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a b s t r a c t

An ultrasensitive electrical detection method of nucleic acids has been demonstrated on sub-microgapped
biosensor. In this method, peptide nucleic acid (PNA) probes were firstly immobilized in the gap areas of
a pair of interdigited microelectrodes and then were hybridized with their complementary target DNA.
ccepted 30 June 2008
vailable online 9 July 2008

eywords:
lectrical detection
nterdigitated microelectrode

After hybridization, hematin molecules were introduced into the DNA strand via zirconium-phosphate and
zirconium-carbonate chemistries. The newly attached hematin molecules act as a catalyst to accelerate
reducing ammoniacal silver ion to form silver nanoparticles, which span the gap of the interdigitated
microelectrode. The conductance of the silver nanoparticles directly correlated with the number of the
hybridized DNA molecules. Nearly 1 fM sensitivity was achieved under optimal conditions. This approach
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. Introduction

There is a worldwide effort towards the development of bio-
nalytical devices that can be used for detection, quantification
nd monitoring of specific chemical species including nucleic
cid molecules. For example, it is a critical factor in diagnos-
ics of genetic, bacterial, and viral diseases and environmental

onitoring of micro-organisms. The most frequently used meth-
ds for determining the presence and concentration of nucleic
cids include autoradiography, fluorescence, chemiluminescence
r bioluminescence as well as electrochemical and electrical tech-
iques (Odentahl and Gooding, 2007). The search for simple,
ost effective and rapid detection methods resulted in techniques
uch as polymerase chain reaction (PCR) and the fast develop-
ent in hybridization based DNA chips (Arlinghaus et al., 1997;

hristopoulos, 1999).
Typical nucleic acid detection techniques rely on marking of the

ucleic acid to be examined. The molecular markers used for this
urpose may be fluorescent, luminescent or electrically or magnet-

cally active molecules or particles (quantum dots, magnetic beads).

fter hybridization with complementary DNA capture molecules in
homogeneous phase or on a microarray, the markers are detected
t the bound nucleic acids sites by one of the aforementioned meth-
ds. These techniques are highly sensitive and well established but

∗ Corresponding author. Tel.: +65 6770 5759; fax: +65 6773 1914.
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lso show many disadvantages, such as photo bleaching of fluo-
ophore labels, quenching, high costs, complicated protocols, the
equirement of bulky instruments, and long analytical processing
ime. For this reason, there is still a need for a simple, reliable and
ost-effective detection method for rapid nucleic acid analysis.

An alternative way is to use label-free method for detection.
here have been some techniques available for label-free detec-
ion, these techniques can be electrochemistry, such as label-free
lectrochemiluminescence (Wei et al., 2007), label-free impedance
etection (Dharuman et al., 2005; Berdat et al., 2008); and optical
ethods, such as silicon-on-insulator microring resonator method

Vos et al., 2007) and surface plasmon resonance method (Kim
t al., 2007a,b); micromechanical technique – dynamic microcan-
ilever sensors (Fang et al., 2005), other technologies – differential
ransfer function of field-effect transistors (Ingebrandt et al.,
007), nanopore sensor for fast label-free detection (Kim et al.,
007a,b), surface–colloid interaction detection (Sun et al., 2007),
nd nanogapped sensors.

Several years ago, a paper (Lee et al., 2002) was published
oncerning the DNA detection by measuring its capacitance
hanges before and after the DNA hybridization. The gap distance
s 50 nm. It is a label-free method, no necessary to use fluorescent
abel, however, it is very difficult to fabricate a nanogap sensor
ith the gap distance only 50 nm wide; and meanwhile the signal
ifference before and after hybridization is not very high. In 2004,
here is a report (Moreno-Hagelsieb et al., 2004) to use interdigited
lectrodes for DNA sensing, its electrode material is Al/Al2O3,
hich replace gold as the electrode material and reduce the cost.

http://www.sciencedirect.com/science/journal/09565663
mailto:kongjm@ime.a-star.edu.sg
dx.doi.org/10.1016/j.bios.2008.06.047
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ts detection limit can reach to 0.2 nM and this method can be com-
atible with microarray technology. This group in Belgium further
eveloped their method and the detection limit can reach to 50 pM,

t also opens the way for correlation studies and noise reduction
echniques based on multiple electrical measurements of the same
NA hybridization event with a single sensor (Moreno-Hagelsieb
t al., 2007).

A relatively fast and real-time analysis can be achieved using
lectrical and electrochemical biosensors. There are already some
eports describing the use of electrical technique detection, such
s conductivity measurements (Park et al., 2002) (US patent
pplication 2005/0079533). Generally, most detection methods
epend on the binding of an analyte to the capture probe; the bind-

ng changes the conductivity or other electrical properties between
wo electrodes. In addition, field effect transistor (FET) based
iosensors, such as ion-sensitive field effect transistors (ISFET) are
lso used. An example was given by Schöning and Poghossian
2002).

Recently, the potential of metal nanoparticles as an alterna-
ive label for ultra-sensitive detection of nucleic acids has been
hown (Haick, 2007). As early as in 1999, Velev and Kaler (1999)
emonstrated the creation of arrays of biosensors by in site assem-
ly of colloidal particles onto micropatterned electrodes. Their
xploratory results showed that a method of interfacing colloidal
ssemblies with electronic circuits could be used to create func-
ional devices with sensitivities comparable to those of clinical
ssays. It can be deduced that their method held great promise
or creating disposable on-chip arrays of highly sensitive miniature
ensors for specific proteins, DNA fragments, or other biomolecules.

In 2001, Möller et al. reported a scheme for an electrical
etection of the concentration of bioconjugated colloidal gold par-
icles in solution, based on the use of particles carrying nucleic
cid molecules. The particles are immobilized in the gap of
icrostructured electrodes, followed by a metal enhancement step

nd electrical measurements. Although, these electrical detection
pproaches achieved high sensitivity, they are limited by a rela-
ively high background noise due to labelling of biomolecules with

etal nanoparticles. Further, a silver enhancement step is required.
n 2005 the group presented a revised protocol involving the use
f the enzyme horseradish peroxidase (HRP) for catalytic metal
eposition from a source of metal ions (Möller et al., 2005).

At present, electrical detection approaches either have low sen-
itivity or required labelling nucleic acids with gold nanoparticles.
lternative approaches based on the detection of fluorescence res-
nance energy transfer (Ray et al., 2007) even require the linkage of
ucleic acids to both a fluorophore and a gold nanoparticle. Proce-
ures such as gold nanoparticle preparation and functionalisation
re tedious and require highly skilled labor; thus, there remains a
eed for an alternative method for the detection of nucleic acids.

The aim of this work is to develop a method to detect nucleic
cid molecules electrically, which avoids these disadvantages just
escribed.

Hematin (hydroxyferriprotoporphyrin) is the stable, oxidized
orm of the free heme center of the enzyme, HRP. In comparison
o HRP, hematin is an inexpensive iron-porphyrin molecule that
oes not contain any amino acid residues and hence has signifi-
antly higher stability in a wider range of pH conditions. Therefore,
y introducing a compound hematin to the analytical system to
eplace HRP, a constant activity can be sustained for silver deposi-
ion.
In this paper, a novel, simple, rapid and ultra-sensitive electrical
etection method for nucleic acids on sub-microgapped biosensor

s developed. It does not require biological ligation, a second probe,
mplification or the use of radio-active substances. Also it is ultra-
ensitive and non-radioactive. The hematin is bound to target DNA
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trand using zirconium phosphate chemistry (Buscher et al. (1996)
nd Mazur et al. (2005).) and the resultant complex catalyses the
eduction of a solution containing silver ion to form metallic silver
anoparticles whose presence is detected as a change in the electri-
al properties of the sub-microgap. Experiments show that specific
ucleic acids are detected with high sensitivity and specificity.

. Materials and methods

.1. Chemicals and instruments

Amino-terminated PNA capture probes with sequence 5′-NH2-
AC CAT ACA ACC TAC TAC CTC A-3′ were custom-made by
urogentec (Herstal, Belgium) and used as received. Target comple-
entary oligonucleotide 5′-TGA GGT AGT AGG TTG TAT GGT T-3′,

ne base mismatch oligonucleotide 5′-TGA GGT AGT AGG TTG TGT
GT T-3′ and control oligonucleotide 5′-GGA AGG GAG TAA AGT
AA TAC CTT TGC TCA TTG ACG-3′ were purchased from 1st Base
te Ltd. (Singapore). 3-Aminopropyl triethoxysilane (APTES, 99%),
ematin, silver acetate and 1,4-phenylenediisothiocyanate (PDITC,
8%), were obtained from Sigma–Aldrich (St. Louis, MO). All other
eagents were also obtained from Sigma–Aldrich and used without
urther purification.

.2. Fabrication of sub-microgapped biochip

Sub-microgapped chips used in this experiment were fabricated
y a lift-off method. A single chip contained 10 × 10 interdig-
ted microelectrodes each formed of 170 pairs of 195 �m long
nd 500 nm wide fingers; the gap distance between each pair of
nger-like electrodes was 500 nm. These electrodes consisted of
15 nm thick layer of gold on top of a 10 nm thick layer of tita-

ium. They were fabricated on silicon wafers with 500 nm thick
ilicon dioxide by standard microfabrication procedures. The chip
urface was treated according to a method described elsewhere
Liu and Bazan, 2005) with a few modifications. Briefly, the chips
ere thoroughly cleaned with chloroform and acetone to remove

ny possible organic contaminants, then were dried with nitrogen
nd exposed to 5 min oxygen plasma, before being washed in iso-
ropanol and absolute ethanol and dried. Next, the clean chips were

ncubated for 4 h in an absolute ethanol solution of 1% APTES and
.5% H2O (v/v) for silanization, then they were washed with abso-

ute ethanol and allowed to dry under mild nitrogen flow before
ging at 110 ◦C for 10 min prior to the PDITC activation. PDITC, a
ifunctional coupling agent, was exploited for chip activation via

ts surface amino groups. 40 mg of PDITC was added to a mixed
olution of pyridine (2 mL) and dimethylformamide (18 mL) and the
hips were immersed in this solution for 2 h, followed by washing
ith dimethylformamide and dichloromethane, then drying under
ild nitrogen flow. The commercial PNA capture probes were dis-

olved in 0.1% trifluoroacetic acid solution according to product
nstructions and diluted to 10 �M in 0.50 mM sodium carbonate
uffer (pH 9). A 100 �L PNA capture probe solution was spotted
nto a chip surface, and allowed to stand for 4 h in a humid chamber
t 37 ◦C. Unreacted PNA capture probes were removed in the next
tep by a thorough wash with water and methanol. Lastly, the chips
ere treated with a dimethylformamide solution of ethanolamine

nd diisopropylethylamine to passivate their surface.

.3. Hybridization and electrical detection
Hybridization was carried out in a 10 mM Tris–HCl, 1.0 mM
DTA, and 0.1 M NaCl (TE) buffer for 60 min at room temper-
ture. After that, the hybridized DNA strand was activated via
irconium-phosphate chemistry. By doing so, hematin molecules
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reaction time is 5 min. It can be seen from Fig. 2 that the con-
ductance reached a plateau above the hematin concentration of
300 �M, indicating that the response of DNA to hematin saturated
at this concentration which was therefore used for all the following
experiments.
Scheme 1. Illustrative dia

ere attached to the DNA strand, to act as catalysts in the ensu-
ng step of silver ion reduction producing silver nanoparticles. A
reshly prepared solution of mixed silver acetate and hydroquinone
n the ratio of 2:1 (both dissolved in sodium nitrate buffer, pH 3.62)
as added to the chip surface and incubated for 5 min (balancing

he time and measuring efficiency—result not shown), to produce
continuous silver nanowire, which would electrically short the

lectrodes. The illustrative diagram for the measurement mecha-
ism is shown as Scheme 1.

Conductance measurements were performed under ambi-
nt conditions by using Alessi REL-6100 probe station (Cascade
icrotech.) equipped with an Advantest R8340A ultrahigh resis-

ance meter (Advantest Corp., Tokyo, Japan). Data were reported as
n average of the responses from 20 measurements.

. Results and discussiones

.1. Choice of silver ion concentration

Of several factors which affect the conductance between the pair
lectrodes in a sub-microgapped sensor, one of the important fac-
ors is the silver concentration. Therefore, we investigated the effect
f silver concentration used in the silver reduction step by hematin.
n this experiment, hematin concentration and DNA concentration
s well as the reaction time are fixed at 250 �M in DMF, 10−12 M
n TE buffer and 5 mins respectively; the only change is the con-
entration of silver acetate. From Fig. 1 it can be seen that at low

ilver ion concentrations, 12 mM and below, conductances of both
ontrol and sample groups were small, showing little difference.
etween silver ion 13 mM and 14 mM the conductance of the sam-
le groups was much greater than the control groups. While above
4 mM, the conductance of control groups increased leading to an

F
t
t

of measure mechanism.

ncrease in background noise and a decrease in sensitivity. Based on
hese results, it was concluded that 14 mM of silver acetate would
e the most appropriate silver concentration and it was adopted
or the following experiment.

.2. Choice of hematin concentration

We also investigated the effect of hematin on the conductance
esults of the sub-microgapped sensor. In this experiment, 14 mM
ilver acetate solution and 10−12 M DNA sample were used and the
ig. 1. Effect of silver ion concentration on conductance. Experimental condition:
he hematin concentration 250 �M in DMF and DNA concentration 10−12 M, reaction
ime 5 min.
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samples to the same PNA-immobilized biosensor, a comple-
mentary sequence and a single base mismatch sequence, both
at a concentration of 1 × 10−12 M. Optimised conditions were
used (silver acetate = 14 mM, hematin concentration = 300 �M,
reaction time = 5 min). As shown in Fig. 5, the conductance for
ig. 2. Effect of hematin concentration on conductance. Experimental condition:
ilver ion concentration 14 mM and DNA 10−12 M, reaction time 5 min.

.3. Evidences of sub-microgap bridging with silver nanoparticle

In Fig. 3, a scanning electron microscope (SEM) image shows
hat a silver nanowire formed after hematin and silver acetate treat-

ents bridging across the sub-microgapped biosensor hybridized
ith complementary DNA. By contrast, in the control sample no

uch nanowire was observed. These results proved that hematin
ndeed act as a catalyst catalysing the formation of silver nanopar-
icles, which is similar to the work of Möller et al. (2005) by using of
he HRP for catalytic metal deposition from a source of metal ions
n on an interdigited microelectrode sensor.

.4. Calibration curve

The conductance of a pair of sub-microgap electrodes on a
hip primarily depends on the number of silver nanoparticles
ormed along gap. This number is in turn dependant on the
mount of hematin bound to the target DNA strands in the gaps.
rovided the saturation concentration of hematin is used, this
s directly proportional to the amount of target DNA molecules
ybridized.

The hybridization of PNA and target DNA is in the ratio
f 1:1, thus the amount of the PNA capture probes immobi-
ized in the gaps and the hybridization efficiency will ultimately
etermine the number silver nanoparticles formed in the gaps

f the biosensor. If the number of the target DNA molecules
ybridized in the sub-microgaps is directly related to the conduc-
ance, then a simple linear relationship between the conductance
nd the amount of target DNA (or concentration) is to be
xpected.

ig. 3. SEM images of control and sample. Experimental condition: silver ion
oncentration 14 mM, hematin concentration 300 �M in DMF, DNA concentration
0−12 M, reaction time 5 min.

F
i
i

ig. 4. Calibration curve for complementary DNA and control sample. Experimental
ondition: silver ion concentration 14 mM, hematin concentration 300 �M in DMF,
eaction time 5 min.

Based on previous experimental results, the optimal conditions
or analysis were determined to be: silver acetate 14 mM, hematin
oncentration 300 �M, reaction time 5 min.

Under such conditions, sub-microgapped biosensors were
reated with DNA samples, their concentration ranging from
0−11 M to 10−15 M with 20 measurements at each concentration.
he obtained calibration curve of the average of the conductance
ersus the DNA concentration is shown in Fig. 4. As expected there
s a linear relationship between DNA concentration and conduc-
ance with a regression coefficient of 0.993, which shows that a
ood linear relationship between DNA concentration and conduc-
ance exists, proves that the number of the target DNA molecules
ybridized in the sub-microgaps is directly related to the conduc-
ance.

The detection limit is near 1 fM, 2 orders of magnitude bet-
er than the one achieved using silver-enhanced gold nanoparticle
abelling methods for detection of nucleic acids (Park et al., 2002).

.5. Detection specificity—single base mismatch

To test the capability of this new method for discriminating
gainst single base mismatch (SBM), we applied two different
ig. 5. Comparison of complementary DNA and one base mismatch sample. Exper-
mental condition: silver ion concentration 14 mM, hematin concentration 300 �M
n DMF, reaction time 5 min, sample concentration 10−12 M.
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omplementary sequence and a single base mismatch sequence
re 1.65 × 10−5 S and 2 × 10−6 S, respectively. Thus the selectivity
actor for detection of the SBM sequence on this biosensor is 8.25,
igher than that of the conventional molecular beacon method
4:1) (Rosi and Mirkin, 2005), which allows it to discriminate
gainst the fully matched complementary sequence and single
ase mismatch sequence. The higher specificity of this biosen-
or enables it to be used in many different fields—for instance,
iagnostics of genetic, bacterial, and viral diseases, as well as
nvironmental micro-organisms monitoring.

. Conclusions

Ultrasensitive detection of DNA on a sub-microgapped biosen-
or has been demonstrated in this paper. For the first time, hematin
as used to catalyse the silver nanoparticle formation in a sub-
icrogapped sensor for DNA detection, which has greatly reduced

he background noise and simplified the detection procedure. It
an be expected that a narrower gap width will provide the poten-
ial for higher sensitivity. Meanwhile, since the metallic silver
ormed in the sub-microgapped sensor is stable, it can be exposed
o the outside environment for longer time, which would be an
dvantage for developing multiplexed detection of different DNA
amples.
cknowledgment
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