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Abstract The homogeneous and mediated oxidation of

guanine by [Ru(bpy)3]2? (2,20-bipypyridine) in the pres-

ence of surfactants and single-walled carbon nanotubes

(SWCNTs) has been investigated using cyclic voltamme-

try, repetitive differential pulse voltammetry and rotating

electrode method. In acidic medium, the oxidation of

guanine was controlled by mass transport process of

[Ru(bpy)3]2? in solution, leading to a homogeneous

electrocatalysis. In neutral medium, the result from emis-

sion spectroscopy suggested the formation of the aggre-

gates containing [Ru(bpy)3]2?, dihexadecyl phosphate

(DHP) and guanine. The electrocatalysis of [Ru(bpy)3]2?

toward guanine oxidation was promoted by anionic sur-

factant DHP and, however, hindered by an excess amount

of hexadecyl trismethyl ammonium chloride (HTAC) or

SWCNTs added to solutions. The electrocatalytic mecha-

nism of [Ru(bpy)3]2? for guanine oxidation becomes

evident, strongly depending on the presence of anionic

or cationic surfactants and SWCNTs.

Keywords Guanine � Polypyridyl ruthenium(II)

complex � Surfactant � Carbon nanotubes � Electrochemical

oxidation

1 Introduction

Many considerable efforts have been focused on the

oxidation of DNA and its bases because of their important

role in the process of mutagenesis and carcinogenesis as

well as cancer therapeutics [1, 2]. Guanine is the most

easily oxidized bases in DNA and the electrochemical

detection of DNA in biological samples is based on the

oxidation of guanine [3–5]. It is generally believed that the

direct oxidation of guanine at bare electrodes is totally

irreversible and suffers from pronounced fouling effects,

resulting in poor reproducibility [6, 7]. For this reason,

there is an increasing attempt to improve the reproduc-

ibility of guanine oxidation using various electrocatalytic

approaches [8–10].

Carbon nanotubes (CNTs) on electrode surfaces are used

as a promoter to accelerate electron transfer between elec-

tro-active species and substrate electrodes [11, 12]. On the

other hand, CNTs may be used as a transporter of drug and

gene delivery because of their nanoscale dimensions and

high-aspect ratio. Therefore, the effects of CNTs both

modified on electrode surfaces and added to solutions on the

electrode-solution interface become increasingly important.

However, poor dispersion of CNTs in both aqueous and

nonaqueous solvents has severely limited their effective

uses and further development [13, 14]. To adequately dis-

perse CNTs in aqueous solution, various surfactants have

been used as dispersants [15–17]. Synchronously, the

attachment of surfactants on electrode surfaces can change

the interface properties between electrode and solution,

subsequently influence the electrocatalytic activities of

CNTs and various catalysts [18, 19]. The electron transfer

between electroactive species and electrode improved

by surfactants was attributed to a synergistic adsorption

[20, 21].
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Many ruthenium complexes with polypyridyl ligands

possess rich electrochemical properties, some of them have

been used as electrocatalysts for the oxidation of biomole-

cules. For example, the electrocatalytic oxidation of purines

and DNA by Ru(III) or/and oxo-Ru(IV) complexes has been

paid much attention [22–24]. A few homogeneous schemes

for guanine oxidation in DNA using [Ru(bpy)3]2? (2,20-
bipypyridine) as a catalyst were reported by Thorp et al. [25,

26]. Rusling and co-workers demonstrated that there was a

direct correlation between the catalytic current and the

degree of DNA damage by a series of reports [27, 28]. More

recently, based on the fortuitous match between the redox

potentials of polypyridyl Ru(III) complexes and DNA,

some of them have been used as the mediators for the

oxidation of DNA or DNA-wrapped CNTs. Thorp and

co-workers showed an electrochemical oxidation of DNA-

wrapped CNTs by electrogenerated [ML3]3? (M = Ru(III),

Os(III), and Fe(III); L = 2,20-bipyridine or 4,40-dimethyl-

2,20-bipyridine) [29, 30].

In the previous study on the electrocatalytic activity of

[Ru(bpy)3]2? for hypoxanthine (Hx) oxidation in neutral

media by rotating electrode methods, the electrocatalytic

oxidation of Hx on the rotating Pt electrode conforms to

particularly coupled homogeneous reaction, affected by Hx

concentration and rotation angular velocity [31]. In this

study, the interest is focused on the homogeneous and

heterogeneous oxidation of guanine associated with

[Ru(bpy)3]2? in the presence of surfactants and SWCNTs. In

acidic medium, the oxidation of guanine upon incorporation

of [Ru(bpy)3]2? on the ITO electrode shows a homogeneous

electrocatalysis. In neutral medium, the electrocatalysis of

[Ru(bpy)3]2? toward guanine oxidation is promoted by

anionic surfactant DHP and, however, hindered by an excess

amount of cationic surfactant HTAC or SWCNTs added to

solutions; and then, the authors place emphasis on the elec-

trocatalytic mechanism of [Ru(bpy)3]2? toward guanine

oxidation in the presence of anionic or cationic surfactants

and SWCNTs.

2 Experimental

2.1 Chemicals and materials

Tris-hydroxy methyl amino-methane (Tris) from Sigma

Chem. Co. was used to prepare buffer solutions. The single-

walled carbon nanotubes (SWCNTs) with the inside

diameter of 2–5 nm and the length of 10–30 lm were

obtained from Chengdu Organic Chemistry Co., Ltd.,

China. [Ru(bpy)3]Cl2�6H2O (Aldrich Chem. Co.), guanine

(Shanghai Chem. Co.), dihexadecyl phosphate (DHP) and

hexadecyl trismethyl ammonium chloride (HTAC) were

used as received. The buffer solution was 10 mmol L-1

Tris/50 mmol L-1 NaCl of pH 7.2, prepared with double

distilled water.

The SWCNTs suspension was prepared by using an

appropriate amount of DHP to disperse 3 mg SWCNTs in

5 mL water with the aid of ultrasonic agitation (200 W) for

80 min. And then a desired amount of surfactant-dispersed

SWCNT suspensions was mixed with [Ru(bpy)3]2?, DHP

and/or guanine with the aid of ultrasonic agitation for

10 min. As shown in Fig. 1, SWCNTs used in this study

were effectively dispersed with surfactants and were stable

in the test solutions.

2.2 Methods and experimental conditions

Voltammetric measurement was performed on an Autolab

PGSTAT-30 electrochemical analysis system with a GPES

4.9 software package (Eco Chemie, The Netherlands) in

a regular three-electrode cell of 0.4 mL. Unless otherwise

noted, an indium-tin oxide (ITO) was used as the working

electrode (20 X cm-2, Shenzhen Nanbo Co. Ltd., China),

while a platinum sheet was used as counter electrode and a

saturated calomel electrode (SCE) as the reference. The

ITO surface of 0.72 cm2 was exposed to the electrolyte

solution.

Rotating disk electrode (RDE) and rotating ring-disk

electrode (RRDE) experiments were performed in a regular

three-compartment cell of 50 mL. A RDE0031 Pt ring–Pt

disk (Pt–Pt) electrode matched with Model 636 electrode

rotator (Princeton Applied Research, USA) was used. The

Pt disk and Pt ring electrodes were molded in polytetra-

fluoroethylene separately, insulating gap of 0.20 mm

between the electrodes. The radius for disk (r1), inner ring

radius (r2) and outer ring radius (r3) were 2.26, 2.46, and

Fig. 1 CVs of 0.25 mmol L-1 [Ru(bpy)3]2? (pH 7.2) in the absence

(1) and the presence of (2) 0.1 mmol L-1 DHP (3) 0.03 mmol L-1

HTAC, (4) 0.1 mmol L-1 DHP/0.01 g L-1 SWCNTs. Scan rate

0.5 V s-1. The inserted diagram shows the photographs of test

solutions from (1) to (4)
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2.69 mm, respectively. The Pt disk (Adisk = 0.160 cm2)

and Pt ring (Aring = 0.037 cm2) were used as working

electrodes. Prior to each experiment, the working elec-

trodes were first polished with 0.5 lm and 0.1 lm alumina

pastes on a polishing cloth, respectively; and then, the Pt–

Pt electrode was cleaned by ultrasonic agitation in double

distilled water for about 10 min and further activated by

progressively voltammetric sweeping of 50 cycles at

50 mV s-1 scan rate in 0.5 mol L-1 H2SO4 solution in the

potential range from -0.2 to 1.3 V [32]. A Pt flat and a

saturated calomel electrode (SCE) were served as counter

electrode and reference electrode, respectively.

Steady-state emission spectra were recorded using

a RF-2500 spectrofluorimeter. The samples were excited at

450 nm. The luminescence species was immobilized by

placing the mixed solutions (30 lL) drop-wise onto the

ITO surfaces, and then keeping at a constant temperature of

40 �C for 60 min to evaporate the solvent. The mixed

solutions contained 0.2 mmol L-1 [Ru(bpy)3]2?, 0.1 mmol

L-1 guanine and/or 0.1 mmol L-1 DHP.

All the measurements were performed at room temper-

atures (25–27 �C).

3 Results and discussion

3.1 Electrocatalysis of [Ru(bpy)3]2? for guanine

oxidation tuned by surfactants

Curves 1 and 2 of Fig. 2 is the differential pulse voltam-

mograms (DPVs) of 0.1 mmol L-1 [Ru(bpy)3]2?/0.1 mmol

L-1 guanine in the absence and the presence of 0.18 mmol

L-1 DHP on the ITO electrode, showing two well-defined

oxidative waves (peaks I and II). Compared with the

oxidation of [Ru(bpy)3]2? (curve 3) or guanine (curve 4)

alone, the peak I is attributed to Ru(III)/Ru(II) reaction.

In the absence of DHP, similar to the previous reports [33],

[Ru(bpy)3]2? can mediate the oxidation of guanine

(peak II) as indicated in curve 1 of Fig. 2. The presence of

anionic DHP leads to a significant increase of peak II

current and a negative shift of peak II potential, revealing

that an appropriate amount of DHP facilitates the mediated

oxidation of guanine on the ITO electrode (see the inset of

Fig. 2). To illustrate the oxidative mechanism of guanine

mediated by [Ru(bpy)3]2? upon incorporation of surfac-

tants, the following factors are analyzed:

3.1.1 Effects of DHP concentration

In the presence of 0.18 mmol L-1 DHP, peak II potential

negatively shifted to 0.888 V from 0.942 V and peak II

current value increased to 37.3 lA from 22.0 lA in

contrast to that without DHP. This result suggests that the

aggregates containing [Ru(bpy)3]2?, DHP and guanine

may be formed and the presence of DHP facilitates the

electron transfer between Ru(II)-based aggregates and ITO

surface. To further clarify the formation of the aggregates,

Fig. 3 shows the emission spectra of [Ru(bpy)3]2? in the

presence of guanine and/or DHP. In the absence of guan-

ine, an intense emission is observed at 572 nm (curve 1),

arising from the Ru(II)-to-ligand (dp–p*) electron transi-

tion [34, 35]. The addition of guanine leads to a decrease in

the luminescence with a red-shift of 5 nm in peak position

(curve 2), attributed to the association of [Ru(bpy)3]2? with

guanine on the surface by the p–p stacking interaction [36,

37]. When a given mass of DHP was introduced to

[Ru(bpy)3]2? in the presence of DNA, as shown in curve 3

of Fig. 3, the photoluminescence of [Ru(bpy)3]2? associ-

ated with guanine is decreased by DHP. This result is in

good agreement with the observations from DPVs in

Fig. 2, suggesting the formation of the aggregates con-

taining [Ru(bpy)3]2?, DHP and guanine. The guanine and

guanine/DHP in the aggregates may be served as the

electron acceptors to influence [Ru(bpy)3]2?-based excited

state luminescence [38], leading to a decrease in the

emission intensity and a shift in emission peak.

On the other hand, although the peak I potentials do not

show a significant shift and the baseline of peak I has

a downward adjustment due to the influence of peak II,

the peak I current shows an enhancement in the presence

of 0.18 mmol L-1 DHP (Fig. 2). This may be owed to

the influence of DHP on the mass transport process

of [Ru(bpy)3]2?, as shown in curves 1 and 2 of Fig. 1,

Fig. 2 The first DPVs of 0.1 mmol L-1 [Ru(bpy)3]2?/0.10 mmol

L-1 guanine (pH 7.2) in the presence of DHP (mmol L-1): 1 0, 2
0.18. The lines 3 and 4 are the first DPVs of 0.1 mmol L-1

[Ru(bpy)3]2? and 0.10 mmol L-1 guanine, respectively. The inset
shows the relation of oxidative peak II current with DHP

concentration
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the addition of DHP increases redox peak currents of the

[Ru(bpy)3]3?/2? reaction in the absence of guanine.

According to the dependence of peak current on the square

root of scan rate under mass transport control, the diffusion

coefficients of [Ru(bpy)3]2? in the absence and presence of

0.1 mmol L-1 DHP via the Randles-Sevčik equation are

5.88 9 10-6 cm2 s-1 and 7.84 9 10-6 cm2 s-1, respec-

tively [32]. The result suggests that the association of

[Ru(bpy)3]2? with DHP facilitates its mass transport in

electrolyte solution.

3.1.2 Effects of scan rate and voltammetric sweeping

number

In the presence of [Ru(bpy)3]2? and DHP, as depicted by

Fig. 4, the peak II reaction only exhibits an oxidative wave

on the forward curve and no reductive wave is observed on

the reversal sweeping. This result is similar to the oxidation

of guanine on various solid electrodes, showing an irre-

versible process due to the strong adsorption of 8-oxo-

guanine product [7, 39]. With increasing scan rate, the peak

II is shifted to a more positive potential and shows a linear

relation with the square root of scan rate (see the inset of

Fig. 4). Furthermore, when the voltammetric sweeping

number increases, as shown in Fig. 5, the peak II exhibits a

continuous decrease, suggesting that the 8-oxo-guanine

product hinders the mediated oxidation of guanine by

[Ru(bpy)3]2? in the presence of DHP. However, under the

experimental conditions, the ITO surface suffers from less

fouling effects than that as reported previously [6, 7], and

the oxidized products of guanine hardly depress the redox

reaction of peak I.

3.1.3 Rotating ring-disk electrode measurement

When rotating Pt disk electrodes displace the static ITO

electrode, as shown in Fig. 6, an increase in the rotating

speed facilitates the mass transport of Ru(II)-based species.

Under mass-transport controlled conditions for the oxida-

tion of guanine in the presence of 0.1 mmol L-1 DHP, the

dependence of limiting current plateau on the square root

of rotation rate conforms to the Levich equation as depicted

by the inset of Fig. 6 [32]. However, when the DHP

concentration is less than 0.04 mmol L-1, no limiting

current plateau is observed, which is displaced by an

oxidative peak as shown in Fig. 7. This result reveals that

Fig. 3 Emission spectra of [Ru(bpy)3]2? (1), [Ru(bpy)3]2?-guanine

(2) and [Ru(bpy)3]2?-DHP-guanine (3) on the ITO surface (pH 7.2)

Fig. 4 CVs of 0.1 mmol L-1 [Ru(bpy)3]2?/0.10 mmol L-1 guanine/

0.1 mmol L-1 DHP (pH 7.2) at different scan rate (V s-1): 1 0.50, 2
0.40, 3 0.20, 4 0.10, 5 0.05. The inset shows the relation of oxidative

peak II current with the square root of scan rate

Fig. 5 Progressive DPVs of 0.10 mmol L-1 [Ru(bpy)3]2?/

0.10 mmol L-1 guanine/0.1 mmol L-1 DHP (pH 7.2)
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the addition of DHP facilitates the charge transfer between

the aggregates and electrode as well as the mass transport

process. Of course, with increasing the guanine concen-

tration, the limiting current plateau is transformed into an

oxidative peak due to an elimination of concentration

polarization in Fig. 8(a). Synchronously, when the ring

potential is held at 0.3 V, a well-defined current plateau is

observed at low guanine concentrations, suggesting that an

excess amount of [Ru(bpy)3]3? is reduced on the Pt ring

electrode, originated from the oxidative product of Pt

disk electrode. At high-guanine concentration, no signifi-

cant ring current is observed due to the complete con-

sumption of [Ru(bpy)3]3?.

When the neutral medium is adjusted to an acidic

medium, the height of disk current plateau is linear with the

guanine concentration in the range up to 0.16 mmol L-1 as

shown in Fig. 8(b), and the relative coefficient is 0.99.

These results imply that voltammetric measurement on the

rotating Pt electrode may be developed to monitor guanine

concentration changes catalyzed by [Ru(bpy)3] 2? reaction.

In acidic medium, the oxidation of guanine in the presence

of [Ru(bpy)3]2? conforms to the homogeneous electroca-

talysis, i.e., [Ru(bpy)3]3? generated from the oxidative

product of [Ru(bpy)3]2? on the disk electrode is coupled

with a homogeneous reaction of guanine.

Fig. 6 Voltammetric curves of 0.2 mmol L-1 [Ru(bpy)3]2?/

0.1 mmol L-1 guanine/0.1 mmol L-1 DHP (pH 7.2) on the Pt disk

electrode at different rotating rates (r s-1): 1 5, 2 10, 3 15, 4 20, 5 25,

6 30. Scan rate: 5 mV s-1, ring potential: 0.3 V. The inset shows the

relation of limiting plateau current at 1.2 V with the square root of

rotation speed

Fig. 7 Voltammetric curves of 0.2 mmol L-1 [Ru(bpy)3]2?/

0.1 mmol L-1 guanine (pH 7.2) on rotating Pt disk electrode with

15 r s-1 at different DHP concentrations (mmol L-1): 1 0, 2 0.005,

3 0.01, 4 0.04, 5 0.08. Scan rate 5 mV s-1

Fig. 8 Voltammetric curves of 0.2 mmol L-1 [Ru(bpy)3]2? on

rotating Pt–Pt electrode with15 r s-1 rotation rate at different guanine

concentrations (mmol L-1) with pH values of 7.2 (a) or 3.0 (b): 1 0,

2 0.01, 3 0.02, 4 0.04, 5 0.08, 6 0.12, 7 0.16. Scan rate: 5 mV s-1.

Ring potential: 0.3 V. The inset shows the relation of limiting

plateau current at 1.25 V (plot b) with guanine concentration
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3.1.4 Effects of cationic surfactant HTAC

When anionic DHP is substituted by cationic surfactants

such as HTAC, Fig. 9 reveals that an excess amount of

HTAC depresses the redox reactions of [Ru(bpy)3]2? and the

mediated oxidation of guanine, so the current values of peaks

I and II exhibit a decrease with the rise of HTAC concen-

tration. In the presence of 0.07 mmol L-1 HTAC, peak I

even disappeared and peak II potential shifted to 1.020 V

from 0.961 V. This result suggests that HTAC is hardly

served as bridging molecules to associate with the mediated

oxidation of guanine by [Ru(bpy)3]2? based on the electro-

static repulsion between cationic HTAC and [Ru(bpy)3]2?.

Furthermore, the adsorption of surfactants on the ITO elec-

trode may hinder the redox reaction of positively charged

[Ru(bpy)3]2? as shown in the curve 3 of Fig. 1, as a result,

high-HTAC concentration blocks the redox reactions of

[Ru(bpy)3]2? and the mediated oxidation of guanine.

To sum up the above discussion, in neutral medium in

the presence of DHPA (DHP anion), the mediated mech-

anism of guanine (G) by [Ru(bpy)3]2?, denoted as Ru(II),

is proposed as follows:

Ru IIð Þ þ 2DHPA þ G� Ru IIð Þ � DHPA2 � Gf g ð1Þ

Ru IIð Þ � DHPA2 � Gf g
� e �

ITO
Ru IIIð Þ � DHPA2 � Gf g ð2Þ

Ru IIIð Þ � DHPA2 � Gf g� Ru IIð Þ � DHPA2 � GOxf g

ð3Þ
Ru IIð Þ � DHPA2 � GOxf g� Ru IIð Þ þ 2DHPA þ GOx

ð4Þ

3.2 Electrocatalysis of [Ru(bpy)3]2? for guanine

oxidation tuned by DHP-SWCNTs

The results mentioned above show that the presence of

DHP promotes the mediated oxidation of guanine by

[Ru(bpy)3]2? in neutral medium. It is now interesting to

investigate whether the oxidation of guanine could be

influenced by single-walled carbon nanotubes (SWCNTs)

dispersed with DHP. For this reason, DHP-SWCNTs

displaces DHP to conduct the corresponding examination,

the result is shown in Fig. 10. When the SWCNTs con-

centration is fixed at 20 mg L-1 (curve 1), the increasing

concentration of DHP can promote the mediated oxidation

of guanine, as a result, the peak II current increases with

the rise of DHP concentration (see the inset of Fig. 10).

However, while the SWCNTs concentration is decreased to

10 and 5 mg L-1 (curves 2 and 3), respectively, the current

values of peaks I and II shows an increase compared with

that in the presence of 20 mg L-1 SWCNTs. In addition,

the current responses of peaks I and II at these SWCNTs

concentrations, are smaller than that in the absence of

SWCNTs (curve 4). This result suggests that the presence

of SWCNTs may weaken the mass transport process of

Ru(II)-based species in electrolyte solution due to the

association of Ru(II)-DHPA2-G aggregates with SWCNTs.

Of course, in the absence of guanine, the addition of

SWCNTs also weakens the mass transport of [Ru(bpy)3]2?,

the curve 4 in Fig. 1 exhibits a smaller current in com-

parison to the case without SWCNTs. These results provide

Fig. 9 The first DPVs of 0.10 mmol L-1 [Ru(bpy)3]2?/0.10 mmol

L-1 guanine (pH 7.2) at different concentrations of HTAC (mmol

L-1): 1 0.01, 2 0.03, 3 0.04, 4 0.05, 5 0.07. The inset shows the

relation of oxidative peak II current with HTAC concentration

Fig. 10 The first DPVs of 0.10 mmol L-1 [Ru(bpy)3]2?/0.10 mmol

L-1 guanine/0.1 mmol L-1 DHP (pH 7.2) in the presence of

SWCNTs (g L-1): 1 0.02, 2 0.01, 3 0.005, 4 0. The inset shows the

relation of oxidative peak II currents as a function of DHP

concentration in the absence (inverted dark triangle) and presence

of 0.005 (dark triangle), 0.01 (dark circle) or 0.02 (dark square)

g L-1 SWCNTs
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a significant foundation for monitoring the delivery of

drugs and biomolecules using CNTs as a transporter.

4 Conclusions

The electrocatalytic kinetics of [Ru(bpy)3]2? for guanine

oxidation strongly depends on the presence of anionic or

cationic surfactants and SWCNTs. In acidic medium, the

electrocatalytic process of [Ru(bpy)3]2? toward guanine

oxidation is under a diffusion control and corresponds to a

homogeneous electrocatalysis. In neutral medium, the

electrocatalysis of [Ru(bpy)3]2? for guanine oxidation is

promoted by anionic DHP and, however, hindered by an

excess amount of cationic HTAC or SWCNTs added to

solutions. The electrocatalytic mechanism of [Ru(bpy)3]2?

is proposed.
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