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1 Introduction

Nanomaterials feature unique shape- and size-dependent 
physicochemical properties that can be of great use in the 
fabrication of miniaturized compact electronic devices.  With 
recent developments in nanotechnology, several new 
technologies have emerged, relying on the use of nanometer-
sized space created at the molecular level.  Thus far, researchers 
have focused on exploiting the unique functionalities of 

nanomaterials by precise structural control using top-down and 
bottom-up approaches.  In addition, researchers have developed 
protocols needed to apply these strategies to molecular 
electronics, involving processors, switches, and sensors.  
Brought together and applied across a broad spectrum of 
analytical science disciplines, such as biotechnology, medicine, 
and environmental science, the challenge will lie in extending 
basic techniques to nanospace functions.1

It is known that electrode pairs separated by nanometer-scale 
gaps are fundamental building blocks for the fabrication of 
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The fabrication of electronic devices using individual molecules necessitates an adept control of the placement of 
molecules and tuning the space between them.  This paper provides an overview of sensing using molecularly bridged 
gold nanoparticles (AuNPs) with nanometer-sized space.  We have attempted to form a nanometer-sized space in a 
two-dimensional network consisting of a repeated sequence of an AuNP–molecule–AuNP junction.  It is possible to 
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nanometer-sized electronics.2–14  They also act as important tools 
in the characterizing the properties of molecules and materials 
at the nanometer scale.  In the past decade, researchers have 
reported several techniques for the fabrication of nanogap 
electrodes, and demonstrated their potential applications in the 
analysis of molecules and nanomaterials.  This has opened up a 
new paradigm beyond the capability of traditional 
microfabrication technologies.  Thus far, several effective 
methods have been considered to provide promising results for 
the fabrication of nanogap electrodes, including mechanical 
break junctions,15 electromigration,16,17 electron-beam 
lithography,18 electrochemical plating,19,20 focused ion beam 
lithography,21 shadow mask evaporation,22,23 and nanoparticle 
arrays.24–27  In particular, the combination of top-down and 
bottom-up approaches has been a successful strategy for 
providing the desired configuration, placement of molecules 
into the nanospace, and realizing promising molecular 
recognition results.12–14,28–34  In principle, bottom-up fabrication 
is achieved through the binding, interaction, self-assembly, and 
self-organization characteristics of molecules and materials as 
building blocks.35–39  Precise control of the spacing between the 
fabricated electrodes for specific molecules is expected to allow 
ultrasensitive sensing.  Nanogap devices provide a sufficient 
level of sensitivity, as few as a single molecule to a small 
number of molecules, with the direct transduction of molecule-
specific binding events into electrical signals.

In the present work, we made an effort to develop a sensor 
based on molecular recognition within a nanogap, controlled by 
a nanometer-sized space.  The nanogap is an important key to 
the development of a new field within analytical science, and 
has become a prominent and continuously expanding field of 
research.  Therefore, we discuss promising strategies for 
enhancing the performance, as well as the key challenges 
associated with the development of ultrasensitive sensors, 
especially from the viewpoint of molecularly bridged nanogap 
technologies, as applied to electrical sensing.

2 Molecular Bridging among AuNPs

Recently, inorganic nanoparticles and their arrays have attracted 

the attention of researchers as important materials for 
nanoelectronics, owing to their unique physical and chemical 
properties.40–43  The self-assembly technology is an effective 
bottom-up technique to assemble well-organized one- to three-
dimensional structures, wherein the interparticle connections 
can be controlled at the single-particle level.44–47  From the 
application standpoint, metal nanoparticles are one of the most 
frequently studied inorganic materials because of their distinct 
combination of properties, which impart unique functionality to 
the nanotechnology-based devices.48,49  We previously reported 
on the synthesis of a gold nanoparticle (AuNP) array prepared 
via a single-step procedure, wherein alkanethiols were 
self-assembled to deposit AuNPs on a plastic substrate, as 
shown in Fig. 1A.25–27,50  Scanning electron microscope (SEM) 
images of the AuNPs-deposited substrate represented a 
uniformly covered surface without any overlap of AuNPs.  
These results indicate the formation of a single layer of AuNPs 
on the plastic substrate, without aggregation or integration.  The 
logarithmic electrical resistivity (R) of the AuNP layers thus 
obtained clearly depends on the length of the gap between 
AuNPs (d2n) based on the alkyl chain, as shown in Fig. 1B.  This 
phenomenon is attributed to be the predominant mechanism of 
electron transport through a self-assembled monolayer (SAM) 
in metal–insulator–metal (MIM) junctions.51–57  So far, several 
studies have concluded that the electrical properties of the MIM 
junction formed through a SAM between the electrodes can be 
determined by considering it as a parallel circuit composed of a 
resistor and a capacitor.58–60  Because each AuNP is separated 
from the other AuNPs by alkanethiols, adjacent AuNPs 
electrically act as capacitors and resistors, as shown in Fig. 1C.60  
Consequently, the equivalent (Z0) of the two AuNPs can also be 
expressed as a resistor (R0) and a capacitor (C0) connected in 
parallel, and the entire network (Ztotal) can be considered as a 
parallel circuit composed of a resistor and a capacitor:

Z m
n

Z m ntotal positive intege= 



 =2

3 0. , rr.  (1)

The proposed circuit scheme is substantiated by the Nyquist 
plot of a single hemisphere and the excellent agreement between 
the DC and AC measurements.26  Therefore, considering a pair 

Fig. 1　(A) SEM images of AuNPs array fabricated on plastic substrate using (a) propanethiol and (b) 
octanethiol as bridging molecules.  (B) Plot showing the dependence of ln(R) of an AuNP array on nc.  
The inset represents a model of gap (d2n) formed between adjacent AuNPs.  (C) Illustration of a 2D 
network derived from SEM images and a model of electrical equivalent (Z0) between adjacent AuNPs, 
expressed as capacitor (C0) and resistor (R0), and calculation process for deriving of Eq. (1).  Copyright 
(2013) the Electrochemical Society.
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of AuNPs, it is possible to discuss the electrical characteristics 
of the layer formed by depositing AuNPs on a substrate.  
Electron transport in the AuNP–alkyl chain–AuNP junction is 
dominated by the tunneling barrier or, in other terms the 
resistivity, which decays exponentially with the distance 
according to the following equation:

ln(R0/R) = –βd2n, (2)

where β is the decay constant, which reflects the strength of 
electronic coupling across a particular molecular bridge 
(tunneling coefficient), and d2n is twice the length of alkanethiol 
(dn) along the tunneling pathway, as shown in the inset of 
Fig. 1B.  The slope of the plot of ln(R) vs. d2n, which has a 
y-intercept of ln(R0), was found to be 8.51 nm–1, which is 
consistent with the value of β reported for tunneling through 
alkanethiols.51–54,57–64

3 Nanogap on Microelectrode

As mentioned above, the nanogap formed in the AuNPs layer 
self-assembled onto substrates could be connected covalently in 
series using organic thiol molecules.  The electrical 
characteristics of the nanogap reflect the size of the alkanethiol 
in Fig. 2A.  This signifies that the nanogap can be effectively 
used to sense molecules.  Recently, the Murray group has 
reported that the electrical conductivity of the monolayer of 
AuNP coated with carboxylate alkanethiolate monolayers, 
linked together by carboxylate–Cu2+–carboxylate bridges, 
depended on the vapor pressures.65  In this case, the presence of 
organic vapor induced a swelling of the flexible network-linked 
AuNPs by changing either the size or chemical nature of 
electron tunneling pathways, accompanied by a decrease in the 

electrical conductivity.  Similarly, Zhong et al. have also 
reported that the resistance of the AuNP film depends on the 
sorption of vapors by molecular interactions, such as 
hydrophobicity, polarity, and hydrogen bonding.66  In the same 
manner, molecular bridging in the nanogap system will allow 
sensing for various molecules (Fig. 2B).67

A monolayer of AuNPs deposited onto microelectrodes could 
be connected covalently in series using organic thiol molecules, 
as shown in Fig. 3.  Therefore, the monolayer formed from the 
repeated sequences of a two-dimensional AuNP–organic 
molecule–AuNP arrangement, which have been fabricated by a 
self-assembling technique based on spontaneous Au–S binding, 
has an electrical nanogap between adjacent AuNPs that could be 
used for ultrasensitive detection.68,69  A decanedithiol was 
adsorbed onto the electrode by dipping it into a binder solution, 
and for self-assembly of AuNPs with the sulfur group of the 
binder molecule.  This dip-coating procedure was repeated to 
produce an array with an equally spaced interval between each 

Fig. 2　Illustration of the nanogap between adjacent AuNPs.  (A) Model of molecular bridging based 
on molecular size and (B) molecular recognition.63

Fig. 3　SEM image of an AuNPs array formed on a microelectrode.
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particle created by the binder (ca. 1.3 nm), which can be 
adjusted using the length of the alkyl chain.  The resistance of 
the array was consistent with the value reported by Zhong et al. 
(nonanedithiol, ca. 1.1 nm).66

4 Electrical Detection of Hybridization

The AuNP array was modified with a single-stranded (ss) DNA 
probe, whose amount required for probe modification was 
estimated to be approximately 5.4 pmol using an electrochemical 
intercalator.70  Once the resistance became stabilized, a 
tris–EDTA (TE) buffer involving the sample ssDNA was added 
over the array for hybridization, as shown in Fig. 4A.  Upon 
sample addition, an immediate decrease occurred in the 
resistance with the signal-to-noise (S/N) ratios being above 40, 
followed by a steady state within 90 s.  The magnitude of the 
response depended on the number of mismatched base pairs 
(bp) in the double-stranded (ds) DNA.  The largest response 
amongst the samples corresponded to the sample with the 
complementary strand (a, 0.19 Ω).  An increase in the number 
of mismatches led to a decrease in the magnitude (b – d), with 
the 11-bp mismatched DNA (d) showing the smallest response 
(0.05 Ω).  It should be noted here that the resistance change 
exhibited a nonlinear behavior with respect to the number of 
mismatches.  A response was found in the complementary DNA 
concentration with a range of 5 – 100 μM (25 – 500 pmol), as 
shown in Fig. 4B.70,71  According to the results obtained from an 
impedance analysis, ionic migration has only minor effects on 
DNA sensing.  Therefore, the resistance changes can be due to 
the conductivity of the dsDNA wire, which can be explained in 
terms of π overlapping between adjacent base pairs, as shown in 
Fig. 4C.72–76  The presence of a mismatch would produce a 
defect in electron transfer, which arises in the localization of 
electrons to reduce the electron-transfer rate.  The molecular 
bridging system that utilizes the nanogap makes it possible to 
respond to a change in the electrical characteristics because of 

the structural change, based on the DNA hybridization.

5 DNA Sensing

To achieve DNA sensing using a nanogap, an open bridge-
structured electrode was fabricated by repeatedly depositing the 
AuNP–ssDNA(A)–ssDNA(B)–AuNP sequence.  Here, the gap 
between the AuNPs was precisely controlled using the probe 
sequence, as shown in Fig. 5A.77  Using the combination of this 
electrode and conductive DNA, we were able to measure very 
small changes in the electrical properties of DNA with a high 
S/N (>30) and a detection limit of 5.0 fmol.  A remarkable 
difference was observed even between the 1-bp mismatched 
DNA and the complementary DNA.  We were able to amplify 
the detection limit of the 1-bp mismatch in the DNA sequence 
using the described system.  The inset of Fig. 5B shows the time 
course of the array resistance after applying the target 24-mer 
DNA, which carries two complementary sections for probes A 
and B.  In this case, the target is poly(A)24, and both of the 
probes are poly(T)12.  After reaching a steady state, an aliquot of 
the target DNA was applied to the array.  Consequently, the 
resistance decreased immediately, and became constant within 
60 s.  The ΔR value, defined as the difference in the resistance 
before and after the hybridization, was observed to be 100 mΩ, 
with an S/N ratio >30.  The sensor exhibited responses over a 
wide range of concentrations with a detection limit of 5.0 fmol, 
as shown in Fig. 5B.

Electrical measurements were conducted using the described 
array having equivalent electrical resistance, and repeated in 
triplicate.  The results presented in the previous section imply 
that the AuNPs separated by a gap of 1.3 nm were effective in 
detecting the hybridization event.  However, their effectual 
concentration range was limited (detection limit of ~25 pmol), 
because not every probe could hybridize with a target strand in 
the gap between the particles.68–71  Thus, the probes were not 
entirely responsible for the formation of conductive paths on the 
surface of AuNPs.  In addition, opening bridge hybridization 
also occurred between adjacent AuNPs.  Accordingly, the altered 
conductivity can be explained not only by the molecular 
conductivity of DNA, but also by the reduced structural distance 
between the parent AuNPs with attached 12-mer probes owing 
to this bridging by hybridization.  The binder thiol (~1.3 nm) 

Fig. 4　(A) Resistance changes from the hybridization of a probe (12-
mer, 5′-HS-TCT CAA CTC gTA-3′) with: (a) complementary 
oligonucleotide (3′-AgA gTT gAg CAT-5′); mismatch sequences, (b) 
1-base (3′-AgA gTT gAg CCT-5′), (c) 4-base (3′-AgA gTT AAC 
TCT-5′), and (d) 11-base (3′-CCC CCC CCC CCC-5′) mismatched 
strands.  Sample addition is indicated by arrow.  (B) Dependence of 
sensor response on the concentration of target complementary DNA.  
(C) Model illustrations for electron transfer in molecular bridging 
with: (a) complementary, (b) 1-bp mismatched strands.  Copyright 
(2005) American Chemical Society.

Fig. 5　(A) Model illustrations for electron transfer in an open-bridge 
system before and after hybridization.  (B) Dependence of the sensor 
response on the concentration of target complementary DNA.  Probes 
A, B and target DNA sequences were 5′-SH-poly(T)12-3′, 5′- poly(T)12-
SH-3′, and 3′-poly(A)24-5′, respectively.  Copyright (2008) American 
Chemical Society.
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was used to attach child AuNPs (12 nm) to parent AuNPs 
(46 nm), anchoring them to the parent and at the same time 
leaving a flexible tail free for target binding.  When one side of 
the target DNA (24-mer) is hybridized to the 12-mer probe, for 
example probe A, the hybridization of the other half of the target 
DNA sequence with the other probe (probe B) leads to a 
decrease in the electrical resistance.77  The distance between the 
child AuNPs was decreased compared to the distance before 
hybridization.  A greater distance between the child AuNPs 
make it impossible to hybridize both halves of the target DNA, 
preventing the formation of a conducting pathway at the 
nanogap.  These results suggest that the efficient formation of 
the conductive path increases the detection limit by 103 when 
compared to the detection limit achieved by using the 
single-AuNP array system.70

Furthermore, we verified the effectiveness of this system for 
the identification of DNA mismatches by using complementary, 
1-bp, 2-bps, and 24-bps mismatched sequences.77  The results 
indicated that the response was highest for the complementary 
DNA (ΔR > 0.1 Ω), and decreased with an increase in the 
number of mismatched bases.  Finally, the smallest ΔR was 
observed with the fully mismatched sequence (ΔR < 10 mΩ).  
Furthermore, the response to each target sequence was 
consistent, regardless of whether the measurements were 
performed using the complementary or fully mismatched 
sequence.  In this series of experiments with repeated 
hybridization and denaturing, the measured response to the 
complementary strand was stable.  The resistance was accurate 
within ±4.2% in a given series of experiments, and the S/N 
value  remained constant.  The response was nonlinear with 
respect to the number of mismatches, and a clear difference 
(>50 mΩ) was observed between the complementary DNA and 
the 1-bp mismatch, suggesting that this system can be effectively 
used for the detection of single nucleotide polymorphism.

6 Bridge Formed by Nanowiring

As mentioned above, the nanogap allows highly sensitive 
detection of the electrical property of DNA molecular 
bridges.68–71,77  However, the DNA used for detection is either a 
polymer or an oligomer, rather than a molecule.  Therefore, we 
made an attempt to create a nanogap by using a conducting 
polymer in order to bridge the nanogap.  Among the conducting 
polymers, polyaniline (PANI) is the material of considerable 
scientific interest because of its unique electrical behavior and 
potential as an environmentally stable conducting polymer.  An 
emeraldine-type PANI becomes electrically conductive when 
doped with an acid, wherein the doping level can be tuned 
simply by an adept control of the oxidation–reduction or 
acid–base chemistry.78  Therefore, PANI is considered to be a 
technologically important and stable conducting polymer.  In 
addition, its reversible conductivity, achieved by a suitable 
doping, makes it a promising material for many applications, 
including chemical sensors and biosensors.79–81  In our previous 
studies, we demonstrated a new synthetic strategy for the 
self-assembly of AuNPs to form raspberry-like aggregates.  
Forming three-dimensional AuNP–PANI–AuNP repeated 
sequences could further help in the realization of nanoscale 
electronics and molecular devices.82–85

Figure 6A shows TEM images of AuNPs prepared using 
aniline as a reducer, showing a raspberry-like aggregated 
structure.  The AuNPs in this aggregated structure had a particle 
diameter of 5.52 nm with a standard deviation of 0.83 nm.  It is 
well known that the diameter of a particle strongly depends not 

only on the reaction time and temperature, but also on the initial 
ratio of the reactants, which in this case are aurate and reducer.  
The AuNPs synthesized by aniline reduction were nearly 
dispersed spheres, whose sizes were controlled by the initial 
concentrations of aurate and the reducer.82–87  Therefore, the 
diameter was controlled solely by the reaction time at a constant 
temperature (333 K).  The UV-Vis spectra of the AuNPs changed 
drastically over 10 min, as shown in Fig. 6B.  Finally, a broad 
peak at 540 nm, which could be attributed to the surface 
plasmon resonance (spr) of the AuNPs, and a background 
absorbance were observed.  In addition, we could observe a red 
shift of 20 nm, compared to that of the generally reported 
AuNPs coated by surfactants.  This signifies the spr coupling 
between the closely spaced AuNPs, and also that the AuNPs 
were coated with a monolayer having a larger dielectric 
constant.82,88

7 Acid-base Switching

Furthermore, to confirm the composition of the passivation 
layer, the resulting raspberry-like aggregated structure was 
stirred in a strongly acidic medium (a).  New absorbance peaks 
were observed at around 445 and over 700 nm.  On the other 
hand, the spectrum (b) possessed a peak intensity at around 
540 nm, which could be attributable to spr because of dedoping 
in an alkaline medium, as shown in Fig. 7A.  The new 
absorbance peaks, which were not based on the aggregation of 
AuNPs, could be attributed to the localized and delocalized 
polaron of PANI, respectively.89,90  This observation indicates 
that the origin of the structural change in the oxidized aniline 
was caused by acid doping, where it was transformed from an 
insulating base to a conducting salt-type PANI.  The difference 
between the spectra (a) and (b) was attributed to the absorbance 
based on the existence of the oxidized aniline.  Consequently, a 

Fig. 6　(A) TEM images of raspberry-like aggregation.  Arrows 
indicate a 4.0-nm-thick passivation layer.  (B) UV-Vis spectra of the 
generation and growth of aggregation.  Copyright (2012) the 
Electrochemical Society.
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thick aggregation was postulated as follows: a 4.0-nm-thick 
passivation layer, indicated by the arrows in Fig. 6A, 
corresponded to the oxidized aniline formed during the reduction 
of aurate.  The resulting size was calculated from the molecular 
length with at least one octamer of aniline (4.1 nm), because 
pH 4.1 of the solution mixture constitutes a limiting factor for 
the growth of PANI.  It was assumed that interactions such as 
π-stacking of the respective aniline oligomer, coated to the 
AuNPs, lead to the raspberry-like aggregation.  Therefore, the 
overlapping of oligomers produces a polymer, as shown in the 
spectroscopic results in Fig. 7A.  The electrical properties of the 
raspberry-like aggregation, cast on a microelectrode, 
significantly changed with the doping and dedoping processes.  
The aggregation, which resulted from doping, revealed a good 
conducting property of 3.1 × 10–2 S cm–1.  This is similar to the 
conductivity of the generally reported salt-type PANI.78,91  On 
the other hand, the conductivity of the base-type PANI reduced 
dramatically to 10–8 S cm–1.  This observation implies the 
formation of molecular bridges of the overlapped aniline 
oligomers between the adjacent AuNPs.  Therefore, this system 
could act as a molecular switch, characterized by a transformation 
from the conducting (salt-type) to insulating (base) oligomers, 
and sensitively determining the concentration of acids.

8 Summary and Outlook

This review delineates recent advancements in the development 
of sensing methods based on the arrangement of AuNPs.  Using 
this approach, a molecular electronic device could be fabricated, 
with electrodes spaced at the nanoscale.  The use of a nanogap 
electrode has enabled the detection of very small electrical 
signals, which could be utilized in highly sensitive and 

label-free sensing applications.
The proposed molecular recognition using the nanogap is 

based on molecular bridging, with binding and interactions 
between a target molecule and a recognition site.  Therefore, 
two important points must be considered for molecular 
recognition.  Firstly, the chemical reaction or the interaction 
between the probe and target occurring in the nanogap must be 
defined.  Secondly, a probe must be placed into the nanogap.  
These points are easily achieved by the technique proposed in 
this review, because it is possible to reliably place the probe in 
the nanogap using the probe-modified AuNPs.

The techniques proposed in this study could further help in the 
realization of a high-density and high-throughput sensing 
platform for molecular sensors.  We believe that the findings 
will hold the key to the future development of nano-bioscience 
and associated technologies.  We anticipate the formation of a 
uniform array of AuNPs and direct translation of the activity of 
a single molecule into an electrical signal.  Moreover, 
two-dimensional arrangements of nanoparticles have also 
evolved with respect to their pathognomonic optical 
characteristics, because metal nanoparticles have distinctive 
optical characteristics.  Some promising results have suggested 
that such arrangements and nano-spacing may be useful in 
optical applications.
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