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Abstract

Scanning electrochemical microscopic (SECM) imaging of oligonucleotides and polynucleotides (poly[G] and calf thymus DNA)

immobilized onto aldehyde-modified glass substrates was achieved through oxidation of guanine residues on the DNA molecules by

SECM tip-generated Ru(bpy)3
3�. Several parameters affecting the tip current associated with the guanine oxidation reaction (e.g.

tip/substrate separation, the amount of guanine residues, and the voltammetric parameters) were investigated. The relationship

between the tip current and the DNA concentration used for immobilization was also studied. The potential of utilizing the tip-

generated Ru(bpy)3
3� to image DNA hybridization was demonstrated. This study demonstrates that SECM imaging based on

guanine oxidation is straightforward and sensitive and obviates the necessity of labeling the DNA targets with an electroactive

marker.
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1. Introduction

It is well known that many health problems ranging

from cancer to aging stem from oxidative damage of

DNA and guanine residues in the DNA molecules are

sites most susceptible to damages caused by various

physical processes and chemical agents (e.g. UV light,

ionizing radiation, and photoexcited dyes, etc.) [1]. A

great deal of attention has been paid to the under-

standing of the mechanism of guanine oxidation [2�/16].

It is generally believed that a common pathway for

guanine oxidation involves the conversion of guanine to

8-oxo-guanine:

Electrochemical methods have been demonstrated as

sensitive, selective, and cost-effective means for the

studies of DNA oxidative damage and for trace DNA

analyses [17,18]. Besides the inherent advantages, a

particularly attractive feature related to electrochemical

measurement of DNA hybridization is that label-free

DNA analysis or relatively straightforward DNA label-

ing with electroactive markers can be conveniently

carried out. For label-free analysis, guanine oxidation

is a commonly utilized route. Two variants are generally

encountered: (i) direct guanine oxidation at ca. 1.07 V

[19�/21], with oxidative current proportional to the

number of guanine residues; and (ii) guanine oxidation

via a redox mediator [4,6,15,22,23]. For variant (i),

Palecek et al. first studied the redox behavior of DNA

adsorbates and devised schemes to detect DNA at

ultratrace levels [17,21]. Recently, Wang et al. reported

chronopotentiometric determination of DNA hybridiza-

tion based on the oxidation of guanine residues of the

DNA samples [19,20]. As for variant (ii), Thorp and

coworkers, Nowall et al. and Shubiet et al. discovered

that Ru(bpy)3� electrogenerated at an electrode surface

can trigger guanine oxidation and have utilized success-
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fully this reaction to perform ultratrace DNA determi-

nation as well as to study the electron transfer reactions

of DNA of various sequences and structures [14,22�/30].

Scanning electrochemical microscopy (SECM) [31�/

35] is a relatively new electrochemical technique that

has shown great promise for the studies of immobilized

biomolecules and chemical and biological reactions at

the electrode j solution interface [36�/42]. Recently,

SECM imaging of surface-confined DNA molecules

and DNA hybridization in a highly localized surface

area has been developed [43,44]. For example, Takenaka

and coworkers reported their preliminary studies on the
direct SECM visualization of DNA microarrays with

the aid of an electroactive hybridization indicator [44].

We also explored the utilization of SECM to image

DNA hybridization with silver enhancement at a DNA

microarray [45]. Initial studies have shown that SECM

is a suitable technique for imaging DNA microarrays,

because of the compatibility of SECM imaging para-

meters (e.g. the relatively fast scanning speed, the
achievable spatial resolution, and the typical surface

area that can be imaged) to the microarray dimensions

(total microarray area and the size of a DNA spot).

We report here SECM imaging of surface-confined

DNA molecules and DNA hybridization through the

guanine oxidation induced by the tip-generated

Ru(bpy)3�. The guanine oxidation leads to an enhanced

tip current (referred to as SECM positive feedback or
catalytic current in this paper) which enables us to study

the electrode reactions occurring in the solution gap

formed between the tip and the DNA-covered substrate

and to image the surface before and after DNA

hybridization. Advantages of the SECM approach

include the separation of the oxidative current of

guanine by Ru(bpy)3� from that of direct guanine

oxidation and detection of guanine oxidation in a highly
localized region. Various parameters affecting the cata-

lytic current (e.g. the distance between the tip and the

DNA film, the types of DNA molecules, and the SECM

raster rates) were investigated. Imaging and quantifica-

tion of the immobilized DNA molecules and DNA

hybridization were performed. It is demonstrated that,

for the imaging of surface-confined DNA and DNA

hybridization, the method is label-free, substrate-gen-
eral, simple and sensitive.

2. Experimental

2.1. Chemicals

Tris(2,2?-bipyridyl) ruthenium(II) chloride (Ru(b-

py)3Cl2) and hexaamineruthenium(III) chloride
(Ru(NH3)6Cl3) were purchased from Strem Chemicals

(Newburyport, MA). Sodium phosphate, Tris �/HCl,

NaCl, Poly[G] (with an average molar weight of

100,000), Poly[C], and calf thymus DNA were all

acquired from Sigma and used without further purifica-

tions. Oligonucleotides were acquired from Integrated

DNA Technologies (Coralville, IA). The three oligonu-
cleotides used in this work have the following sequences:

(1): 5? GGG GGG GGG GGG GGG 3? (oligonu-
cleotide 1)

(2): 5? NH2C6 CCC CCC CCC CCC CCC 3?
(oligonucleotide 2, complement to 1)

(3): 5? NH2C6 CCA
¯

CCC CA
¯

C CCC A
¯

CC 3?
(oligonucleotide 3, three bases mismatching to the

sequence of 1 are underlined).

Washing buffer and microspotting solutions were

provided by TeleChem, International (Sunnyvale, CA).

All stock solutions were freshly prepared using deio-
nized water purified with a Millipore system (Millipore

Corp., Burlington, MA).

2.2. SECM apparatus

The SECM apparatus was constructed based on the
design described in Ref. [35]. A 11-mm-diameter carbon

fiber ultramicroelectrode (UME) was employed as the

SECM tip. The auxiliary and reference electrodes were a

Pt wire and a Ag j AgCl j KCl(sat) electrode, respec-

tively. The DNA-modified slide was sandwiched be-

tween a Teflon cell with an internal volume of about 1.5

ml and a Teflon base plate. This cell assembly was

secured onto a tilt platform (Edmund Industrial Optics,
Barrington, NJ).

Spotting DNA solutions onto aldehyde-modified

glass slides was accomplished as follows. A pin with

an internal volume of 0.6 ml (Model SMP4B, TeleChem

International) was first filled with the spotting solution.

The pin, mounted on a pinhead (TeleChem Interna-

tional) which had been affixed to a HPLC auto-sampler

(ISS-100, Perkin�/Elmer Corp., Norwalk, CT), was
brought into contact with the glass slide. We have

recently employed the device to make spots of an

average diameter of ca. 300-400 mm.[45]

2.3. Immobilization of DNA probes and hybridization

with DNA targets at glass slides

In a typical immobilization step, 1.0�/2.0 ml of a DNA

solution was spread onto the surface of an aldehyde-

modified glass slide and allowed to dry at ambient

temperature overnight. The glass slide was then rinsed

with a 0.2% sodium dodecyl sulfonate (SDS) solution

and deionized water to desorb any nonspecifically

adsorbed probes. The unreacted aldehyde groups on
the glass slide were deactivated by treating with a 0.3%

sodium borohydride solution for 5 min, followed by

rinsing with a SDS solution and water. The detection
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levels for polynucleotides and oligonucleotides were

assessed comparing current intensities given rise by the

different amounts of immobilized DNA. A glass slide

covered with the corresponding probe was exposed to 30
ml of a target DNA solution for 2 h at room tempera-

ture, followed by rinsing thoroughly with washing

buffer and water.

2.4. SECM imaging

Prior to detecting the surface-confined DNA mole-

cules, the UME tip was first positioned at a predeter-

mined distance from the sample surface by monitoring

the steady-state reduction current of Ru(NH3)6
3� at �/

0.4 V and comparing it to the IT�/L curve for the SECM

negative feedback behavior. The potential was then

switched to 1.1 V to oxidize Ru(bpy)3
2� that was present

in the same solution. The raster rate of the UME tip

across the surface was 10.0 mm s�1 for the polynucleo-

tide-covered surface or 20 mm s�1 for the oligonucleo-

tide-covered surface. Typical scan areas were 200 mm�/

200 mm or 500 mm�/500 mm.

3. Results and discussion

3.1. Detection of guanine oxidation via the SECM

feedback mode

The principle behind SECM imaging of surface-

confined DNA molecules via guanine oxidation can be

illustrated by the following electrode reactions[23]:

Ru(bpy)2�
3 �Ru(bpy)3�

3 �e� (2)

Ru(bpy)3�
3 �guanine 0 Ru(bpy)2�

3 �guanine� (3)

In a typical experiment, the UME tip potential was
held at a value where steady-state oxidation of

Ru(bpy)3
2� occurs (reaction (2)). The product,

Ru(bpy)3
3�, upon diffusion to the substrate surface,

can oxidize the guanine residues on the immobilized

DNA molecules (reaction (3)). The oxidized form of

guanine (guanine�) will undergo follow-up reactions to

form 8-oxo-guanine (see reaction (1)). Thus, some of the

Ru(bpy)3
3� will be reduced to regenerate Ru(bpy)3

2�,
giving rise to the SECM positive feedback. Note that

reaction 3 requires the participation of guanines and is

an irreversible process. This will lead to two special cases

in the operation of the SECM feedback mode: (1) when

the surface-confined DNA molecules do not contain any

guanine residues, reaction 3 will not take place and

Ru(bpy)3
2� will not be regenerated at a DNA-modified

glass surface. Consequently the SECM negative feed-
back response will be observed; and (2) when the UME

is affixed at a given distance to generate Ru(bpy)3
3�

continuously, the guanine residues directly underneath

the UME tip will eventually be exhausted. This will

result in a conversion of the positive feedback response

to the negative feedback behavior. Both scenarios will

be discussed in detail below.

Curves a�/c in Fig. 1 are normalized current�/distance

(IT�/L [46]) curves recorded during the approach of the

UME tip toward glass slides covered with Poly[G], an

oligonucleotide rich in guanines, and Poly[C], respec-

tively. For comparison, the current�/distance curve

acquired by bringing the tip close to a bare glass slide

is presented as curve d and the theoretical IT�/L

relationships for a conductive substrate and a noncon-

ductive substrate are shown by the solid dots and

squares in Fig. 1, respectively. As can be seen, curves

a and b both exhibited the SECM positive feedback

behavior during the initial approach to the Poly[G]- and

oligonucleotide-covered glass slides. However, the tip

currents in both cases began to decrease at certain

distance (L:/1.5) and the current decays followed the

shape of the IT�/L curve over an insulating surface. Such

an abrupt transition from positive to negative feedback

behavior can be attributed to the aforementioned

depletion of guanine residues via reaction (3). The

precipitous decline of the tip current suggests that

reaction (3) is a rapid process and the stoichiometric

amount of Ru(bpy)3
3� generated at the UME tip had

exceeded that of the guanine residues at the surface. Our

observations are consistent with the relatively high

second-order reaction rate constant for reaction (3)

reported by Johnston and Thorp (ranging from 102 to

105 M�1 s�1 [47]). The effect of different concentrations

of Ru(bpy)3
2� on the IT �/L relationships was also

examined at different Poly[G] surface concentrations.

It was found that the SECM feedback current depends

Fig. 1. Normalized current�/distance curves recorded over glass

substrates modified with: (a) Poly[G] (through soaking the surface in

a 0.88 mg ml�1 Poly[G] solution; (b) a guanine-rich 15-mer (0.10 mg

ml�1); and (c) Poly[C] (1.0 mg ml�1). The current�/distance curve over

an aldehyde-modified glass substrate unexposed to any DNA solution

is shown as curve (d). The filled circles and squares are theoretical tip

current values over a conductive surface and an insulating surface,

respectively. The rate at which the UME tip approached samples was

5.0 mm s�1.
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on both the Poly[G] surface concentration and the

concentration of Ru(bpy)3
2�. If the surface concentra-

tion of Poly[G] (high surface coverage) is high, the

feedback current increased with the Ru(bpy)3
2� concen-

tration. On the other hand, if the surface concentration

of Poly[G](low surface coverage) is low, the feedback

current decreases with the Ru(bpy)3
2� concentration. At

a high Ru(bpy)3
2� concentration (5.0 mM), negative

SECM feedback currents were observed (data not

shown). The relatively short time frame for the conver-

sion from the SECM positive feedback to the SECM

negative feedback implies that the UME tip should be

rastered at a relatively fast rate during the imaging of

DNA films in order to avoid significant alteration of the

guanine surface concentration.

Curves c and d in Fig. 1 are essentially congruent and

almost completely overlap with the IT�/L curve for the

SECM negative feedback behavior. The drastic differ-

ence between curve c and curves a and b therefore forms

the basis of performing sequence-specific DNA analysis

with SECM.

The dependence of the tip current on the electrolysis

time and on the separation between the UME tip and

the DNA film were investigated. Shown in Fig. 2 are a

series of cyclic voltammograms of Ru(bpy)3
3�/2� re-

corded over Poly[G]-modified glass slides and a bare

glass slide at different tip/substrate separations. It can be

seen from Fig. 2 that the Ru(bpy)3
3�/2� redox reaction

in the bulk solution yielded a typical sigmoidal voltam-

mogram (curve a). When the tip was positioned ca. 5.0

mm over a bare glass slide, the tip current was decreased

due to the hindered diffusion of Ru(bpy)3
2� into the gap

formed between the tip and the glass slide (curve b). The

shape of the Ru(bpy)3
2� voltammogram over a Poly[G]-

modified glass slide, on the other hand, was no longer

sigmoidal (curve c). During the forward scan, the overall

tip current was much greater than that associated with

the bulk Ru(bpy)3
2� oxidation current. This increase can

be ascribed to the catalytic current [11,12] or the

regeneration of the Ru(bpy)3
2� via reaction (3). The

appearance of the small peak and the much diminished

current during the reverse scan also confirms that the

guanine residues at the substrate surface had been

consumed to a great extent and the regeneration of
Ru(bpy)3

2� became sluggish or ceased. Such a conten-

tion is also reflected by the rapid current decay shown

by curves a and b in Fig. 1. The timeframe within which

the surface-confined guanine residues are depleted by

the tip-generated Ru(bpy)3
3� can be estimated from the

current decay in curve c. It can be deduced from the

voltammetric current variation in curve c that, at a tip/

substrate separation of 5 mm, about 50% of the total
guanine residues would be depleted after 4.8 s. Therefore

a relatively rapid raster rate should be implemented for

the SECM imaging of surface-bound DNA molecules.

We found that a raster rate of 10 mm s�1 was sufficient

for avoiding artifacts in the SECM images.

It is worth noting that IT depends not only on the

guanine surface concentration, but also on the distance

between the UME and the substrate, the diffusion
coefficient of Ru(bpy)3

3�/2�, and the binding affinity

of Ru(bpy)3
3�/2� toward DNA. Among these factors,

the dissociation of Ru(bpy)3
2� with the surface-confined

DNA molecules is particularly important. If the binding

between Ru(bpy)3
2� and DNA were strong or irrever-

sible, little catalytic or SECM positive feedback current

would be monitored. As shown in Fig. 1a and 1b, IT

increases inversely with the distance between the UME
tip and the substrate surface, suggesting that Ru(bpy)3

2�

produced by the guanine oxidation can dissociate

rapidly from the DNA/Ru(bpy)3
2� complex. It is known

that the ionic strength of the solution affects the

association of metal complexes with DNA molecules.

Thus, two approaching curves were obtained by using

different NaCl concentrations (ionic strengths) in the

phosphate buffer solutions. The SECM feedback cur-
rent in the solution of low ionic strength (50 mM

phosphate buffer) was found to be only slightly (�/12%)

greater than that of high ionic strength (a 50 mM

phosphate solution containing 1.0 M NaCl). This trend

is consistent with the findings by Thorp and co-workers

who studied the binding interactions between DNA and

Ru(bpy)3
3�/2� at a submillimeter-sized carbon electrode

and showed that a large catalytic current could be
produced in solutions of a low ion strength [11,47].

Therefore, a relatively low electrolyte concentration (50

mM phosphate buffer) was used in this work.

3.2. Imaging and quantification of surface-immobilized

oligonucleotides and polynucleotides

We utilized the SECM feedback mode to image

surface-confined oligonucleotides and polynucleotides.
Fig. 3a�/c are representative SECM images of a Poly[G]-

modified glass substrate, a glass substrate covered with

the guanine-rich 15-mer, and a glass substrate contain-

Fig. 2. Cyclic voltammograms of Ru(bpy)3
3�/2� recorded in 50 mM

phosphate buffer solutions containing 1.0 mM Ru(NH3)6
3� and 100

mM Ru(bpy)3
2� collected (a) in bulk solution; (b) over a bare glass

slide; and (c) over a Poly[G]-modified glass slide. The scan rate was 100

mV s�1 and the tip was positioned ca. 5 mm over the glass substrate.
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ing calf thymus DNA, respectively. Clearly, SECM is

capable of detecting surface-immobilized DNAs that

contain guanine residues. By comparing the current

intensities of these images, it is clear that the SECM

feedback current arising from the Poly[G]-modified

surface is greater than that yielded by the oligonucleo-

tide-covered substrate. This is not unexpected since

Poly[G]s have longer strands abundant in guanine

residues than the oligonucleotide counterpart. Interest-

ingly, a comparison between Fig. 3a and b reveals that

the surface coverage of the oligonucleotide appears to be

larger than that of Poly[G]. Thus it seems that,

oligonucleotides, being shorter, probably experienced a

smaller steric hindrance during their immobilization

onto the surface and consequently can be packed more

densely. This contention is supported by other studies

that showed the influence of DNA strand length on the

surface density of immobilized DNA molecules at

various surfaces [48�/51]. For example, the surface

density of a long DNA (2691 bp) is ca. 3�/1010

molecules cm�2 on a silicon wafer [50], while that of a

short synthetic oligonucleotide is ca. 5.3�/1012 mole-

cules cm�2 [51].

The relationship between the SECM tip current and

the DNA concentration used in the DNA immobiliza-

tion step was examined. Fig. 4 shows background-

subtracted tip currents (IT�/IT,b) plotted against the

concentrations of both Poly[G] and the 15-mer. In

obtaining IT�/IT,b, microspots of Poly[G] or the 15-

mers were formed and the tip was scanned over these

spots (vide infra). The tip current over regions without

DNAs (IT,b) was subtracted from the tip current at the

center of the spot (IT). Two trends are worth noting.

First, the slope of curve a (m) is much steeper than that

of curve b (j), especially in the concentration range

between 1.0 nM and 1 mM. This is not surprising

because the SECM sensitivity for detecting DNA

molecules containing more guanine residues should be

higher. Second, for both types of DNAs, the tip currents

appear to level off beyond 1 mM. This can be interpreted

Fig. 3. SECM images of (a) a Poly[G]-modified glass slide (formed by

immersing the slide in a 0.88 mg ml�1 Poly[G] solution), (b) a glass slide

covered with a 15-mer rich in guanine (immersing the slide in a 0.1 mg

ml�1 15-mer solution), and (c) a calf thymus DNA-covered glass slide

(formed using a 0.75 mg ml�1 DNA solution). The tip was brought

close to the surface at a rate of 5 mm s�1 and positioned ca. 5 mm over

each surface. Raster rate of the UME tip across the surface was 10 mm

s�1.

Fig. 4. Background-subtracted tip currents plotted as a function of the

DNA concentrations used for the DNA immobilization. (m) Poly [G];

(j) 15 mer rich in guanine. For Poly[G] immobilization, the

concentrations were 4.4, 0.44, 0.044 and 0.0044 mM, respectively,

whereas for the 15-mer immobilization, the concentrations were 6.7,

0.67, 0.067 and 0.0067 mM.A 1.0 ml of each solution was used for the

immobilization and a tip raster rate of 20 mm s�1 was employed.
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on the basis that, once the DNA concentration in the

solution has exceeded a certain level, the surface will be

readily saturated with DNA molecules under the

experimental conditions. Recalling the comparison of

the surface density of the 15-mer in Fig. 3b to that of the

Poly[G] in Fig. 3a, the higher SECM current given by

curve a (m) in Fig. 4 indicates that the total units of

guanines associated with Poly[G] are still far more

abundant that that on the 15-mer, even though the

surface coverage of the former is lower.

The SECM detection levels for both Poly[G] and the

15-mer DNA were estimated. The lower ends of curves

4a and 4b correspond to 4.0 and 7.0 fmol in the coating

solutions used for the DNA immobilization, respec-

tively. It is worth pointing out that DNAs detected by

SECM were only those bound to the surface and not all

of the DNA molecules in the coating solutions had been

immobilized onto the surface. Thus, the actual amounts

of DNA immobilized might have been even lower. In

fact, we have imaged successfully a microspot contain-

ing 0.2 fmol Poly[G] on an aldehyde-modified glass slide

by spotting 1.0 nl of a 0.2 mM Poly[G] solution onto a

400 mm�/400 mm area (image not shown).

3.3. SECM detection of DNA hybridization

Finally, we attempted to image DNA hybridization

through monitoring the tip current arising from oxida-

tion of duplexes formed between immobilized probes

and the DNA targets in a solution. The two SECM
images displayed in Fig. 5 contrast the changes of a

surface caused by DNA hybridization. As is shown in

Fig. 5a, the UME tip current was essentially invariant

across the surface that has been covered with Poly[C]

and the overall tip current was low. Upon exposing the

same surface to a Poly[G] solution, the tip current was

much enhanced and features became observable (Fig.

5b). It is therefore clear that imaging DNA hybridiza-

Fig. 5. SECM images of (a) a Poly[C]-modified glass slide (through soaking an aldehyde-modified glass slide in a 1.00 mg ml�1 Poly[C] solution), (b) a

Poly[C]-modified substrate that had been exposed to a Poly[G] (0.88 mg ml�1) solution for 2 h. Images (c) and (d) show the surfaces of oligonucleotide

2- and oligonucleotide 3-modified glass slides upon exposure to a 4.0 ng ml�1 oligonucleotide 1 solution for 2 h, respectively. Tip raster rates of 10 mm

s�1 for (a) and (b) and 20 mm s�1 for (c) and (d) were employed.
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tion at a DNA sensor surface can be carried out by

SECM. In a separate experiment, we conducted a

preliminary study using SECM to image DNA hybridi-

zation occurring at a localized surface region. Fig. 5c is
an image of a surface originally modified with oligonu-

cleotide 2 (whose sequence was given in Section 2) upon

undergoing hybridization with its 15-mer complement

(oligonucleotide 1). As a control, a glass surface was

modified with a different probe (oligonucleotide 3) that

contains 3 bases mismatching the sequence of oligonu-

cleotide1 (Fig. 5d). Since Fig. 5c shows a microspot

(with a diameter of ca. 350 mm) but no microspot can be
discerned in Fig. 5d, it is apparent that sequence-specific

DNA analysis can be performed with SECM in a

localized area.

Although unexplored in this work, the fact that

microspots containing DNA duplexes can be imaged

by SECM and sequence specificity can be achieved

suggests that SECM could be a useful technique for

imaging DNA microarrays. It is worthwhile to contrast
briefly the SECM imaging of surface-confined DNAs

via their guanine oxidation to other processes that have

been recently utilized in conjunction with SECM

imaging of DNA-modified surfaces. In the report by

Takenaka and coworkers [44], an electroactive inter-

calator that was designed to interact specifically with

DNA duplexes was used as the SECM mediator to

signal the DNA hybridization. However, the mechanism
for the SECM detection was not clear, as whether the

SECM tip was in contact with the DNA duplexes on the

surface to produce the enhanced tip current was difficult

to elucidate. In a separate work, we exploited the

staining of the DNA microspots on a microarray, which

have undergone hybridization with silver particles and

showed that SECM is capable of distinguishing the

small variation in surface conductivity caused by the
deposition of the silver particles in regions where

sequence-specific hybridization had occurred [45], Com-

pared to these two detection schemes, the present

method is the simplest in that post-hybridization treat-

ment or a special mediator is not needed to map the

microspot. Moreover, the detection mechanism can be

well understood given the systematic and detailed

mechanistic and kinetic studies by Thorp and coworkers
[11,23,47] and other research groups [15]. However, the

present method has two limitations: (1) the duplex must

contain guanine residues in order to be sensed; and (2)

the detection is destructive (i.e. the same surface cannot

be imaged repeatedly because of the irreversibility of

reaction (2)). Despite the two limitations, SECM

imaging of surface-immobilized DNAs and DNA hy-

bridization via guanine oxidation is still an attractive
approach owing to its simplicity, sensitivity, and versa-

tility. For example, Thorp’s group indicates that elec-

trochemical detection of trinucleotide repeats containing

guanines, guanine doublets, and guanine quartets in

multistranded DNA structures can all be accom-

plished.[25,30] Therefore, we expect that the incorpora-

tion of SECM as a new detection method should

provide the opportunity of performing spatially resolved
detections at a sensitive level.

4. Conclusions

This work demonstrates that SECM imaging of

surface-confined single-stranded oligonucleotides and
polynucleotides and their hybridization with targets in

solutions can be realized through the tip-induced

oxidation of guanine residues on the DNA molecules.

Guanine oxidation can be achieved by generating

Ru(bpy)3
3� at the tip electrode that is positioned close

to the DNA molecules immobilized at the substrate

(sensor) surfaces. Positive SECM feedback will be

observed when the tip-generated Ru(bpy)3
3� has not

completely consumed the guanine residues of the sur-

face-confined DNA molecules. Several parameters that

affect the guanine oxidation reaction (e.g. the DNA

surface density and the amount of guanine residues)

were investigated. The relationship between the tip

current and the DNA concentration used for probe

immobilization was studied. Finally, the utilization of

SECM to image DNA hybridization was demonstrated
through the oxidation of duplexes formed between

Poly[C] molecules immobilized onto a glass substrate

and the Poly[G] targets in a sample solution. Localized

oligonucleotide hybridization can also be monitored by

SECM. Imaging of DNA hybridization via guanine

oxidation, though destructive, is simple (labeling of the

target with an electroactive marker or post-hybridiza-

tion treatment is obviated), sensitive, and spatially
resolved.
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