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Abstract The interest in the fabrication of electrochemical
biosensors with high sensitivity, selectivity and efficiency is
rapidly growing. In recent years, noble metal nanoparticles
(NMNPs), with extraordinary conductivity, large surface-to-
volume ratio and biocompatibility, have been extensively
employed for developing novel electrochemical sensing
platforms and improving their performances. Through distinct
surface modification strategies (e.g. self-assembly, layer-by-
layer, hybridization and sol-gel technology), NMNPs provide
well control over the microenvironment of biological mole-
cules retaining their activity, and facilitate the electron transfer
between the redox center of biomolecules and electrode
surface. Moreover, NMNPs have been involved into biore-
cognition events (e.g. immunoreactions, DNA hybridization
and ligand-receptor interactions) by conjugating with various
biomolecules, chemical labels and other nanomaterials,
achieving the signal transduction and amplification. The aim
of this review is to summarize different strategies for NMNP-
based signal amplification, as well as to provide a snapshot of
recent advances in the design of electrochemical biosensing
platforms, including enzyme/protein sensors focused on their
direct electrochemistry on NMNP-modified electrode surface;
immunosensors and gene sensors in which NMNPs not only
participate into biorecognition, but also act as electroactive
tags to enhance the signal output. In addition, NMNP alloy-
based multifunctional electrochemical biosensors are briefly
introduced in terms of their unique heterostructures and
properties.

Keywords Biosensors . Direct electron transfer . Electrode
modification . Genesensors . Immunosensors . Noble metal
nanoparticles . Protein immobilization . Signal amplification

Introduction

Biosensors, with their practical advantages of high selectiv-
ity, sensitivity and simple manipulation, have attracted
broad research interest and undergone rapid development.
In recent years, it has become one of the most important
research areas ranging from medical analysis, environmental
monitoring, to battlefield detection of warfare agents. A
biosensor typically contains three components: the biological
element recognizing analyte in the sample; the transducer/
detector element transforming the signal generated from the
biological interaction into another signal which can be more
easily measured and quantified; the associated signal process-
ors primarily responsible for the display of the results in a
user-friendly way. Among various species of biosensors
(optical, thermal, acoustic etc.), electrochemical biosensors
are of special interest due to their analytical characteristics
including operational simplicity, extraordinary sensitivity, low
cost and rapid, real-time detection. In recent years,
intensive research effort has been put into the design of novel
electrochemical biosensors as well as the improvement of
their performances.

Nanomaterials such as noble metal nanoparticles (NMNPs),
inorganic nanotubes/nanowires, and semiconductor quantum
dots exhibit unique electronic, optical, thermal and catalytic
properties [1]. Especially NMNPs (mainly gold (AuNPs),
silver (AgNPs), platinum (PtNPs), palladium (PdNPs), ruthe-
nium (RuNPs) and their alloy Au-Ag, Au-Pt, Ag-Pt, Pt-Pd,
etc.) possess exceeding advantages over other nanomate-
rials including stability, conductivity, biocompatibility, low
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cytotoxicity and size-related electronic, magnetic and optical
properties [2–6]. For the fabrication of electrochemical
biosensors, the dimensional similarities of NMNPs with
biological molecules and large surface areas provide
opportunities for the stable immobilization of biomolecules
with their bioactivity maintained; and their conductivity
facilitates the electron transfer between biological elements
and electrode surface. Additionally, the stability and biocom-
patibility of NMNPs make them easy to conjugate multiple
species of biomolecules, chemical groups and polymer mate-
rials. Besides, the unique electrocatalytic activity of some
NMNPs (e.g. PtNPs) could be employed to design label-free
electrochemical sensors.

Due to the significant role of NMNPs in the biosensor
fabrication, how to prepare NMNPs with appropriate size,
shape, assembly and surface modification becomes primary
element which determines the performance of a biosensor.
In general, the synthesis of NMNPs involves the chemical
reduction of noble metal salt in aqueous or organic phase.
However, the high surface energy of NMNPs makes them
extremely unstable and easy to undergo aggregation without
protection or passivation of their surfaces. As a result,
NMNPs are typically synthesized in the presence of a sta-
bilizer/surface protector which binds onto particle surface to
improve their stability and solubility, as well as provide
charge and chemical groups. The preparation of colloidal
AuNPs through the reduction of chloroauric acid (HAuCl4)
by sodium citrate in aqueous media is the most commonly
used method, and the stabilizer ranges from ions, small
molecules, polymers to multiple kinds of biological mole-
cules. Some nicely written reviews are available introducing
variable methods of AuNP synthesis and surface modification
[7]. Compared with AuNPs, AgNPs possess larger scattering
cross section and unique capabilities to amplify certain behav-
iors such as Raman scattering [8, 9] and fluorescence [10, 11].
However, the preparation of monodisperse AgNPs is more
challenging due to its propensity of corrosion and aggregation
in electrolytic solution [12]. In 1997, Taleb et al. synthesized
highly monodisperse AgNPs in the liquid phase for the first
time [13], starting from an initial synthesis in a surfactant
system consisted of functionalized dioctyl sodium sulfosucci-
nate reverse micelles. To narrow the particle size distribution,
the particles were extracted from the micellar solution. More
frequently used water-soluble AgNPs are prepared through the
reduction of silver nitrate (AgNO3) by sodium borohydride
(NaBH4) and stabilized by citrate [14, 15], polymer (e.g.
polyethylene glycol) [16] and biological molecules (e.g. pep-
tide and DNA) [17, 18]. These proper protective layers are
able to maintain the stability of AgNPs at high salt concen-
trations over a wide range of pH. PtNPs with different sizes,
shapes and structures exhibit distinctive capability in catalyz-
ing oxidation, hydrogenation and dehydrogenation of a variety
of molecules. The commonly used precursors for synthesizing

PtNPs can be chosen from hexachloroplatinic acid (H2PtCl6),
potassium hexachloroplatinate (K2PtCl6), potassium tetra-
chloroplatinate (K2PtCl4), to platinum acetylacetonate (Pt
(acac)2), depending on the choice of solvents (either water or
organic liquids), reductants (e.g. borohydride, hydrazine,
hydrogen, citrate, and ascorbic acid), surfactants (e.g. poly
(N-vinyl-2-pyrrolidone) and hexadecyltrimethylammonium
bromide), and other additives [19]. The easiest water-phased
synthesis of PtNPs is similar to AuNPs, using the reduction of
H2PtCl6 by sodium citrate [20]. And the modification of
biological molecules through Pt-thiol bond is becoming an
effective alternative to enhance the stability of PtNPs [21]. It
has to be mentioned that although the synthesis of NMNPs
makes great progress, it is still a challenge to precisely
control their monodisperse properties, morphology, and
surface chemistry.

The aim of this review is to summarize frequently-used
methods for surface modification on substrate electrodes
using NMNPs (mainly AuNPs, AgNPs, PtNPs and their
alloy), which increase the immobilization efficiency of bio-
logical molecules and accelerate the electron transfer rate on
electrode surface. Furthermore, some of NMNP-based sig-
nal amplification strategies are illustrated, it which NMNPs
provide elegant ways for the biomolecular recognition with
electrochemical signal transduction and enhancement. After
that the recent advances in the fabrication of NMNP-based
electrochemical biosensors are listed, including 1) direct
electron transfer (DET) of redox proteins/enzymes on
NMNP-modified electrode surface; 2) NMNP-based single/
multi-analyte immunosensors for the detection of tumor
markers, bacteria/virus and living cells; 3) genesensors, which
are divided into label-free sensors via direct oxidation of DNA
bases on NMNP-modified electrode surface, and indirect
sensors utilizing NMNPs for signal amplification. Since there
are some nice review articles in the recent years introducing
the development of metal and semi-conductor nanomaterial-
based biosensors [22–25], this review mainly focuses on the
original research articles from 2009 to 2011. Some articles
detailing important advances in this field might be left out, and
the author apologizes for these inevitable oversights.

NMNP-based surface modification methods

The modification of electrode surface with sophisticated
molecular assembly is one of the foundations for the fabri-
cation of an electrochemical biosensor. There has been
intense interest in developing novel molecular architecture
based on nanomaterial constructs, biomolecules and numb-
ers of organic/inorganic materials. They are utilized to
facilitate electron transfer, control reactions on the electrode
surface, tailor surface properties and provide additional
functionalities. Here we will introduce four typical surface
modification methods with the involvement of NMNPs,
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which are either directly assembled onto electrode surface, or
integrated with other materials to form complicated structures.

Self-assembly monolayer

Self-assembled monolayer (SAM) provides an organized
layer of amphiphilic molecules (containing a functional
group on one end and a head group on the other) due to
the specific and strong chemisorption of head groups onto
the electrode surface [26]. The performances of SAM-
modified electrodes are variable based on the characteristics
of functional groups [27]. The frequently used SAMs for
electrochemistry are based on the affinity between thiols/
amines and noble metal surfaces. As a consequence, the
well-ordered NMNP monolayers formed by S-/NH-noble
metal bonds can be used to immobilize biological molecules
with a high degree of control over the molecular architecture
of the recognition interface. Recent works have demonstrat-
ed that the immobilization of NMNPs on bulk electrode by
SAM strategies provides a simple, fast and versatile
approach for preparing biocompatible electrode surfaces
with strong electron transfer capacity and low background
signal [28]. The possibility of altering particle size and
density by controlling particle synthesis condition further
enhances the attractiveness of NMNP-modified interfaces
for sensing applications [29]. For instance, a cysteamine
SAM could be formed on gold electrode surface through
thiol-gold bond, and then covered by an AuNP seed (diam-
eter 3.5 nm) monolayer through the electrostatic interaction
between positively-charged amino groups of cysteamine
and citrate-protective AuNPs [30]. After that, cholesterol
oxidase could be immobilized through self-adsorption via
coordinate-covalent bond between amino groups of protein
and AuNP surface. The SAM of AuNP seeds had two
distinct functions: when the size was small, their excellent
conductivity and biological compatibility made the choles-
terol oxidase keep bioactivity. In the presence of HAuCl4
and cholesterol, the byproduct H2O2 generated by enzyme
catalysis resulted in the reduction of Au3+ ion to Au atom,
subsequently the enlargement of AuNPs with up to 50 nm
diameter. These larger-sized AuNPs covered on the elec-
trode surface densely and blocked the electronic communi-
cation between the electrode and electrochemical labels in
the solution. By measuring the impedance change on the
electrode surface, the quantification of H2O2 and cholesterol
could be achieved. Based on the similar strategy, AgNPs
could be employed for preparing AgNP-cysteine SAM
through interactions between the silver surface and the
carboxylate/amino groups of cysteine. The AgNP-modified
electrode could be utilized for electro-catalysis of electroactive
molecules [28].

As a commonly-used modification method, SAM is fre-
quently combined with other modification methods to create

multifunctional surface properties. A “linear layer-by-layer
self-assembly” composite film was prepared by alternately
depositing anionic tungstoborate (BW12O40) and cationic
polyethylenimine (PEI)–Ag+ complex. Under UV irradia-
tion, Ag ions in (BW12O40/PEI–Ag

+)n multilayers were
photochemically reduced into self-assembled Ag NPs. The
obtained (BW12/AgNPs)n films exhibited the electro-
reduction toward O2 and long-lasting antibacterial proper-
ties [31]. Lin’s group fabricated PtNP SAM respectively on
the surface of graphitized carbon nanotubes and AuNPs to
form nanocomposite. The PtNP SAM enhanced the electro-
catalytic activity towards O2 reduction and formic acid
reactions, providing a facile approach to design high-
performance fuel cells [32, 33]. Since 2008, graphene, a
two-dimensional (2-D) sheet of carbon atoms in a hexagonal
configuration with atoms, has proved to be an excellent
nanomaterial for applications in electrochemistry due to its
extraordinary electrical conductivity, large surface area and
low cost [34]. Dong’s group integrated graphene with
NMNPs through SAM technology on the basis of electrostatic
interactions between surface charge-changeable graphene
nanosheets and NMNPs [35] to form multilayers of gra-
phene/NMNP nanostructures. Moreover, they utilized cation-
ic polyelectrolyte poly(diallyldimethyl ammonium chloride)
(PDDA) functionalized graphene nanosheets as the building
block in the self-assembly of graphene nanosheets/AuNPs
heterostructure to enhance its electrochemical catalytic ability.
The modification of PDDA altered the electrostatic charges of
graphene, and made citrate-capped AuNPs more convenient
to adsorb onto graphene surface. Compared with in situ syn-
thesis of NMNPs on graphene [36–38], SAM provides an
alternative strategy to obtain the graphene/NMNP hybrids
with high-loading and uniform dispersion.

Layer-by-layer assembly

The layer-by-layer (LBL) assembly technique develops a
complicated yet highly-ordered molecular architecture with
precise control of the composition, number of layers and
thickness of films at a molecular level [39]. The LBL
assembly incorporates variety of matrixes with distinct nature,
size and topology. Their property could be controlled by
choosing different configurations, types of components and
numbers of layers. With strong electron conductivity, adsorp-
tion ability as well as the biocompatibility, NMNPs have been
commonly involved to form multilayer assembly on the elec-
trode surface. Cho’s group designed a multilayer structure
based on catalase-encapsulated AuNPs which were electrostat-
ically assembled with anionic and cationic polyelectrolytes
[40]. This AuNP multilayer allowed electrostatic charge rever-
sal and structural transformation through pH adjustment. Be-
sides, it was capable of inducing high loading of catalase as
well as effective electron transfer with the electrode. Moreover,
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Luo’s group developed a LBL route to prepare nanoporous Au
film materials on electrode surface by alternately assembling
AuNPs and AgNPs using 1,5-pentanedithiol as cross-linker.
Through the mild dissolving of AgNPs at room temperature in
HAuCl4 solution, the generated nanoporous Au film possessed
a uniform surface microenvironment and larger surface
area [41]. Upadhyay et al. fabricated the multilayer of
Au-Pt bimetallic alloy/glutaraldehyde/acetylcholinesterase
(AChE)/choline oxidase (ChOx) on electrode surface. The
combination of Au-Pt nanoparticles maintained the biological
activity of enzymes, and showed excellent electrocatalytic
properties for the detection of H2O2 [42].

As mentioned, variety of materials could be incorporated
with NMNPs to form LBL structure, creating unique con-
figurations and chemical properties. They include nanoma-
terials (e.g. single/multi-wall carbon nanotubes [43], SiO2

nanospheres [44] and TiO2 nanotubes [45]); polymers (pol-
yaniline [46], phthalocyanine [47], polypyrrole [48], and
chitosan [49]); biomolecules including DNA, enzymes and
proteins [50]. For example, horseradish peroxidase (HRP)
and glucose oxidase (GOx) could be embedded into the
AgNP/carbon nanotubes/chitosan LBL film for the fabrica-
tion of glucose biosensor [51]. The bi-enzyme modified
electrode exhibited fast and steady amperometric response
for the electrocatalysis of HRP, which was correlated with
GOx-based oxidation of glucose. Palmero et al. presented a
LBL structure composed of polyaniline (PANI) and PtNPs.
The number of PANI-PtNP layers and the nature of external
layer determined its electrocatalytic performance for meth-
anol oxidation [42]. More interestingly, the catalytic prop-
erties of PtNPs could be strengthened by changing the
species of polymers in the LBL structure [41, 44].

Hybridization

To further enhance the conductivity, surface-to-volume ratio
and biocompatibility of the electrode surface, the hybridiza-
tion of NMNPs with single or multiple species of organic,
inorganic nanomaterials and polymers has become one of
the hottest modification strategies in recent years. Multi-
dimensional carbon nanomaterials including graphene and
single/multi-wall carbon nanotubes (SWCNTs/MWCNTs)
have been considered as ideal material for hybridizing with
NMNPs to fabricate electrochemical biosensors. For instance,
Pt-CNT nanocomposite in which PtNPs were uniformly
entrapped on CNT surface possessed large immobilizing area.
In addition, they contained abundant oxygen-rich groups
improving its solubility in water and biocompatibility for
retaining the bioactivity of entrapped enzymes. Besides, the
synergistic effect of PtNPs and CNTs significantly facilitated
the H2O2-based catalysis on the electrode surface and lowered
its overvoltage from 0.6 V to 0.02 V, which were of signifi-
cance for the sensitive detection of H2O2 [52]. Similarly, the

hybrid of graphene/AuNPs/chitosan nanocomposite is a suit-
able matrix for protein immobilization due to the participation
of biocompatible AuNPs and chitosan, a polymer material
with film forming and adhesion ability. The integration effect
of graphene and AuNPs contributed to the excellent electro-
catalytic activity toward H2O2 and O2 [36].

Magnetic nano/micro-particles (e.g. Fe3O4) are another
alternative materials frequently integrated with NMNPs in a
broad range of biosensor applications, since they could be
easily separated from bulk systems by an external magnetic
field. This property not only enables the effective immobili-
zation of biological molecules onto substrate surfaces, but also
constructs the magnetically-controllable electrochemical de-
tection systems. Since Fe3O4 nanoparticles were discovered to
possess the intrinsic peroxidase-like activity [53], their appli-
cation expanded from magnetic separation to direct electro-
chemical detection. By adding appropriate substrate (e.g.
3,3′,5,5′-tetramethylbenzidine (TMB), o-phenylenediamine
(o-PD) [50] or N,N-diethyl-p-phenylenediamine sulfate
(DPD) [54]), Fe3O4 nanoparticles could be used for measuring
H2O2 through HRP-mimic catalysis and fabricating label-free
biosensors [55]. However, the reactivity of Fe3O4 nanopar-
ticles increases with the decrease of particle size, so they may
undergo rapid degradation with relatively small size. To avoid
this limitation, magnetic core–shell nanoparticles, in which
Fe3O4 is the core and noble metal the shell, have been exten-
sively proposed. These nanocomposites have better stability
and biocompatibility which are attributed to the noble metal
shell, meanwhile, maintain their magnetic property [56]. For
instance, Fe3O4@Au NPs could be initially deposited onto
electrode surface by applying a constant magnetic field, then
conjugated with biological molecules such as enzymes and
DNA onto the gold surface [57]. The large surface-to-volume
ratio of Fe3O4@Au NPs makes them able to act as platforms
where biological recognition events take place instead of on
bulky electrode surface, providing a short diffusion distance
for molecules and accelerating their mass transport [58]. After
that, they could be easily concentrated onto substrate surface
by external magnetic field and measured by electrochemical
strategies [59, 60].

Sol-gel technology

The sol–gel process, in which inorganic precursors undergo
various reactions resulting in the formation of a three-
dimensional molecular network [61], has been widely used
for the incorporation of different reagents in the development
of biosensors. The combination of NMNPs with sol-gel which
encapsulates nanoparticles within polymer matrices offers
numerous advantages including preventing the oxidation and
coalescence of NMNPs, remaining the stability of nanocom-
posite as well as facilitating the mass transport between nano-
materials and surroundings [62]. Furthermore, it provides
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possibility of engineering nanoparticles with additional elec-
trochemical, optical and mechanical properties. The properties
of the sol–gel matrix and the stability of nanomaterial/sol-gel
composite could be controlled by varying precursors, chang-
ing preparation conditions (pH, solvent, ratio of compounds,
reaction time, etc.) as well as modifying NMNPs with func-
tional groups, in order to keep the dispersion of nanoparticles
in the sol-gel matrix. Different groups have reported that
AuNPs, AgNPs [63] and their alloy [64] could be incorporat-
ed with three-dimensional porous silica network by chemical
reduction or electro-deposition, and through the self-assembly
of mercaptopropyltrimethoxysilane (MPS) or (3-mercapto-
propyl)-trimethoxysilane (MPTS) in the sol-gel [65]. The
NMNP-silica nanocomposite could be immobilized on the
electrode surface for further modification of biological
molecules. Besides, the NMNP-inorganic metal oxide
sol-gel such as alumina could also be simply formed
through dripping Al2O3 sol on the electrode followed by
electrochemical deposition of NMNPs [66]. Moreover, Chen
et al. proposed that the room-temperature ionic liquids
(RTILs) could also be incorporated to synthesize AgNP/
TiO2 nanocomposite through sol-gel technology, and RTILs
worked as the dispersers and stabilizers to control the growth
of AgNPs on TiO2 surface and keep the dispersion of Ag
clusters [67].

Direct electrochemistry of proteins on NMNP-modified
electrode surface

Electron transfer in redox proteins plays a key role in many
biological reactions such as respiration and photosynthesis,
and the direct electron transfer of proteins is of great interest
for bioelectrocatalysis. However, most of redox enzymes
and proteins, such as glucose oxidase (GOx), horseradish
peroxidase (HRP) and hemoglobin (Hb)/myoglobin (Mb)
lack direct electrical communications with electrode surfaces
due to deeply-buried redox centers insulated by the protein
shells, or the redox centers are too far away from electrode
surface to perform direct electron transfer. The utilization of
NMNPs has been proposed to overcome this problem by
employing nanoparticles as connecters to provide an electron
relay pathway from the redox center regions to electrode
surface. In addition, NMNPs provides a microenvironment
which makes proteins more free in their orientation, thereby
reducing the insulating effect of the protein shells.

Researchers have studied the direct electrochemistry of
different proteins/enzymes and fabricated respective biosen-
sors. Table 1 lists some of the recent advances in the direct
electron transfer (DET) study of redox proteins. Single or
multiple kinds of NMNPs are integrated with inorganic/
organic nanostructures to form highly-organized composite,
and the facile surface modification of NMNPs provides
different (e.g. carboxyl and amino) functional groups for

the further immobilization of proteins. Zhang et al. utilized
pulse electro-deposition to obtain uniform and dispersed
AuNPs on the surface of TiO2 nanotube arrays. The incor-
poration of TiO2 and AuNPs significantly enhanced the
surface areas on the electrode, followed by covalent immo-
bilization of GOx onto AuNP surface through 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) coupling reaction to con-
struct enzyme monolayer [68]. Alternatively, the enzyme im-
mobilization could be accomplished by proton-conductive
polymers such as nafion and chitosan, which possess high
permeability toward water, good adhesion and biocompatibil-
ity. Luan et al. co-immobilized graphene and HRP into chito-
san, followed by electro-deposition of AuNPs on the surface
[69]. The fabricated AuNP/graphene/HRP/chitosan worked as
“molecular wires” to achieve the direct electrochemistry of
HRP, and exhibited sensitive detection of H2O2 with a limit of
1.7×10−6 M. Instead of using organic nanostructures, the
flowerlike zinc oxide (ZnO) nanoparticles could also be
hybridized with AuNPs and nafion film to form nanocompo-
site [70], so that the entrapped HRP undergone a direct
surface-controlled quasi-reversible electrochemical reaction,
with the electron transfer rate constant (ks) of 1.94 s−1.

To further obtain a better control with the orientation as
well as the appropriate alignment of the redox center of
proteins on the electrode surface, different groups have
explored the attachment of single NMNP as nanowire to the
redox center of proteins. The first achievement was the surface
reconstitution of apo-GOx on an AuNP-functionalized flavin
adenine dinucleotide (AuNP-FAD)-monolayer electrode.
AuNP with the appropriate dimension and functionalization
adjacent to the enzyme redox center acted as a current collec-
tor to the electrode surface, whichmade the reconstituted GOx
exceed the electron transfer features of native enzyme [92].
Recently, Schiffrin’s group further demonstrated the specific
recognition between the metallic redox center of proteins and
NMNPs by reporting the direct electrical connection of the
metal center of Galactose oxidase (GOase) by chemical coor-
dination to a linker attached to single AuNP, which acted as an
electron relay [71] (Fig. 1a). GOase contained three domains
and a single copper active site (cavity size) lying close to the
protein surface. The connection between Cu center and single
AuNP was based on the introduction of thioctic acid
monolayer-capped AuNP with suitable size inside the copper
pocket of GOase to achieve direct coordination with the metal
center. Thioctic acid-protected AuNPwas linked to a biphenyl
dithiol-SAM modified electrode and then GOase was immo-
bilized by coordination to the carboxylate-functionalized
AuNP (Fig. 1b). By employing hybrid nanowire, one AuNP
was coupled with one copper metal site region, and the
involvement of AuNP facilitated the direct electron transfer
between the enzyme and electrode surface. A well-defined
DET of GOase could be observed, shown by the clear
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appearance of two voltammetric peaks, which were ascribed
respectively to the oxidation/reduction of tyrosyl radical
(Tyr•272) and CuII/CuI redox couple (Fig. 1c).

NMNP-based signal amplification strategies
for the fabrication of bioaffinity sensors

Bioaffinity sensors are based on biological recognition
events in which target molecules are involved. Depending
on the nature of biorecognition (e.g. immune reaction;
ligand-receptor interaction and DNA hybridization), they
could further be classified into different subtypes, including
immunosensors; nucleic acid sensors, small organic/inor-
ganic molecule sensors etc. Different from facilitating elec-
tron transfer in the fabrication of redox protein sensors,
NMNPs provide great promise as versatile labels and signal
amplifiers in bioaffinity assays. On the basis of biological
recognition element and signal-transduction element work-
ing as the main components of a biosensor, the functions of
NMNPs could respectively be ascribed as 1) carriers of
biological molecules for the recognition events; 2) tags for
electrochemical signal response, amplification and output.

The facile modification of functional groups on the NMNP
surface makes them capable of loading single or multiple
species of biological molecules. Moreover, the optimization
and quantification of functional groups/ligands on NMNP
surface could be easily achieved by tuning the size, shape
and surface of NMNPs. All these functionalization of
NMNPs improves the performance of bioaffinity sensors
in the aspects of remarkable sensitivity, specificity and bio-
compatibility. To date, three approaches have been developed
for signal amplification in NMNP-based bioaffinity sensors.

(1) NMNPs are directly used as electroactive labels to
amplify the electrochemical response. In the presence
of target, NMNPs could be specifically coupled to the
modified electrode surface due to the recognition event.
Correspondingly, the acidic oxidation NMNPs into ions
which could easily measured by electrochemical strate-
gies would be correlated with target concentration.
Chen’s group developed an aggregated AgNP tag by
DNA hybridization (Fig. 2) [93]. The initial AgNP seeds
conjugated with both oligo(d)A and probe DNA strands
were hybridized with AgNPs which were conjugated

Fig. 1 Direct electron wiring of the metal center of metalloenzyme
GOase linking to single AuNP. a) Schematic description of enzyme-
single AuNP linkage. b) Structure of GOase and reaction strategy for
immobilizing GOase onto gold electrode. c) Cyclic voltammograms
(CVs) of a gold electrode modified with a SAM consisting of biphenyl-
4,4′-dithiol and carboxylate-AuNP before (background, black line in

the top figure), after incubation into GOase protein solution (red line in
the top figure); and the processed CVafter background voltammogram
subtraction (red line in the bottom figure). Measurements were per-
formed in nitrogen-saturated 20 mM 2-(N-morpholino)ethanesulfonic
acid (MES) buffer, pH 7.5. Scan rate: 20 mV·s−1. (Adapted with permis-
sion from ref. [71]. Copyright 2009 American Chemical Society)
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with oligo(d)T to form a large cluster of AgNPs (Fig. 2a).
After that, the Ag aggregate was anchored onto electrode
surface through the hybridization between probe DNA
and the targets (Fig. 2b). The generated Ag aggregate had
an averaged diameter of 410 nm (Fig. 2c) and showed
103-fold amplification in oxidation currents compared
with AgNP seeds (20 nm diameter) using differential
pulse voltammetry (DPV). Therefore, this biosensor
achieved a detection limit of 5×10−18 M target molecules
(about 120 molecules in 40 μL of sample soluiton) as
well as a broad detection range from 1×10−17 M to 1×
10−13 M (Fig. 2d). In addition, this strategy was applica-
ble to multiplexed DNA target measurements utilizing
array chips, achieving the simultaneous detection of four
DNA targets. Alternatively, they also synthesized a nano-
cluster which was composed of Fe3O4 nanoparticle core

and the alternate coatings of polystyrene sulfonate sodi-
um salt (PSS), poly(diallyldimethylammonium chloride)
(PDDA) and AuNPs via electrostatic LBL assembly for
the detection of DNA hybridization. The polymer coating
significantly enlarged the surface area of nano-cluster,
resulting in more absorption of AuNPs. In the presence
of target DNA, the nano-cluster was linked onto electrode
surface, followed by catalytic deposition of silver to form
a thick shell on nano-cluster surface. By immersing the
nano-cluster modified electrode into the presence of
HNO3 electrolyte solution and measuring the released
Ag+ ions, the detection limit was down to 1×10−16 M,
800 times lower than that only using AuNPs as labels
[94]. Instead of linking NMNPs onto the electrode sur-
face by biological interactions, NMNPs could also be
directly immobilized by enzymatic reactions, in order to

Fig. 2 Schematic description of Ag aggregate-based signal amplifica-
tion for the detection of DNA hybridization (Target: DNA sequence
from Hepatitis B virus, HBV). a) The preparation of Ag aggregate
utilizing the hybridization of Conjugate 1 (oligo(d)A (A15)/probe
DNA strand (D-HBV)-labeled AgNP seeds) and Conjugate 2 (oligo
(d)T (T15)-labeled AgNP seeds). b) Fabrication of electrochemical

assay and detection process. c) Scanning electron microscopy (SEM)
images of Ag aggregate. D) Linear calibration curves of DNA targets
in the range from 1×10−17 M to 1×10−13 M based on the signal
amplification of Ag aggregate; inset is the control in the range from
1×10−14 to 1×10−10 M using AgNP seeds. (Adapted with permission
from ref. [93]. Copyright 2010 American Chemical Society)
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generate enhanced electrochemical signals. Lai et al.
functionalized AuNPs with alkaline phosphatase-labeled
antibody (ALP-Ab) to identify target antigen. After
sandwich-type immunoreaction, the AuNPs loaded with
ALP-Abs were captured by the antibodies covalently
modified on the electrode surface. The involvement of
AuNPs and ALP enzyme catalyzed the hydrolysis of 3-
indoxyl phosphate (3-IP) and resulted in the reduction of
Ag+ ions to AgNPs. The deposited AgNPs could easily
be quantified by anodic stripping analysis and correlated
with the concentration of target antigen [95].

(2) NMNPs act as carriers to load large number of electro-
active labels through covalent linkage or electrostatic
interaction, which directly generate quantitive electro-
chemical signals. Frequently used electrochemical tags
include ferrocene [96], methylene blue [97], tris(bipyr-
idine)ruthenium(II) chloride [98], pentaamminechlor-
oruthenium(III) chloride [99], 2-mercapto-1-methyl
imidazole [100], thionine [101] and electroactive drug
molecules such as doxorubicin [102]. The electro-
chemical signal generated by the enrichment of these
labels corresponds with the amount of target molecules
captured via the biorecognition events happening on
the electrode interface. Based on this strategy, research-
ers have designed various “signal-on” electrochemical
sensors. In contrast, “signal-off” sensors using redox
labels such as [Fe(CN)6]

3−/4− rely on the impedance
effect of NMNPs and the electron repulsion force be-
tween labels and negative-charged NMNPs. As a result,
the number of NMNPs on the electrode surface, which is
determined by the concentration of target molecules, is
inversely correlated with generated electrochemical sig-
nals [103]. To further enhance the impedance effect, the
NMNP surface could be coated by polymers with the
same charge as electrochemical labels. The size of
NMNPs was enlarged, meanwhile the repulsion
between the NMNPs and the labels was strengthened,
both of which contributed to the “signal amplification”
effect [104].

Recently, the quantum dots hybridized with NMNPs
have become another effective tag to generate electrochem-
ical signal and exhibit amplification. For example, carboxyl
group-functionalized cadmium sulfide nanoparticles (CdS
NPs) could be conjugated with amino group-modified
AuNPs to form nanocomposite, and the signal output is
accomplished by measuring cadmium ions dissolved from
CdS NPs in acidic solution [104]. Chen’s group further
explored the electrochemical functions of quantum dots to
fabricate an electrochemiluminescent (ECL) biosensor by
measuring the nanoscale-localized energy transfer between
the excitons in the CdS NPs and the plasmons in the AuNPs
[105]. Single-stranded DNA (ssDNA)-labeled CdS NPs

were immobilized on the electrode surface, and then AuNPs
conjugated with complementary DNA strands which also
identified target protein were hybridized with CdS NPs with
a separation length of ca. 12 nm. The ECL emission from
CdS NPs induced the surface plasmon resonance (SPR) of
Au NPs, and the SPR in turn lead to 5-fold enhancement of
the ECL response of CdS NPs. In the presence of target, the
higher affinity between the protein and DNA strands
resulted in the de-hybridization of duplex and release of
AuNPs from CdS NPs. Subsequently, the ECL intensity
was strongly decreased. Compared with using electroactive
labels, the energy transfer between NMNPs and semiconduc-
tor quantum dots provided dual signal amplification, making
the detection limit of target protein down to 1×10−16 M.

(3) Enzyme-functionalized NMNPs are employed as
labels to enhance the detection sensitivity by measur-
ing the enzymatic catalysis of electroactive substrates
on the electrode surface. HRP, GOx and ALP have
been considered as the suitable enzymes for signal
enhancement, since they are easy to conjugate with
other biological molecules and co-immobilize onto
NMNP surface with large quantity and good stability.
Ju’s group constructed a tracer label, which was com-
posed of cationic polyelectrolyte polymer-coated CNTs
uniformly attached with negatively-charged AuNPs
through electrostatic interaction [106] (Fig. 3). The com-
bination of CNTs and AuNPs greatly enhanced the
surface-to-volume ratio of the tracer label; and the bio-
compatibility of AuNPs facilitated the further conjuga-
tion of GOx and antibody onto the tracer label (Fig. 3a).
To obtain electrochemical output signal, the substrate
electrode was constructed by coating LBL of colloidal
prussian blue (PB), AuNPs and capture antibody
(Fig. 3b). In the presence of target antigen, the tracer
label was captured onto the electrode surface, and PB
immobilized on the electrode surface acted as a mediator
to catalyze the reduction of H2O2 produced in the GOx-
based enzymatic reaction (Fig. 3c). The triple signal
amplification was attributed to GOx-functionalized
tracer labels combining AuNPs and CNTs, as well as
the electron transfer between enzymatic reaction and
PB-based electrocatalysis. The enzyme-based signal am-
plification strategy could be extended to the fabrication
of versatile biosensors, depending on the recognition
elements modified on the electrode and NMNP surface
[107, 108]. Li’s group designed a biosensor to monitor
phosphorylation by making self-assembly layer of pep-
tides on gold electrode surface. The peptides were then
phosphorylated by protein kinase and recognized by
specific biotin-labeled antibody. The Au-NPs carrying
HRP-conjugated streptavidin worked as signal amplifier
and were immobilized onto electrode surface through
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biotin–avidin interaction. Through enzymatic oxidation
of substrate 3,3′,5,5′-tetramethylbenzidine (TMB), the
generated electrochemical signals could be utilized to
evaluate phosphorylation [109].

Genesensors

Genetic analysis plays crucial role in a wide range of research
fields including diagnostics of genetic diseases, monitoring of
infectious bacteria and pathogen, as well as screening of
environmental hazards and biological warfare agents. Mean-
while, it is always of great concern to determine the gene
sequences in living organisms and other complex systems.
Although plenty of DNA/RNA microarrays are commercially
available nowadays, it is still worthwhile to design novel
genesensors with inherent sensitivity, efficiency and cost ben-
efits, which is also the reason that electrochemical genesen-
sors have received tremendous research interest in recent years
(Table 2). The working principle of a typical DNA hybridiza-
tion sensor is fairly simple: The probe DNA strands are firstly
immobilized onto electrode surface. With the addition of
complementary target DNA strands, the hybridization process
could be transduced into electrochemical signal, either from
hybridization-induced physical enrichment of electroactive
labels which are either covalently or noncovalently (via inter-
calation) attached to DNAs, or from the oxidation of bases in

DNA strands. Nevetheless, some drawbacks still exist: the
covalent linkage of electroactive labels onto DNA strands is
complicated or time-consuming, and the number of labels is
limited. If the signal was generated by the redox of bases, the
lifetime of genesensors could be restricted due to irreversible
oxidation. The unique physical, chemical and electrochemical
properties of NMNPs make them promising to resolve the
potential limitations of traditional genesensors and improve
their performance. The large surface-to-volume ratio and bio-
compatibility of NMNPs facilitate the effective immobiliza-
tion of DNA probes and accelerate the electron transfer
between DNA bases and electrode surface. More importantly,
it provides more opportunities for electrochemical signal
transduction and amplification.

Direct oxidation of bases in DNA helix is the first and
most straightforward strategy of DNA detection on elec-
trode surface. It is simple and requires no external modifi-
cations of DNA. However, the direct electrochemistry of
bases has been limited due to their high over-potentials and
limited voltammetric peaks. Only the oxidation of guanine
(oxidation peak at 1.0~1.1 V vs Ag/AgCl) is frequently
employed as electroactive probe for the fabrication of gen-
esensors. Qian et al. encapsulated gold-palladium (Pd) alloy
with dendrimer poly(amidoamine) (PAMAM) into the chi-
tosan composite to immobilize DNA. The Au-Pd bimetallic
nanoparticles enhanced the electron transfer between DNA

Fig. 3 a) Preparation of glucose oxidase (GOx)-functionalized tracer
labels. The poly(diallyldimethylammonium chloride) (PDDA)-coated
carbon nanotubes (CNTs) were electrostatically conjugated with
AuNPs, followed by the adsorption of GOx and antibody. b) Function-
alization of electrode surface using the composite of prussian blue

(PB)/PDDA/chitosan (CS)/AuNPs and the sandwich-type immunore-
action happening on electrode surface. c) Electrochemical response
mechanism induced by the enzymatic reaction. (Adapted with permis-
sion from ref. [106]. Copyright 2009 American Chemical Society)
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and electrode surface to exhibit enlarged oxidation signal.
Since the Fenton-type reaction (H2O2 and iron catalyst)
could induce the generation of hydroxyl radical (·OH) and
lesions in DNA, the oxidation of guanine was also able to
monitor the DNA damage and evaluate the protective activ-
ity of antioxidants [110]. Jiao’s group integrated NMNPs
with electrochemically-reduced graphene oxide (ERGNO)
film, which possessed high electrical conductivity and syn-
ergistic electrocatalytic activity, to accomplish the simulta-
neous detection of four DNA bases (G, T, C, A) (Fig. 4)
[116]. The function of AuNP/ERGNO film was to enhance
the peak currents of bases and shifted the anodic potential
negatively, which avoided their overlay and achieved the
simultaneous detection of four bases (Fig. 4a). Even when
the ssDNA sequences were immobilized on the electrode
surface, the potential responses of four bases were very
similar with the value obtained using single base solutions.
Because the current responses of bases coincided precisely
with the base content of each sequence at the electrode
surface, this strategy was able to discriminate single-base
and double-base mismatches, without DNA hybridization or
any electrochemical labeling (Fig. 4b).

Due to the incorporation of NMNPs, the significant im-
provement in the detection sensitivity of DNA hybridization
has driven electrochemical genesensors to apply in wide-
spread areas, including DNA damage, DNA-drug interac-
tions, point mutationand bacteria/virus screening [120]. For
instance, Hepatitis C virus (HCV) is a RNA virus which
displays extensive genetic heterogeneity and the major
cause of chronic hepatitis and progressive liver fibrosis
[121]. To detect the HCV at RNA level and identify the
HCV genetype, an ultrasensitive electrochemical approach
was developed, combining the site-specific cleavage of
BamHI endonuclease and signal amplification of AuNPs
[101]. The probe DNA was initially immobilized onto the
electrode surface, and then conjugated with thionine-labeled
AuNPs in the end. After its hybridization with 244 bp HCV
cDNA target, the BamHI endonuclease was added to cleave
the duplex, leading to the release of duplex-linked AuNPs
and correspondingly strong decrease of electrochemical signal
generated by thionine. Since the target cDNA was obtained
through Reverse Transcription Polymerase Chain Reaction
(RT-PCR) from RNA virus, and also attributed to the ampli-
fication of thionine-conjugated AuNPs, the detection limit

Fig. 4 a) Electrochemical responses (Iox: oxidation peak currents; Eox:
oxidation peak potentials) for G, A, T, C and DNA sequence (5′-ACT
ACC TTT GC-3′) at AuNP/ERGNO-modified glassy carbon electrode
(GCE) surface in Britton–Robinson buffer, pH 7.0. Concentrations of
bases G, A, T, C01×10−4 M; concentration of DNA sequence01×

10−6 M. B) and C) Baseline-corrected DPVs at AuNPs/ERGNO/GCE
for (a) DNA sequence, (b) single-base mismatched DNA sequence (5′-
ACT ACC CTT GC-3′) and (c) two-base mismatched DNA sequence
(5′-GCT ACC CTT GC-3′). Concentrations of different sequences01×
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was as low as 3.1×10−22 M, approximately 105 lower than the
control without the involvement of AuNPs. The obtained
detection linear range was from 1×10−21 to 1×10−10 M,
which was one of the broadest in reported literatures.

As a negatively charged biopolymer, DNA can bind to
any positively charged molecules and ions, which makes it
challenging to achieve high selectivity for biosensor design.
Since 2004 it was found that mercury ions (Hg2+) possess
the property of binding specifically to two DNA thymine
bases (T) and promoting T–T mismatches to form stable
base pairs, genesensors are becoming a good choice for the
detection of metal ions [122]. For example, the probe DNA
containing multiple T-bases for Hg2+ binding was immobi-
lized onto electrode surface. In the presence of Hg2+, the
probe DNA was hybridized with partially-complementary
linker DNA strands which were loaded on AuNP surface via
T–Hg2+–T interaction. To achieve signal amplification, the
AuNPs were modified with abundant guanine-rich oligonu-
cleotide strands, which facilitated the intercalation of elec-
troactive label methylene blue (MB). The enrichment of
AuNPs and MB molecules on the electrode surface resulted
in the intense signal increase, making the detection limit of
Hg2+ down to 0.5 nM. Meanwhile, due to the specific T–
Hg2+–T interaction, the fabricated biosensor possessed high
selectivity for the detection of mixed sample containing 10
times higher concentration of other environmentally-relevant
divalent metal ions [97]. In addition, various groups have also
utilized other ion-stabilized C-C mismatches (e.g. C-Ag+-C
mismatch) as well as some other specific DNA-ion interac-
tions including DNAzyme [123], and G-quadruplexes which
bind to Pb2+ and K+ respectively, to fabricate DNA-
based metal ion biosensors for environmental and biomedical
applications [124].

In recent years, aptamers, which are synthetic and highly-
structured oligonucleotides binding to their targets, have
been widely employed in molecular recognition [125,
126]. Similar as antibodies, aptamers possess high affinity
against large number of targets including cytokines, pro-
teases, immunoglobulins, small biological molecules, inor-
ganic ions and even cells [127, 128]. But the advantages of
aptamers (easy synthesis and chemical modification, low
molecular weight and stability) make aptamers more acces-
sible for the integration with NMNP surface. Another at-
tractive feature about aptamers is that their recognition with
targets often induces conformational changes (folding/
unfolding) of biomolecules. Coupling of such variation with
NMNPs would facilitate the generation of reagentless bio-
sensors with exceptional sensitivity and selectivity [129,
130]. Typically, aptamers (or complementary ssDNA
strands of aptamers) are conjugated with electroactive labels
in the end and immobilized onto electrode surface. Through
the interaction between aptamer and target molecules, they
transform from flexible ssDNA to rigid conformation. As a

result, the distance change between electroactive labels and
electrode surface leads to the signal increase/decrease,
which is correlated with the amount of targets. Mu’s group
utilized the architecture of DNA duplex, in which one strand
worked as aptamer against and the other was labeled with
ferrocene as signal-transducer. AuNPs were covered onto
the SAM of p-aminothiophenol to enhance the surface area
for anchoring more aptamers, and facilitate the electron
transfer between ferrocene and electrode surface. In the
presence of target lysozyme, the duplex de-hybridized due
to the higher affinity between aptamer and lysozyme. Along
with the release of complementary ssDNA into solution, the
signal of ferrocene decreased, making the detection limit of
lysozyme down to 1×10−13 M [96]. Fang’s group utilized
ferrocene-labeled aptamer to fabricate a switchable electro-
chemiluminescent (ECL) biosensor for the detection of
thrombin, in which the aptamer worked as an identification
element and ECL intensity switch. Without the target,
aptamers formed spontaneous stem-loop structure, and the
labeled ferrocene was able to quench the ECL intensity
generated by the composite of AuNPs and ruthenium (II)
tris-(bipyridine) (Ru(bpy)3

2+) co-modified on the electrode
surface. In the presence of target, however, the aptamer
opened its stem-loop, so that the ferrocene was kept away
from the ECL substrate and its quenching effect was weak-
ened consequently [131].

Aptamers are able to work not only as recognition ele-
ments, their DNA structures are also advantageous to load
large quantity of electroactive tags through electrostatic
interaction or covalent labeling, which brings further signal
amplification. Li’s group fabricated a “sandwich” structure
for the detection of platelet-derived growth factor-BB
(PDGF), an important cytokine closely related to tumor
growth with two independent aptamer-binding sites. The
electrode surface was anchored with self-assembly monolayer
of aptamers to capture target protein; meanwhile, AuNPs
conjugated with aptamers were involved as recognition ele-
ment and signal amplifiers. EachAuNPwas loaded asmany as
40 aptamers, and each strand was carrying up to 35 [Ru
(NH3)5Cl]

2+ label molecules due to the electrostatic interaction
between anionic phosphate groups and cationic labels. This
structure induced strong signal amplification, and consequent-
ly the detection limit of 1×10−12 M could be obtained even for
the detection of clinical serum samples [99]. Some groups
combined different aptamers together and created novel
“multi-functional” aptamer sequence for sequential or simul-
taneous detection of multiple targets [132, 133]. For instance,
the adenosine aptamer-containing DNA sequence (S1) was
designed to be complementary with lysozyme aptamer (S2)
and another short ssDNA sequence (S3). S1 was immobilized
onto the electrode surface and subsequently hybridized with
S2 and S3, which was conjugated with AuNPs. Once either
target (adenosine/lysozyme) was introduced into the system,
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the higher affinity between aptamer and target resulted
in the de-hybridization of DNA duplex and the release
of AuNPs into the solution. The electrochemical signal
decreased ~42% more than the control without AuNPs,
and the detection limit of the biosensor was correspondingly
ten times lower [134].

Immunosensors

Electrochemical immunoassay has demonstrated its broad
applications for the fast, sensitive and selective detection of
immunogens with simple instrumentation and low cost.
Similar with the working mechanism of enzyme-linked im-
munosorbent assay (ELISA), most of electrochemical
immunosensors are based on the sandwich-like immuno-
complex composed of 1) capture antibody immobilized onto
substrate surface; 2) target antigen in blood/serum/urine
sample; and 3) detection antibody for signal output. Table 3
summarizes recent approaches for the construction of elec-
trochemical immunosensors, in which NMNPs play signif-
icant roles both in the recognition of immunoreagents and
the signal transduction/amplification processes. Due to the
amplification effect of NMNPs as well as the utilization of
electrochemical strategy, NMNP-based immunoassays are
superior to ELISA, with exceeding detection sensitivity
and specificity. For the detection of alpha-fetoprotein (α-
AFP) as an example, the detection limit of NMNP-based
electrochemical immunosensors is up to 107 magnitudes
lower than commercially-available ELISA kit (LOD of α-
AFP02.0×10−9 g·mL−1[135]).

Tumor markers (also called as tumor-related antigens) in
blood, urine or tissue play important roles in cancer occur-
rence, growth and metastasis, so the level of tumor markers
has been considered as the response to the presence of
cancer or certain benign conditions. Immunoassays for the
monitoring of tumor markers have been developed for early-
stage cancer screening, diagnosis, evaluation of cancer
development and therapy effects. As listed in Table 3,
variety of tumor markers e.g. carcinoembryonic antigen
(CEA), alpha-fetoprotein (α-AFP), prostate specific antigen
(PSA) and interleukin-6 (IL-6) could be detected by electro-
chemical strategies. For instance, Ying and co-workers immo-
bilized anti-PSA capture antibody on the electrode and
conjugated detection antibody onto PtNP surface respectively,
so that PtNPs could be anchored onto the electrode surface in
the presence of target. To further amplify the electrochemical
signal, the resulted electrode was then immersed into the PtNP
growth solution containing PtCl4

2- and reductant. With the
enlargement of PtNPs the signal generated by PtNP-catalyzed
H2O2 reduction was also increased. Moreover, to design a
progastrin releasing-peptide (ProGRP) immunosensor for the
screening of small cell lung cancer, Yuan’s group fabricated an
electrochemical label by synthesizing nanocomposite of

AuNPs and TiO2 which possessed large surface area to load
with antibodies conjugated with ferrocene and glucose oxi-
dase (GOx) for signal amplification. In addition, the substrate
electrode was modified with a nanostructured graphene sheet/
AuNP/Nafion/cysteine composite membrane in order to
get maximum immobilization of capture antibody and
improve the electronic transmission rate. By measuring
the redox signal of ferrocene with the catalysis of GOx,
the obtained current is linear with the concentration of
ProGRP in the concentration range from 1×10−11 to 5×
10−10 g·mL−1, and the obtained detection limit was down to
3×10−12 g·mL−1[160].

In recent years, multiplexed tumor marker immunoassays
which are able to detect two or more species of tumor
markers simultaneously/sequentially have received more
attention. Compared with single-analyte assays, they pos-
sess the advantages of shortened analysis time, improved
detection efficiency, decreased sample volume and reduced
costs. But these assays have high requirement for multiple
signal output, which means each target needs an identified
output signal without overlaying with others, and these
signal outputs should be available in easily understandable
form from single/multi channels. Correspondingly, there are
two general strategies for multiplexed electrochemical immu-
noassays. The first one is based on spatially-separated reaction
zones, such as independent electrodes and microarray systems
[168]. Ju’s group took advantage of screen-printed carbon
electrode (SPCE) system containing two independent working
electrodes and modified them with anti-CEA and anti-AFP
antibodies respectively. For signal output, streptavidin-
functionalized AgNP-enriched CNTs were designed as
trace tags and were further enlarged by a subsequent Ag
NP-promoted deposition of silver from enhancer solution to
obtain simultaneous electrochemical-stripping signals of
AgNPs on the two working electrodes [146]. In addition, the
usage of multi-labels is an alternative way of signal output for
multiplexed immunoassays. Song et al. synthesized thionine-
labeled anti-AFP and ferrocene-labeled anti-CEA antibodies
as redox probes. Each individual immunoreaction yielded a
distinct differential pulse voltammetric (DPV) peak; the posi-
tion and current value identified the species and concentration
of the corresponding antigen. Pt hollow nanoparticles and
HRP were also introduced for signal amplification. PtNPs
conjugated with both HRP and electrochemical probe-
labeled antibody acted as detecting element and catalyzed
the reduction of H2O2 when they were anchored onto the
electrode surface. As a result, the oxidation of thionine and
ferrocene generated the signals respectively at the potentials of
−0.15Vand 0.38V, corresponding to the presence of AFP and
CEA antigens [169]. Recently, to accomplish the continuous,
in situ and rapid measurement of multiple analytes, micro-
fluidic technology has been integrated with electrochemical
immunosensors. Zhou et al. utilized the composite film of
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AuNPs and poly(dimethylsiloxane) (PDMS) to modify a
microfluidic chip with two cardiac biomarker antibodies.
CdTe and ZnSe quantum dots were conjugated with detection
antibodies respectively.With the dissolving of CdTe and ZnSe
quantum dots, Cd2+and Zn2+ were detected by square-wave
anodic stripping voltammetry to enable the simultaneous
monitoring of two biomarkers in clinical serum samples [143].

Compared with quantitative detection of biomolecules,
the monitoring of living microorganisms on cellular level is
more valuable but challenging. As the building block of life,
the differentiation, growth, apoptosis of cells directly reflect
the metabolism of an organism. Unlike biomolecules, cells
possess much larger size as well as complicated composition,
and they are sensitive with the exposure to any environmental
or mechanical change. All of these factors make it difficult to
immobilize onto substrate surface without any loss of activity.
Nowadays, plenty of groups are working on fabricating cell-
based electrochemical immunosensors for the monitoring of
living mammalian cells. On the one hand, it is feasible to
immobilize living cells onto NMNP-modified interface by
taking advantage of the biocompatibility and easy surface
modification of NMNPs. On the other, the specific cell-
surface components including receptors, carbohydrates and
lipids could be identified by using NMNPs which are func-
tionalized with capture antibodies or cell-type specific
aptamers. For instance, the early apoptosis of cells could be
monitored through the interaction between Annexin V and
phosphatidylserine, which is translocated from the inner side
of the plasma membrane to cell surface. Once the living cells
during early apoptosis were captured by the Annexin Von the
AuNP-modified electrode surface, the impedance was signif-
icantly increased due to the large size of cells, which could be
quantified using electrochemical impedance spectroscopy
(EIS) [163]. Other groups have functionalized AuNPs
and integrated them with other nanomaterials to immo-
bilize living cells and monitor protein glycosylation on
the cell surface, one of the most abundant and structur-
ally diverse post-translational modifications in organisms
[165, 166]. The immobilization and recognition of living
cells could be achieved by utilizing concanavalin A (ConA),
a class of carbohydrate-binding protein which specifically
recognizes various sugars, glycoproteins and glycolipids.
For instance, to quantify the mannose expression on K562
human erythroleukemic cell surface, Ding et al. firstly modi-
fied the electrode with arginine-glycine-aspartic acid-serine
tetra peptide-functionalized single walled carbon nanohorns
(RGDS-SWNHs) (Fig. 5) [170]. The K562 human erythro-
leukemic cells were then captured onto electrode surface
through the specific interaction between RGD peptides and
cell-surface integrin. The presence of SWNHs enlarged the
electrode surface for loading of RGD peptides and spontane-
ous adsorption of cells; additionally, their electrochemical
conductivity facilitated the electron transfer near electrodeT
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surface. For signal output, AuNPs conjugated simultaneously
with ConA and HRP molecules were working as detecting
probes through the specific recognition between ConA and
mannose on K562 cell surface, and the quantification of
mannose was correlated with the DPV signals generated by
the oxidation of substrate o-phenylenediamine (o-PD) cata-
lyzed by HRP. The combination of AuNPs and SWNHs
significantly enhanced the sensitivity of this immunosensor
with a detection limit down to 15 cells in the volume of 10 μL.
In addition, it allowed the monitoring of dynamic mannose
expression change on living cell surface.

Electrochemical biosensors based on NMNP alloy

Heterostructured noble metal alloy contains two or more
components, and their unique structures as well as intriguing
chemical and physical properties make them applicable in
various fields including electrochemistry, surface-enhanced
Raman scattering (SERS), electrochemiluminescence and
chemical catalysis. So far, a wide range of noble metal
heterostructures (e.g. Au-Ag, Au-Pt, Pt-Pd, Pt-Ru) has been
built up with designed shape and geometry [171, 172].
Ding’s group developed Au-Ag bimetallic nanoporous tubes

Fig. 5 Schematic description for in situ detection of mannose on K562
human erythroleukemic cells using AuNP nanoprobes and arginine-
glycine-aspartic acid-serine tetra peptide-functionalized single walled
carbon nanohorns (RGDS-SWNHs). Other abbreviations: Con A:

concanavalin A; HRP: horseradish peroxidase; o-PD, o-phenylenedi-
amine; DAB, 2,2′-diaminoazobenzene. (Reprinted with permission
from ref. [170]. Copyright 2010 American Chemical Society)

Fig. 6 a) Scanning electron
microscopy (SEM) image of
Au-Ag flower-dewdrop
heterostructure. b) ECL poten-
tial scanning curves of Au-Ag
flower-dewdrop structure-
modified electrode (a) and a
pure Au flower-decorated elec-
trode (b) in 0.1 M PBS (pH 7.0)
containing 1 mM H2C2O4. Scan
rate: 100 mVs−1. c) SEM image
of onion-like Pt-Pd- mesopo-
rous carbon vesicle (MCV)
alloy. d) The response time of
Pt-Pd-MCV/Nafion-modified
electrode towards the oxidation
of glucose. (Fig. 6a&b are
adapted with permission from
ref. [174]. Copyright 2009
American Chemical Society;
Fig. 6c&d are adapted with
permission from ref. [181].
Copyright 2011 Elsevier)
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via a three-step nanocrystal growth and structure-tailoring
process [173]. The synthesized Ag nanowire worked as core
followed by deposition of Au layer to form Au/Ag surface
alloy. Through the etching process in nitric acid, Ag could
be controllably leached out, leaving well-defined nanopo-
rous structure. Their surface area provided large space for
the immobilization of probe molecules. More interestingly,
these Au-Ag nanotubes exhibited effective enhancement of
ECL signal amplification due to the intense plasmon reso-
nance of Au and Ag. When the nanotubes were tethered on
the electrode surface, the modified electrode displayed re-
markably one order of magnitude higher ECL signal at the
oxidation potential of ECL label Ru(bpy)3

2+ molecules
compared with bare Au electrode. Besides of nanotubes,
the Au-Ag alloy could be built up into flower-dewdrop
heterostructure [174], in which the formed Ag nanodewdrop
could be identified distinctly from the Au flowers (Fig. 6a),
and it also enhanced the ECL intensity of Ru(bpy)3

2+ when
modified onto electrode surface (Fig. 6b), indicating their
potential applications in the fabrication of sensitive electro-
chemical and ECL biosensors.

The Pt-Pd alloy has been employed as important catalysts
for many electrochemical reactions including oxygen reduc-
tion [175, 176], methanol oxidation [177] and oxidation of
glucose. Furthermore, the Pt-Pd alloy could be incorporated
with carbon nanotubes [178] and polymers [179] to create
novel chemical properties. Different groups have developed
the nanocomposite of Pt-Pd alloy with highly-ordered mes-
oporous carbon vesicles for the electrochemical detection of
hydrazine, hydrogen peroxide [180] and non-enzymatic ca-
talysis of glucose [181]. Onion-like mesoporous carbon
vesicle with multilayer lamellar structure possessed large
surface area and pore volume (Fig. 6c), facilitating the
modification of Pt-Pd alloy and the diffusion of glucose
near the electrode surface. Additionally, the presence of
bimetallic structure had strong electrocatalytic property
and conductivity, which contributed to the rapid ampero-
metric response towards the oxidation of glucose in 3 s
(Fig. 6d).

Conclusion and perspective

Achieving strong sensitivity, efficiency, selectivity and sim-
plicity has been always the driving forces for the biosensor
design for a long time. As we have outlined in this review, the
integration of noble metal nanomaterials has inspired the rapid
development of electrochemical sensing approaches. On the
one hand, NMNPs which are modified on electrode surface
provide large surface area, rapid mass transport, facilitated
electron transfer, effective catalysis and well control over local
microenvironment. In addition, the highly-ordered assembly
between NMNPs and biological molecules utilizing various

surface modification methods, as well as the incorporation of
NMNPs with other nanomaterials and polymers tremendously
strengthen their advantages. On the other hand, the biocom-
patibility of NMNPs makes them suitable signal transducer
and amplifier by carrying biological molecules, electroactive
tags, redox complexes and metal ions. All these remarkable
signal amplification strategies push the electrochemical
biosensors capable of detecting hundreds of biological mole-
cules or several living cells in liter volume of sample, and
exhibit impressive selectivity even in the presence of exces-
sive interferences or complex media.

Within the past decades, the concept of NMNPs has been
expanded due to more effort in the morphological control of
noble nanoparticles. Versatile nanostructures including
nanocages [182], nanowires [183], nanorods [184], nano-
cubes [185], nanoflowers [186], nanotrees [187] and nano-
prisms [188] possess exceeding optical, electronic and
catalytic properties compared with traditional nanospheres
[189, 190], and have been involved into the fabrication of
electrochemical biosensors in recent years. For example, the
roughness-controlled gold nanoflowers exhibit high electro-
catalytic activity toward H2O2 and O2, which could be
attributed to the large active surface area [191]. Similarly,
highly-branched silver nanodendrite could significantly in-
crease the electron-transfer rate of electrochemical reactions
when modified onto electrode surface [192]. As a fact,
thousands of electrochemical biosensors based on different
size, shape and surface modification of NMNPs have been
presented or published in the nearest 3 years. However, it is
still challenging to transduce them into commercially available
apparatus. To accomplish this, the sophisticated surface func-
tionalization of NMNPs is needed to improve the modification
efficiency, solubility and long-term stability under different
chemical, physiological and mechanical conditions. Further-
more, since the cost benefit is also an important concern of
biosensor design, more effort would be put into the design of
reusable sensors or cost-effective disposable sensors. In recent
years, microfluidic devices and microarrays have integrated
with electrochemical detection platforms and become a pow-
erful tool to achieve the sample economy, high throughput,
miniaturization and automation. By coupling the capabilities of
NMNPs with the miniaturized detection system, it is predict-
able that novel generation of electrochemical sensing platforms
would have great potential in a wide range of applications.
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