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1. Introduction
Electrogenerated chemiluminescence (also called electro-

chemiluminescence and abbreviated ECL) is the process
whereby species generated at electrodes undergo high-energy
electron-transfer reactions to form excited states that emit
light.1 The first detailed ECL studies were described by
Hercules and Bard et al. in the mid-1960s,2–4 although reports
concerning light emission during electrolysis date back to
the 1920s by Harvey.5,6 After about 40 years study, ECL
has now become a very powerful analytical technique and
been widely used in the areas of, for example, immunoassay,

food and water testing, and biowarfare agent detection.7 ECL
has also been successfully exploited as a detector of flow
injection analysis (FIA), high-performance liquid chroma-
tography (HPLC), capillary electrophoresis, and micro total
analysis (µTAS).8 Figure 1 illustrates a time line of various
events in the development of ECL.

A literature survey using SciFinder Scholar reveals that
more than 2000 journal articles, book chapters, and patents
on various topics of ECL have been published. The overall
number of publications, as shown in Figure 2, has increased
exponentially over the past 20 years, of which 40–50% were
biorelated. Similar amounts of ECL papers could be also
found from the Thomson ISI Web of Science27 as well as
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Figure 1. Time line of ECL: 1964–1965, first experiments;2–4

1965, theory;9 1966, transients;10,11 1969, magnetic field effects;12

1972, Ru(bpy)3
2+;13 1977, oxalate;14 1981, aqueous;15 1982,

Ru(bpy)3
2+ polymer16 and persulfate;17 1984, Ru(bpy)3

2+ label;18

1987, tri-n-propylamine (TPrA);19,20 1989, bioassay;21,22 1993,
ultramicroelectrodes;23 1998, laser action;24 2002, semiconductive
nanocrystals25 (modified on the basis of ref 26).
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the Scopus database.28 A considerable number of reviews
on a wide variety of ECL subjects also are available in the
literature,8,29–64 in addition to a very recently published
comprehensive ECL monograph.7 In this first monograph,
an overview and brief history of ECL, both experimental
and theoretical aspects of ECL, and a review of the behavior
of coreactants, organic molecules, and metal chelates, along
with applications of ECL in immunoassay, flow injection,
chromatography, capillary electrophoresis, and light produc-
tion and display devices are thoroughly discussed. As a result,
this paper will intend to cover briefly the fundamentals of
ECL, its unique features with respect to other luminescence,
and mechanisms of several types of ECL systems, followed
by a review of new developments in the ECL field such as
ECL instrumentation and ECL luminophores, and finally
ECL applications with emphasis on the detection and
determination of biorelated species will be presented. Par-
ticular attention will be given to publications that appeared
between 2003 and early 2007. Readers are referred to several
excellent references7,51,58,60 and relevant Websites65,66 for
further and deep discussions on certain specific topics.

2. Types of Luminescence and Unique Features
of ECL

Luminescence is the generation of light without heat. As
pointed out in recent reviews,26,51,67 light can be emitted via
a number of luminescent processes, which include photolu-
minescence (PL), chemiluminescence (CL), and ECL. Table
1 lists typical types of luminescence and their origins. ECL
is a form of CL, in which both ECL and CL involve the
production of light by species that can undergo highly
energetic electron-transfer reactions; however, luminescence

in CL is initiated by the mixing of necessary reagents and
often controlled by the careful manipulation of fluid flow.
In contrast, luminescence in ECL is initiated and controlled
by changing an electrode potential. Figure 3 schematically
describes the general principles of PL, CL, and ECL.

As an analytical technique, ECL possesses several advan-
tages over CL. First, in ECL the electrochemical reaction
allows the time and position of the light-emitting reaction
to be controlled. By controlling the time, light emission can
be delayed until events such as immune or enzyme-catalyzed
reactions have taken place. Control over position can be used
to confine light emission to a region that is precisely located
with respect to the detector, improving sensitivity by
increasing the ratio of signal to noise. A good example of
this is the combination of ECL with magnetic bead technol-
ogy, which allows bound label to be distinguished from
unbound label without a separation step (see following
sections).66,120 Control over position could also be used to
determine the results of more than one analytical reaction
in the same sample by interrogating each electrode in an
array, either in sequence or simultaneously using a posi-
tion sensitive detector.65 Second, ECL can be more selective
than CL, because the generation of excited states in ECL
can be selectively controlled by varying the electrode
potentials. Third, ECL is usually a nondestructive technique,
because, in many cases, ECL emitters can be regenerated
after the ECL emission.

Because ECL is a method of producing light at an electrode,
in a sense, ECL represents a marriage between electrochemical
and spectroscopic methods. ECL has many distinct advantages
over other spectroscopy-based detection systems.7,121 For
example, compared with fluorescence methods, ECL does not
involve a light source; hence, the attendant problems of scattered
light and luminescent impurities are absent. Moreover, the
specificity of the ECL reaction associated with the ECL label
and the coreactant species decreases problems with side
reactions, such as self-quenching.

3. Fundamentals of ECL

3.1. Ion Annihilation ECL
Although modern ECL applications are almost exclusively

based on coreactant ECL (see next sections), the early ECL
studies originated with ion annihilation ECL. Ion annihilation
ECL involves the formation of an excited state as a result
of an exergonic electron transfer between electrochemically
generated species, often radical ions, at the surface of an
electrode. As shown in Scheme 1, after the emitter (R) is
electrochemically oxidized (eq 1) and reduced (eq 2), the
newly formed radical cation (R•+) and anion (R•-) are
annihilated to form the excited state species (R*) (eq 3) that
emits light (eq 4).

Annihilation reactions (eq 3) also can occur in “mixed
systems” where the radical cation and radical anion are from
different molecules.122 Depending on the energy available
in an ion annihilation (eq 3), the produced R* could be either
the lowest excited singlet state species (1R*) or the triplet
state species (3R*). The enthalpy, which is directly related
to the energy available in eq 3, can be calculated from the
redox potentials for eqs 1 and 2 as defined in eq 5

-∆Hann )Ep(R/R•+) -Ep(R/R•-) - 0.16 (5)

where -∆Hann (in eV) is the enthalpy for ion annihilation,
Ep is the peak potential for electrochemical oxidation or

Figure 2. Number of ECL publications as a function of year
published on the research topic of ECL according to SciFinder
Scholar. (Inset) Percentage of biorelated ECL studies from 1989
to 2006.

Scheme 1. Ion Annihilation ECL

R- e f R•+ (oxidation at electrode) (1)

R + e f R•- (reduction at electrode) (2)

R•+ + R•- f R + R* (excited state formation) (3)

R* f R+ hν (light emission) (4)
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reduction (in V), and 0.16 is the entropy approximation term
(T∆S) at 25 °C (0.10 eV) with an addition of 0.057 eV
resulting from the difference between the reversible potential
and the peak potential of the redox reactions (eqs 1 and 2).51

If the enthalpy (-∆Hann) estimated from eq 5 is larger than
the energy (Es) required to produce the lowest excited singlet
state from the ground state, it is possible to directly generate
1R* from eq 3, and this system is called the energy-sufficient
system; the reaction is said to follow the S-route. A typical
example of the energy-sufficient system is the DPA•+/DPA•-

(DPA ) 9,10-diphenylanthracene) system.123,124

S-route: R•+ + R•- f R + 1R*
(excited singlet formation) (3a)

In contrast, if -∆Hann is smaller than Es but larger than
the triplet state energy (Et), 3R* is initially formed, and then
1R* can be formed by the triplet-triplet annihilation (TTA)
as shown in eq 6. This is called the energy-deficient system,
and the reaction is said to follow the T-route. TMPD•+/
DPA•- and TMPD•+/AN (TMPD ) N,N,N′,N′-tetramethyl-
p-phenylenediamine and AN ) anthracene) systems12,124 are
two examples of such energy-deficient systems. In a solution
phase the efficiency of direct emission from 3R* is believed
to be low due to the long radiactive lifetime of 3R* and its
quenching by radical ions or other species, such as molecular
oxygen.

T-route: R•+ + R•- f R + 3R*
(excited triplet formation) (3b)

3R* + 3R*fR + 1R* (triplet-triplet annihilation)
(6)

If -∆Hann is nearly marginal to Es, the T-route can
contribute to the formation of 1R* in addition to the S-route;
hence, the system is often called the ST-route. A typical
example is the rubrene anion-cation annihilation,125–127

which has been finally confirmed by means of combined
magnetic field/temperature128 and solvent/temperature129

investigations.
In addition to forming singlet and triplet excited states,

ion annihilation reactions can lead to the direct formation
of excimers (excited dimmers) and exciplexes (excited
complexes). In most cases, the participating molecules must
be able to align so that there is significant π-orbital overlap;
thus, this occurs mostly among planar polycyclic aromatic
hydrocarbons (PAHs) such as pyrene and perylene.130,131

Other reactions such as TTA process can also lead to the

Figure 3. Schematic diagrams showing the general principles of
(a) photoluminescence, (b) chemiluminescence, and (c) electro-
generated chemiluminescence. Reprinted with permission from ref
51. Copyright 2007 Elsevier.

Table 1. Different Types of Luminescencea

luminescence type caused by refs

photoluminescence (PL) photoexcitation of compounds 68–70
chemiluminescence (CL) chemical excitation of compounds 68–89
bioluminescence (BL) luminous organisms 90
electrochemiluminescence (ECL) electrogenerated chemical excitation 7, 29–62
electroluminescence (EL) radiative recombination of electrons and holes in a material (usually

a semiconductor) after an electrical current passes through the
material or a strong electric field is applied

26, 91

radiochemiluminescence radiation-induced chemical excitation 92–96
lyoluminescence excitation induced by dissolution of an irradiated or other

energy-donating solid
97, 98

sonoluminescence (SL) excitation of compounds by ultrasonication, either by energy
transfer from the intrinsic SL centers of water or by chemical
excitation by hydroxyl radicals and atomic hydrogen

99–118

a Modified from refs 51 and 67. See ref 119 for a complete list of luminescence.
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formation of excimers and/or exciplexes.132 The reactions
associated with the formation of excimers and exciplexes
are said to follow the E-route. The relevant reactions are
summarized in Scheme 2.

Excimer or exciplex emission is generally characterized
by broad featureless emission red-shifted from the singlet
emission of the molecule. Also, the emission wavelength and
intensity change with solvent polarity. Exciplexes can be
distinguished from excimers because the emission wave-
length varies with the local dielectric, having greater energy
in environments of low permittivity. Emission from the
monomer and the excimer are very often observed in the
same spectrum.130,132,133 Although excimers and exciplexes
can be often formed via photoexcitation as observed in
fluorescence spectroscopy,134 they are most likely to form
in ECL due to the close proximity of the radical ions in the
contact radical ion pair.35,135–140 Moreover, as demonstrated
in recent studies,136,141 the radical ion annihilation pathway
of ECL can generate emissive states different from those
formed following photoexcitation, and the chemical environ-
ment (e.g., medium permittivity, ionic concentration, con-
centration of reagents) can be adjusted or chosen so as to
tune the reaction rates and equilibria; these effects are
manifested in the emission energy and the overall ECL
efficiency.

For visible range emissions (∼400–700 nm), Es covers
from 3.1 to 1.8 eV, according to eq 10. That is, to produce
annihilation ECL, the potential window of an electrochemical
system must be wide enough (from ∼3.3 to 2 V, eq 5) so
that sufficiently stable radical anions and cations can be
generated. As a result, nonaqueous media, such as acetonitrile
with tetra-n-butylammonium perchlorate (TBAP) as the
supporting electrolyte, are extensively used in the study of
ion annihilation ECL. Other commonly used solvent-sup-
porting electrolyte systems for annihilation ECL studies can
be found from refs 51 and 142. As will be discussed below,
the first aqueous ECL system, which was coreactant ECL
based, was not reported until 1981 by Rubinstein and Bard
(see Figure 1)15

Es ) hν) hc/λ (10)

where h is the Plank constant with a value of 6.63×10-34

J · s (4.13×10-15 eV), ν is the frequency (Hz), c is the speed
of light (3.00 × 108 m/s), and λ is the wavelength of the
emission.

Certain conditions need to be met for the efficient
generation of ion annihilation ECL, which include26 (1) stable
radical ions of the precursor molecules in the electrolyte of
interest, which can be evaluated via the cyclic voltammetric
(CV) response; (2) good PL efficiency of a product of the
electron transfer reaction, which often can be evaluated from
the fluorescent experiment; and (3) sufficient energy in the
electron transfer reaction to produce the excited state as
described above.

3.2. Coreactant ECL
3.2.1. Overview

At present, all commercially available ECL analytical
instruments are based on coreactant ECL technology. There-
fore, understanding the ECL mechanisms of the relevant
systems is important. Unlike ion annihilation ECL, in which
electrolytic generation of both the oxidized and reduced ECL
precursors is required, coreactant ECL is frequently generated
with one directional potential scanning at an electrode in a
solution containing luminophore species (“emitter”) in the
presence of a deliberately added reagent (coreactant). De-
pending on the polarity of the applied potential, both the
luminophore and the coreactant species can be first oxidized
or reduced at the electrode to form radicals, and intermediates
formed from the coreactant then decompose to produce a
powerful reducing or oxidizing species that reacts with the
oxidized or reduced luminophore to produce the excited
states that emit light. Because highly reducing intermediate
species are generated after an electrochemical oxidation of
a coreactant or highly oxidizing ones are produced after an
electrochemical reduction, the corresponding ECL reactions
are often referred to as “oxidative-reduction” ECL and
“reductive-oxidation” ECL, respectively.15,17 Thus, a core-
actant is a species that, upon electrochemical oxidation or
reduction, immediately undergoes chemical decomposition
to form a strong reducing or oxidizing intermediate that can
react with an oxidized or reduced ECL luminophore to
generate excited states.

Use of a coreactant is useful especially when one of R•+

or R•- is not stable enough for ECL reaction or when the
ECL solvent has a narrow potential window so that R•+ or
R•- cannot be formed. Additionally, the use of a coreactant
can make ECL possible even for some fluorescent com-
pounds that have only a reversible electrochemical reduction
or oxidation. When the annihilation reaction between oxi-
dized and reduced species is not efficient, the use of a
coreactant may produce more intense ECL. Finally, the
oxygen quenching effect, which is often encountered in ion
annihilation ECL, may be eliminated in oxidative-reduction
type ECL, so that ECL analysis can be carried out in the
air.

Note that, as indicated in eq 4 above and discussed in the
following sections, in ion annihilation ECL, all starting
species (R) can be regenerated after light emission, whereas
in a coreactant ECL system, such as Ru(bpy)3

2+ [Ru(bpy)3
2+

) tris(2,2′-bipyridine) ruthenium (II)]/TPrA (TPrA ) tri-n-
propylamine), at the electrode surface, only luminophore
species can be regenerated, whereas the coreactant is
consumed via electrochemical-chemical reactions.

Table 2 lists typical coreactant ECL systems for which
the ECL mechanisms have been well studied. In situ
generated coreactant intermediates, as indicated by their
standard redox potentials, are either strong reducing agents
(in oxidative-reduction ECL) or strong oxidizing agents (in
reductive-oxidation ECL).

To be a good ECL coreactant, a number of criteria need
to be met,143 which include solubility, stability, electro-
chemical properties, kinetics, quenching effect, ECL back-
ground, etc. Of these, the most important factor is the
electrochemical properties of the coreactant. The coreactant
should be easily oxidized or reduced with the luminophore
species at or near the electrode and undergo a rapid chemical
reaction to form an intermediate that has sufficient reducing

Scheme 2

R•+ + R•- f R2* (excimer formation) (7)

R•+ + R′•- f (RR′)* (exciplex formation) (8)

3R * + 3R* f 1R2* (TTA excimer formation) (9)
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or oxidizing energy to react with the oxidized or reduced
luminophore to form the excited state.

3.2.2. Typical Coreactant ECL Systems and Their
Mechanisms

As summarized in Table 3, four processes generally are
involved in all coreactant ECL systems toward the light
emission, namely, (a) redox reactions at electrode, (b)
homogeneous chemical reactions, (c) excited state species
formation, and (d) light emission. Depending on the nature
of the working electrode and the redox potential of the
coreactant, both heterogeneous and homogeneous redox
reactions of coreactant are possible. The formation of excited
state species also has two general routes: the classical ion
annihilation and the reaction involving coreactant intermediate.

Although there are a wide variety of molecules that exhibit
ECL, the overwhelming majority of publications concerned
with coreactant ECL and its analytical applications are based
on chemistry involving Ru(bpy)3

2+, or its derivatives, as the
emitting species,7 because of their excellent chemical,
electrochemical, and photochemical properties even in aque-
ous media and in the presence of oxygen.162 As a result,
much of this section concerns Ru(bpy)3

2+/coreactant ECL
systems.

3.2.2.1. Oxalate (C2O4
2-) System. This was the first

account of a coreactant ECL system reported in the literature
by Bard’s group in 1977,14 and is a classical example of
“oxidative-reduction” ECL. Scheme 3 presents the ECL
mechanism of this system.15

In an aqueous solution, upon the anodic potential scanning
at a Pt or carbon electrode, Ru(bpy)3

2+ is first oxidized at
the electrode to the Ru(bpy)3

3+ cation. The cation is then
capable of oxidizing the oxalate (C2O4

2-) in the diffusion

layer close to the electrode surface to form an oxalate radical
anion (C2O4

•-). This breaks down to form a highly reducing
radical anion (CO2

•-, E0 ) -1.9 V vs NHE144) and carbon
dioxide. The reducing intermediate then either reduces the
Ru(bpy)3

3+ complex back to the parent complex in an excited
state or reduces Ru(bpy)3

2+ to form Ru(bpy)3
+ that reacts

with Ru(bpy)3
3+ to generate the excited state Ru(bpy)3

2+*,
which emits light with λmax ∼ 620 nm. In acetonitrile
(MeCN), however, oxalate has been shown to be easier to
oxidize than the Ru(bpy)3

2+ complex.14 Thus, both reactants
are oxidized at the electrode during light generation, as
described in Table 3. The contribution of the direct oxidation
of oxalate to the overall ECL behavior also depends on the
surface property of the electrode, the concentration of oxalate,
and the electrode potential applied.163–165

Production of ECL is very sensitive to the solution pH.
In aqueous solutions, the ECL intensity of the Ru(bpy)3

2+/

Table 2. Typical Coreactant ECL Systems

type of coreactant
ECL luminophore coreactant main coreactant

intermediate
E0 of intermediate

(V, vs NHE) refs remarks

oxidative-reduction Ru(bpy)3
2+ oxalate (C2O4

2-) CO2
•- CO2/CO2

•- -1.9 V144 14, 15 a
Ru(bpy)3

2+ pyruvate/Ce(III) CH3CO• 15 b
Ru(bpy)3

2+ tri-n-propylamine
(TPrA)

TPrA•+, TPrA• TPrA•+/TPrA +1.1 V,145

P1/TPrA• -1.5 V146
145 c

Ru(bpy)3
2+ hydrazine (N2H4) N2H2, N2H3

• N2H2/N2 < -2.3 V147,148 148–151 d
reductive-oxidation Ru(bpy)3

2+ persulfate (S2O8
2-) SO4

•- SO4
•-/ SO4

2- g+2.9 V152 17, 153 e
aromatic hydrocarbons benzoyl peroxide PhCO2

• PhCO2
•/PhCO2

- +1.7 V154 133, 155, 156 f
Ru(bpy)3

2+ hydrogen peroxide
(H2O2)

OH• OH•/OH-1.77–1.91 V157–159 160 g

a First reported “oxidative-reduction” type coreactant ECL. b Reduction nature of CH3CO• similar to CO2
•-. c Widely used in modern ECL

instrumental analysis. d Complicated system. e First reported “reductive-oxidation” type coreactant ECL. f Hydrogen peroxide may be also used.
g Study was done in pH 7.5 phosphate buffer solution, where electrochemically reduced Ru(bpy)3

+ may be largely absorbed and precipitated on the
electrode. >1 mM H2O2 with 0.10 mM Ru(bpy)3

2+ quenched ECL significantly. No ECL was observed for “cathodic electrochemiluminescence”161

in the presence of dissolved O2 when the Pt counter electrode was isolated.

Table 3. General Mechanisms of Coreactant ECL Systemsa

reaction process oxidative-reduction ECL reductive-oxidation ECL

redox reactions at electrode R - e f R•+ R + e f R•-

C – e f C•+ C + e f C•-

homogeneous chemical reactions R•+ + C f R + C•+ R•- + C f R + C•-

C•+ f C*
Red C•- f C*

Ox

C*
Red + R f R•- + P C*

Ox + R f R ·+ + P

excited state species formation R•+ + R•- f R + R* or R•+ + C*
Red f R* + P R•+ + R•- f R + R* or R•- + C*

Ox f R* + P

light emission R* f R + hν R* f R + hν
a R, luminophore; C, coreactant; C*, coreactant intermediate with subscript “Red” for reducing agent and “Ox” for oxidizing agent; P, product

associated with C* reactions.

Scheme 3a

Ru(bpy)3
2+- ef Ru(bpy)3

3+ (11)

Ru(bpy)3
3++ C2O4

2-f Ru(bpy)3
2+ + C2O4

•- (12)

C2O4
•-f CO2

•- + CO2 (13)

Ru(bpy)3
3++ CO2

•-f Ru(bpy)3
2+* + CO2 (14)

Ru(bpy)3
2++ CO2

•-f Ru(bpy)3
+ + CO2 (15)

Ru(bpy)3
3++ Ru(bpy)3

+f Ru(bpy)3
2+* + Ru(bpy)3

2+

(16)

Ru(bpy)3
2+*f Ru(bpy)3

2+ + hν (17)

a Adapted with permission from ref 143. Copyright 2004 Marcel Dekker.
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oxalate system has been reported to have a maximum at pH
∼6 in unbuffered solutions at Pt,15 and also to be essentially
constant from pH 4 to 8 in phosphate buffer solutions at
GC18,166 and from pH 5 to 8 in phosphate buffer solutions
at ultra-microelectrodes.165

3.2.2.2. Peroxydisulfate (Persulfate, S2O8
2-) System.

This was the first example of a so-called “reductive-
oxidation”coreactantECLsystemreportedintheliterature.17,153

Because Ru(bpy)3
+ is unstable in aqueous solutions and

(NH4)2S2O8 has a low solubility in MeCN solutions, the
MeCN-H2O mixed solutions were chosen to produce intense
ECL emission.17 Scheme 4 summarizes the possible path-
ways for the production of Ru(bpy)3

2+* when S2O8
2- is used

as the coreactant, in which the strongly oxidizing intermedi-
ate SO4

•-, generated during the reduction of S2O8
2-, has a

redox potential of E0g 3.15 V vs SCE.152 The ECL intensity
of the Ru(bpy)3

2+/S2O8
2- system was found to be a function

of S2O8
2- concentration, and for 1 mM Ru(bpy)3

2+ solution
the maximum ECL intensity was obtained at 15–20 mM
S2O8

2-.17 This result is ascribed to the fact that the persulfate
ion is a coreactant of Ru(bpy)3

2+ as well as an effective
quencher of the excited state Ru(bpy)3

2+*.167

3.2.2.3. Amine-Related Systems.51,143

3.2.2.3.1. Tri-n-propylamine (TPrA) System. The major-
ity of ECL applications reported so far involve Ru(bpy)3

2+

or its derivatives as an emitter (or label) and TPrA as a
coreactant, because the Ru(bpy)3

2+/TPrA system exhibits the
highest ECL efficiency and this system forms the basis of
commercialsystemsforimmunoassayandDNAanalysis.51,121,168

The ECL mechanism of this reaction is very complicated
and has been investigated by many workers.19,20,145,169–172

The mechanism presently presented in the literature and in
some of the ECL instrument manufacturer’s Websites
including the technical application notes is often simplified.
Generally, the ECL emission of this system as a function of
applied potential consists of two waves (Figure 4). The first
occurs with the direct oxidation of TPrA at the electrode,
and this wave is often merged into the foot of the second
wave when relatively high concentrations of Ru(bpy)3

2+

(∼millimolar) are used. The second wave appears where
Ru(bpy)3

2+ is oxidized.145,172 Both waves are associated with
the emission from Ru(bpy)3

2+*.172 The relative ECL intensity
from the first wave is significant, particularly in dilute
Ru(bpy)3

2+ solutions (less than approximately micromolar)
containing ∼0.1 M TPrA. Thus, the bulk of the ECL signal
obtained in this system with low concentrations of analytes,
as in immunoassays and DNA probes with Ru(bpy)3

2+ as

an ECL label, probably originates from the first ECL wave.
Scheme 5 summarizes the mechanism of the first ECL wave,
where the cation radical species TPrA•+ formed during TPrA
oxidation is a sufficiently stable intermediate with a half-
life of ∼0.2 ms that it can oxidize Ru(bpy)3

+ [formed from

Scheme 4a
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2++ SO4
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3+ + SO4

2- (23)

Ru(bpy)3
3++ Ru(bpy)3

+f Ru(bpy)3
2+* + Ru(bpy)3

2+

(24)

a Adapted with permission from ref 143. Copyright 2004 Marcel Dekker.

Figure 4. (a) ECL and (b) cyclic voltammogram of 1.0 nM
Ru(bpy)3

2+ in the presence of 0.10 M TPrA with 0.10 M Tris/0.10
M LiClO4 buffer (pH 8) at a 3 mm diameter glassy carbon electrode
at a scan rate of 50 mV/s. (c) As in (a) but with 1.0 µM Ru(bpy)3

2+.
The ECL intensity scale is given for (c) and was multiplied by 100
for (a). (d) First and second ECL responses in 0.10 M TPrA (0.20
M PBS, pH 8.5) with different Ru(bpy)3

2+ concentrations: 1 mM
(solid line), 0.50 mM (dashed line), 0.10 mM (dotted line), and
0.05 mM (dashed-dotted line), at a 3 mm diameter glassy carbon
electrode at a scan rate of 100 mV/s. Reprinted with permission
from ref 145. Copyright 2002 American Chemical Society.

Scheme 5a

a Reprinted with permission from ref 145. Copyright 2002 American
Chemical Society.
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the reduction of Ru(bpy)3
2+ by TPrA• free radical] to give

Ru(bpy)3
2+*.145

The mechanism of the second ECL wave follows the
classic “oxidative-reduction” coreactant mechanism (see
section 3.2.1), where oxidation of TPrA generates a strongly
reducing species TPrA• (EP1/TPrA• ≈ -1.7 V vs SCE146). This
oxidation can be via a “catalytic route”, where electrogen-
erated Ru(bpy)3

3+ reacts with TPrA, as well as by direct
reaction of TPrA at the electrode described by both Schemes
6 and 7.145

The “catalytic route” involving homogeneous oxidation
of TPrA with Ru(bpy)3

3+ is shown in Scheme 8.145 The
contribution of this process to the overall ECL intensity
depends upon the Ru(bpy)3

2+ concentration and is small
when relatively low concentrations of Ru(bpy)3

2+ are
used.169

Therefore, the excited state of Ru(bpy)3
2+ can be produced

via three different routes: (1) Ru(bpy)3
+ oxidation by TPrA•+

cation radicals (Scheme 5); (2) Ru(bpy)3
3+ reduction by

TPrA• free radicals (Scheme 6); and (3) the Ru(bpy)3
3+ and

Ru(bpy)3
+ annihilation reaction (Scheme 7).

The direct oxidation of TPrA at an electrode plays an
important role in the ECL process of the Ru(bpy)3

2+/TPrA
system and varies with the electrode material and its surface
hydrophobicity. For example, in the presence of added small
amounts of halide species that could inhibit the growth of
the oxide surface on Pt and Au electrodes or low concentra-
tions of surfactants (nonionic and ionic) that could increase
the hydrophobicity of the electrode, the oxidation rate of TPrA
and hence the ECL intensity increased significantly.173–176

The effect of room temperature ionic liquids (ILs) on ECL
has also been exploited recently.177–180 Upon addition of 1%
(v/v) hydrophilic IL 1-butyl-3-methylimidazolium tetrafluo-
roborate (BMImBF4) to 5 µM Ru(bpy)3

2+/100 mM coreac-
tant [TPrA, 2-(2-aminoethyl)-1-methyypyrrolidine (AEMP),

and 4-(dimethylamino)butyric acid (DMBA)] aqueous sys-
tems at a GC electrode, different effects of BMImBF4 on
coreactants were observed due to the IL adsorption at the
electrode surface, which results in a change of the polarity
of the electrode surface.180 Because the sequence for polarity
difference between BMImBF4 and the coreactants is AEMP
< DMBA < TPrA, the sequence of concentration enrichment
of the coreactants at the electrode follows AEMP > DMBA
> TPrA. As a result, the ECL efficiency increases in the
order AEMP (∼10-fold) > DMBA (∼5-fold) > TPrA (no
obvious change).180 The potential applications of hydropho-
bic IL, 1-butyl-3-methylimidazolium hexafluorophosphate
(BMIMPF6), however, could be limited, because the IL has
very high viscosity and low ionic conductivity. In addition,
the solubility of Ru(bpy)3

2+ can be reduced due to the
association between Ru(bpy)3

2+ and PF6
-.180 Although these

ILs are air and moisture stable, both O2 and water still need
to be removed in ion annihilation ECL or they will limit the
electrochemical windows.181

The ECL intensity for the first and the second waves was
also found to be proportional to the concentration of TPrA
species over a very large dynamic range (up to 0.10
M).20,145,169,171,172 Dissolved O2 could influence the ECL
intensity when low concentrations (< 20 mM) of TPrA are
used (Figure 5),182 which is particularly remarkable for the
first ECL wave. This behavior can be readily explained on
the basis of the ECL mechanisms described in Schemes 5-7:
A large excess of intermediate reducing radicals (TPrA•) was
produced at high [TPrA], and the dissolved O2 within the
ECL reaction layer was completely reduced by these radicals
and exerted no quenching effect on the emission. At low
[TPrA], however, coreactant oxidation generated a relatively
small amount of reducing intermediates, and O2 acted as an
interceptor, destroying the intermediates before they partici-
pated in the ECL pathways, which led to the obvious
reduction of the emission intensity. In the latter case, the
less efficient initial ECL route was more significantly
affected.182

Up to 2.5 V vs Ag/AgCl anodic potential limit can be
reached for neutral aqueous ECL systems at the deposited
boron-doped diamond (BDD) electrode.183 Three ECL waves
at 1.2, 2.0, and 2.3 V vs Ag/AgCl for Ru(bpy)3

2+/TPrA,
which correspond to the oxidation reaction of Ru(bpy)3

2+

at the electrode and homogeneous catalytic oxidation of TPrA
with electrogenerated Ru(bpy)3

3+, the direct oxidation of

Scheme 6a

a Reprinted with permission from ref 145. Copyright 2002 American
Chemical Society.

Scheme 7a

a Reprinted with permission from ref 145. Copyright 2002 American
Chemical Society.

Scheme 8a

a Reprinted with permission from ref 145. Copyright 2002 American
Chemical Society.

Figure 5. Intensities of the second ECL (squares) and first ECL
(triangles) at the GC electrode (3 mm diameter) as a function of
TPrA concentration. The electrolyte solution was 0.15 M PBS (pH
7.5) containing 1 µM Ru(bpy)3

2+, and the scan rate was 0.1 V/s.
Reprinted with permission from ref 182. Copyright 2005 American
Chemical Society.
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TPrA at the electrode, and the electrode oxidation of
propylamine formed by preceding dealkylation of TPrA,
respectively, were observed. The wide potential window in
aqueous solution and the high stability for ECL due to the
low adsorption property for reaction products make such a
diamond electrode very promising for ECL production of
amines with high oxidation potentials. Hydroxyl radical
(OH•)-related ECL reactions for Ru(bpy)3

2+-coreactant
(ascorbic acid and alcohols) systems at BDD electrode were
also observed in the extremely positive potential region (>2.6
V with a peak potential at ∼3.7 V vs Ag/AgCl).184 It is
believed that the coreactant radical was formed through the
hydrogen abstraction reaction with the OH• generated during
the oxygen evolution reaction. Such behavior was not found
at GC or Pt electrode. The formation of OH• at the BDD
electrode in the high-potential region (>2.6 V vs Ag/AgCl)
was confirmed previously by ESR measurement with the
spin-trap method.185

The ECL intensity of the Ru(bpy)3
2+/TPrA system also

strongly depends on the solution pH,20,48 with dramatic
increases at pH >∼5.5 and a maximum value at pH 7.5.
The exact reason remains unclear, but this may be associated
with the deprotonation reactions of TPrAH+ and TPrA•+

shown in Schemes 5–7 as well as the stability of the
intermediates formed. Solubility decrease of TPrA at high
pH could be another reason why TPrA produces the highest
ECL intensity at pH 7.5. A recent study regarding the
influence of the nature, concentration, and pH of buffer on
the rate-determining step of Ru(bpy)3

2+/tertiary aliphatic
amine systems revealed that deprotonation of the ammonium
species is the rate-determining step at pH <5, whereas
deprotonation of radical cations is the rate-determining step
at pH >5.186 Usually, pH values higher than 9 should not
be used, because Ru(bpy)3

3+ generated at the electrode could
react with hydroxide ions to produce a significant ECL
background signal.

On the basis of the ECL mechanism discussed above, one
can readily explain the ECL generation from “magnetic bead”
based commercially available ECL instruments such as the
original BioVeris M-series analyzers.66 In the system, the
Ru(bpy)3

2+-tagged species in an immunoassay are im-
mobilized on 2.8 µm diameter nontransparent magnetic beads
that are brought to an electrode by a magnetic field. The
high sensitivity of the technique suggests that most of the
labels on the beads participate in the ECL reaction (see
Scheme 5, the first ECL wave), whereas the direct oxidation
of Ru(bpy)3

2+ on the beads would occur only for those within
electron tunneling distance from the electrode, ∼1-2 nm,
and its contribution to the overall ECL intensity should be
small and negligible.

The ECL behavior of Ru(bpy)3
2+/TPrA in MeCN has been

also studied, and it is believed the ECL generation in this
case is predominately associated with the direct oxidation
of Ru(bpy)3

2+ at the electrode.187–190 The cyclic voltam-
metric and ECL responses of 0.10 µM Ru(bpy)3[(B(C6F5)4)]2

in MeCN containing 0.10 M (TBA)BF4 electrolyte-0.10 M
TPrA coreactant at a Pt electrode with a scan rate of 50 mV/s
are shown in Figure 6.188 Unlike in aqueous solution, where
the ECL intensity is proportional to the TPrA concentration,
in MeCN a maximum ECL response is found with TPrA
concentrations around 30 mM (Figure 7a). ECL intensity is
affected by the “acidity” of the solution (Figure 7b), which
is unsurprising and consistent with the ECL behavior in
aqueous media.

ECL intensity and stability are affected by the electrode
material used, which is, however, different from the data
obtained from an aqueous solution, where the GC electrode
generally exhibits the strongest ECL response among Au,
Pt, and GC electrodes. The relative ECL intensity, obtained
from a MeCN solution containing 0.10 µM Ru(bpy)3-
[(B(C6F5)4)]2-0.10 M TPrA-0.055 M TFAA-0.10 M
(TBA)BF4 during the first potential cycle between 0 and 3.0
V vs Ag/Ag+ at a scan rate of 50 mV/s, at Au, Pt and GC
electrode had a ratio of 100:93:61.188

The electrochemistry, UV-vis absorption, PL of Ru(bpy)3
2+,

and its ECL with TPrA have been reported in a series of
hydroxylic solvents such as fluorinated and nonfluorinated
alcohols and alcohol/water mixtures.191 Blue shifts of up to
30 nm in PL and ECL emission wavelength maximums were
observed compared to a Ru(bpy)3

2+/H2O standard due to
interactions of the polar excited state [i.e., Ru(bpy)3

2+*] with
the solvent media. Dramatic increases in ECL efficiencies
ranging from 6- (in 5% BuOH) to 270-fold (in 30% 2,2,2-
trifluoroethanol) were seen in mixed alcohol/water solutions
compared to Ru(bpy)3

2+ (0.1 µM)/TPrA (40 mM) in water.
3.2.2.3.2. Other Amine-Related Systems. Similar to the

case of TPrA, a wide range of amine compounds can be
used as coreactants and take part in ECL reactions with
Ru(bpy)3

2+. Because amine groups are prevalent in numerous
biologically and pharmacologically important compounds
including amino acids and peptides, Ru(bpy)3

2+/amine
coreactant ECL forms the basis of a large number of
biorelated species detection and determination, such as those
reported with CE-ECL approaches.60

Several workers29,38,40,46,48,50,51,57,58 have tried to correlate
the coreactant ECL efficiency with the amine structure.
Although there are no strict rules governing ECL activity in
amines, as a general rule, the ECL intensity increases in the
order primary < secondary < tertiary amines, with tertiary
amines having the lowest detection limits.19,20 As shown in
Schemes 5–7, the amine should have a hydrogen atom
attached to the R-carbon, so that upon oxidation newly
formed radical cation species can undergo a deprotonation
process to form a strongly reducing free radical species. Also,

Figure 6. (a) CV and (b) ECL responses obtained from 0.10 µM
Ru(bpy)3[(B(C6F5)4)]2 in MeCN containing 0.10 M (TBA)BF4
electrolyte-0.10 M TPrA coreactant at a 2.2 mm in diameter Pt
electrode with a scan rate of 50 mV/s. For comparison, CV of 1.0
mM Ru(bpy)3[(B(C6F5)4)]2 in MeCN containing 0.10 M (TBA)BF4
in the absence of TPrA is presented in (c), in which the experimental
conditions were as in (a) and (b), but the CV current was multiplied
by 10. Reprinted with permission from ref 188. Copyright 2004
American Chemical Society.
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the nature of substituents attached to nitrogen or R-carbon
on an amine molecule can affect the ECL activity.48 In
general, electron-withdrawing substituents tend to cause a
reduction of ECL activity, and electron-donating groups have
the opposite effect. Aromatic amines, aromatic substituted
amines, and amines with a carbon-carbon double bond that
can conjugate the radical intermediates consistently give a
very low ECL response. Note that aromatic amines may also
quench the emission of the Ru(bpy)3

2+* complex, further
reducing the ability of these compounds to give an ECL
response.192 Furthermore, amines that have other functional
groups that are more readily oxidized than the nitrogen atom
may take part in alternative, ultimately non-chemilumines-
cent, reactions.

The ECL reaction mechanism of Ru(bpy)3
2+ with six

tertiary aliphatic amines, namely, tri-n-butylamine (TBuA),
tri-isobutylamine (TisoBuA), TPrA, methyl-di-n-propylamine
(MeDPrA), triethylamine (TEtA), and trimethylamine (TMeA),
in aqueous solution was examined using fast potential pulses
at carbon fiber microelectrodes and with simulation tech-
niques with the aim to obtain information on the E° value

of the amine redox couples.186 The experimental approach
to estimate the E° values of the amine redox couples
consisted of combining electrochemistry and ECL data with
TPrA as the reference compound (E° ) 0.88 V vs SCE171).
The estimated E° values were as follows: 1.05 ( 0.04 V
(TMeA), 0.92 ( 0.04 V (TEtA), 0.91 ( 0.03 V (MeDPrA),
0.79 ( 0.03 V (TBuA), and 0.72 ( 0.03 V vs SCE
(TisoBuA).

Very recently, a new coreactant, 2-(dibutylamino)ethanol
[(n-C4H7)2NCH2CH2OH, DBAE], has been reported for
Ru(bpy)3

2+ ECL system.193 The ECL intensity of the
Ru(bpy)3

2+/DBAE system at Au (Figure 8) and Pt electrodes
was found to be approximately 10 and 100 times greater
than that of the commonly used Ru(bpy)3

2+/TPrA system,
respectively, when 25 mM of each coreactant was used in
the presence of 0.10 M phosphate buffer (pH 7.5). At the
GC electrode, however, the ECL performance of this system
was poor; the intensity of ECL first increased with the
concentration of DBAE up to 3 mM and then leveled off.
The ECL enhancement of DBAE was attributed to the
catalytic effect of hydroxyethyl group toward the direct
oxidation of DBAE at the electrode. This suggests that not
all electron-withdrawing substituents such as the hydroxy-
ethyl group in the current case cause ECL efficiency
decrease. Compared to Ru(bpy)3

2+/TPrA, the Ru(bpy)3
2+/

DBAE system exists over a wider dynamic range and has a
lower detection limit for Ru(bpy)3

2+ at the Au electrode and
very sensitive ECL responses at Pt electrode. As a result,
DBAE could be a promising coreactant for Ru(bpy)3

2+ ECL
immunoassays and DNA probe assays.

3.3. ECL from Luminol
The first report on luminol (5-amino-2,3-dihydro-1,4-

phthalazinedione) ECL was published in 1954 at a dropping
mercury electrode during the reduction of oxygen in an
alkaline medium in the presence of luminol.194 This was
followed by the studies of anodic generation of ECL in
similar reaction media at a Pt electrode.195,196 Luminol ECL
is often produced in alkaline solution with hydrogen peroxide
upon electrochemical oxidation.58 However, a recent study
indicated that oxygen, hydrogen peroxide, or other oxidizing

Figure 7. (a) TPrA and (b) TPrA-trifluoroacetic acid (TFAA)
concentration effect on ECL intensity. All samples contained 0.10
µM Ru(bpy)3[(B(C6F5)4)]2 and 0.10 M (TBA)BF4 in MeCN. The
working electrode was 2.2 mm in diameter Pt, and the scan rate
was 50 mV/s. Reprinted with permission from ref 188. Copyright
2004 American Chemical Society.

Figure 8. Dependence of the ECL peak intensity on the concentra-
tions of 2-(dibutylamino)ethanol (DBAE, 2), triethanolamine (3),
N,N-diethylethanolamine (1), TPrA (b), triethylamine (9), N,N-
diethyl-N′-methylethylenediamine (4), 3-diethylamino-1-propanol
(f), nitrilotriacetic acid (O), and ethylenediaminetetraacetic acid
(g), measured at Au electrode in 0.1 M phosphate buffer solution
(pH 7.5) containing 1 µM Ru(bpy)3

2+. The potential was stepped
from 0 to 1.35 V vs Ag/AgCl. Reprinted with permission from ref
193. Copyright 2007 Wiley-VCH.
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agents are all unnecessary for the anodic generation of
luminol ECL at a Pt or graphite electrode in alkaline solution,
and the electrogenerated excited monoanionic form of
3-aminophthalic acid is believed to be the origin of the
ECL.197 Because luminol can produce ECL under a wide
range of experimental conditions, which include (1) different
solvents [aqueous58 or dimethyl sulfoxide (DMSO)198], (2)
broad pH ranges (weakly acidic,199 neutral to high pH200–206),
(3) the presence and absence of oxygen and/or hydrogen
peroxide,38,196–198,202–204,207–232 (4) different electrodes
(Hg,194 Pt,195–197 Au,200,201,206,233–235 graphite and paraffin-
impregnated graphite,197,204 carbon nanotube paste,236

Cu,237,238 GC,200,209,234 indium tin oxide (ITO),239 and
screen-printed graphite containing tetracyanoquinodimethane
(TCNQ) electrode]240,241 or electrode modified with nano-
particles,200–202,206,235,242–245 clay,213,216 and self-assembled
monolayer (SAMs)/multilayer/film,,218,246 (5) different elec-
trode potential scanning directions and ranges,202–204 and
(6) other coexisting chemical species such as Br- and
Cl-,196,200,202,212,235,247 a number of ECL waves located at
different potential regions and associated with the excited
state monoanionic forms of 3-aminophthalic acid or 3-ami-
nophthalate generated from, for example, the oxidation
between luminol, its deprotonated forms, or their electro-
oxidized forms and a various oxygen-containing oxidizing
species such as O2

• and HO2
• have been observed. Scheme

9 summarizes the generally accepted overall ECL reactions of
luminol. The ECL emission of luminol varies slightly with the
solvent used, in which the maximum emissions of ∼425 nm
in water and ∼490 nm in DMSO have been reported.198,203,204

Emission from alkaline solutions generally is much stronger
than that obtained from neutral solutions. Electrodes modified
with nanoparticles (NPs) such as Au or Ag NPs can enhance
the ECL emission by 2–3 orders compared to the original bare
electrodes.206 The size and nature of NPs and the nature of
the substrate electrode can also affect the ECL behavior.200

Much stronger ECL emission was found from Ag NPs/Au
substrate electrode than that from Au NPs/Au substrate.206

Such NP-modified electrodes showed good stability and
reproducibility for the oxidation of luminol and the genera-
tion of ECL.200,202,206,235,242 The enhancement of ECL could
be due to the increase of the electrode area as well as the
catalytic effect of NPs on luminol oxidation hence the ECL
production.

Comparative studies between acridan ester (2′,3′,6′-trif-
luorophenyl 10-methylacridan-9-carboxylate)/H2O2, luminol/

H2O2, and Ru(bpy)3
2+/TPrA ECL at transparent ITO elec-

trodes have been reported.239 Potentials of >1 V vs Ag/AgCl
showed a corrosive effect on ITO. The effects of pH and
H2O2 concentration on ECL detection of the acridan ester
and luminol in a planar flow cell were described. The limits
of detection (LODs) of the acridan ester and luminol were
found to be 65 and 72 pM, respectively.

Mechanistically, the luminol ECL system is very different
from the classical ion annihilation or coreactant ECL system
discussed in sections 3.1 and 3.2. First, in the luminol system,
there are no oxidized and reduced luminol species involved.
Second, luminol itself can be directly oxidized at the
electrode to produce light. Third, once oxidized, luminol
cannot be regenerated upon light emission.

4. ECL Instrumentation
The basic components of an ECL instrument include an

electrical energy supply for the ECL reaction at an electrode
within an electrochemical cell and an optical detector for
the measurement of either the emitted light intensity (as
photocurrent or counts/s) or its spectroscopic response.51,142

Although certain types of ECL instruments are now com-
mercially available (see below), most of the ECL studies
reported in the literature were carried out in homemade ECL
instruments.

4.1. Nonaqueous Electrochemical Media
Historically, all ECL studies except for luminol systems

were carried out in organic media, although modern ECL
instruments used for the detection of biorelated species are
often run in an aqueous environment. In these cases, the
purity of the solvent/supporting electrolyte is very crucial,
because trace amounts of water and oxygen can significantly
affect the ECL production by either disabling the generation
of both reductive and oxidative ECL precursor species at
the electrode or quenching the newly formed excited state
species. As a result, the ECL experiment is often conducted
in an oxygen-free dry box with pure and dry solvent and
electrolyte. Detailed discussions on solvent and electrolyte
drying and purification248,249 as well as commonly used
solvent-supporting electrolyte systems for ECL study51,142

can be found in the literature.

Scheme 9
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4.2. Cell Design
Different types of ECL cells are used for different types

of ECL studies. For ion annihilation ECL, the system needs
to remain oxygen- and moisture-free; hence, proper sealing
with good electronic connections is required.51 For general
coreactant ECL studies, suitably sized glass vials may be
used as a cell, because degassing in this case is often
unnecessary. If ECL experiments are carried out with a wafer
type electrode, such as ITO, a Au-coated silicon wafer used
for the detection of DNA and C-reactive protein (CRP),187,188,250

and highly oriented pyrolytic graphite (HOPG),251 the
effective area of the electrode exposed to the coreactant
solution needs to be carefully controlled and to face the
window of the photodetector.

ECL has been widely used as a detector in FIA, liquid
chromatography, CE, and microchip CE.8,60,62,252 Figure 9
shows a schematic diagram of a FI-ECL detection system,253

in which “Chromatography Station” may be replaced with a
computerized data acquisition system. Various types of thin-
layer flow-through ECL cells for FIA have been developed,
and Figure 10 illustrates two examples of such a cell. These
kinds of ECL cells could have several drawbacks,254 which
include (a) large dead volumes that could reduce both the
detection sensitivity and separation efficiency of a sample,
(b) high IR drops that could decrease the sensitivity of ECL
detection, and (c) high flow resistance that could cause
significant noise due to difficulties of removing gas bubbles.
To overcome the above problems, a new type of ECL flow
cell consisted of a capillary inlet, a Pt ring working electrode
(WE), and a stainless steel pipe counter electrode (CE) coated
with a black plastic jacket to prevent any undesired ECL
emission from the electrode has been fabricated and used
for the detection of 2-thiouracil in biological samples (Figure
11).254 In addition to millimeter-order-sized working elec-
trodes, a microelectrode (w ) 2 µm, l ) 2.5 cm) was also
constructed by sealing a piece of platinum foil between two
microscope slides with epoxy into an ECL flow cell.23 This
type of cell has been employed in high-frequency ECL
studies. The reduced time scale enables reaction kinetics to
be accessed and affords a means for investigating ECL
without rigorously purifying solvents or working on a
vacuum line or in a dry box.23

Two microfluidic ECL cells that combine transparent
polydimethylsiloxane (PDMS) microchannels with the elec-
trodes fabricated by using printed circuit board (PCB)
technology were tested with luminol-H2O2 solutions.232 The
differences between the two cells were the working electrode
size (10 mm2 Au vs 0.09 mm2 Au) and the ECL detection
volume (4 µL vs 4 nL). The “Ag/AgCl” reference electrode
was obtained by electrodeposition of Ag on Au, followed

by electro-oxidation of Ag in the presence of 0.10 M KCl.
No counter electrode was used.

A microfluidic cell designed to transport and mix two
different solutions on the chip and generate ECL using
Ru(bpy)3

2+ as luminophor and amino acids as coreactants
was presented recently by Hosono et al.257 Figure 12A
illustrates the basic arrangement of the electrodes. The system
is constructed with a glass substrate (20 mm×14 mm) with
driving electrodes formed by a thin-film process and a PDMS
substrate (14 mm×14 mm) with structures to form microflow
channels [40 µm (h) × 300 µm (w) for sample transport
and 40 µm (h) × 500 µm (w) for solution mixing]. The
electrode system consists of three elongated Au working elec-
trodes formed along the flow channels, two Pt auxiliary
electrodes formed in the injection ports, and two Ag/AgCl
reference electrodes formed in separate compartments that
are filled with photosensitive poly(vinyl alcohol) gel (PVA-
SbQ gel) containing 0.1 M KCl and connected to the
injection ports with liquid junctions. Additionally, a Pt
working electrode (200 µm × 300 µm) at the end of the
mixing channel is constructed for the generation of ECL
[Figure 12A(c)]. Figure 12B displays the process of the liquid
transport in one of the flow channels. At the beginning, the
solution in the injection port wets the edge of the working
electrode and is not mobilized because the electrode surface
is not sufficiently hydrophilic [Figure 12B(a)]. With the
application of a potential of -0.9 V vs Ag/AgCl, the surface
of the working electrode becomes more hydrophilic, and the
solution is transported along the flow channel to the end of
the electrode by a capillary action [Figure 12B(b)]. The
solution is then confined in a space between the protruding
structure and the working electrode due to interfacial tension
[Figure 12B(c)]. Because the two flow channels are placed
in close proximity and the third Au working electrode is
placed between them, solutions that arrive at the mixing area
exude through the intervening glass areas and wet the edges
of the electrode for mixing. Finally, when a potential (-0.90
V vs Ag/AgCl) is applied at the mixing electrode, the two
solutions move over the electrode and mix together. Such a
cell requires only 50 nL of analyte solutions for ECL test.
One problem of this type of cell, however, is that it cannot
distinguish one analyte from another if the sample solution
contains several ECL active unknown species.

When ECL detection is combined with CE separation, a
number of key factors need to be considered in the design
of the ECL cell.8,60,62 First, the LODsthe elimination or
reduction of the electrophoretic current from the ECL
currentsis generally needed. The electrical current in CE
capillaries under the high electric field could significantly
affect the ECL reactions at the electrode such as the redox
potential change of the emitting species [e.g., Ru(bpy)3

2+]
and the interference of the electrode potential control of an
amperometric controller,258,259 resulting in high background
signals. Several different fashions of CE decoupler have been
utilized for the elimination of the electrophoretic current,
which include the use of an on-column fracture covered with
a Nafion tube,260,261 a porous polymer junction near the end
of the capillary,262 a section of outside wall-etched capil-
lary,263 and a porous etched joint capillary.264 Second,
sensitivitysthe alignment or arrangement of the working
electrode against the detection capillary and the photo-
detectorsis required.264–266 Ideally, all of the separated
analyte should reach the electrode and take part in the ECL
reactions that produce light detected completely by the

Figure 9. Schematic diagram of a FI-ECL detection system.
Reprinted with permission from ref 253. Copyright 2006 Elsevier.
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photodetector. The distance between the end of the capillary
and the working electrode needs to be optimized; too short
a distance would block the Ru(bpy)3

2+ diffusion and too long
a distance would dilute the analyte concentration at the
electrode, resulting in poor sensitivity and reproducibility.
Third, selectivitysthe CE separation efficiencysis influenced
by the length of the detection capillary.264 Because there is
no electric field gradient in the detection capillary, the
movement of the sample zone is governed by the pressure
generated in the capillary. Thus, band broadening could
become problematic when a short length (e.g., a few
centimeters) of detection capillary cannot be used. Figure
13 illustrates a schematic diagram of an ECL detection cell
used for CE separation, in which the joint was fabricated by
etching the capillary wall with hydrofluoric acid after half
of the circumference of the polyimide coating in a 2–3 cm
section was removed.264 Compared with previously reported
ECL cells,263 a number of advantages have been noted. The
joint was strong enough, which allowed the whole system
to be fabricated with no need to fix the joint on a plate. Also,

a very short detection capillary of ∼7 mm can be used for
the cell, which dramatically reduced the band broadening
effect and increased the CE efficiency. Moreover, the sample
loss is small and the part replacement is relatively easy.

A low-cost miniaturized CE system developed on a chip
platform of a glass slide to provide easy interface both with
FI sample introduction and with ECL detection was reported
(Figure 14).265 The CE high-voltage effect on ECL detection
was effectively eliminated with the falling-drop interface of
FI split-flow sample introduction method. As shown in Figure
14c, a plexiglass reservoir at the capillary outlet serves as
both the reaction and detection cell for the ECL reaction,
with Ru(bpy)3

2+ reagent continuously flowing through the
cell. An optical fiber is positioned within the reservoir close
to the capillary outlet for transferring the ECL emission to
the PMT. The performance of the entire system was
illustrated by the baseline separation of proline, valine, and
phenylalanine with a high throughput of 50 h-1 and plate
height of 14 µm for proline under 147 V cm-1 field strength.

Figure 10. Schematic diagrams of FI-ECL thin-layer flow-through cells from refs 255 (A) and ref 256 (B) in which (a) is the cell body
and (b) the cell cover window. Reprinted with permission from refs 255 and 256. Copyright 2007 and 2002, respectively, American Chemical
Society.

Figure 11. (A) Schematic diagram of a newly designed FI-ECL thin-layer flow-through cell with small dead volume, IR drop, and flow
resistance. (B) Distribution of the thin layer at the tip of the Pt ring immobilized capillary shown in (A). Reprinted with permission from
ref 254. Copyright 2006 American Chemical Society.
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Because microchip CE offers a number of advantages over
classical CE, including high performance, short analysis time,
portability, disposability, and consumption of minute sample
and reagent, many efforts have been made in the development
of microchip CE based separation with ECL detection.60,62,267–269

This concept was first demonstrated by Manz et al. in
2001.270 In their paper, a microfabricated U-shaped floating
platinum electrode was placed across the CE separation
channel, and its two legs acted as working and counter
electrode. ECL reactions occurred at the Pt electrode by the

electrical field available in the separation channel during
electrophoretic separation in the presence of ECL-emitting
species. Direct ECL detection of micromolar levels of
ruthenium(II) tris(1,10-phenanthroline) [Ru(phen)3

2+] and
Ru(bpy)3

2+ and indirect detection of amino acids were
provided. Later, Crooks’ group reported one-,271 two-,272 and
three-channel microfluidic sensors273 that could detect redox
reactions indirectly using anodic coreactant ECL [i.e.,
Ru(bpy)3

2+/TPrA system]. As shown at the top of Scheme
10,273 a one-channel microfluidic device, incorporating either
one or two electrodes, is able to detect electrochemical
processes at the cathode and report them via light emission
at the anode. Similarly, a two-electrode, two-channel mi-
crofluidic device (middle of Scheme 10) can be used in the
same manner, but with complete chemical separation of the
detection and reporting functions. The one- and two-channel
methods, however, permit detection only of targets that can
be reduced when the Ru(bpy)3

2+/TPrA system is used. This
problem was overcome by using a multichannel approach,
such as the three-channel configuration shown at the bottom
of Scheme 10. In this case, channel 1 houses the cathode
and a flowing solution of a sacrificial electroactive molecule
[e.g., Ru(NH3)6

3+] that can be easily reduced. A solution
containing Ru(bpy)3

2+/TPrA flows in channel 2, and the
oxidizable analyte of interest is present in channel 3. Both
of these channels share a common anode. When a sufficiently
large potential is applied between the cathode and anode,
Ru(NH3)6

3+ is reduced to Ru(NH3)6
2+, whereas Ru(bpy)3

2+

and TPrA are oxidized. In the absence of a redox-active
analyte in channel 3, maximum light emission is observed
at the anode. However, when an oxidizable analyte is present
in channel 3, it competes with the ECL reactions in channel
2 to provide electrons for the cathodic reduction in channel
1. This results in a decrease in light intensity from the

Figure 12. (A) Active microfluidic transport system with integrated components for optical sensing based on ECL: (a) completed chip; (b)
planar layout of the entire system; (c) magnified view of the mixing area showing electrodes for the transport, mixing, and generation of
the ECL. The dimensions of the chip are 14 mm × 20 mm. W.E., working electrode; R.E., reference electrode; A.E., auxiliary electrode.
(B) Basic structure and arrangement for the microfluidic transport system: (a, b) cross section along the flow channel showing the initial
status (a) and movement of the solution (b); (c) cross section of the flow channel area viewed from the direction normal to the flow; (d)
cross section of the mixing area along line X-X′ in (A). Reprinted with permission from ref 257. Copyright 2007 Elsevier.

Figure 13. Schematic diagram of the ECL detection cell coupled
with capillary electrophoresis (CE) separation (not to scale): (a)
front view and (b) side view from Ru(bpy)3

2+ solution reservoir
[(1) working electrode; (2) photomultiplier tube (PMT); (3)
Ru(bpy)3

2+ solution reservoir; (4) CE ground electrode; (5) porous
section of capillary; (6) separation capillary; (7) for reference
electrode; (8) for counter electrode; (9) working electrode alignment
screws; (10) seal-on film (to isolate the Ru(bpy)3

2+ solution
reservoir and CE ground cell and to align the separation capillary].
Reprinted with permission from ref 264. Copyright 2004 American
Chemical Society.
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electrode in channel 2, indicating the presence of the target
analyte. Reducible analytes can be also detected with this
three-channel method. For example, if only buffer is present
in channel 3 and the analyte is present in channel 1, then
the device is essentially identical to the two-channel device
shown in Scheme 10. All three proposed approaches rely
on charge balance between the anode and cathode. In other
words, the current at the cathode must equal the current at
the anode. Accordingly, there is a correspondence between
the number of electrons consumed at the cathode and the
ECL photon flux at the anode.

An integrated ITO electrode-based Ru(bpy)3
2+ ECL detec-

tor for a PDMS microchip CE device (Figure 15) was first
reported by Wang’s group in 2003.269 The microchip CE-
ECL system utilizes an ITO-coated glass slide as the chip
substrate with a photolithographically fabricated ITO elec-
trode located at the end of the CE separation channel. The
high separation electric field of CE was found to have no
significant influence on the ECL detector; hence, no decou-
pler was needed in this microchip CE-ECL system. This
system was used for the rapid analysis of lincomycin in a
urine sample without pretreatment274 and for the study of
the interaction between biotin and avidin based on the
separation of a mixture of 2-(2-aminoethyl)-1-methylpyrro-
lidine (AEMP) and biotinylated AEMP.275 A simultaneous

electrochemical (EC) and ECL dual detection to microchip
CE, in which Ru(bpy)3

2+ was used as an ECL reagent as
well as a catalyst [in the formation of Ru(bpy)3

3+] for EC
detection was also reported.276 Chen’s group constructed a
simple and universal wall-jet configuration for the microchip
CE-ECL detection system, to which both precolumn and
postcolumn detection modes were applied to determine TPrA,
tramadol, and lidocaine.267 In contrast to the above CE-ECL
devices, in which solution phase Ru(bpy)3

2+ was either added
to the running buffer or placed in the detection reservoir,
solid state ECL detectors coupled with microchip CE by
immobilizing Ru(bpy)3

2+ into either Eastman AQ55D–silica–
carbon nanotube composite thin film on a patterned ITO
electrode268 or zirconia-Nafion composite on a GC disk
electrode277 have been constructed and used for the detection
of proline268 and pharmaceuticals of tramadol, lidocaine, and
ofloxacin.277 Detailed fabrication of the second solid state
ECL detector can be found in ref 278.

A flow cell system based on BioVeris (BV) technology
for ECL assays employing magnetic beads is shown in Figure
16.66 The sample, reagents such as Ru(bpy)3

2+ and TPrA
buffer, and magnetic beads are combined in microwells,
incubated, and aspirated into the detection module (flow cell
system), followed by the collection of modified magnetic
beads on the top of the working electrode with a magnet.
After application of the electrochemical potential to the
electrode, coreactant ECL signals are generated and measured
with a photodetector such as a photodiode or a PMT located
above the electrode.

4.3. Light Detection
Among three commonly used photodetectors, namely,

avalanche photodiodes (APD), photomultiplier tubes (PMTs),

Figure 14. Experimental setup of the miniaturized CE system with
FI sample introduction and ECL detection: (a) sample loading; (b)
injection. S, sample; C, carrier; W, waste; P, peristaltic pump; SP,
syringe pump; V, 8-channel 16-port valve; L, sample loop; HV,
high-voltage supply; PS, potentiostat. (c) Schematic diagram of the
microfluidic device (not to scale). A, falling-drop interface (inlet
tubular reservoir); B, ECL reaction and detection cell (outlet
reservoir); C, separation capillary; D, chip baseplate; E, Pt wire
electrodes for high-voltage supply connections; RE, Ag/AgCl
reference electrode; CE, counter electrode; WE, Pt working
electrode; G, epoxy glue; OF, optical fiber; R, ECL reagent
[Ru(bpy)3

2+] inlet; W, waste. Dimensions not to scale. Reprinted
with permission from ref 265. Copyright 2002 Elsevier.

Scheme 10a

a Reprinted with permission from ref 273. Copyright 2003 American
Chemical Society.
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and charged coupled device (CCD) cameras, PMTs provide
the most sensitive means of detecting light and are capable
of detecting single photons. Table 4 compares the perfor-
mances of these popular choices with those of other common
photodetectors.279 For quantitative analysis of a given analyte
(emitter) or its related species, ECL intensity measurements
are normally required, whereas ECL spectral recording is
usually used for qualitative analysis.

The most popular PMTs used for ECL study are probably
Hamamatsu280 R4240 and R928 PMTs with spectral response
ranges of 185–710 and 185–900 nm, respectively. Both
PMTs feature extremely high cathode sensitivity, low dark
current, and good S/N ratio. For the detection of ECL
generated from Ru(bpy)3

2+ species, R928 PMT may be better
than R4220, because the Ru(bpy)3

2+ ECL spectrum covers
a spectral range of about 550-800 nm with a maximum
emission at ∼620 nm. The Hamamatsu H7421-40 metal

package photon counting PMT has been recently reported
in the application of ECL study.284 The PMT uses a GaAsP
photocathode that shows an exceptionally high quantum
efficiency of 40% at 580 nm and very low dark count of
∼100–300/s. For extremely weak ECL measurements, such
as in the ECL spectral recording experiments, the photode-
tector, such as a PMT or CCD camera, often needs to be
operated under low temperatures, so that the dark current
can be reduced. Detailed discussions of this aspect can be
found in refs 51 and 285.

4.4. Commercial ECL Instruments
The first commercial ECL instrument was produced by

Igen International, Inc. (now BioVeris, part of Roche
Diagnostics Corp.)66 in 1994,286 which is adapted to measure
ECL labels [Ru(bpy)3

2+ or its derivatives] present on the
surface of magnetically responsive beads in the presence of
TPrA (Figure 16). Three models of M-series ECL analyzers
are currently available from BioVeris Corp.: M1M, M1MR,
and M-384. The analyzers are either single-channel (M1M
and M1MR) or multichannel (M-384, eight channels) flow-
based detection instruments designed to meet the throughput
needs of pharmaceutical research, industrial, academic, and
government research laboratories. All analyzers employ an
on-line automated separation to reduce nonspecific interfer-
ences and improve precision for enhanced assay performance.
The M1MR analyzer is the M1M instrument with research
software installed. It is an open system used for assay
development. The M-384 analyzer, however, was designed
mainly for industrial use. It contains two main components:
(1) a sample handling and detection unit and (2) a built-in
computer with application-specific software for instrument
control and data handling. Figure 17 shows several examples
of commercial flow cell-based (A-G) or imaging-based
(H-L) ECL instruments.51,168

The Sector Imager and Sector PR Reader ECL instruments
developed by Meso Scale Discovery (MSD)65 (Figure 17H,I)
use disposable screen-printed carbon ink electrodes within
the wells of multiwell plates. Each well contains several
binding domains (MULTI-SPOT) that react with specific
targets. ECL is generated using Ru(bpy)3

2+ analogues–Ru-
(bpy)3

2+-(4-methyl sulfonate) NHS ester label (MSD SULFO-
TAG) and TPrA or similar coreactants, and the light is
collected with either an ultralow-noise CCD camera for
ultimate sensitivity, wide dynamic range, and rapid read times
(Sector Imager) or a photodiode array for fast and efficient
detection (Sector PR Reader). Figure 18 shows a schematic
diagram of a multispot plate assay for four human cytokines.

A commercial CE-ECL system developed at the Chang-
chun Institute of Applied Chemistry, Chinese Academy of
Sciences, and manufactured by Xi’an Remax Electronic Co.
Ltd., (Xi’an, China) has been recently reported (Figure
19).8,259

4.5. Other ECL Setups for Emitted Light Intensity
Measurements

A typical homemade ECL instrument for ECL intensity
measurement would include a potentiostat, an electrochemi-
cal cell, a light detector, and a data acquisition system. Many
modern computer-based potentiostats, such as CH660A (CH
Instruments, Austin, TX)288 and Autolab PGSTAT100 (Au-
tolab Electrochemical Instruments, The Netherlands),289

come with external signal recording functions, which can

Figure 15. Schematic of a microchip CE-ECL device. (a) Top
view of the polydimethylsiloxane (PDMS) layer and electrode plate.
Separation channel dimensions: 15 µm deep × 48 µm wide at the
bottom and 60 µm wide at the top × 45 mm from the intersection
to the detection reservoir, and 5 mm from the intersection to the
sample, buffer, and unused reservoirs. (b) Enlargement of the
detection region. Distance between the separation channel outlet
and the ITO electrode is 30 µm. Reprinted with permission from
ref 269. Copyright 2003 American Chemical Society.

Figure 16. Schematic diagram of a flow system based on BioVeris
technology using magnetic beads as a solid support for binding
reactions and ECL measurements. Reprinted with permission from
ref 66. Copyright 2007 Roche Diagnostics.
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be used to simultaneously record/collect the ECL and
electrochemical signals. Light detection can be made by a
bare PMT (e.g., Hamamatsu R4240 or R928280) biased at a
high voltage (from ∼-500 to -1000 V) with a high-voltage
power supply (e.g., Brandenburg Photomultiplier Power
Supply). The light signal (as photocurrent) can be measured
with a highly sensitive electrometer (e.g., Keithley 6517,
6514 electrometer, Keithley, Cleveland, OH290) and con-
verted to a voltage (normally in the range of (2 V) that is
collected/recorded to the computer. The PMT and the
electrochemical cell must be placed in a light-tight box to
avoid any environmental light interference. Figure 20 shows
a set of homemade ECL instruments fabricated in this
author’s research laboratory.291

Wilson et al.120,224 recently reported a flow injection
electrochemiluminometer either with (Figure 21) or without
a magnet in the flow cell for enzyme immunoassays of
explosives 2,4,6-trinitrotoluene (TNT) and pentaerthyritol
tetranitrate (PETN). Also, a fully automated sequential

injection analyzer for simultaneous ECL and amperometric
detection has been described.292 The instrument is composed
of a peristaltic pump, a multiposition selection valve, a
homemade potentiostat, a thin-layer electrochemical/optical
flow-through cell, and a light detector (Figure 22).

5. ECL Luminophores
In the past several years, a number of new ECL-emitting

species were synthesized and their ECL properties were
investigated. Driving forces of these kinds of studies include
(a) finding new luminophores with higher ECL efficiencies
and (b) modifying a moiety of the emitter so that it can be
used for labeling of biomolecules. All luminophores dis-
cussed in the following section are classified into three
categories: (a) inorganic systems, which mainly contain
organometallic complexes; (b) organic systems, which cover
polycyclic aromatic hydrocarbons (PAHs); and (c) semicon-
ductor nanoparticle systems.

Table 4. Comparison of Photodetectors (T ) 25 °C)a

device type gain spectral response
range (nm) responsivity response time (ns) dark current (nA) refs

photomultiplier 105-2×107 115-1400 103–106 A/W 0.15–13 0.015–200 280
p-n photodiode 1 or less 190-1650 0.06–0.4 A/W ∼1000 0.001–0.2 280, 281
silicon p-n photodiode 1 or less 190-1100 0.3–0.6 A/W 150–2500 0.002–0.2 280
p-i-n photodiode 1 or less 190-1100 0.14–0.7 A/W 10–106 0.001–10 281
silicon APD 50–100 400-1000 15–50 A/W >0.003 0.05–30 280
bipolar phototransistor 102 400-1100 50–100 A/W 0.02 <100 282
bipolar photodarlington 104-5 × 104 400-1100 200–400 A/W 2.5 × 106-5 × 106 <100 282
CCD 1 or less 200-1200 0.60–2 µV/e 2 × 106-1.4 × 108 1000-4000 e/pixel/s 280, 283

a Modified from ref 279.

Figure 17. Commercial flow cell-based (A-G) or imaging-based (H-I) ECL instrumentation: (A) ORIGEN 1.5; (B) M series M-384
analyzers by BioVeris Corp.;66 (C) M1M analyzers by BioVeris Corp.; (D) PicoLumi by Eisai, Japan; (E) Elecsys 1010; (F) Elecsys 2010
and (G) MODULAR system containing E-170 immunoassay module by Roche Diagnostics;66 (H) Sector Imager 6000 and (I) Sector PR
Reader 400 by Meso Scale Discovery.65 Modified from refs 51, 65, 66, and 68.
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5.1. Inorganic Systems
Because of their excellent properties in photochemistry,

electrochemistry, and ECL, Ru(bpy)3
2+ and its derivatives

comprise one of the most extensively studied classes of

coordination complexes.7,33,58,162 Many attempts have been
made in designing or modifying the ligands of the complexes
so as to improve both the light-emitting and the electron
transfer performances of such systems. A very recent effort
in this field was the synthesis and thorough characterization
of a new family of mono- and dinuclear Ru(II) polypyridyl
complexes containing 5-aryltetrazolate ligands such as the
deprotonated form of 4-(1H-tetrazol-5-yl)benzonitrile (4-
TBNH) and bis(1H-tetrazol-5-yl)benzene (BTBH2) (Figure
23).293 The electrochemistry of the complex [Ru(4-TBN)]+

in MeCN showed four one-electron reduction processes and
a one-electron oxidation. The first two reductions were
completely reversible, whereas the successive two were
affected by chemical follow-up reactions associated with
probably the deprotonation, either by the solvent or by the
electrolyte, of one of the tetrazolate nitrogens. As shown in
Figure 24, the voltammetric curve of the dinuclear [Ru(4-
TBN)Ru]3+ complex shows five reduction peaks and two
oxidation ones. The two oxidation peaks are both reversible
one-electron processes, and the first one is centered on the
Ru(II) bound to the tetrazolate moiety of the bridge ligand.
The electrochemical behavior of the dinuclear [Ru(BT-
B)Ru]2+ complex is very similar to that of mononuclear
[Ru(4TBN)]+ one with one oxidation and four reduction
processes, except that two-electron transfer reactions for each
peak are involved. ECL spectra of the complexes were
produced by ion annihilation reactions and are displayed in

Figure 18. Schematic diagram of a multispot plate assay for four
human cytokines. Each spot within each well of the multiwell plate
contains capture antibody specific for one cytokine. (Inset) Images
of the ECL emitted from assays and protein immobilized on carbon
electrode surface. Modified from Meso Scale Discovery.65

Figure 19. MPI-A capillary electrophoresis-electrogenerated
chemiluminescent analyzer developed at the Changchun Institute
of Applied Chemistry, Chinese Academy of Sciences, and manu-
factured by Xi’an Remax Electronic Co. Ltd. (Xi’an, China).
Reprinted with permission from refs 8 and 287. Copyright 2004
Elsevier.

Figure 20. Homemade ECL instrumental setup from Dr. Wujian
Miao’s research laboratory in the Department of Chemistry and
Biochemistry at the University of Southern Mississippi: (A)
computer system; (B) Faraday cage; (C) potentiostat; (D) light-
tight metal box containing (E) PMT and (F) sample holder; (G)
electrometer; (H) high-voltage power supply.

Figure 21. (a) Flow injection electrochemiluminometer and (b)
flow cell with a magnet concentrator. Reprinted with permission
from ref 120. Copyright 2003 American Chemical Society.
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Figure 25. An exceptionally high ECL efficiency of 150%
for the dinuclear [Ru(4-TBN)Ru]3+ complex has been
observed with respect to that of Ru(bpy)3

2+, which has an
absolute ECL efficiency of 0.05 in MeCN.294–296 This result
suggests that the yield for the formation of the excited states
is close to 100%, which is promising for a future develop-
ment of the species in ECL devices. Previously, ECL in

solution and solid state of several Ru(II) complexes contain-
ing tetrazolate groups was reported from the same research
group.297

The synthesis and photophysical, electrochemical, and
ECL properties of three symmetrical aryl-diamide bridged
binuclear Ru(bpy)3

2+ complexes (Figure 26) have also been
presented.298 All complexes showed characteristic metal-to-
ligand charge transfer (MLCT) transition adsorption and
similar redox behavior. No or very weak interactions between

Figure 22. (a) Experimental configurations of the sequential
injection analyzer for ECL detection. S1, sample containing oxalate
or H2O2; S2, 5 mM Ru(bpy)3

2+ in PBS buffer (pH 6) or 0.1 mM
luminol in 10 mM NaOH; C, carrier (10 mM KCl). (b) Schematic
diagram of the electrochemical/optical flow-through cell. Reprinted
with permission from ref 292. 2006 Hindawi.

Figure 23. Ligands, complexes, and acronyms used in ref 293.

Figure 24. Cyclic voltammetric curve of 1 mM of dinuclear
complex [Ru(4-TBN)Ru]3+ in 0.05 M (TBA)PF6/MeCN solution:
working electrode, 1.25 mm diameter Pt disk; reference electrode,
SCE; T, 25 °C; scan rate, 1 V/s. Reprinted with permission from
ref 293. Copyright 2006 American Chemical Society.

Figure 25. ECL spectra of the reference compound Ru(bpy)3
2+

(black trace), [Ru(BTB)Ru]2+ (blue trace), and [Ru(4-TBN)Ru]2+

(red traces). The dashed red line for [Ru(4-TBN)Ru]2+ is the
spectrum obtained by annihilation of one-electron-oxidized and
-reduced forms; the full red line is obtained for the doubly oxidized
and reduced forms of complex. All ECL spectra were collected
for 1 mM MeCN solutions and (TBA)PF6 as supporting electrolyte,
25 °C, and accumulation time 4 min. Reprinted with permission
from ref 293. Copyright 2006 American Chemical Society.

Figure 26. Aryl-diamide-bridged binuclear Ru(bpy)3
2+ complexes

reported in ref 298.

Electrogenerated Chemiluminescence Biorelated Applications Chemical Reviews, 2008, Vol. 108, No. 7 2523



the two Ru(II) centers were found, and their ECL emission
maxima were red-shifted by ca. 65 nm compared to their
fluorescence spectra. Strong ECL emissions [1-11.5 vs 1.0
of Ru(bpy)3

2+] of the binuclear complexes, which may be
related to the polarity and the conjugation of the entire
molecules, indicate that this type of Ru(II) compound could
be very useful in light-emitting devices and ECL-based
biomolecule analysis.

A note on the synthesis, electrochemistry, spectroscopy,
and ECL of five (bpy)2Ru(II)(L)(PF6) complexes has been
appeared,299 where L represents different acetylacetonate
ligands including (a) benzoylacetonate (BA), (b) thenoyltri-
fluoroacetonate (TTFA), (c) 4,4,4-trifluoro-1-phenyl-1,3-
butanedionate (TFPB), (d) 1,1,1-trifluoro-2-4-pentanedionate
(TFPD), and (e) dibenzoylmethide (DBM). All complexes
presented absorptions in the UV-vis regions of the spectra,
with visible absorptions ranging from 350 to 700 nm, typical
of MLCT transitions. Depending on the nature of the
acetylacetonate ligand, PL emission maxima of 575-600 nm
were observed, which is also characteristic of MLCT transitions.
Much lower ECL efficiencies (�ECL ∼ 0.013–0.051) of the
complexes than a Ru(bpy)3

2+ standard (�ECL )1.0) obtained
from TPrA coreactant reactions suggest that electron-
withdrawing substituents could dramatically decrease the
ECL efficiencies of bipyridine Ru(II) complexes.

Systematic studies of the ligand effects on the ECL efficien-
cies of a series of 2,2′-bipyridyl-300,301 and o-phenanthroline302

(o-phen or phen)-substituted Ru(II) complexes containing
different R-diimine ligands, such as 2-(2-pyridyl)-benzimi-
dazole (PBIm-H), 2-(2-pyridyl)-N-methylbenzimidazole
(PBIm-Me), 4,4′-dimethyl-2,2′-bipyridyl (dmbpy), and 4-car-
boxymethyl-4′-methyl-2,2′-bipyridyl (mbpy-CH2COOH), have
found a good correlation between the donor ability of the
ligand and the number of substitutions and the ECL proper-
ties of the complexes. The ECL efficiency generally increases
as fewer electron-donating ligands are introduced to the
complexes. In other words, a strong donor ligand in a Ru(II)
complex could cause a decrease in ECL emission. Because
the donor property of the ligands increases in the order phen
< bpy < dmbpy , PBIm-Me < PBIm-H, the ECL
efficiency of the Ru(II) complexes decreases in the order
phen > bpy > dmbpy > PBIm-Me > PBIm-H (Table 5).

The studies of dendrimers peripherally functionalized with
polypyridyl Ru(II) complexes have now been extended.
Previously, enhanced ECL was observed for a dendrimer
attached with multiple Ru(bpy)3

2+ complex units.303 When
polyamidoamine (PAMAM) and polyamine dendrimers were
used as carriers for covalent bonding of a series of Ru(II)
complexes, such as Ru(L)2(L′) [L ) bpy, phen; L′ ) bpy-
CO-, mbpy-(CH2)3CO-, and phen-Cl], four and three identical
units can be attached to the dendrimer, respectively.304,305

Although free Ru(phen)3
2+ has an ECL efficiency of 1.94

vs Ru(bpy)3
2+ standard (Table 5), about half of the ECL

intensity was obtained with respect to its counterpart when
Ru(II) complexes were linked to the dendrimer network. In
addition, the length of the spacer connected to the dendrimer
from the complex significantly affected the ECL intensity;
an alkyl chain spacer with at least three carbons seems to
be needed for intense ECL production. Finally, much stronger
ECL emissions were found when Ru(II) complexes were
attached to polyamine rather than PAMAM dendrimers. It
must be noted, however, that all dendrimer molecules contain
a number of tertiary and secondary amine groups, which can
act as coreactants and react with attached Ru(II) complexes

when sufficient anodic potential is applied (section 3.2.2.3).
Consequently, strong background ECL can be generated in
the absence of added coreactant.

Comparative study of seven Ru(bpy)3
2+ derivatives with

one or more mono-/bisubstituents at 4- and/or 4′-position(s)
of bipyridine ring(s) has been carried out to examine the
relationship between their PL and ECL efficiencies (Table
5).306 ECL measurement in Ru(bpy)3

2+ derivative/TPrA
aqueous PBS buffer solutions (pH 6.8 with added nonionic
surfactant) at the Pt electrode has led to a conclusion that
due to the complexity of the ECL generation process, the
PL efficiency cannot be used to predict ECL intensity and
there is no obvious relationship between the PL quantum
yield and the ECL intensity. For example, compared with
Ru(bpy)3

2+, the ethoxycarbonyl-substituted derivative, [Ru(b-

Figure 27. Cyclometalated iridium(III) complexes and ligands
used. See section 10 for ligand abbreviations.

Figure 28. Cyclic voltammograms of 1 mM (pq)2Ir(pico): (a) scan
to -1.8 V; (b) scan to -2.0 V and 1 mM (pq)2Ir(acac); (c) scan to
-1.8 V; (d) scan to -2.0 V in the MeCN solution. Scan rate, 0.2
V/s; supporting electrolyte, 0.1 M (TBA)PF6. Reprinted with
permission from ref 307. Copyright 2007 American Chemical
Society.

2524 Chemical Reviews, 2008, Vol. 108, No. 7 Miao
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py-(COOEt)2)3]2+, one of the most efficient luminophores
under photoexcitation, did not generate reasonably intense
ECL, whereas luminophores with lower PL quantum yields
demonstrated higher ECL. A similar conclusion was also
reached for iridium(III) complexes under both annihilation
and coreactant ECL conditions.307,308

Although a number of Ru(bpy)3
2+-based ECL labels are

commercially available for amine, carbohydrate, carboxylic
acid, thiol, and DNA linkage,66,168,309 several new -COOH-
functionalized derivatives of Ru(bpy)3

2+ have been recently
published306,310 (Table 5), which can be used to tag proteins
or species with primary amine groups.

Extremely efficient ECL from cyclometalated Ir(III)
complexes has been recently reported,307,308,311–313 in which
the ECL efficiency values from some chelates were even
higher than PL efficiencies.307 The first group of complexes
have a common formula of (pq)2Ir(L), in which pq is a
2-phenylquinoline anion and L is a monoanionic bidentate
ligand [e.g., acetylacetonate (acac), picolinate (pico), see
Figure 27].307 Their electrochemical and spectroscopic
behaviors are similar to those of Ru(bpy)3

2+. In MeCN, both
one-electron oxidation around 1.0-1.1 V vs SCE and the
first reduction ranging from -1.45 to ∼-1.70 V vs SCE
are reversible in most cases. The maximum ECL emissions
are around 600–615 nm, which is about 20 nm red shifted
from their PL emissions. ECL efficiencies were measured
in three ways: ion annihilation, oxidative-reduction ECL with
TPrA as the coreactant, and reductive-oxidation ECL with
S2O8

2- as the coreactant. Most of the complexes in this group
exhibited exceptionally efficient ECL efficiencies. For ex-
ample, �ECL ) 0.88 for (pq)2Ir(pico) was observed in the
annihilation process, which is ∼17 times higher than that of
Ru(bpy)3

2+. Under the same experimental conditions, up to
77 and 26 times higher ECL efficiencies with respect to a
Ru(bpy)3

2+ standard were observed for (pq)2Ir(acac)/TPrA
and (pq)2Ir(tmd) (tmd ) 2,2,6,6-tetramethyl-3,5-heptanedi-
one)/S2O8

2- systems, respectively. As expected, the ECL
intensity depends primarily on the electrochemical stability
of the redox precursors of (pq)2Ir(L). For example,
(pq)2Ir(acac), which shows irreversible reduction, has pro-
duced efficient ECL during the oxidative-reduction process
but less intense ECL during both the annihilation and
reductive-oxidative processes (Figure 28 and Table 5). In
contrast, redox species generated from (pq)2Ir(pico) are very
stable. Consequently, highly efficient ECL is produced in
all three processes.

The second group of Ir(III) complexes can be formulated
as [(ppy)2Ir(L)]+, where ppy ) 2-phenylpyridine anion and
L ) bpy and phen.311 Maximum emissions from PL and
ECL are all close to 605 nm, and TPrA coreactant ECL
intensities are 2 and 4 times that of the Ru(bpy)3

2+/TPrA
system, respectively (Table 5).

A common formula for the third group of Ir(III) complexes
can be expressed as L2Ir(acac), where L are different organic
ligands (see Figure 27) able to coordinate Ir(III) ions of the
covalent metal-nitrogen and the ionic metal-carbon
bonds.308,314 Extremely high ECL efficiencies [up to 0.55,
15 times of that from Ru(bpy)3

2+] were observed via ion
annihilation between one-electron oxidized Ir(III) complex
L2Ir(acac)+ and one-electron reduced aromatic nitrile species
A- (Table 5). Most of the L2Ir(acac) complexes can be also
reversibly reduced to form monoanion and dianion species,
but their first reduction waves were more negative than that
from added aromatic nitriles (A). ECL spectra exhibited

traces of vibronic structures, and their emissions depended
on the nature of ligand L. Colors from fairly green (∼490
nm) to deep red (∼640 nm) were observed, which may be
useful for the fabrication of display devices and multiplexing
analysis based on ECL. It is believed that the bright ECL
emission is attributed to the formation of strongly emissive
triplet excited 3L2Ir(acac)* species from the reaction of

L2Ir(acac)++A-f 3L2Ir(acac)* + A (25)

ECL from Nafion and poly(9-vinylcarbazole) (PVK)
bound Ir(III) complexes has also been investigated using
TPrA as a coreactant in aqueous (0.2 M PBS, pH 8) and
MeCN [0.10 M (TPA)PF6 media].315 Significant and repro-
ducible ECL was observed for Ir(ppy)3 and (btp)2Ir(acac)
complexes when bound in PVK in MeCN, and (F-
ppy)2Ir(pico) (Figure 27) displayed ECL in both aqueous and
MeCN solutions when bound in Nafion and PVK, respectively.

Photoluminescence detection of Pb(II) in nanomolar con-
centrations316 has led to the ECL study of Pb(II)-bromide
complexes.317 Weak ECL was obtained from a Pb4Br11

3-

cluster formed in situ by reaction of Pb(II) and bromide ions
in MeCN (0.1 M TBABr) with TPrA as a coreactant. The
ECL mechanism of this system is unclear, and the ECL based
LOD of Pb(II) was around micromolar levels.

Because boron-based dipyrromethene (BDP) complexes
have been used as laser dyes due to their high PL QYs, a
number of studies have examined the ECL behavior of
several selected BDP dyes in an attempt to use these
molecules as either luminophore labels or molecular
switches.318–320 As shown in Figure 29 and Scheme 11, ECL
spectra with the maximum emission at ∼565 nm are
observed for m-phenyl-substituted BDP disulfide (pS-1)2

when alternating potentials are applied to oxidize and reduce
the dye.319 Similar behavior was obtained for dihydroazu-
lene–BDP dye (Table 5)320 and several other BDP dyes.318

5.2. Organic Systems
A number of series of donor-acceptor type luminophores

have recently been synthesized in an attempt to understand
the effect of structure on their spectroscopic, electrochemical,
and ECL behaviors. The first five series of luminophores
include 32 compounds (Table 6, 1-32) with quinoline and
isoquinoline acceptors and aryl donors linked by a triple
bond.322,323 All of the compounds showed blue-green
fluorescence in acetonitrile and more strongly in dichlo-
romethane. Low Stokes shifts in the range of 25–88 nm were

Figure 29. ECL spectra (pS-1)2 (see Scheme 11 for structure) in
CH2Cl2 [0.1 M (TBA)PF6], with switch times of 1 s-1 (discrete
lines) and 50 ms-1 (curve). (Inset) Corresponding CV, with the
applied potentials indicated by the arrows. Reprinted with permis-
sion from ref 319. Copyright 2006 Wiley-VCH.
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observed for compounds bearing no or weak donors (-H,
-Me, -OMe), and those bearing strong donors revealed
larger Stokes shifts in the range of 150–188 nm, consistent
with intramolecular charge transfer (ICT).324 Very similar
CVs were obtained for all compounds, which showed a
reversible reduction in the range of -0.80 to -2.16 V vs
Ag/AgCl and an irreversible oxidation process from 0.55 to
2.16 V vs Ag/AgCl. The first reduction and oxidation waves
were ascribed to reduction at the quinolinyl acceptor moiety
and oxidation at the donor-substituted phenyl moiety,
respectively. Among the five series, the first group (com-
pounds 1–7) proved to be the most difficult for reduction.
With respect to oxidation, compounds with weaker electron-
donating groups generally exhibited higher oxidation poten-
tials. ECL emissions were well observed for those com-
pounds with ethynyl-bridged donor groups attached at the
carbon that has an ortho- and para-like relationship with
respect to the ring nitrogen heteroatom in the quinolinyl/
isoquinolinyl moiety, whereas very weak to no ECL was
observable for those compounds in which the donors are linked
through the triple bond with a meta-like relationship. The ECL
for weak donor-substituted compounds 1–3,9,10,15–17,21,22,27–29

is believed to be from the normal excimer formed by

annihilation of radical ions generated electrochemically due
to the planar nature of these molecules (E-route, eq 7, and
Scheme 12a). Compounds with strong donor groups (4–8,
31) produced ECL from their ICT states through direct
annihilation of radical ions due to the large twist angle
between the plane of the quinoline moiety and the donor-
bearing phenyl moiety (Scheme 12b). In general, ICT ECL
can be generated only by those systems with polar charge
separation and low orbital overlapping between the donor
and acceptor moiety. A special aggregation of H-type
excimer325 formation in 18–20 is believed to be responsible
for the observed blue shift of ECL in comparison with their
solution fluorescence maxima. Only the 4-quinolinyl systems
show such H-type excimers in which two quinolinyl moie-
ties are stacked face to face with donor-bearing phenyl groups
projecting perpendicularly away from each other (Schemes
12c and 13). Additionally, ECL for compounds 1–8 is
believed to follow the S-route (eq 3a), and the rest (9–32)
follow the T-route (eq 3b). This is because, only in the former
case, the annihilation enthalpy changes estimated from CVs
(eq 5) are sufficiently larger than their singlet energies
estimated from FL emissions.

Scheme 11. Mechanism of ECL Generation by Annihilation in (pS-1)2
a

a The involvement of (pS-1)2
- as a minority electron donor cannot be ruled out. Reprinted with permission from ref 319. Copyright 2006 Wiley-VCH.
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Another two series of luminophores displayed in Table 6

(33–42)aredonor-bearingphenylethynylcoumarins.326,327Compounds
33–37 are 3-isomers with a planar geometry, whereas 38–42
are 6-isomers with a twisted geometry. Most probably, very
weak electronic coupling between donor and acceptor
subunits in the 6-isomers, contrary to the 3-isomers, is
responsible for the different UV-vis spectroscopic properties

of the investigated coumarin derivatives. Consequently, lack
of additional charge-transfer bands in the 6-isomers makes
their UV-vis spectra similar to that of unsubstituted
coumarin.

The PL �em values for 33–36 are much higher than those
of 38-42. The �em decreases with the increase of the donor
strength and is highest for 33 and lowest for 37 (and for
42). Possible quenching by ICT from the N,N-dimethylanilino
group to the coumarin of the neighboring molecule or even
the strong excited state ICT itself could be the reason for
this reduction in quantum yield. The positions of ECL
maxima for 33–36 and 38–41 are close and in the range of
438–456 nm, which is only slightly affected by the presence
of strong donors such as the -NMe2 group on the phenyl
moiety linked through the C-C triple bond. All compounds
are believed to show ECL emission via the TTA pathway
(eq 6) as deduced from their lower annihilation reaction
enthalpy, and the formation of excimers and the H-type
aggregates is also involved as discussed earlier for com-
pounds 1–32.

Fluorescent emission could be tuned from 460 to 610 nm
when a set of donors was attached to the phenylethynylan-
thronitrile moiety (Table 6, 43–48).328 Surprisingly, all of
the compounds emitted ECL at almost the same maxima
centered at 545 nm regardless of the nature of the donor
subunits. That is, the ECL maxima for 43–45 were red-
shifted by 40–80 nm, and for compounds 46–48 the ECL
maxima were blue-shifted by 40–68 nm when compared with

Table 6. Continued

a All ECL were generated in dried degassed MeCN (0.05 M TBAP) via ion annihilation, unless otherwise stated. b Unless otherwise stated, all �em data were
measured in CH2Cl2 with reference to coumarin 1. c Relative to Ru(bpy)3

2+/oxalate system (�ECL ) 100%). d Relative to Ru(bpy)3
2+ (�ECL ) 1.0). e �em data

were determined in MeCN using coumarin 334 as stardard. f �em data were measured in MeCN with reference to quinine sulfate. g Annihilation ECL was obtained
from PhH/MeCN (1:1)-0.05 M (TBA)PF6 solutions. h Determined with respect to fluorescein. i Annihilation ECL was obtained from PhH/MeCN (1:1)-0.1 M
TBAP solutions. j Represents the fraction of a DPA cell under similar conditions (accurate to about an order of magnitude). k Measured in PhH/MeCN (1:1) with
reference to DPA. l Measured in PhH/MeCN (1:1)-0.1 M (TBA)PF6 with respect to DPA. m Measured in MeCN compared to pyrene (90) as a standard (�em )
0.60 in PhH339). n Obtained from annihilation ECL in PhH/MeCN (1:1)-0.1 M (TBA)PF6. o Obtained from coreactant ECL with benzoyl peroxide as the coreactant.

Scheme 12. ECL emission of donor (D)-acceptor (A) type
luminophores from (a) excimers, (b) intramolecular charge
transfer (ICT) systems, and (c) H-type excimers promoted
by π-π interactions between the two A’s

Scheme 13. Proposed Structure of the H-type Dimer of 20a

a Reprinted with permission from ref 323. Copyright 2004 Royal Society
of Chemistry.
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their fluorescence maxima. Moreover, although the ECL was
produced in high-polarity MeCN, no PL was observed in
the same solvent for 46–48. These data suggest that the ECL-
emitting state was different from the PL state as described
previously136,326 and that all of the ECL emission could be
from the same excited state species as proposed in Scheme
14.

To examine the effect of donor steric hindrance and
strength on ECL, a series of donor-acceptor ethynes with
acridine as acceptor and several donor-substituted phenyl
groups have been synthesized at the donor site (Table 6,
49–54).329 All of the compounds exhibited ECL from the
annihilation of the radical anions and radical cations via
the T-route. Compounds with weak donors (49–53), irrespec-
tive of whether they were sterically capable of causing
hindrance or not, emitted excimer ECL, whereas compound
54, which has the strongest donor (-NMe2) in the group,
resulted in blue-shifted ECL. This demonstrates that the
excimer ECL (and perhaps the monomeric ECL as well) are
determined by the strength of the electron-donating group
rather than steric hindrance at the donor site.

As discussed in section 5.1, although highly efficient ECL
is often produced from highly fluorescent species, there is
no direct correlation between PL QYs and �ECL due to the
complexity of ECL generation from either annihilation or
coreactant modes. This has been confirmed by the PL and
ECL studies of a family of aryl-π-donor-aryl molecules
(Table 6, 55–61).330 All of the compounds showed high
fluorescence quantum yields (�em ) 0.18–0.59) in solution,
and their bright solid state photoluminescence was also
observed. Electrochemically, all seven compounds displayed
very close behavior in MeCN (50 mM TBAP), with a
reversible reduction at ∼-0.90 V vs Ag/AgCl and an
irreversible oxidation at ∼1.60 V vs Ag/AgCl. Their ECL
behavior, however, was very different. Compounds 55 and
57 showed blue-shifted ECL emission, probably originated
from the H-type aggregates compared to their photolumi-
nescence. Compound 59 revealed monomeric ICT ECL and
60 showed excimer ECL emission. Unexpectedly, no ECL
activity for 56, 58, and 61 was obtained. This may be due
to the instability of radical ions, especially the radical anion,
of compounds 56, 58, and 61. Also, for 61, even though the
fluorenyl moiety is rigid and planar, the bend caused by the
rigidification due to the methylene bridge likely prevents ICT,
and hence no ECL was observed.

ECL studies on a series of donor-acceptor stilbenoid
systems (Table 6, 62-69)331 bearing an N,N-dimethylamino
group as donor and pyridine, thiophene, quinoline, and
substituted phenyl groups as acceptors indicate that most of
the compounds in the group (63–69) showed ICT ECL
(Scheme 12b) through direct annihilation of the radical ions.
For the weaker ICT compound (62), however, excimer ECL
was produced from the excimer. Because thiophene is less

electron withdrawing and makes compound 62 less polar in
the excited state, more delocalization of charge in the radical
ions occurs, which makes excimer formation more favorable.

Compounds 70–78 listed in Table 6 are donor-acceptor-π-
conjugated luminophores with a phenylvinyl or thienylvinyl
unit as the bridge, a bromide or aldehyde group as the
acceptor moiety, and the rest as the donor. All compounds
showed good electrochemical stability, exhibiting two suc-
cessive one-electron oxidation waves with the first one
reversible and the other irreversible. On the other hand, one
quasi-reversible or irreversible one-electron reduction wave
was observed. Three different categories of ECL mechanisms
for each of the three families of compounds were proposed.
Compounds 70–72 produced typical and simple monomer
ECL emission resulting from the annihilation of their radical
cations and radical anions, because their ECL maxima were
in good agreement with their fluorescence maxima. The ECL
emission of compounds 73–75 was ascribed as an excimer
emission, where significant red-shifted ECL maxima from
their fluorescence maxima by 50–104 nm were observed.
Finally, compounds 76–78 exhibited an H-type excimer-like
aggregate ECL emission, which was consistent with their
blue-shifted ECL emissions with respect to their fluorescence
maxima. These assignments were supported by X-ray crystal
structures of some of the compounds studied.

Electrochemistry, spectroscopy, and ECL of two sets of
six silole-based luminophores (Table 6, 79–84) have been
reported recently.332 The first set (79–81) and the second
set (82–84) of compounds are ethynyl- and ethylene-
substituted siloles, respectively. Different trends were ob-
served in their electrochemical and photophysical behaviors.
Because the ethynyl-substituted siloles (70–81) were more
sterically rigid, they showed higher PL QYs (0.3–0.63 with
fluorescein as a standard) than the ethylene-substituted siloles
(82–84, �em < 0.183), but the unprotected triple bonds
resulted in poor oxidative behavior. By adding tert-butyl
groups to the silicon, the bonds were more protected from
secondary homogeneous reactions. As a result, compounds
80 and 81 exhibited higher fluorescence quantum efficiencies
(�em ) 0.63, 0.56 for 80 and 81, respectively, vs �em ) 0.30
for 79) and produced intense ECL on radical ion annihilation.
To reduce steric stress in 83 and 84, the 2,5-substituents were
forced to rotate out of the plane of the silole moiety, whereas
82 can remain completely planar. Thus, the luminophores
of 83 and 84 were with less protected from secondary
reactions upon oxidation or reduction. Consequently, their
radical ions were less stable, and they showed lower
fluorescence quantum yields than 82 and poor ECL.

As in the case of luminol (section 3.3), blue intense ECL
emission was reported to be produced in alkaline solutions
after electrochemical oxidation of an acridan phosphate ester
[9-(phenylthiophosphoryloxymethylidene)-10-methylacri-
dan disodium salt] in the presence of H2O2 or dissolved
molecular oxygen.333 This compound could be employed as
a label in aerated sample solution for automated biomolecule
analysis without the addition of H2O2.

9,10-Bis(2-naphthyl)anthracene (85 in Table 6) and its
polymers, known to be new emitting materials in light-
emitting devices (LEDs), have proved to generate efficient
and stable blue light emission with low turn-on voltages.334–336

In PhH/MeCN (1:1) solution, it showed a high fluorescence
quantum yield of 0.86 with respect to DPA.337 Strong, intense
ECL was also observed in the same solvent containing 0.1
M TBAP when pulsing between the potentials for the first

Scheme 14. H-excimer or Trans Excimer Formation
Proposed for the ECL-Emitting State of Compounds 43–48
in Table 6a

a Reprinted with permission from ref 328. Copyright 2005 American
Chemical Society.
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oxidization and reduction of the compound. Consistent with
its fluorescence, ECL emission maximum at 430 nm with
an ECL efficiency of 0.90 with reference to DPA was
measured. Fully reversible one-electron oxidation and reduc-
tion to the radical ions were attributed to electron transfers
to the anthracene core. Immediately after the second reduc-
tion of the core, which was a one-electron irreversible
process, a fast protonation reaction occurred. The third and
fourth electron transfers were said to occur on the two
naphthyl groups.

The photophysical, electrochemical, and ECL studies of
a family of nonplanar pyrene derivatives (“pyrenophanes”,
Table 6, 86–89) have been published.133 Overall, pyrenophanes
with a shorter bridge across the 2- and 7-positions showed
less positive peak potentials for oxidation and more negative
reduction potentials. The nonplanarity in these compounds
resulted in a considerable decrease in PL QY as well as a
slight red shift in both the absorption and emission spectra
when compared to pyrene (90), the planar molecule. Ad-
ditionally, unlike pyrene, no excimer emission was evident
in the fluorescence spectra even at concentrations as high as
1 mM. The instability of the cation as well as the anion in
some systems gave rise to a lack of ECL or low ECL
intensity upon radical ion annihilation. However, the ECL
spectra of all four pyrenophanes, produced by generating the
anion radical in the presence of benzoyl peroxide as a
coreactant, showed broad “excimer-like” emission in addition
to the monomer emission observed at shorter wavelengths.

Finally, the electrochemistry and ECL of two linear,
stereoregular, and structurally defined PPV derivatives,
poly[distyrylbenzene-b-(ethylene oxide)]s, with respective to
12 and 16 ethylene oxide repeat units in the backbone, have
been studied.291 In CH2Cl2, a one-electron transfer, reversible
oxidation at ∼0.75 V vs Ag/Ag+, was observed for both
polymers. ECL responses with a maximum emission at
∼1.10 V vs Ag/Ag+ were obtained with the polymer cast
films in MeCN (0.10 M TBAP) in the presence of TPrA
after both TPrA and film were oxidized.

5.3. Semiconductor Nanoparticle Systems
The ECL study of semiconductor nanoparticles (NPs, also

known as nanocrystals, quantum dots) was first reported in
2002 for Si NPs, where ECL was generated from both

annihilation and coreactant oxalate and persulfate systems
in MeCN.25 In addition to elemental semiconductors (e.g.,
Si and Ge), many compound semiconductors (e.g., CdS,
CdSe, and CdTe) can also produce ECL (Table 7). A
common feature of ECL behavior obtained from NPs is their
considerable red-shifted ECL maxima with respect to their
photoluminescence, suggesting that the emitting states are
different. It is believed that PL spectroscopies mainly probe
the interior of the particle and provide information about the
electronic transition (band gap) of material, whereas elec-
trochemistry and ECL studies mainly probe the particle
surface, because ECL emission generally is not sensitive to
NP size and capping agent used but depends more sensitively
on surface chemistry and the presence of surface states.340

This model (Figure 30) was further verified via the ECL
study of CdSe/ZnSe core/shell type NPs.341 CdSe NPs that
were well-passivated with a shell of ZnSe showed a large
ECL peak at the wavelength of band-edge PL plus a red
shift by ∼200 nm from the PL peak. This ECL spectrum
suggested that completely passivated NPs were present along
with nonpassivated NPs, demonstrating that ECL is an
effective probe of surface states on semiconductor NPs.

The ECL mechanism of semiconductor NPs follows the
general annihilation and coreactant ECL reaction pathways
as discussed in sections 3.1 and 3.2. Note that a new
coreactant, CH2Cl2, was proposed during the ECL study of
CdTe in CH2Cl2 containing 0.1 M (TBA)PF6.342 In this case,
a large ECL signal was detected at the first negative potential,
which cannot be explained by the annihilation of redox
species of NPs, because there were only reduced particles;
there were no oxidized particles to act as electron acceptors.
Much weaker ECL signals were detected when the reaction

Table 7. Spectroscopic and ECL Properties of Semiconductor Nanoparticles in Solution

NP
(diameter, in nm) capping agent ECL medium λem (nm) λECL (nm) refs

Si (∼2–4) octanol, octene,
and octanethiol

(a) MeCN (0.1 M THAP)
(b) 2.5 mM C2O4

2-/MeCN (0.1 M THAP)
(c) 6 mM S2O8

2-/DMF (0.1 M THAP)

420 640 25

Ge (4.5) C8 hydrocarbon chains DMF (0.1 M TBAP) 500 700 344
CdS (∼4) thioglycerol no ECL 345
CdS (∼5) uncapped (a) MeCN (0.1 M TBAP)

(b) 0.1 M NaOH (0.1 M KNO3)
616 700 346

CdS (∼7) nanotubes 0.1 PBS (pH 8)/0.1 M KCl/0.01 M K2S2O8 500, 640 347
CdSe (3.2) TOPO CH2Cl2 (0.1 M TBAP) 545 740 348
CdSe (∼2.5) octadecanamine CH2Cl2 (0.1 M TBAP) 510, 663 349
CdSe/ZnSe dodecylamine CH2Cl2 (0.1 M TBAP) 580 580, 740 341
CdTe (4) TOPO CH2Cl2 [0.1 M (TPA)PF6] 635 638 342

CH2Cl2 may act as a coreactant
CdTe (2.0–3.5) MAA 0.10 M KCl 562 350
Bi2Te3 nanoflaks (10–150) (a) 0.05 M K2S2O8/0.1 M KOH/0.1 M KCl 2 ECL waves

along with CV
351

(b) H2O2 and dissolved O2 can be also acted
as coreactants

ZnS (5-7) (a) 0.10 M NaOH 440 ∼460 352
ZnS/Zn(OH)2 (7-11) (b) (a) + 10 mM K2S2O8

Figure 30. Schematic representation of PL and ECL in semicon-
ductor NPs. Modified with permission from ref 341.
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medium was changed to a mixture of benzene-MeCN at
the first negative potential, which was attributed to some
impurities in the cell. Previously, CH2Cl• radicals produced
under irradiation of CH2Cl2 were proposed to act as electron
acceptors to oxidize aromatic hydrocarbons.343 On the basis
of this reference, CH2Cl• was proposed as the oxidant in the
system. The reduced CH2Cl2, CH2Cl2

•-, decomposes into
CH2Cl• and Cl-, and the oxidant, CH2Cl•, accepts an electron
from the reduced NPs to form the emitting state (Scheme
15).342

In addition to the above-discussed solution phase NPs
ECL, several papers on NPs film ECL have also been
published. For example, films of octadecyl-capped Si NPs
(∼3.4 nm) on ITO showed ECL for both cathodic and anodic
potential sweeps in KOH solutions containing persulfate.353

The ECL exhibited a relatively broad spectrum (FWHM )
160 nm) with a peak wavelength of ∼670 nm, similar to the
PL spectra. Other studies on NP films include PbSe,354 CdSe
thin film and single monolayers of CdSe in molecular organic
devices,355–358 and CdSe/ZnS,359 ZnS/CdSe, and CdSe/CdS
core/shell type films.360 Such studies are important because
NPs may find applications in optoelectronic systems or as
components in future nanoelectronic devices. Besides, semi-
conductor NP thin films may also offer better electrochemical
and ECL signals, because the solution phase NPs often suffer
from low solubility, low concentration, and small diffusion
coefficient.

For a deep discussion of the electrochemical and ECL
behaviors of semiconductor NPs in solutions and in films,
readers are referred to a very recent comprehensive review340

of this field.

6. Immobilization of Ru(bpy)3
2+ on the Surface of

Electrode for Solid State ECL Detection
Earlier studies on the immobilization and ECL detection

of Ru(bpy)3
2+ and its derivatives on the electrode surface

began in 1980s; ECL-emitting species were attached to the
electrode via either cation-exchange polymer Nafion361,362

or directly electropolymerized onto the electrode.16 This was
followed by the monolayer immobilization of ruthenium
complexes and their surface ECL detection.363–365 Significant
research interest in this area has been recently promoted,
because ECL can be used as a sensitive detector for FIA,
HPLC, and CE systems, and the use of Ru(bpy)3

2+ in
traditional solution phase ECL detection, where Ru(bpy)3

2+

is added in running buffer or kept in the detection reservoir,
is very costly, complicates the experimental design, and
makes the miniaturization of the instrument difficult. On the
other hand, enhanced ECL signal may be obtained from a
well-designed surface-confined ECL detector. A number of
approaches have been employed to immobilize ruthenium
complexes to the electrode surface (Table 8), which include
the incorporation of Ru(II) molecules to (1) various types
of sol-gel-based composite films,366–377 (2) ion exchange
polymer (e.g., Nafion) based composite films,277,278,378–384

(3) NP-based composite films,385–390 and (4) others.179,391–394

Several factors need to be considered for the construction

of a good solid state ECL detector. First, a sufficient amount
of ruthenium complex should be attached to the electrode
surface, because ECL intensity is generally proportional to
the concentration of the emitting species. This may be
achieved by using ion-exchange polymers, silica, or other
small-sized particles. Second, the composite films or Ru(II)-
containing paste should be sufficiently conductive, which will
allow fast electron transfers occurring between the electrode,
ruthenium complexes, and the ECL coreactant or analytes.
Introduction of carbon nanotubes or Au or Pt NPs into the
composite films can significantly increase the film conductiv-
ity as well as the amount of Ru(II) complexes incorporated.
Third, there can be no leaching of the emitting species from
the film in a wide range of reaction media over a long period
of time, because the leaching can cause low stability, poor
reproducibility, and reduced sensitivity. Strong electrostatic
interactions between positively charged ruthenium complexes
and the negatively charged cation-exchange Nafion polymer
network or silica particles make both Nafion and silica very
popular in the preparation of solid state ECL detectors (Table
8). Covalent attachment of ruthenium complexes to the
electrode has been found to give no leaching to the
solution,367 and the sol-gel-derived Ru(II)-titania-Nafion
composite films are stable in high contents of organic solvents
(30%, v/v).382 Finally, good adhesion between the electrode
and the composite films is needed, which sometimes requires
the pretreatment of the electrode surface.385,387,389 Table 8
lists recently published approaches for the immobilization
of ruthenium complexes on various electrode surfaces for
solid state ECL detection, in which, when appropriate, the
reaction media, the stability of the composite films, and
analytes detected and their limits of detection are included.
Clearly, the solid ECL detectors are very sensitive to many
biomolecules’ detection.

7. Biorelated Applications
Biorelated applications of ECL technology are predomi-

nately based on Ru(bpy)3
2+/TPrA (or other amines) core-

actant ECL systems and have been largely accelerated by
the use of commercially available ECL instruments (section
4.4).

7.1. CE, HPLC, and FIA-ECL Systems
Two common features of these three systems are that (a)

very small amounts of samples (from nano- to microliters)
can be used and (b) analytes or their derivatives act as
coreactants in the ECL detection cell. As a result, all analytes
or their derivatives are generally required to have secondary
or tertiary amine groups with an R-carbon hydrogen so that
efficient ECL can be produced in the presence of Ru(bpy)3

2+.
Simultaneous detection of analytes can be realized when
different analytes are separated via CE or HPLC prior to
ECL detection. There are basically three modes for the
introduction of the ECL reagent to CE-ECL systems:
inclusion of reagent in the running buffer or in the end-
column reservoir and coaxial reagent merging. In the first
mode, Ru(bpy)3

2+ reagent is incorporated in the CE running
buffer and oxidized to Ru(bpy)3

3+ at the working electrode
of the detection cell.8,60,252 This approach could be plagued
with problems affecting the electroosmotic flow in CE
separation due to the adsorption of Ru(bpy)3

2+ on the
capillary walls.260 In the end-column mode, Ru(bpy)3

2+

reagent is contained in an end-column reservoir. Variations

Scheme 15

CH2Cl2 + efCH2Cl2
•-fCH2Cl• +Cl- (26)

(CdTe)NP
•- +CH2Cl•f (CdTe)NP

/ +CH2Cl- (27)
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in the concentration of Ru(bpy)3
2+ due to dilutions from the

column effluent and evaporation of the solution in the
reservoir are problematic. Hence, periodic replacement of
the electrolyte medium is needed.399–401 An alternative
approach is to use ECL detectors with Ru(bpy)3

2+ im-
mobilized on the electrode surface, as outlined in section 6
and summarized in Table 8. In the coaxial flow mode, either
the Ru(bpy)3

3+ can be generated upstream of the reaction/
detection zone in a pumped stream402 or the separation
capillary is immersed in a coaxial flow of Ru(bpy)3

2+, and
Ru(bpy)3

2+ is oxidized to Ru(bpy)3
3+ at the end of the

capillary and renewed by a syringe pump at a low flow
rate.260,265 This mode could also facilitate the integration of
ECL into the microfluidic CE system, as demonstrated in
ref 265. Table 9 lists the recent applications of Ru(bpy)3

2+

ECL in CE, in which many analytes are pharmaceutical-
related.

When Ru(bpy)3
2+ ECL detection is combined with HPLC

or CE separation, Ru(bpy)3
3+ generated either in the detec-

tion cell425–427 or upstream of the detection cell428–430 has
been used. Because tertiary amines can produce sensitive
ECL responses (section 3.2.2.3), efforts have been made to
introduce such groups to initially less or non-ECL sensitive
analytes, such as amino acids424,429 and fatty acids.429,430

Derivatization of amino acids with acetaldehyde (Scheme
16) gave a 20–70 times increase in ECL intensity.424 Other
derivatization agents useful for ECL enhancement of primary
amines include N-methyl-L-proline (NMP), 3-(diethylami-
no)propionic acid (DEAP), and 4-(dimethylamino)butyric
acid (DMBA)429 (Figure 31a).431 Previously, two reagents,
dansyl chloride432 and divinyl sulfone (DVS),48 were re-
ported for the ECL system, with the detection limits of dansyl
and DVS derivatives of 2 pmol for amino acids and 1–30
pmol for primary amines, respectively. Two groups of
derivatization agents have been used for selective and
sensitive carboxylic acid HPLC separation-ECL detection.
The first group of compounds are 2-(2-aminoethyl)-1-
methylpyrrolidine (AEMP) and N-(3-aminopropyl)pyrroli-
dine (NAPP),429 and the second compound is 3-isobutyl-
9,10-dimethoxy-1,3,4,6,7,11b-hexahydro-2H-pyrido[2,1-
a]isoquinolin-2-ylamine (IDHPIA)430 (Figure 31b). The
derivatives obtained from 10 free fatty acids were completely
separated by reversed phase HPLC under isocratic elution
conditions. The on-column detection limits were 70 and 0.5
fmol for myristic acid when NAPP and IDHPIA were used
as the derivatization agents, respectively.429,430 The data
suggest that IDHPIA is 100-fold more selective than NAPP
as a derivatization agent for carboxylic acid detection.
Applications of the two group derivatization agents were
further demonstrated by the determination of free fatty acids
in human plasma and serum samples.429,430T
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Scheme 16. Derivatization Reactions of Amino Acids with
Acetaldehydea

a Reprinted with permission from ref 424. Copyright 2006 American
Chemical Society.
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Detection of primary amines using naphthalene-2,3-
dicarboxaldehyde (Figure 31b) as a derivatization reagent
when tri-p-tolylamine was used as an electron acceptor for
electrogenerated radical anions of naphthalene in the HPLC-
ECL system was also reported.431

Table 10 lists some of the recent applications of Ru-
(bpy)3

2+ ECL in HPLC for the detection of biomolecules.
Many compounds have been found to be able to

quench,433–438 inhibit,439–441 or enhance442,443 the ECL
intensities of well-studied coreactant ECL systems such
as Ru(bpy)3

2+/TPrA and Ru(bpy)3
2+/C2O4

2-. For example,
phenols,433,434,438,439 ferrocene,435 anilinesm439 and their
derivatives can significantly quench the ECL of oxidative-
reduction type of coreactant ECL systems via a mechanism
involving the energy or electron transfer between Ru(b-
py)3

2+* and the electro-oxidized species of the quen-
cher.433–435,438,439 Systematic studies of the quenching effect
of 30 phenols and anilines on ECL revealed that the
magnitude of ECL quenching was related to the position of
the substituting group in the benzene ring and decreased in
the order meta > ortho > para.439 This quenching behavior
has been used in FIA for the detection of a large number of
phenol and aniline compounds as listed in Table 11, in which
the detection limits at 10-8-10-9 M for the Ru(bpy)3

2+/
TPrA system and at 10-6-10-7 M for the Ru(bpy)3

2+/
C2O4

2- system were obtained, respectively. A similar
strategy has been used in FIA-ECL for the determination of
(a) tetracycline (LOD ) 4 nM) in a Chinese proprietary
medicine and the residues of tetracycline in honey440 and
(b) noradrenaline [LOD ) 25 nM for the Ru(bpy)3

2+/TPrA
system and 7.1 nM for the Ru(phen)3

2+/TPrA system] and
dopamine [LOD ) 15 nM for the Ru(phen)3

2+/TPrA system]
in commercial pharmaceutical injection samples.441 The
analysis of phenolic compounds, dopamine (LOD ) 10 nM)
and epinephrine (LOD ) 30 nM), has also developed with
the CE-ECL method based on the ECL inhibition of the
analytes to the Ru(bpy)3

2+/TPrA system.437,444 A very recent
study on the ECL inhibition of the Ru(bpy)3

2+/TEtA system
suggests that the inhibition of Ru(bpy)3

2+/tertiary amines
ECL by phenols and catechol derivatives in FIA most likely
resulted from the electrochemical oxidation of these inhibitors
rather than the formation of quenching products, such as
quinones.255

In contrast to the inhibition behavior discussed above,
many compounds have been found to be able to enhance
the ECL of Ru(bpy)3

2+. For example, melatonin (MT) and
its important derivatives, such as 5-methoxyindole-3-acetic
acid (MIAA), N-acetyl-5-hydroxytryptamine (NAHT),
5-methoxytryptamine (5-MT), and N-acetyl-5-methoxy-
6-hydroxytryptamine (HMT), are strongly bioactive in
humans with regulation actions for genital, endocrine, and
immune systems and can enhance the ECL of Ru(bpy)3

2+

in a strong alkaline buffer solution (pH ∼11.6) upon
anodic potential scanning.443 This enhancement is propor-
tional to the concentration of the compound with LODs of
1.0, 0.1, 1.0, 50.0, and 10.0 nM for MT, MIAA, 5-MT,
NAHT, and HMT, respectively. Both the substituted group
on the indole ring and the indole ring itself have shown
influence on the enhancement ability for ECL. As proposed
in Scheme 17,443 MT and its derivatives (I) are weakly
acidic; the proton on the N1 position of the indole ring is
easily dissociated to produce the anion (II) in alkaline
solution. The anion can be oxidized under a certain applied
potential (E1) to form the active free radical intermediate
(IV). Meanwhile, the compound (I) is oxidized in the lower
potential range of 0.2–0.5 V vs Ag/AgCl to form the free
radical cation (III); this free radical cation can also lose a
proton to form the active neutral free radical intermediate
(IV). However, as the neutral free radical intermediate (IV)
is very unstable, if there is no active substance in the system,
this acid-base equilibrium tends toward formation of the
free radical cation (III), which is further oxidized in the
potential range of 0.9–1.0V vs Ag/AgCl to form a cation
(V), whereas this process is not followed by ECL. In the
presence of Ru(bpy)3

2+, the reductive neutral free radical
intermediate (IV) is easier to react with the electrogenerated
Ru(bpy)3

3+ to produce the excited state Ru(bpy)3
2+* that

emits light.

Similarly, allopurinol, a well-known inhibitor of xan-
thine oxidase, was detected on the basis of FIA-ECL
enhancement for Ru(bpy)3

2+ at pH 12 with a detection
limit of 5 nM.445 Also, a detection limit of 50 ng/mL for
allantion was obtained at pH 11, in which the ECL emission
was believed to result from the reaction between Ru(bpy)3

3+

and the hydroxylic radical ion generated from allantion
ionization in the strong alkaline solution.446 On the basis of
the enhancement of L-thyroxine on Ru(bpy)3

3+-NADH ECL
intensity, the determination of L-thyroxine (LOD ) 50 nM)
in pharmaceuticals was carried out.442 The detailed reaction
mechanism is unclear but may involve the increase of the
active intermediate NAD• formation rate by coexisting
thyroxine during the oxidation of DADH by electrogenerated
Ru(bpy)3

3+. Finally, detection of fenoterol (LOD ) 0.24
µM), salbutamol (LOD ) 0.40 µM),447 and cefadroxil448 in
pharmaceuticals was performed with FIA-Ru(bpy)3

2+ ECL
configuration.

The CE-ECL technology also has been applied for the
thermodynamic and kinetic studies, for example, of
drug–human serum albumin (BSA) binding,449,450 of
paracetamol on prolidase activity in erythrocytes,451 and
in the serum of diabetic patients,452 with procain hydrolysis
as a probe for butyrylcholinesterase by in vitro procain
metabolism in plasma with butyrylcholinesterase acting as
bioscavenger,422 and the interaction of chloroquine phosphate
with BSA.423 A number of advantages are offered by CE-
ECLwithrespect toothercommonlyusedseparation-detection
methods such as HPLC using UV-vis or fluorescent

Figure 31. Derivatization reagents used for (a) primary amines
and (b) carboxylic acids ECL detection.
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detection for this kind of study and include very powerful
resolving ability, good selectivity, high sensitivity, easy
sample preparation, and fast data measurement as generally
no sample pretreatment is needed and no interference
exists.423,450,452 Characterization of high-affinity antibodies453

and rapid estimation of enzyme activity in the hydrolysis of
peptides454 by flow-cell-based Ru(bpy)3

2+ ECL have also
been recently demonstrated. Moreover, CE-ECL for the
quantitative determination of pentoxyverine with gold nano-
particle enhanced ECL detection at an appropriate volume

ratio of nanogold with Ru(bpy)3
2+ has been published, in

which detection limits of 6 nM and 0.6 µM with or without
nanogold were obtained, respectively.450

In addition to Ru(bpy)3
2+ ECL systems, sensitive luminol-

based ECL combined with FIA has also been used for the
detection of biorelated species (Table 12). This kind of
detection is based on either the enhancing455–457 or inhibition
effect458 of the analyte on the ECL of luminol or the
chemiluminescence reactions of luminol with the electro-
chemically reduced analyte459 or with H2O2 produced from
enzymatic reactions of analytes in the presence of their
corresponding oxidases.460,461

7.2. Solid Phase ECL Assay Formats
A large number of biomolecules such as proteins,

DNAs, and peptides either have no “coreactant function-

Table 10. Selected Applications of Ru(bpy)3
2+ ECL in HPLC

analyte matrix limit of detection ECL reagent refs

atenolol
metoprolol

pharmaceutical urinea 0.5 µM
0.08 µM

1 mM Ru(bpy)3
2+-10 mM borate buffer, pH 9.0 425

matrine
sophocarpine
sophoridine

Sophora flaVescens 3 ng/mL
6 ng/mL
1 ng/mL

0.8 mM Ru(bpy)3
2+-50 mM NaOH-NaAc-0.3 M KNO3

buffer, pH 10.0, 0.5 mL/min, 2.0 mL/min
426

sophoridine
matrine
sophocarpine
sophoranol

standard solution 30 pg/mL
60 pg/mL
100 pg/mL
70 pg/mL

0.8 mM Ru(bpy)3
2+-50 mM NaOH-NaAc-0.3 M KNO3

buffer, pH 10.0, 0.5 mL/min
427

erythromycin A
decladinosylerythromycin A
erythromycin B

rat plasma
urine

<0.05 µg/mL
<0.5 µg/mL

10 mM H2SO4-0.8 mM Ru(bpy)3
2+, 0.3 mL/minb 428

ibuprofenc

myristic acid
palmitic acid
histamine

human plasmad 45 fmol
70 fmol
70 fmol
70 fmol

10 mM H2SO4-0.8 mM Ru(bpy)3
2+, 0.5 mL/minb 429

phenylbutylic acidc

myristic acid
palmitic acid

human serumd 0.6 fmol
0.5 fmol
70 fmol

10 mM H2SO4-0.8 mM Ru(bpy)3
2+, 0.3 mL/minb 430

a Sotalol, nadolol, and pindolol were also separated and detected, but no limits of detection were stated. b Ru(bpy)3
3+ was generated upstream

before mixing with analytes in the detection cell. c Analytes were derivatized before ECL detection. d Lauric acid, myristoleic acid, R-linolenic acid,
palmitoleic acid, arachidonic acid, R-linoleic acid, oleic acid, and stearic acid were also derivatized, separated, and detected, but no limits of
detection were stated.

Table 11. Detection Limits of Phenols and Anilines Using (a)
Ru(bpy)3

2+/C2O4
2- and (b) Ru(bpy)3

2+/TPrA ECL Systemsa

detection limits

phenols and anilines
Ru(bpy)3

2+/C2O4
2-,

pH 5.5, µM
Ru(bpy)3

2+/TPrA,
pH 8.0, nM

phenol 1.2 60
catechol 0.11 36
resorcinol 0.073 2.0
hydroquinone 0.13 33
4-hydroxy-3-methoxybenzyl

alcohol
0.33 96

rutin 0.33 40
o-nitrophenol 0.10 9.0
m-nitrophenol 0..078 7.0
p-nitrophenol 0.34 14
salicylic acid 0.73 11
m-hydroxybenzoic acid 0.053 1.5
p-hydroxybenzoic acid 0.20 52
sulfosalicylic acid 0.84 20
protocatechuic acid 0.75 63
2,4-dihydroxybenzoic acid 0.11 12
3,5-dihydroxybenzoic acid 0.092 3.0
phloroglucin 0.15 1.8
pyrogallol 0.22 42
norepinephrine 0.12 9.2
epinephrine 0.23 11
dopamine 1.1 21
gallic acid 0.15 13
tannic acid 0.12 3.0
4-hydroxy-3,5-dimethoxybenzoic

acid
1.0 58

1-naphthol 3.6 10
2-naphthol 1.0 14
aniline 0.70 18
m-phenylenediamine 1.1 45

a [Ru(bpy)3
2+] ) 20 µM, [C2O4

2-] ) 0.5 mM, [TPrA] ) 0.1 mM,
[NaH2PO4-Na2HPO4] ) 0.1 M (modified from ref 439).

Scheme 17. Proposed Mechanism for the ECL Reaction of
Ru(bpy)3

2+ with Melatonin and Its Derivativesa

a Modified with permission from ref 443.
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alities” or have very poor abilities to act as a coreactant;
their ECL detections are mainly carried out with solid
phase ECL assay formats, in which biomolecules linked
with ECL labels [e.g., Ru(bpy)3

2+] are immobilized on a
solid substrate (e.g., a electrode or a microsized polysty-
rene bead) and ECL signals associated with the analyte
concentration are produced in the presence of an added

ECL coreactant, typically TPrA. Figure 32 illustrates eight
examples of solid phase ECL assay formats, in which
panels a-c, d-f, and g-h are DNA, antibody-antigen,
and peptide-related, respectively. In the first case of DNA
detection (Figure 32a), a target single-stranded DNA
(ssDNA) with an ECL label attached hybridizes with a
ssDNA probe that immobilized on a solid substrate.188,250

Table 12. Applications of Luminol-Based ECL in FIA

analyte matrix exptl condition limit of detection refs

hydrazine drinking water
waste water

electrooxidation of 60 µM luminol-50 mM borax buffer at
pre-anodized Pt, 2.5 mL/min

6.0 nM 456

rifampicin capsule
ocustilla
urine

electrooxidation of 4.0 µM luminol-20 mM borax buffer at Pt,
2 mL/min

8.0 nM 457

epinephrine epinephrine injection
solution

electrooxidation of 8.0 µM luminol-50 mM borax buffer at Pt,
2.5 mL/min

28 nM 455

catechol
DHBAa

chlorogenic acid

cigarettes electrooxidation of 0.25 mM luminol-0.10 M KCl, pH 12.4 at GC,
3.5 mL/min

12 nM
21 nM
5.2 nM

458

vanadium (II) water electroreduction of 0.10 mM luminol-1.2 mM Na2C2O4 at hollow
carbon electrode

0.2 ng/mL 459

norfloxacin
oxfloxacin
ciprofloxacin
pefloxacin
enoxacin

pharmaceutical samples electrooxidation of 0.4 µM luminol-0.10 M Na2CO3-NaHCO3 at
Pt, 2.0 mL/min

4.0 ng/mL
2.0 ng/mL
10 ng/mL
8.0 ng/mL
0.80 ng/mL

462

choline standard solution electrooxidation of 50 µM luminol-30 mM veronal buffer with 30
mM KCl-1.5 mM MgCl2, pH 9.0, at GC, 0.5 mL/min, various
supports used for the immobilization of choline oxidase

10-300 pmol 461

glycolic standard solution electrooxidation of 0.25 mM luminol-50 mM KNO3, pH 9.0 at
carbon paste containing ground spinach leaves, 1.5 mL/min

15 µM 221

a DHBA, 3,4-dihydroxybenzoic acid.

Figure 32. Examples of solid phase ECL assay formats: (a)
DNA hybridization assay based on an immobilized ssDNA
hybridizes with a labeled target ssDNA; (b) sandwich type DNA
biosensor; (c) assay used for integrase activity test with
immobilized and free labeled dsDNA; (d) sandwich type
immunoassay; (e) direct immunoassay; (f) competitive assay in
which analyte competes with labeled analyte for antibody binding
sites on immobilized antibody; (g) protease activity assay in
which cleavage of the immobilized peptide results in the decrease
in ECL emission due to the removal of the ECL label; (h) kinase
activity assay using a labeled antibody to recognize the phos-
phorylated product.

Figure 33. Schematic diagram showing (a) the immobilization of
ssDNA (NH2-c-ssDNA) onto the surface of Au(111)/3-MPA
monolayer and (b) the attachment of anti-CRP onto the surface of
Au(111)/mixed SAMs/avidin layer. Reprinted with permission from
ref 250. Copyright 2003 American Chemical Society.
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Under the same experimental conditions, ECL produced
from the complementary ssDNA hybridization will be
higher than that obtained from a noncomplementary one.
Very weak to no ECL signal should be observed if the
two ssDNAs are completely mismatched. The minor ECL

is often generated from the nonspecific adsorption of the
target ssDNA. Figure 32b shows a sandwich hybridization

Table 13. Applications of Ru(bpy)3
2+ ECL for the Detection of DNA Hybridization

DNA sequencea detection method commentsd refs

5′-SHC6-22-merb using DNA-binding intercalator as a reductant of
electrogenerated Ru(bpy)3

3+ with a throughhole
type DNA biosensor

dsDNA intercalated by doxorubicin,
daunorubicin, and
4,6-diamidino-2-phenylindole (DAPI), in
which DAPI showed efficient ECL

486

5′-NH2-24-mer Ru(bpy)3
2+-doped silica NPs as ECL labels using

assay format of Figure 32a, ECL coreactant: 2.5
mM H2C2O4 in PBS, pH 6.6

LR ) 0.20 pM-2.0 nM, LOD ) 0.10 pM,
three-base mismatch and noncomplementary
sequences showed almost no ECL

476

5′-21-mer C6NH2SH,
5′-NH2C6-18-mer, and 42-mer

carbon nanotubes loaded Ru(bpy)3
2+ as ECL labels

using sandwich type DNA sensor (Figure 32b),
ECL in 0.10 M PBS (pH 7.4)-0.10 M TPrA

LR ) 24 fM-1.7 pM, LOD ) 9.0 fM,
discriminated two-base mismatched ssDNA

485

5′-NH2C6 23-merc Au(111)/SAM-DNA using assay format of Figure
32a with Ru(bpy)3

2+ tag in 0.10 M LiClO4-0.10
M Tris-0.10 M TPrA (pH 8.0)

a series of electrode treatments (e.g., blocking
free -COOH groups and pinholes, washing,
and inert gas spraying) were used to reduce
the nonspecific adsorption of the labeled
species

250

5′-biotin-TEG 23-mer using Ru(bpy)3
2+ loaded PSB as ECL labels,

hybridized DNA separated magnetically, ECL in
MeCN-0.055 M TFAA-0.10 M TPrA-0.10 M
(TBA)BF4

LR ) 1.0 fM-10 nM, distinguished two base
pair mismatched from noncomplementary
DNA hybridization

188

5′ 18-mer-C3 SH-3′ target ssDNA immobilized on Au electrode
hybridized with probe ssDNA labeled with
∼15 nm Au NPs covalently attached with a large
number of Ru(bpy)3

2+, ECL in 0.10 M PBS
(pH 7.4)-0.10 M TPrA

LR ) 10 pM-10 nM, LOD ) 5.0 pM 487

5′-SH (or NH2)-19-mer hybridization on integrated Au chip, light detection
with a PIN photodiode detector, assay was based
on displacement of DNA hybridization, ECL in
phosphate buffer (pH 8.0)-0.10 TPrA

Ru(bpy)3
2+ LOD ) 0.1 fM 488

15-mer 3′ end of one ssDNA labeled with Ru(bpy)3
2+

hybridized with another ssDNA tagged with Cy5
at 5′ end, efficient ECL quenching was observed
in ∼0.3 M PBS (pH 7.5)-0.1 M TPrA-SDS
(<0.1% w%)

LOD ) 30 nM, quenching efficiency ) 78% 436

5′-NH2-15-mer Ru(bpy)2(phen)2+ derivative as ECL label, assay
format of Figure 32a was used, considerably
better discrimination of two base pair mismatch
was obtained with -0.3 V vs Ag for 300 s,
Au chip electrode was used, ECL in 0.3 M PBS
(pH 7.8)-0.1 M TPrA-0.1% SDS

LOD ) 1 pM in 30 µL of buffer 491

5′-NH2-18-mer anodically oxidized GC electrode was used for
covalent immobilization of DNA, hybridization
detection using labeled Ru(bpy)3

2+ was
conducted in PBS buffer-4% TPrA

LOD < 1 pM 489

a Synthetic DNA sequences were used, unless otherwise stated. b Target organism, hepatitis A, B, and C virus, c Target organism, Bacillus
anthraci (Ba813). d LR, linear range; LOD, limit of detection.

Figure 34. Schematic diagram of immobilization of (a) BSA and
(b) IgG on Au electrode with Au nanoparticle amplification.
Reprinted with permission from ref 473. Copyright 2005 American
Chemical Society. Figure 35. Schematic diagrams of (a) DNA hybridization and (b)

sandwich type immunoassay using a polystyrene bead as the ECL
label carrier and a magnetic bead for the separation of analyte-
containing ECL label/polystyrene beads. Modified with permission
from refs 187 and 188.
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format using a labeled probe and an immobilized probe,
each specific for a different sequence of a target ssDNA.
This type of format has been employed for the sensitive
detection and quantification of DNA and RNA amplifica-
tion products using nucleic acid sequence-based amplifi-
cation reactions.463–465 The ligation activity of HIV
integrase can be determined by measuring the ligation of
labeled dsDNA to an immobilized dsDNA, as schemati-
cally displayed in Figure 32c.168 The sandwich type format
shown in Figure 32d187,250 is perhaps the most commonly
used means of ECL detection of an antigen, although direct
interaction between the capture antibody and corresponding
labeled antigen is also possible (Figure 32e). One requirement
for the direct detection would be the pretreatment of the

antigen (analyte) with the ECL label and subsequent separa-
tion of the free ECL labels from the antigen-ECL label
conjugates. This process could dramatically slow the entire
detection progress compared to the sandwich type assays,
where both surface-confined and ECL-labeled antibodies can
be pre-prepared. However, the direct detection format can
be very useful in biology for studying receptor-ligand
interactions.168 In a competition assay format (Figure 32f),
unlabeled analyte (usually antigen) in the test sample is
measured by its ability to compete with labeled antigen in
the immunoassay. The unlabeled antigen blocks the ability
of the labeled antigen to bind because that binding site on
the antibody is already occupied. Thus, in a competitive

Table 14. Applications of Ru(bpy)3
2+/TPrA ECL Sandwich Type Immunoassays Using Commercial Magnetic Bead-Based

Instrumentation66

analyte application matrix comments refs

Clostridium perfringens R toxin gas gangrene
biowarfare

assay buffer
urine
serum

LOD ) 1 ng/mL 510

protective antigen (PA) of anthrax
toxins anti-PA

virulence of Bacillus anthracis serum LOD for free purified PA )
100 pg/mL

507

Clostridium botulinum toxins A,
B, E, F

diagnosis of poisoning
biological weapon

human serum, urine,
assay buffer, and
selected foods (milk,
beef, eggs, etc.)

LOD for clinical samples )
50 pg/mL for A and E, 100
pg/mL for B, 400 pg/mL for
F; LOD for food samples )
50 pg/mL for A, 50-100
pg/mL for B, E, and F

511

Clostridium botulinum type B
neurotoxin

diagnosis of poisoning
biological weapon

PBS buffer LOD ) 0.39-0.78 ng/mL (vs
1.56 ng/mL with ELISA),
ECL assay was 2-4 times
more sensitive than the
clorimetric ELISA

508

cardiac tropopin T cardiac disease marker plasma
serum

514

malignant melanona tumor marker serum LOD < 0.02 µg/L 515
antibodies directed against
therapeutic human monoclonal
antibodies

drug serum samples (mouse,
monkey, rat and human)

LOD ) 5-63 µg/L 522

E. coli O157 surface water raw water samples LOD ) 1 viable water-borne
E. coli 157 cell/100 mL of
surface water

523

�-crosslaps
N-MID-osteocalcin
intact parathyroid hormone

serum markers of bone metabolism serum 513

NT-proBNP marker for various pathologic
conditions in pregnancy and
the puerperium

plasma 521

cardiac disease marker
neonate cord blood

neonate cord blood
mother’s blood

11.6-fold higher in the cord
blood than in the blood
samples from the respective
mothers

516

cardiomyopathy blood, plasma LOD ) 0.5 pM, LR )
2.60-3540 nM, healthy
woman . men, patients with
cardiomyopathy . normal
subjects, progressively
increased with the severity of
heart failure

517

sex hormone-binding globulin
(SHBG)

regulates the cellular
bioavailability of
SHBG-boundsteroid hormones,
thyroid dysfunction marker

serum av values, hyperthyroid males,
60 nM; females, 90 nM;
healthy males, 30 nM;
females, 61 nM

518

parathyroid hormone (PTH) uremic marker serum constant differences in PTH
values among immunoassays
were observed

519

prolactin Behcet disease (BD) serum prolactinemia was much
higher (∼19.34 ng/mL) in
BD patients vs controls
(∼9.83 ng/mL)

524

adrenocorticotropic hormone
(ACTH)

hypothalmic-pituitary-adrenal
disorders

plasma LOD ) 1.8 ng/L, subjects
without disorders ) 7.2-63
ng/L

520
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immunoassay, less label measured in the assay means more
of the unlabeled (test sample) antigen is present. The amount

of antigen in the test sample is inversely related to the amount
of label measured in the competitive format.

Table 15. Selected Immunoassays Provided Originally by BioVeris (Now Roche Diagnostics66)

analyte function application assay
format

cyclic adenosine
monophosphate (cAMP)

indicator of cellular metabolism, cellular
function, and modification of cellular
pathways

widely used in the discovery and
development of new therapeutics

a

Campylobacter jejuni leading cause of bacterial diarrheal illness in
the U.S.

detection of raw poultry and other food
matrices

b

cardiac troponin T (cTnT) specific protein found only in adult
myocardium, a marker of myocardial
damage when elevated in serum and plasma

used as an indicator of myocardium damage
and for the research and development of
novel therapeutics designed to decrease
heart disease

b

intracellular cGMP a second messenger, most notably by
activating intracellular protein kinases in
response to the binding of
membrane-impermeable peptide hormones
to the external cell surface

detected in crude cell lysates a

DNA polymerases essential to DNA replication and repair to determine if a potential “reverse
transcriptase inhibitor” inhibits
DNA-dependent DNA polymerases leading
to increased patient toxicity and side effects

c

E. coli O157 major foodborne pathogen detection and identification in food matrices,
water, poultry, and fecal samples

b

Clostridium botulinum
neurotoxins A, B, E, and F

family of functionally similar, yet
antigenically distinct toxins produced by
C. botulinum, potential use of these toxins
as biowarfare

most sensitive antibody pairs can detect <100
pg/mL of homologous toxoid diluted in
assay diluent and whole milk

b

helicase activity enzymes that unwind DNA-DNA,
DNA-RNA, or RNA-RNA duplexes by
disruption of the hydrogen bonds that hold
the strands together

to search compounds that inhibit helicases of
pathogenic viruses and bacteria which may
be important therapeutic molecules for
treatment of infectious diseases

d

HIV integrase 32 kDa protein produced from the C-terminal
portion of the Pol gene product, attractive
potential target for new anti-HIV
therapeutics

screening potential novel drug candidates for
HIV-1 integrase inhibition

Figure 32c

G-protein coupled- receptors
(GPCRs) ligand binding

large protein that senses molecules outside
the cell and activate inside signal
transduction pathways

drug (inhibitor) screening e

Listeria serious infectious disease caused by eating
contaminated food with the bacterium; the
disease affects primarily pregnant women,
newborns, and adults with weakened
immune systems

detecting food contamination by Listeria b

Salmonella consists of a range of very closely related
bacteria, many of which cause disease in
humans and animals

to detect Salmonella at concentrations as low
as 1000 cells/mL

b

Staphylococcus aureus
enterotoxin B (SEB)

represents an antigenically diverse group of
toxins with similar biological activities that
can be expressed naturally in contaminated
foods; the toxicity and stability of SEB
make it a prime candidate as a potential
bioterrorism agent

detection in food matrices with LOD 10
pg/mL

b

tumor necrosis factor R
(TNF-R)

17 kDa cytokine that is an important
mediator of the inflammatory response,
apoptosis, cell proliferation, sepsis, and
other immune responses

in therapeutic applications and clinical testing b

tyrosine kinase enzyme that can transfer a phosphate group
from ATP to a tyrosine residue in a protein

measuring tyrosine kinase activity and
identifying kinase inhibitors

f

a Competitive immunoassay. b Sandwich immunoassay. c Combine DNA polymerase and dNTPs f denature, neutralize, and add excess biotin
probe f capture with streptavidin-coated beads f ECL detection. d Homogeneous unwinding of helicase substrate DNA f capture of
Ru(bpy)3

2+–labeled substrate ssDNA with biotinylated capture ssDNAf attachment of biotin-dsDNA to MBf ECL detection. e Receptor-ligand
assay. f Modified direct immunoassay.

Electrogenerated Chemiluminescence Biorelated Applications Chemical Reviews, 2008, Vol. 108, No. 7 2543



The solid phase ECL assays can also be used to measure
the activity of enzymes (e.g., protease, kinase) as shown
in Figure 32g,h. For example, in the presence of protease,
the ECL intensity of the immobilized peptides tagged with
ECL labels will decrease due to the cleavage of the
peptides (Figure 32g). In contrast, an increase in ECL
intensity is expected when nonlabeled peptides react with
labeled phosphopeptide-specific antibodies in the presence
of kinase as a result of peptide-antibody (ECL label)
conjugate formation466 (Figure 32h).

A number of methods can be used for the immobilization
of biomolecules onto a solid substrate, which include avidin/
biotin interactions,187,188,250,467 silanization,468 sol-gel,469,470

self-assembled thiol-COOH monolayers (SAMs),250,471–473

polymer films,474–476 and glyoxyl agarose.477,478 Although
direct adsorption of biomolecules onto a solid substrate via
hydrophobic or electrostatic interactions479,480 is also pos-
sible, covalent immobilization and avidin-biotin-based at-
tachment of biomolecules generally offer much more stable,
reproducible, and less nonspecific adsorption surfaces for
ECL detection. Figure 33 illustrates the immobilization of a
ssDNA (NH2-c-ssDNA) onto the surface of Au(111) modi-
fied with a 3-mercaptopropanoic acid (3-MPA) monolayer
(Figure 33a) and the attachment of anti-C reactive protein
(CRP) onto the surface of Au(111) modified with mixed
SAMs/avidin layer (Figure 33b).250 In this study, the use of
a mixed thiol monolayer as a binding layer for avidin was
aimed to increase the surface coverage of protein,472 and
the detection of DNA and CRP (1–24 µg/mL) was performed
with the assay formats shown in Figure 32a,d, respectively,
in the presence of TPrA.

Instead of Ru(bpy)3
2+, 4-(dimethylamino)butyric acid

(DMBA, Figure 31a), an analogue of TPrA, has been used
as an ECL label attached to immobilized BSA and anti-
immunoglobulin (anti-IgG) for the determination of BAS and
IgG when the electrode was in contact with 1 mM Ru-
(bpy)3

2+ solution and scanned from 0.5 to 1.3 V vs
Ag/AgCl.473 Sensitivity enhancements of 10- and 6-fold were
obtained with Au nanoparticle amplification for BAS (linear
range ) 1–80 µg/mL) and IgG (5–100 µg/mL) over their
direct immobilization on an electrode using DMBA labeling
(Figure 34).

An ultrasensitive DNA hybridization detection and CRP
immunoassay methodology that utilizes polystyrene micro-
spheres/beads (PSB) as the carrier of a large number of
hydrophobic ECL labels (Ru(bpy)3

2+) has been recently
demonstrated.187,188 As shown in Figure 35a, a known
sequence ssDNA (probe ssDNA) is first immobilized on the
surface of a magnetic bead (MB). The complementary
ssDNA (target ssDNA)-coated PSB bead that contains a large
number of ECL labels hybridizes with the probe ssDNA to
form a [(probe ssDNA-MB)/(target ssDNA-PSB)] aggregate.
Finally, this aggregate is magnetically separated from the
reaction mixture and transferred into a MeCN solution, in
which the PSBs dissolve and the ECL label is released. Light
emission from the released ECL labels is subsequently
measured in MeCN in the presence of TPrA at a Pt electrode.
A similar approach based on a sandwich type immunoassay
can be used for the detection of an antigen (e.g., CRP), as
displayed in Figure 35b.

With the above PSB-based “high amplification” technique,
a detection limit of 1.0 fM (1.0 × 10-15M) for a t-ssDNA
was achieved,188 along with a ∼100-fold improvement in
the sensitivity in CRP determination187 compared to a
previously reported surface-immobilized ECL method.250

Unlike the usual DNA probes and immunoassays based on,
for example, fluorescence481 or ECL (Figure 32), where only
one or a few luminophore molecules are attached directly
to a biomolecule, so that self-quenching of the fluorescence
and nonspecific adsorption can be avoided and the bioactivity
of the biomolecule remains, the present technique does not
need the direct attachment of the ECL labels to ssDNA or
antibodies, so that the loading capacity of the ECL labels
per PSB can be as high as ∼109 molecules.187,188 Thus, there
is a very large amplification factor of Ru(bpy)3

2+ label
molecules for each molecule of analyte, given that a limited
number of captured ssDNA or antibody species are attached
to one PSB via the immobilization layer (of avidin). The

Table 16. Immunoassays Available From Meso Scale
Discovery65

phosphoprotein and intracellular markers cardiac markers

Akt IGF-1R p70S6K troponin T
BAD IR PARP troponin I
caspase IRS-1 PDGFR-b troponin ITC
Erb-B2 JNK S6RP CKMB
ERK1/2 Jun STAT3 myoglobin
GSK-3R MAPKAPK-2 Tau CRP
GSK-3� MEK tuberin myeloperoxidase
HIF-1R Met VASP FABP3
histone 3 NFκB (p65) VEGFR-2
HSP27 p38
HSP70 p53

vascular markers
and growth factors

fertility
markers

Alzheimer’s
disease markers

hypoxia
markers

VEGF (165/121) LH A�38 VEGF (165/121)
sVEGFR1 FSH A�40 EPO
sVEGFR2 progesterone A�42 HIF-1
sVCAM-1 HCG sAPPR IGFBP-1
sICAM-1 prolactin sAPP� (wt)
sICAM-3 estradiol swsAPP�
SAA T3 Phospho-Tau
thrombomodulin T4 Tau
E-Selectin �-secretase
P-Selectin
HGF
bFGF
PIGF
CRP

toxicology
metabolic
markers

bone
markers

bioprocess
assays

troponin T insulin ALP CHO HCP
troponin I leptin sclerostin MTX
troponin ITC adiponectin osteoprotegrin ProA
FABP3 GLP-1(7-36) amide osteocalcin insulin

GLP-1(7-37) osteonectin
GLP-1(Total) osteopontin
resistin PICP
glucagon TGF-�1
grehlin

cytokine and chemokine immunoassays

CRP IL-6 I-TAC MMP-1
eotaxin IL-6R KC/GRO/CINC (CXCL1) MMP-2
eotaxin-3 IL-7 LBP MMP-3
G-CSF IL-8 MCP-1 MMP-9
GM-CSF IL-10 MCP-4 MMP-10
IFN-� IL-12 (total) M-CSF Protein C
IFN-γ IL-12 p40 MDC RANTES
IL-1R IL-12 p70 MIG TARC
IL-1� IL-13 MIP-1R TNF-R
IL-2 IL-17 MIP-1� TNF-RI
IL-4 IL-18 MIP-3R TNF-RII
IL-5 IP-10
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high selectivity of the technique has been reflected by the
well distinguishing in ECL intensity between the comple-
mentary, two base pair mismatched, and noncomplementary
DNA hybridizations.188 No complicated treatment to elimi-
nate nonspecific adsorption of Ru(bpy)3

2+ was required
either. Moreover, because the ECL detection was conducted
in solution, high stability and the possibility of multiple
measurements of ECL without loss of signal were offered.

With the similar idea but using ∼100 nm diameter sized
liposomes instead of PSBs as the ECL label carrier, CRP
detection (in the 100 ng/mL-10 µg/mL range) in aqueous
solution containing TPrA has been reported.284 The release
of the ECL label from liposomes was realized by using 0.1
M TPrA and 0.1 M phosphate buffer (pH 7.6) containing
0.1 M NaCl and 1% (v/v) Triton X-100. This water-based
approach could allow the ECL detection of biomolecules at
a high amplification to be carried out in current commercial
instrumentation (section 4.4).

Aptamers are oligonucleic acid or peptide molecules that
bind a specific target molecule.482 Recently, a novel ECL
aptamer-based biosensor for the determination of a small
molecule drug has been designed employing cocaine-binding
aptamer as molecular recognition element for cocaine as a
model analyte and a Ru(II) complex served as an ECL
label.483 An enhanced ECL signal was generated from a gold
electrode immobilized with the ECL probe, which was a 5′-
terminal cocaine-binding aptamer with the ECL label at 3′-
terminus of the aptamer, upon recognition of the target
cocaine. This was attributed to a change in the conformation
of the ECL probe from random coil-like configuration on
the probe-modified film to three-way junction structure, in
close proximity to the sensor interface. A detection limit of
1.0 nM cocaine was obtained with the designed sensor.

In addition to the above solid phase ECL assays, ap-
proaches have been developed for carrying out ECL binding
assays and immunoassays in homogeneous solution formats
after the interaction of biomolecules with ECL labels in
solution.59,168 For example, ultrasensitive detection of tumor
markers, such as three molecular forms of prostate-specific
antigen (PSA), PSA free, PSA complex, and PSA total, was
studied using PSA tagged with Ru(bpy)3

2+ in the presence
of TPrA with a PSA detection limit of 1.7 pg/mL.484 The
solution phase ECL intensity was found to be inversely
proportional to their molecular weight (W1/2), because the
bigger the biomolecules [with small Ru(bpy)3

2+ attached],
the smaller their diffusion constants were. Likewise, the
binding of labeled PSA with its antibody resulted in the
decrease in ECL intensity, which was used for the estimation
of the affinity constant (∼1 × 1010 M-1).484

7.3. DNA Detection and Quantification
Most of the recent DNA hybridization detection methods

have used the assay format displayed in Figure 32a, although
sandwichformatassays(Figure32b)werealsoreported.464,465,485

Ru(bpy)3
2+ or its derivatives and TPrA have been extensively

employed as ECL labels and as a coreactant, respectively.
In one paper, however, several dsDNA intercalators were
used as reductants of electrogenerated Ru(bpy)3

3+ for ECL
generation.486 Oxalate was also chosen as a coreactant for
DNA detection.476 To increase the ECL sensitivity, multiple
ECL labels loaded in microsized polystyrene micro-
spheres,188 silica NPs,476 and carbon nanotubes485 or im-
mobilized on Au NPs487 have been investigated. In addition

to millimeter-sized Au electrodes, micrometer-sized Au
chips488 and anodically oxidized GC electrodes489 have been
also used as substrates for covalent immobilization of DNA.
Progress in the miniaturization of ECL instrumentation for
DNA quantification has been made by the combination of
assembled microcell490 or Au chip electrode488 with a
positive-intrinsic-negative (PIN) photodiode detector. Note
that although a silicon PIN diode is typically 2 orders of
magnitude less sensitive than a PMT, the noise level is also
lower, resulting in a theoretical noise equivalent power ratio
of ∼20 at room temperature.490 Efficient ECL quenching of
ssDNA--Ru(bpy)3

2+ upon its hybridization with the second
ssDNA tagged with Cy5 dye has been demonstrated to be
another promising approach for DNA detection and quan-
tification.436 A study of electric field effect on DNA
mismatch discrimination revealed that DNA mismatched
discrimination was considerably better when a negative
electrode potential of -0.3 V vs Ag was applied for 300 s
prior to the ECL detection.491 Table 13 lists some recent
examples of DNA hybridization detection and quantification
on the basis of Ru(bpy)3

2+ ECL.

Detection of DNA fragments after Polymerase Chain
Reactions (PCR) has been mainly performed with sand-
wich assay format,492 where the PCR-amplified DNA
strands were typically immobilized on the surface of strepta-
vidin-coated MB via biotin-labeled reverse primers and the
other ends were linked with Ru(bpy)3

2+ molecules. Highly
sensitive methods are needed for the detection of PCR
products to reduce the number of amplification cycles, as
errors are exponentially amplified through multiple cycles
toward a plateau phase before sufficient product is generated
for analysis.493 The bead-based PCR-ECL system has been
utilized for the detection of anthrax spores using PCR-
amplified DNA-aptamers,494 the detection of various genes
from viruses and diseases in human blood and serum495–498

and plants,499 genetically modified organisms such as veg-
etables,500 and the measurement of DNA helicase activity
of Escherichia coli DNA.501

Other methods of DNA hybridization detection include
luminol-H2O2-based502,503 and hot electron-induced
ECL.504 A luminol derivative, N-(4-aminobutyl)-N-etyliso-
luminol (ABEI), anchored on a target ssDNA was used for
the ECL detection of the hybridization between a comple-
mentary probe ssDNA covalently linked to a polypyrrole
support and the target ssDNA.503 In the latter case, thin oxide
film coated Al and Si electrodes were modified with an
aminosilane layer and derivatized with short, 15-mer DNAs
via diisothiocyanate coupling. Target DNAs were conjugated
with tetramethylrhodamine dye at their amino modified 5′
end, and hybridization was detected using hot electron-
induced ECL of the dye. A limit of detection in picomolar
levels and the discrimination of two base pair mismatched
hybrids were demonstrated. Furthermore, label-free ECL
DNA detection based on catalytic guanine and adenine bases
oxidation using Ru(bpy)3

2+ modified GC electrode with a
cast carbon nanotube/Nafion/ Ru(bpy)3

2+ composite film has
been recently presented.380 ECL signals of dsDNA and its
thermally denatured counterparts were distinctly discrimi-
nated at a low concentration of 30.4 nM for salmon testes
DNA, and single-base mismatch detection of p53 gene
sequence segment was realized with 0.4 nM. Previously,
direct ECL detection of DNA in poly(vinylpyridine) (PVP)
ultrathin film using cationic polymer [Ru(bpy)2(PVP)10]2+ or
[Os(bpy)2(PVP)10]2+ and also chemically induced damage by
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styrene oxide of DNA were demonastrated.505 This has been
extended for the study of DNA damage from benzo[a]pyrene
metabolites using ECL arrays suitable for genotoxicity
screening.506

7.4. Detection and Quantification of Other
Biorelated Species

Applications of Ru(bpy)3
2+ ECL for the determination

of amino acids, pharmaceuticals, clinical analytes, and
analytes associated with food, water, and biological agents
were extensively reviewed by Debad et al.168 and Richter58

in 2004. As a result, this section will mainly focus on recent
developments of ECL for the detection and quantification
of biorelated species that have not been covered in previous
reviews and previous sections of this contribution.

The majority of biomolecule detections have been
carried out with commercially available magnetic bead-
based instruments (Figure 17) using Ru(bpy)3

2+ as an ECL
label and TPrA as a coreactant. A wide range of analytes
have been studied, which include (a) various types of
toxins,507–512 (b) biomarkers for diseases,513–520 bone
metabolism,513 and various pathologic conditions in preg-
nancy and the puerperium,521 (c) antibodies directed against
therapeutic human monoclonal antibodies,522 and (d) bac-
teria.523 Matrices used include body fluids, buffer solutions,
and food and water samples. Low detection limits of the
analytes in the nanograms per milliliter or nanomolar levels
have been commonly obtained. Table 14 lists some of the
recent applications of Ru(bpy)3

2+/TPrA ECL sandwich type
immunoassays using commercial magnetic bead-based
instrumentation.

An ultrasensitive human CRP detection method based
on cathodic hot-electron-induced sandwich type ECL using
an isothiocyanate derivative of Tb(III) chelate as a labeling
agent for anti-CRP antibodies and disposable, thin insulat-
ing film-coated silicon electrodes in fully aqueous solution
has been described.525 With this technique, a low CRP
detection limit of 0.3 ng/mL and a calibration curve spanning
over ∼4 orders of magnitude of concentration were achieved.
Moreover, unlike previously discussed surface or solid phase
ECL, a homogeneous ECL immunoassay for the determi-
nation of anti-digoxin antibody and digoxin hapten (LOD
) 0.10 ng/mL) has been recently developed employing
Ru(bpy)2(dcbpy)NHS (dcbpy ) 2,2′-bipyridine-4,4′-di-
carboxylic acid) as an ECL label and BSA as a carrier
protein.526

Table 15 summarizes the representatives of the immu-
noassays provided originally by BioVeris66 in which more
than 15 analytes, their functionalities, and applications, as
well as their immunoassay formats are briefly explained.

A large number of immunoassays now can be conducted
with imaging-based ECL instruments manufactured by
Meso Scale Discovery65 (section 4.4 and Figure 17). As
listed in Table 16, the company offers a wide variety of
immunoassays, including phosphoprotein and intracellular
markers, cardiac markers, vascular markers and growth
factors, fertility markers, Alzheimer’s disease markers,
hypoxia markers, toxicology, metabolic markers, bone mark-
ers, bioprocess assays, and cytokine and chemokine immu-
noassays. A total of ∼150 immunoassays are currently
available from Meso Scale Discovery. Readers are referred
to the company’s Website65 for further description and
discussion on the particular immunoassays of interest.

8. Concluding Remarks
The rapid development of ECL in both fundamentals

and applications over the past several years has clearly
demonstrated that ECL is a powerful tool for ultrasensitive
biomolecule detection and quantification. High-throughput,
miniaturized biosensors based on ECL technology capable
of multiplexing detection with high sensitivity, low
detection limit, and good selectivity and stability will
continue to attract the interest of the research community.
With further understanding of ECL mechanisms, new
highly efficient, tunable ECL systems, both emitters and
coreactants, will be developed. Approaches based on ECL
enhancement as well as quenching may play an important
role in designing new methodologies for sensitive bio-
molecule recognition. Thermodynamic and kinetic studies
of biomolecule interactions using ECL are expected to
be further expanded. The combination of ECL with other
techniques could lead to the development of new instru-
ments or provide valuable insights into molecular struc-
tures and intracellular components of biorelated species.
Ultimately, detection of single biomolecules will be
realized.
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10. Abbreviations
(TBA)BF4 tetra-n-butylammonium tetrafluoroborate
(TBA)PF6 tetra-n-butylammonium hexafluorophosphate
4-TBNH 4-(1H-tetrazol-5-yl)benzonitrile
5-MT 5-methoxytryptamine
A�38 beta amyloid 38
A�40 beta amyloid 40
A�42 beta amyloid 42
ABEI N-(4-aminobutyl)-N-ethylisoluminol
ABN 4-acetylbenzonitrile
acac acetylacetonate
AEMP 2-(2-aminoethyl)-1-methylpyrrolidine
ALP alkaline phosphatase
AN anthracene
APD avalanche photodioide
AZA-bpy 4-(N-aza-18-crown-6-methyl-2,2′-bipyridine
BA benzoylacetonate, butanaido
BADE 9,9′-bisacridinium-N,N′-diacetic acid ethyl ester
BDD boron-doped diamond
BDP boron-dipyrromethene
bFGF basic fibroblast growth factor
BL bioluminescence
BMImBF4 1-butyl-3-methylimidazolium tetrafluoroborate
BMImPF6 1-butyl-3-methylimidazolium hexafluorophosphate
bphb 1,4-bis(4′-methyl-2,2′-bipyridin-4-yl)benzene
BPO benzoyl peroxide
BPQ-PTZ 3,7-[bis(4-phenyl-2-quinolyl)]-10-methylphenothi-

azine
bpy 2,2′-bipyridine
bpz 2,2′-bipyrazine
BSA bovine serum albumin
�-secretase beta-secretase activity assay
BTA benzoyltrifluoroacetate
BTBH2 bis(1H-tetrazol-5-yl)benzene
Bu4N+ tetra-n-butylammonium ion
C2O4

2- oxalate ion
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CCD charged coupled device
CE capillary electrophoresis, counter electrode
CHO HCP CHO host cell protein
CKMB creatine kinase MB fraction
CL chemiluminescence
CNL 1-cyanonaphthalene
CPA 9-cyanophenantherene
CRP C-reactive protein
CV cyclic voltammetric, cyclic voltammetry
dbm dibenzoylmethane
DBAE (dibutylamino)ethanol
DCB 1,4-dicyanobenzene
DCBP 4,4′-dicyano-p-biphenyl
dcbpy 2,2′-bipyridine-4,4′-dicarboxylic acid
DCN 1,4-dicyanonaphthalene
DEAP 3-(diethylamino)propionic acid
Dend N(CH2CH2NH)3-
DHA dihydroazulene
-∆Hann enthalpy (in eV) for ion annihilation
DHBA 3,4-dihydroxybenzoic acid
DiMe-DiMOS dimethyldimethoxysilane
DMB dibenzoylmethide
DMBA 4-(dimethylamino)butyric acid
DMBP 4,4′-dimethylbiphenyl
dmbpy 4,4′-dimethyl-2,2′-dipyridyl
DMF N,N′-dimethylformamide
DMN 2,6-dimethylnaphthalene
DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
DPA 9,10-diphenylanthracene
dsDNA double-stranded DNA
DTDP 1,3-dihydro-1,1,3,3-tetramethyl-7,8-diazacyclopenta-

[1]phenanthren-2-one
DVS divinyl sulfone
E° standard electrochemical potential
EC electrochemical
ECL electrogenerated chemiluminescence, electrochem-

iluminescence, electrogenerated chemilumines-
cent, electrochemiluminescent

EL electroluminescence
ELISA enzyme-linked immunoadsorbent assay
Ep redox peak potential (in V)
EPO erythropoietin
E-route ion annihilation system involving excimer and

exciplex formation
Es energy gap between the excited singlet state and

the ground state
E-Selectin ELAM-1, endothelium leukocyte adhesion mol-

ecule
Estradiol 17�-estradiol
Et triplet state energy
FABP3 fatty acid binding protein 3
FIA flow injection analysis
FSH follicle-stimulating hormone
GC glassy carbon electrode
G-CSF granulocyte colony-stimulatuing factor
GLP-1 (7–36)

amide
glucagon-like peptide-1 isoforms 7–36, 9–36, 1–36

GLP-1 (7–37) glucagon-like peptide-1 isoforms 7–37, 1–37
GLP-1 (Total) all glucagon-like peptide-1 isoforms (including

precursor)
GM-CSF granulocyte-macrophage colony-stimulating fac-

tor
HCG human chorionic gonadotropin
HGF hepatocyte growth factor
HIF-1 hypoxia inducible factor 1
HMT N-acetyl-5-methoxy-6-hydroxytryptamine
HOPG highly oriented pyrolytic graphite
HPLC high-performance liquid chromatography
HSA human serum albumin
ICT intramolecular charge transfer

IFN-� interferon �
IFN-γ interferon γ
IGFBP-1 insulin-like growth factor binding protein-1
IgG immunoglobulin
IgM immunoglobulin M
IL ionic liquid
IL-10 interleukin 10
IL-12 (total) interleukin 12
IL-12 p40 interleukin 12 (40 kDa subunit)
IL-12 p70 interleukin 12 (70 kDa subunit)
IL-13 interleukin 13
IL-17 interleukin 17
IL-18 interleukin 18
IL-1R interleukin 1R
IL-1� interleukin 1�
IL-2 interleukin 2
IL-4 interleukin 4
IL-5 interleukin 5
IL-6 interleukin 6
IL-6R interleukin 6 receptor
IL-7 interleukin 7
IL-8 interleukin 8
IP-10 IFN inducible protein 10
I-TAC interferon-stimulated T-cell
ITO indium-doped tin oxide electrode
KC/GRO/

CINC(CXCL1)
chemokine (C-X-C motif) ligand 1

LBP lipopolysaccharide binding protein
LEDs light-emitting devices
LH luteinizing hormone
LOD limit of detection
LR linear range
Luminol 5-amino-2,3-dihydro-1,4-phthalazinedione
MAA mercaptoacetic acid
mbpy 4-methyl-2,2′-bipyridine
mbpy-

(CH2)3COOH
4-carboxypropyl-4′-dipyridyl

mbpy-
CH2COOH

4-carboxymethyl-4′-methyl-2,2′-dipyridyl

MCP-1 macrophage chemoattractant protein 1
MCP-4 macrophage chemoattractant protein 4
M-CSF macrophage colony-stimulating factor
MDC macrophage-derived chemokine
MeCN acetonitrile
MeDPrA methyl-di-n-propylamine
MIAA 5-methoxyindole-3-acetic acid
MIG monokine induced by interferon γ
MIP-1R macrophage inflammatory protein 1R
MIP-1� macrophage inflammatory protein 1�
MIP-3R macrophage inflammatory protein 3R
MLCT metal-to-ligand charge transfer
MMP-1 matrix metalloproteinase 1
MMP-10 matrix metalloproteinase 10
MMP-2 matrix metalloproteinase 2
MMP-3 matrix metalloproteinase 3
MMP-9 matrix metalloproteinase 9
MT melatonin
µTAS micro total analysis
MTX methotrexate
MWNT multiwalled nanotubes
NADH nicotinamide adenine dinucleotide
NAHT N-acetyl-5-hydroxytryptamine
NAPP N-(3-aminopropyl)pyrrolidine
NCs nanocrystals
NHS N-hydroxysuccinimide ester
NMP N-methyl-L-proline
NPs brain natriuretic peptide
NSOM near-field optical scanning microscopy
PAHs polyaromatic hydrocarbons
PAMAM polyamidoamine
PBIm-H 2-(2-pyridyl)benzimidazole
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PBIm-Me 2-(2-pyridyl)-N-methylbenzimidazole
PBS phosphate buffer solution
PCB printed circuit board
PCR Polymerase Chain Reaction
PDMS polydimethylsiloxane
PETN pentaerthyritol tetranitrate
phen 1,10-phenanthroline (often referred to as o-phen

in the literature)
Phospho-Tau phospho-Tau (Thr 231 or Ser 262)
pico picolinate
PICP procollagen type I peptide
PIGF placenta growth factor
PIN positive-intrinsic-negative
PL photoluminescence
PMT photomultiplier tube
PPA propioamido
PPS poly(p-styrenesulfonate)
PPV polyphenylene vinylene
ppy 2-phenylpyridine
pq 2-phenylquinoline
ProA protein A (immunoassay)
ProBNP brain natriuretic peptide
PSA prostate-specific antigen
P-Selectin PECAM, platelet endothelial cell adhesion mol-

ecule
PVA SbQ gel poly(vinyl alcohol) gel
PVP poly(4-vinylpydine), poly(N-vinyl-2-pyrrolidone)
quin quinaldate
RANTES regulated on activation, normal T cell expressed

and secreted
RNA ribonucleic acid
Ru(phen)3

2+ ruthenium (II) tris(1,10-phenanthroline)
S2O8

2- persulfate, peroxydisulfate
SAA serum amyloid A
SAM self-assembled monolayer
sAPPR soluble amyloid precursor protein R
sAPP� (wt) soluble amyloid precursor protein �
SCE saturated calomel electrode
SDS sodium dodecyl sulfate
SECM scanning electrochemical microscopy
sICAM-1 secreted intercellular adhesion molecule 1
sICAM-3 secreted intercellular adhesion molecule 3
SL sonoluminescence
S-route energy-sufficient ECL system
ssDNA single-stranded DNA
ST-route combination of S-route and T route
sVCAM-1 secreted vascular cell adhesion molecule
sVEGFR1 soluble vascular endothelial growth factor recep-

tor-1
sVEGFR2 soluble vascular endothelial growth factor recep-

tor-2
sw sAPP� Swedish soluble amyloid precursor protein �
T3 triiodothyronine
T4 thyroxine
TARC thymus and activation-regulated chemokine
Tau total Tau
TBAP tetra-n-butylammonium perchlorate
TBuA tri-n-butylamine
TCNQ tetracyanoquinodimethane
TEtA triethylamine
TFAA trifluoroacetic acid
TFPB 4,4,4-trifluoro-1-phenyl-1,3-butanedionate
TFPD 1,1,1-trifluoro-2,4-pentanedionate
TGF-�1 transforming growth factor beta 1
THAP tetrahexylammonium perchlorate
TisoBuA tri-isobutylamine
tmd 2,2,6,6-tetramethyl-3,5-heptanedione
TMPD N,N,N′,N′- tetramethyl-p-phenylenediamine
TMeA trimethylamine
TMOS tetramethoxysilane
TNF-R tumor necrosis factor R

TNF-RI TNF receptor I
TNF-RII TNF receptor II
TNT 2,4,6-trinitrotoluene
TOPO trioctylphosphine
TPrA tri-n-propylamine
Tris tris(hydroxymethyl)aminomethane
Triton X-100 poly(ethylene glycol) tert-octylphenyl ether
T-route energy-deficient ECL system
TTA triplet-triplet annihilation
TTFA thenoyltrifluoroacetonate
VEGF(165/121) vascular endothelial growth factor
WE working electrode
XL p-xylene
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