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Abstract
In electrogenerated chemiluminescence, also known as electrochemilu-
minescence (ECL), electrochemically generated intermediates undergo a
highly exergonic reaction to produce an electronically excited state that then
emits light. These electron-transfer reactions are sufficiently exergonic to
allow the excited states of luminophores, including polycyclic aromatic hy-
drocarbons and metal complexes, to be created without photoexcitation. For
example, oxidation of [Ru(bpy)3]2+ in the presence of tripropylamine results
in light emission that is analogous to the emission produced by photoexcita-
tion. This review highlights some of the most exciting recent developments
in this field, including novel ECL-generating transition metal complexes,
especially ruthenium and osmium polypyridine systems; ECL-generating
monolayers and thin films; the use of nanomaterials; and analytical, espe-
cially clinical, applications.
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1. INTRODUCTION

Electrochemiluminescence (ECL) was first identified in the 1960s through the use of rubrene,
9,10-diphenylanthracene (DPA), and related compounds (1, 2). Then in the 1970s, ECL was
observed by reacting electrogenerated tris-2,2′-bipyridylruthenium(III) [Ru(bpy)3]3+ (where bpy
refers to 2,2′-bipyridine) with tripropylamine (TPA) to create an electronically excited state that
emits at approximately 610 nm (3). ECL has several attractive features, including absence of a
background optical signal, precise control of reaction kinetics offered by controlling the applied
potential, compatibility with solution-phase and thin-film formats, and opportunities to enhance
intensity with nanomaterials such as metallic nanoparticles and nanotubes. Together, these features
make ECL a highly sensitive and selective analytical method. For example, ECL-generating species
have been used extensively as labels on biological molecules, allowing many clinically relevant
analytes to be determined at subpicomolar concentrations via conventional antibody or nucleic
acid assay approaches. Currently, intense research is under way to identify new luminophores, film
formations, mechanistic studies, and analytical applications. Several excellent reviews covering
ECL have been published (4–12).

2. ELECTROGENERATED CHEMILUMINESCENCE–GENERATION
PATHWAYS

2.1. Overview

There are two dominant pathways through which ECL can be produced, namely the annihilation
and coreactant pathways. In each case, two species are generated electrochemically, and those two
species undergo an electron-transfer reaction to produce an emissive species.

2.2. Annihilation Pathway

In the annihilation pathway, two species are electrochemically generated; for instance, oxidized
and reduced forms of the luminophore are produced within the depletion zone by a potential
step or sweep. These species then interact to produce both a ground state and an electronically
excited state, which then relaxes by emission. For example, as demonstrated in Equations 1–4, the
electrochemically generated anion and cation radicals of DPA recombine to form one ground-state
DPA and one excited-state ∗DPA:

DPA → DPA+ + e−, electrochemical step occurring at E◦′
1 , (1)

DPA + e− → DPA−, electrochemical step occurring at E◦′
2 , (2)

DPA− + DPA+ → DPA + ∗DPA, (3)

∗DPA → DPA + emission at approximately 425 nm. (4)

The corresponding free energy for the annihilation reaction, �G, can be determined with
Equation 5:

�G = nF(E◦
Donor − E◦

Acceptor), (5)

where E◦
Donor and E◦

Acceptor are the formal potentials for the ground-state reduction and oxidation
processes, respectively. Given that these values are +1.4 and –1.7 V, �G is of the order of −3.1 eV.
The wavelength of maximum emission obtained for the DPA at 77 K following photoexcitation
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is 2.8 eV. Therefore, the free energy of the annihilation reaction exceeds that required to create
the electronically excited state, and ECL becomes possible. In this sense, the reaction is energy
sufficient because the free energy of the reaction is greater than or equal to the energy of the
emissive state. For DPA, an excited-state singlet is created, and this process is known as the singlet
route (S-route).

However, some pivotal ECL reactions occur from a triplet state (13). For example, many
ECL-based assays rely on ruthenium tris-bipyridyl–type systems:

[Ru(bpy)3]2+ → [Ru(bpy)3]3+ + e−, E◦′ = +1.2 V, (6)

[Ru(bpy)3]2+ + e− → [Ru(bpy)3]+, E◦′ = −1.4 V, (7)

[Ru(bpy)3]3+ + [Ru(bpy)3]+ → [Ru(bpy)3]2+ + [Ru(bpy)3]2+∗, (8)

[Ru(bpy)3]2+∗ → [Ru(bpy)3]2+ + photon (λmax = 610 nm ≡ 2.1 eV). (9)

An advantage of the annihilation pathway is that it requires only the electrochemiluminescent
species, solvent, and supporting electrolyte to generate light. However, the potential window of
water is often not sufficiently wide to allow the luminophore to be both oxidized and reduced,
making it necessary to use organic solvents such as acetonitrile and N,N-dimethylformamide.

2.3. Coreactant Pathway

Cross-reactions involving dissimilar species, such as an ECL generator and a coreactant, often
involve triplet–triplet annihilation. For example, the electrochemically generated anion radical
of DPA and the cation of N,N,N ∗,N ∗-tetramethyl-p-phenylenediamine (TMPD) react to form a
DPA triplet and TMPD. Two DPA triplets then undergo an annihilation reaction to form a DPA
ground state and a singlet excited state, which then emits at approximately 425 nm. This scheme
is significant because the initial DPA–TMPD reaction is energy deficient: It does not have enough
energy to generate the excited state.

A key advantage of the coreactant approach is that it facilitates ECL generation in aqueous
solution, opening up a wide range of assays for molecules of diagnostic or biological relevance. In
this approach, a species present in the solution, such as TPA (14), is either oxidized or reduced in
the same potential step as the ECL species. Through electron transfers or chemical reactions that
follow electron transfer, the coreactant generates a product that reacts with the ECL luminophore
to generate an excited state. In the case of ruthenium-bpy-based ECL, amines—especially tertiary
amines such as TPA—are the dominant coreactants. However, others include persulfate ion,
which operates in the reductive-oxidation mode, and oxalate ion, which operates in the oxidative-
reduction mode.

At least four distinct reaction mechanisms have been proposed for the coreactant pathway be-
tween ruthenium tris-bipyridyl and TPA (15, 16). However, there are some difficulties with these
mechanisms; for instance, the lifetime of the R3N∗+ cation generated by oxidation seemed to be
either too long on the basis of electron paramagnetic resonance measurements or too short on the
basis of voltammetric measurements, wherein a reverse wave is absent and the peak potentials are
much lower than the E◦ ′ values estimated from photoinduced electron-transfer measurements. Re-
cently, Pastore and coworkers (17) discussed the possibility that for pH values less than 5, the depro-
tonation of the R3NH+ was the rate-limiting step, whereas above pH 5, the formation of an amine
neutral radical was the rate-limiting step. This amine-neutral radical was hypothesized to be the
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Figure 1
Reaction coordinate diagrams for electrochemiluminescence (ECL) processes occurring according to the
triplet route (T-route) (left) and the singlet route (S-route) (right). Potential energy curves are presented in
the zeroth-order (dotted curves) and first-order (solid curves) approximations, with degeneracy at the potential
energy curve crossing points removed in the latter. Abbreviations: A, acceptor; D, donor. Reprinted with
permission from Reference 18.

final end product of a chain of reactions starting with the oxidation of the deprotonated amine R3N
to R3N+∗, the formation of an ion pair between R3N+∗ and HPO4

3− (in phosphate buffer), and
the eventual loss of a proton by R3N+∗ to form R3N∗, which is the amine-neutral radical. The ion
pair is hypothesized to be the species observed in electron paramagnetic resonance measurements.

A key feature of ECL is that the reaction is highly exergonic. For ruthenium tris-bipyridyl–
based systems reacting with TPA, �G is of the order of –2.3 eV, and the reaction is expected to lie
in the Marcus inverted region (18). However, although production of the ground-state species is
highly exergonic, there are kinetically faster pathways that create excited states. Figure 1 illustrates
the reaction coordinate diagrams for ECL triplet route (T-route) and S-route pathways (18). The
figure shows both the ground-state products and the excited-state products. Significantly, in both
cases, the activation energy required to generate an excited-state product was lower than that
required for a ground-state product.

This observation has significant implications for designing new ECL systems. For example,
ECL efficiencies can be predicted using the Marcus theory, provided that the annihilation reac-
tion occurs without other competitive reactions. A more complete approach would be to include
the vibronic excitation in the reaction products, solvent molecule dynamics, and changes in the
electron-transfer distance and medium separating the donor and acceptor. The electron-transfer
distance dependence is especially important in designing new ECL systems because the donor
and acceptor must be in close proximity for electron transfer to occur. The ability to control this
donor–acceptor separation, at least on a statistical basis, is one of the attractive features of thin
films and even monolayers of ECL species.

3. LUMINOPHORE DESIGN

3.1. Monomeric Complexes
The development of novel homo- and heteroleptic transition metal complexes continues to be
an area of significant study. For example, the hydrophobicity, excited-state location within the
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complex, luminescence lifetime, wavelength of maximum emission, and both ground- and excited-
state redox potentials can be optimized for particular applications by changing the identity of
the peripheral ligands (19–21). The ability to control these features directly affects the overall
performance of assays. For example, longer excited-state lifetimes may lead to a brighter ECL
response, making the assay more sensitive, and reducing the redox potentials may eliminate par-
asitic Faradaic reactions, thus making the assay more selective. However, due to the complex-
ity of the ECL-generation process, the photoluminescence efficiency does not directly predict
the ECL intensity. Moreover, there is often no obvious relationship between the photolumi-
nescence quantum yield and the ECL intensity. For example, the photoemission efficiency of
[Ru(bpy-COOEt]3

2+ exceeds that of [Ru(bpy)3]2+, yet it does not generate intense ECL. In con-
trast, luminophores with lower photoluminescence quantum yields show higher ECL than does
[Ru(bpy)3]2+.

3.2. Multicenter Luminophores

Researchers are devoting significant effort to the development of dimers and dendrimers,
with the objective of having a brighter overall emission. However, this result may not corre-
spond to higher emission intensity per emitting center. For example, 1,4-bis(4′-methyl-2,2′-
bipyridin-4-yl)benzene (bphb) acts as a bridge between two ruthenium centers within the complex
[(bpy)2Ru(bphb)Ru(bpy)2]4+ (22). This dimeric species produced two- to three-fold more intense
emission than did [Ru(bpy)3]2+ in aqueous and nonaqueous solution through both annihilation
and coreactant approaches. Significantly, these and other investigations reveal that in order to
achieve a brighter emission there must be weak electronic coupling between the metal centers.
Other weakly coupling bridges have been explored, notably amino acids and peptides such as lysine
(23). However, even in systems where the centers interact weakly, multimetallic systems typically
yielded an increase in ECL intensity of only ∼30% with respect to mononuclear compounds.
This behavior arises from the fact that the upper limit of achievable intensity is determined by the
quantum yield of the luminophore, but in the case of ECL, steps such as the rate of diffusion or
heterogeneous electron transfer may limit the actual intensity obtained.

Further increasing the number of linked luminophores (e.g., within dendrimers) may offer an
enhanced ECL response. For example, in antibody or nucleic acid assays, the overall brightness of
the label may be more important to achieving low limits of detection even if the emitters are indi-
vidually less efficient when forming part of the larger structure. For example, eight [Ru(bpy)3]2+

units have been immobilized at the periphery of a carbosilane dendrimer platform (24). ECL of
the functionalized dendrimer was five times greater than that of a control monometallic species.
Figure 2 shows the application of such a dendrimer in a bioassay (25). However, it is important to
note that multisite labeling, especially with large dyes, can result in the loss of biological activity
of the molecules as well as in precipitation.

3.3. Bioconjugation

Ruthenium- and osmium polypyridine–type complexes continue to play a pivotal role in ECL-
based assay development. This dominance is due to the nearly ideal reversible voltammetry and
their attractive photophysical properties as well as the synthetic versatility of the polypyridine and
related ligands. For example, Figure 3 illustrates the attachment of n-hydroxysuccinimide ester or
phosphoramadite functional groups to the bipyridine moieties that facilitate covalent attachment
to biological molecules such as antibodies and DNA (7). This strategy has opened up many ana-
lytical applications whose sensitivities rival those achieved via photoluminescence or radiolabeling
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a b

Figure 2
Labeling of a biomolecule at (a) multiple and (b) single sites using dendrimers. Reprinted with permission
from Reference 25.

methods. Also, these reactive groups can be used to create monolayers of the luminophores on a
wide variety of electrode surfaces, leading to the possibility of detecting antibodies labeled with a
suitable coreactant (or nucleic acids can themselves act as the coreactant).

Beyond engineering the redox, photophysical, and binding properties of ECL luminophores,
enhanced ECL can be achieved by making relatively subtle changes in the nature of the electrolyte
solution. The best known of these changes is the addition of halide species (26). It is well known
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Figure 3
[Ru(bpy)3]2+-phosphoramadite (a), -maleimide (b), and -amine (c) for electrochemiluminescence labeling of biological molecules.
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that the growth of surface oxides on platinum and gold electrodes is inhibited in the presence of
halide, which increases the TPA oxidation current. Moreover, the dissolution of gold in halide-
containing solutions, especially bromide, at positive potentials also activates the gold electrode
surface, leading to enhanced ECL.

A difficulty frequently encountered in photoluminescence detection via ruthenium tris-bpy is
quenching by dissolved oxygen. Significantly, this problem can be avoided in ECL generation. For
example, in the cross-reaction pathway between [Ru(bpy)3]2+ and TPA (27), the emission intensity
becomes independent of the oxygen concentration, provided that the TPA concentration exceeds
the dissolved oxygen concentration. This behavior arises because electrogenerated TPA∗ reduces
molecular oxygen, preventing it from quenching the electrochemiluminescent state.

4. INTERFACIAL MODIFICATION

4.1. Surfactant Addition

The addition of a surfactant can significantly increase the ECL efficiency. For example, adding
a nonionic surfactant to the [Ru(bpy)3]2+/TPA coreactant system increases the ECL intensity
by eightfold (28–30). Significantly, the enhancement mechanism appears to involve adsorption
of surfactant on the electrode surface. As illustrated in Figure 4, the fluorosurfactant Zonyl
FSN® resulted in a 50-fold-higher ECL intensity and a 400-mV negative shift in the oxidation
potential. The fluorosurfactant apparently renders the electrode hydrophobic via adsorption of the
hydrophilic polyethylene oxide group to the electrode, with the hydrophobic end oriented toward
the solution. This physisorption process results in adsorption of [Ru(bpy)3]2+ and TPA close to
the surface of the electrode. This observation opens up the possibility of achieving significantly
enhanced ECL for suitably designed adsorbed species.

e–

TPA

H2O

e–

Au electrode

TPA

FSN: F(CF2CF2)3-3CH2CH2O(CH2CH2O)xH

Figure 4
Adsorption of FSN molecules at a gold electrode. The adsorption precludes the access of H2O to the
electrode surface while facilitating the oxidation of tripropylamine (TPA). Reprinted with permission from
Reference 31.
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4.2. Adsorbed Monolayers

There are several disadvantages to the use of solution-phase reactants, including loss of signal
due to diffusion of the ECL reagent out of the detection zone, the limited ability to repeatedly
electrochemically cycle an individual luminophore, and high reagent consumption. To overcome
these problems, considerable effort has been invested in immobilizing the [Ru(bpy)3]2+ reagent
on an electrode. Several approaches have been developed, including direct attachment to the
electrode as Langmuir–Blodgett films or self-assembled monolayers. Where the luminophore is
not covalently linked to the electrode surface, it is challenging to unambiguously confirm that the
emission arises from bound material rather than from a solution-based emission of leached surface
material into the surrounding electrolyte.

The electrochemical, photophysical, and electrochemiluminescent properties of
[Ru(bpy)2dicarboxy-bpy]2+ monolayers formed on optically transparent fluorine-doped tin
oxide (FTO) electrodes have been reported (32). The surface coverage of the complex was 2.5 ×
10−10 mol cm−2, which is consistent with the coverage expected for a close-packed monolayer.
The Ru2+/3+ couple was electrochemically reversible, and as illustrated in Figure 5, a clear ECL
response was observed from the modified FTO electrodes in the presence of oxalate. This obser-
vation indicates that in the presence of lithium in the supporting electrolyte, the emission is not
completely quenched by the semiconductor surface. The observation is particularly striking given
that the excited state is most likely located on the dicarboxy-bpy ligand closest to the electrode.
However, it is entirely consistent with the large �Ep observed in cyclic voltammetry at relatively
slow scan rates, which indicates weak electronic coupling between the adsorbate and electrode.

An ECL response was generated at this monolayer using amino acids as the coreactant, and
the intensity of the ECL signal depended on the identity and concentration of the amino acid.
However, as expected on the basis of well-documented solution-phase measurements (33), the
magnitude of this ECL signal varied significantly, with proline and hydroxy-proline being the
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Figure 5
Potential dependence of current (red ) and emission intensity (blue) of an unmodified (dashed lines) and
modified (solid lines) electrode in 0.4 M Na2SO4 solution containing 10 mM Na2C2O4 (pH 4.7). The scan
rate is 100 mV s−1, and the voltage sweep direction is from 0.5 to 1.4 V. Reprinted with permission from
Reference 32.
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Figure 6
Emission spectra of a dry RuBpySH monolayer on a 3-mm Pt electrode, λexc = 290 nm. Emission spectra of
RuBpySH at 77 K in butyronitrile/acetonitrile 4:1 solution. Electrochemiluminescence spectrum from an
RuBpySH monolayer (� = 5 × 10−11 mol cm−2) recorded following a potential step to 1.20 V. The solution
contains 0.1 M TBABF4 in acetonitrile and 0.1 M tripropylamine (TPA). Reprinted with permission from
Reference 34. Abbreviations: RuBpySH, ruthenium 5,5′-bis(mercaptomethyl)-2,2′-bipyridine; TBABF4,
tetrabuthylammoniumtetrafluoroborate.

most efficient at generating ECL. The ECL intensity varied linearly over 0.2 ≤ [proline] ≤ 1 nM,
whereas for hydroxy-proline, the dynamic range was between 1 and 10 nM (32).

Other systems in which a metal complex is immobilized close to an electrode surface, yet
still generates ECL, have been reported (34). Monolayers of [Ru(bpy)2(bpySH)](PF6)2 (where
bpySH refers to 5,5′-bis(mercaptomethyl)-2,2′-bipyridine) were formed on micro and macro
platinum electrodes by spontaneous adsorption from micromolar solutions of the complex in
50:50 v/v water:acetone. The monolayers were reversibly switched between the Ru2+ and Ru3+

forms. As illustrated in Figure 6, dry monolayers display luminescence properties similar to
those of powder samples of the complex, indicating that the monolayer has characteristics of
the solid-state sample rather than the complex in solution. Significantly, there is weak adsorbate-
electrode electronic communication that leads to a relatively low standard heterogeneous electron-
transfer rate constant, k◦, of 0.9 ± 0.1 × 104 s−1, and efficient ECL is generated using TPA as the
coreactant.

The advantages of performing an assay at an interface, combined with the sensitivity and control
of the ECL response, have been exploited in both nucleic acid and antigen assays. The general
principles of ECL detection using this approach are outlined in Figure 7. Single-stranded DNA
(ssDNA) is immobilized on the surface of the electrode (or substrate), then the complementary
target strand of ssDNA tagged with the ECL label hybridizes with the immobilized ssDNA strand.
The electrode assembly is placed in a solution or flow-cell containing a coreactant. ECL generation
is then triggered by applying either a potential pulse or a sweep, and ECL is measured. For example,
Miao & Bard (35) used [Ru(bpy)3]2+–type labels attached to a target/complementary ssDNA strand
to detect DNA derived from Bacillus anthracis. The authors used TPA as the coreactant.

The determination of up- or downregulated proteins in biological samples ranging from whole
blood to urine and saliva remains a powerful approach to diagnosing diseases from cardiovascular
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Figure 7
Schematic diagram of solid-state electrochemiluminescence (ECL): (a) detection of DNA hybridization and (b) sandwich-type
immunoassay. Reprinted with permission from Reference 35.

disease to cancer. For example, C-reactive protein (CRP) in human serum may be useful as a
marker of recent or ongoing myocardial infarction. However, as technology drives down limits of
detection, CRP’s value as an early marker of disease, and as a predictor of the onset of coronary
events such as angina, is becoming increasingly clear. To determine CRP concentrations in human
plasma and serum, Miao & Bard (35) immobilized biotynilated anti-CRP onto a Au(111) substrate
that was previously coated with a layer of avidin covalently linked to a thiol monolayer. CRP and
anti-CRP tagged with [Ru(bpy)3]2+ labels were conjugated to the surface layer, then the modified
electrode was immersed in a TPA solution for ECL generation.

4.3. Polymer Films

Thin films can generate significantly higher ECL responses compared to monolayers, as they
combine the advantages of immobilization demonstrated with two-dimensional monolayers with
the higher ECL reagent available to them due to their three-dimensional nature. However, this
advantage is only realized if the coreactant and ECL reagent are available throughout the film’s
thickness. Realizing this goal demands careful attention to the kinetics of ECL reagent generation,
which involves heterogeneous electron transfer across the electrode/film interface as well as charge
propagation through the film and the transport of coreactants throughout the layer. The size of a
labeled biomolecule could lead to limitations in the transport of the analyte.

The ECL properties of the metallopolymer [Ru(bpy)2(PVP)10]2+, where PVP is poly(4-
vinylpyridine), have been studied in some detail predominantly through the use of oxalate, TPA,
and other small molecules as coreactants (36). A key difference between conventional solution-
phase luminescence experiments (both ECL and photoluminescence) and thin films is that the
concentrations of luminophores are dramatically different: typically micromolar compared to mo-
lar concentrations within films. The high concentrations found in thin films may limit the overall
luminescence efficiency, for instance by self-absorbance in light-stimulated emission. In the case of
some ECL-generation schemes, self-quenching may be an issue because the emissive Ru2+∗ state
is created from reduction of electrogenerated Ru3+ by the target analyte. Rather than producing
the desired light-emission process, Ru2+∗ can be quenched by electron transfer to adjacent Ru3+

moieties that may be the dominant species within the film. For example, as shown in Figure 8,
the emission intensity decreases by approximately 80% when 20% of a [Ru(bpy)2(PVP)10]2+ film
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Figure 8
Effect of partially oxidizing an [Ru(bpy)2(PVP)10]2+(PF6)2 film deposited on an indium tin oxide electrode
in contact with an aqueous 0.1-M H2SO4 solution on the emission spectrum. (Top to bottom) The percentages
of Ru3+ centers are 0, 6, 10, and 20. Reprinted with permission from Reference 36.

is oxidized (i.e., the loss of emission intensity greatly exceeds that expected on the basis of the
reduced luminophore concentration due to the quenching effect of Ru3+). Such effects most likely
occur within ECL-generating systems, and a more intense response may be achieved by decreasing
the loading of the ECL-generating reagent so as to minimize quenching effects. Surface immo-
bilization may bring significant positive benefits. For example, the overall efficiency of the ECL
reaction for the metallopolymer film is almost four times higher than that for [Ru(bpy)2(PVP)10]2+

dissolved in solution.
Sensitive, selective detection of DNA is central to many clinical tests, pathogen detection, and

other methods utilizing polymerase chain reaction, including genetic disease screening based on
oligonucleotide hybridization and molecular genotoxicity studies. Electrochemistry provides sim-
ple, sensitive, and inexpensive approaches to detecting DNA hybridization and damage. One of the
most sensitive approaches was first reported by Thorp et al. (37), who showed that [Ru(bpy)3]2+ ox-
idizes guanine bases in DNA and oligonucleotides in an electrochemical catalytic pathway. Direct
ECL involving DNA has been demonstrated using the metallopolymer [Ru(bpy)2PVP10](ClO4)2

as the luminophore and guanine as the coreactant (38). In this scheme, ultrathin films (∼10 nm)
of the ECL-generating polymer were assembled layer by layer with DNA. A square-wave voltam-
metric waveform was applied to oxidize Ru2+ to Ru3+, and ECL was measured. Significant ECL
generation only occurred when guanine bases were present in the oligonucleotide films. The mech-
anism for light emission may involve the interaction of guanine radicals with Ru3+ to generate the
Ru2+∗ excited state or the reduction of Ru2+ to Ru+ by the guanine radicals, followed by anni-
hilation of Ru3+ and Ru+. Researchers have investigated the detection of DNA damage through
this approach by changing the metal center from ruthenium to osmium (39). The redox potential
of the osmium polypyridine centers is approximately 500 mV less positive than for ruthenium.
Therefore, the osmium polymer does not generate ECL in the presence of guanine; however, as
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Figure 9
Square-wave voltammetry (SWV; red ) and electrochemiluminescence (ECL; blue) for (Os-Ru/Poly G·Poly
C)2 films on pyrolitic graphite (PG) electrodes in pH-5.5 buffer before and after 20-min incubation at 37◦ C
with Fenton’s reagent. ECL emission is initially at ∼764 nm and switches to ∼610 nm at 0.8 V ( gray dashed
line). Reprinted with permission from Reference 39.

illustrated in Figure 9, because oxo-guanine is more easily oxidized than the parent, oxo-guanine
can reduce electrogenerated Os3+ sites to produce electronically excited Os2+∗ centers that emit at
approximately 700 nm. The approach to detecting oxidative and chemical damage within DNA has
also been extended to investigate oxo-adenine. Thin films combining DNA, [Ru(bpy)2(PVP)10]2+,
and [Os(bpy)2(PVP)10]2+ reveal that Os2+ sites can selectively catalyze oxo-guanine and that the
higher oxidizing power of the Ru2+ sites with a formal potential of approximately +1.1 V are
capable of oxidizing both oxo-adenine and oxo-guanine. This multicomponent approach can also
provide insight into strand cleavage, and it allows for the detection of both chemical and oxidative
DNA damage.

Thin films of other polymers and composites have also been investigated. The objectives
included increasing the total amount of luminophore immobilized and increasing the overall con-
ductivity, thereby increasing the rate of luminophore production to engineer the photophysical
properties of the excited state through plasmonic effects. For example, the electrochemistry and
ECL of [Ru(bpy)3]2+/TPA ion exchanged in Eastman AQ–carbon nanotube (CNT) composite
films were investigated via a glassy carbon working electrode (40). The sensor showed excellent
stability over a period of two weeks with an essentially unchanged ECL response. The compos-
ite also showed high sensitivity, with a detection limit of 30 pM for TPA. It was proposed that
because enzymes such as alcohol dehydrogenase can be incorporated into these films, such en-
zymes could provide a suitable matrix for ECL-based biosensors. The nature of the ECL reagent
bound within polymers has recently been extended to iridium systems. For example, [Ir(ppy)]3 and
[Ir(btp)2(acac)] bound in polymer matrices display ECL upon application of positive potentials
in the presence of TPA as a coreactant (41). [Ir(ppy)]3 and [Ir(btp)2(acac)] display significant and
reproducible ECL when bound in PVK [poly(3-3′(vinylcarbazole)] with no detectable signal in
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Figure 10
Metal complexes used in an electrochemiluminescence study (42). Reprinted with permission from Reference 42.

Nafion. The highest ECL in all systems resulted from luminophore/PVK in MeCN solution with
Bu4NPF6 as the electrolyte.

Other monomeric systems that may lend themselves toward immobilization include orthomet-
allated iridium(III) systems such as those illustrated in Figure 10. Very efficient ECL was measured
upon tuning the excited states in by varying the ligands attached to the metal center (42). As il-
lustrated in Figure 11, this tuning of the highest and lowest occupied molecular orbital levels
(oxidation potential and reduction potential) of iridium(III) complexes resulted in a 77-fold in-
crease in the ECL from iridium(III) complexes in the presence of TPA over the ECL from the
[Ru(bpy)3]2+/TPA system.

Compared to iridium complex applications, application of osmium complexes for ECL pro-
duction is somewhat limited due to larger spin-orbit coupling, which typically results in shorter
excited-state lifetimes and weaker emission (43). However, the development of such sensors would
be advantageous because osmium systems are more photostable than their ruthenium analogs, they
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Figure 11
Electrochemiluminescence (ECL) spectra of [Ru(bpy)3]2+, [(ppy)2Ir(bpy)]+, [(ppy)2Ir(phen)]+, (pq)2Ir(acac),
and (pq)2Ir(tmd) in acetonitrile solution. (Inset) Magnified ECL data for [Ru(bpy)3]2+, [ppy2Ir(bpy)]+,
and [ppy2Ir(phen)]+. Reprinted with permission from Reference 42.
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usually oxidize at less anodic potentials, and their longer emission wavelength may be more suit-
able for some applications (e.g., there may be less spectral overlap with the absorption spectrum
of whole blood). Despite the issue of spin-orbit coupling, some osmium complexes exhibit a more
intense ECL emission than does [Ru(bpy)3]2+. For example, [Os(phen)2(dppene)]2+ generates
ECL in aqueous and mixed aqueous:MeCN solutions when TPA is used as the coreactant, and its
ECL efficiency was twofold greater than that of [Ru(bpy)3]2+. The emission efficiency could be
increased up to threefold in the presence of the nonionic surfactant Triton X-100 (44).

The ability to structure films on the nanoscale is an important goal for the production of devices
and sensors. A novel procedure to incorporate tris(2-2′-bipyridyl)ruthenium(II) and [Ru(bpy)3]2+

into Nafion Langmuir–Schaefer films has been described (45, 46). Nafion Langmuir–Schaefer
films with incorporated [Ru(bpy)3]2+ were fabricated via a one-step procedure that allowed the
luminophore to be directly incorporated within the Langmuir monolayer during its formation. Di-
rect ECL was then demonstrated for 6-nm Nafion films assembled using the Langmuir–Schaefer
films.

5. PARTICLE-BASED SYSTEMS

5.1. Overview

Particles are well suited for assays because they can be easily multiplexed, offer a large surface
area that can provide a larger signal (but not necessarily an improved signal-to-noise ratio), and
may provide a greater availability for antibody/nucleic acid binding sites. For example, methods
to detect DNA hybridization based on [Ru(bpy)3]2+-doped silicon nanoparticles (47) through use
of a hybridization chip with electric field–aided mismatch discrimination have been reported (48).

ECL experiments have also been performed on dendritic complexes containing 2-, 4-, and
8-ruthenium units in both homogeneous and heterogeneous assay formats (23). With the use of
nanoparticle technology (i.e., attaching the dendrimeric units to a paramagnetic bead that can
then be magnetically attracted to the electrode), the ECL in these systems has been shown to
increase linearly with the number of active ruthenium centers and to overcome the problems
associated with the slow diffusion of multimetallic assemblies to the electrode surface. However,
intense background signals due to nonspecific binding were observed in the dendrimer containing
8-ruthenium units; this interference lowered the final ECL intensity and sensitivity.

5.2. Metal Nanoparticles

An interesting method for immobilizing [Ru(bpy)3]2+ on electrode surfaces has been developed
by Wang and coworkers (49). First, as illustrated in Figure 12, electrostatic interactions between
citrate-capped gold nanoparticles (AuNPs) and [Ru(bpy)3]Cl2 in aqueous medium were used to
fabricate [Ru(bpy)3]2+–AuNP aggregates (Ru–AuNPs). Then, Au–S interactions between the as-
formed Ru–AuNPs and the sulfhydryl groups were used to immobilize the Ru–AuNPs on a
sulfhydryl-derivitized indium tin oxide (ITO) electrode surface. Interestingly, the redox peak of
the Ru2+/3+ couple was not observed in cyclic voltammetry. However, fairly intense ECL was
generated using TPA as a coreactant, which was stable for several scans.

Platinum–[Ru(bpy)3]2+ aggregates have also been produced and ECL generated by oxidizing
the ruthenium centers in the presence of TPA (50). Platinum nanoparticles (PtNPs) were also
incorporated into an Eastman AQ55D/ruthenium(II) tris(bipyridine) (PtNPs/AQ/[Ru(bpy)3]2+)
colloidal material, and the ECL in a solid-state device was reported (51). The cation ion–
exchanger AQ was used to immobilize [Ru(bpy)3]2+ and PtNPs as dispersant. Directly coating
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SH
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Figure 12
(a) Formation of Ru–AuNPs ([Ru(bpy)3]2+–gold nanoparticles) in aqueous medium due to electrostatic
interactions between [Ru(bpy)3]2+ and citrate-capped AuNPs. (b) Immobilization of Ru–AuNPs on a
sulfhydryl-derivatized indium tin oxide (ITO) electrode surface. Reprinted with permission from
Reference 49. Abbreviation: MPTES, mercaptopropyltriethoxysilane.

PtNPs/AQ/[Ru(bpy)3]2+ on the surface of a glassy carbon electrode, followed by potential sweep
in the presence of TPA, produces ECL with an impressive femtomolar limit of detection.

Multilayer films of Nafion-stabilized magnetic nanoparticles [Nafion/Fe3O4 (NSMNPs)] in-
corporating [Ru(bpy)3]2+ have been used to create a TPA-based sensor platform. The use of
magnetic nanoparticles for immunomagnetic separations is well established (52), and as illustrated
in Figure 13, these nanoparticles can be concentrated on a platinum electrode surface via an ex-
ternal magnet (53). This platform is more sensitive than are conventional thin films on electrodes,
presumably due to the fast mass transport in the NSMNP films.

5.3. Silica Nanoparticles

Encapsulating ECL reagents may offer particular advantages including reduced interference
through size/charge, enhanced sensitivity, and ability to introduce surface binding groups for
biomolecules, wider dynamic range and enhanced stability. For example, ECL sensors have been
developed in which [Ru(bpy)3]2+ was doped into the silica nanoparticles (illustrated in Figure 14)
(54). The system had a detection limit of 2.8 nM for TPA, which was three orders of magnitude
lower than that observed for Nafion-based systems. Moreover, the functionalized nanoparticles
were stable for extended periods.

5.4. Carbon Nanotubes

Functionalizing electrodes with CNTs is an attractive option for electroanalysis because of their
large surface area and their ability to efficiently transfer electrons, although the latter factor de-
pends on their thermal and chemical history (55–63). Different strategies have been developed for
immobilizing [Ru(bpy)3]2+ onto CNTs, mainly by forming CNT/polymer/[Ru(bpy)3]2+ compos-
ites (64, 65). Popular polymers include Nafion (45, 66–70) and Eastman-AQ55D polymers (72).
An interesting approach recently reported by Li and coworkers (73) involved the use of partially
sulfonated polystyrene with CNTs and [Ru(bpy)3]2+. This novel composite was tested for the ECL
detection of TPA and 2-(dibutylamino)ethanol.
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Figure 13
(a–c) Formation of a NSMNP (Nafion/Fe3O4 nanoparticle)-modified electrode. (d ) Electrochemilumine-
scence from [Ru(bpy)3]2+ immobilized in the multilayer films on a platinum electrode surface in the
presence of a coreactant, tripropylamine (TPA). Reprinted with permission from Reference 53.

As discussed above, the sensitive detection of DNA has been widely investigated because of
its importance in clinical diagnosis. Figure 15 illustrates an approach developed by Wang and
coworkers (67) in which polymer/CNT composite films formed from solutions containing Nafion
and multiwalled carbon nanotubes (MWNTs) were loaded by soaking in [Ru(bpy)3]2+ solutions.
Significantly, this procedure allowed label-free detection of DNA based on the electrocatalytic

20 nm

Figure 14
Transmission electron microscopy image of [Ru(bpy)3]2+-doped silica nanoparticles. Reprinted with
permission from Reference 54.
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Figure 15
Schematic of the procedure employed for the modification of the glassy carbon (GC) electrode and electro-
chemiluminescence (ECL) detection. Abbreviation: CNT, carbon nanotube. Reprinted with permission
from Reference 67.

detection of guanine and adenine bases. For instance, ECL signals were obtained for double-
stranded DNA, allowing DNA from salmon testes to be detected at nanomolar concentrations.

Other important analytes of clinical relevance have been detected via ECL (74–77). For exam-
ple, glucose was quantitatively detected by encapsulating glucose oxidase within a CNT/Nafion
film–modified glassy carbon electrode (77). ECL were also used to detect the neurotransmitters
dopamine and epinephrine by evaluating their inhibition effect on the ECL of Nafion/[Ru(bpy)3]2+

deposited on CNTs (78). This approach was shown to be highly sensitive (fractions of millimoles)
and selective even in the presence of a 200-fold excess of ascorbic acid, which is known to be the
most important interferant in neurotransmitter determination.

Figure 16 illustrates an interesting investigation by Wohlstadter and coworkers (79), who
used single-walled nanotube (SWNT)–polyethylene vinylacetate (EVA)–[Ru(bpy)3]2+ for ECL
detection of immunoassay for α-fetoprotein (AFP). In this study, a novel AFP immunoassay was
developed by functionalizing streptavidin-coated nanotube-EVA composites with biotinylated
anti-AFP. This SWNT/ EVA/[Ru(bpy)3]2+ system allowed AFP to be detected in the 0.1–100-nM
range.

Beyond physical entrapment, the ECL reagent has been covalently linked to the CNT surface.
This approach has the advantage of avoiding the leaching that often occurs when electrostatic
binding is used and opens up the possibility of controlling the extent of electronic communi-
cation between the CNT and the luminophore by changing the bridging ligand structure. For
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0.75 cm Streptavidin-coated
nanotube-EVA composites
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Figure 16
Schematic of the procedure employed for the fabrication of an electrochemiluminescence (ECL)
immunosensor for detection of an α-fetoprotein (AFP). Abbreviations: EVA, polyethylene vinylacetate;
SEM, scanning electron microscopy. Reprinted with permission from Reference 79.

example, Tao and coworkers (80) produced carboxy-terminated MWNTs by treating them with
concentrated nitric acid. The carboxyl groups were then activated with succinimide and carbodi-
imide derivates. The ECL reagent, [Ru(bpy)2(5-amino-1,10 phenanthroline)]2+, was then bound
by means of an amide or peptide bond. The system showed good sensitivity and allowed detection
of micromolar concentrations of TPA.

5.5. Quantum Dots

Semiconductor nanocrystals (NCs) and quantum dots (QDs) have received considerable interest
because of their outstanding luminescent properties, and they have been applied in many areas of

376 Forster · Bertoncello · Keyes

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
09

.2
:3

59
-3

85
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

6/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV395-AC02-18 ARI 13 May 2009 13:4

2 1 0 –1 –2

0

20

40

60

Li
gh

t i
nt

en
si

ty
 (a

rb
it

ra
ry

 u
ni

ts
)

Potential (V) versus Ag wire
2 1 0 –1 –2

Potential (V) versus Ag wire

–100

0

100

Current (µA
)

–100

0

100

Current (µA
)

0

10

Li
gh

t i
nt

en
si

ty
 (a

rb
it

ra
ry

 u
nt

is
)

a b 

0.5 V s–1 0.1 V s–1

Figure 17
Cyclic voltammetry and electrochemiluminescence curves of CdSe nanocrystals in 0.1 M tetrabuthylammonium perchlorate (TBAP) in
dichloroethane at different scan rates. Reprinted with permission from Reference 85.

fundamental importance (81–83). ECL reports from NCs are scarce because of their low solubility
and the low stability of their oxidized and reduced forms (84). However, Bard and coworkers (85–
89) recently demonstrated that QDs are electrically excitable in both nonaqueous (85–87) and
aqueous media (88, 89). For example, CdSe NCs were synthesized in dichloroethane using the
method developed by Aldana and coworkers (90). Typical cyclic voltammetry and ECL of CdSe
NCs in dichloroethane are illustrated in Figure 17.

NCs can be oxidized or reduced during the potential cycling based on the following reactions
(89):

R·− + R·+ → R∗ + R (10)

and

R∗ → R + hν. (11)

ECL occurs when the electrogenerated reduced species, R·−, collides with the oxidized form, R·+,
producing R∗ via an annihilation process.

Liu and coworkers (91) synthesized water-soluble mercaptopropionic acid–protected CdTe
NCs for ECL detection of catecol derivatives. Stable and intense anodic ECL was obtained at
approximately 1.2 V versus Ag/AgCl in phosphate buffer (pH 9.3). The ECL emission involved
the generation of superoxide ions at the ITO electrode surface, which injected an electron into
CdTe to form a CdTe anion. The collision between this anion and the oxidation product led to the
formation of an excited-state species that emits light at ∼580 nm. The detection of catecols was
achieved by measuring the quenching of the ECL emission by the electrooxidized products of cate-
cols, dopamine, and l-adrenaline. Interestingly, common interferences such as uric acid and ascor-
bic acid were found to quench the anodic ECL emission very weakly. The emission wavelength
depends on the band gap of QDs, which is influenced by their size (92). It has also been demon-
strated that this quenching mechanism is an ECL energy-transfer process, rather than a charge-
transfer process.

Mercaptocarboxylic acid (MCA)-capped CdTe NCs were also synthesized for the ECL de-
termination of H2O2 in aqueous solutions (93). MCA-capped CdTe NCs were prepared via a
procedure described by Zhang and coworkers (94). The ECL emission was linear with H2O2 con-
centration in the range of 0.2–10 μM and detection limit of 0.06 μM (95). The ECL spectrum of
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MCA-capped CdTe NCs exhibited a peak at ∼620 nm, which was redshifted by approximately 50
nm with respect to the photoluminescence peak, suggesting that surface states played an important
role in the ECL process (95).

Thioglycolic acid (TGA)-protected CdSe QDs were also used for the ECL detection of thiols
(96). It is believed that the intermediate OH• radical is the key species for producing holes-injected
QDs. Thiol compounds have been used as model molecules to annihilate the OH• radical and
to investigate the effects of quenching on ECL emission. The thiols used were γ-L-glutamyl-L-
cysteine-glycine, glutathione, and L-cysteine, which are known to be involved in many biological
processes (97). The procedure achieved high sensitivity, suggesting that this novel method could
be used for the simultaneous detection of both scavengers and generators of hydroxyl radicals in
clinical tests.

Recently, ECL detection coupled with an enzymatic reaction was investigated (95). For the
first time, the intrinsic ECL of CdSe QDs was coupled to the functioning of an oxidase enzyme
[glucose oxidase (GOX)]. TGA-protected CdSe QDs were coimmobilized with GOX, and glucose
was detected by measuring the decrease of the ECL response of the GOX-QDs after addition of
glucose. This system demonstrated good stability, sensitivity, and reproducibility for the detection
of glucose. This concept could also be extended to other classes of oxidase enzymes. An ECL
immunosensor for detection of human immunoglobulin G (IgG) based on the combination of
CdSe NCs/MWNTs with chitosan/3-aminopropryl-triethoxysilane (APS) has also been reported
(98). Because APS has reactive amine groups, it can be used as an efficient cross-linker for the
conjugation of biomolecules, for example for antibody immobilization. The results revealed that
the addition of a coreactant such as K2S2O8 was necessary to enhance the ECL signal, whereas
APS catalyzed the reaction of CdSe NCs with K2S2O8 based on the following mechanism:

CdSe NCs + ne− → nCdSe−·
, (12)

S2O8
2− + RC3H7 → NH2 → SO4

2− + SO4
−· + RC3H7 → NH+·

2 , (13)

CdSe−· + SO−·
4 → CdSe∗ + SO4

2−, (14)

and

CdSe∗ → CdSe + hν. (15)

The detection of IgG using this ECL method yielded values that agreed well with those obtained
from an ELISA (enzyme-linked immunosorbent assay) method.

An ECL-detection method based on mercaptoacetic acid-(RSH)-protected CdS QDs with
cysteamine and AuNPs for detection of low-density lipoproteins (LDLs) using S2O8

2− as core-
actant has been reported (99). The schematic for the fabrication of the biosensor is illustrated in
Figure 18. This system detected LDLs by measuring the decrease of the ECL signal resulting
from the specific binding of LDLs with a ligand of LDL receptor (apoB100). Typical ECL profiles
for LDLs are illustrated in Figure 19.

Very recently, ECL detection using organic nanoparticles has been demonstrated. Barbara and
coworkers demonstrated the ECL detection of TPA from single immobilized nanoparticles made
from a polyfluorene derivative (100) through use of a novel single-molecule spectroelectrochem-
istry technique (Figure 20) (101, 102). Significantly, the authors reported for the first time the
exploration of the ECL behavior at the single-particle level, thus facilitating key investigations
into the effects of particle heterogeneity on the ECL response. ECL has also recently been used
for the observation of single-particle collisions. Fan & Bard (103) utilized ECL for single-particle
collisions at PtNPs. A single event is characterized by the enhancement of the ECL during the
collision of a PtNP on an ITO electrode, with concomitant catalysis and oxidation of [Ru(bpy)3]2+.
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Figure 18
Schematic of the procedure employed for the functionalization of a Au electrode with Au and CdS nanoparticles for
electrochemiluminescence detection of low-density lipoprotein (LDL) cholesterol. Abbreviations: BSA, bovine serum albumin; NCs,
nanocrystals. Reprinted with permission from Reference 99.

Every collision produced a photon spike whose frequency and amplitude depended on the size
and concentration of PtNPs.

6. PROSPECTIVE

Coreactant ECL is currently being used in a wide range of analytical applications including
chromatography, clinical diagnostics, environmental projects (such as food and water testing),
and biodefense (i.e., biowarfare agent detection). Currently, nearly 100 assays for biomarkers
are available, including those for thyroid diseases, tumor and cardiac markers, cancer research,
cell-signaling pathways, nucleic acids, fertility therapies, immunogenicity assays, and analytes
relevant to infectious diseases. Tests for tumor markers, fertility hormones, thyroid function,
cardiac, hepatitis, bone markers, Alzheimer’s disease, anemia, diabetes, infectious diseases, AFP,
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Figure 19
Electrochemiluminescence (ECL) curves obtained at different low-density protein (LDL) cholesterol
concentrations (in nanograms per milliliter): (a) 0, (b) 0.025, (c) 2, (d ) 6, (e) 10, ( f ) 12, and ( g) 14. Scan rate,
100 mV s−1. Reprinted with permission from Reference 99.

carcinoembryonic antigen, prostate-specific antigen, cancer markers, cytokeratin, anti–Borna dis-
ease antibodies, interleukin, and des-α-carboxy prothrombin are areas of active research and
development. ECL will play an increasingly important role in these and other areas, especially
in the development of portable, high-sensitivity devices such as biomedical point-of-care devices
and field instruments for use in environmental research. Many of these applications will rely on
the simplicity of the instrumentation, its small physical footprint, and its high sensitivity and
selectivity. These advances will be driven by advanced materials, especially interfacial films and
nanoparticle coatings, advances in microfluidics leading to total analytical or lab-on-a-chip sys-
tems, and new theoretical insights into the differences between plasmonic and quenching effects
observed through optical and electrochemical excitation.

Gold
CE

QRE

WE

Ag wire

TPrAH, LiCIO4

in MeCN

F8BT

ITO

Figure 20
Schematic of the single-molecule spectroelectrochemistry cell. Abbreviations: CE, counter electrode; F8BT,
polyfluorene derivative; ITO, indium tin oxide; QRE, quasi-reversible electrode; WE, working electrode.
Reprinted with permission from Reference 102.
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