro- solution (pH 3.0, 2% acetonitrile) which was delivered at a
chemical reactions. However, the purified carbon nanotubesconstant flow rate of 1.0 ml mirt.
flocculate often in aqueous or common organic solutions,
which limit their further manipulation and application. This 2.3. Preparation of the MWNT-COOH modified
would be settled after the carbon nanotubes are functionalizedelectrode
[30] with nitric acid and the carboxyl groups are introduced
to the open ends of nanotubes. It was found that the function- MWNTSs functionalized with carboxylic acid groups were
alized multi-wall carbon nanotubes (MWNT-COOH) could prepared by refluxing multi-wall carbon nanotube in concen-
be better dispersed in common solvents and got a very stabldrated HNQG for 5h. Then the suspension was filtered and
suspension. When the MWNT-COOH was cast on an elec- the solid was carefully washed by deionized water until the
trode to form a MWNT-COOH CME, good electrocatalysis pH was near 7.0. After that, the black solid was dried un-
to analytes was often achieved. To our best knowledge, thereder the infrared lamp. On the FTIR spectra of the MWNT,
are still no reports on the simultaneous determination of GSH the appearance of peaks at 1716 ¢rand 1575 cm? corre-
and GSSG with a modified electrode, especially the MWNT- sponded ta/(C=0, —COOH) andv(C=0,—-COQ") respec-
COOH modified electrode. tively, which was in accordance with the literatygs3,34],

In this paper, a novel electrochemical detection method indicated that-COOH and—COQO~ were present on the
of GSH and GSSG was created through modifying MWNT- MWNTSs. Dispersed by ultrasonic agitation, the MWNT-
COOH onto a glassy carbon electrode. Coupled with HPLC, COOH suspension was then acquired by putting the powder
the CME was successfully applied to the simultaneous de-in N,N-dimethylformamide (0.1 mg mf).
tection of GSH and GSSG. The measurement of GSH and  Prior to preparation of an electrode modified with carbon
GSSG concentration in cell is a sensitive indicator of their nanotubes, the surface of the glassy carbon was polished with
redox status or oxidation stress. When the hepatocytes weré.3um alumina on a polishing micro-cloth and rinsed with

under oxidative stress by adding glucose an@®}[31-33] deionized water. Subsequently, the electrode was ultrasoni-
the concentration of GSH and GSSG was detected and thecated thoroughly with acetone, NaOH solution (1.0 mot),
ratio GSH/GSSG was acquired. HNOs (1.0 mol L™Y) and doubly distilled water. After pre-

treating, 2ul MWNT-COOH suspension was dropped onto
the electrode surface (3 mm i.d.) and the solvent was evapo-

2. Experimental rated under the infrared lamp.
2.1. Chemicals and reagents 2.4. Preparation of hepatocytes samples
Glutathione and glutathione disulfide were of analyti- Animal care was in accordance with the Guide for the

cal grade and purchased from Sigma (St. Louis, USA). All Care and Use of Laboratory Animal (NIH Publication No.
buffer components were of analytical grade or better quality. 86-23, 1985, Bethesda, MD). Kunming mice (20-25g, 6
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140

weeks old) were made diabetic by intravenous injection of
alloxan (45mgkg?! body weight) in phosphate buffer (pH
7.0). Blood glucose was measured after 4 days with the inten-
tion of excluding animals with values below 20 mmoli
Free access to food and water was allowed. Three months
later, these mice were sacrificed after they were starved for
18 h and the hepatocytes were isolated. Cell viability was
assessed by the trypan blue (0.4%) exclusion method.
Isolated hepatocytes (86ells mi-1) were incubated at
37°C in D-Hank'’s buffer (pH 7.2). Oxidative stress was
made by the addition of glucose oe8, to the buffer. Be-
fore analysis, the hepatocytes were centrifuged at §@o
remove the original buffer and then suspended in 206f
PBS with 0.1 mmol L1 EDTA. The hepatocytes suspensions
were freeze-thawed three times to break the cells and then
were centrifuged at 5000 g for 5min at 4°C. Each time
20l of the supernatant was injected into the column.
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Fig. 1. Hydrodynamic voltammograms of>510-6molL~1 GSH and
1x 10->mol L~! GSSG at various applied potentials at HPLC-ED.

2.5. Statistical analysis

Results presented are meanstandard deviation of the  Fig. L Although the responses increased at higher potentials,
mean. The significance of the difference between groups wasthe background and the noises increased as well. Considering
established by Studenttstest. TheP-values less than 0.05 both the responses and the noises, the optimum potential was
were considered as statistically significant. +0.90V and it was applied to the samples analysis.

3.2. Electrocatalysis of GSH and GSSG at the
3. Results and discussions MWNT-COOH modified electrode
3.1. Optimum detection potential Fig. 2shows the cyclic voltammograms of GSH and GSSG
at the unmodified glassy carbon electrode and at the MWNT-

Both GSH and GSSG can be oxidized and detected on theCOOH modified electrode. Compared with unmodified elec-

electrode at a suitable potential. Hydrodynamic voltammetry trode, the background current of the modified electrode was
was used to select an appropriate potential applied to HPLC-larger, which might be attributed to the increased surface
ED. The relationship between the potentials on the electrodecharges due to nano-scale particles. After the addition of
and the relative responses of GSH and GSSG was shown in0.2 mmol L GSH or 1.0 mmol 1 GSSG, the currents of
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Fig. 2. Cyclic voltammograms of GSH (A) and GSSG (B) at bare glassy carbon electrode and MWNT-COOH modified electrode: (a) bare glassy carbon
electrode in 0.2mmolt! GSH or 1.0mmol ! GSSG solution; (b) MWNT-COOH modified electrode in 0.2 mmotLGSH or 1.0 mmol L1 GSSG
solution. Electrolyte: 0.20 molt! PBS (pH 3.0); scan rate: 0.1 V/s.
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Fig. 3. Chromatograms of 1)0mol L~ GSH and 2.Qumol L~! GSSG at 0 2 4 6 8 10
bare glassy carbon electrode (A) and MWNT-COOH modified electrode Time (min)
(B). Column was Luna 5u {g (4.6 mmx 25 cm) and directly attached to a
Cig precolumn (1.0 mnx 15 mm) injection volume: 21l mobile phase: Fig. 4. Chromatogram of a hepatocytes sample. HPLC conditions were as

0.20 mol L1 phosphate buffer solution, pH 3.0, 2% acetonitrile; flow rate: described irFig. 3
1.0mlmir1; applied potential: +1.90 V.

solution containing 1.omolL~! GSH and 1.QumolL~?!
GSSG under the same condition every 20 min. It was calcu-
lated to be 1.4% for GSH and 2.2% for GSSG. The intraday
assay coefficient of variation was 2.7% for GSH and 4.3%
for GSSG during 4 consecutive days. The MWNT-COOH
modified electrode showed high sensitivity. Even after more

their oxidation appeared and increased much more at the
MWNT-COOH modified electrode than at the glassy carbon
electrode.

It was also noticed that this kind of CME was more effec-
tive to increase the current of GSSG. This was observed in e 20
the chromatograms of standard solutioRig( 3), too. The ~ than 100 injections, the sensitivity of MWNT-COOH CME
main reason may be the high overpotential of GSSG. When didn’t decrease obviously. The behaviors of the two thiols at

there is catalysis that even causes very small decrease on thi'€ unmodified electrode were also investigated. Itwas found
overpotential, the current response will increase much. that the sensitivity of the unmodified electrode declined
significantly after more than 100 injections. In addition, the

long-term stability of the MWNT-COOH modified electrode
stored at 4C in PBS was examined by checking its relative

To determine the linearity of GSH and GSSG on the activity periodically. No apparent change in the current
MWNT-COOH modified electrode in LC-ED, a series of responses of both analytes was observed over 2 weeks. The
mixed standard solutions of both ana'ytes ranging from results indicated that the MWNT-COOH modified electrode
1.0nmol Lt to 10pmol L~1 were tested. The ranges of had good stability and reproducibility when it was used as
the linear relationships between currents and concentrationghe HPLC detector for GSH and GSSG.
were over three orders of magnitudes and both standard
curves obtained high correlations with coefficieR€more ~ 3.5. The recovery of GSH and GSSG
than 0.998. The detection limits of these analytes at the CME
were also investigated and the data were showralrie 1

3.3. Linearity and detection limits

The recovery of GSH and GSSG from cells was ex-
amined by adding them to control hepatocytes samples to
about double the endogenous concentration. The recovery
of GSH and GSSG was 97452.7% and 98.8& 4.6%, re-

The intraday assay coefficient of variation was estimated spectively (=6). Fig. 4 is the chromatogram of one real
by making repetitive injection (eight times) of a standard sample.

3.4. Reproducibility and stability

Table 1

The analytical data of GSH and GSSG by HPLC#D MWNT-COOH modified electrode

Analytes Regression equatfon R? Range Detection limifs(nmol L—1)
GSH Y=25.68+0.26 0.999 20nmol t'—20umol L1 10

GSSG Y=3.73X-0.03 0.998 80 nmol t*—20umol L—1 60

2 HPLC-ED conditions as ifig. 3.
b Y andX represent the peak current (nA) and the concentration of the anglytes (~1), respectively.
¢ The detection limits of the analytes were investigated using a signal-to-noise ratio of 3 (S/N = 3).
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Table 2
The concentrations of GSH and GSSG in hepatocytes safr(ple$)

Reagents Untreated hepatocytes Alloxan treated hepatocytes

GSH (wmol L1 GSSG (nmol 1) GSHI/GSSG GSHymol L1 GSSG (nmol %) GSH/GSSG

ControP 1.144 0.05 473+ 2.6 241 0.89+ 0.04 4714 2.9 1898
50 mmol L1 glucose 1.0% 0.07 69.9+ 4.8 153° 0.79+ 0.05 65.4+ 4.6 1219.€
0.5%0 HO, 0.94+ 0.06 106.8+ 7.3 ag° 0.73+ 0.05 109.6+ 8.5 a7de

2 Hepatocytes were incubated at°®7in D-Hank’s buffer for 2 h before the reagents were added into the buffer and then they were incubated for 6 h.
b There was no addition.

¢ P<0.05, Student's-test compared with control samples.

d P<0.01, Student's-test compared with control samples.

€ P<0.05, Student's-test compared with samples untreated with alloxan.

3.6. Analytical application [2] G. Filomeni, G. Rotilio, M.R. Ciriolo, Biochem. Pharmacol. 64
(2002) 1057.

Glucose of high concentration is considered to cause ox- [3] C. Monteil, E Le Prieur, S. Buisson, J.P. Morin, M. Guerbet, J.M.
Jouany, Toxicology 133 (1999) 129.

idative stress i!’] viv§32,33] We prepared two types of sam- [4] 3.M. Mates, C. Rrez-®mez, M. Blanca, Clin. Chim. Acta 296
ples to determine the effect of glucose on GSH and on GSSG *  (2000) 1.

in hepatocytes. The first type were common hepatocytes from [5] I. Rebrin, S. Kamzalov, R.S. Sohal, Free Radic. Biol. Med. 35 (2003)
healthy mice and the second type were hepatocytes from  626. _ o
alloxan-treated mice, which had the similar symptoms with [6] C. Terashima, T.N. Rao, B.V. Sarada, Y. Kubota, A. Fujishima, Anal.
the diapetics. We determined the concentration.of QSH and 7] ,\Cfir:énZSL (Jz_osoitrlesfév Palldid].G. de la Asunéin, J.M. Estrela,
GSSGinthe two types of hepatocytes and the oxidative stress ;. vina, Anal. Biochem. 217 (1994) 323.

was made by 50 mmolt! glucose or 0.5%0 KO, There [8] C. Muscari, M. Pappagallo, D. Ferrari, E. Giordano, C. Ca-
was no addition in control samples. The results were shown  panni, C.M. Caldarera, C. Guarnieri, J. Chromatogr. B 707 (1998)
in Table 2 It was found that without adding any reagents, ] ;’OLl' Norris, GK. Eaglesham, GR. Shaw, M.J. Smith, RK
the ratio GS_H_/GSSG in alloxan-treated hepatocytes Was 13‘9 C.hi.swell, AA S.ea.wright, M.R. l\’/loor.e,.J. Chro'matc.)g.r. B 762’(20615
and the ratio in untreated hepatocytes was 24.1. While with 17.

50 mmol L~ glucose, the ratio was 12.0 and 15.3 and with [10] H. Kamencic, A. Lyon, P.G. Paterson, B.H.J. Juurlink, Anal.
0.5%0 HO,, the ratio was 6.7 and 8.9, respectivaigble 2 Biochem. 286 (2000) 35. _

demonstrates the significar® € 0.05) decrease in the ra- [11] K.J. Lenton, H. Therriault, J.R. Wagner, Anal. Biochem. 274 (1999)
tio GSH/GSSG with the_\ treatment of gIU(_;(_)se Q. An_d [12] #?i’oshida’ J. Chromatogr. B 678 (1996) 157.

the reduction of the ratio was more significaRt<0.01) in [13] A.F. Loughlin, G.L. Skiles, D.W. Alberts, W.H. Schaefer, J. Pharm.
alloxan-induced diabetic animals. These results indicate that  Biomed. Anal. 26 (2001) 131.

glucose in high concentration does cause oxidative stress td14] C. Bocchi, M. Careri, F. Groppi, A. Mangia, P. Manini, G. Mori, J.
hepatocytes just like the oxidant ob8, and in the hepato- Chromatogr. A 753 (1996) 157.

. Lo o 15] R.P.H. Nikolajsen,A.M. Hansen, Anal. Chim. Acta 449 (2001
cytes treated with alloxan, this kind of oxidative stress was 5] 1 : (eo0t)

even greater. [16] F.G. Bani&, A.G. Fogg, J.C. Moreira, Talanta 42 (1995)
In summary, a fast and sensitive electrochemical detection  227.

method for GSH and GSSG was deve|0ped_ Coup|ed with [17] N.C. Smith, M. Dunnett, P.C. Mills, J. Chromatogr. B 673 (1995)

HPLC, this method was applicable in the measurement of _ 3% . .
. [18] J. Lakritz, C.G. Plopper, A.R. Buckpitt, Anal. Biochem. 247 (1997)
both GSH and GSSG in real hepatocytes samples. 63,

[19] W. Zhang, X.N. Cao, F.L. Wan, S. Zhang, L.T. Jin, Anal. Chim.
Acta 472 (2002) 27.
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