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Near-infrared electrogenerated
chemiluminescence from quantum dots

Abstract: Since the electrogenerated chemiluminescence
(ECL) of silicon quantum dots (QDs) was reported in 2002,
a series of QDs with different sizes, components, and
shapes has been extensively studied as ECL emitters for
biosensors. Lately, near-infrared (NIR) ECL analysis has
emerged as an alternative to traditional visible-range ECL
bioassays, especially in some complex biological systems.
This is because the NIR spectral region could provide a
“clear window” to effectively fulfill the requirement of
interference-free sensing. Among the present reported
ECL emitters, QDs hold great promise as NIR ECL emit-
ters owing to their size or surface-dependent lumines-
cence and photochemical stability. This review presents
a general picture of the latest advances and developments
related to QDs for NIR ECL emitters. It briefly covers the
synthetic strategies of NIR QDs and the advances in QD-
based NIR ECL and related biosensing methodologies.
Finally, we conclude with a look at the future challenges
and prospects in the development of QD-based NIR ECL.
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Introduction

Electrogenerated chemiluminescence (also known as
electrochemiluminescence, or ECL) is an electrochemi-
cally triggered optical radiation process that involves
the generation of species at electrode surfaces that then
undergo electron-transfer reactions to form excited states,
which eventually emit light (Miao 2008). Analogous to
chemiluminescence, ECL does not require the use of
external light sources. The smart combination of chemi-
luminescence and electrochemistry brings ECL many

potential advantages such as rapidity, high sensitivity,
simplified optical setup, and no background from unnec-
essary photoexcitation (Richter 2004, Hu and Xu 2010). To
date, different luminescent reagents have been exploited
in ECL behaviors, which mainly include organic systems
(e.g., luminol) (Zhang et al. 2005), inorganic systems (e.g.,
metal complexes) (Zu and Bard 2000, Dennany et al. 2003,
2006), and nanoparticle systems (e.g., quantum dots, or
QDs) (Ding et al. 2002, Myung et al. 2002, Bae et al. 2004).
Among them, commercial ECL detection systems based on
Ru(bpy)?/tri-n-propylamine (TPrA) (Miao et al. 2002, Zhan
and Bard 2006) and luminol-H,0, (Wilson et al. 2003, Tian
et al. 2010) have been widely investigated in biomedical
and diagnostics assays. Because finding new lumines-
cence materials with a high ECL efficiency for bioanalysis
is the constant driving force of this area, semiconductor
nanocrystals (QDs) have attracted considerable attention
as a new kind of ECL emitters since 2002 owing to their
distinctive merits such as high fluorescence quantum
yields, size or surface trap-controlled luminescence, and
good stability against photobleaching (Ding et al. 2002).
In recent years, various kinds of QD-based ECL emitters
including II-VI, III-V, and IV-VI nanocrystals (Zou and Ju
2004, Han et al. 2007, Jie et al. 2007, Mokkapati and Jag-
adish 2009, Hu et al. 2010), carbon nanodots (Zheng et al.
2009, Baker and Baker 2010), and metallic nanoclusters
(Diez et al. 2009, Li et al. 2011) have been used in fabri-
cating ECL sensors, and several classical reviews concern-
ing QD-based ECL systems have been published (Qi et al.
2009, Li et al. 2012, Deng and Ju 2013).

Although current ECL probes are popular tools in ana-
lytical research, most challenges arise with the increase
in some complex samples such as living cells or biologi-
cal fluids. This is because most of the emitting spectra of
the above-mentioned ECL labels are mainly located in the
visible ranges. It is worth mentioning that near-infrared
(NIR) fluorescence has attracted much more interests in
biomedical imaging and diagnostics applications because
NIR emission offers several advantages, including minimal
interferential absorption, low biological autofluorescence,
and high tissue penetration (Frangioni 2003, Kim et al.
2003b). Similar to NIR fluorescence, the NIR ECL analysis
technique could probably provide an alternative to the tra-
ditional ECL bioassays and give a new perspective toward
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the ECL-based detection in complex biological samples.
Thus, developing novel ECL probes with emission profiles
at 700-900 nm is the key to circumvent those limitations.
With the development of synthetic strategies of NIR QDs,
great efforts have been made toward ECL studies from NIR
QDs because of their promising NIR ECL property (Sun et al.
20009, Liang et al. 2010, Wang et al. 2011, Zou et al. 2011, Cui
et al. 2012). Currently, the reported work mainly focused on
the fundamental properties and theoretical explanations
of NIR ECL from QDs; the rational design of biosensors
based on NIR ECL from QDs remains unexplored totally
until now (Liang et al. 2011b, 2012, Cui et al. 2012, Wang
et al. 2012). Therefore, the disposable QD-based NIR ECL
sensors and novel NIR ECL emitters are highly desired for
practical applications of ECL detection.

The exploration and advancement concerning QD-
based NIR ECL not only open a promising field for the
development of new-generation ECL-emitting species but
also complement the conventional optical utilizations of
QDs as well. This article aims to provide a concise review
covering various synthesis methods for NIR QDs. More
attention is paid to the QD-based NIR ECL phenomenon
and their sensing applications. Finally, we also discuss
the NIR ECL limitations in the application fields.

Synthesis of NIR QDs

In recent years, there is an explosion of interest in creating
NIR nanocrystals, imparting momentum to the develop-
ment of the next-generation imaging probes and opening
up new avenues in biomedical and biological studies (Cai
et al. 2006, Allen et al. 2009, Choi et al. 2009, Xie and
Peng 2009, Yong et al. 2009, Gao et al. 2010). The present
strategies of synthesizing NIR QDs can be divided into two
parts, including the use of narrow-band-gap materials
and charge carrier separation by staggering band offsets
(type II QDs) (Ma and Su 2010). In the following section,
we will discuss these methods in detail.

Narrow-band-gap NIR QDs

To achieve the goal of NIR emission, one has to select suit-
able semiconductor materials with bulk band-gap energy
lower than the NIR energy to prepare mononuclear or
alloyed QDs (AQDs) by controlling their growth sizes or
structure compositions, generally containing type III-V
NIR QDs, type II/IV-VI NIR QDs, and alloyed NIR QDs (Ma
and Su 2010).
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The usually studied compounds of type III-V NIR
QDs to date were focused on InP and InAs QDs because
their emissions can be readily tuned throughout the
visible and NIR ranges by changing their sizes. However,
the organic phase synthetic procedure of type III-V NIR
QDs is more difficult and complicated, and the as-pre-
pared QDs always exhibit rather poor optical properties
such as low emission efficiency, broad spectrum width,
and poor size control and stability (Guzelian et al. 1996,
Miéi¢ et al. 1997). Recently, several methods includ-
ing new procedures for core growth (Xie et al. 2007),
epitaxial growth of shell materials on the cores (Micié
et al. 2000, Haubold et al. 2001), and posttreatments of
initial synthetic products (Talapin et al. 2002) have been
extensively exploited to push forward the development
of type III-V NIR QDs. Li et al. (2008) reported a novel
and economic approach for the preparation of InP cores
based on the in situ generation of phosphine gas from a
calcium phosphide precursor. Subsequent coating with
a ZnS shell led to a photoluminescence quantum yield
(PLQY) in the range of 10%-22%, depending on emission
wavelength. Xie and Peng (2008) reported the synthe-
sis of high-quality InAs QDs for NIR emission based on
self-focusing. This new strategy also provided a suitable
route for one-pot growth of core/shell nanocrystals with
bright, stable, and narrow photoluminescence (PL) in
the NIR window.

Although type II-VI QDs are the largest group of QDs,
the number of type II-VI NIR QDs is far less than that of
the type II-VI visible QDs, mainly including HgX (Te, S)
(Higginson et al. 2002, Green et al. 2003) and CdTe QDs.
CdTe QDs exhibiting a smaller bulk band gap than CdSe
(1.5 vs. 1.75 eV at 300 K) is, in principle, a good candidate
for the fabrication of NIR QDs (Reiss et al. 2009). Several
synthetic ideas have been applied to tune the emission of
CdTe QDs according to growth temperature control (Peng
and Peng 2000), additional precursor injection (Talapin
et al. 2001), or even chemical surface modification using
different surfactants (Akamatsu et al. 2005). However, the
shell materials for CdTe exhibit a large lattice mismatch,
leading to a low PLQY in organic solvents. Therefore, the
preparation of thiol-stabilized NIR CdTe QDs in aqueous
media could be a better choice (Zou et al. 2008, Liang et al.
2011a). For example, He et al. (2011a) reported a facile one-
step microwave-assisted method for directly synthesizing
NIR CdTe QDs in aqueous phase with strong PLQY (15%—
20%). Also, lead-based IV-VI QDs have attracted much
more attention in the past as a kind of efficient NIR fluo-
rophore. PbS and PbSe QDs have been successfully pre-
pared through both organometallic and aqueous synthe-
sis approaches (Hinds et al. 2007, Evans et al. 2008). The
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PL and ECL from high-quality PbS QDs have been studied
in the NIR wavelengths (Sun et al. 2009).

AQDs open new possibilities in band-gap engineering
and in developing NIR nanoprobes (Bailey and Nie 2003).
As an ideal candidate for application in NIR emission,
some NIR AQDs were first synthesized in the organic phase
by an organometallic method that restricted their direct
applications in biosystems (Allen and Bawendi 2008, Xie
and Peng 2009). Further, the phase-transfer process also
produced some drawbacks, including decreased stability
and fluorescence efficiency. Recently, several highly lumi-
nescent NIR AQDs have been directly prepared in aqueous
solutions. For example, Mao et al. (2007) presented a
facile one-pot hydrothermal method to fabricate water-
dispersed NIR CdTeS AQDs with high PLQY. Zhu’s group
prepared high-quality NIR CdSeTe AQDs in an aqueous
medium following a facile one-pot refluxing route (Liang
et al. 2009). Upon ZnS shell growth under microwave
conditions, a novel and efficient NIR ECL reagent was
obtained (Liang et al. 2010).

The toxicity of QDs has attracted intense attention
for their application in vivo. There are several low-toxic-
ity QDs in the first or second NIR region, which mainly
includes Ag,Se (Gu et al. 2012, Zhu et al. 2013), Ag,S (Du
et al. 2010, Jiang et al. 2012), and Si QDs (Erogbogbo et al.
2008, He et al. 2011b). Although the synthetic technolo-
gies were less mature and the procedures were relatively
complicated, much effort has been devoted to develop
new methods for the preparation of these high-quality
QDs. For instance, Pang’s group has coupled NaSeO,
reduction with the binding of silver ions and alanine to
successfully realize the preparation of NIR emission-tuna-
ble, small, less cytotoxic, and water-dispersible Ag,Se QDs
(Gu et al. 2012). Wang and colleagues first reported the
synthesis of NIR Ag,S QDs via the pyrolysis of Ag(DDTC) in
the organic phase, and the obtained QDs possessed good
monodispersity, small size, and high PLQY (Du et al. 2010).
Further, through the bioconjugation of Ag,S QDs with spe-
cific ligands, these nanoprobes hold great promise for the
targeted labeling and imaging of cells (Zhang et al. 2012).

Type Il NIR QDs

The emission wavelength of type II QDs, with the valence
band edge or the conduction band edge of the shell mate-
rial located in the band gap of the core, could be tuned
across the visible to the NIR regions by controlling the
thickness of the shell or the core size (Reiss et al. 2009).
Thus far, there are several type II NIR QD systems, such as
CdTe/CdSe (Kim et al. 2003a), ZnTe/CdTe (CdSe, CdS) (Xie
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etal. 2005), and CdSe/ZnTe (Chen et al. 2004), and a series
of high-quality type II core/shell NIR QDs has been suc-
cessfully prepared in both organic and aqueous phases.
It is noteworthy that the research on colloidal type II NIR
QDs was triggered by the seminal work of Bawendi and
colleagues (Kim et al. 2003a). In their work, CdTe/CdSe
QDs emit at lower energies than CdTe, covering the spec-
tral range from 700 to 1000 nm. This type of QDs could
also be obtained directly from an aqueous medium. Yan
and colleagues reported a layer-by-layer colloidal epitax-
ial growth of L-cysteine-capped CdTe/CdSe type II core/
shell QDs in an aqueous solution with emissions between
600 and 850 nm (Zhang et al. 2009). Inspired by this, our
group developed a hydrothermal technique for the NIR
CdTe/CdSe QDs, wherein the PLQY was further improved
to 40% in the aqueous phase (Wang and Han 2010).

Recently, the lattice mismatch strain tuning theory
has emerged as a fascinating strategy to convert standard
type I QDs into type II heterostructures, resulting in the
red shift of the emission spectrum and, consequently, the
NIR QDs (Smith et al. 2008). Nie described a class of wurtz-
ite CdTe core based on core/shell nanocrystals that were
converted into type II QDs by lattice strain in the organic
phase; the strain induced by the lattice mismatch could
be used to tune the light emission — which displayed a
narrow line width and a high PLQY - across the visible to
the NIR part of the spectrum (500-1050 nm) (Smith et al.
2008). Deng et al. (2010) reported a two-step low-tem-
perature aqueous method based on the lattice mismatch
strain between the CdTe core and the CdS shell materials
for synthesizing water-soluble CdTe/CdS core . /shell,
QDs, whose NIR emission (475-810 nm) could be tuned
by varying the shell thickness (Figure 1). Following this
line of thought, our group used air-stable and commercial
Na,TeO, as Te source to replace traditional NaHTe or H,Te
and proposed a one-pot aqueous approach for producing
highly luminescent NIR CdTe/CdS core__, /shell , QDs
with the PLQY up to 65% (Chen et al. 2012).

thick

NIR QDs as NIR ECL emitters

Although a number QD-based ECL systems and even
various kinds of synthesis routes for NIR QDs have been
developed since 2002, the first comprehensive and sys-
tematic observation of the ECL phenomenon from NIR
QDs was in 2009 (Sun et al. 2009). At present, there
are only several QD-based NIR ECL emitters, and we
categorize these nanoemitters into two parts by their
compositions.
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Figure1 (A) Schematic diagram illustrating the formation of

the CdTe/CdS magic-core/thick-shell tetrahedral NCs. (B) Room-
temperature PL emission profiles of a series of NC samples obtained
by varying the CdS shell growth to overcoat the magic-sized CdTe
core with thicker shells. (C) Room-temperature PL decay kinetics
monitored at the maximum emission wavelengths of the samples

in (B). The calculated excited state lifetimes are listed. (Reproduced
with permission from ACS Publication.)

Binary component QDs

PbS QDs are efficient NIR-emitting materials as their
narrow band gap. Sun et al. (2009) first reported the
NIR ECL property from PbS QDs in an organic electrolyte
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solution. The ECL emission of PbS QDs was realized
through an annihilation course. During potential cycling,
the conduction and the valence band of PbS QDs can
accept (electron-injected) and donate (hole-injected)
electrons to form reduced (QD*) and oxidized (QD**)
QDs, respectively. The electron-transfer annihilation of
two oppositely charged QDs resulted in the production
of excited- and ground-state QDs; then, the excited QD
returned to the ground state via a radiative pathway by
emitting a photon, which was described as follows:

QD-e — QD** (1
QD+e — QD" 2
QD**+QD*~ — QD*+QD €)
QD* — QD+hv (4)

Examining the relationship between ECL and PL is
an effective experimental method to probe the QD surface
(Myung et al. 2003, Bae et al. 2004), and thus, the ECL
spectrum of PhS QDs was recorded after capping the QDs
with TOP ligands. As displayed in Figure 2, the ECL spec-
trum of PbS QDs demonstrated a maximum wavelength
around 910 nm, which was almost identical to that in the
PL spectrum of the QDs, indicating that the NIR ECL emis-
sion was derived from the original PbS QDs, and the novel
NIR ECL emitters, after coating with TOP ligands, had
no deep surface traps, causing luminescence at a longer
wavelength.

For biological applications, the water-soluble NIR
ECL emitters were highly desired. Due to the poor stabil-
ity of the excited QDs and the limited potential window
in the aqueous system, the co-reactant ECL technology

Electron transfer

Energy

Surface

Ligand

Figure 2 (A) PL(dot) and ECL (square) spectrum of PbS QDs with oleic acid and TOP capping in CH,Cl, containing 0.1 m TBAP. The lines are
Gaussian fits to each data set. (B) Schematic mechanism of PL and ECL. (Reproduced with permission from ACS Publication.)
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appears as an alternative to the ion annihilation ECL.
As the operation of the co-reactant ECL emission fea-
tures a unidirectional potential scan, this co-reactant-
participating ECL course can be further divided into
“oxidative-reduction” ECL and “reductive-oxidation”
ECL as the different types of electrochemical behaviors
toward co-reactants (Miao 2008). The NIR ECL of CdTe
QDs has been investigated through the “oxidative-reduc-
tion” mechanism using TPrA as a co-reactant (Liang
et al. 2011b, Zou et al. 2011). As shown in Egs. (5)-(8),
both CdTe QDs and TPrA were oxidized at the electrode
surface and QD** was reduced by TPrA°® to produce the
excited state.

QD-e — QD"+ (5)
TPrA-e — TPrA** 6)
TPrA*t — TPrA*+H" @)
QD**+TPrA* — QD*+Pr,N* (8)

By optimizing the reaction conditions including scan
rates and pH values, the strong band-gap NIR ECL from
this dual-stabilizer-capped CdTe QDs was achieved at
a low oxidation potential. This work also gives us a new
avenue to overcome two major drawbacks (high emission
potential and low ECL intensity) in QD-based ECL systems
(Deng and Ju 2013).

Unlike in the above reaction mechanism, “reduc-
tive-oxidative” co-reactants can also be used to gener-
ate ECL by applying a negative potential. Lately, Pang’s
group studied the NIR ECL from Ag,Se QDs produced by
the “reductive-oxidation” co-reactant mechanism in an
aqueous solution (Cui et al. 2012). In that system, K,S.0,
was chosen as the co-reactant, and the light emission pro-
cesses are given in Egs. (9)—(13). An electron in the highest
occupied molecular orbital (HOMO) of the reduced Ag Se
QDs was transferred to the strong oxidizing agent (SO;)
released from the reduction of 5,07, finally leading to an
ECL signal. A further comparison between the ECL and PL
spectra showed that the ECL peak occurred at the same
wavelength as the PL peak, indicating that the surface
states of as-prepared Ag,Se QDs with ultrasmall sizes have
been well passivated.

S,0;-e — S,07 ©)
5,05 — SOZ +50; (10)

Ag, Se+e — Ag,Se’ (11)
Ag,Se’+S0; — Ag,Se” +S0; (12)
Ag,Se* — Ag Se+hv (13)
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Core/shell structured QDs

To produce a highly improved ECL performance in a QD-
based system, especially for NIR ECL, the shell coating for
the original emitters is indispensable because the nonra-
diative dissipation derived from the surface traps can be
inhibited effectively by surface passivation. Liang et al.
(2010) studied the strong ECL from water-soluble CdSeTe/
ZnS QDs and proposed a “reductive-oxidative” co-reac-
tant ECL mechanism. After capping with the ZnS shell, the
ECL intensity improved about twice that of CdSeTe QDs.
Based on this behavior, our group presented the fabrica-
tion of CdTe/CdS/ZnS QDs and the influence of the ZnS
shell toward the NIR ECL emitter (Wang et al. 2011). The
ZnS shell provided a physical barrier between the emitters
(CdTe/CdS) and the surrounding medium, thus increasing
the structural stability and protecting the surface prop-
erties of the QDs, and further offered an efficient passi-
vation of the surface trap states, giving rise to a strongly
enhanced ECL emission. As shown in Figure 3, the CdTe/
CdS/ZnS QDs revealed a strong and stable ECL signal at
-1.25 V during cathodic scanning, which was nine times
greater than the intensity of the maximum ECL emission
from CdTe/CdS QDs. The observed similar peaks of the ECL
and PL spectra demonstrated that a significant reduction
of the deep surface traps from the QDs passivated with the
ZnS shell. This work promotes further study on NIR ECL
from QDs and impact actively on the development of NIR
ECL biosensors.

NIR ECL sensing

By coupling the advantages of both the NIR window and
the ECL analytical technique, NIR ECL sensing could prob-
ably provide an alternative to both NIR fluorescent bioas-
say and traditional ECL bioassays, especially in complex
biological samples. Based on studies and the far-seeing
explorations of the NIR ECL behaviors from QDs, the
development of novel NIR ECL sensors from highly lumi-
nescent QDs has gained significant progress (Liang et al.
2011b, 2012, Cui et al. 2012, Wang et al. 2012).

NIR ECL for small molecule sensing

The NIR ECL for sensor construction was mainly fol-
lowed by co-reactant ECL technology, which can be
divided into two categories according to the on and
off signals on the original ECL signal produced by the
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Figure 3 (A) ECL-potential curves of (a) CdTe/CdS/ZnS QDs,
(b) 10 mm K S0, (c) CdTe/CdS QDs with 10 mm K.S.0_, and
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(d) CdTe/CdS/ZnS QDs with 10 mm K.S_O._ in 0.2 m NaAc-HAc buffer
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solution (pH 7.0). (B) ECL (square) and PL (line) spectra of CdTe/
CdS/ZnS QDs.

analyte. Because of the different affinities of sodium
hexametaphosphate (HMP) and thiols on the CdTe
QD surface, a new NIR ECL strategy for glutathione
(L-glutamyl-L-cysteinylglycine, GSH) sensing was
developed by Zou’s group (Liang et al. 2011b). In their
work, the mercaptopropionic acid (MPA)- and HMP-
capped CdTe QDs were selected as the NIR ECL emitters.
By increasing the concentration ratio of GSH, the GSH
molecules could displace the binding sites of the
original HMP on the QD surface, making hole injection
onto the CdTe surface more difficult and resulting in
the decrease of ECL intensity. Under an optimum condi-
tion, a wide linear ECL response corresponding to the
logarithm concentration of GSH from 50.0 nM to 50.0 uM
was obtained with a detection limit of 10.0 nM.
Recently, Pang and colleagues used dopamine (DA)
as a model to demonstrate the potential of Ag,Se QDs in
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NIR ECL sensors (Cui et al. 2012). They discovered that the
cathodic ECL emission produced by Ag.Se QDs under the
assistance of K.S,0, showed a significant decrease after
adding DA into the reaction system. This quenching phe-
nomenon was derived from the energy-transfer process
from the QDs to DA because the energy level of DA was
between the HOMO and the lowest unoccupied molecular
orbital of Ag,Se QDs. A linear relationship ranging from
0.5 to 19 um was obtained with a detection limit of 0.1 um.
Additionally, the proposed biosensor displayed excellent
performance for the detection of the DA concentration in
the practical drug.

NIR ECL Immunosensor

The immunoassay, based on highly specific antibody-
antigen recognition reactions, has emerged as a powerful
sensing tool for the direct detection of disease-related pro-
teins in biological samples. With the increasing demands
for early diagnosis of diseases and deep understanding
of biological processes in disease evolution, ECL immu-
noassay has attracted considerable interest because of its
intrinsic advantages in terms of high sensitivity, simpli-
fied setup, and excellent controllability. The combination
of the NIR window and the ECL analytical technique can
greatly improve sensitivity due to the efficient decrease of
background signals from nontarget biomolecules in the
actual sample. Based on the above-mentioned require-
ments, our group designed and reported a QD-based NIR
ECL immunosensor for ultrasensitive human IgG (HIgG)
detection using gold nanoparticle-graphene nanosheet
(Au-GN) hybrids and SiO, nanospheres for dual amplifica-
tion(Wangetal.2012). Here, weused the CdTe/CdScore__ /
shell ., QDs as the new NIR ECL emitters because the
“thick-shell” model not only largely decreased the surface
traps of present QDs but also highly improved their
brightness and stability, providing the potential possibil-
ity as ECL emitters for NIR sensing as well. As described
in Figure 4, integrating the dual amplification from the
promoting electron-transfer rate of the Au-GN hybrids
and the increasing QD loading of the SiO,-QD-Ab2 labels,
the NIR ECL response from CdTe/CdS QDs enhanced 16.8-
fold compared with the unamplified protocol and suc-
cessfully fulfilled the ultrasensitive detection of HIgG
with a detection limit of 87 fg/ml. Moreover, the proposed
immunosensor was used to monitor the HIgG level in
human serum, and satisfactory results were obtained.
This work provided a promising alternative for QD-based
NIR PL sensing strategy and intrigued researchers into
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Figure 4 NIR ECLimmunoassay of HIgG with dual amplification strategy.

gaining a new interest in the development of NIR ECL
immunosensor.

Lately, a sandwich-type NIR ECL immunoassay was
developed for o-fetoprotein antigen (AFP) with the dual-
stabilizer-capped CdTe QDs as ECL labels (Liang et al.
2012). Because of the advantages of the NIR ECL emission
window at 800 nm, low oxidation potential (0.85 V), and
high biocompatibility (Figure 5), the proposed immunoas-
say displayed a good performance toward the AFP with
a wide calibration range from 10.0 pg/ml to 80.0 ng/ml
and a detection limit of 5.0 pg/ml without coupling any
signal amplification procedures. Further, as a practical
application, the immunosensor was used to detect the
AFP antigen in serum samples with the similar capacity of
the Ru(bpy)’ reagent kit-based commercial ECL test. They
also demonstrated that the difference between the ECL
spectrum of the dual-stabilizer-capped CdTe QDs and that
of Ru(bpy)? might enable the development of ECL-based
multiplexing assay.

Limitations

With the rapidly expanding development of NIR ECL in
the field of analytical chemistry, the bioassay of QD-based
NIR ECL has four limitations. First, the NIR ECL emissions
from the present NIR QDs are relatively weak and unstable,
and most need high ECL-triggering potentials (Liang et al.
2010, Wang et al. 2011). Although the surface traps of the
dual-stabilizer-capped CdTe QDs can decrease the surface
band gap of QD and lead to a low ECL potential, the stabil-
ity of the proposed biosensors is not very satisfactory due
to the drop of capped ligands (Liang et al. 2012). Mean-
while, the shell coating can highly improve the intensity
and stability of NIR ECL emission, but the wide band gap
tends to generate high electrochemical energies for ECL
emission (Liang et al. 2010, Wang et al. 2011, 2012). There-
fore, dealing with the relationship among intensity, stabil-
ity, and potential is the key for the fabrication of QD-based
NIR ECL sensors. Second, the detectors of ECL instruments

A L
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NCs labeled
Ab2
. .
AFP antigen 0.0 0.5 1.0 >
Potential/V vs. Ag/AgClI 2
Ab1 - 1 %
c 5
o
w
Au s s
600 700 800 900
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Figure 5 (A) Schematic representation of NIR sandwich-typed immunoassay. (B) ECL-potential curves and (C) ECL spectrum of Au/TGA/Ab1-
Ag-Ab2-NCs in 0.10 m pH 9.2 PBS containing 20.0 mm DBAE at a scan rate of 100 mV/s. Ag concentration: 40.0 ng/ml. (Reproduced with

permission from ACS Publication.)
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toward NIR luminescence were insensitive, especially at a
longer wavelength (Wang et al. 2012). The combination of
electrochemical workstation with a normal fluorescence
instrument may be a smart choice for the signal capture of
NIR ECL (Zou et al. 2011). Third, to meet the requirement of
completely interference-free sensing in practical applica-
tions, there is an urgent demand for exploring and devel-
oping new NIR ECL emitters at a longer wavelength (Liang
et al. 2012). Fourth, similar to NIR fluorescence sensing,
the toxicity of QDs should be taken into account (Cui et al.
2012). It is crucial to pursue studies of cellular sensing for
clinical translation. To overcome this hurdle, the NIR ECL
of more nontoxic materials such as Ag,Se QDs needs to be
investigated.

Conclusion and outlook

The synthesis, ECL behaviors, and NIR ECL application of
NIR QDs have been summarized in this review. NIR ECL
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