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Abstract
Monolayers of cysteine linked peptide nucleic acid (PNA) assembled on gold electrodes were investigated for the sensing of DNA
recognition. The monolayer was characterized by cyclic voltammetry (CV). The electron transfer through the monolayers was investigated using electrochemical impedance spectroscopy (EIS) in the presence of target DNA and redox marker ions [Fe(CN)6]3/4 as
hybridization indicator. The EIS spectra in the form of Nyquist plots were analyzed with a Randles circuit, and the electron transfer
resistance, Rct, was used to monitor the sensing of the target DNA. The results showed that without any modiﬁcation to the target
DNA, the complementary and the mismatch can be discriminated eﬀectively at PNA self assembled monolayers (SAMs). Therefore, this
work can provide another view on using PNA SAMs as a probe candidate for label-free detection of DNA recognition.
 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Over the last two decades, electrochemical DNA sensing
approaches were mainly based on self assembled monolayers (SAMs) of DNA on electrode surfaces [1–3]. Recently,
there has been an increasing interest for DNA sensors
based on the SAMs of peptide nucleic acid (PNA) modiﬁed
electrodes [4–6]. PNA is a DNA mimic that has a neutral
peptide-like backbone with nucleobases that allows the
molecule to hybridize to complementary DNA strands with
high aﬃnity and speciﬁcity [7]. DNA sensing at PNA surfaces based on quartz crystal microbalance [8], surface
plasmon resonance [9,10], ion-sensitive ﬁled eﬀect transistor (IS-FET) [11,12] and electrochemistry [13–15] has been
reported. Among the electrochemical sensors some involve
PNA immobilized on an electrode surface as a probe for
the recognition of the target DNA and a multiple charged
electroactive species as hybridization indicator. The PNA
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assembled on the electrode surface as a probe is uncharged
and does not aﬀect the electron transfer from the negatively
charged redox ions, such as [Fe(CN)6]3/4, to the electrode. Once the DNA target hybridizes to the surface
immobilized PNA probe, there is a change in the interface
and a change in the charge density at the SAMs of PNA.
This change has been used as a means to develop a new
class of sensors emerging as ‘‘ion-channel sensors’’ [16–
19]. Electrochemical methods were used to monitor the
inﬂuence of the charge on the current response of cyclic
voltammetry (CV) for the electroactive marker ions
[Fe(CN)6]3/4. The redox response of the marker ions
changes with the hybridization of the target DNA to the
PNA surface, because the extent of repulsion between the
negatively charged marker ions and the phosphate background of the DNA depends on the degree of hybridization. Although observation of the current is simple for
such system, electrochemical impedance spectroscopy
(EIS) has been shown to provide proliﬁc information about
the barrier properties and sensitive to the interfacial
electron transfer as revealed in the characterization of
bimolecular-functionalized electrodes and biocatalytic
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transformations at electrode surfaces [20–23]. It allows for
the analysis of the interfacial changes originating from recognition events at the electrode surfaces.
Thus, in this paper we report EIS sensing of the target
DNA at cysteine linked peptide nucleic acid (PNA) self
assembled monolayers (SAMs) on gold electrode. The
EIS spectra in the form of Nyquist plots were analyzed
with a Randles circuit, and the charge-transfer resistance,
Rct, was used to monitor the sensing of the target DNA
and the barrier properties of the PNA surfaces pended in
the presence of the target DNA.

DNA, including a solution resistance, Rs, a constant phase
element (CPE), the charge-transfer resistance, Rct, and a
Warburg impedance, Zw. From the regression, the
charge-transfer resistance, Rct, is obtained.
Chronocoulometric (CC) measurement was carried out
with a pulse period of 500 ms and a pulse width of
600 mV (from +150 mV to 450 mV vs. Ag/AgCl). The
electrode was allowed to equilibrate with [Ru(NH3)6]3+ at
+150 mV for 5 s before starting the potential step.

2. Experimental section

Gold electrodes were prepared by electron-beam evaporation of 40 nm of Ti followed by 150 nm of Au on Si (1 0 0)
wafers. The electrode was cleaned in piranha solution (3:7
(v/v) 30% H2O2/ 70% H2SO4) for 4 min, followed by copious rinsing with distilled water and then dried with nitrogen gas. (Warning: piranha reacts violently with organics).
The PNA SAMs modiﬁed electrode was constructed by
immersing the clean gold substrate in a 20 lM PNA solution for ca. 20 h, rinsing with phosphate buﬀer (pH 7), then
immersing in a 1 mM mercaptohexanol (MCH) solution
for 1 h, and ﬁnally rinsing with the phosphate buﬀer and
drying under a stream of nitrogen.
A surface coverage of 3.8 · 1012 mol/cm2 PNA was estimated from the Cottrell’s experiment with [Ru(NH3)6]3+
and perfectly matched (PM) DNA target in a weak electrolyte [24,25]. The surface coverage of [Ru(NH3)6]3+ was calculated as the diﬀerence in the chronocoulometic intercepts
in the absence and presence of [Ru(NH3)6]3+. The surface
coverage of the [Ru(NH3)6]3+ is then converted to DNA
surface density with the relationship CDNA = C0(z/m),
where CDNA = the surface density of DNA, C0 = the surface coverage of [Ru(NH3)6]3+, z = the charge of
[Ru(NH3)6]3+ and m = the number of bases of DNA (see
Fig. 1).

2.1. Chemicals and reagents
Unless otherwise indicated, all chemicals were obtained
from Sigma or Aldrich and were used as received. The
PNA probe conjugated with cysteine and all the target oligonucleotides employed in this work were synthesized and
HPLC was puriﬁed by Panagene (Daejeon, Korea) and by
GenoTech (Daejeon, Korea), respectively. The targets of
hybridization were designed using perfect-matched (PM),
single-base mismatched (SBM), and non-complementary
(NC) oligonucleotides as shown in Table 1.
2.2. Electrochemical measurements
Cyclic voltammetry (CV) was performed using AUTOLAB 10 (Eco Chemie, Netherlands) interfaced with a personal computer. A standard three-electrode cell was used
with either PNA SAMs modiﬁed or unmodiﬁed gold plate
as a working electrode, HgjHgSO4jK2SO4 (sat) electrode
(MSE) as a reference electrode and a Pt wire counter electrode. Using the frequency response analyzer (FRA) of
AUTOLAB 10, the impedance spectra at a bias potential
of 0.2 V (vs. MSE), which was superimposed on 5 mV
rms sinusoidal potential modulations, were measured for
30 frequencies from 50 mHz to 2 kHz. The data are represented in the complex plane; Nyquist plots (Z00 vs. Z 0 ,
Z00 = imaginary impedance and Z 0 = real impedance).
The respective semicircle diameter corresponds to the
charge-transfer resistance, Rct, the values of which are calculated using the ﬁtting program of AUTOLAB 10 (FRA,
version 4.9 Eco Chemie, The Netherlands). The impedance
spectra are ﬁtted to a Randles equivalent electrical circuit
for PNA modiﬁed electrode with/without the target

2.3. Electrode preparation

3. Results and discussion
The cysteine conjugated PNA self assembled monolayers (SAMs) on the gold surface were characterized by cyclic
voltammetry (CV) using [Fe(CN)6]3/4 as electroactive
marker ions. As shown in Fig. 2, a quasi-reversible redox
cycle with increased peak-to-peak separation of 180 mV
was observed. The unmodiﬁed gold surface shows a characteristic reversible redox cycle with peak-to-peak separation of 80 mV. This indicates that the SAMs of the PNA

Table 1
The sequence of oligonucleotide strands
Name

Sequence

Cysteine conjugated PNA probe
Perfect matched DNA target (PM)
Single-base mismatched DNA target (SBM)
Non-complementary DNA target (NC)

Cys-O-CTG GCT TTG GTC CGT CT-NH2
5 0 -AGA CGG ACC AAA GCC AG-3 0
5 0 -AGA CGG ACA AAA GCC AG-3 0
5 0 -GTC GAA GGT CTT ATA CA-3 0

The Cys and O denote a cysteine group and ethylene glycol unit, respectively.
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Fig. 1. Chronocoulometric response curve for the PNA-DNA modiﬁed
Au electrode in 0 lM (a) and 50 lM (b). [Ru(NH3)6]3+/10 mM Tris at pH
7.4. The dotted straight lines represent the extrapolated ﬁts to the
experimental data used to determine the intercept charges at t = 0.

39

the presence of [Fe(CN)6]3/4 as electroactive marker
ions. Fig. 3-I shows the electrochemical impedance spectra
(Nyquist plots, Z00 vs. Z 0 ) for the PNA modiﬁed electrode
exposed to the target DNA at diﬀerent times. Each of the
spectra is composed of a semicircle part in a high frequency
region and a linear part in a low frequency region, corresponding to the electron transfer process and the diﬀusion
process, respectively.
These spectra were modeled with the Randles equivalent
circuit consisting of a solution resistance (Rs), charge-transfer resistance (Rct), constant phase element (CPE), and
Warburg impedance (Zw) [26,27]. The diameter of the
semicircle represents the charge-transfer resistance (Rct) at
the electrode surface. As shown in Fig. 3-I, the diameter
of the semicircle, indicating the corresponding Rct,
increases as the hybridization time is increased. This
change is attributed to the increase in the repulsive interaction (electrostatic and steric) between the redox marker
ions and the electrode surface; the repulsion impedes the
charge-transfer through the interface. The charge-transfer
resistance, Rct, increased faster during the ﬁrst few minutes
(30 min) and then showed a gradual increment and

Fig. 2. CVs of 1 mM [Fe(CN)6]3/4 (1:1) in 20 mM phosphate buﬀer (pH
7) at scan rate of 50 mV/s for bare Au electrode (broken line) and for PNA
modiﬁed Au electrode (solid line) (a) and (b) for PNA modiﬁed electrode
incubated in target DNA (50 nM).

reduced the ability of the electron transfer between the
solution and the underlying electrode. When the PNA
modiﬁed electrode is incubated in a solution containing
the target DNA, the peak-to-peak separation is further
increased and the peak current is signiﬁcantly decreased.
0
However, the formal potential (E0 ¼ ðEpc þ Epa Þ=2)
remains the same for both the PNA modiﬁed electrode
and the PNA modiﬁed electrodes exposed to the target
DNA.
As electrochemical impedance spectroscopy (EIS) provides more proliﬁc information about the barrier properties
[20–22], we have used EIS to describe the sensing of the target DNA at PNA surface and the barrier properties pended
at the PNA modiﬁed electrode during the sensing of the
target DNA. The EIS measurements were performed in

Fig. 3. (I) Impedance spectra at PNA modiﬁed Au electrode after sensing
200 nM target DNA in the presence of 1 mM [Fe(CN)6]3/4 (1:1) in
20 mM phosphate buﬀer (pH 7) for (a) 0, (b) 4, (c) 8, (d) 12, (e) 20, (f) 36,
(g) 56, (h) 116 and (i) 176 min. (II) Plot of the dependance of the
corresponding charge-transfer resistance, Rct, with the hybridization time
from plots in (I).
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attained a plateau value after ca. 1 h, indicating that the
hybridization reached its equilibrium (Fig. 3-II).
The sensing of DNA at the PNA SAMs was also investigated at diﬀerent concentration of the target DNA.
Fig. 4-I shows the response of the PNA surface for diﬀerent
concentration of target DNA. It was found that at lower
target DNA concentration, a lower charge-transfer resistance, Rct, was observed, and as the concentration was
increased the resulting charge-transfer resistance, Rct, was
increased. This was observed directly from the diameter
of the semicircle part of the spectra. This is the result of
the negative charge of the DNA on the electrode surface
decreasing the electron transfer of [Fe(CN)6]3/4 marker
ion due to electrostatic repulsion. The charge-transfer resistance, Rct, continued to increase until all possible recognition probes is accessed. As shown from the plot of Rct with
the concentration of the target DNA, the charge-transfer
resistance increased linearly and then does not show any
signiﬁcant increment with the increase of DNA (Fig. 4II). It was also reported that the electrochemical behavior
of fully complementary duplex would also increase the neg-

Fig. 4. (I) Impedance spectra at PNA modiﬁed Au electrode before (a)
and after (b–h) addition of the target DNA: (a) 0, (b) 50, (c) 100, (d) 150,
(e) 200, (f) 300, (g) 400, and (h) 500 nM in the presence of 1 mM
[Fe(CN)6]3/4 (1:1) marker ions in 20 mM phosphate buﬀer (pH 7). The
hybridization time is 20 min. (II) Plot of the dependance of the
corresponding electron transfer resistance, Rct, with concentration of the
target DNA.

ative charge at the electrode surface, and would increase
the charge-transfer resistance, Rct, compared with the
probe DNA alone [20].
The PNA surface was also studied for the sensing of
mismatched target DNA. Fig. 5 shows the impedance spectra of the PNA modiﬁed electrodes after being exposed to
diﬀerent target DNA. The discrimination of the target
DNA were investigated at three diﬀerent concentrations,
50, 200 and 400 nM. These concentrations correspond to
three diﬀerent conditions on the plot of the charge-transfer
resistance, Rct, as a function of the concentration for the
fully complementary target DNA (see Fig. 4-II).
The fully matched DNA resulted in a higher chargetransfer resistance, Rct, than that of target mismatched
DNA at higher target concentration. The non-complementary case has shown a much reduced eﬀect at all target concentrations. As the EIS is used for the signal transduction
at the uncharged PNA surface, the hybridization of the
DNA leads to a signal, charge-transfer resistance Rct,
which is attributed to the amount of the DNA on the sensing surface. Thus, the relative surface coverage of the nonmismatched, i.e., perfectly matched (PM), and mismatched,

Fig. 5. (I) Impedance spectra at PNA modiﬁed Au electrode in the
presence of 1 mM [Fe(CN)6]3/4 (1:1) marker ions in 20 mM phosphate
buﬀer (pH 7) with 50 (a), 200 (b) and 400 nM (c) of PM (ﬁlled circle), SBM
(triangle) and NC (square). (II) Plot of the corresponding charge-transfer
resistance, Rct, with concentration of the target DNA; 50, 200 and 400 nM
of PM (black), SBM (gray) and NC (white).
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i.e., single-base mismatched (SBM) and non-complementary (NC), DNA targets can be estimated from the relative
values of the charge-transfer resistances, Rct. The values are
1.2 for PM vs. SBM and 23.9 for PM vs. NC at 400 nM target DNA concentration (Fig. 5).
4. Conclusion
In this study, we have demonstrated the EIS sensing of
DNA at PNA SAMs modiﬁed electrode surface. Without
any modiﬁcation to the target, the complementary and
the mismatch can be discriminated eﬀectively. Finally this
method could further improved through the re-designing
of the PNA surfaces and through further steps for the signal ampliﬁcation. Therefore, the principle of impedimetric
sensing of DNA using PNA as a probe is a promising
potential candidate for label-free detection of DNA
recognitions.
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