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Electrochemical identification of artificial oligonucleotides related to bovine
species. Potential for identification of species based on mismatches in the
mitochondrial cytochrome C1 oxidase gene†‡
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Our studies show that electrochemical impedance spectroscopy (EIS) and scanning electrochemical

microscopy (SECM) of films of ds-DNA on gold allow us to distinguish between mitochondrial DNA

fragments of the cytochrome c1 oxidase (mt-Cox1) of three related species of the subfamily ‘Bovinae’

(Bos taurus, Bison bison, and Bison bonasus). In EIS, a perfectly matched DNA gives rise to

a considerably larger charge transfer resistance Rct compared to mismatched pairings. Differences in

charge transfer resistance, DRct, before and after the addition of Zn2+ ions provide an additional tool

for identification. In addition, all ds-DNA films were studied by SECM and their kinetic parameters

were determined. Perfectly matched ds-DNAs are readily distinguished from mismatched duplexes by

their lower rate constants. Our system can be used multiple times by dehybridization and

rehybridization of capture strands up to the 250 pmole level.
Introduction

The emergence of a global food industry has made it necessary to

find efficient and fail-proof methods to detect adulteration and/

or admixtures in food products by manufacturers and suppliers.

Reasons for this are based on cultural and religious restrictions

and health and financial aspects.1 Particularly meat is an

important commodity in the global economy and the particular

eating habits and preferences of different groups of people can

polarize the market. For instance, the extensive demand of

a particular species, such as cattle, in a market can create a huge

gap between demand and supply, which ultimately entices the

supplier to fulfil the demand by adding meat from cheaper

species. Thus, it is critical to have efficient analytical tools to

differentiate animal species even if they are closely related and

belong to the same animal family or genus.

Recently, a range of PCR based methods were employed to

identify animal species used in meat production. Such methods

include real-time PCR,2 nested primer PCR,3 quantitative
aDepartment of Chemistry, University of Western Ontario, 1151 Richmond
Street, London, Ontario, Canada N6A 5B7. E-mail: bernie.kraatz@
utoronto.ca
bDepartment of Physical and Environmental Sciences, University of
Toronto Scarborough, 1265 Military Trail, Toronto, Canada M1C 1A4
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competitive (QC) PCR,4 random amplification of polymorphic

DNA (RAPD),5 and PCR-based amplified fragment length

polymorphism (AFLP).6 The time required to carry out the

amplications followed by testing restricts the use of such methods

for in-field application and/or in portable detection systems.

Nucleic acids, DNA and RNA, are useful biomarkers, being

part of all living organisms. The stability ofDNAmakes it a useful

analytical target and it is no surprise that DNA targets were

proposed as targets for the identification of species.7 More

recently, electrochemical techniques have been recognized as

a fast, simple, sensitive, selective, miniaturizable and low cost tool

to detect a DNA hybridization event.8The recent electrochemical

methods employed to detect various food characteristics, such as

tenderness, freshness, taste etc., have been reviewed by E. Tamiya

et al.9 However, there have been very few attempts to detect and

differentiate animal species electrochemically based on genomic

DNA targets. For instance, Mascini et al. used inosine-modified

(guanine free) captures to detect mammalian species belonging to

different families through square wave voltametry.10Ahmed et al.

employed an intercalating dye to detect different mammalian

species by linear sweep voltammetry.1Our grouphas recently used

scanning electrochemical microscopy (SECM) to analyze

genomic DNA targets to differentiate animal species based on the

occurrence of mismatches when DNA strands of two different

animals were hybridized.11

While in principle useful, genomic DNA has a significant

number of basepair variations between individuals, which render

genomic targets useless for the identification of species. Recently,

the 650-bp fragment of the 50-end of the mitochondrial Cox1

gene has been considered a standard barcode sequence for
This journal is ª The Royal Society of Chemistry 2011
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animal identification, especially in the case of crustaceans and

insects. It was also found effective in various animal groups,

including vertebrates such as birds and fish.12,13 Moreover,

studies showed that most of the investigated species have distinct

Cox1 barcode arrays with low variation within species and sub-

species and high degrees of variance from closely linked taxa.14

The recent report from Santamaria et al.15 demonstrates that the

mt-Cox1 gene distinguishes between different species, but does

not possess significant intra-species variations as in the two Bos

species Bos taurus and Bos indicus. What makes the use of mt-

DNA targets even more useful is the fact that mt-DNA is

available in multiple copies in a given cell (100–10 000 copies per

cell), which facilitates its isolation, amplification and base-pair

sequencing from small or even partly degraded samples.

Here we make use of synthetic 51-mer fragments of the

mitochondrial Cox1 gene of the common cow (Bos taurus), the

North American buffalo (Bison bison), and the European buffalo

(Bison bonasus), all three belonging to the subfamily Bovinae.16

We employ electrochemical impedance spectroscopy (EIS) and

SECM to study the electrochemical response of films of double

stranded mt-DNA prepared from capture and target strands of

the three species. Moreover, in terms of practicability of our

system, the surface immobilized ds-DNA were dehybridized and

rehybridized with different complementary strands to check the

variation between the prehybridized and surface hybridized

response in EIS as well as in SECM. Hybridization of the 51-mer

Bos taurus capture strand to Bison bison and Bison bonasus

targets will result in 5 and 4 basepair mismatches, respectively.

Hybridization of the 51-mer Bison bison capture strand to Bos

taurus and Bison bonasus will give rise to 5 mismatches. Thus the

problem of species identification is reduced to the problem of

basepair mismatch identification. As we have shown before by

EIS (and SECM), the presence of a mismatch in a ds-DNA film

gives rise to significantly lower charge transfer resistances (higher

charge transfer rates) in the presence of the anionic redox

reporter [Fe(CN)6]
3�/4�.17 Thus, films prepared from hybridized

capture and target strands should give rise to distinct EIS and

SECM responses due to the presence of basepair mismatches

within the films and should enable us to distinguish the three

species from each other unequivocally based on basepair

mismatches in mitochondrial DNA (mt-DNA) fragments.

Experimental

Reagents

Potassium ferrocyanide, potassium ferricyanide, trisodium

EDTA, hydrogen peroxide (30%), sulfuric acid (98%) and
Table 1 Sequence of the capture and complementary strands of Bos taurus (
strand of Bison bonasus (European buffalo)

ss-DNA ID

I HO–(CH2)6–S–S–(CH2)6-5
0-

ACCTTCTTCGACCCGGCAGGAGGAGGAGACCCTATT
II HO–(CH2)6–S–S–(CH2)6-5

0-
ACCTTCTTCGACCCAGCAGGAGGAGGAGACCCCATC

1 30-TGGAAGAAGCTGGGCCGTCCTCCTCCTCTGGGATA
2 30-TGGAAGAAGCTGGGTCGTCCTCCTCCTCTGGGGTA
3 30-TGAAAGAAGCTGGGCCGTCCTCCTCCTCTGGGGTA

This journal is ª The Royal Society of Chemistry 2011
perchloric acid (70%) were purchased from EM Science

(Gibbstown, NJ) and used as received. Zinc(II) perchlorate

hexahydrate and tris(hydroxymethyl)aminomethane (TRIS)

were obtained from Aldrich (Milwaukee, WI) and Boehringer

Mannheim Biochemicals (Indianapolis, IN), respectively. All

solutions were prepared in deionized water (Millipore Milli-Q;

18 MU cm resistivity). The HPLC purified 51-mer oligonucleo-

tide fragments of the mitochrondrial (mt) Cox1 gene modified at

50-position with a 6-hydroxyhexyl disulfide and complementary

sequences were synthesized at BioCorp (UWO OligoFactory,

University of Western Ontario, London, ON). The oligonucle-

otides include 51-mer mt-Cox1 DNA of a Bos taurus (Holstein

cow) capture strand I and a complementary strand 1; a Bison

bison (North American buffalo) capture strand II and a comple-

mentary strand 2; and a Bison bonasus (European buffalo)

complementary strand 3. The oligonucleotide sequences of the

capture strands (I and II) and complementary strands (1–3) are

given in Table 1.

Preparation, polishing and regeneration of microelectrodes

The gold microelectrodes were prepared by sealing 50 mm

diameter gold wires in glass capillaries in a way that one side was

exposed as a flat surface for dsDNA film modification and the

other side was joined to a copper extension for the outer

connection. The gold surface was polished using a 3 micron

polishing cloth followed by a 0.5 micron alumina surface.

Further, electrochemical cleaning was performed by cyclic vol-

tametry, 20 cycles each, first in 50 mM KOH and then in

0.5 M H2SO4 solutions in a potential range of �0.2 to +1.4 V vs.

Ag/AgCl. The surface roughness was determined by integration

of the gold oxide peak and is in the range of 1.5 to 2.0. The gold

surfaces were regenerated after DNA chemisorption by applying

potential pulses for 2 s at �1 V and +2 V, respectively, vs.

Ag/AgCl in 50 mM KOH and 0.5 M H2SO4 followed by elec-

trochemical cleaning as described above.

Preparation of double stranded DNA films

Double stranded DNA (dsDNA) were prepared by hybridizing

an equimolar (50 mM) concentration of capture strand I or II and

complementary strands 1, 2 or 3with a final strand concentration

of 25 mM in a buffer solution of 50 mM Tris–ClO4 (pH ¼ 8.6).

The prehybridized DNA films were formed on gold microelec-

trodes by incubating gold electrodes in 10 mL of 25 mM ds-DNA

solution, containing 250 pmol ds-DNA molecules. The modified

ds-DNA films were loaded with Zn2+ by incubating ds-DNA

modified microelectrodes in 0.4 mM Zn(ClO4)2$6H2O solution
cow) and Bison bison (North American buffalo) and the complementary

Types of strands Species

CTATATCAACACTTA-30
Bos taurus Capture

TTATACCAACACTTA-30
Bison bison

AGATATAGTTGTGAAT-50 Bos taurus Complementary
GAATATGGTTGTGAAT-50 Bison bison
AGATATGGTTGTGGAT-50 Bison bonasus

Analyst, 2011, 136, 4724–4731 | 4725
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in a buffer of 50 mM Tris–ClO4 (pH 8.6) for 6 h at room

temperature.

Dehybridization/rehybridization experiments

The prehybridized DNA films on gold surfaces were dehybri-

dized by incubating the modified electrode or wafer in a 1 : 1

ethanol/DI water mixture for 15 min at the melting temperature

of �80 �C. Next, the dehybridized ss-DNA film was dried and

rehybridized by incubating in a target strand solution (10 mL,

25 mM, pH 8.6) for 2 h at room temperature.

Electrochemical impedance measurements (EIS)

Electrochemical impedance measurements were performed on

prehybridized, dehybridized and rehybridized DNA modified

gold microelectrodes in a conventional three-electrode cell

system. EIS measurements were also performed for prehybri-

dized and rehybridized films in the presence of Zn2+. The cell

consisted of an Ag/AgCl reference electrode connected through

a salt bridge, a Pt counter electrode and a DNA modified gold

microelectrode as a working electrode. Impedance spectra were

recorded using a CHI-650c system (CHI, Austin, TX) with the

following parameters: AC voltage 5 mV amplitude, frequencies

from 100 kHz to 0.1 Hz, at an applied potential of 250 mV vs.

Ag/AgCl. All DNA modified electrodes were rinsed with buffer

before each measurement. The measurements were made using at

least ten different electrodes to obtain statistically meaningful

results. All impedimetric results were fitted to a Randle’s equiv-

alent circuit, using ZSimpWin 2.0 software (Princeton Applied

Research),18 which allowed us to extract the resistive and

capacitive components.

Scanning electrochemical microscopy

SECM measurements were made on a 200 nm thick gold

substrate prepared by electron-beam deposition with a prior

20 nm thick Ti adhesion layer on a cleaned Si wafer having

a 1 micron thick SiO2 layer (Western’s Nanofab). The gold

substrate was cleaned in Piranha solution (70% sulfuric acid and

30% hydrogen peroxide) and thoroughly washed with DI water

followed by drying under nitrogen before spotting the prehy-

bridized ds-DNA. Spotting of the ds-DNA array onto flat gold

substrates was achieved using a spotting robot (SpotBot, Tele-

chem, Sunnyvale, CA). SECM experiments were performed with

a CHI-900b (CH Instruments, Austin, TX). A Teflon cell was

used with the 25 mm diameter Pt tip electrode (RG ¼ 10), a Pt

wire counter electrode, and an Ag/AgCl reference electrode. All

measurements were performed in a 1 mM K4[Fe(CN)6] solution

made in a buffer mixture of 20 mM Tris–ClO4 and 50 mM

NaClO4 (pH 8.6), proceeded by rinsing the surface with buffer.

The tip potential was held constant at a formal potential,

500 mV, of [Fe(CN)6]
4� at a diffusion controlled rate. First, the

bare gold was approached by the Pt tip through the use of

a piezoelectric controlled motor. As the tip-to-substrate separa-

tion distance d decreases, a positive feedback is obtained due to

an increase in the instantaneous tip current, IT. The positive

feedback confirms that the gold surface is clean and conductive.

The approach was stopped when the tip current increased up to

the level where current declines, i.e. �11% of the tip current far
4726 | Analyst, 2011, 136, 4724–4731
away from the substrate ITN in a bulk solution. After initial

positioning and approach, the tip was rastered over the substrate

and the recorded tip current was normalized by IT at the bare

gold. Then, the DNA modified substrate was incubated in the

Zn2+ solution as described above. After 6 h of incubation, the

same procedure was repeated to scan ds-DNA in the presence of

Zn2+. The approach current was found to be higher by �15%

after Zn2+ addition. The SECM image was processed by software

Gwyddion18 that converts the current response values into

a colored image along with a color scale bar. The color scale

appears with a random value which is normalized by the current

infinity in order to get a normalized image and scale bar.

Assuming irreversible substrate kinetics, a steady-state diffusion

problem was solved for SECM geometry using the finite element

method in COMSOL Multiphysics software.19–21 Subsequently,

theoretical approach curves were obtained which enabled us to

extract kinetic information from the measurements.
Results and discussion

Impedimetric measurements

Electrochemical impedance spectroscopy (EIS) and scanning

electrochemical microscopy (SECM) measurements were per-

formed on thin films of hybridized ds-DNA attached through

a 50-disulfide linkage on gold surfaces. We focused on the use of

two 50-disulfide modified 51-mermt-DNA fragments of the Cox1

gene of Bos taurus (common cow) I and Bison bison (North

American buffalo) II acting as the capture strands for three

unmodified 51-mt-DNA Cox1 fragments of Bos taurus (1), Bison

bison (2) and European buffalo (Bison bonasus, 3) complemen-

tary strands. All three species belong to the subfamily ‘Bovinae’.

The DNA sequence of the capture and complementary strands

and hybridized ds-DNA sequences are given in Tables 1 and 2,

respectively. During film formation, the disulfide link is broken

in the presence of gold followed by the attachment of the capture

DNA-hexanethiol anchoring group along with the resulting

mercaptyl hexanol molecule to the surface through Au–S

linkage. This easy protocol is expected to immobilize equal

number of ds-DNA strands andMCH blocking molecules on the

surface.

The EIS of the ds-DNA films on 50 mm diameter gold elec-

trodes was examined at room temperature in the presence of [Fe

(CN)6]
3�/4� at pH ¼ 8.6. Then, measurements were repeated after

exposure of the ds-DNA films to Zn2+. The ability of the anionic

redox probe [Fe(CN)6]
3�/4� to penetrate the ds-DNA is affected

by the presence of basepair mismatches within the DNA film.

Furthermore, the presence of Zn2+ within the film amplifies the

differences in the impedance responses between a DNA film

composed of mismatched and fully matched ds-DNAs.17,22–24The

measurements are sufficiently sensitive to distinguish mismatch

positions on the basis of their impedance differences.25 More-

over, a previous study in our lab shows that the Zn2+ can be

a choice for signal amplification among the other divalent and

trivalent metal ions due to its reversibility and non-disruptiveness

to basepair binding.26

Fig. 1 shows the results of EIS measurements in the form of

Nyquist plots of a ss-DNA film and ds-DNA films formed by the

capture strands of Bos taurus (I) and Bison bison (II) with
This journal is ª The Royal Society of Chemistry 2011
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Table 2 Sequence of the fully matched andmismatched hybridizedDNA duplexes ofBos taurus (cow),Bison bison (North American Buffalo) andBison
bonasus (European buffalo). Mismatched base pairs are shown in underlined italics in the capture strand and bold in the complementary strand

ds-DNA ID Species Match type

I-1 50-ACC-TTC-TTC-GAC-CCG-GCA-GGA-GGA-GGA-GAC-CCT-ATT-CTA-TAT-CAA-CAC-TTA-30 Homoa Matched
30-TGG-AAG-AAG-CTG-GGC-CGT-CCT-CCT-CCT-CTG-GGA-TAA-GAT-ATA-GTT-GTG-AAT-50

I-2 50-ACC-TTC-TTC-GAC-CCG-GCA-GGA-GGA-GGA-GAC-CCT-ATT-CTA-TAT-CAA-CAC-TTA-30 Heterob Mismatched
30-TGG-AAG-AAG-CTG-GGT-CGT-CCT-CCT-CCT-CTG-GGG-TAG-AAT-ATG-GTT-GTG-AAT-50

I-3 50-ACC-TTC-TTC-GAC-CCG-GCA-GGA-GGA-GGA-GAC-CCT-ATT-CTA-TAT-CAA-CAC-TTA-30 Hetero Mismatched
30-TGA-AAG-AAG-CTG-GGC-CGT-CCT-CCT-CCT-CTG-GGG-TAA-GAT-ATG-GTT-GTG-GAT-50

II-1 50-ACC-TTC-TTC-GAC-CCA-GCA-GGA-GGA-GGA-GAC-CCC-ATC-TTA-TAC-CAA-CAC-TTA-30 Hetero Mismatched
30-TGG-AAG-AAG-CTG-GGC-CGT-CCT-CCT-CCT-CTG-GGA-TAA-GAT-ATA-GTT-GTG-AAT-50

II-2 50-ACC-TTC-TTC-GAC-CCA-GCA-GGA-GGA-GGA-GAC-CCC-ATC-TTA-TAC-CAA-CAC-TTA-30 Homo Matched
30-TGG-AAG-AAG-CTG-GGT-CGT-CCT-CCT-CCT-CTG-GGG-TAG-AAT-ATG-GTT-GTG-AAT-50

II-3 50-ACC-TTC-TTC-GAC-CCA-GCA-GGA-GGA-GGA-GAC-CCC-ATC-TTA-TAC-CAA-CAC-TTA-30 Hetero Mismatched
30-TGA-AAG-AAG-CTG-GGC-CGT-CCT-CCT-CCT-CTG-GGG-TAA-GAT-ATG-GTT-GTG-GAT-50

a Homo ¼ ds-DNAmade of capture and complementary strands of the same species. b Hetero¼ ds-DNAmade of capture and complementary strands
of different species.
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complementary strands 1 to 3 in the presence and absence of

Zn2+. Only combinations I-1 and II-2 are fully matched

sequences while all other combinations contain basepair

mismatches. The EIS results were analyzed with the help of

a modified Randle’s circuit (inset of Fig. 1), being composed of

the solution resistance (Rs), an element accounting for the charge

transfer resistance (Rct) and pinhole resistance (Rx), the capaci-

tive component of the film (Cm) and a constant phase equivalent

(CPE). The values of the circuit elements are summarized in

Table S1 (see ESI‡). The solution resistance, Rs, accounts for the

uncompensated resistance between the reference electrode and

the working electrode, which remains constant before and after

the addition of Zn2+. The Rx is a small resistance due to the

pinholes in the film structure, which has no significant and

regular change after the addition of Zn2+. The film capacitance

(Cm) accounts for the capacitance of the DNA modified gold

surface. The film capacitance is expected to increase due to the

accumulation of charge after the addition of Zn2+. However,

there are no systematic variations of Cm. The constant phase

equivalent (CPE) is considered as a non-ideal capacitor

accounting for the inhomogeneity of the film and the electrode

surface when n is close to 1.27 The charge transfer resistance, Rct,

is the resistance related to the charge transfer between the redox

probe and the electrode depending on the condition of the elec-

trode surface. Rct is strongly affected by the presence of basepair

mismatches within the DNA sequence caused by changes in the

ability of the anionic redox probe [Fe(CN)6]
3�/4� to diffuse into

the ds-DNA film.28 Films formed from fully matched DNA give

rise to higher Rct, while those containing basepair mismatches

will have more structural defects within the film and thus pose

less of a barrier for the redox probe to diffuse into. Thus, Rct is

a diagnostic factor that allows us to distinguish matched from

mismatched DNA films. It is noteworthy to point out that the

values for Rct are double compared to those of earlier studies on

25-mer ds-DNA under similar conditions.25 It is contrary to that

observed from the studies based on ss-DNA and ds-DNA where

theRct decreased with the length of the strand.29,30 The reason for

this disagreement may be different experimental conditions such

as (a) equal number of ds-DNA and MCH immobilized and (b)

the prehybridized ds-DNA used rather than surface hybridiza-

tion in the present study (Scheme 1).
This journal is ª The Royal Society of Chemistry 2011
The addition of Zn2+ to the ds-DNA film reduces the repulsion

of the negative redox probe and thus facilitates the charge

transfer across the ds-DNA film which gives rise to changes in the

charge transfer resistance Rct. Differences in charge transfer

resistance before and after Zn2+ addition (DRct) are larger for

fully matched ds-DNA films. Smaller values of DRct indicate the

presence of mismatches. In the case of the capture probes I and

II, the combinations I-1 and II-2, representing fully matched

combinations of Bos taurus and Bison bison, show larger values

for DRct compared to the mismatch combinations I-2, I-3, II-1,

and II-3 (see Table S1, ESI‡). The change in charge transfer

resistance, DRct, as a function of a DNA duplex is shown in

Fig. 2. Interestingly, the DRct of mismatched sequences (I-2, I-3,

II-1, and II-3) is not well distinguishable which shows that

addition of Zn2+ cannot discriminate the ds-DNA films pos-

sessing multiple mismatches.

The correlation between the DRct and the structure of the

mismatched DNA duplexes is complex due to several variables,

including the mismatch type, its position and the number of

mismatches. Therefore, it is not easy to distinguish the various

mismatched duplexes. However, it is interesting to note that the

ds-DNA I-2 and II-1, which are the two ‘‘hetero’’ duplexes of Bos

taurus and Bison bison, have an equal number of mismatches at

the same location but opposite in types (50 vs. 30). TheirRct values

before and after Zn2+ addition are approximately the same.
Scanning electrochemical microscopy

Next in our study, we examined the ds-DNA films by SECM.

With the help of a spotting robot, an array of the prehybridized

ds-DNA samples I-1, I-2, I-3, II-1, II-2, and II-3 was spotted on

a gold surface and incubated in a humid container to ensure the

immobilization of the ds-DNA films on the surface through Au–

S linkage. Then, the bare gold surface near the ds-DNA array

was approached by a biased Pt-tip in the presence of a solution

based redox probe, [Fe(CN6)]
4�, and a positive feedback was

obtained due to the redox cycling of [Fe(CN6)]
4�/[Fe(CN6)]

3�

between the tip and the conductive substrate. The degree of

positive feedback depends on the conductive nature as well as the

cleanliness of the substrate. Next, the ds-DNA array was scanned

in the xy-plane at a constant tip–substrate distance and the
Analyst, 2011, 136, 4724–4731 | 4727
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Fig. 1 (a) Representative Nyquist plots (�Zim vs. Zre) for a ss-DNA (1)

(A); a fully matched dsDNA film (I-1) made of aBos taurus probe (I) and

its complementary strand (1) in the absence (-) and presence (,) of

Zn2+; a hybrid film (I-2) made of a Bos taurus probe (I) and a mismatched

complementary strand of Bison bison (2) in the absence (:) and presence

(O) of Zn2+; and a hybrid film (I-3) made of a Bos taurus probe (I) and

a mismatched complementary strand of Bison bonasus (3) in the absence

(C) and presence (B) of Zn2+. (b) Representative Nyquist plots (�Zim

vs. Zre) for a fully matched dsDNA film (II-2) made of aBison bison probe

(II) and its complementary strand (2) in the absence (C) and presence

(B) of Zn2+; a hybrid film (II-1) made of a Bison bison probe (II) and

a mismatched complementary strand of Bos taurus (1) in the absence (-)

and presence (,) of Zn2+; and a hybrid film (II-3) made of a Bison bison

probe (II) and a mismatched complementary strand of Bison bonasus (3)

in the absence (:) and presence (O) of Zn2+. Inset of (a) shows the

corresponding modified Randle’s equivalent circuit used in all cases.

Black solid lines are fitting curves on the symbolized experimental curves

by modified Randle’s equivalent circuit.

Scheme 1 Schematic shows the homo (matched) and hetero (mis-

matched) DNA duplexes immobilized on gold surfaces through Au–S

linkage. Homo (I-1) Bos taurus probe and complementary strand, hetero

(I-2) Bos taurus probe with Bison bison complementary, hetero (I-3) Bos

taurus probe with Bison bonasus complementary, homo (II-2) Bison bison

probe and complementary, hetero (II-1) Bison bison probe with Bos

taurus complementary, and hetero (II-3) Bison bison probe with Bison

bonasus complementary strands.

Fig. 2 Plots show a change in charge transfer (DRct), before and after

addition of Zn2+, (a) as a function of a homo-duplex of Bos taurus (I-1)

and its hetero-duplexes with Bison bison (I-2) and Bison bonasus (I-3) and

(b) as a function of a homo-duplex of Bison bison (II-2) and its hetero-

duplex with Bos taurus (II-1) and Bison bonasus (II-3).
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feedback current was recorded. The current response of the

ds-DNA modified surface was transformed into a colored image

as shown in Fig. 3. The current profile (current response at

a specific distance between the tip and substrate) across the ds-

DNA spots, shown by a black line in the color image, is given in

Fig. S1 (ESI‡). The lower current response observed for all ds-

DNA films, compared to the bare gold surface, is due to the

hindrance in regeneration of [Fe(CN)6]
4� by blocking the

conductive surface in the vicinity. The lowest current responses

were observed for films of the perfectly matched duplexes I-1 and
4728 | Analyst, 2011, 136, 4724–4731
II-2. Films containing mismatches (I-2, I-3, II-1 and II-3) exhibit

significantly higher feedback currents since they are more diffu-

sive to the redox probe attributed to the low surface coverage
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Scanning electrochemical microscopic images of the homo (I-1) and (II-2) and hetero DNA duplexes (I-2), (I-3), (II-1) and (II-3) before (a) and

after (b) the addition of Zn2+. The color scale bar shows the intensity of current. The coordinates scale bar shows the area of the measured scan in

micrometres. Black lines over spots represent the current profile extracted in Fig. S1(a) in the ESI.‡ Quantitative estimation of the rate of the reaction

over the individual dsDNA spot is shown in (c) and (d). White and grey bars show rate constants before and after the addition of Zn2+, respectively. The

values of the rate constants (see ESI‡) were obtained through the theoretical modeling of the experimental approach curves over the individual dsDNA

spot (see Fig. S1 (a) and (b) in the ESI‡).
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compared to fully matched ds-DNA films as shown in Fig. 3 and

the structural defects due to the presence of mismatches. The

addition of Zn2+ amplified the current signal as shown in the

current profile in Fig. S1, ESI.‡

For a quantitative evaluation of the current responses of the

ds-DNA array, each DNA spot was individually approached at

the centre from a vertical distance before and after addition of

Zn2+. Then, the approach curves (tip current vs. tip–surface

distance) were generated as shown in Fig. S1 (see ESI‡). Kinetic

parameters for the redox cycling of [Fe(CN6)]
4�/[Fe(CN6)]

3�

between the tip and the substrate were extracted from the

approach curves by fitting into theoretical curves using the finite

element method of irreversible kinetics. A theoretical model on

experimental curves allows us to calculate the apparent rate

constant, k0, as described in Table S2 in the ESI.‡ Fig. 3(c) and

(d) represent the plot between the apparent rate constants, k0, vs.

ds-DNA duplexes before and after addition of Zn2+.

It is evident that both fully matched duplexes I-1 and II-2

exhibit the lowest rate constant, while all mismatched duplexes

resulted in a larger k0 making it easy to distinguish matched from

mismatched duplexes. As for EIS measurements on these

systems, the discrimination between the different mismatched

duplexes remains a challenge. Addition of Zn2+ increases the rate
This journal is ª The Royal Society of Chemistry 2011
constants of all duplexes, while the rate constants of mismatched

duplexes of Bos taurus and Bison bison I-2 and II-1 were

decreased after addition of Zn2+. This interesting result may be

an effect of the position of mismatch since both duplexes have

same number of mismatched base pairs at same positions. This

result can be useful in order to discriminate the hetero duplex I-2

from I-3 and II-1 from II-3. Moreover, it is difficult to compare

precisely the results obtained from EIS with the results from

SECM due to the different technical approaches. However, the

SECM results are in general agreement with the EIS results.
Dehybridization/rehybridization

In order to check the practicability of our system, we also per-

formed dehybridization/rehybridization experiments on the

ds-DNAmodified gold surfaces for the Bos taurus system I-1 and

probed the system initially by EIS.

For this purpose, films of I-1were evaluated by EIS before and

after dehybridization in a 1 : 1 ethanol and water mixture at the

melting temperature, Tm, resulting in a Rct of 1.25 kU$cm2 as

shown in Fig. 4. Next, the film was rehybridized with Bison bison

(2) to form a mismatched duplex I-2 (Rct up to �2.9 kU$cm2).

After incubation of this film in Zn2+, the charge transfer
Analyst, 2011, 136, 4724–4731 | 4729
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Fig. 4 Nyquist plots (�Zim vs. Zre) for a prehybridized homo-duplex

film of Bos taurus (I-1) in the absence of Zn2+ (>), a dehybridized ssDNA

film of a probe Bos taurus (I) in the absence of Zn2+ (B), a rehybridized

hetero-duplex film of Bos taurus with Bison bison (I-2) in the absence (O)

and presence (,) of Zn2+. Black solid lines are fitting curves on the

symbolized experimental curves using the modified Randle’s equivalent

circuit as given in Fig. 1(a).
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resistance decreased to 1.6 kU$cm2. The change in charge

transfer resistance, DRct, �1.3 kU$cm2 is in close agreement with

the prehybridized DRct value of the hetero duplex (I-2) of

�1.4 kU$cm2.

Fig. 5 shows the results of a SECM study for the small array of

I-1 and II-2 following the same dehybrdization/rehybridization
Fig. 5 SECM images of (a) prehybridized homo-duplex films of Bos

taurus (I-1) and Bison bison (II-2), (b) dehybridized probe strands of Bos

taurus (I) and Bison bison (II), and (c) rehybridized homo-duplex films of

Bos taurus (I-1) and hetero-duplex films of Bison bisonwithBos taurus (II-

1). The color scale bar shows the intensity of current for which the current

profile was extracted in (d). The coordinate scale shows the area of the

scan in micrometres. (d) Current profile (normalized current vs. distance)

of (a) prehybridized (solid line), (b) dehybridized (dashed line) and (c)

rehybridized (dotted line) DNA films extracted from the SECM image

above.

4730 | Analyst, 2011, 136, 4724–4731
protocol. The following steps were followed: (a) first gold surface

was modified with an array of prehybridized homo duplexes I-1

and II-2; (b) next, the array of I-1 and II-2 was dehybridized as

described above removing the complementary strands and

leaving capture strands I and II tethered to the surface; and (c)

lastly, rehybridization with target strand 1 that resulted in

perfectly matched I-1 and mismatched II-1 duplexes. The relative

current responses of both arrays are similar before and after

dehybridization; however, after rehybridization the duplex I-1

showed considerably lower feedback current when compared

with the mismatched duplex II-1.
Conclusion

In the present work, we addressed here the question if it is

possible to discriminate different species belonging to the same

subfamily by simple electrochemical methods. Our study focused

on the bovine species Bos taurus (cattle), Bison bison (North

American buffalo) and Bison bonasus (European Buffalo) and

exploited a 51-mer nucleotide fragment of their mitochondrial

Cox1 gene. Combined EIS and SECM studies clearly show that

(a) mt-DNA is a useful approach for species identification elec-

trochemically, (b) SECM studies can be used to distinguish

different DNA samples based on the presence of mismatches,

and (c) the system is sufficiently robust to enable dehybridiza-

tion/rehybridization of the DNA films without jeopardizing the

ability for sequences identification. EIS and SECM give char-

acteristic electrochemical responses for perfectly matched

ds-DNA films and for films containing mismatches. A high DRct

coupled with a low feedback current indicates the presence of

perfectly matched DNA strands. While our work does not

represent a sensing device, it clearly shows how our approach

might be used in a putative device. For example, it can be envi-

sioned that a sensor chip is fabricated aimed at the detection of

contamination of processed meats. Such a sensor chip has to be

composed of DNA fragments (e.g. Cox1 mt-DNA) of a series of

known contaminants aimed at the detection of DNA fragments

of the contaminant.
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