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Abstract

The [Os(bpy)2(PVP)10Cl]Cl polymer and Na®on have been covered on a glassy carbon electrode by drop-coating to fabricate

a double-layer membrane modi®ed electrode. The modi®ed electrode showed an excellent electrocatalytical activity for the

oxidation of the neurotransmitter epinephrine (EP). Under usual physiological pH conditions, the logarithm of the catalytic

current of EP vs. its concentration showed a linear relation in the range of 4.0�10ÿ9±5.4�10ÿ6 M and 5.4�10ÿ6±

3.1�10ÿ4 M with correlation coef®cient of 0.995 and 0.996, respectively. The modi®ed electrode could eliminate ef®ciently

the interference of ascorbic acid, glucose and uric acid at 200-, 8600- and 20-fold concentration of EP (at 5.0�10ÿ5 M), and it

has been satisfactorily used for the amperometric determination of EP. The electrocatalytical rate constant kch was evaluated

with a rotating disk electrode. Both the presence of a Na®on ®lm and the increase in EP concentration resulted in a decrease of

kch. The apparent Michaelis±Menten constant is about 0.51 mM. The modi®ed electrodes exhibited a good reproducibility,

sensitivity and stability for the determination of EP. # 1999 Published by Elsevier Science B.V.
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1. Introduction

Epinephrine (EP) is an important compound for the

message transfer in the mammalian central nervous

system, existing as an organic cation in the nervous

tissue and biological body ¯uid. Many diseases are

related to changes of its concentration, thus, it is

necessary to develop a quantitative determination

method of trace EP for studying its physiological

function and the diagnosis of some diseases in clinical

medicine. Usually, the determination of EP is carried

out by using liquid chromatography (LC) [1,2], visible

spectrophotometry [3] and ¯uorimetric ¯ow injection

[4]. EP is an electroactive molecule, its electrochemi-

cal behaviors have been studied [5±7] and some
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methods have also been reported for its electroche-

mical determination [8±10]. A major problem in the

determination is the lack of resolving power between

EP and its coexisting electroactive species such as

ascorbic acid (AA) and uric acid. AA with a higher

concentration in biological systems causes a serious

interference in the determination of EP. A variety of

discriminative coatings, based on their different trans-

port properties, can be used to control the access to the

electrode surface [11±16]. Using these coatings, some

chemically modi®ed electrodes have been prepared

for the determination of EP [14,15,17±19]. One of the

most common routes is to cover the electrode surface

with a negatively charged Na®on ionomer, which can

repel AA and other negatively charged species, to

eliminate the interference of these species to EP

determination [14,20]. In these reports, however,

both the sensitivity and the linear range were unsa-

tisfactory. It is necessary to further develop a new

modi®ed electrode for the determination of EP. To this

end, our group prepared some modi®ed electrodes

with poly-(indole-3-acetic acid) [21] and methylene

green [22] and presented several methods for the

determination of EP with detection limits of 4.0�
10ÿ8 and 1.0�10ÿ8 M, respectively. However, their

linear ranges were very poor, only from 1.0�10ÿ7 to

6.0�10ÿ6 M and 1.0�10ÿ7 to 5.0�10ÿ4 M.

Recently, there has been much interest in the elec-

tron transfer behavior and the electrocatalytical appli-

cation of osmium bis(bipyridine) complex polymers

[23±25]. The high molecular weight backbone

makes the polymers to adhere strongly to the

surface of electrode and gives excellent stability.

Some modi®ed electrodes have been prepared with

[Os(bpy)2(PVP)10Cl]Cl and [Os(bpy)2(PVI)nCl]Cl

(bpy�2,20-bipyridine, PVP�poly-(vinylpyridine) and

PVI�poly-vinylimidazole) ®lms at the carbon elec-

trodes [24±27]. These redox polymers can be used as

electron transfer mediator between enzymes [24,25],

NADH [27] or NOÿ2 [28] and the electrode surface.

Here, we describe the fabrication of [Os(b-

py)2(PVP)10Cl]Cl and Na®on double-layer membrane

modi®ed glassy carbon electrodes. Our purpose is to

utilize these ®lms to improve both selectivity and

sensitivity for the determination of EP. This work

indicated that the modi®ed electrodes possess ideal

electrochemical behavior and excellent electrocataly-

tical activity for the oxidation of EP with high sensi-

tivity, and can eliminate the interference of AA and

uric acid.

2. Experimental

2.1. Chemicals and materials

[Os(bpy)2(PVP)10Cl]Cl was synthesized and char-

acterized according to literatures [26,29]. Epinephr-

ine, grade(II), was obtained from Sigma (USA) and

used as received. Uric acid was obtained from British

Drug Houses (UK). Both ascorbic acid and glucose

were purchased from the Shanghai Biochemical

Reagent Company (China). A 5 wt% solution of

Na®on (EW 1100) was obtained from Aldrich

(USA). All other chemicals were of analytical grade.

All solutions were prepared with distilled water. 0.1 M

phosphate buffer solution (PB) with various pHs were

prepared by mixing the stock solutions of NaH2PO4

and Na2HPO4, and then adjusting the pH with 0.1 M

H3PO4 and NaOH. The solutions of epinephrine, AA,

uric acid and glucose were prepared with pH 6.9 PB,

respectively.

2.2. Apparatus

Electrochemical measurements were performed

with a BAS 100B electrochemical analyzer (Bioana-

lytical Systems, USA) with a SCE reference electrode,

against which all potentials were quoted in our results,

a platinum wire counter electrode and a modi®ed

glassy carbon (without or with Na®on ®lm) working

electrode. The modi®ed rotating disk glassy carbon

electrode was used for the study of catalytic kinetics

and the timebase measurements on ring-disk electrode

(RDE) system, Model 636 (EG&G, USA).

2.3. Preparation of modified glassy carbon

electrodes

Prior to modi®cation, the glassy carbon electrodes

as well as the RDE (5.0 mm diameter) were polished

successively with 0.3 and 0.05 mm Al2O3 slurry on

microcloth pads (Buehler), and then rinsed with dis-

tilled water and brie¯y sonicated in acetone and twice

in distilled water. After the electrodes were pretreated

electrochemically by a continuous cyclic sweep
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between 0 and�1.4 Vat 50 mV sÿ1 in pH 6.9 PB until

a constant background cyclic voltammetry (CV)

curve, they were modi®ed with a 3 ml, 2 mg mlÿ1

[Os(bpy)2(PVP)10Cl]Cl (Os-(PVP)10) ethanol solution

or further with a 2 ml 0.5% Na®on ethanol solution

by droplet evaporation in air for 30 min to prepare the

Os-(PVP)10 or Os-(PVP)10/Na®on double-layer mem-

brane modi®ed electrodes.

All electrochemical measurements were carried out

in a deaerated solution under nitrogen atmosphere at

room temperature. Time base experiments were per-

formed with a potential step from 0 to �0.4 V at the

rotating rate of 1000 rpm.

3. Results and discussion

3.1. Electrocatalytical oxidation of EP at a Os-

(PVP)10 polymer

At a bare glassy carbon electrode, the electroche-

mical response of EP is very poor. Its cyclic voltam-

mogram exhibits an irreversible oxidation peak and

the peak current quickly decreases with a continuous

cyclic sweep (Fig. 1). So, it is impossible to determine

the EP concentration with this peak.

Fig. 2 shows the cyclic voltammograms of an Os-

(PVP)10 polymer modi®ed electrode in pH 6.9 PB at

different scan rates. The cyclic voltammograms dis-

play a couple of peaks which correspond to the Os(II/

III) redox couple with an average formal potential of

�(325�3) mV. The ratio of oxidation to reduction

peak currents is near to one and both peak currents

increase in direct proportionality to the scan rate at

scan rates less than 200 mV sÿ1, as expected for a

surface-immobilized redox couple. At lower scan rate

the peak-to-peak potential separation is almost con-

stant. With a continuous cyclic voltammetric sweep,

both the peak shape and the peak currents are steady.

From the peak area an average surface coverage ÿ of

(2.78�0.74)�10ÿ10 mol cmÿ2 is obtained.

After EP is added to the PB, a well-shaped electro-

catalytic voltammogram can be observed. The oxida-

tion of EP occurred in the potential range of Os(II/III)

redox couple. With increasing EP concentration the

oxidation peak current increases clearly and the reduc-

tion peak current decreases and vanishes at a higher

EP concentration. Different from that at a bare elec-

trode, the oxidation peak current is at a constant value

with both continuous sweep and repetitive measure-

ments. The effects of scan rate on the cyclic voltam-

mogram and the catalytic peak current are shown in

Fig. 3. The catalytic peak current is directly propor-

tional to the square root of the scan rate, indicating a

fast electrocatalytic reaction and the electrocatalytic

process is controlled by the diffusion of redox species

[30]. The electrode process could be described as

follows:

�Os-�PVP�10�� , �Os-�PVP�10�2� � e (1)
Fig. 1. Repetitive cyclic voltammogram of 1.1 mM EP at a bare

glassy carbon electrode in 0.1 M pH 6.9 PB at 40 mV sÿ1.

Fig. 2. Cyclic voltammograms of Os-(PVP)10 polymer modified

electrode in pH 6.9 PB at 200, 150, 100, 80, 60, 40, 20, and

10 mV sÿ1 (from external to internal). Inset: plot of peak currents

vs. scan rates.
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2�Os-�PVP�10�2� � EPred ! 2�Os-�PVP�10�� � EPox

(2)

3.2. Electrochemical characteristics of Os-(PVP)10/

Nafion modified electrodes

The cyclic voltammograms of Os-(PVP)10/Na®on

modi®ed electrode in pH 6.9 PBS also displays a

couple of well-de®ned redox peaks (Fig. 4). Their

shape is similar to that of the voltammograms of

the Os-(PVP)10 modi®ed electrode (curve A and B

in Fig. 5) and the peak currents slightly decrease. Both

oxidation and reduction peak currents are directly

proportional to the scan rate, indicating that the

existence of Na®on ®lm does not change the electro-

chemical characteristics of the Os(III/II) redox

couple.

3.3. Electrocatalytical oxidation of EP at an Os-

(PVP)10/Nafion double-layer membrane

modified electrode

The AA and uric acid, which are electroactive, often

coexist with neurotransmitters in biological system,

and they can be oxidized at a potential near to that of

neurotransmitters at most solid electrodes, resulting in

an overlapping voltammetric response. The positively

charged osmium polymer membrane attracts nega-

tively charged AA and uric acid, causing a strong

electrocatalytic oxidation. Coating of Na®on has suc-

cessfully been used to eliminate the interference of

AA in the determination of primary neurotransmitters

[14,20,31]. After the Os-(PVP)10 modi®ed electrodes

were further coated with the Na®on ®lm, a transport

channel only for cations could be provided. At Os-

(PVP)10/Na®on modi®ed electrodes the response of

AA could be eliminated completely even at a higher

concentration of AA and uric acid (see the following

text). At the same time the electrocatalytic oxidation

of EP was kept (Fig. 5 for curve B and C). Fig. 6

shows a proportional relation between the electro-

Fig. 3. Cyclic voltammograms of Os-(PVP)10 modified electrode

in 1.2�10ÿ4 M EP (pH 6.9) at 200, 150, 100, 80, 60, 40, 20 and

10 mV sÿ1 (from external to internal). Inset: plot of anodic peak

current vs. the square root of scan rate.

Fig. 4. Cyclic voltammograms of Os-(PVP)10/Nafion modified

electrode in pH 6.9 PB at 200, 150, 100, 80, 60, 40, 20 and

10 mV sÿ1. Inset: plot of peak currents vs. scan rates.

Fig. 5. Cyclic voltammograms of Os-(PVP)10 (A) and Os-(PVP)10/

Nafion (B, C) modified eletrodes in pH 6.9 PB (A, B) and

(B)�1.0�10ÿ4 M (C) at 40 mV sÿ1. Inset: plot of logarithm of

catalytic current vs. EP concentration.
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catalytic current and the square root of scan rate, also

indicating that the electrocatalytic reaction rate is fast.

With the increase of solution acidity both the oxi-

dation and reduction peak currents of the Os(II/III)

redox couple increase, resulting from the protonation

of the pyridine group in the polymer chain, whilst the

oxidation current of EP decreases due to the participa-

tion of two protons in the oxidation process. An

optimum pH of 6.9 was obtained for the electroche-

mical determination of EP, which is just within the

physiological pH range value.

3.4. Determination of epinephrine with an Os-

(PVP)10/Nafion modified electrode

The determination of EP concentration at the Os-

(PVP)10/Na®on modi®ed electrodes was carried out

with both cyclic voltammetry and time-based techni-

que (chronoamperometry) by using a standard addi-

tion method. After 9 ml volumed standard solution of

EP was added into 10.0 ml of 0.1 M pH 6.9 PB and the

solution was stirred for 5 min, the cyclic voltammo-

gram was recorded. The plateau anodic current

increased with increasing EP concentration. Their

logarithmic curves exhibited a linear relation in the

concentration range 4.0�10ÿ9±5.4�10ÿ6 M or 5.4�
10ÿ6±3.1�10ÿ4 M with a correlation coef®cient of

0.995 and 0.996, respectively (inset in Fig. 5). The

relative standard deviations were 1.2% and 0.67% for

10 successive determinations at 2.0 and 100 mM EP,

respectively, exhibiting an excellent reproducibility.

The modi®ed electrode showed good stability. Its

electrochemical activity did not change after storage

in air or in a PB solution for more than one month or

cyclically scanned in PB solution.

After AA, glucose or uric acid was added into the

cell containing 5.0�10ÿ5 M EP, the electrocatalytical

response did not change up to 200-, 8600- or 20-fold

of the concentration of EP, respectively, indicating that

AA, glucose or uric acid did not interfere. The mod-

i®cation of the electrode can ef®ciently eliminate their

interference.

The time-based experiments were carried out upon

the addition of EP at a RDE with a rotation rate of

1000 rpm (Fig. 7). After an electrolysis time of about

5 s, the oxidation reached a steady value, indicating a

fast electrocatalytic response. The steady-state current

increased linearly with the concentration of EP at

lower concentrations (inset in Fig. 7). The linear range

was from 2.18 to 113 mM with a correlation coef®cient

of 0.998. On further addition of EP, a Michaelis±

Menten type response could be observed.

3.5. Electrocatalytical kinetics of EP at Os-(PVP)10/

Nafion modified electrode

3.5.1. Apparent Michaelis±Menten constant Km

Fig. 7 exhibits a kinetic mechanism according to

Michaelis±Menten for the electrocatalytic process.

Fig. 6. Cyclic voltammograms of Os-(PVP)10/Nafion modified

electrode in 1.2�10ÿ4 M EP (pH 6.9) at 150, 100, 80, 60 and

40 mV sÿ1 (from external to internal). Inset: plot of anodic peak

current vs. the square root of scan rate.

Fig. 7. Chronoamperometric curves with a potential step from 0 to

�0.4 V at Os-(PVP)10/Nafion modified electrode in pH 6.9 PB

containing 0, 6.5, 11, 28, 56, 156, 215 and 294 mM (from bottom to

top). Inset: (A) plot of catalytic current vs. EP concentration; (B)

data analysis of catalytic current vs. EP concentration.
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From the data analysis of the catalytic oxidation

current vs. EP concentration by using Eq. (3) (inset

(B) in Fig. 7) an average Michelis±Menten constant

Km of (5.07�0.01)�10ÿ4 M and an average maxi-

mum catalytic current im of (40.1�1.0) mA were

obtained.

1=ik � 1=im � Km=imc (3)

where c is the concentration of EP.

3.5.2. Electrocatalytic rate constant kch

The electrocatalytic rate constant can be determined

by using Koutecky±Levich plots at a modi®ed rotating

disk electrode. The experimental results showed that

the catalytic current increased linearly with increasing

!1/2, and then tends to a steady value, indicating that

the current was controlled by the transport of EP

through the rather thick Levich layer at lower rotating

rate !. At higher ! the thickness of a Levich layer

decreased, the electrode process will be controlled by

the catalytic reaction rate, kch (Mÿ1 sÿ1), between EP

and the Os(II/III) redox couple. The Koutecky±Levich

equation of the limiting current ilim of the catalytic

reaction is as follows [32]:

1=ilim � 1=ik � 1=ilev � 1=nFAkchÿc

� 1=0:620nFAcD2=3�ÿ1=6!1=2: (4)

The Koutecky±Levich plots are shown in Fig. 8.

From the intercepts and the average surface coverage

of 2.78�10ÿ10 mol cmÿ2 of the Os(III/II) redox cou-

ple, the kch values of (3.01�0.02)�104 and (2.34�
0.02)�104 Mÿ1 sÿ1 at the EP concentrations of 50 and

100 mM, respectively, were obtained. The rate con-

stants are rather high, indicating a fast electrocatalytic

process. The value of kch increased with decreasing

concentrations of EP. Under the same experimental

conditions, the rate constants kch of (4.62�0.03)�104

and (3.45�0.04)�104 Mÿ1 sÿ1 at the EP concentra-

tions of 50 and 100 mM, respectively, were obtained at

an Os-(PVP)10 modi®ed electrode without Na®on. It

can be seen that the coating of Na®on ®lm resulted in a

decrease in the rate constant because the transfer of EP

molecule in Na®on ®lm was more dif®cult than that in

solution.

Acknowledgements

This project was supported by the National Natural

Science Foundation of China and the Scienti®c

Research Foundation for Returned Overseas Chinese

Scholars, The Ministry of Education of China.

References

[1] F. Blandini, G.V. Melzi d'Eril, G. Sances, C. Lucarelli, C.E.

Herborg, Chromatographia 36 (1993) 164.

[2] B.R. Copper, R.M. Wightman, J.W. Jogenson, J. Chromatogr.

B 653 (1994) 25.

[3] F.B. Salem, Alexandria J. Pharm. Sci. 9 (1995) 143.

[4] A. Kojlo, C.J. Martinez, Anal. Chim. Acta 308 (1995) 334.

[5] A. Sucheta, F.J. Rusling, Electroanalysis (NY) 3 (1991)

735.

[6] X.-Z. Wu, L.-J. Mu, W.-Z. Zhang, J. Electroanal. Chem. 352

(1993) 295.

[7] E.L. Ciolkowski, K.M. Maness, P.S. Cahill, R.M. Wightman,

D.H. Evans, B. Fosset, C. Amatore, Anal. Chem. 66 (1994)

3611.

[8] J.O. Schenk, E. Miller, R.N. Adams, J. Chem. Educ. 60

(1983) 311.

[9] Y. Hasebe, T. Hirano, S. Uchiyama, Sensors and Actuators B

24 (1995) 94.

[10] K. Pihel, T.J. Schroeder, R.M. Wightman, Report 1994, TR-6;

Order No.AD-A 285663, 34 pp., Avail. NTIS From Gov. Rep.

Announce. Index (US) 1995, 95 (3), Abstr. no. 506 070.

[11] S. Sasso, P. Pierce, R. Walla, A. Yacynych, Anal. Chem. 62

(1990) 111.

[12] C. Malitesta, F. Palmisano, L. Torsi, P.G. Zambonin, Anal.

Chem. 62 (1990) 2735.

[13] I. Christie, P. Treloar, P. Vadgama, Anal. Chim. Acta 269

(1992) 65.

Fig. 8. Koutecky±Levich plots for electrocatalytical oxidation of

EP at rotating disk electrodes modified with Os-(PVP)10 (1, 3) and

Os-(PVP)10/Nafion (2, 4) in pH 6.9 PB containing 50 mM (3, 4) and

100 mM (1, 2) EP.

156 J.-A. Ni et al. / Analytica Chimica Acta 378 (1999) 151±157



[14] J. Wang, P. Tuzhi, T. Golden, Anal. Chim. Acta 194 (1987)

129.

[15] J. Wang, T. Golden, Anal. Chem. 61 (1989) 1397.

[16] G. Bremle, B. Persson, L. Gorton, Electroanalysis 3 (1991)

77.

[17] N.F. Atta, A. Galal, A.E. Karagozler, G.C. Russell, H.

Zimmer, H.B. Mark, Biosens. Bioelectron. 6 (1991) 333.

[18] J. Wang, T. Golden, Anal. Chim. Acta 217 (1989) 343.

[19] J. Wang, J. Liu, Anal. Chim. Acta 294 (1994) 201.

[20] M.-Z. Zou, S. Hu, Chin. J. Anal. Chem. 20 (1992) 588.

[21] D.-M. Sun, H.-Y. Gu, A.-M. Yu, H.-Y. Chen, Chin. J. Anal.

Chem. 7 (1997) 777.

[22] A.-M. Yu, J. Zhou, H.-Y. Chen, Chin. J. Anal. Chem. 8 (1997)

959.

[23] Y. Degani, A. Heller, J. Am. Chem. Soc. 111 (1989) 2537.

[24] A. Heller, J. Phys. Chem. 96 (1992) 3579.

[25] F. Trudeau, F. Daigle, D. Leech, Anal. Chem. 69 (1997) 882.

[26] R.J. Forster, J.G. Vos, Langmuir 10 (1994) 4330.

[27] H.-X. Ju, D. Leech, Anal. Chim. Acta 345 (1997) 51.

[28] M.M. Malone, A.P. Doherty, M.R. Smyth, J.G. Vos, Analyst

117 (1992) 1259.

[29] R.J. Forster, J.G. Vos, Macromolecules 23 (1990) 4372.

[30] K. Aoki, K. Tokuda, H. Matsuda, J. Electroanal. Chem. 199

(1986) 69.

[31] B. Capella, K. Ghasemzadeh, R.N. Adams, Electroanalysis 2

(1990) 175.

[32] R.D. Rocklin, R.W. Murray, J. Phys. Chem. 85 (1981) 2104.

J.-A. Ni et al. / Analytica Chimica Acta 378 (1999) 151±157 157


