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Abstract

The target DNA was immobilized successfully on gold colloid particles associated with a cysteamine monolayer on

gold electrode surface. Self-assembly of colloidal Au onto a cysteamine modified gold electrode can enlarge the

electrode surface area and enhance greatly the amount of immobilized single stranded DNA (ssDNA). The electron-

transfer processes of [Fe(CN)6]4�/[Fe(CN)6]3� on the gold surface were blocked due to the procedures of the target

DNA immobilization, which was investigated by impedance spectroscopy. Then single stranded target DNA

immobilized on the gold electrode hybridized with the silver nanoparticle�/oligonucleotide DNA probe, followed by

the release of the silver metal atoms anchored on the hybrids by oxidative metal dissolution, and the indirect

determination of the released solubilized AgI ions by anodic stripping voltammetry (ASV) at a carbon fiber

microelectrode. The results show that this method has good correlation for DNA detection in the range of 10�/800

pmol/l and allows the detection level as low as 5 pmol/l of the target oligonucleotides.
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1. Introduction

The development of DNA sensors attracts

recent research efforts directed to gene analysis,

identification of genetic disorders, tissue matching,

and forensic application [1,2]. An electrochemical

DNA biosensor is a novel and promising alter-

native method for sequence-specific DNA diag-

nosis and detection due to its advantages of being

cheap, sensitive and rapid. With the development

of electrochemical DNA biosensors, electrode

surface-immobilization techniques for stable and

highly dense single stranded DNA (ssDNA)

monolayer become more important. There are

many reported methods for surface-immobilizing
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ssDNA on the electrode surface, such as chemical
adsorption [3,4], covalent-binding [5�/8], the anti-

gen�/antiody interaction [9], electrostatic attrac-

tion [10�/15] and co-polymerization [16]. DNA

immobilization amounts on these electrodes were

also reported. Surface densities of ssDNA with a

mercaptohexyl group at the 5?-phosphate end on

gold electrodes vary in the range of 1�/4�/1013

molecules/cm2 [17]. The detection limits of electro-
chemical DNA biosensors reported by several

groups [9�/15] were about 5�/10�9 mol/l. It is

necessary to set up one new method to improve the

sensitivity of electrochemical DNA biosensor.

Brossier [18] used a disposable electrochemical

biosensor for the detection of DNA sequences

related to the human cytomegalovirus (HCMV).

Wang’s team [19�/22] described an electrochemical
coding technology for the simultaneous detection

of multiple DNA targets based on nanoparticle

tags with diverse redox potentials. Such encoding

nanoparticles thus offer a voltammetric signature

with distinct electrical hybridization signals for the

corresponding DNA targets. In this work, colloi-

dal Au was used to enhance the DNA immobiliza-

tion capacity on a gold electrode, and
oligonucleotide-functionalized nanoparticles as

probes provided a highly sensitive and selective

detection format for DNA. In order to improve

the sensitivity of AgI ion detection, 15 mm diameter

microelectrode, made of carbon fiber, and highly

sensitive anodic stripping voltammetry (ASV) were

employed. It was thus possible to achieve picomo-

lar detection of the target oligonucleotides. We
offer the opportunity to develop an inexpensive,

simple, electrochemical detection way.

2. Experimental

2.1. Reagents

Chitosan oligomer (1.0% solution in 1.0% acetic
acid) and sodium dodecylsulfate (SDS) were

purchased from Sigma (USA). The following

buffers were used: 0.1 mol/l PBS (0.1 mol/l

NaCl�/10 mmol/l sodium phosphate buffer, pH

7.0); 0.3 mol/l PBS (0.3 mol/l NaCl�/10 mmol/l

sodium phosphate buffer, pH 7.0); PB (4.3 mM

NaH2PO4, 15.1 mM Na2HPO4, and 50 mM NaCl,
pH 7.4); TE buffer (10 mmol/l Tris�/HCl�/1.0

mmol/l EDTA, pH 8.0). Trisodium citrate,

HAuCl4, KBr, AgNO3, NaBH4, K4Fe(CN)6,

K3Fe(CN)6, and other reagents were commercially

available analytical reagent grade.

The DNA used was purchased from Beijing

AuGCT Biotechnology Co., Ltd. (Beijing, China).

target: 5?-SH-(CH2)6-ATACTGGCCGTCG-

TATTACAACGTCGTGGT-3?;
probe: 5?-SH-(CH2)6-ACCACGACGTTG-
TAATACGACGGCCAGTAT-3?;
one-mismatch containing sequences: 5?-SH-

(CH2)6-ATACTGGCCGTCGTTTTA-

CAACGTCGTGGT-3?.

All solutions were prepared with ultrapure

water from a Millipore Milli-Q system.

2.2. Instrumental

UV�/vis measurements were performed with a

Cary 100 Spectrophotometer (VARIAN, USA)

and optical wavelength range was selected from

300 to 700 nm.
Transmission electron microscopy (TEM) of Au

nanoparticles was taken with a JEOL-JEM-2010

transmission electron microscope operating at 200

kV (JEOL, Japan). Samples for TEM were pre-

pared by casting one drop of colloidal Au onto a

standard carbon-coated (200�/300 Å) formvar

films on copper grid (230 mesh).

ASV measurements were carried out on a CHI
660 electrochemical analyzer (CHI Inc., USA),

using a conventional three-electrode electrochemi-

cal cell. The electrodes were a carbon fiber

microelectrode (F�/15 mm), an Ag/AgCl (satu-

rated KCl) reference electrode, and a Pt coil

counter electrode. A macroscopic gold electrode

(F�/2 mm) was used for the target DNA im-

mobilization and probe hybridization procedure.
The AC-impedance measurements were performed

with a Solartron 1470 Battery Test Unit and a

Solartron 1255 B Frequency Response Analyzer

(Solartron Inc., England) for 2.5 mM

K4[Fe(CN)6]�/2.5 mM K3[Fe(CN)6] in 0.1 M

KNO3 and TE buffer (pH 8.0) solution. A
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sinusoidal potential modulation of 9/5 mV ampli-
tude was superimposed on the formal potential of

the redox couple of [Fe(CN)6]4�/[Fe(CN)6]3�

(0.22 V vs. Ag/AgCl). The impedance data were

fitted to an electrical equivalent circuit using the

ZPLOT/ZVIEW software (Scribner Associates Inc.).

The equivalent circuit provides an electrical ana-

logue of chemical/physical processes probed by

AC-impedance measurements. Prior to the experi-
ments, the electrolyte solutions were deoxygenated

through bubbling with high-purity nitrogen for at

least 20 min. All experiments were carried out at

room temperature.

2.3. Preparation of Au colloids and Ag colloids

100 ml aqueous solution containing 0.1 mM
HAuCl4 and 0.15 mM trisodium citrate was

prepared (here, trisodium citrate acted as a cap-

ping agent and thus restricted the growth of Au)

[23]. Next, 1 ml of 0.05 M NaBH4 solution was

added at once into the gold solution under

continuous stirring. Aqueous solution was then

mixed and stirred vigorously for 2 h. Prepared Au

colloid was stored in a dark glass bottle at 4 8C for
further use.

Silver nanoparticles were prepared according to

the literature [24] by sodium borohydride reduc-

tion of AgNO3. Ice-cold AgNO3 (1�/10�3 mol/l)

and equal volume of NaBH4 (3.0�/10�3 mol/l)

were mixed dropwise, with stirring, in an ice-bath,

continuously stirred while it was allowed to cool to

room temperature. The solution was subsequently
filtered through a cyclopore membrane (polycar-

bonate filter). The final silver nanoparticles pre-

pared by this method have an average diameter of

259/3 nm as measured by transmission electron

microscope.

2.4. Preparation of self-assembled monolayers

(SAMs) of Au colloidal and immobilization of

DNA on the gold electrode surface

The gold electrode was mechanically polished

with 1, 0.3 and 0.05 m Al2O3 and washed ultra-

sonically with double distilled water, subsequently

electrochemically cleaned in 1 M H2SO4 by

potential scanning between �/0.2 and 1.55 V until

a reproducible cyclic voltammogram was ob-
tained. Then it was rinsed with copious amounts

of double distilled water and dry ethanol in turn,

finally blown dry with high-purity nitrogen before

monolayer adsorption. The monolayers were

formed through placing the clean bare gold

electrode into a freshly made 0.1 M deoxygenated

cysteamine aqueous solution for 2 h at room

temperature in darkness. After adsorption, the
gold electrode modified with cysteamine was

thoroughly rinsed with double distilled water to

remove physically absorbed cysteamine. Then the

cysteamine modified electrode was dipped into an

Au colloid solution (5�/10�10 mol/l, pH 3.5) in

darkness for 8 h at 4 8C to form Au colloidal

modified electrode. The electrode was thoroughly

rinsed using lot of double distilled water, subse-
quently blown dry with high-purity nitrogen.

Finally, the Au colloid/systeamine/gold electrode

was dipped into 1 ml of 0.3 mol/l phosphate buffer

(pH 7.0) solution containing various concentra-

tions of oligonucleotide at room temperature for

120 min, resulting in that ssDNA was immobilized

on the colloidal Au-modified gold electrode. After

thoroughly rinsing the electrode with 0.1% SDS
phosphate buffer (pH 7.0), it was kept in a TE

buffer (pH 8.0) at 4 8C. The immobilization

processes of ssDNA onto the colloidal Au self-

assembled monolayer modified gold electrode and

the detection method of DNA are shown in

Scheme 1.

2.5. Preparation of silver-nanoparticle-labeled

oligonucleotide DNA probe and probe hybridization

Silver nanoparticle�/oligonucleotide conjugates

were synthesized by derivatizing 5 ml of silver

nanoparticle solution with 8�/10�5 g 5?-mercap-

tohexyl-capped oligonucleotides. After standing

for 20 h at room temperature, the pH and ionic

strength of the solution were adjusted with phos-

phate buffer (0.08 mol/l, pH 7.4) and allowed to
stand for other 6 h. Then, the total NaCl

concentration of the solution was adjusted to 0.1

mol/l with NaCl. After an additional 72 h, the

nanoparticles were isolated by centrifugation for

30 min at 12 000 rpm. The resulting DNA nano-

particle precipitate was washed with 0.1 mol/l PBS.
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The metal�/oligonucleotide probe solution was
stored at �/5 8C. Different concentrations were

prepared by diluting with 0.3 mol/l PBS solution.

The hybridization reaction was carried out by

immersing the target DNA immobilized on the

gold electrode in the prepared solution of silver-

nanoparticle-labeled oligonucleotide DNA probe

solution, and incubated at 37 8C for 60 min with

nonstop shaking. After that, the electrode was
washed three times with 0.1% SDS phosphate

buffer (pH 7.0) to remove the unhybridized

DNA probes.

2.6. Silver metal dissolution and electrochemical

detection

The silver nanoparticles, which linked to the

hybrids on the gold electrode surface, were dis-

solved by immersing the modified gold electrode in

an analytical cell containing 200 ml of 50% HNO3

solution for 10 min to ensure that the silver

dissolution was completed [25]. After the gold
electrode was removed, 100 ml of 0.1 M KBr and

200 ml of 0.1 M KNO3 buffer were added into the

cell, then the carbon fiber microelectrode (as the

working electrode) was inserted into the cell.

Reaction of the releasing AgI ions with the Br�

leads to the formation of the AgBr sedimentation,

and then leads to the formation of the [AgBr2]�

with too much Br�, which is easy to be detected

by ASV. AgI ions were cathodically electrodepos-

ited at �/0.5 V for 120 s, and immediately detected

by anodic stripping (peak current ip,a at �/0.03 V)

at 50 mV/s. This analytical response is directly

proportional to the amount of target DNA.

3. Results and discussion

3.1. Electrochemical characteristics of self-

assembled monolayer of Au colloidal and DNA

immobilization on the gold electrode

The diameter of the Au colloid was measured by

UV�/vis spectra and TEM image in Fig. 1. UV�/vis

spectroscopy showed an absorbance maximum at

505 nm and TEM micrograph showed that the

average size of the Au colloid was about 6 nm [23].

On the gold electrode surface, the SAMs of
chemisorbed cysteamine has been used as the base

interface for the deposition of the Au colloid. It

was believed that the thiol group of cysteamine

bound to Au surface leaving the amine group free

(in acid condition, here, pH 3.5) to bind with Au

colloids introduced in solution.

Scheme 1. The schematic illustration of the processes of the immobilization of DNA onto the gold electrode and detection by using Ag

labeled complementary DNA.
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Electrochemical impedance spectroscopy (EIS)
can give information on the impedance changes of

the electrode surface in the modification process.

In EIS, the semicircle diameter of EIS equals the

electron transfer resistance, Rct, which controls the

electron transfer kinetics of the redox-probe at the

electrode interface. Complex impedance plots of

2.5 mM K4[Fe(CN)6]/2.5 mM K3[Fe(CN)6] at bare

gold electrode (a), cysteamine/gold electrode (b),
Au colloid/cysteamine/gold electrode (c), target

DNA/Au colloid/cysteamine/gold electrode (d)

are shown in Fig. 2, and the corresponding

equivalent circuit mold is shown in Scheme 2.

The semi-circle at the high frequencies repre-

sents the response of heterogeneous charge trans-

fer kinetics. The relationships are given below

[26,27]:

Rct�RT=(nFio) (1)

io�nFAkoC (2)

Herein, R, gas constant; T, room temperature; n,

the electron transfer number of the redox couple,

n�/1 as for [Fe(CN)6]4�/[Fe(CN)6]3�; F, Faraday

constant; io, the exchange current between the gold
electrode and the redox couple; A, the area of gold

electrode; ko, the charge transfer rate constant; C,

the concentration of the redox couple. ko could be

obtained from formula (1) and (2). The curve

simulated by equivalent circuit is preferably close

to the experimental impedance plot, which indi-

cates that the equivalent circuit is accurate. The

straight-line at the low frequencies is due to the

Fig. 1. UV�/vis spectra of Au colloidal solutions (a) and TEM image of Au colloid (b).

Fig. 2. Complex impedance plots of 2.5 mM K4[Fe(CN)6]/2.5

mM K3[Fe(CN)6] at bare gold electrode (a), the SAMs of

cysteamine/gold electrode (b), the monolayer of Au colloid/

cysteamine/gold electrode (c), and target DNA/Au colloid/

cysteamine/ gold electrode (d) in 0.1 M KNO3 and TE buffer

solution (pH 8.0). A sinusoidal potential modulation of 9/5 mV

amplitude was superimposed on the formal potential of the

redox couple of [Fe(CN)6]4�/[Fe(CN)6]3� (0.22 V vs. Ag/

AgCl). Applied frequency was from 106 to 0.1 Hz. Target DNA,

5?-SH-(CH2)6-ATACTGGCCGTCGTATTA-

CAACGTCGTGGT-3?.
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diffusion of the redox couple toward the gold

electrode. The diameters of the semi-circle repre-

sent the resistance of the layers, which indicates

their blocking behaviors for the electron-transfer

processes of the redox couple at gold electrode. It

is usually assumed that the electrode transfer of

[Fe(CN)6]4�/[Fe(CN)6]3� redox probe was

blocked by formation of a highly organized layers

on the electrode surface because these redox

species do not penetrate the layers into the

conductive electrode surface. The precipitate of

ko as an electrical barrier could be reflected by the

electron-transfer resistance of the redox probe of

[Fe(CN)6]4�/[Fe(CN)6]3�. It can be seen from

Fig. 2 that the bare gold electrode exhibits an

almost straight line, one characteristic of a diffu-

sion-limiting step of the electrochemical process.

After being immersed in cysteamine aqueous

solution, the EIS of the resulting assembled

cysteamine monolayer showed a higher interfacial

electron transfer resistance, for example Rct, 9676

V and ko, 3.50�/10�6 m/s in curve b, indicating

that the highly organized cysteamine monolayer

obstructed interfacial electron transfer of the

electrochemical probe. Immersion of 6-nm Au

colloidal on cysteamine SAMs modified electrode

results in a visible decrease in the semicircle

diameter, corresponding to a lower electron-trans-

fer resistance at the electrode interface. We note

that the semicircle of the monolayer of the Au

colloid approaches an almost straight line similar

to that of a bare gold electrode. This fast electrode-

transfer kinetics originates from the enlarged sur-

face areas of nano-Au colloidal layer. Rct of the

semicircle in Fig. 2d increased to 5.1 kV, and ko

diminished to 6.65�/10�6 m/s, indicating that the

effective immobilization of target DNA on the Au

colloidal monolayer.

The Au colloid modified gold electrode was

dipped into 1 ml of 0.3 mol/l phosphate buffer (pH

7.0) solution containing various concentrations of

oligonucleotide for 120 min at stir situation. At

last, the electrode was thoroughly rinsed with 0.1%

SDS phosphate buffer (pH 7.0) to remove physi-

cally adsorbed ssDNA. The complex impedance

behaviors of 2.5 mM K4[Fe(CN)6]/2.5 mM

K3[Fe(CN)6] at the target DNA/Au colloid/cystea-

mine/gold electrode under the effect of the con-

centration of the immobilized target DNA are

shown in Fig. 3. We note that the semicircle

gradually become larger with an increase of the

concentrations of oligonucleotide. The signal in-

creases laggardly when target DNA concentration

is above 800 ng/ml, this might be due to the

saturated amount of target ssDNA immobilized

on the surface of electrode. An independent set of

Scheme 2. Equivalent circuit mold for complex impedance

plots. Raq, solution resistance; Cdl, modified layer/solution

interface capacitance; Rct, charge transfer resistance due to

electron transfer at the modified layer/solution interface; W1,

Warburg diffusion impedance due to diffusion of the redox

couple, ([Fe(CN)6]4�/[Fe(CN)6]3�), in the solution.

Fig. 3. The effect of target DNA immobilization amount on the

complex impedance behaviors of 2.5 mM K4[Fe(CN)6]/2.5 mM

K3[Fe(CN)6] at the target DNA/Au colloid/cysteamine/gold

electrode. Target DNA immobilization amount (pmol/l): (a) 10;

(b) 150; (c) 300; (d) 500; (e) 650; (f) 800 and (g) 1000.

Electrochemical probe, 2.5 mM K4[Fe(CN)6]/2.5 mM

K3[Fe(CN)6]; solution, 0.1 M KNO3 and TE buffer, pH 8.0.

A sinusoidal potential modulation of 9/5 mV amplitude was

superimposed on the formal potential of the redox couple of

[Fe(CN)6]4�/[Fe(CN)6]3� (0.22 V vs. Ag/AgCl). Applied fre-

quency was from 106 to 0.1 Hz. Target DNA, 5?-SH-(CH2)6-

ATACTGGCCGTCGTATTACAACGTCGTGGT-3?.
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experiments showed that the saturated oligonu-
cleotide surface coverage of 30-base oligonucleo-

tide on a Au colloid-cysteamine-modified gold

electrode was 2.67�/1014 molecules/cm2. AC-im-

pedance results for the DNA immobilization were

listed in Table 1.

3.2. Detection of DNA hybridization involving a

silver nanoparticle label

ASV has proved to be a very sensitive method

for trace determination of metal ions [28]. In this

analytical technique, the metal is cathodically

electrodeposited onto the electrode surface during

a preconcentration period (tacc), and it is then

stripped from the electrode by anodic oxidation.

Electrodeposition potential (Ed), �/0.5 V (vs. Ag/

AgCl); Preconcentration period (tacc), 120 s; scan
rate, 50 mV/s. In this study, the detection of DNA

hybridization was based on the fact that AgI can

be released completely under acidic condition and

easily be detected by ASV as forming AgBr and

[AgBr2]�.

In our report, the sample ssDNA was immobi-

lized on the electrode surface and hybridized with

sequence-known DNA probes, which are already
labeled with an electrochemically active reagent,

silver nanoparticles. Only complementary sample

DNA can form a double-stranded DNA with the

probes, and be diagnosed using electrochemical

techniques. This is confirmed by comparing the

difference of the electrochemical signal of the

solubilized AgI in the cases of one complementary

oligonucleotide sequences (Fig. 4a) and one single
mismatch oligonucleotide sequences (Fig. 4b). A

well-defined Ag stripping signal (Ep�/�/0.03 V,

vs. Ag/AgCl) was observed for the complementary

sequence, which was significantly larger than that

of the single-mismatch containing oligomer.

The use of a macroscopic Au colloid-cystea-

mine-modified gold electrode for oligonucleotide

immobilization and hybridization, further to sev-

eral rinses in buffer solution, efficiently separated

the hybrid from the nonspecific adsorbate and

non-hybridized DNA, thereby leading to a mini-

mization of any nonspecific binding effects and the

Table 1

AC-impedance results to immobilization amount of target DNA on the modified electrode from Fig. 3

Concentration of target DNA (pmol/l) 10 150 300 500 650 800 1000

Rct (V) 1799 2610 3339 3742 4271 4924 5101

ko (10�6 m/s) 18.8 12.9 10.15 9.06 7.94 6.88 6.65

Rct, charge transfer resistance due to electron transfer at the modified layer/solution interface; ko, charge transfer rate constant. The

impedance measurements were carried out in the solution of 0.1 M KNO3 and TE buffer (pH 8.0) solution. Electrochemical probe, 2.5

mM K4[Fe(CN)6]/2.5 mM K3[Fe(CN)6]. Modified electrode: target DNA/Au colloid/cysteamine/gold electrode. Target DNA, 5?-SH-

(CH2)6-ATACTGGCCGTCGTATTACAACGTCGTGGT-3?. A sinusoidal potential modulation of 9/5 mV amplitude was super-

imposed on the formal potential of the redox couple of [Fe(CN)6]4�/Fe(CN)6]3� (0.22 V vs. Ag/AgCl). Applied frequency was from

106 to 0.1 Hz.

Fig. 4. The ASV response of dissolved silver at a 15 mm

diameter carbon fiber working electrode. Electrodeposition

potential (Ed), �/0.5 V (vs. Ag/AgCl); Preconcentration period

(tacc), 120 s; scan rate, 50 mV/s. (a) complementary oligonu-

cleotide sequences, 5?-SH-(CH2)6-ACCACGACGTTGTAA-

TACGACGGCCAGTAT-3?; (b) oligonucleotide sequences

containing a single-base mismatch, 5?-SH-(CH2)6-

ATACTGGCCGTCGTTTTACAACGTCGTGGT-3?.
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ability to show good discrimination. As shown in

Fig. 5, the electrochemical signal is directly pro-

portional to the amount of analyte (target

ssDNA). The sensitivity of the silver-nanoparti-

cal-based electrochemical hybridization assay was

investigated by varying the target oligonucleotide

concentration over the 2�/1000 pmol/l range. The

results show the linear response for the assay
extended between 10 and 800 pmol/l, and allow

the detection at levels as low as 5 pmol/l of the

target oligonucleotides. The signal increased less

when the target concentration was above 800

pmol/l. It might be due to the saturated amount

of target DNA molecules.

4. Conclusions

In this report, Au colloidal electrodes were
prepared by using cysteamine as cross-linkers,

which have large surface area to increase the

immobilization amount of ssDNA, and to monitor

easily DNA hybridization. Our work combined

Au nanoparticals films, ssDNA immobilization,

silver nanoparticles labels, and EIS and electro-

chemical stripping analysis technology to monitor
DNA hybridization. The results show that this

method has good correlation for detection of

ssDNA in the range of 10�/800 pmol/l and allows

detection at levels as low as 5 pmol/l of the target

oligonucleotides. Thus, electrochemical gene ana-

lysis based on particle-labeled targets is a promis-

ing method as far as analytical sensitivity is

concerned.
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