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ABSTRACT

Electrochemical impedance measurements were
used for the detection of single-strand DNA
sequences using a peptide nucleic acid (PNA) probe
layer immobilized onto Si/SiO2 chips. An epoxy-
silane layer is ®rst immobilized onto the Si/SiO2 sur-
face. The immobilization procedure consists of an
epoxide/amine coupling reaction between the amino
group of the PNA linker and the epoxide group of
the silane. A 20-nucleotide sequence of PNA was
used. Impedance measurements allow for the detec-
tion of the changes in charge distribution at the
oxide/solution interface following modi®cations to
the oxide surface. Due to these modi®cations, there
are signi®cant shifts in the semiconductor's ¯at-
band potential after immobilization and hybridiza-
tion. The results obtained using this direct and
rapid approach are supported by ¯uorescence
measurements according to classical methods for
the detection of nucleic acid sequences.

INTRODUCTION

Major efforts are currently being devoted to the development
of devices allowing the direct (non-labelled) and rapid
detection of genetic materials in liquid media. These tech-
niques rely on the speci®c af®nity inherent to the hybridization
between single-strand DNA (ssDNA) sequences, and their
complementary counterparts as a probe layer af®xed to the
surface of a transducer. Approaches to direct signal generation
that have received much attention in recent years include
surface plasmon resonance (1±9), acoustic network analysis
(10±12) and quartz crystal microbalance (QCM) (13±17). In
addition, the feasibility of using electrochemical techniques
for the detection of biomolecules (18±24), especially those
based on impedance and/or ®eld effect measurements (25±30),
is now also well established. Initial reports by our group in this
area describe an electrochemical approach to detecting the
hybridization of complementary strands using Si/SiO2 sub-
strates as a transducer, and simple homooligonucleotide
sequences as probes (31±34). This particular approach
involves measuring variations in electrical impedance when

the functionalized Si/SiO2 substrates are used as working
electrodes in a standard three-electrode electrochemical cell.
The Si/SiO2/ssDNA/electrolyte structure allows direct detec-
tion of the hybridization process as one monitors the variation
in charge distribution within the semiconductor, caused by the
changes occurring within the ssDNA probe layer.

One of the main challenges to achieving highly repro-
ducible and more sensitive silicon-based sensor devices is the
optimization of the probe layer immobilization procedures, to
achieve probe layer uniformity, and the nature of the probe
layer itself. In this respect much attention is now being
focused on the use of synthetic peptide nucleic acid (PNA)
sequences as probes (35,36). PNA is a DNA mimic in which
the sugar phosphate backbone has been replaced by a pseudo
peptide-like backbone, composed of N2-amithoethylglycine
units linked by amide bonds. PNA is charge neutral and has
the proper inter-base spacing, resulting in stronger af®nity for
the complementary DNA sequence. PNA has a signi®cantly
higher sensitivity and speci®city making it superior to DNA as
the probe in biosensors (37±40). The present paper investi-
gates the immobilization of PNA as probe onto a Si/SiO2

electrode, and the detection of its hybridization with comple-
mentary DNA using the electrochemical impedance approach.

PNA immobilization

Various methods have been reported for the immobilization of
PNA onto a transducer. Burgener and co-workers have
examined the hybridization characteristics of PNA, as
covalently coupled onto a sensor surface (41). This method
consists of a coupling between the maleimide group attached
to the N-terminal of the PNA and the sulfhydryl groups of an
activated dextran matrix on the sensor surface. Another
approach was used by Wang and co-workers in which the
PNA, derivatized with a thiolate anchor group, was immobil-
ized as a self-assembled monolayer onto a gold-plated QCM
(42).

In our approach, the PNA is covalently linked to the surface
of Si/SiO2 chips that have been functionalized with a silane,
3-glycidoxypropyltrimethoxysilane (GPTS) (43±45). GPTS
consists of hydrolyzable methoxy groups that allow for the
covalent binding of the silane to the oxide surface through
siloxane bonds (referred to as silanization in Fig. 1), following
the formation of silanol goups by acid treatment of the oxide
(referred to as hydroxylation in Fig. 1). In addition, GPTS has
an epoxide functional group that enables the binding of the
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PNA. Using a procedure derived from work by Lamture and
co-workers (46), the covalent binding in this case is achieved
through an epoxide-amine coupling reaction between the
epoxide group of the GPTS and the aminolinker of the PNA
oligomer (referred to as PNA immobilization in Fig. 1).

MATERIALS AND METHODS

Silicon chips

The Si/SiO2 substrates (TRONICS Microsystems, France) are
1 3 1 cm2 with a 300 mm thick silicon layer. The Si (100) was
phosphorus doped (n-type) to a density of 1015 cm±3. There is a
silicon dioxide layer of 150 AÊ on the front. The back of the
chip has a gold/chromium ohmic contact of 2000/500 AÊ .

Reagents

3-glycidoxypropyltrimethoxysilane (GPTS, 98%), N-N diiso-
propylethylamine (DPEA, 99.5%, under nitrogen), ethyl
alcohol (spectrophotometric grade) were purchased from
Sigma-Aldrich and used without further puri®cation.
Propane-2-ol was purchased from Analar. Hydrochloric acid
and NaCl were reagent grade and purchased from Fisher. All
solutions were prepared in distilled-deionized water. A Milli-
RX 20 Millipore device provided distilled-deionized (d-d)
water. The GPTS and N-N diisopropylethylamine were stored
at 4°C.

The DNA oligonucleotides (20 base-long oligomer) were
purchased from Biocorp (Montreal). The PNA oligonucleotide
[20 base-long oligomer bearing an `O' linker (amino linker) at
the 5¢ end] was purchased from PE Biosystems. The DNA
oligomer is perfectly matched to the PNA oligomer that has
the following sequence, 5¢-AGTCCATTGCAGTCCATTGC-
3¢. All nucleic acids were stored at ±20°C. The ¯uorescein-
labelled DNA oligonucleotides were purchased from Biocorp
(Montreal). The ¯uorescein-labelled PNA oligonucleotides
were purchased from PE Biosystems (bearing the ¯uorescein
label at the 3¢ end).

GPTS/amine immobilization method

The glassware was thoroughly washed with d-d water before
use. The Si/SiO2 substrates were cleaned by immersion in
acetone for 5 min, boiling d-d water for 10 min, thorough
rinsing with d-d water, and drying under nitrogen. The
substrates were immersed in concentrated HCl solution.
Following acid treatment, the chips were, once again, placed
in boiling d-d water for 10 min, rinsed thoroughly with d-d
water and dried under N2.

To determine the optimal silanization time (the best GPTS
coverage), a preliminary experiment was performed using
¯uorescein-labelled bovine serum albumin protein (BSA,
from Sigma). Chips were prepared by varying the silanization
times (30, 60, 90, 120, 360 and 480 min). The chips were
placed in propane-2-ol for 2 min, rinsed with d-d water for 30 s
and dried under nitrogen. Each chip was coated with 10 ml of a
BSA aqueous solution and the immobilization was carried out
at room temperature in water-saturated atmosphere for 2 h.
The washing procedure described above was performed.
Fluorescence measurements were taken immediately after
silanization.

Prior to silanization, the silane mixture was stirred for 5 min
and the chips were immersed in a thin ®lm of ethanol for 5 min
to remove any adsorbed particles. The silane mixture
consisted of a 1% GPTS solution [mixture of ethanol, water,
DPEA and GPTS (23.5:1.25:0.25:0.25 v/v/v/v)]. The chips
were left to react with the silane mixture under medium
agitation for ~4 h in a sealed polystyrene container. Following
silanization, the substrates were immersed in propane-2-ol for
5 min (to remove excess GPTS or any contaminants), rinsed
with d-d water for 30 s, and dried under N2. The substrates
were stored in closed welled plates under ambient atmosphere.

Immobilization of the probe layer was performed by placing
100 ml of a 0.02 mg/ml PNA (in 0.1 M NaCl) aqueous solution
onto the modi®ed Si/SiO2 chip forming the working electrode
of a specially designed three-electrode cell (Fig. 2).
Impedance measurements were taken while the reaction took
place. The substrates were thoroughly rinsed with d-d water to
remove any non-speci®cally adsorbed PNA from the surface.
In order to con®rm the presence of the immobilized PNA and
the hybridized DNA, the oligonucleotides were labelled with a
¯uorescent probe, ¯uorescein.

Hybridization procedures

The hybridization was performed using ¯uorescein-labelled
DNA. The concentration of DNA is equal to the concentration
of PNA used for the immobilization. The hybridization
consisted of placing 100 ml of a 0.02 mg/ml DNA in 0.1 M
NaCl aqueous solution in the specially designed cell and
leaving the chips to react while taking impedance measure-
ments. The substrates were thoroughly rinsed with d-d water
to remove any unhybridized DNA from the surface.

Fluorescence measurements

The chips with the immobilized ¯uorescein-labelled PNA
strands and the ¯uorescein-labelled DNA strands were
prepared using the procedure described above. The immobil-
ization and hybridization steps were done in the dark.
Following immobilization and hybridization, the chips were
mounted on a standard microscope slide. The ¯uorescence
measurements were taken using a Genepix 4000B ¯uores-
cence microarray scanner. The image of the chip showed the
circular region where immobilization of labelled PNA had
been done. The Genepix scanner aligns user-constructed
blocks with features on an array. The blocks were constructed
with features to our speci®cations. The pixel size was set at
20 mm. The diameter of the feature indicator was set to the
diameter of the spot. The features were aligned on the spots.
The photomultiplier tube (PMT) voltage, focus and feature
diameter were set each time a new slide was scanned. The
PMT voltage and focus were adjusted to ~1000 V and 200 mm,
respectively. A median intensity was taken at a wavelength of
532 nm.

Impedance measurements

A DC potential of ±0.5 to 2 V was applied to the chips using
a three-electrode potentiostatic set-up. An AC voltage of
100 kHz frequency and 10 mV amplitude was superimposed
onto the DC potential. Impedance measurements were taken
using a computer-controlled Voltalab electrochemical work-
station (model PGZ 301 by Radiometer, Copenhagen), and the
accompanying Voltamaster computer program was used to
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calculate the out-of-phase impedance (Zi) and generate the
plots. All measurements were done at room temperature and
conducted in the dark to avoid photogeneration of charge
carriers in the semiconducting electrode.

RESULTS AND DISCUSSION

In the impedance technique the capacitance of the semi-
conductor/oxide/electrolyte structure is measured as a

function of the DC potential applied to the working electrode.
Modi®cation of the oxide surface through immobilization and
hybridization causes a change in the charge distribution within
the space-charge layer of the semiconductor, resulting in a
change of ¯at-band potential (Vfb). The change in Vfb is
re¯ected by a displacement of the out-of-phase impedance
curves along the DC potential axis, toward more negative or
more positive potentials depending on the effect the surface
transformations have on the aforementioned charge distribu-
tion. The values of Vfb are directly obtained by extrapolating
the steeply rising portion of the Zi versus applied DC potential
curves (illustrated in Fig. 5).

Silanization

To determine the optimal silanization time, individual chips
were submitted to silanization times of 30, 60, 90, 120, 360
and 480 min. Fluorescein-labelled BSA was immobilized for
~2 h on each chip. Figure 3 shows the observed ¯uorescence
intensities and the optimal silanization time was found to be
4 h, which corresponds to the highest median intensity of
5.4 3 103 a.u.

Immobilization of the PNA probe layer

Figure 4 shows the variation of ¯uorescence intensity versus
immobilization time for individual chips covered with
¯uorescently-labelled BSA. The silanization time used for
these chips was 4 h. The immobilization time yielding
maximum coverage was determined to be ~1.5 h. Under
these conditions, the median ¯uorescence intensity was of
2.3 3 104 a.u.

Figure 5 shows the shift in Zi values due to the
immobilization of the PNA probe layer on GPTS modi®ed

Figure 2. Schematic representation of the specially designed cell. Reference
electrode (RE); counter electrode (CE); working electrode (WE).

Figure 1. Probe layer immobilization procedure.
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Si/SiO2 chips. Fluorescein-labelled PNA was used in these
measurements to further con®rm the presence of the probe
layer following the immobilization. The actual time used to
immobilize the PNA probe layers was 1 h, to ensure that the
probe layer was not too dense, in order not to inhibit the
subsequent hybridization process. The impedance measure-
ments were taken during the immobilization to monitor the
change over time. Five successive impedance curve measure-
ments were taken, each measurement lasting 12 min. Curve 1
in Figure 5 shows the initial measurement taken at the start of
the immobilization. Curve 2 is the ®nal measurement taken at
the end of the immobilization. The curves taken in between
kept their general shape and progressively shifted to more
negative potentials (not shown for clarity). The overall shift in
Vfb was found to be ±202 mV. A blank run was performed to
assess the shift due to the electrolyte alone (without PNA)
and, as Figure 6 indicates, the effect of the electrolyte is
minimal, causing a change in Vfb of only ±8 mV. Therefore,
the overall shift in Vfb attributed to immobilized PNA is of
±196 mV.

Fluorescence measurements were taken after the immobil-
ization (following the impedance measurements). The median
intensity of the PNA probe layer was determined to be 2.3 3
104 a.u.. It is interesting to note that this intensity coincides
exactly with the value obtained for the ¯uorescent BSA
experiment (Fig. 4), at maximum coverage. From the standard
curve shown in Figure 7, which was generated by depositing
known amounts of ¯uorescent PNA on Si/SiO2 chips (allowing
the solvent to evaporate, but not removing any of the PNA by
rinsing in this case, to preserve the known amount), the median
intensity is found to correspond to a surface density of the
order of 1012 strands of PNA oligomer per cm2.

Figure 3. Fluorescence intensity as a function of the silanization time.

Figure 4. Fluorescence intensity as a function of the immobilization time
using BSA.

Figure 5. Imaginary impedance as a function of the DC applied potential,
(closed circle) after 12 min, and (open circle) after 60 min, immobilization
of PNA.

Figure 6. Imaginary impedance as a function of the DC applied potential,
(closed circle) after 12 min, and (open circle) after 60 min, in contact with
electrolyte (no PNA).
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Hybridization with complementary DNA

Figure 8 shows the impedance results obtained for PNA/DNA
hybridization, using ¯uorescent-labelled DNA, performed at
room temperature for 1 h. Unlabelled PNA was used as the
probe layer and the chips were vigorously washed with
distilled water to remove any unbound PNA prior to
hybridization. The impedance measurements were taken
using 0.1 M NaCl as electrolyte. As in the case of the PNA
immobilization, impedance measurements were taken as the
hybridization took place. Figure 9 shows the result of a blank
run performed to determine if any Vfb shift was caused by the
electrolyte. The effect of the electrolyte was negligible and
therefore, the change in Vfb due to hybridization of DNA was

found to be ±375 mV. Following hybridization, the chips were
washed with distilled water (room temperature) to remove any
unhybridized labelled DNA. Fluorescence measurements
taken immediately after the washing gave an intensity of
1.1 3 104 a.u., con®rming the presence of the complementary
DNA, and indicating that ~50% of the surface immobilized
PNA have been hybridized.

Figure 10 serves to compare the electrochemical impedance
responses for the immobilization and hybridization steps,
observed during the series of ®ve measurements taken over 1 h
(taken from experiments shown in Figs 5 and 8). The data are

Figure 7. Standard curve of ¯uorescence intensity for the immobilization of
PNA.

Figure 8. Imaginary impedance as a function of the DC applied potential,
(closed circle) after 12 min, and (open circle) after 60 min, hybridization
with complementary DNA.

Figure 9. Imaginary impedance as a function of the DC applied potential,
(closed circle) after 12 min, and (open circle) after 60 min, in contact with
electrolyte (no DNA).

Figure 10. Imaginary impedance variations at 1.1 V for immobilization
(closed circle), and 1.0 V for hybridization (open circle), as a function of
time.
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presented in the form of Zi values taken at ®xed applied DC
potentials of 1.1 V for the immobilization, and 1.0 V for the
hybridization, as a function of time. The overall variations in
Zi were found to be of ~200 W and 450 W for the
immobilization and hybridization steps, respectively. It is
important to note that although the ¯uorescence measurements
indicate a surface density of hybridized DNA which is only
half that of the immobilized probe PNA, the variation in Zi

(and Vfb) for hybridization is about double the value observed
for immobilization. This is in accordance with the fact that the
impedance-based approach to detection is sensitive to charge
variations at the semiconductor/electrolyte interface, and is
therefore expected to be more sensitive to the hybridization
event involving charged DNA, as opposed to the immobiliz-
ation of PNA. These results also show that hybridized DNA
surface densities of the order of 1011 to 1012, which yield Zi

variations of ~400 W, can be readily measured. The sensors
sensitivity to concentration variations in that range was also
tested, and the results are shown in Figure 11. Individual chips
were each exposed to a 100 ml amount of DNA solution at a
concentration of 0.0001, 0.0002, 0.001 and 0.002 mg/ml, and
left to hybridize for 1 h. The results show a good linear
relationship for Zi versus DNA concentrations in this range.

CONCLUSION

Reproducible immobilization of ss-PNA probe layers was
achieved through an epoxide/amine coupling reaction between
the PNA amino linker and the epoxide group of GPTS,
followed by hybridization with the complementary DNA
sequences. Electrochemical impedance measurements are
seen to provide a rapid, direct and sensitive approach for the
detection of the immobilization and hybridization events, as
corroborated by standard ¯uorescence measurements. These
events are indicated by signi®cant and reproducible variations
in the semiconductor ¯at-band potential and out-of-phase
impedances.
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