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Abstract To dissolve the bottleneck problem of life and

biomedical science in detection of biomolecules with low

abundance and acquisition of ultraweak biological signals,

highly sensitive analytical methods coupling with the

specificity of biological recognition events have been

quickly developed by the exploring of signal amplification

strategies. These strategies have extensively been introduced

into the development of highly sensitive immunosensing

methods by combining with highly specific immunological

recognition. They can be divided into two groups. One group

of strategies attempts to transfer the immunological recog-

nition event into large number of reporter probes or signal

probes for signal readout by employing nano/micro-materi-

als as vehicles formulti-labeling and/ormolecular biological

amplification for increasing the abundance of the signal

molecules. The other uses nanomaterials or enzyme mimics

as catalytic tools/tags to obtain enhanced detection signal.

This review focuses on the significant advances in design of

signal amplification strategies for highly sensitive

immunosensing.

Keywords Signal amplification � Immunosensing �
Immunological recognition � Reporter probes �
Nanoparticles � Enzyme mimics � Polymerase chain

reaction � Rolling circle amplification � Hybridization chain

reaction

1 Introduction

The detection of biomolecules with low abundance and the

acquisition of ultraweak biological signals have been

become a development bottleneck of life and biomedical

science, because a few important biomolecules are suffi-

cient to regulate the biological functions of cells and trig-

ger disease processes, and numerous pathological

biomarkers are present at very low levels during the early

stages of the disease development. Developing highly

sensitive analytical methods for detection of biomolecules

coupling with the specificity of biological recognition

events is in urgent need. Immunoassay combines the

unique advantages of highly specific immunological

recognition and convenient biosensing devices has shown

its outstanding availability for detection of protein ana-

lytes. One of the major goals in developing novel

immunosensing methods for the detection of protein

biomarkers is to achieve high sensitivity. However, owing

to the inherent background signals of various instrumental

analytical technologies and the limitation of the classical

analytical methodologies, improving the sensitivities via

traditional physical methods or simple chemical and bio-

catalytic processes is far from meeting the practical

demands. The progress in nanotechnology and biotech-

nology sets a convenient and promising way for design of

signal amplification strategies [1–3], which leads to novel

immunoassay methods with high sensitivity.

The signal amplification strategies for highly sensitive

immunosensing of proteins mainly include two groups.

One group of strategy attempts to transfer protein target-

binding events into large number of reporter molecules or

signal molecules for signal readout. These strategies

commonly employ nano/micro-materials as vehicles for

multi-labeling or molecular biological amplification for
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increasing the amount of signal molecules. Another group

uses nano/micro-materials or enzyme mimics as catalytic

tools to obtain enhanced detection signal. This review

focuses on the recent development of highly sensitive

immunosensing methods with different signal amplification

strategies.

2 Nanomaterials as Carriers for Multi-Labeling
Immunosensing

Immunoassay is usually performed by competitive or

sandwich formats. Both of them utilize a label or tag as the

signal probe for quantifying the antigen–antibody reaction

(Fig. 1). In traditional immunoassay, the labeled antibody

or antigen, which usually is linked with a label molecule,

such as enzyme, illuminant dye and radioactive element at

a ratio of 1:1, is employed to specifically recognize the

antigen or antibody and indicate the detection signal [4].

There is no doubt that the low ratio of signal label to

antibody or antigen results in limited detectable signal and

relatively low sensitivity of these traditional immunoas-

says. Thus, the first consideration for amplifying the

detection signal is to use more label molecules for one

immunological recognition event. In recent years, great

efforts have been made to amplify the signal output by

increasing the ratio of signal tag to specific recognition

ligand using nanomaterials as carriers [5, 6] or signal tags,

or molecular biological technology [7, 8] to introduce more

reporter molecules. Due to the high surface-to-volume ratio

of nanomaterials, it is an efficient method to use them as

the carriers labeling numerous reporter molecules by

immobilizing enzymes or nanoparticle on their surface.

The large number of reporter molecules on the surface

produce an enhanced signal for the immunoassay of the

target molecules.

2.1 Nanoparticle-Functionalized Nanoprobes

for Signal Amplification

Nanoparticles generally exhibit special electrochemical or

optical activity and, thus, they are popularly employed for

signal tracing of immunoassay. For example, quantum

dots (QDs), as semiconductors, can be excited by chem-

ical and electrochemical reactions. The light emission of

QDs controlled by the applied electrode potential enables

them to be applied as excellent ECL labels for bioassays

[9]. The use of CdTe QDs as the luminophor and K2S2O8

as the coreactant is the most popular system in sandwich-

enhanced ECL immunoassays. A multi-labeling strategy

for sensitive detection of tumor necrosis factor-alpha

(TNF-a) has been reported using QDs–polymer-function-

alized silica nanosphere as the label [10]. The nanosphere

leads to an increase of CdTe QD loading per immunoas-

say event and, thus, increases the signals of electro-

chemiluminescence (ECL) and square-wave voltammetry

(SWV) measurements by 10.0- and 5.5-folds, respectively,

in comparison with the unamplified method. A multi-

Fig. 1 Schematic illustration of

competitive immunoassay

(a) and sandwich immunoassay

(b)
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labeling strategy based on the combination of tyramide

signal amplification (TSA) and polymerization-based

amplification (PBA) has also been proposed [11]. The

surface-initiated atom transfer radical polymerization of

glycidyl methacrylate (GMA) is triggered by the initiator-

coupled antibody immobilized on the surface of biosensor

via traditional sandwich immunoreactions (Fig. 2).

Growth of long-chain polymeric materials provided

numerous epoxy groups for subsequent coupling of

horseradish peroxidase (HRP), which in turn significantly

increased the loading of QDs labeled tyramide in the

presence of hydrogen peroxide due to the TSA mecha-

nism. As a result, the ECL and SWV measurements show

9.4- and 10.5-fold increase in detection signal in com-

parison with the unamplified method, respectively.

2.2 Enzyme-Functionalized Nanoprobes for Signal

Amplification

Due to the highly efficient bioactivity of enzymatic reac-

tions, enzyme labels are frequently used to functionalize

various nanomaterials for the preparation of nanoprobes in

immunoassays. The unique properties of the enzyme-

functionalized nanoprobes enable the development of a

large variety of signal transduction strategies for ultrasen-

sitive immunosensing of protein biomarkers. For example,

Rusling’s group reported a multi-HRP functionalized

multiwall carbon nanotubes (MWCNTs)-based nanoprobe

for the highly sensitive detection of a cancer biomarker

[12]. The nanoprobe was prepared through covalently

linking high ratio of HRP labels and secondary antibodies

onto the surface of the carboxylated MWCNT nanocarrier.

When it was used for the signal tracing of sandwich

immunoreaction at the immunosensor, greatly enhanced

sensitivity was achieved based on the multi-label signal

amplification (about 90 catalytic labels per binding event

on the immunosensor surface) and the enzyme-catalytic

amperometric response from the HRP labels (Fig. 3). This

approach provided a low detection limit of 4 pg/mL (100

amol/mL) for PSA measurement in serum and tissue

lysates.

The large specific surface area of graphene enables it to

act as an ideal nanocarrier for nanoprobe preparation.

A HRP-functionalized graphene oxide nanoprobe has been

prepared to develop an impedimetric immunosensors by

the catalyzed oxidation of 4-chloro-1-naphthol substrate to

induce the production an insoluble precipitate [13]. Upon

sandwich immunoreaction followed by enzymatic reaction

induced by the quantitatively captured nanoprobe, a layer

of insoluble benzo-4-chlorohexadienone product is depos-

ited on the electrode surface, thus hindering the electron

transfer process of the redox probes between the base

electrode and the solution and enhancing the sensitivity of

the impedimetric immunosensors. Lai et al. [14] employed

this enzymatic reaction to develop an ultrasensitive elec-

trochemical immunosensor based on the amplified inhibi-

tion of the electrochemical signal of ferrocene indicator

immobilized on the immunosensor.

The gold nanostructures at various size/shape (mostly

Au NPs) have high specific surface area, high surface

energy, high conductivity and offer numerous adsorption

sites to the biomolecules such as antibodies, enzymes and

proteins which make them an ideal choice for the biosensor

and nanoprobe construction. Ju’s group [15] designed a

Fig. 2 Schematic

representation of typical TSA

based on common ELISA using

QD–Tyramide conjugates as

labels (Route 1), the

polymerization-assisted

amplification in sandwich

immunoassay via surface-

initiated ATRP and subsequent

direct binding of CdTe QDs

(Route 2), and the sandwich

immunoassay using QD–

Tyramide conjugates as labels

via surface-initiated ATRP and

TSA (Route 3)
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glucose oxidase (GOx) functionalized CNT/Au NPs

nanoprobe through a layer-by-layer assembly method and

used it to develop an ultrasensitive multiplexed electro-

chemical immunosensing method by combination with a

disposable immunosensor array (Fig. 4). The immunosen-

sor array was constructed through the stepwise assembly of

colloidal Prussian blue (PB), Au NPs and captured anti-

bodies on screen-printed carbon electrodes. The enzymatic

reaction of the nanoprobe provided sensitive electrochem-

ical signal tracing of the immunosensors. The colloidal PB

acted as a mediator to catalyze the reduction of H2O2

produced in the GOx enzymatic reaction. Both the high-

content GOx and CNT/Au NPs in the nanocomposite tracer

amplified the detectable signal of the immunosensor. Using

carcinoembryonic antigen and a-fetoprotein as model

analytes, the simultaneous multiplexed immunoassay

method using the immunosensor array and the designed

tracer showed linear ranges of three orders of magnitude

with the detection limits down to 1.4 and 2.2 pg mL-1,

respectively. The assay results of serum samples with the

proposed method were in an acceptable agreement with the

reference values. The dual-signal amplification of glucose

oxidase-functionalized nanocomposites provided a

promising ultrasensitive simultaneous multiplexed

immunoassay approach for clinical applications.

3 Nanoparticles as Signal Labels for Signal
Amplification

Nanoparticles, such as semiconductor nanoparticles and

metal oxide nanostructures, have been considered as

potential signal labels to stimulate the development of

signal amplification strategy for immunosensong [16, 17].

The enormous signal enhancement associated with the use

of nano labels provides the basis for ultrasensitive

immunosensor and immunoassays with different measure-

ment techniques [18].

3.1 Electrochemical Stripping Analysis of Nano

Labels for Signal Amplification

Electrochemical immunosensors offer high sensitivity,

uncomplicated instrumentation and capability in protein

determination. Different nano labels have been designed

for amperometric [19], potentiometric [20], impedimetric

[21] and capacitometric analysis [22]. The electrochemical

stripping analysis of Au NPs or silver nanoparticles (Ag

NPs) is an extensively used signal amplification technology

due to the high amount of metal ion in nanoparticle labeled

to antibody. Furthermore, these nanoparticles can induce

the deposition Ag NPs for further amplifying the electro-

chemical stripping signals. Ju’ group [23] reported a sim-

ple, sensitive and low-cost multiplexed immunoassay by

combining a disposable chip with Au NP as an electro-

chemical label (Fig. 5). The immunosensors array as the

disposable chip was firstly prepared by immobilizing cap-

ture antibodies on different screen-printed carbon working

electrodes by passive adsorption, respectively. With a

sandwich mode, the analytes were then bound to the cor-

responding capture antibodies for further capture of the

Fig. 3 Illustration of detection principles of the immunosensor after

treating with HRP-SWCNT nanoprobe to obtain amplification by

providing numerous enzyme labels per binding event

Fig. 4 Schematic

representation of a preparation

procedure of GOx-Au Nps/

CNTs nanoprobe and

b preparation of immunosensors

and sandwich electrochemical

immunoassay
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gold nanoparticle labeled antibodies. Au NP labels were

finally electrooxidized in 0.1 M HCl to produce AuCl�4 for

differential pulse voltammetric detection. Using human

IgG and goat IgG as model targets, under optimal condi-

tions this method achieved linear ranges from 5.0 to 500

and 5.0 to 400 ng mL-1 with limits of detection of 1.1 and

1.6 ng mL-1, respectively. Lai et al. [24] employed the

enzymatically catalytic deposition of Au NPs to develop an

ultrasensitive electrochemical immunosensing method by

combination with gold stripping analysis at a CNT-based

immunosensor. The gold nanoprobe was prepared by

loading signal antibody and high-content GOx on the

nanocarrier of gold nanorod. After sandwich immunore-

action, the GOx-Au NR nanoprobe quantitatively captured

onto the immunosensor surface induced the deposition of

Au NPs via the enzymatically catalytic reaction. Based on

the electrochemical stripping analysis of the Au NR

nanocarriers and the enzymatically produced Au NPs,

sensitive electrochemical signal was obtained for the

immunoassay. Both the GOx-induced deposition of Au

NPs by the nanoprobe and the sensitive electrochemical

stripping analysis on the CNTs-based sensing surface

greatly amplified the signal response, leading to the ultra-

sensitive measurement of CEA in a wide linear range from

0.01 to 100 ng mL-1 with a detection limit down to

4.2 pg mL-1.

Due to the lower oxidation potential and facile stripping

conditions, Ag NPs are often functionalized with the

nanocarriers such as CNT [25], graphene [26, 27] and

carbon nanosphere [28] for highly sensitive immunoassay

by direct electrochemical stripping detection. Zhao et al.

[29] developed an ultrasensitive multiplexed immunoassay

method via using streptavidin/nanogold/carbon nanohorn

(SA/Au/CNH) as a novel signal tag to induce silver

enhancement for signal amplification (Fig. 6). Carbon

nanohorn has been used as an excellent nanocarrier to load

high amount of gold nanoparticles based on the unique

features of large surface area, plentiful inner nanospaces,

highly defective horns, good electrical conductivity. To

realize multiplexed detection of a-fetoprotein and CEA, a

nanocomposite was prepared by loading numerous strep-

tavidin modified Au NPs on carbon nanohorn as signal tag

to recognize biotinylated signal antibody, and then the SA/

Au/CNH tag was captured on the immunoconjugates

immobilized in disposable screen-printed electrodes to

induce silver deposition and amplify the electrochemical

stripping signals. Through sandwich-type immunoreaction

and biotin–streptavidin affinity reaction amplifying sensing

signals, the proposed immunosensor showed wide linear

ranges with the detection limits down to 0.024 and

0.032 pg mL-1, respectively.

Similarly, Ju’s group [30] reported an ultrasensitive

multiplexed immunosensing method developed by combi-

nation with an ALP-labeled antibody functionalized Au NP

probe and the enzyme-Au NP catalyzed deposition of Ag

NPs at a disposable immunosensor array (Fig. 7). After

Fig. 5 Schematic

representation of preparation of

immunosensors array and

analytical procedure for

simultaneous detection of

human IgG and goat IgG

Fig. 6 Schematic representation of sandwich-type immunoassay

procedure
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sandwich immunoreaction at the immunosensor, the Au

NP/ALP nanoprobes were quantitatively captured onto the

immunosensing surface, and the enzymatic reaction of the

nanoprobes induced the catalytic deposition of Ag NPs.

The silver deposition process was catalyzed by both ALP

and Au NPs, which amplified the detection signal. Based

on the anodic stripping analysis of Ag NPs in KCl solution,

this multiplexed immunosensor showed excellent analyti-

cal performance for simultaneous ultrasensitive measure-

ment of the model analytes of human IgG and mouse IgG

with wide linear ranges over four orders of magnitude with

the detection limits down to 4.8 and 6.1 pg mL-1,

respectively.

Lin et al. [31] further utilized nanogold functionalized

mesoporous carbon foam (Au/MCF) as signal label for

sensitive electrochemical immunosensing of biomarker.

The high loading of nanogold on MCF caused a C–Au

synergistic silver enhancement and hence greatly amplified

the detection signal and improved the detection sensitivity.

Through a sandwich-type immunoreaction, Au/MCF tags

were immobilized on an electrochemically reduced

grapheneoxide/chitosan film modified glassy carbon elec-

trode to induce a silver deposition process monitored by the

electrochemical stripping signal. The Au/MCF-mediated

silver enhancement along with the graphene-promoted

electron transfer led to high detection sensitivity of CEA

with a detection limit down to 0.024 pg mL-1.

The silver deposition reaction can also be catalyzed by

Ag NPs. Ju’s group [25] designed a streptavidin-function-

alized Ag NPs-enriched CNT/Ag NP as trace tag for the

ultrasensitive multiplexed measurements of tumor markers

using a disposable immunosensor array (Fig. 8). Due to the

inherent reduction property of carboxylated CNT, Ag NPs

were firstly in situ deposited on this support from silver

ions in solution without the addition of any other reduction

agent, which was further used for linking antibody through

the streptavidin assembly. Through a sandwich-type

immunoreaction at the immunosensor, the high-content Ag

NPs were captured onto the immunosensor surface to fur-

ther induce the silver deposition for amplifying the detec-

tion signal greatly. Based on the electrochemical stripping

detection of the Ag NPs at the immunosensor, this method

showed ultrahigh sensitivity with wide detection ranges

and the detection limits down to 0.093 and 0.061 pg mL-1

for simultaneous electrochemical measurement of CEA

and AFP.

The stripping voltammetric detection of Au NPs for

immunosensing could also be achieved with gold nanorods

(AuNRs) superstructure [32]. The amplification pathway

firstly used a thio-b-cyclodextrin (SH-b-CD) functional-

ized gold nanoparticles to label signal antibody, and then

in situ assembled multi-layer SH-b-CD end-functionalized

AuNRs to sandwich immunocomplex on immunosensor

surface using 4,4,4,4-(21H, 23H-porphine-5,10,15,20-te-

trayl) tetrakis (benzoic acid) as a bridge to achieve simple

and convenient host–guest reaction (Fig. 9). The built end-

to-end AuNRs superstructure showed excellent perfor-

mance for the signal amplification in connection with the

electrochemical biosensing by preoxidation and then

voltammetric analysis of gold element. Using a-fetoprotein
as an analyte, the immunosensor was constructed by

covalently binding capture antibody to chitosan–carbon

nanotubes-poly(diallyldimethylammonium chloride) mod-

ified electrode. The superstructure rich in AuNRs brought

an enhanced detection sensitivity of protein, which could

detect a-fetoprotein in a linear range of 0.5 pg mL-1 to

0.5 ng mL-1 with a detection limit down to

0.032 pg mL-1.

Fig. 7 Schematic

representation of preparation of

immunosensor array and

detection strategy by sandwich

immunoassay and linear sweep

voltammetric stripping analysis

of enzymatically deposited Ag

NPs
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3.2 Signal Amplification in Optical-based

Technologies

Optical-based technologies, such as chemiluminescent

(CL), ECL, fluorescence, surface-plasmon resonance (SPR)

and Raman scattering technologies, are the most popular

and convenient tools for immunoassay due to the advan-

tages of applying visible radiation, nondestructive

operation mode and the rapid signal generation and reading

[33, 34]. Shourian et al. [35] designed a multi-functional-

ized AuNPs as signal label for highly sensitive

immunoassay of hepatitis B surface antigen (HBsAg). The

AuNPs were functionalized by bearing biotin and luminol

molecules, and then the multi-functionalized AuNPs cou-

pled with streptavidin modified secondary antibody which

was immobilized in polystyrene well via the primary

Fig. 8 Schematic

representation of preparation of

immunosensor array and trace

tag, and detection strategy by

linear sweep stripping

voltammetric analysis of Ag

NPs on the immunosensor

surface

Fig. 9 Schematic

representation of the preparation

of a CD-Ab2/AuNPs and b CD/

AuNRs Tags; c immunosensor

fabrication and sandwich-type

immunoassay with AuNRs

superstructure based signal

amplification

J. Anal. Test. (2017) 1:7 Page 7 of 18 7

123



monoclonal antibodies bound with HBsAg. The CL signal

was produced by oxidation of luminol molecules in the

presence of HAuCl4 as catalyst and H2O2 as oxidant. The

immunosensor showed about 40 times lower detection

limit toward HBsAg relative to previous work [36]. In such

a case, the nanoparticles act as both a solid carrier to load a

large number of reporters/markers and labels to amplify the

CL signal for the protein detection.

Based on mesoporous SiO2-coated CNTs–QDs

nanocomposites and ECL energy transfer (ECL-ET) tech-

nology, Zhu’s group [37] fabricated a versatile biosensor

via employing the energy tunable CdSeTe/CdS/ZnS double

shell QDs as donor and gold nanorods (GNRs) as acceptor

(Fig. 10). Surprisingly, they proposed a microwave-as-

sisted production of high quality NIR-emitting CdSeTe/

CdS/ZnS QDs with successive epitaxial CdS and ZnS

double shells. The double CdSeTe/CdS/ZnS QDs mani-

fested perfect energy match with gold nanorods (GNRs) as

the donor–quencher pair. Due to the mCNTs–QDs and

ECL-ET technology twofold signal amplification, this

approach provided a sensitive response to CEA in a wide

range from 0.001 to 200 pg mL-1 with a detection limit of

0.5 fg mL-1.

4 Enzyme Mimics for Signal Amplification

Artificial mimicking enzymes possessing high catalytic

activity and distinct substrate selectivity are highly desired

for developing new catalytic reactions and bioanalysis

systems due to their simpler syntheses and preparation,

better stability, and easier modification than natural

enzymes [38]. Therefore, lots of researches have focused

on the development of enzyme mimetics-based signal

amplification for immunosensing using coordination com-

pounds with peroxidase activity, such as hemin and por-

phyrin, and catalytic/electroactive nanoparticles, especially

metal and semiconductor nanoparticles as labels [39–43].

As the catalytic centers of many enzymes, hemin has

been widely used for the development of artificial enzymes.

It can conjugate to G-quadruplex to form DNAzyme with

peroxidase-mimicking activity [44, 45]. Ju’s group [46]

designed a multilayer G-quadruplex/hemin DNAzyme

wrapped gold nanoparticle (M-DNAzyme/AuNP) tag for

ultrasensitive CL image analysis of proteins (Fig. 11). The

M-DNAzyme/AuNP tag was prepared by assembling high

ratio of alkylthiol-capped signal DNA containing multiple

G-quadruplex sequences to biotinylated DNA on AuNPs

and then reacting with hemin to form multilayer hemin/G-

quadruplex DNAzyme units. It was bound to the biotiny-

lated secondary antibody of sandwich immunocomplex by

biotin–streptavidin conjugation to catalyze a CL reaction

on a protein array, which produced strong CL emission. By

combining with a disposable protein array, an ultrasensitive

and high-throughput multiplex CL immunoassay method

was proposed for simultaneous detection of four cancer

biomarkers, including fetoprotein, human chorionic gona-

dotrophin-b, carcinoma antigen 125, and CEA, with the

limits of detection of 2.7 9 10-5 ng mL-1, 1.1 9 10-5 -

IU mL-1, 1.7 9 10-5 U mL-1, 2.0 9 10-5 ng mL-1,

respectively.

Xu et al. [47] designed a mimicking enzyme with per-

oxidase-like activity by loading MnTMPyP in the dsDNA

scaffold. This complex possessed high catalytic activity

and much quicker catalytic kinetics and better stability with

exposure to light irradiation and high temperature than both

Fig. 10 Construction of the

ECL immunosensor.

a Schematic representation of

preparation procedure for

mCNTs–QDs composites.

b Schematic illustration of the

stepwise immunosensor

fabrication process
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horseradish peroxidase and hemin/G-quadruplex DNA-

zyme. By combining with an isothermal hybridization

chain reaction (HCR) and in situ formation of MnTMPyP–

dsDNA, a highly efficient chemiluminescent (CL)

immunosensing method was proposed (Fig. 12). After a

sandwich immunoreaction, a biotinylated DNA strand,

which was bound to biotinylated signal antibody by

streptavidin, triggered the HCR and growth of MnTMPyP–

dsDNA on the immunocomplex. The in situ, HCR-assisted

enzyme formation brought numerous enzymatic catalytic

centers, MnTMPyP, on the immunocomplex, resulting in

significant CL signal amplification and highly sensitive CL

detection.

Similarly, a G-quadruplex/hemin-Pt NP was used as

enzyme mimetics probe for achieving ultrasensitive pho-

toelectrochemical (PEC) immunoassay [48]. The

G-quadruplex/hemin-Pt NP probe could catalyze the oxi-

dation of hydroquinone (HQ) using H2O2 as an oxidant due

Fig. 11 Schematic diagrams of

a preparation of M-DNAzyme/

AuNP, b sensor preparation and

CL immunosensing procedure,

and c multiplex CL imaging

immunoassay of four tumor

markers using an immunosensor

array

Fig. 12 Schematic illustration of amplifying synthesis of MnTMPyP-

dsDNA enzyme mimic as label for CL biosensing Reprinted with

permission from [69]
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to its peroxidase-mimicking activity. The oxidation product

of HQ, a polymer with abundant electron accepting groups,

could efficiently inhibit the photocurrent of CdS QDs

through photoinduced electron transfer and steric hin-

drances effect, resulting in a highly sensitive PEC

immunosensor.

Ju’s group [49] also prepared a hemin functionalized

graphene sheet via the noncovalent assembly of hemin on

nitrogen-doped grapheme (NG). The hemin@NG could act

as an oxygen reduction catalyst to produce sensitive ECL

quenching of quantum dots (QDs) due to the annihilation

of dissolved oxygen, the ECL coreactant, by its electro-

catalytic reduction. The hemin@NG was proved to pro-

duce higher catalytic efficiency than hemin@GO to quench

the cathodic ECL emission of QDs. With a sandwich

immunoassay format using an immunosensor constructed

by immobilization of bidentate-chelated CdTe QDs and

capture antibody, the hemin@NG as a tracing tag showed

higher sensitivity (Fig. 13). With the use of CEA as a

model, the proposed ultrasensitive immunoassay method

could detect the protein biomarker down to the subpico-

molar level with a detection range over 5 orders of

magnitude.

Nanoparticles especially metal and semiconductor

nanoparticles with enzyme-like activities can be used

directly as electroactive labels for the electrochemical

amplification detection of proteins. Fe3O4 NPs and Fe3O4

NPs-based hybrid materials can exhibit enhanced peroxi-

dase-like activity [50–52]. Wang et al. [53] synthesized

Au NPs doped Fe3O4 (Au@Fe3O4) NPs by a facile one-

step solvothermal method. The peroxidase-like activity of

Au@Fe3O4NPs was effectively enhanced due to the

synergistic effect between the Fe3O4NPs and Au NPs. On

this basis, an efficient colorimetric aptasensor was

developed for the detection of ochratoxin A using the

intrinsic dual functionality of the Au@Fe3O4 NPs as

signal indicator. Wei et al. [54] developed an enzyme

mimic immuno-label by loading Fe3O4NPs into a poly-

meric vesicle, poly (ethylene glycol) epoly (lactic acid)

(PEG-PLA), followed by conjugating secondary antibody

(Ab2) onto the vesicles surface. The resulting Ab2@-

PEG@PLA@Fe3O4 demonstrated high catalytic activity

towards H2O2, and the sensitivity of the sandwich-type

immunosensor using this label for prostate PSA detection

increased greatly.

Metallic alloy nanomaterials with enzyme-like activities

have also attracted great attentions due to their better cat-

alytic properties than monometallic counterparts, such as

Pt–Au nanoparticles [55], Au–Pd nanostructures [56] and

AuPd bimetallic nanoprobe [57]. These metallic alloy

nanomaterials with excellent electrocatalytic performance,

large surface area and favorable biocompatibility provide

ideal nanoprobes for electrochemical immunosensing. For

example, Ju’s group [57] presented a modular labeling

strategy for electrochemical immunoassay via

supramolecular host–guest interaction between b-cy-
clodextrin (b-CD) functionalized AuPd bimetallic

nanoparticles (AuPd–CD) and adamantine (ADA)

(Fig. 14). The number of ADA moieties loaded on single

antibody was calculated to be *7. After the ADA-Ab was

bound to antigen-modified electrode surface with a com-

petitive immunoreaction, AuPd-CD as signal tag was

immobilized onto the immunosensor by the host–guest

interaction, leading to large loading of AuPd nanoparticles.

The highly efficient electrocatalysis of AuPd nanoparticles

towards NaBH4 oxidation produced an ultrasensitive

response to chloramphenicol as a model of small molecule

antigen. The host–guest interaction strategy provided a

Fig. 13 Schematic illustration

of hemin@Ng as signal tag for

QD-based ECL immunoassay
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universal labeling approach for ultrasensitive detection of

small molecule targets.

5 Molecular Biological Technology for Signal-
Amplified Immunosensing

Molecular biological technologies such as polymerase

chain reaction (PCR), rolling circle amplification and

hybridization chain reaction have extensively been used for

signal amplification to develop highly sensitive biodetec-

tion methods. The PCR is the earliest applied technique for

immunoassay. The developed immuno-PCR methods have

been used for detection of biomarkers in clinic medicine.

Moreover, these molecular biological technologies can

conveniently be combined with the advantages of nano-

materials for development of two dimensional signal

amplification strategies, leading to the occurrence of

extremely high sensitivity of immunoassay, which can

detect several molecules of protein marker with general

electrochemical detection [58].

5.1 PCR for Signal-Amplified Immunosensing

In 1992, PCR was firstly introduced into immunoassays

by Sano et al. [59]. This technology was named as

immuno-PCR or IPCR, which combines the versatility

and flexibility of ELISA with the exponential signal

amplification power of PCR. Afterward, many research-

ers have worked to improve the assay workflow of

immuno-PCR by focusing on the key aspects of DNA-

antibody conjugates, target binding and assay readout.

For example, a streptavidin-protein A fusion protein was

constructed as a bridge of biotin-DNA complex and

antibody based on the specific bind of protein A to the

Fc fragment of IgG and streptavidin to the biotin-DNA

complex [60]. To overcome this limitation of availability

of the fusion proteins and extend the application of

immuno-PCR, streptavidin or avidin was used to join

both the biotinylated DNA reporter and the biotinylated

antibody [61, 62]. Another strategy for constructing

antibody-DNA conjugates was direct covalent linkage of

the DNA to the antibody, which offered a number of

advantages in immuno-PCR [63].

To achieve higher sensitivity, some modified methods of

the immuno-PCR have been developed to present multiple

reporter DNAs at each binding site. For example, Mirkin’s

group [64] used short DNA oligonucleotides biofunction-

alized nanoparticles as ‘‘barcodes’’ to couple with PCR

assay for the identification of protein targets in a homo-

geneous sandwich (Fig. 15). Gold nanoparticles were

immobilized with a polyclonal antibody and a large num-

ber of single-stranded DNA molecules. A complementary

DNA strand was hybridized to serve as a barcode for the

subsequent detection. After a sandwich and magnetic

separation, the barcode DNA probes from the nanoparticles

that were bound to the proteins were released by dehy-

bridization, and were subsequently identified and quanti-

fied by the incorporation of PCR. The assay was able to

measure 3 aM of PSA, showing a sensitivity of six orders

of magnitude greater than conventional ELISA for PSA.

This biobarcode strategy was further used to enhance the

Fig. 14 Schematic

representation of the preparation

of a ADA-Ab conjugate and

b b-CD functionalized AuPd

bimetallic nanoparticles, and

c electrochemical immunoassay

procedure of detection of a

small molecule
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sensitivity of IPCR for the detection of Hantaan virus

nucleocapsid protein [65].

5.2 Rolling Circle Amplification for Amplified

Immunoassay

Rolling circle amplification (RCA) is a simple and efficient

isothermal enzymatic process, which synthesizes a long,

repetitive ssDNA via special polymerase. A typical RCA

reaction requires two reaction steps of ligation and poly-

merization and can be conducted in solution, on a solid

support or in a complex biological environment. T4 DNA

ligase helps circularization of DNA template, and Phi29

DNA polymerase initiates an RCA polymerization from

the prime-template hybrids, which generate long ssDNA

with many tandem copies of the complement to the cir-

cularized molecule in a few minutes [66]. Since Ward et al.

firstly described an adaptation of the RCA for the detection

of protein, termed ‘‘immuno-RCA’’ in 2000 [67], RCA has

been explored as important strategies for signal enhance-

ment in immunoassay due to the sensitivity, simplicity, and

versatility of the RCA technique [68]. For example, Cheng

et al. [58] introduced the biotin–streptavidin system to bind

primers to antibody and combined the RCA technique with

oligonucleotide functionalized quantum dots (QDs), and

anodic stripping voltammetric test, realizing detection of

protein target at ultralow concentration (Fig. 16). They

used human vascular endothelial growth factor (VEGF) as

a model protein to attain an outstanding detection limit of

0.27 aM with a wide linear range from 1 aM to 1 pM. The

low detection limit meant that this method could quanti-

tatively detect protein down to 16 molecules in a 100-lL
sample. In this work, the RCA and the multiplex binding

system presented numerous superior features, including

remarkable amplification efficiency, very little nonspecific

adsorption, and low background signal.

Immuno-RCA converted antibody–antigen recognition

events to nucleic acid signal amplification. A long DNA

production containing hundreds of copies complementary

to the circular DNA sequence can be detected via variety of

signal-reporting labels. For example, using a highly fluo-

rescent SYBR Green I to intercalate the RCA product, Xue

et al. [69] proposed a cascade fluorescence signal ampli-

fication strategy based on RCA-aided assembly of fluo-

rescent DNA nanotags as fluorescent labels for detection of

protein target at ultralow concentration (Fig. 17). Huang

et al. [69] adopted a protein detection technique using

surface plasmon resonance (SPR) and RCA. When RCA

amplification products characterized by oligonucleotide

Fig. 15 Overview of the

biobarcode immunoassay

Fig. 16 Schematic representation of the cascade signal amplification

strategy for protein detection
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tags bound to the probes modified on the sensor chip sur-

face, the change of mass on the surface produced the SPR

signal for target protein detection.

When the immuno-RCA is coupled with nanoparticle-

based amplification format, the sensitivity of immunosens-

ing can be greatly enhanced. For example, AuNPs-modified

primers have proven to effectively initiate the RCA reac-

tions. After different epitopes of the target protein were

bound to the detection antibody and capture antibody by a

specific sandwich immunoreaction, RCA amplification was

triggered by AuNPs, which were attached both the detection

of antibody and DNA primer [70]. Using biotinylated 20-
deoxyuridine 50-triphosphate (biotin-dUTP) and avidin–

horseradish peroxidase (Av-HRP), RCA products generated

enzymatic catalysis-based colorimetric signals, which

quantitatively reflected the immunological target recogni-

tion event (Fig. 18). This on-nanoparticle rolling-circle

amplification (nanoRCA) strategy, combined with the

advantages of immuno-RCA and nanoparticle-based assays,

allows the visual detection of 30 molecules of CEA, with at

least 1010-fold selectivity over a range of noncognate

proteins.

5.3 Hybridization Chain Reaction for Amplified

Immunoassay

With great attention focused on enzyme-free isothermal

amplification strategies, hybridization chain reaction

(HCR) amplification shows great potential in signal

amplification [71–73]. In HCR, two sets of DNA monomer

hairpin structure (H1 and H2) are designed to be partially

complementary, which provides a building blocks via

amplifying short sequences of oligonucleotides, and

achieves an enzyme-free alternative for selective and

specific extension at room temperature. The single-stran-

ded DNA that can be programmed to self-assemble into

complex structures triggers a chain of alternating hairpin

molecules hybridization reaction in which H1 and H2

hairpins sequentially open to assemble into a long nicked

double-stranded amplification polymer driven by the free

energy of base pair formation [71].

Immuno-HCR offers an attractive route for electro-

chemical transduction of protein recognition events by

combining with electrochemical devices [74]. For example,

Ju’s group [75] designed a DNA nanopolylinker with high

loading of signal molecules as a three-dimensional

nanoprobe, which was prepared by rationally engineering

dsDNA polymerization on initiator DNA-modified AuNP

via an HCR with two kinds of FITC-labeled DNA hairpins

(Fig. 19). The biotinylated core–shell nanoprobe was

immobilized on the immunosensor surface, and the FITC

molecules then bound enzyme labeled anti-FITC antibody

to catalyze a silver deposition process via a classic sand-

wich type and a biotin–streptavidin affinity system. This

Fig. 17 Illustration of the

immunoassy using assembled

cascade fluorescent DNA

nanotags based on RCA

Fig. 18 Schematic illustration of the nanoRCA strategy
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method showed satisfactory results for linear detection

range over 5 orders of magnitude for CEA with a detection

limit of 1.2 fg mL-1.

HCR has been coupled with the optical-based

immunosensors, including fluorescent [76, 77], electro-

chemiluminescence [78], and bioluminescence [79] for

signal amplification by loading large amounts of reporting

molecules. For example, Song et al. [76] introduced

streptavidin QDs (SA-QD) as reporting molecules for the

detection of PDGF-BB via HCR based on an aptameric

system. Wang et al. [80] designed a label-free fluorescence

aptasensing strategy using target-triggered HCR amplifi-

cation and the superior fluorescence quenching ability of

GO to the fluorescence of SYBR Green I (SG) as an

indicator absorbed to ssDNA (Fig. 20). In the presence of

PDGF-BB, helper DNA probe consisting of an aptamer

sequence reconfigures to the active Y structure that binds

PDGF-BB and subsequently triggers HCR. The SG then

bound with the double strands of the HCR product and

gave a strong fluorescence signal. This strategy provided a

highly sensitive fluorescence detection for PDGF-BB with

a limit of detection down to 1.25 pM.

Fig. 19 Schematic diagram of

the amplified electrochemical

immunoassay using the DNA

nanopolylinker probe
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5.4 Proximity Ligation for Amplified Immunoassay

The proximity ligation assay (PLA) based on proximity

hybridization reaction (PHR) is a newly developed DNA-

assisted immunoassay technique. This technique makes use

of the attractive properties of nucleic acids for desired

signal transduction and amplification [81, 82]. For exam-

ple, Landegren et al. [83] combined proximity ligation

assay (PLA) using DNA-bound antibodies to recognize the

target molecule with RCA amplification to develop a

method for highly sensitive protein detection. Ju et al. [84]

designed a ratiometric electrochemical proximity assay for

one-step sensitive detection of protein by combination of

the ratiometric detection technology with the proximity

hybridization. As shown in Fig. 21, upon the proximity

hybridization with another antibody-DNA (DNA2-Ab2)

triggered by target protein, MB released from the electrode

surface and Fc approached to the electrode due to the

formation of a hairpin structure, which led to ‘‘signal-off’’

and ‘‘signal-on’’ elements for dual-signal electrochemical

ratiometric readout. The electrochemical ratiometry dis-

played a more sensitive and effective detection than that

using single redox label. It extended the linear range for 1

order of magnitude. Further, this group [85] reported an

immunoreaction-triggered DNA assembly strategy using

proximity hybridization to form a sequence for opening Fc-

labeled hairpin DNA (Fc-HDNA) that was immobilized on

electrode surface (Fig. 22). The proximity hybridization

unfolded the hairpin DNA to form a three-arm DNA

structure on the sensing interface, which resulted in the

increase and decrease of the electrochemical oxidation

signals of Fc and MB, respectively, for ratiometric readout.

Using PSA as the target, the logarithmic value of IMB/IFc
increased linearly with the increasing logarithm of PSA

concentration, leading to a detectable range from 0.01 to

200 ng mL-1 with a detection limit of 4.3 pg mL-1.

This technique can be introduced into the formation of

DNAzyme as catalytic nucleic acids for signal amplifica-

tion. The same group [86] integrated the proximity assay

and target-driven DNAzyme assembly strategy on a dis-

posable glass chip to develop an array-based chemilumi-

nescence imaging method. The peroxidase-mimicking

DNAzyme was split into two fragments (GDNA1 and

GDNA2), and each of them was conjugated with Ab or

aptamer to prepare a pair of affinity probes. One of the

probes was immobilized on the disposable chip.

G-quadruplex/hemin DNAzyme was in situ formed after

DNA proximity assembly, which generated CL signals for

imaging immunoassay of the target proteins.

6 Perspectives

Although tremendous advances have been achieved in the

exploring of signal amplification strategies for the develop-

ment of ultrasensitive immunosensing methods, the detec-

tion of specific proteins at ultralow levels in real sample is

still particularly challenging. The emergency-bioconjugated

nanomaterials have demonstrated the broad potential for the

amplified transduction of immunological recognition events.

The variability of the preparation of nanomaterials and their

Fig. 20 Schematic illustration

of the fluorescence assay for

PDGF-BB based on the target-

triggered HCR amplification

Fig. 21 Schematic illustration of ratiometric electrochemical prox-

imity assay
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bio-functionalization often affect the reproducibility and

quantification of these immunosensing methods, especially

for the real samples. Thus, extensive effort is still an urgent

demand to improve the practicability of the nanomaterial-

based signal amplification strategies. DNA-based signal

amplification techniques have significantly improved the

sensitivity of immunoassay using DNA-antibody labeling

technologies. Enzyme-free isothermal amplification strate-

gies such as HCR, catalyzed hairpin assembly and DNA-

fueled molecular machine may be promising candidates to

develop simple and practical signal amplification strategies

for protein immunosensing in medicine clinical and diag-

nosis. The integration of molecular biological amplification

and nano amplification strategy will dissolve the bottleneck

problem in detection of biomoleculewith low abundance and

acquisition of ultraweak biological signals. The exploration

of new signal amplification techniques with high throughput

and high sensitivity is also an urgent demand for the vali-

dation and routine application of protein biomarkers.
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