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A novel sensor of cysteine self-assembled monolayers over gold nanoparticles modified gold electrode

has been constructed for the determination of epinephrine in presence of sodium dodecyl sulfate (Au/

Aunano-Cys/SDS). Electrochemical investigation and characterization of the modified electrode are

achieved using cyclic voltammetry, linear sweep voltammetry, and scanning electron microscopy. The

Au/Aunano-Cys/SDS electrode current signal is remarkably stable via repeated cycles and long term

stability, due to the strong Au–S bond, compared to the Au/Aunano electrode. The catalytic oxidation

peak currents obtained from linear sweep voltammetry (LSV) increased linearly with increasing

epinephrine concentrations in the range of 2 to 30 mmol L�1 and 35 to 200 mmol L�1 with correlation

coefficients of 0.9981 and 0.9999 and a limit of detection of 0.294 nmol L�1 and 1.49 nmol L�1,

respectively. The results showed that Au/Aunano-Cys/SDS can selectively determine epinephrine in the

coexistence of a large amount of uric acid and glucose. In addition, a highly selective and simultaneous

determination of tertiary mixture of ascorbic acid, epinephrine, and acetaminophen is explored at this

modified electrode. Excellent recovery results were obtained for determination of epinephrine in spiked

urine samples at the modified electrode. Au/Aunano-Cys/SDS can be used as a sensor with excellent

reproducibility, sensitivity, and long term stability.
1. Introduction

Epinephrine (EP), a hormone secreted by the medulla of adrenal

glands,1 is an important catecholamine neurotransmitter in the

mammalian hormonal2 and central nervous system. Epinephrine,

which exists in the nervous tissue and body fluids as large organic

cations,3,4 belongs to the family of inhibitory neurotransmitters

which are used for the message transfer in biology.5,6 Presence of

epinephrine in the body affects the regulation of blood pressure

and the heart rate, lipolysis, immune system, and glycogen

metabolism.7 It also serves as a chemical mediator for conveying

the nerve pulse to efferent organs.1,3 Low levels of epinephrine

have been found in patients with Parkinson’s disease.5 When

epinephrine is secreted into the bloodstream, it rapidly prepares

the body for action in an emergency.8 Medically, it is a drug

which has been used as a common emergency healthcare medi-

cine3,8 for emergency treatment in severe allergic reaction,

cardiac arrest and sepsis.7 Therefore, the quantitative determi-

nation of epinephrine concentration in different human fluids,5
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such as plasma and urine, is important for developing nerve

physiology, pharmacological research and life science.4,7

Various modified electrodes9–13 have been constructed to be

used as electrochemical sensors for epinephrine such as Pd

nanoclusters modified poly(3-methylthiophene) (PMT), and

poly(N-methylpyrrole) (PMPy) film-coated platinum (Pt) elec-

trode,14–16 poly(3,4-ethylene dioxythiophene) modified platinum

electrode in the presence of sodium dodecyl sulfate (SDS),17

carbon paste electrode modified with gold nanoparticles18 or

iron(II) phthalocyanine,3 gold nanoclusters deposited on ultra-

thin overoxidized polypyrrole (PPyox) film modified glassy

carbon electrode,19 multi-walled carbon nanotube modified with

cobalt phthalocyanine in a paraffin composite electrode,20 self-

assembled monolayer (SAM),1,21,22 and gold nanoparticles

immobilized on SAM modified electrodes.2,23

The self-assembly procedure is a precise modification of the

surface structure on a nanometer-scale, which has been employed

recently in the fabrication of sensors and biosensors.24 In

particular the self-assembly of organosulfur compounds on gold

surface have been extensively studied.25–31 It has been shown that

organosulfur compounds upon spontaneous chemisorption on

gold surface, lose the hydrogen from the thiol group as molecular

hydrogen H2 and a strong, covalent and thermodynamically

favored S–Au bond is formed.32,33 The reason for adsorbing

thiols on gold as a preferred substrate is based on two
Analyst
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considerations: first, gold is a relatively inert metal and does not

form stable oxides on its surface, second, it has a strong specific

interaction with sulfur, which allows the formation of stable

monolayers32 in a very reproducible way34 and in a short time.35

The stable, well-organized, and densely packed36 SAMs formed

by thiols on gold electrodes offer advantages such as selectivity,

sensitivity, short response time, and small overpotential in elec-

trocatalytic reactions.24 SAM of triazole,21 2-(2,3-dihydroxy

phenyl)-1,3-dithiane,22 and L-cysteine1 modified gold electrodes

have been used as biosensors for epinephrine in presence of

interfering molecules. Cysteine (Cys), a small thiol-containing

amino acid, contains carboxyl, amino and thiol functionalities

with respective pKa values of 1.71, 8.33 and 10.78,37 and is

considered perfect in biochemical and electrochemical research.38

Gold nanoparticles have potential applications in the

construction of electrochemical sensors and biosensors39 because

of their small dimensional size,40 good stability, biocompati-

bility,41,42 good conductivity and excellent catalytic activity.40,43

On the other hand, gold nanoparticle modifications can greatly

increase the immobilized amount of S-functionalized compounds

and enhance the Au–S bond and stability of SAMs.2 Mercap-

topropionic acid, gold nanoparticles and cystamine modified

gold electrodes have been applied in voltammetric sensors for

simultaneous detection of epinephrine, ascorbic and uric acids.2

Surfactants, a kind of amphiphilic molecules with a hydrophilic

head on one side and a long hydrophobic tail on the other, have

been widely applied in electrochemistry to improve the property

of the electrode/solution interface.17,44–50 Also, they have proven

effective in the electroanalysis of some biological compounds and

drugs.46,47 In the presence of sodium dodecylbenzene sulfonate

SDBS, the gold nanoparticle modified glassy carbon electrode

exhibited good performance in the electrochemical oxidation of

tryptophan.48 A novel biosensor using poly(3,4-ethylene dioxy-

thiophene) modified Pt electrode was fabricated for selective

determination of dopamine,44 morphine,45 serotonin, and

epinephrine17 in presence of high concentrations of ascorbic and

uric acids in the presence of sodium dodecyl sulfate SDS, which

forms a monolayer on polymer surface with a high density of

negatively charged ends directed outside of the electrode. The

electrochemical response of the studied compounds was improved

by SDS and the current signal increased due to electrostatic

interactions with SDS while the corresponding signals for ascor-

bic and uric acids were quenched.17,44,45

The aim of the current work is to study the electrochemical

behavior of epinephrine at a gold electrode modified with

cysteine SAMs over gold nanoparticles. Extensive research has

been devoted to self-assembly monolayer adsorption at gold

electrodes. However, relatively few publications have addressed

SAMs of cysteine on a nanogold particle modified gold electrode

and electrochemical behavior and determination of epinephrine

in the presence and absence of surfactants at this modified

surface.
2. Experimental

2.1. Chemicals and reagents

All chemicals were used without further purification. Epineph-

rine (EP), ascorbic acid (AA), uric acid (UA), acetaminophen
Analyst
(APAP), glucose, potassium phosphate (mono, di-basic salt),

potassium hydroxide (KOH), cysteine (Cys), sodium dodecyl

sulfate (SDS) and hydrogen tetrachloroaurate (HAuCl4) were

supplied by Aldrich Chem. Co. (Milwaukee, WI, USA).

Aqueous solutions were prepared using double distilled water.

Phosphate buffer solution PBS (1 mol L�1 K2HPO4 and 1 mol

L�1 KH2PO4) of pH 2–9 was used as the supporting electrolyte.

pH was adjusted using 0.1 mol L�1 H3PO4 and 0.1 mol L�1 KOH.
2.2. Electrochemical cells and equipment

Electrochemical deposition and characterization were carried

out with a three-electrode/one compartment glass cell. The

working electrode was gold (Au) disc (diameter: 1 mm). The

auxiliary electrode was in the form of 6.0 cm platinum wire. All

the potentials in the electrochemical studies were referenced to

Ag/AgCl (4 mol L�1 KCl saturated with AgCl) electrode. The

working electrode was polished using alumina (2 mM)/water

slurry until no visible scratches were observed. Prior to immer-

sion in the cell, the electrode surface was thoroughly rinsed with

distilled water and dried. All experiments were performed at

25 �C � 0.2 �C.
The electrosynthesis of the gold nanoparticles and their elec-

trochemical characterization were performed using a BAS-100B

electrochemical analyzer (Bioanalytical Systems, BAS, West

Lafayette, USA). Quanta FEG 250 instrument was used to

obtain the scanning electron micrographs of the different films.
2.3. Electrodeposition of gold nanoparticles

The electrodeposition of gold nanoparticles was achieved in

a three-electrode/one compartment electrochemical cell from

a solution containing 6 mmol L�1 HAuCl4 and 0.1 mol L�1

KNO3 (prepared in doubly distilled water and deaerated by

bubbling with nitrogen). The potential applied between the

working electrode (gold electrode) and the reference Ag/AgCl

(4 mol L�1 KCl saturated with AgCl) electrode is held constant at

�400 mV (Bulk electrolysis, BE) for 400 s.39 The surface coverage

of gold nanoparticles was 2.042� 10�6 mol cm�2 (estimated from

the quantity of charge used in the electrodeposition process).

This electrode is denoted as Au/Aunano.
2.4. Modification of the electrodes by cysteine

A self-assembly monolayer of cysteine was formed on bare Au

electrode and gold nanoparticles modified electrode (Au/Aunano)

by soaking the electrodes in 5 mmol L�1 cysteine/0.1 mol L�1

PBS/pH 2.58 for 5 min at room temperature. These electrodes are

denoted as Au-Cys, Au/Aunano-Cys, respectively. The modified

electrodes were washed with doubly distilled water to remove the

physically adsorbed species and dried carefully without touching

the surface.

Further modification was carried out by the successive addi-

tions of 10 mL of 0.1 mol L�1 SDS (prepared in distilled water) to

the epinephrine solution (1 mmol L�1 EP/0.1 mol L�1 PBS/pH

7.40) from 0 up to 130 mL (incremental addition: 6.7 � 10�5 mol

L�1 SDS at each addition and the total concentration of SDS

after 13 additions is 8.7 � 10�4 mol L�1) and the electrode is

denoted as Au/Aunano-Cys/SDS. After each addition, stirring
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 CVs of 1 mmol L�1 EP/0.1 mol L�1 PBS/pH 7.40 at bare Au (solid

line) and Au-Cys (dash line) electrodes, scan rate 50 mV s�1.

Scheme 1 Schematic model of the electrocatalytic oxidation of EP at

Au-Cys electrode via substrate-molecule and molecule-molecule

interactions.
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takes place for 5 min and is then held for 1 min prior to running

the experiment.

2.5. Electrochemical impedance spectroscopy

EIS was performed using a Gamry-750 instrument and a lock-in-

amplifier that are connected to a personal computer. The data

analysis was provided with the instrument and applied non-

linear least square fitting with Levenberg–Marquardt algorithm.

All impedance experiments were recorded between 0.1 Hz and

100 kHz with an excitation signal of 10 mV amplitude. The

measurements were performed under potentiostatic control at

different applied potentials which were decided from the cyclic

voltammograms recorded for the modified electrodes.

2.6. Analysis of urine

The utilization of the proposed method in real sample analysis

was also investigated by direct analysis of EP in human urine

samples. EP was dissolved in urine to make a stock solution with

1.3 mmol L�1 concentration. Standard additions were carried out

from the EP stock solution in 15 mL of 0.1 mol L�1 PBS/pH 7.40

containing 130 mL 0.1 mol L�1 SDS.

3. Results and discussion

3.1. Electrochemical oxidation of epinephrine at the cysteine

SAM modified gold electrode

Fig. 1 shows the cyclic voltammetric (CV) behavior of 1 mmol

L�1 epinephrine (EP) in 0.1 mol L�1 PBS/pH 7.40 tested at bare

gold electrode Au (solid line) and gold modified with cysteine

Au-Cys (dash line). It is clear that the oxidation of EP is irre-

versible at gold electrodes. At the bare Au electrode, the elec-

trochemical oxidation of EP occurs at approximately 520 mV

and the voltammetric peak is rather broad, suggesting slow

electron transfer kinetics, presumably due to the fouling of the

electrode surface by the oxidation product. However, a relatively

well-defined oxidation peak for EP was obtained at the Au-Cys

electrode. The oxidation peak potential shifted negatively to

245 mV, and the oxidation peak current increased significantly to

3.9 mA at the Au-Cys electrode compared to bare Au electrode.

The above results indicate that catalytic effect using the modified

electrode facilitates the charge transfer between EP and the

modified electrode, and as a result, the electrochemical oxidation

of EP becomes easier.

The Au-Cys SAM modified electrode affects the mechanistic

redox reaction of EP and there are two types of interactions, the

first is the interaction between Au and cysteine through thiol

group of cysteine to form strong covalent Au–S bond (substrate-

molecule interaction) and the second is between cysteine on Au

and EP molecules through the amino group of cysteine and the

hydroxyl-phenol group of EP via hydrogen bond formation

(molecule-molecule interaction) as illustrated in Scheme 1. The

electrocatalytic oxidation of EP on Au-Cys is due to the

formation of hydrogen bonds between the hydrogen in hydroxyl-

phenol of EP and the nitrogen in Cys-SAM. Hydrogen bond

formation functions in the activation of hydroxyl-phenol on the

benzene ring. As a result, the bond energy between hydrogen and

oxygen is weakened and the electron transfer is more liable to
This journal is ª The Royal Society of Chemistry 2012
occur via N/H–O bond. Thus Cys-SAM can act as a promoter

to increase the rate of electron transfer and lower the over-

potential of EP at the modified electrode.
3.2. Electrochemistry of epinephrine at modified electrodes in

presence of SDS

Fig. 2 shows the electrochemistry of EP at different modified

electrodes (Au/Aunano, Au/Aunano-Cys, and Au/Aunano-Cys/
SDS). Fig. 2(I) shows the electrochemistry of EP at gold nano-

particles modified Au electrode (Au/Aunano), a remarkable

increase in the current response (Ipa¼ 7.3 mA) followed by a drop

in the oxidation peak potential (Epa ¼ 210 mV) are observed due

to the catalytic effect of gold nanoparticles which act as

a promoter to enhance the electrochemical reaction, considerably

accelerating the rate of electron transfer.39

Fig. 2(II) shows the CV of EP at cysteine SAM modified gold

nanoparticles (Au/Aunano-Cys). The presence of cysteine SAM

on gold nanoparticles leads to a decrease in the oxidation peak

current of EP from 7.3 mA to 4.7 mA, and shifts the oxidation
Analyst
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Fig. 2 CVs of 1 mmol L�1 EP/0.1 mol L�1 PBS/pH 7.40 at: (I) Au/

Aunano, (II) Au/Aunano-Cys, and (III) Au/Aunano-Cys/SDS modified

electrodes, scan rate 50 mV s�1.
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potential from 210 mV to 358 mV. This is due to; (a) the disor-

ganization of cysteine molecules on gold nanoparticles which

inhibits the formation of hydrogen bond between EP and

cysteine thus hindering the electron transfer kinetics, (b) elec-

trostatic repulsion between the positively charged cysteine and

positively charged EP which hinders EP from reaching the elec-

trode surface.

Fig. 2(III) shows the CV of EP at cysteine SAMmodified gold

nanoparticles in presence of SDS (Au/Aunano-Cys/SDS).

Successive additions of 10 mL of 0.1 mol L�1 SDS up to 130 mL

(incremental additions: 6.7 � 10�5 mol L�1 SDS at each addition

and the total concentration of SDS after 13 additions is 8.7 �
10�4 mol L�1) which leads to increasing oxidation current from

4.7 mA to 8.3 mA, and a shift in the oxidation potential from

358 mV to 190 mV in presence of 130 mL SDS. The schematic

model of Au/Aunano-Cys/SDS electrode is illustrated in Scheme

2. SDS is an anionic surfactant with hydrophobic tail consisting

of 12 carbon atoms and a hydrophilic head that consists of
Scheme 2 Schematic model of Au/Aunano-Cys/SDS modified electrode

in presence of EP cations and AA.

Analyst
a sulfate group. There is electrostatic attraction between the

cationic EP and the anionic SDS which enhances the diffusion of

EP through the positively charged cysteine SAM. Also, there is

interaction between the positively charged cysteine and anionic

SDS which allows reorganization of cysteine molecules on gold

nanoparticles thus enhances hydrogen bond formation between

EP and cysteine and promotes faster electron transfer kinetics.

If we compare the CVs of EP at Au-Cys and Au/Aunano-Cys,

we conclude that the effect of cysteine on the response of poly-

crystalline bare Au is more pronounced than that on gold

nanoparticles and the effect on gold nanoparticles is enhanced by

using SDS which allows reorganization of cysteine on gold

nanoparticles to occur and results in the enhancement of the

oxidation current and a lowering of the overpotential.

Au/Aunano-Cys in presence of SDS gives beside a higher

current response, better stability via repeated cycles and long

term stability when compared to Au/Aunano thus this work will

focus on the Au/Aunano-Cys/SDS electrode.
3.3. Stability of the modified electrodes

The stability of the different modified electrodes was studied via

repeated cycles up to 50 cycles. The inset of Fig. 3 shows the

repeated cycle stability of the Au/Aunano-Cys/SDS modified

electrode. Au/Aunano-Cys, and Au/Aunano-Cys/SDS modified

electrodes in 1 mmol L�1 EP/0.1 mol L�1 PBS/pH 7.40 give better

stability without any noticeable decrease in the current response

compared to the Au/Aunano electrode, indicating that these

modified electrodes have good reproducibility and do not suffer

from surface fouling during repetitive voltammetric measure-

ment due to the formation of a strong Au–S bond.

From CV comparing the 1st, 25th, and 50th cycles of repeated

cycles stability of Au/Aunano-Cys electrode (Fig. 3), we observed

that Ipa increased from 4.9 mA in the 1st cycle up to 8.2 mA in the

25th and 50th cycles, and the oxidation peak potential shifted

from 363 mV in the 1st cycle to 220 mV in the 25th and 50th

cycles. This indicates that cysteine molecules are reorganized on
Fig. 3 Comparison of 1st, 25th, and 50th cycles of repeated cycle

stability of Au/Aunano-Cys electrode in 1 mmol L�1 EP/0.1 mol L�1 PBS/

pH 7.40. Inset; CV of repeated cycles stability of Au/Aunano-Cys/SDS

modified electrode in 1 mmol L�1 EP, scan rate 50 mV s�1.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 SEM images of: (A) Au/Aunano, (B) Au/Aunano-Cys, and (C) Au/

Aunano-Cys/SDS electrodes.
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gold nanoparticles by repeated cycles and this reorganization

enhances the hydrogen bond formation between EP and cysteine

which enhances the electron transfer rate. Thus, cysteine mole-

cules are reorganized on gold nanoparticles by repeated cycles or

by the addition of SDS (instantaneous reorganization).

Also, the long term stability of Au/Aunano, and Au/Aunano-

Cys/SDS electrodes was studied for up to one week. After each

measurement, the electrode is stored in 0.1 mol L�1 PBS/pH 7.40

in the refrigerator. In case of Au/Aunano electrode, Ipa of EP

decreased by 20%, and 30% after 3 days and one week of storage,

respectively. On the other hand, in the case of Au/Aunano-Cys/
SDS electrode, Ipa decreased by 9% and 16% after the same

periods of storage, respectively. These results indicate that the

presence of SAM of cysteine on gold nanoparticles enhances

the long term stability of Au/Aunano-Cys/SDS electrode due to

the formation of strong Au–S bond. Thus, Au/Aunano-Cys/SDS

electrode current signal is remarkably stable via repeated cycles

and long term stability, compared to the Au/Aunano electrode.

3.4. Surface morphology of modified electrodes

The response of an electrochemical sensor was related to the

physical morphology of its surface. The SEM images of Au/

Aunano, Au/Aunano-Cys, and Au/Aunano-Cys/SDS electrodes

are shown in Fig. 4(A–C), respectively. As observed from SEM

images, gold nanoparticles (Fig. 4(A)) are homogenously

distributed and located at different elevations exhibiting a large

surface area. On the other hand, gold nanoparticles modified

with cysteine SAM (Fig. 4(B)), are randomly distributed on the

surface, have dendritic shape and sizes that are not homogenous,

but gold nanoparticles modified with cysteine SAM and further

modified with SDS (Fig. 4(C)) are homogenously distributed on

the surface, better dispersed and highly packed. The interaction

between the anionic SDS and cationic cysteine SAM allows the

reorganization and redispersion of gold nanoparticles. Also,

a spongy film is observed in Fig. 4(C) due to the surfactant film

on the surface which influences the conductivity level of the film

and helps the attraction of EP to the electrode surface.

3.5. Effect of scan rate on the voltammetric response of EP

As shown in ESI Fig. 1†, the peak currents (Ipa) at Au/Aunano-

Cys/SDS in 1 mmol L�1 EP/0.1 mol L�1 PBS/pH 7.40 varied

with change of scan rate. Furthermore, varying the scan rate

from 10 to 150 mV s�1 resulted in a positive shift of the oxidation

peak potential and an increase of peak current for EP.39 For

a diffusion-controlled process,2,3,23 a plot of the anodic peak

current values versus the square root of the scan rate results in

a straight-line relationship as shown in the inset of ESI Fig. 1†.

The oxidation peak current increased linearly with linear

regression eqn (1):

Ipa(A) ¼ (0.516 � 10�6) � (3.32 � 10�5) n1/2, (R2 ¼ 0.9995) (1)

at Au/Aunano-Cys/SDS, suggesting that the reaction is a diffu-

sion-controlled electrode reaction.

The dependence of the anodic peak current Ipa (A) on the scan

rate has been used for the estimation of the ‘‘apparent’’ diffusion

coefficientDapp of EP.Dapp (cm
2 s�1) values were calculated from

Randles Sevcik equation (2):
This journal is ª The Royal Society of Chemistry 2012
Ipa ¼ (2.69 � 105) n3/2AC�D1/2n1/2 (2)

where n is the number of electrons exchanged in oxidation at T¼
298 K, A is the geometrical electrode area¼ 7.854� 10�3 cm2, C�

is the analyte concentration (1 � 10�6 mol cm�3) and n is the scan

rate V s�1.14–16,39 It is important to notice that the apparent

surface area used in the calculations does not take into account

the surface roughness of the gold nanoparticles (the roughness

factor of bare gold and gold nanoparticles calculated from

atomic force microscopy measurements are 0.656 and 1.07,

respectively).

Dapp value for EP is 1.24� 10�5 cm2 s�1 at Au/Aunano-Cys, and

3.86 � 10�5 cm2 s�1 at Au/Aunano-Cys/SDS. The anionic

surfactant SDS affects remarkably the diffusion component of

the charge transfer at Au/Aunano-Cys as indicated by the Dapp

values. The diffusion coefficient can be considered as an average

value of the diffusion process in the bulk, within the surfactant
Analyst
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aggregates in solution and the surfactant layer adsorbed at the

surface of the electrode. The values of Dapp show that the

diffusion of EP on Au/Aunano-Cys is enhanced in presence of

SDS rather than in absence of it.17,44,45
3.6. Effect of solution pH

Furthermore, pH value of the supporting electrolyte (PBS) is an

important parameter in determining the performance of elec-

trochemical sensors.14 The effect of changing the pH of the

supporting electrolyte on the electrochemical response of EP was

studied. ESI Fig. 2† shows the CVs of 1 mmol L�1 EP/0.1 mol L�1

PBS of pH 2.58, 4.76, 7.40, and 9.19 at Au/Aunano-Cys/SDS

modified electrode. It is clear that changing the pH of the sup-

porting electrolyte altered both the peak potential and the peak

current of EP indicating that the electrocatalytic oxidation of EP

at the Au/Aunano-Cys/SDS is a pH-dependent reaction and

protonation/deprotonation takes part in the charge transfer

process. The anodic peak potential shifted negatively with the

increase in the solution pH.14,39

Fig. 5 shows the linear relationship between the solution pH

value and the anodic peak potential of EP at Au/Aunano-Cys

electrode in absence (a) and in presence (b) of SDS over the pH

range 2.58 to 9.19. In general, the oxidation peak potential shifts

to more positive values as the pH decreases in the absence and

presence of SDS.44 A slope of �0.069 V/pH units, which is close

to the theoretical value of �0.059 V/pH was obtained at Au/

Aunano-Cys/SDS, indicating that the overall process is proton

dependent with an equal number of protons and electrons

involved in EP oxidation.2,3,7 As EP oxidation is a two-electron

process, the number of protons involved is also predicted to be

two indicating a 2e�/2H+ process.8,21,23

The inset of Fig. 5 shows the relationship between the solution

pH value and the anodic peak current of EP at Au/Aunano-Cys

electrode in absence (a) and in presence (b) of SDS. The anodic

peak current increased from pH 2.58 to pH 7.40 where it reached

its maximum value and decreased again at pH 9.19. In solution,
Fig. 5 Dependence of the anodic peak potential of 1 mmol L�1 EP/

0.1 mol L�1 PBS on pH value of the solution at Au/Aunano-Cys in absence

(a) and presence (b) of SDS. Inset; dependence of the anodic peak current

of EP on pH value of the solution at Au/Aunano-Cys electrode in absence

(a) and presence (b) of SDS.

Analyst
the pKa value of EP is 8.55. The deprotonation of EP occurs at

pH 9.19, and it is no longer a two-proton, two-electron process at

this point and other equilibria should be taken into account, thus

the anodic peak current decreased at pH 9.19. The highest

oxidation peak current was obtained at pH 7.40 (pH medium of

the human body). Thus PBS/pH 7.40 was employed for the

determination of EP to achieve higher sensitivity.5,6
3.7. Determination of EP at physiological pH using Au/Aunano-

Cys in presence of SDS

The voltammetric behavior of EP was examined using linear

sweep voltammetry (LSV) with a scan rate 50 mV s�1. Inset (2) in

Fig. 6 shows typical LSV of standard additions of 0.5 mmol L�1

EP/0.1 mol L�1 PBS/pH 7.40 to 130 mL of 0.1 mol L�1 SDS in

15 mL of 0.1 mol L�1 PBS/pH 7.40, indicating that by increasing

the concentration of EP, the anodic peak current increases which

indicates that the electrochemical response of EP is apparently

improved by SDS due to the enhanced accumulation of

protonated EP via electrostatic interaction with negatively

charged SDS at the Au/Aunano-Cys electrode surface.

Fig. 6 inset (1) shows the calibration curves of the anodic peak

current values of EP in the linear range of 35 mmol L�1 to

200 mmol L�1 with the regression equation of Ip (A) ¼ 1.005 �
10�8 c(mmol L�1) + (7.016 � 10�9) and from 2 mmol L�1 to

30 mmol L�1 EP with the regression equation Ip (A) ¼ 1.019 �
10�8 c(mmol L�1) + (1.410 � 10�8). The correlation coefficients of

0.9999, and 0.9981, sensitivities of 0.01005 mA mmol�1 L�1, and

0.01019 mA mmol�1 L�1, detection limits of 1.49 nmol L�1

and 0.294 nmol L�1, and quantification limits of 4.97 nmol L�1

and 0.981 nmol L�1, respectively have been obtained. The

detection limit (DL) and quantification limit (QL) were calcu-

lated from the equations: DL ¼ 3s/b, and QL ¼ 10s/b, respec-

tively, where s is the standard deviation and b is the slope of the

calibration curve. Table 1 shows the comparison for the deter-

mination of EP at Au/Aunano-Cys/SDS electrode with various

modified electrodes based on literature reports.
Fig. 6 Calibration curve for EP for concentrations from (35 mmol L�1 to

200 mmol L�1) and from (2 mmol L�1–30 mmol L�1, inset 1), inset (2); LSVs

of 15 ml of 0.1 mol L�1 PBS/pH 7.40 at Au/Aunano-Cys/SDS in different

concentrations of EP (2 mmol L�1–200 mmol L�1), scan rate 50 mV s�1.

This journal is ª The Royal Society of Chemistry 2012
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Table 1 Comparison for determination of EP at various modified electrodes based on literature reportsa

Electrode pH LDR (mM) Sensitivity (mA mM�1) LOD (nM) Reference

PPy/AuNPs/SWCNTs-AuE 7.0 0.004–0.1 NR 2 5
L-Cys/Au SAMs 7.0 0.1–2 0.7125 10 1
Au/Au-NPs/MPA/CA/Au-NPs 7.0 0.1–800 1.5 40 2
TA SAM/Au 4.4 0.1–10 0.083 10 21
Nano-Au/CA/GC 7.0 0.1–500 0.376 40 23
DPD-Au 8.0 0.7–500 0.01 510 22
Au/Aunano-Cys/SDS 7.4 2–30 0.0102 0.294 This work

a Note. LDR, linear dynamic range; LOD, limit of detection; NR, not reported; PPy, polypyrrole; AuNPs, gold nanoparticles; SWCNTs, single-walled
carbon nanotubes; AuE, gold electrode; L-Cys, L-cysteine; SAMs, self-assembly monolayers; MPA, Mercaptopropionic acid; CA, cystamine; TA, 3-
amino-5-mercapto-1,2,4-triazole; GC, glassy carbon; DPD, 2-(2,3-dihydroxy phenyl)-1,3-dithiane.
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3.8. Determination of EP in human urine samples

The determination of EP in urine samples is of medical impor-

tance so the utilization of the proposed method in real sample

analysis was investigated by direct analysis of EP in human urine.

The same measurements were conducted successfully on urine

samples. In this set of experiments, EP was dissolved in urine to

make a stock solution with 0.5 mmol L�1 concentration and

typical LSVs of standard additions of 0.5 mmol L�1 EP in urine

to 130 mL of 0.1 mol L�1 SDS in 15 mL of 0.1 mol L�1 PBS/pH

7.40 at Au/Aunano-Cys were obtained (figure not shown). The

calibration curves of EP in urine in the linear range of 25 mmol

L�1 to 200 mmol L�1, and 3 mmol L�1–20 mmol L�1 are shown in

ESI Fig. 3 and inset† , respectively. The detection limits of

1.93 nmol L�1, and 0.472 nmol L�1 with correlation coefficients

of 0.999, and 0.996 were obtained, respectively.

Five different concentrations on the calibration curve were

chosen to be repeated to evaluate the accuracy and precision of

the proposed method, which is represented in Table 2. The

recovery ranged from 98.2% to 100.1%, and the results are

acceptable indicating that the present procedures are free from

interferences of the urine sample matrix. The results strongly

proved that EP can be selectively and sensitively determined at

Au/Aunano-Cys/SDS modified electrode in urine sample.
3.9. Interference study

In the electrochemical determinations of EP in clinical prepara-

tions, presence of some potentially interfering compounds is

considered as a significant problem in accuracy of determination.

These compounds generally show overlapping signals on the

surface of most chemically modified electrodes, which limit the

analytical applicability of the sensors.8 The inset of Fig. 7(A)

shows the LSVs of 1 mmol L�1 EP and 1 mmol L�1 APAP in 0.1

mol L�1 PBS/pH 7.40 at Au/Aunano-Cys in absence (solid line)
Table 2 Evaluation of the accuracy and precision of the proposed method f

Sample
Concentration of
EP added (mmol L�1)

Concentration
of found EP (mmol L�1)

1 11.0 10.8
2 30.0 29.6
3 100 99.9
4 140 140.1
5 200 199.7

This journal is ª The Royal Society of Chemistry 2012
and presence (dash line) of SDS. In absence of SDS, two resolved

peaks at 222 mV and 431 mV were obtained for EP and APAP,

respectively. But, in presence of SDS, there is an observable

increase in the oxidation peak current of EP from 4.42 mA in

absence of SDS to 8.14 mA in presence of SDS due to the elec-

trostatic interaction of the anionic surfactant with the proton-

ated EP (pKa ¼ 8.55), and a decrease in the oxidation current of

APAP. The decrease in the anodic peak current of APAP may be

attributed firstly to its structure in which it behaves neutral in the

pH of study (pKa ¼ 9.5), and its diffusion towards the Au/

Aunano-Cys electrode is slow in comparison with other cationic

compounds. Secondly, its interaction with the anionic SDS is

retarded as it becomes a neutral compound. Thus, Au/Aunano-

Cys/SDS modified electrode can be used for the simultaneous

determination of binary mixture of EP and APAP.

On the other hand, it is well known that UA coexists with EP

in the extracellular fluid of the central nervous system and its

concentration is higher than that of EP. Since, UA is an

important interfering substance for the electrochemical analysis

of EP, the interference from UA was investigated. Fig. 7(A)

shows the LSVs of 0.5 mmol L�1 EP and 1 mmol L�1 UA in

presence of 5 mmol L�1 glucose in 0.1 mol L�1 PBS/pH 7.40 at

Au/Aunano-Cys modified electrode in absence (a) and presence of

SDS (b). It is clear that no interference could be observed from

glucose at the modified electrode in absence or in presence of

SDS. At Au/Aunano-Cys modified electrode, two well separated

oxidation peaks were obtained at 212 mV and 418 mV for EP and

UA, respectively. By successive additions of SDS, the oxidation

peak current for EP increased from 4.07 mA in absence of SDS to

6.01 mA in presence of SDS, while the oxidation peak current for

UA decreased. The high response for EP was observed due to the

electrostatic interaction of the anionic surfactant with the

protonated EP (pKa ¼ 8.55) in pH 7.40, but in case of UA

repulsion takes place as UA (pKa ¼ 5.4) is in the anionic form

and in micellar medium they established an electrostatic
or the determination of EP in urine sample

Recovery (%)
Standard
deviation � 10�8

Standard
error � 10�8

98.2 0.136 0.0609
98.7 0.339 0.152
99.9 0.231 0.103
100.1 0.710 0.318
99.9 0.283 0.126

Analyst

http://dx.doi.org/10.1039/c2an16210e


Fig. 7 (A) LSV of 0.5 mmol L�1 EP, 1 mmol L�1 UA in presence of

5 mmol L�1 glucose in 0.1 mol L�1 PBS/pH 7.40 at (a) Au/Aunano-Cys and

(b) Au/Aunano-Cys/SDS, inset; LSV of 1 mmol L�1 EP, 1 mmol L�1

APAP/0.1 mol L�1 PBS/pH 7.40 at Au/Aunano-Cys (solid line) and Au/

Aunano-Cys/SDS (dash line), (B) CVs of 1 mmol L�1 AA, 1 mmol L�1 EP

and 1 mmol L�1 APAP in 0.1 mol L�1 PBS/pH 2.58 at Au/Aunano-Cys

with successive additions of (0–130 mL) 0.1 mol L�1 SDS, the inset

represents the initial (in absence of SDS) and final (in presence of 130 mL

SDS) CVs, scan rate 50 mV s�1.
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repulsion with anionic surfactant SDS, which provokes

a decrease in the peak current value. This indicates that the

accumulation of SDS on the modified electrode forms a negative

layer on the electrode surface. Therefore, we can determine EP

selectively in the presence of UA and glucose. The change of the

peak current values for UA and EP after adding SDS can be

assigned to the spontaneous adsorption of the surfactant onto

electrode surface, which may change the overpotential of the

electrode and influence the electron transfer rate. Also, the

formation of micellar aggregates may influence the mass trans-

port of electroactive species to the electrode.44
Fig. 8 Nyquist plot of Au/Aunano-Cys/SDS modified electrode in 1

mmol L�1 EP/0.1 mol L�1 PBS/pH 7.40 at the oxidation potential

(200 mV) and inset, the typical impedance spectrum presented in the form

of Bode plot. (Symbols and solid lines represent the experimental

measurements and the computer fitting of impedance spectra, respec-

tively), frequency range: 0.1–100 000 Hz.
3.10. Analysis of tertiary mixture at Au/Aunano-Cys modified

electrode in presence of SDS

EP and AA always exist together in biological environment.

Simultaneous determination of EP and AA is difficult at bare
Analyst
gold electrode due to the overlapping of their signals. But the

peak potentials can be distinguished at Au/Aunano-Cys modified

electrode. According to the remarkable effect of pH on the

oxidation peak potential, there was a good separation of peak

potentials in PBS/pH 2.58, so we chose pH 2.58 in the simulta-

neous determination of EP and AA.21 Moreover, acetaminophen

(paracetamol), APAP, is likely to interfere with AA determina-

tion.15,16 Fig. 7(B) shows the CVs of tertiary mixture of 1 mmol

L�1 AA, 1 mmol L�1 EP and 1 mmol L�1 APAP in 0.1 mol L�1

PBS/pH 2.58 at Au/Aunano-Cys with successive additions of (0–

130) mL of 0.1 mol L�1 SDS. The inset of Fig. 7(B) shows the CVs

of the mixture (AA, EP, and APAP) in the absence and presence

of SDS. Three well-defined oxidation peaks were obtained at Au/

Aunano-Cys modified electrode at 321, 580, and 680 mV for AA,

EP, and APAP, respectively. The large separation of the peak

potentials allows selective and simultaneous determination of

AA, EP, and APAP in their mixtures at the Au/Aunano-Cys

electrode. By successive additions of 10 mL of 0.1 mol L�1 SDS in

the mixture solution, the oxidation peak current of EP and

APAP increases while the oxidation peak current of AA

decreases until it completely disappears.

Surfactants tend to adsorb at different interfaces at concen-

trations below and/or above the critical micellar concentration.

Thus, it is expected that the addition of SDS will result in the

formation of a surfactant film over the Au/Aunano-Cys electrode.

This amphiphilic film will align in a way where the head groups

of surfactant molecules face the aqueous medium leaving the rest

hydrophobic part in contact with each other and away from the

aqueous medium. It is clear that there is a negatively charged

surface; behind this negative surface there is a hydrophobic

region due to the alignment of the surfactant tails. Consequently,

the negative charge of the adsorbed surfactant film as well as the

hydrophobic character of the interior of the film will act to repel

hydrophilic AA molecules or the AA� away from the electrode

surface while enhancing the preconcentration/accumulation of

the hydrophobic cations of EP and APAP as illustrated in
This journal is ª The Royal Society of Chemistry 2012
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Table 3 EIS fitting data corresponding to Fig. 8

RL1/
(103 U cm2)

RL2/
(103 U cm2)

Rct/
(104 U cm2)

Cc3/
(10�6 F cm�2)

Rs/
(102 U cm2)

Cc2/
(10�9 F cm�2)

CPE1/
(105 F cm�2) n1

Z
(105 U s�1/2)

8.337 2.591 4.343 2.740 5.609 1.491 1.750 0.8036 1.047
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Scheme 2.44 Thus Au/Aunano-Cys/SDS modified electrode can

be used for the selective determination of AA, EP, and APAP in

the mixtures.
Fig. 9 CVs of the oxidative desorption of Au-Cys (a) and Au/Aunano-

Cys (b) in 0.1 mol L�1 PBS/pH 2.58, inset; CVs of the reductive desorp-

tion of Au-Cys (solid line) and Au/Aunano-Cys (dash line) in 0.5 mol L�1

KOH, scan rate 50 mV s�1.
3.11. Electrochemical impedance spectroscopy (EIS) of EP

EIS is regarded as an effective method to monitor the interfacial

properties of surface-modified electrodes.39,44,45 Therefore, EIS

was used to investigate the nature of EP interaction at Au/

Aunano-Cys/SDS surface. EIS data are obtained for the

modified electrode at ac frequency varying between 0.1 Hz and

100 kHz with an applied potential (200 mV) in the region cor-

responding to the electrolytic oxidation of EP in 0.1 mol L�1

PBS/pH 7.40. Fig. 8 shows a typical impedance spectrum pre-

sented in the form of Nyquist plot of EP at Au/Aunano-Cys/
SDS electrode and the inset shows the typical impedance

spectrum presented in the form of Bode plot. The experimental

data were compared to an equivalent circuit that used some of

the conventional circuit elements, namely; resistance, capaci-

tance, diffusion, and induction elements.14,39 The equivalent

circuit is shown in ESI Fig. 4†. In this circuit, Rs is the solution

resistance, RL1 is the resistance due to the surfactant film on

the surface, RL2 is the resistance due to the SAM of cysteine,

and Rct is the charge transfer resistance. Capacitors in EIS

experiments do not behave ideally; instead they act like

a constant phase element (CPE). Therefore, CPE1 is a constant

phase element and n1 is its corresponding exponent (n is less

than one). Cc2 and Cc3 represent the capacitance of the

double layer. Diffusion can create an impedance known as the

Warburg impedance Z. Table 3 lists the best fitting values

calculated from the equivalent circuit for the impedance data of

Fig. 8.

As shown in Fig. 8, the impedance spectra include a semicircle

portion and a linear portion; the semicircle part at the higher

frequencies corresponding to the electron-transfer limiting elec-

trochemical process, and the linear part at the lower frequencies

corresponding to the diffusion-limiting electrochemical process.

The semicircle diameter equals the interfacial charge transfer

resistance Rct. This resistance controls the electron transfer

kinetics of the redox probe at the electrode interface. Therefore,

Rct can be used to describe the interface properties of the elec-

trode.18 The semicircle part in Fig. 8 diminishes markedly,

implying a low charge transfer resistance Rct of the redox probe.

This is attributed to the selective interaction between SDS and

EP that resulted in the observed current signal increase for the

electro-oxidation process. This indicates the conductivity and the

high catalytic activity of the modified electrode and the facilita-

tion of charge transfer. The values of the capacitive component

indicating the conducting character of the modified surface due

to ionic adsorption at the electrode surface and the charge

transfer process.
This journal is ª The Royal Society of Chemistry 2012
3.12. Oxidative and reductive desorption of cysteine SAM

The electrochemical desorption experiment can be used to

confirm the formation of SAM of alkanethiols on gold nano-

particles modified electrode and bare gold electrode via the S–Au

bond. Porter and coworkers suggested that alkanethiol mono-

layers on gold electrodes were both oxidatively and reductively

desorbed.24,28,51 Fig. 9 shows the oxidative desorption of Au-Cys

(a) and Au/Aunano-Cys (b) electrodes in 0.1 mol L�1 PBS/pH

2.58. The oxidative desorption of SAMs from bare gold and gold

nanoparticles modified electrode elucidates that gold nano-

particles could not only increase the assembly amount of cysteine

but also influence the structure and stability of SAM.51

Thiols are reductively desorbed by the following reaction28 in

alkaline solutions through a one-electron reduction reaction eqn

(3):24,26,51

Au-SR + e� / Au0 + RS� (3)

The surface concentration of the thiolates can be roughly

determined from the charge consumed during the reductive

desorption.26 The inset of Fig. 9 shows the reductive desorption

of Au-Cys (solid line) and Au/Aunano-Cys (dash line) in 0.5 mol

L�1 KOH. Two cathodic peaks are obtained at �736 mV and

�1027 mV at bare gold and at �720 mV and �1008 mV at gold

nanoparticles modified electrode. The desorption peak current

increased largely as a result of gold nanoparticles deposition.51

Wenrong Yang et al. proposed that the first peak (Q1) is due to

the cleavage of the Au–S bond (having a shape characteristic of

an adsorbed species), and the second peak (Q2), having more
Analyst
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diffusion-like character is possibly due to a similar field-induced

rearrangement of cysteine clusters which would occur within the

electrical double layer. The surface coverage of cysteine was

therefore determined from the area under the first peak (Q1).28

By integrating the current under the first cathodic wave (Q1), the

estimated surface coverage for the cysteine SAM is 2.64 �
10�9 mol cm�2 on bare gold and 4.43 � 10�9 mol cm�2 on gold

nanoparticles modified electrode. Thus gold nanoparticle modi-

fication can greatly increase the immobilization amount of

cysteine and enhance the Au–S bond and stability of cysteine

SAM.51

4. Conclusion

In the present work, the difference in the electrochemical

behavior of SAMs of cysteine at bare Au and Au/Aunano is

compared for the first time. Oxidative and reductive desorption

proved conclusively that cysteine has self-assembled on the bare

Au and Au/Aunano surfaces to form monolayers through Au–S

strong interactions. Gold nanopareticles modification can

greatly increase the immobilization amount of cysteine and

enhance the Au–S bond and stability of cysteine SAM. Au/

Aunano-Cys/SDS can selectively determine epinephrine in

presence of a large amount of UA and glucose. Also, we

demonstrated the selective and simultaneous determination of

tertiary mixture of AA, EP, and APAP using Au/Aunano-Cys/
SDS. A novel approach for the utilization of anionic surfactants

in electroanalytical applications is described in this work. The

negatively charged SDS adsorbed onto the electrode surface

controls the electrode reactions of AA, EP, and APAP that differ

in their net charge. The negative charge of the adsorbed surfac-

tant film as well as the hydrophobic character of the interior of

the film will act to repel hydrophilic AA molecules or their cor-

responding AA� away from the electrode surface while

enhancing the preconcentration/accumulation of hydrophobic

cations of EP and APAP. Au/Aunano-Cys/SDS gives better

stability via repeated cycles and long term stability due to the

formation of strong Au–S bond. The proposed method was

simple, sensitive, and successfully applied for determination of

EP in human urine with good precision and accuracy. The

present modified electrode showed high reproducibility, sensi-

tivity, selectivity, and better stability.
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