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Abstract Electrooxidation of glutathione (GSH) was

studied at the surface of 2,7-bis (ferrocenyl ethyl) fluoren-9-

one modified carbon paste electrode (2,7-BFEFMCPE).

Cyclic voltammetry (CV), double potential-step chrono-

amperometry, and differential pulse voltammetry (DPV)

were used to investigate the suitability of this ferrocene

derivative as a mediator for the electrocatalytic oxidation of

GSH in aqueous solutions with various pH. Results showed

that pH 7.00 is the most suitable pH for this purpose. At the

optimum pH, the oxidation of GSH at the surface of this

modified electrode occurs at a potential of about 0.410 V

versus Ag|AgCl|KClsat. The kinetic parameters such as

electron transfer coefficient, a = 0.61, and rate constant for

the chemical reaction between GSH and redox site in 2,7-

BFEFMCPE, kh = 1.73 9 103 cm3 mol-1 s-1, were also

determined using electrochemical approaches. Also, the

apparent diffusion coefficient, Dapp, for GSH was found to

be 5.0 9 10-5 cm2 s-1 in aqueous buffered solution. The

electrocatalytic oxidation peak current of GSH showed a

linear dependence on the glutathione concentration, and

linear calibration curves were obtained in the ranges of

5.2 9 10-5 M to 4.1 9 10-3 M and 9.2 9 10-7 M to

1.1 9 10-5 M with cyclic voltammetry and differential

pulse voltammetry methods, respectively. The detection

limits (3r) were determined as 1.4 9 10-5 M and

5.1 9 10-7 M for the CV and DPV methods, respectively.

This method was also examined as a selective, simple, and

precise new method for voltammetric determination of

GSH in real sample such as hemolysed erythrocyte.
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1 Introduction

Glutathione (L-c-glutamyl-L-cysteinylglycine), which is

present in virtually all mammalian tissues, provides

reducing capacity for several reactions and plays an

important role in detoxification of hydrogen peroxide, other

peroxide, and free radicals [1]. Synthesis and degradation

of glutathione are controlled by reaction of the c-glutamyl

cycle; a decrease in blood reduced glutathione (GSH) has

been reported in patients affected by deficiencies of the

enzymes involved in the synthesis of glutathione [1].

However, platelet activation may play a significant role in

pathogenesis of atherosclerosis and thrombosis [2]. One of

the factors that enhance platelet activation is lipid perox-

ides [3], and increased lipid peroxides in plasma have been

shown in some pathological states [4]. An essential part of

the antioxidative system that prevents accumulation of

lipid peroxides is glutathione (GSH), found in virtually all

cell types [5, 6]. Study shows that in cells total glutathione

can be free or bound to proteins; measurement of free

glutathione in blood samples indicates the status of cells in

relation to its protective role against oxidative and free-

radical-mediated cell injury; moreover, GSH measurement

is important for diagnosis of c-glutamyl cycle disorders.

As a consequence of the widespread involvement of

GSH in many biological functions, much effort has been
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invested to develop sensitive and selective methods for its

detection. Many chemical and instrumental techniques

have been reported for the determination of GSH, which

are divided into titrimetry [7], spectrophotometry [8, 9],

spectrofluorimetry [10–12], high-performance liquid chro-

matography [13, 14], capillary zone electrophoresis [15],

proton nuclear magnetic resonance (1H NMR) [16], and

enzymatic methods [17]. However, most of them suffer

from difficulties of sample preparation, the necessity for

derivatization, or lack of sufficient sensitivity, all of which

limit their utility. Compared with the other techniques,

electroanalytical methods have the advantages of simplic-

ity, low expense, and high sensitivity. The electron transfer

reaction of GSH at bare common electrodes such as carbon,

platinum, gold, and silver is a slow process that requires a

high overpotential, except for the mercury electrode [18,

19]. Mercury is obviously not ideal for use as a sensor due

to its toxicity. In addition, strong adsorption of GSH at the

surface of noble-metal electrodes makes GSH detection

unsatisfactory, resulting in serious blocking and fouling of

these electrodes [20].

In order to solve the problems mentioned above, much

work has been done to develop chemically modified elec-

trodes for determination of GSH. A series of modified

electrodes have been used based on enzymes [21, 22],

organometallic compounds [23, 24], organic compounds

[25], tetrathiafulvalene-tetracyanoquinodimethane (TTF–

TCNQ) complex [26], etc. [27]. Recently, electrochemical

determination of thiols was reviewed by Compton and co-

workers [28]. However, some authors have emphasized the

instability of the attached materials on the electrodes as a

problem arising in the utilization of chemically modified

electrodes (CMEs) [29]. It seems that the incorporation of

electrocatalysts into the electrode matrix can, partly, help

to solve these problems. Carbon paste electrodes (CPEs),

due to their ease and speed of construction, obtaining a new

reproducible surface, low residual current compared with

other solid electrodes, porous surface, compatibility with

various types of modifiers, chemical inertness and com-

patible with molecules and biological species, and low cost

have been widely used as a suitable matrix for preparation

of CMEs [30–33].

Ferrocene and its derivatives, due to their good stability

in solution, rapid response to many electroactive sub-

stances, pH independence, stability in both oxidized and

reduced forms, unreactiveness with oxygen, regeneration at

low potential, and fast electron transfer, are the most suc-

cessful mediators. In this paper, we suggest a voltammetric

sensor for GSH determination based on the use of 2,7-bis

(ferrocenyl ethyl) fluoren-9-one as a mediator into the

carbon paste electrode matrix. Therefore, the suitability of

2,7-BFEFMCPE in the electrocatalysis and determination

of glutathione are discussed based on results of cyclic

voltammetry, double potential step chronoamperometry,

and differential pulse voltammetry.

2 Experimental

2.1 Materials

The solvent used for the electrochemical studies was twice-

distilled water. Buffer solution was prepared from ortho-

phosphoric acid and its salts in the pH range 3.00–9.00.

High-viscosity paraffin (density 0.88 g cm-3) from Fluka

was used as the pasting liquid for the carbon paste elec-

trode. Graphite powder (particle diameter 0.1 mm) from

Merck was used as the working electrode (WE) substrate.

The 2,7-bis (ferrocenyl ethyl) fluoren-9-one was prepared

by a reported procedure [34]. Glutathione was obtained

from Fluka and was used as received. All other reagents

were of analytical grade.

2.2 Working electrode

A 1% (w/w) 2,7-bis (ferrocenyl ethyl) fluoren-9-one spiked

carbon powder was made by dissolving the given quantity

of 2,7-bis (ferrocenyl ethyl) fluoren-9-one in diethyl ether

and hand-mixing with 99 times its weight of graphite

powder with a mortar and pestle. The solvent was evapo-

rated by stirring a 1:1 (w/w) mixture of 1% 2,7-bis

(ferrocenyl ethyl) fluoren-9-one spiked carbon powder and

paraffin oil was blended by hand-mixing and the resulting

paste was inserted in the bottom of a glass tube (internal

radius 3.0 mm). The electrical connection was imple-

mented by a copper wire lead fitted into a glass tube. A

carbon paste electrode without 2,7-bis (ferrocenyl ethyl)

fluoren-9-one was used as a blank to determine background

current.

2.3 Apparatus

The electrochemical experiments were carried out using a

potentiostat/galvanostat (BHP 2061-C Electrochemical

Analysis System, Behpajooh, Iran) coupled with a Pen-

tium IV personal computer connected to a HP laserjet 6L

printer, and experiments were performed in a three-com-

partment cell. A platinum wire was used as the auxiliary

electrode. Ag|AgCl|KClsat (Metrohm) and 2,7-BFEFMCPE

were used as the reference and working electrodes,

respectively. A pH-meter (Ion Analyzer 250, Corning) was

used to read the pH of the buffered solutions. Spectrometric

measurements were performed with ultraviolet/visible

(UV/Vis) spectrophotometer JASCO V-570 (PMT) for

recording the absorption spectra.
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2.4 Preparation of real sample

For determination of GSH in human erythrocyte, human

whole blood was obtained from Isfahane University Hos-

pital and erythrocytes were separated from whole blood by

removing the plasma. Human whole blood (2 ml) was

firstly centrifuged for 10 min at 3,000 rpm. The superna-

tant (plasma) was discarded and the rest was mixed with

5 ml 0.9% NaCl. The solution was centrifuged for another

5 min at 3,000 rpm and the supernatant (diluted plasma)

was again discarded. The washing procedure with NaCl

solution was repeated three times in order to remove the

plasma almost completely. The erythrocyte pellets were

hemolysed with water (1:1 v/v). For protein precipitation,

the hemolysate was mixed with 5-sulfosalysilic acid (10%

w/v) in the ratio 2:1 (v/v). This mixture was centrifuged in

the same condition described above. Then supernatant was

divided into two parts for spectrophotometric and electro-

chemical measurements.

For spectrophotometric measurements, the Ellman ref-

erence method [35] was performed, which is based on the

reaction of glutathione and 5,50-dithio-bis-(2-nitrobenzoic

acid), (DTNB), Ellman’s reagent, generating 2-nitro-5-

mercapto-benzoic acid. This was monitored spectrophoto-

metrically at 412 nm. For electrochemical measurement,

100 lL hemolysed erythrocyte sample was diluted in

25 ml water.

3 Results and discussion

3.1 Electrochemical behavior of 2,7-BFEFMCPE

We have recently constructed 2,7-BFEFMCPE by incor-

poration of 2,7-bis (ferrocenyl ethyl) fluoren-9-one into

carbon paste matrix and studied its electrochemical prop-

erties in buffered aqueous solution by cyclic voltammetry.

Its cyclic voltammograms exhibits an anodic (Epa =

0.37 V) and corresponding cathodic peaks with Epc =

0.27 V versus Ag|AgCl|KClsat related to the Fc/Fc? redox

couple with quasireversible behavior [36]. Also, the

obtained result shows that the redox process of Fc/Fc? in

2,7-bis (ferrocenyl ethyl) fluoren-9-one is independent of

the aqueous solution pH.

3.2 pH effect on GSH electrochemical behavior

at 2,7-BFEFMCPE

It is well known that the electrochemical behavior of GSH

is dependent on the pH value of the aqueous solution,

whereas the electrochemical properties of the Fc/Fc? redox

couple are independent of pH. Therefore, we studied the

electrochemical behavior of GSH in buffered solution

(0.1 M phosphate) with various pHs (3.00 \ pH \ 9.00) at

the surface of 2,7-BFEFMCPE by cyclic voltammetry.

Figure 1 shows the variation of Ipa versus pH for GSH

oxidation at the surface of this modified electrode. As can

be seen, the maximum electrocatalytic current was

obtained at pH 7.00. Therefore, pH 7.00 was chosen as the

optimum pH for electrocatalytic oxidation of GSH at 2,7-

BFEFMCPE and all electrochemical experiments were

done at this pH.

3.3 Electrocatalytic oxidation of glutathione at 2,7-

BFEFMCPE

Cyclic voltammograms obtained for modified and

unmodified carbon paste electrode in a phosphate buffer

solution (pH 7.00) in presence (0.3 mM) and absence of

GSH are shown in Fig. 2. Oxidation of GSH at the bare

Fig. 1 Current–pH curve for electrooxidation of 0.3 mM GSH in

0.1 M phosphate buffer solution at the surface of 2,7-BFEFMCPE at

scan rate 20 mV s-1

Fig. 2 Cyclic voltammograms of (a) 2,7-BFEFMCPE in 0.1 M

phosphate buffer solution (pH 7.00) at scan rate 20 mV s-1 and (b)

as (a) in presence of 0.3 mM GSH, (c) as (a), and (d) as (b), at the

surface of CPE
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CPE occurred irreversibly near the anodic limiting current

(curve d); in absence of GSH no peaks appears (curve c).

The anodic peak that is observed for 2,7-BFEFMCPE in

absence of GSH increases greatly in 0.3 mM GSH solution,

while the corresponding cathodic peak disappeared on the

reverse scan (curves a and b). Therefore, the Fc? electro-

generated at the 2,7-BFEFMCPE surface undergoes a

catalytic reduction by GSH back to Fc, which can then be

electrochemically reoxidized to produce an enhancement in

the anodic current. The process could be expressed as

follows:

Fc! Fcþ þ e� : E ð1Þ

GSHred þ Fcþ ! GSHox þ Fc : C0 ð2Þ

Therefore, oxidation of GSH at the surface of 2,7-

BFEFMCPE is performed at about 0.410 V versus

Ag|AgCl|KClsat. Compton and co-workers reported the

response of an edge-plane pyrolytic graphite electrode in

the direct oxidation of thiol moieties such as homocysteine,

N-acetylcysteine, cysteine and glutathione. They explored

and found that this electrode to be electrocatalytic produc-

ing a reduction in the overpotential while having enhanced

signal-to-noise characteristics compared to glassy carbon

and basal plane pyrolytic graphite electrodes [37]. Then, the

electrooxidation of glutathione was occurred at 0.65 V

versus saturated calomel electrode at the surface of an edge-

plane pyrolytic graphite electrode and this electrode has

electrocatalytic ability for GSH electrooxidation. There-

fore, 2,7-BFEFMCPE has more electrocatalytic effect than

that of an edge-plane pyrolytic graphite electrode.

In order to obtain information on the rate-determining

step a Tafel slope (b) for a totally irreversible diffusion-

controlled process was determined using the following

equation [38]:

EP ¼ b=2log mþ constant ð3Þ

based on Eq. 3, the slope of Ep versus log m is b/2, where b

indicates Tafel slope. The slope of Ep versus log m plot was

found to be 0.048 V in this work (Fig. 3), thus

b = 2 9 0.048 = 0.096 V. This slope value indicates an

electron transfer process, which is the rate-limiting step

under the assumption of a transfer coefficient (a) of 0.61.

Also, the values of ana (where a is the transfer coeffi-

cient and na is the number of electrons involved in the rate-

determining step) were calculated for the oxidation of

glutathione at pH 7.00 at both modified and unmodified

CPEs according to the following equation [39]:

ana ¼ 0:048= EP � EP=2

� �
; ð4Þ

where EP/2 is the potential corresponding to IP/2. The values

for ana were found to be 0.25 and 0.61 for oxidation of

GSH at the surface of the CPE and 2,7-BFEFMCPE,

respectively. These values clearly show that not only is the

overpotential for GSH oxidation reduced at the surface of

2,7-BFEFMCPE, but also the rate of the electron transfer

process is greatly enhanced. This phenomenon is thus

confirmed by the larger Ipa value recorded during cyclic

voltammetry at 2,7-BFEFMCPE.

3.4 Chronoamperometric studies

Subsequently, the chronoamperometric behaviors of

unmodified and modified CPEs were examined in absence

and presence of GSH by setting the working electrode

potential at 0.6 V (the first potential step) and 0.2 V (the

second potential step) versus Ag|AgCl|KClsat (Fig. 4A). As

can be seen, there is no net cathodic current corresponding to

the reduction of mediator in presence of glutathione when the

potential is stepped from 0.60 V to 0.2 V versus

Ag|AgCl|KClsat. However, in presence of GSH, the charge

value associated with forward chronoamperometry is greater

than that observed for backward chronoamperometry

(Fig. 4B, c0). The linearity of the electrocatalytic current

versus t-1/2 indicates that the current must be controlled by

diffusion of GSH from bulk solution toward surface of

electrode. Therefore the slope of this linear plot can be used

to estimate the apparent diffusion coefficient, Dapp, of GSH.

The mean value of Dapp was found to be 5.0 9 10-5

cm2 s-1. Therefore, the results show that mediator at the

surface of 2,7-BFEFMCPE can catalyze oxidation of GSH.

The rate constant for the chemical reaction between

GSH and redox sites in 2,7-BFEFMCPE, kh, can be eval-

uated by chronoamperometry according to the method

described in [40]:

IC=IL ¼ p1=2c1=2 ¼ p1=2ðkhCbtÞ1=2; ð5Þ

where IC is the catalytic current of 2,7-BFEFMCPE in the

presence of GSH and IL is the limited current in the

absence of GSH, c is the argument of the error function, Cb

Fig. 3 Peak potential, Epa dependence on log m for oxidation of GSH

at the surface of 2,7-BFEFMCPE
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is the bulk concentration of GSH (mol cm-3), and kh and t

are the catalytic rate constant (cm3 mol-1 s-1) and time

elapsed (s), respectively. Equation 5 can be used to cal-

culate the rate constant of the catalytic process, kh. The

value of kh can be simply calculated for a given concen-

tration of substrate from the slope of IC/IL versus t1/2.

Therefore, the calculated value of kh is 1.73 9 103 cm3

mol-1 s-1 using the slope of the IC/IL–t1/2 plot. This value

of kh also explains the sharp feature of the catalytic peak

observed for catalytic oxidation of GSH at 2,7-

BFEFMCPE.

3.5 Electrocatalytic determination of glutathione

The electrocatalytic peak current of GSH oxidation at the

surface of 2,7-BFEFMCPE can be used for determination

of GSH in solution. Therefore, CV and DPV experiments

were performed using 2,7-BFEFMCPE in phosphate buffer

solution containing various concentrations of GSH. The

results show that the electrocatalytic peak current for the

oxidation of GSH on 2,7-BFEFMCPE is linearly dependent

on the concentration of GSH. The range of this linearity

depends on the amount of mediator in the electrode matrix.

The mediated oxidation peak currents of GSH on 1% 2,7-

BFEFMCPE were proportional to the concentration of the

substrate in the ranges of 5.2 9 10-5 M to 4.1 9 10-3 M

(with a correlation coefficient of 0.9973) and 9.2 9 10-7 M

Fig. 4 A Chronoamperograms obtained at 2,7-BFEFMCPE in

absence (a) and presence of (b) 1.0 mM, (c) 3.0 mM, and (d)

4.0 mM of GSH in 0.1 M phosphate buffer solution (pH 7.00). First

and second potential steps were 0.60 and 0.20 V versus

Ag|AgCl|KClsat. B Charge-time curves: (a0) for curve (a) and (c0)
for curve (c)

Fig. 5 A Plot of electrocatalytic peak currents from cyclic voltam-

mograms of GSH at various concentrations: (a) 0.0519 mM, (b)

0.2800 mM, (c) 0.4900 mM, (d) 0.8600 mM, (e) 1.0700 mM, (f)

1.3600 mM, (g) 1.7300 mM, (h) 2.4500 mM, (i) 3.3500 mM, and (j)

4.1300 mM at the surface of 2,7-BFEFMCPE in 0.1 M phosphate

buffer solution (pH 7.00) at scan rate 20 mV s-1. B Differential pulse

voltammograms at 2,7-BFEFMCPE in (a) absence and presence of (b)

0.00092 mM, (c) 0.00256 mM, (d) 0.00566 mM, (e) 0.00738 mM, (f)

0.00920 mM, and (g) 0.01100 mM GSH in 0.1 phosphate buffer

solution (pH 7.00). C Plot of electrocatalytic peak current (from DPV

of B) versus GSH concentration
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to 1.1 9 10-5 M (with a correlation coefficient of 0.9981)

for CV and DPV, respectively (Fig. 5). The detection limits,

LOD (3r) were 1.4 9 10-5 M and 5.1 9 10-7 M for the

CV and DPV methods, respectively. These values are

comparable to the values obtained by other research groups

(Table 1). Thus, the catalytic oxidation of glutathione can

readily be applied for determination of GSH.

3.6 Determination of glutathione in real sample

In order to demonstrate the electrocatalytic oxidation of

GSH in real samples, we examined this ability in the vol-

tammetric determination of GSH in human erythrocyte and

the result was compared with spectrophotometric method

which is usually used for glutathione determination. The

results are listed in Table 2. The results were obtained for

concentration of glutathione in three different hemolysed

erythrocyte samples by means of both methods.

These experiments demonstrated the ability of 2,7-

BFEFMCPE for voltammetric determination of GSH with

high electrocatalytic effect and good reproducibility.

3.7 Interference studies

Study of interference on the electrocatalysis signal is useful

to set up the sample preparation with the goal of mini-

mizing their effect. In this work, interferences were

considered to be common foreign species and the com-

pounds that are structurally related to GSH and present in

blood samples. For the interference study the signal for

100 lM concentration of GSH was recorded. A foreign

species was considered not to interfere if it caused a rela-

tive error of less than 3% in the analytical signal of GSH.

The tolerance ratios were as following: 800-fold for K?,

Na?, PO4
3-, Ca2?, Zn2?, Mg2?, NHþ4 , NO3

-, SO4
2-, Cl-,

glucose, sucrose, lactose, fructose, glycine, and valine;

400-fold for phenylalanine, leucine, alanine, Fe?2, Fe?3;

and 100-fold for trptophan. However equal amount of

cysteine and ascorbic acid interfered in the GSH electro-

catalytic signal.

Although ascorbic acid and cysteine show interference,

they are not present at significant level in hemolysed

erythrocyte sample. To investigate the effect of these two

interferences, a concentration of 100 lM GSH was recor-

ded and the obtained signal was compared with those of

mixture of GSH and interfering compound in the ratio of

100:1 for cysteine and 25:1 for ascorbic acid. These ratios

were chosen since these interferences are not found in

blood at higher concentration [44, 45]. At these ratios, the

results showed no significant interference from these two

compounds. Moreover, interference from ascorbic acid can

be minimized by using ascorbic oxidase enzyme, which

exhibits high selectivity to oxidation of ascorbic acid, if

necessary.

In human blood, more than 99.5% of GSH was localized

in erythrocyte and 97% of cysteine was in plasma [46].

Furthermore the GSH content is higher than 90% of total

thiol-containing compound in blood, therefore thiol com-

pounds in whole blood can be regarded as GSH [47].

Therefore, this method is a selective, simple, and precise

new method for voltammetric determination of GSH in real

samples such as hemolysed erythrocytes.

Table 1 Comparison of the efficiency of some modified electrodes in the determination of glutathione

Electrode Modifier pH LOD (lM) LDR (lM) Reference

GC Well-aligned/CNT 7.00 0.2 0.4–16.4 [41]

GC PQQ/PPya 8.42 13.2 – [42]

Carbon paste TTF–TCNQb 7.00 0.3 5–340 [43]

Edge-plane pyrolytic graphite electrode – 7.00 2.7 10–80 [37]

Carbon paste 2,7-BFEFc 7.00 0.5 0.92–11 This work

a Pyrroloquinoline quinine into polypyrrole
b Tetrathiafulvalene (TTF)–tetracyanoquinodimethane (TCNQ)
c 2,7-bis (ferrocenyl ethyl) fluoren-9-one

Table 2 Determination of GSH in human erythrocyte

Sample Electrochemical method (mM)a Spectrophotometric method (mM)a Fexp texp

1 0.95 ± 0.07 1.10 ± 0.09 3.51 3.30

2 1.06 ± 0.10 1.23 ± 0.07 2.25 2.23

3 1.12 ± 0.09 1.07 ± 0.12 2.84 0.96

a Result at 95% confidence limits, obtained from replicated determination per sample

Theoretical values for t = 4.30 and F = 19 (P = 0.05)
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4 Conclusions

This work demonstrates the construction of a chemically

modified carbon paste electrode by incorporation of 2,7-bis

(ferrocenyl ethyl) fluoren-9-one as a modifying species into

carbon paste matrix. The reported experimental results

demonstrate this modified electrode and show the electro-

catalytic ability on oxidation of GSH in aqueous solution

with optimum pH of 7.00, and that oxidation of GSH

occurred at potential of about 0.410 V versus Ag|AgCl|

KClsat. The mediated oxidation current of GSH at the 2,7-

BFEFMCPE was used for the determination of GSH in

aqueous solution. Finally, the electrocatalytic oxidation of

GSH at the surface of this modified electrode can be

employed as a new method for voltammetric determination

of glutathione in real samples such as human erythrocytes.
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