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bstract

This article reviews recent advances in nanomaterial labels in electrochemical immunosensors and immunoassays. Various nanomaterial labels
re discussed, including colloidal gold/silver, semiconductor nanoparticles, and markers loaded nanocarriers (carbon nanotubes, apoferritin, silica
anoparticles, and liposome beads). The enormous signal enhancement associated with the use of nanomaterial labels and with the formation of

anomaterial–antibody–antigen assemblies provides the basis for ultrasensitive electrochemical detection of disease-related protein biomarkers,
iothreat agents, or infectious agents. In general, all endeavors cited here are geared to achieve one or more of the following goals: signal
mplification by several orders of magnitude, lower detection limits, and detecting multiple targets.
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. Introduction
Electrochemical immunosensors and immunoassays (EII)
ave recently attracted considerable interest because of their
igh sensitivity, low cost, and inherent miniaturization [1–6].
he principle of EII is based on a specific reaction of the
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ntibody and antigen. For immunosensors, the immunologic
aterials are immobilized on an electrochemical transducer.
or immunoassay, the immunological materials are immobi-

ized on a solid supporting materials (microplate wells, magnetic
eads, and polystyrene beads). After a sandwich or competi-
ive immunoreaction, nanomaterial labels are attached to the
ransducer surface or supporting-material surface. Quantifica-
ion is generally achieved by measuring the specific activity
f a nanomaterial label after a releasing step or adding a
ubstrate, i.e., its redox activities and enzyme activities. The
ovel characteristics of EII make them excellent candidates for
linical and point-of-care diagnosis of disease-related protein
iomarkers. Disease biomarkers and biological agents are often
resent at ultra-low levels and require ultrasensitive methods for
etection. Different strategies have been employed for ampli-
ying the transducing signals of antibody–antigen interactions.

ost conventional amplification strategies have relied on the
se of labels, such as enzymes, electroactive molecules, redox
omplexes, and metal ions [1]. The emergence of nanotech-
ology is opening new horizons for the use of nanomaterial
abels for signal amplification in EII [7–14]. The power and
cope of such nanomaterials can be greatly enhanced by cou-
ling them with immunoreactions and electrical processes (i.e.,
anobioelectronics). The applications of nanomaterials in EII
an be classified into two categories according to their func-
ions: (1) nanomaterial-modified electrochemical transducers
o facilitate antibody immobilization or improve electrochemi-
al properties of transducers, such as low-background current,
igh signal to noise ratio, and fast electron transfer; (2)
anomaterial-bimolecular conjugates as labels for EII. In par-
icular, nanomaterial labels are showing the greatest promise
or developing ultrasensitive EII [7,14]. Antibodies (antigens)
abeled with nanomaterials can retain their bioactivity and inter-
ct with their counterparts, and based on the electrochemical
etection of those nanomaterials, the amount or concentra-
ion of analytes can be determined. The enormous signal
nhancement associated with the use of nanomaterial amplify-
ng labels and with the formation of nanomaterial–antibody–
ntigen assemblies provides the basis for ultrasensitive
II [7].

This article provides a review of the major advances and mile-
tones in EII development based upon nanomaterial labels and
heir roles for biomarker detection. Particular attention will be
iven to new signal amplification and new emerging nanomate-
ial labels in EII. Such developments provide the pathway for
iverse and exciting applications.

. Nanomaterials used as EII labels

Many kinds of nanomaterials, including metal nanoparti-
les (gold, silver), semiconductor nanoparticles, enzyme-loaded
arbon nanotubes (CNTs) and electroactive component-loaded
anovehicles (silica nanoparticle, polymer beads, and liposome

eads), have been widely used in EII (Fig. 1). The common
haracteristics of these nanomaterial labels in EII are provid-
ng signal amplifications comparing to the traditional metal ion
abels, enzyme labels and redox probe labels.

t
a
c
b

ig. 1. Nanomaterial labels in electrochemical immunosensors and immunoas-
ays.

.1. Colloidal gold/silver

The applications of colloidal gold/silver in immunoassays
ate back to the early 1970s when 5–50 nm colloidal gold
articles were first used as electron-dense probes in elec-
ron microscopy and thus enabled sensitive, high-resolution
mmunocytochemistry [15]. The subsequent development of
ilver-enhanced methods then allowed gold labels to provide
ery specific and sensitive immunocytochemistry. Because of
he intrinsic electrochemical characteristics of gold and silver,
olloidal gold/silver was introduced into the research fields of
II. The use of colloidal gold as an electrochemical label for
oltammetric monitoring of protein interactions was pioneered
n 2000 by Gonzalez-Garcia et al. [16] and Dequaire et al.
17]. Costa-Garcia’s group thus demonstrated the monitoring
f streptavidin–biotin interactions down to the 2.5 nM strepta-
idin level with adsorptive voltammetric measurements of the
olloidal gold tags at a carbon-paste electrode [16]. Dequaire
t al. reported a sensitive electrochemical immunoassay based
n a colloidal gold label that was indirectly determined by
nodic stripping voltammetry (ASV) at a single-use, carbon-
ased, screen-printed electrode (SPE) after oxidative gold metal
issolution in an acidic solution (Fig. 2) [17]. The method was
valuated for a noncompetitive heterogeneous immunoassay of
n immunoglobulin G (IgG), and a concentration as low as
× 10−12 M was determined, which was competitive with a col-
rimetric enzyme-linked immunosorbent assay (ELISA) or with
mmunoassays based on fluorescent europium chelated labels.
o avoid the acid-dissolution step, Liu et al. developed an elec-
rochemical magnetic immunosensor based on magnetic beads
nd gold nanoparticle labels [18]. The captured gold nanoparti-
le labels on the immunosensor surface were directly quantified
y electrochemical stripping analysis. The stripping signal of
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ig. 2. Schematic representation of the noncompetitive heterogeneous electro
ermission).

old nanoparticles is related to the concentration of target IgG
n the sample solution. The detection limit of 0.02 �g mL−1

f IgG was obtained under optimum experimental conditions.
mbrosi et al. reported double-codified gold nanolabels for

imultaneous electrochemical and optical immunoassays [19].
built-in magnet graphite-epoxy-composite electrode allowed

sensibly enhanced adsorption and electrochemical quantifica-
ion of the specifically captured gold nanoparticle labels on the
aramagnetic bead surface. The detection limits for this double-
odified nanoparticle-based assay were 52 and 260 pg of human
gG/mL for the spectrophotometric (horseradish peroxidase
HRP]-based) and electrochemical (AuNP-based) detections,
espectively, much lower than those typically achieved by
LISA tests.

To further enhance the sensitivity of gold nanoparticle-
abel-based EII, various methods and technologies have been
eveloped. For example, the nanoparticle-promoted precipita-
ion of sliver on gold nanoparticle labels was used to amplify the
ransduction of antibody–antigen biorecognition events [20–23].
hu et al. reported an electrochemical immunoassay based on

ilver on colloidal gold labels, which, after silver metal dis-
olution in an acidic solution, was indirectly determined by
SV at a glassy-carbon electrode [20]. The method was evalu-

ted for a noncompetitive heterogeneous immunoassay of using
gG as a model analyte. The anodic stripping peak current
f silver depended linearly on the IgG concentration over the
ange of 1.66–27.25 ng mL−1 in a logarithmic plot. A detec-
ion limit as low as 1 ng mL−1 (i.e., 6 × 10−12 M) human IgG
as achieved. The method was applied to detect schistosoma

aponicum antibodies (SjAb) in rabbit serum [21]. A detection
imit as low as 3.0 ng/mL SjAb was achieved. A potentio-

etric immunosensor based on gold nanoparticle labels and
n ion-selective microelectrode was reported by Chumbimuni-
orres et al. [22]. This immunosensor is based on a sandwich

mmunoassay where the target mouse IgG antigen is captured
y the primary anti-mouse gold substrate modified by IgG
ntibodies, followed by adding a secondary anti-mouse IgG
ntibody conjugated to gold nanoparticle tags and by catalytic
ilver enlargement onto the gold labels. The precipitated sil-

er is oxidatively dissolved with hydrogen peroxide to yield
ilute electrolyte backgrounds for the potentiometric detection
f the released silver ions with a polymer-membrane, silver,
on-selective microelectrode. Silver-enhanced gold nanoparticle

a
l

A

ical immunoassay based on a colloidal gold label (based on Ref. [17] with

abels were also used to develop conductive immunosensors. For
xample, Velev and Kaler reported a conductive immunosensor
sing antibody-functionalized latex spheres and a microelec-
rode gap [23]. A sandwich immunoassay led to the binding
f a secondary gold-nanoparticle-labeled antibody on the latex
pheres that were located in the gap, followed by catalytic depo-
ition of a silver layer “bridging” the two electrodes. Such a
ormation of conductive paths across interdigitated electrodes
ed to a measurable conductive signal and enabled the ultrasen-
itive detection of human IgG down to the 0.2 pM level. The
ethod holds promise for creating miniaturized on-chip protein

rrays.
A novel dendritic amplification procedure has been devel-

ped for quartz crystal microbalance (QCM) immunosensing
y applying antibody-functionalized Au nanoparticles as the pri-
ary amplifying probe and a dendritic-type immunocomplex of

rotein A- and antibody-modified Au nanoparticles as the sec-
ndary amplifying probe [24]. The primary amplification of the
ecognition process is implemented via the interaction of the
ensing interface with the antibody-functionalized Au nanopar-
icles, and the secondary dendritic amplification is performed
hrough interaction with the immunocomplex of protein A- and
ntibody-modified Au nanoparticles. The frequency decreases
f the primary-amplified and the secondary-amplified sensing
rocess are observed to be linearly dependent upon the IgG
oncentration in the range of 10.9 ng mL−1 to 10.9 �g mL−1

ith a detection limit of 3.5 ng mL−1, while in the absence of
he amplification processes, the antigen-antibody recognition
vent can only be detected for an IgG concentration as high
s 10.9 �g mL−1.

Recently, Mao et al. presented a new method based on
yclic accumulation of gold nanoparticles for detecting human
mmunoglobulin G (IgG) by ASV [25]. The dissociation reac-
ion between dethiobiotin and avidin in the presence of biotin
rovides an efficient means for the cyclic accumulation of gold
anoparticles used for the final analytical quantification. The
nodic peak current increases gradually with the increasing
ccumulation cycles. Five cycles of accumulation are sufficient
or the assay. The low background of the proposed method is

distinct advantage, providing a possibility for determining at

east 0.1 ng/mL human IgG.
An electrochemical immunoassay method based on

u nanoparticle-labeled immunocomplex enlargement was
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eported by Zhou et al. [26]. When the aggregates formed from
ano-Au labeled goat-anti-human C-3 and nano-Au labeled
abbit-anti-goat IgG were immobilized on the electrode surface
y the sandwich method (antibody/antigen/aggregate), the elec-
rochemical signal of the electrode was enlarged greatly. The
eported immunosensor could quantitatively determine comple-
ent C-3 in the range of 0.12, similar to 117.3 ng mL−1, and the

etection limit was 0.02 ng mL−1.
Liao et al. reported an amplified electrochemical immunoas-

ay by autocatalytic deposition of Au3+ onto gold nanoparticle
abels [27]. By coupling the autocatalytic deposition with
quare-wave stripping voltammetry, enlarged gold nanoparti-
les were used as labels on goat anti-rabbit immunoglobulin G
GaRIgG-Au) and, thus, the rabbit immunoglobulin G (RIgG)
nalyte could be determined quantitatively. The detection limit
as 0.25 pg mL−1 (1.6 fM), which is three orders of magnitude

ower than that obtained by a conventional immunoassay using
he same gold nanoparticle labels.

Recently Das et al. reported an ultrasensitive electrochemical
mmunosensor using the gold nanoparticle labels as electrocat-
lyts [28]. In this case, the gold nanoparticle labels were attached
o the immmunosensor surface (indium tin oxide as substrate
lectrode) by sandwich immunoreaction; the signal amplifica-
ion was achieved by catalytic reduction of p-nitrophenol (NP) to
aminophenol (AP) and chemical reduction of p-quinone imine
QI) to AP by NaBH4 (Fig. 3). Such dual amplification events
ave a 1 fg mL−1 detection limit, and its linear range of measure-
ent ranged from 1 fg mL−1 to 10 �g mL−1, which covered a

0-order concentration range.

.2. Semiconductor nanoparticles

Owing to their unique (size-tunable fluorescent) properties,
emiconductor (quantum dot, QD) nanoparticles have gener-
ted considerable interest for optical biodetection [29]. The
ntrinsic redox properties and the sensitive electrochemical

tripping analysis of the metal components of semiconduc-
or nanoparticles (CdS, PbS, and ZnS) cause the labels in the
lectrochemical biosensors to be very sensitive [7,14]. The
oncept was first demonstrated by Wang’s group using semi-

c
u
c
[

Fig. 4. Multiprotein electrical detection protocol based on different metal
ig. 3. (a) Schematic representation of the preparation of an immunosensing
ayer. (b) Schematic view of electrochemical detection of mouse IgG or PSA
reproduced from Ref. [28] with permission).

onductor nanoparticle labels for the electrochemical DNA
ybridization assay [30,31], and then it was extended in EII
32]. Liu et al. [32] reported an electrochemical immunoas-
ay protocol for the simultaneous measurements of multiple
rotein targets based on the use of different semiconductor
anoparticle tracers (CdS, ZnS and PbS). Carbamate linkage
s used for conjugating the hydroxyl-terminated semiconductor
anoparticles with the secondary antibodies. The multianalyte
lectrical sandwich immunoassay involves a dual binding event,
ased on antibodies linked to the nanocrystal tags and mag-
etic beads (Fig. 4). Each biorecognition event yields a distinct
oltammetric peak whose position and size reflects the iden-
ity and level, respectively, of the corresponding antigen. The

ulti-protein electrical detection capability is coupled to the
mplification feature of electrochemical stripping transduction
to yield fmol detection limits) and with an efficient magnetic
eparation (to minimize nonspecific adsorption effects). The
oncept has been demonstrated for a simultaneous immunoassay
f �2-microglobulin, IgG, bovine serum albumin, and C-reactive
rotein in connection with ZnS, CdS, PbS, and CuS colloidal

rystals, respectively. Hong et al. reported a similar approach
sing commercial QD (ZnS@CdS) labels for the electrochemi-
al immunoassay of a protein biomarker, interleukin-1� (IL-1�)
33]. After sandwich immunoreaction, QD labels were attached

lic sulfide nanoparticle labels (based on Ref. [32] with permission).
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o the IL-1� antibody-coated magnetic beads by the formed
ntibody–antigen immunocomplex. The concentration of IL-
� was determined by electrochemical stripping analysis of the
admium component of the captured QD labels after an acid-
issolution step. The voltammetric response is highly linear over
he range of 0.5–50 ng mL−1 IL-1�, and the limit of detection
s estimated to be 0.3 ng mL−1 (18 pM).

Recently, Hansen et al. reported using a QD/aptamer-based
ltrasensitive electrochemical biosensor to detect multiple pro-
ein targets [34]. The protocol is based on a simple single-step
isplacement assay involving the co-immobilization of several
hiolated aptamers, along with binding of the corresponding QD-
agged proteins on a gold surface, adding the protein sample, and

onitoring the displacement through electrochemical detection
f the remaining nanocrystals. Such electronic transduction of
ptamer–protein interactions is extremely attractive for meet-
ng the low power, size, and cost requirements of decentralized
iagnostic systems. Unlike two-step sandwich assays used in
he above QD-based electrochemical immunoassays, the new
ptamer biosensor protocol relies on a single-step displacement
rotocol. This biosensor allows assays of samples with target
oncentrations that are 3–4 orders of magnitude with a detection
imit of 20 ng L−1 (0.5 pM). Such a detection limit corresponds
o 54.5 attomole (2 pg) in the 100 �L sample.

QD has also been used as a label for potentiometric
mmunoassays [35]. Thurer reported the potentiometric bioanal-
sis of proteins in a microtiter plate format with semiconductor
anocrystal labels. After sandwich immunoreaction on the
icrotiter plate, the captured CdSe QDs were found to be easily

issolved/oxidized in a matter of minutes with hydrogen perox-
de. The released Cd2+ ions were measured by Cd2+ selective

icropipette electrodes. The potentiometric protein immunoas-
ay exhibits a log-linear response ranging from 0.15 to 4.0 pmol
f IgG, with a detection limit of <10 fmol in 150 �L sample
ells.

.3. Carbon nanotubes

CNTs have been explored extensively in electroanalytical
hemistry research fields [see reviews, 36–40]. Because of their

ig surface area-to-weight ratio, excellent mechanical proper-
ies, and fast electron-transfer capabilities, CNTs have been
idely used to prepare electrochemical sensors and biosen-

ors and study the electron-transfer characteristics of proteins.

i
s
n
n

ig. 5. Ultrasensitive electrochemical immunoassay of protein based on the numerou
4 (2007) 308–317

ecently, Wang et al. investigated their novel applications
y using CNTs as labels for ultrasensitive electrochemical
mmunoassays [41]. In this case, CNTs were used as a “carrier”
o load numerous enzyme tracers by covalent functionalization
f their surface (Fig. 5). A coverage of around 9600 enzyme
olecules per CNT (1 �m length) was estimated. The numerous

nzyme-loaded CNT super labels were applied for the mag-
etic beads-based electrochemical immunoassay of IgG, and
detection limit of 500 fg mL−1 (160 zmol in 25 �L samples)
as obtained. A 100-fold enhancement in the resulting electro-

hemical signal was observed from the enzyme-CNT label when
ompared to a system consisting of a single-enzyme label. Fur-
her sensitivity enhancement was achieved with a layer-by-layer
LBL) assembly of multilayer enzyme films on the CNT tem-
late [42]. Such coupling of CNT labels and protein multiple
rchitectures was shown to maximize the ratio of enzyme tracers
er binding event, to offer a remarkably high amplification fac-
or, and hence to achieve an extremely low detection limit down
o 2000 protein molecules (67 aM). Rustling’s team reported
n CNT “forest” amperometric immunosensor platforms with
ulti-labeled secondary antibody-CNT bioconjugates for highly

ensitive detection of a cancer biomarker in serum and tissue
ysates [43]. Greatly amplified sensitivity was attained by using
ioconjugates featuring HRP labels and secondary antibodies
Ab2) linked to CNTs at a high HRP/Ab2 ratio. This approach
rovided a detection limit of 4 pg mL−1 (100 amol mL−1), for
rostate-specific antigen (PSA) in 10 �L of undiluted calf serum,
mass detection limit of 40 fg.

.4. Apoferritin nanovehicles

Recently, we used apoferritin as a template to prepare
anoparticle labels for a highly sensitive electrochemical
mmunoassay of protein [44–47]. Apoferritin consists of a spher-
cal protein shell (around 12.5 nm in diameter) composed of
4 subunits surrounding an aqueous cavity with a diameter of
bout 8 nm that is capable of accommodating around 4500 iron
toms [48]. The protein cage of apoferritin can be disassoci-
ted into 24 subunits at low pH (2.0) and reconstituted at a
igh pH (8.5) environment. There are 14 channels connect-

ng the outside of apoferritin with its interior, among which
ix are hydrophobic channels, and eight are hydrophilic chan-
els. Based on its unique properties, two types of apoferritin
anoparticle labels, including the redox probe-loaded apofer-

s enzymes loaded with CNT labels (based on Ref. [41] with permission).
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ig. 6. (A) Preparation of K3Fe(CN)6-loaded apoferritin nanoparticle labels (b
hosphate nanoparticle tag (based on Refs. [46,47] with permission).

itin and metallic phosphate-loaded apoferritin, were developed
Fig. 6). The concept was first demonstrated by loading hexa-
yanoferrate in the cavity of apoferritin for the electrochemical
mmunoassay of an IgG model analyte [45]. The preparation
f hexacyanoferrate-loaded apoferritin is illustrated in Fig. 6A.
riefly, apoferritin was dissociated into subunits at pH 2 and

hen reconstituted at pH 8.5, thereby trapping hexacyanoferrate
n solution within its interior. Around 150 hexacyanoferrates
ere loaded into an apoferritin. The hexacyanoferrate-loaded

poferritin was thus modified with biotin and used as a label
or a magnetic bead-based sandwich immunoassay of IgG. The
lectrochemical response of the target was obtained by square-
ave voltammetric measuring of the released hexacyanoferrate

racers from the captured nanoparticle labels. A detection limit
f 0.08 ng mL−1 (0.52 pM) was obtained in connection with the
0 min immunoreaction time. This detection limit corresponds
o 26 attomole in the 50 �L sample solution.

Inspired by the use of semiconductor nanoparticle labels in
he electrochemical bioassay, we developed a simple and facile
emplated synthesis strategy based on an apoferritin template to
repare uniform-size, metal phosphate nanoparticle labels for a
ighly sensitive electrochemical immunoassay (Fig. 6B) [46].
omparing the semiconductor nanoparticle tags, new metallic
hosphate nanoparticle tag is easy to prepare (simply by dif-
usion or adjusting the pH of the solution) and functionalize
protein shell). Releasing metal components from the nanopar-
icle was performed in the mild condition, pH 4.6 acetate buffer,
nstead of a strong acid solution (1 M HNO3 to dissolve the semi-
onductor nanoparticle tags). New nanoparticle was used as a
abel for the electrochemical immunoassay of the tumor necro-
is factor a (TNF-�) protein biomarker with a detection limit of
pg mL−1 (77 fM), that is, 3.9 attomols or 2.33 × 106 TNF-�
iomarker molecules in a 50 �L sample, which is lower than
hat of the semiconductor nanoparticle tag. The ability to simul-
aneously measure multiple proteins in a single assay was also
emonstrated by detecting TNF-� and macrophage chemotactic

rotein-1 protein biomarkers with cadmium phosphate and lead
hosphate nanoparticle tags.

Except for the preparation of single-metal-component, metal
hosphate nanoparticle tags, compositionally (multiple metals)

i
t
m
d

on Ref. [45] with permission) and (B) apoferritin template synthesis metallic

ncoded nanoparticle tags were also prepared by the apofer-
itin template [47]. By incorporating different predetermined
evels of multiple metal ions, such compositionally encoded
anoparticles can lead to a large number of recognizable voltam-
etric signatures and hence to a reliable detection of a larger

umber of protein biomarkers. Each nanoparticle thus yields a
haracteristic multi-peak voltammogram, whose peak potentials
nd current intensities reflect the identity of the correspond-
ng biomolecule target. The apoferritin template synthesis of
he encoded nanoparticle provides a simpler, faster approach to
repare electrochemical nanoparticle labels for diverse applica-
ions.

.5. Liposome

Liposomes are composed of a lipid bilayer with the hydropho-
ic chains of the lipids forming the bilayer and the polar
eadgroups of the lipids oriented towards the extravesicular
olution and inner cavity [49]. The sizes of the liposomes vary,
anging from nanometers to several micrometers, which depends
n the synthesis conditions [49]. Owing to its high surface area,
arge internal volume, and capability to conjugate bilayer lipids
ith a variety of biorecognition elements, liposomes have been
idely used as bioassay labels by encapsulating enzymes, flu-
rescent dyes, electrochemical and chemiluminescent markers,
NA, RNA, ions, and radioactive isotopes [50,51]. While excel-

ent reviews of the uses of liposomes in immunoassays are
vailable in the literature [49,50], we focus on the applications
f liposomes as labels in EII. Fig. 7 displays the typical lipo-
ome label-based electrochemical immunoassay. Most of the
arly works are based on ion-encapsulated liposome labels and
on-selective electrodes for serum protein analysis [52–54]. For
xample, D’Orazio and Rechnitz used trimethylphenylammo-
ium ion (TMPA+)-loaded sheep red-blood-cell ghosts (which
ct in the same capacity as liposome) to quantitate the com-
lement enzymes present in serum samples by using a TMPA+
on selective electrode [52]. They were later able to adapt this
echnique to indirectly detect antibodies in bovine serum albu-

in. Similarly, Shiba et al. demonstrated the potentiometric
etermination of tetrapentylammonium ion (TPA+) with a TPA+
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ig. 7. Schematic of an electrochemical immunoassay based on markers loaded
arkers; (C) electrochemical detection.

on-selective electrode upon complement disruption of TPA+ of
he TPA+-loaded liposomes [53]. Shiba et al. first used potassium
on-loaded liposomes and a potassium ion-selective electrode
or monitoring the complement-mediated immune lysis reaction
54].

Liposomes encapsulating electroactive molecules, such as
errocyanide and ascorbic acid, have been used as labels
or EII [55,56]. Kannuck reported ferrocyanide-encapsulated
iposome for selective and sensitive (0.1 nM) determination
f immuno-agents in serum matrices [55]. Ferrocyanide was
ncapsulated in the cavity of liposomes at concentrations of
pproximately 104 molecules/liposome. The ferrocyanides were
eleased from within the liposome by either the addition of sur-
actant or the complement lysis of the membrane and were
onitored by differential pulse voltammetry on a polymer-
odified electrode. Liposomes encapsulating ascorbic acid have

een used in a competitive assay format for the pesticide atrazine
sing both lateral and horizontal flow formats and ampero-
etric detection following Triton X-100-induced lysis [56].
he signal response was 1–3 min, and the sensitivity of the
easurements in tap water was below 1 �g L−1 of atrazine

nd terbutylazine. Lee et al. reported a disposable liposome
mmunosensor for theophylline, combining an immunochro-

atographic membrane and a thick-film electrode [57]. An
nti-theophylline antibody was immobilized in an antibody
ompetition zone, and hexacyanoferrate(II)-loaded liposomes
ere immobilized in a signal generation zone. When a theo-
hylline sample solution was applied to the immunosensor
re-loaded with theophylline–melittin conjugate in a sample
oading zone, the theophylline and theophylline–melittin conju-
ate migrated through the anti-theophylline antibody zone where
ompetitive binding occurs. Unbound theophylline–melittin
onjugate further migrated into the signal generation zone where
t disrupted the liposomes to release the electroactive hexa-
yanoferrate(II), which was then detected amperometrically.
he detection limit of 5 �g mL−1 enabled the immunosensor

o be used to monitor theophylline over the clinically rele-
ant ranges (10–20 �g mL−1) with a one-step assay within

0 min.

Liposome encapsulating enzymes, such as HRP, have been
sed as labels to develop sensitive electrochemical immunosen-
ors [58]. For example, Haga reported a liposome immunosensor

∼
c
i
s

liposome labels: (A) immunocapturing liposome labels; (B) lysis to release the

or the detection of theophylline. The immunosensor is com-
osed of a Clark-type oxygen electrode and HRP encapsulated
iposomes. Sample theophylline and theophylline-tagged lipo-
omes competed for antibody sites. Binding to the antibody
nitiated the activation of the complement, which lysed the lipo-
omes and resulted in the release of the entrapped horseradish
eroxidase. The released HRP catalyzed the conversion of
ADH to NAD+, and the corresponding depletion of oxygen
as monitored by an oxygen electrode. The authors reported a
etection limit for theophylline of 0.72 ng/mL.

Recently, Chen et al. developed a novel piezoelectric
mmunoagglutination assay (PEIA) technique with antibody-
onjugated liposome for direct quantitative detection of human
mmunoglobulin G (hIgG) [59]. This technique is based on spe-
ific agglutination of antibody-coated liposome particles in the
resence of the corresponding antigen, which can be monitored
y the frequency shift of a piezoelectric device. The frequency
esponses of the liposome-based PEIA are linearly correlated
o hIgG concentration in the range of 0.05–6 �g mL−1 with a
etection limit of 50 ng mL−1.

.6. Silica nanoparticles

Silica nanoparticles have been successfully used in bio-
maging, optical bioassays, drug delivery, diagnosis, and
herapeutic applications [60–64]. Recently, we developed an
electroactive” silica nanoparticle in which poly(guanine)
poly[G]) was used to functionalize silica nanoparticles, and
hen we demonstrated that the poly[G]-functionalized sil-
ca NPs could serve as a biological label for a sensitive
lectrochemical immunoassay [65,66]. The “electroactive” sil-
ca nanoparticle label was prepared by covalently binding
oly[G] and avidin to the silica NP surface by using the con-
entional coupling reagent 1-ethyl-3-(3-dimethylaminopropyl)
arbodiimide hydrochloride (EDC) and N-hydroxysuccinimide.
t was found that there are ∼60 strands of poly[G]20 per
ilica nanoparticle. Accordingly, the average surface cover-
ge of poly[G]20 on a silica surface was determined to be

8.5 × 1012 molecules cm−2. The functionalized silica NPs

ould be used as a label for an amplified electrochemical
mmunoassay. The principle of an electrochemical immunoas-
ay based on a poly[G]-functionalized silica NP label is shown
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ig. 8. Electrochemical immunosensor based on the poly[guanine]-coated silica
anoparticle (reproduced from Ref. [65] with permission).

n Fig. 8. After a complete sandwich immunoassay, a solution
f Ru(bpy)3

2+ is added, and the catalytic current resulting from
uanine oxidation is measured. This current is proportional to
he amount of guanine in the vicinity of the electrode, which in
urn depends on the concentration of target analyte in the original
ample.

The application was first demonstrated by using IgG as model
rotein [65]. It was found that the current was proportional to
he logarithm of IgG concentration. The limit of detection for
his immunosensor (based on a signal-to-noise ratio S/N = 3)
s estimated to be about 0.2 ng mL−1 (about 1.3 pM), which
orresponds to about 39 aM mouse IgG in a 30 �L sample
olution. The developed electroactive silica nanoparticle label
as also used to detect protein biomarker, TNF-� [66]. After
ptimizing the experimental parameters (e.g., concentration of

u(bpy)3

2+, incubation time of TNF-�, etc.), the detection limit
or TNF-� was found to be 5.0 × 10−11 g mL−1 (2.0 pM), which
orresponds to 60 attomol of TNF-� in 30 �L of sample.

h
F
p

ig. 9. Use of oligonucleotide-loaded polystyrene sphere labels for the amplified elec
oaded polystyrene spheres to a magnetic bead; (B) release of the oligonucleotides fro
eleaded purine-based at a graphite electrode (based on Ref. [67] with permission).
4 (2007) 308–317 315

.7. Other labels

Except for the nanomaterial labels described above, microm-
ter size materials, such as polystyrene beads and microcrystals,
ave been used as labels for highly sensitive electrochemical
mmunoassays. For example, Wang et al. reported on nucleic
cid-coated polystyrene bead labels for an amplified electro-
hemical sandwich immunoassay of proteins [67]. This involves
sandwich immunoassay based on two antibodies linked to mag-
etic beads and DNA-functionalized polystyrene (PS) spheres,
ollowed by the alkaline release of the oligonucleotide strands
rom the beads, the acidic dipurinization of the released DNA,
nd adsorptive chronopotentiometric stripping measurements of
he free nucleobases at a pyrolytic graphite electrode transducer
Fig. 9). The coupling of carrier-sphere amplifiers (7.5 × 104

ligonucleotides [containing 25 guanines] per sphere) with the
reconcentration feature of electrochemical stripping detection
eads to an extremely low detection limit of 2 pg mL−1 (13 fM).

similar use of different oligonucleotide tracers – based on dif-
erent guanine-to-adenine ratios – should lead to an attractive
ultiplex protein assay. A ferrocene microcrystal was also used

s a biolabel for the amplified electrochemical immunoassay
68]. In this case, LBL technology was employed to encapsu-
ate electrochemical signal-generating microcrystals (ferrocene

icrocrystals). The encapsulated microcrystals were conju-
ated with antibody molecules through the adsorption process
or sandwich immunoassays. The capture of the antibody-
onjugated ferrocene microcrystal labels was followed by the
elease of a large amount of the redox marker through the capsule
all (by a releasing agent) and led to highly sensitive ampero-
etric biodetection with a detection limit of 2.82 �g L−1.
Recent efforts focused on developing nanoparticle encoded

pheres, submicrometer metallic microrods, and metal or alloy
anowires [29,70–73]. Such materials have been used as
ybridization assay [71], and an optical bioassay [29,72,73].
or example, indium/gold nanowire tags prepared by electrode-
ositing indium and gold into the pores of an alumina membrane

trochemical immunoassay of proteins: (A) immunocapturing oligonucleotide-
m the sphere using 0.05 M NaOH; (C) aid dipurinization; (D) detection of the
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ffered a significantly low detection limit (250 zmol) for the
lectrochemical DNA hybridization assay [69]. Semiconduc-
or nanoparticle-encoded polystyrene beads [29] and metallic
triped nanowires have been used as tags for the multiplex
ptical immunoassay of proteins, DNA, and pathogens [72,73].
ecause of its big size (micrometer length), the content of metal

n metallic nanowire is much more than that of the reported semi-
onductor nanoparticles. It will be possible to use such metallic
anowire tags for ultrasensitive electrochemical immunoassays.

. Conclusion and outlook

This review has summarized the recent advances of nano-
aterial labels in EII. The unique and attractive properties

f nanomaterials have paved the way for the development
f highly sensitive electrochemical diagnosis devices. The
tudies described above demonstrate the broad potential of
ioconjugated nanomaterials for the amplified electrochemi-
al transduction of antibody–antigen recognition events. The
emarkable sensitivity of the new nanomaterial-label-based
ensing protocols opens the possibility for detecting disease
arkers, biothreat agents, or infectious agents that cannot be
easured by conventional methods. Such highly sensitive biode-

ection schemes could provide for early detection of diseases or
warning of a terrorist attack. The use of super tags, such as

lectroactive-marker-loaded polymer beads and submicrometer
etallic strips will further amplify the electrochemical signal

f EII and thus bring about a lower detection limit. How-
ver, the challenges for current research are (1) “How will
he nanomaterial-label-based EII technologies work in clinical
amples, such as blood, plasma?” and (2) “Will it be possible
o apply this technology to point-of-care and clinical diagno-
is?” Future innovative research is expected to lead to advanced
anomaterial-based EII, which, coupled with other major tech-
ological advances, such as lateral-flow, test-strip technology
nd electronics technology, will result in powerful, easy-to-use,
and-held devices for fast, sensitive, and low-cost biomarker
etection.
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