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ABSTRACT
Over the past decades, electrochemiluminescence (ECL) of tris(2,2’bipyridyl)ruthenium [Ru(bpy)32+] has received considerable attention from many
researchers and been widely used to detect a variety of analytes that range from metal
ions and small molecules to DNA, peptides, and proteins. Among all the areas of
Ru(bpy)32+ ECL, the Ru(bpy)32+ based ECL sensors are of great active. In this chapter we
will review the state of the art of Ru(bpy)32+ ECL sensors. After a brief introduction of
Ru(bpy)32+ ECL and its mechanisms, the fabrications and applications of the Ru(bpy)32+
ECL sensors are discussed in details. It also indicates the future outlook in this field.

Keywords: electrochemiluminescence; ECL; sensors; tris(2,2’-bipyridyl) ruthenium;
fabrications; applications; bioassay.

1. INTRODUCTION
Electrochemiluminescence (also called electrogenerated chemiluminescence, abbreviated
as ECL) is a means of converting electrochemical energy into radiative energy at the surface
of an electrode via an applied potential.[1] Luminescent signals could be obtained from the
excited states of an ECL active species generated at electrode surfaces during the
electrochemical reaction. Among many organic and inorganic ECL systems studied, ECL of
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tris(2,2'-bipyridyl) ruthenium(II) [Ru(bpy)32+] has played an important role in the
development of ECL and its applications, as manifested in, for example, the growing interest
in clinical tests and biomolecule detection.[1-8] Ru(bpy)32+ ECL offers several distinct
advantages over other detection systems such as strong luminescence, good solubility in a
variety of aqueous and nonaqueous solvents, inherent sensitivity, good spatial and temporal
resolution, and wide linear range in the utility in different analytical areas.
Since the first detailed studies of Ru(bpy)32+ ECL was realized in solution by Tokel and
Bard in 1972,[9] the Ru(bpy)32+ ECL has been extensively studied, from reaction mechanisms
to clinical applications, synthesis of ECL-active compounds, solid-state ECL systems, and
ECL instrumentation.[1-8, 10-20] Up to date, more than 2000 scientific literatures (including
papers, patents and book chapters) on various topics of ECL have been published and a
considerable number of excellent reviews have also appeared.[1-6, 16, 21-28] Thus, we will
present the state of the art of ECL sensors, including their fabrications and applications, in
this chapter and mainly focus publications appeared after 2000. The interested readers are
encouraged to consult several outstanding reviews for further and deep discussions on certain
specific topics.[1-3]

2. MECHANISMS OF RU(BPY)32+ ECL
The mechanisms of Ru(bpy)32+ ECL have been extensively studied and have been well
summarized.[1-3, 10] According to how the excited Ru(bpy)32+* was produced, the
Ru(bpy)32+ ECL can be generally classified into two types: ion annihilation ECL and
coreactant ECL. Most ECL sensors developed so far are based on coreactant ECL technology.
Though several kinds of coreactants, including oxalate, peroxydisulfate, and amine, have
been investigated to study the mechanisms of Ru(bpy)32+ ECL, the majority of study has been
focused on the coreactant tri-n-propylamine (TPrA) due to its highest ECL efficiency and its
importance to immunoassay and DNA analysis. Therefore, the Ru(bpy)32+/tri-n-propylamine
(TPrA) system is taken as an example to elucidate the ECL mechanisms here.
As shown in figure 1, the excited Ru(bpy)32+* can be generated via three different routes:
(1) Ru(bpy)33+ reduction by TPrA● free radicals (figure 1A); (2) the Ru(bpy)33+ and Ru(bpy)3+
annihilation reaction (figure 1B); and (3) Ru(bpy)3+ oxidation by TPrA●+ cation radicals
(figure 1C). However, from an experimental viewpoint, the mechanisms can be divided into
two types according to the amount of Ru(bpy)32+ used. In relatively high concentrations of
Ru(bpy)32+ (~millimolar) solutions, an ECL wave in 1.0-1.4 V (vs. Ag/AgCl) will be
observed (Type I); while in dilute Ru(bpy)32+ solutions (less than approximately micromolar)
containing ~0.1 M TPrA, another ECL wave in 0.7-1.0 V (vs. Ag/AgCl) will be observed
(Type II). Type I ECL wave can be explained by the mechanisms in figure 1A and figure 1B;
while Type II ECL wave can be explained by the mechanism in figure 1C, respectively.

3. FABRICATIONS OF RU(BPY)32+ ECL SENSORS
As shown in figure 1, the ECL signal intensity is positively related to the concentration of
Ru(bpy)32+ or the coreactant, so ECL can be used to detect for both. According to the two
types ECL mechanisms discussed above (Type I and Type II), two corresponding kinds of
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ECL sensors could be designed. For Type I ECL sensor, Ru(bpy)32+ or its derivatives is
usually immobilized onto an electrode surface, so the local concentration of Ru(bpy)32+ is
high and constant, thus the concentration of coreactants and their analogues (i.e. analytes
themselves are used as coreactants) could be determined by measuring the ECL emission
intensity.

Figure 1. Proposed mechanisms of Ru(bpy)32+/TPrA ECL system. (A) Electrogenerated Ru(bpy)33+ reacts with TPrA as
well as by direct reaction of TPrA at the electrode; (B) Ru(bpy)32+ reacts with TPrA● to form Ru(bpy)3+, which can then
interact with Ru(bpy)33+ to form ECL via annihilation; (C) generation of ECL within the potential range before the
oxidation of Ru(bpy)32+ at the electrode, involving formation of excited state Ru(bpy)32+* on reaction of TPrA●+ with
Ru(bpy)3+ [formed by reaction of Ru(bpy)32+ with TPrA● free radical].[2-3, 10].

3. FABRICATIONS OF RU(BPY)32+ ECL SENSORS
As shown in figure 1, the ECL signal intensity is positively related to the concentration of
Ru(bpy)32+ or the coreactant, so ECL can be used to detect for both. According to the two
types ECL mechanisms discussed above (Type I and Type II), two corresponding kinds of
ECL sensors could be designed. For Type I ECL sensor, Ru(bpy)32+ or its derivatives is
usually immobilized onto an electrode surface, so the local concentration of Ru(bpy)32+ is
high and constant, thus the concentration of coreactants and their analogues (i.e. analytes
themselves are used as coreactants) could be determined by measuring the ECL emission
intensity. However, not all the analytes are ECL active, especially some bio-related analytes
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(such as tumor markers and antigenes). In this case, Type II ECL sensors are usually
fabricated and Ru(bpy)32+ derivatives are employed to label one of the species involved in an
affinity binding reaction. The concentration of an analyte can be determined by measuring the
emission of the Ru(bpy)32+ derivative labels in the presence of an excess and constant
concentration of coreactant (usually TPrA). We will discuss the fabrications and applications
of these two types of ECL sensors in detailed in the following sections.

3.1. Fabrications of Type I ECL Sensors
To fabricate Type I ECL sensors, Ru(bpy)32+ or its derivatives should be immobilized on
an electrode surface. Up to date, a large number of different methods and matrix materials
have been explored for Ru(bpy)32+ immobilization.

3.1.1. Cation Ion-Exchange Approach
Nafion, a cation ion-exchange polymer, can be used as matrix to immobilize positively
charged Ru(bpy)32+ via cation ion-exchange approach. Since Rubinstein and Bard’s seminal
report of immobilization of Ru(bpy)32+ on an electrode surface using Nafion,[29-31] quite a
lot of extended work have been done to make robust and sensitive ECL sensors. New
materials, such as carbon nanotube (CNT), titania (TiO2), silica and V2O5, have been
incorporated into Nafion films to accelerate the charge transfer and enhance its long-term
stability.[32-42]

Figure 2. The schematic approach for the fabrication of Ru(bpy)32+ ECL sensor on a glassy carbon (GC) electrode using
Nafion and CNT.[32].

As shown in figure 2, by employing the composite film of Nafion and CNT, Dong’s
group has developed an ECL sensor on a glassy carbon (GC) electrode with improved
sensitivity, reactivity, and long-term stability.[32] Nafion was used as the ion exchanger for
Ru(bpy)32+, the solvent of CNT and the membrane material, while the CNT incorporated
greatly enhanced the electronic conductivity of Nafion film and played an important role in
adsorbing Ru(bpy)32+. By combining the merits of the CNT and Nafion, their ECL sensor
exhibited a more than 3 order of magnitude higher ECL signals than the pure Nafion films
modified electrode towards TPrA detection towards TPrA determination.
Other ECL sensors based on Nafion have also been fabricated and studied by many
researchers. For example, Zhang and co-workers have reported the simple and sensitive ECL
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detection of an antihistamine chlorphenamine maleate (CPM) by using TiO2/Nafion
composite film modified GC electrode.[34] Lee’s group has developed a Ru(bpy)32+ ECL
sensor based on sol-gel-derived V2O5/Nafion composite films and their sensor exhibited
greatly enhanced ECL responses towards analytes compared to other types of sol-gel
ceramic/Nafion composite films such as SiO2/Nafion and TiO2/Nafion.[39]
Although Nafion has been the one most studied to construct Ru(bpy)32+ ECL sensor,
other ion-exchange polymers have also been investigated.[43-49] For example, Eastman
AQ55D polymers (AQ), an alternative to Nafion, have been used to make a
silica/AQ/Ru(bpy)32+ ECL sensor for the determination of a commonly used depressant
chlorpromazine (CPZ).[43] AQ is a kind of poly(ester sulfonic acid) cation exchange polymer
similar to Nafion, but has some advantages over Nafion due to its more hydrophilic
characteristic, lower cost, more rapid response and anti-fouling properties. As shown in
Figure 3, our group has demonstrated a simple and effective method to construct an ultrasensitive ECL sensor by using novel platinum nanoparticles(PtNPs)/AQ/Ru(bpy)32+ colloidal
materials.[44] The sensor was fabricated via a two-step approach: first, the colloidal materials
of PtNPs/AQ/Ru(bpy)32+ were synthesized through a wet-chemical routine; and then the
colloidal materials were cast onto a GC electrode surface to produce an ECL sensor. In our
sensor, AQ was used not only to immobilize Ru(bpy)32+ but also as the dispersant of PtNPs.
Due to the electronic conductivity and electroactivity of PtNPs in composite film, this ECL
sensor exhibited enhanced ECL responses and especially a very low limit of detection (1 fM)
of TPrA.

Figure 3. The schematic approach for the preparation of PtNPs/AQ/Ru(bpy)32+ composite film.[44].
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Poly(sodium 4-styrenesulfonate) (PSS), another ion exchange polymer, has also been
used to improve the ECL sensor sensitivity.[46-49] Recently, PSS was extended to partial
sulfonation of polystyrene (PSP) to develop a solid-state ECL sensor.[49] The PSP was used
as the matrix to immobilize the ECL reagent Ru(bpy)32+ due to the electrostatic interactions
between the sulfonic acid groups of PSP and Ru(bpy)32+ cations. Such a sensor has been used
for the sensitive determination of 2-(dibutylamino)ethanol (DBAE) (figure 4).[49]

Figure 4. ECL intensity-time curve of the PSP/CNT based Ru(bpy)32+ ECL sensor in 0.25 mM DBAE solution under
continuous cyclic voltammetry (CVs) for 8 cycles at the scan rate of 50 mV/s.[49].

3.1.2. Covalent Approach
Covalent approach can also be employed to immobilize Ru(bpy)32+ and therefore to
prepare Ru(bpy)32+ ECL sensors. As shown in figure 5, Dennany and co-workers have
synthesized Ru(bpy)32+ contained metallopolymer by covalently incorporating Ru(bpy)32+ into
poly(vinylpyridine) (PVP).[50-51] Then they used the metallopolymer to prepare catalytic
oxidation DNA ECL sensors via the electrostatic layer-by-layer assembly of
[Ru(bpy)2(PVP)10]2+ and DNA.

Figure 5. The chemical structure of [Ru(bpy)2(PVP)10]2+.[50].
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Lu and Whang have used the metallopolymer to perform detailed studies on the ECL and
electrochemical behaviors of [Ru(bpy)2(PVP)10]2+/oxalate system on an indium tin oxide
(ITO) electrode.[52]
Besides metallopolymer, Ru(bpy)32+ can also be covalently attached into silica
polymers.[53-55] Through hydrolysis these silica polymers could be easily converted into
sol-gel films which could be readily coated on an electrode surface. We have synthesized
silica hybridized ruthenium bipyridyl complex through amidation reaction by covalent
attachment of bis(bipyridyl)-4,4'-dicarboxy-2,2'-bipyridyl-ruthenium to (3-aminopropyl)triethoxysilane (APTS) (see figure 6).[53] The hybrid complex then was coated onto an ITO
electrode through acid catalytic hydrolysis and spin-coating techniques to fabricate an ECL
sensor. As prepared ECL sensor possessed good stability therein with excellent ECL
behavior.

Figure 6. Synthetic procedure for formation of bis(bipyridyl)-4,4'-dicarboxy- 2,2'-bipyridyl- ruthenium-silica hybrid
materials and their predicted structure.[53].
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3.1.3. Electrostatic Approach
Since Ru(bpy)32+ is positively charged, it can also be immobilized through electrostatic
interactions.[56-65] Dong and co-workers have developed an ECL sensor based on the
multilayers of silica nanoparticles/Ru(bpy)32+ (figure 7).[56] Since the ITO substrate was
negatively charged, positively charged poly (diallyldimethylammonium chloride) (PDDA)
could be adsorbed onto the ITO surface to provide a preassembled layer. Then negatively
charged silica nanoparticles and positively charged Ru(bpy)32+ could be alternately assembled
to fabricate the sensor. The assembly process was characterized by cyclic voltammograms
and absorption spectroscopy. Their sensor showed high sensitivity and long-term stability due
to the high surface area and special structure of the silica nanoparticles. The similar approach
could also be extended to the clay/Ru(bpy)32+ and decatungstate/Ru(bpy)32+ systems where
clay and decatungstate both were negatively charged.[57].

Figure 7. The schematic approach for the preparation of silica nanoparticles/Ru(bpy)32+ ECL sensor by electrostatic layerby-layer assembly.[56].

Other negatively charged materials, especially the emerging nanomaterials, have also
been explored to develop new ECL sensors.[58-65] For example, Wang and coworkers have
developed a novel method to construct a stable ECL sensor (figure 8).[62] The sensor was
fabricated via a two-step approach: first, Ru(bpy)32+-Au nanoparticles (Ru-AuNPs)
aggregates were obtained via the electrostatic interactions between Ru(bpy)32+ and citratecapped AuNPs; then the Ru-AuNPs aggregates were assembled on a mercaptopropyl
triethoxysilane (MPTES) modified ITO electrode surface via Au-S interaction. The same
group has also used platinum nanopartilces (PtNPs) to fabricate solid-state ECL sensors.[63]
Even inorganic anions, such as PtCl62- and Fe(CN)63-, have been used to develop new
Ru(bpy)32+ ECL sensors via the electrostatic interactions between Ru(bpy)32+ and anions
approach.[64-65]
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Figure 8. Scheme illustrating (A) the formation of Ru(bpy)32+-AuNPs (Ru-AuNPs) in aqueous medium due to electrostatic
interactions between Ru(bpy)32+ and citrate-capped AuNPs and (B) the immobilization of Ru-AuNPs on a sulfhydrylderivated ITO electrode surface.[62].

3.1.4. Physical Entrapment Approach
Physical entrapment approach can also be employed to construct type I ECL sensors. In
most cases silica materials are used for physical entrapment of Ru(bpy)32+ owing to their
porous properties, and ease to prepare, to modify and to dope with various reagents.[66-76]
Pastore and coworkers have produced an ECL sensor on K-glass conducing substrates by
embedding Ru(bpy)32+ inside silica glass thin films.[66] Their sensor exhibited a diffusioncontrolled redox behavior of the Ru(bpy)32+/Ru(bpy)33+ system. They found that the thermal
treatment (i.e. annealing) could improve the sensor’s performance. Collinson et al. have
investigated the ECL of Ru(bpy)32+ and its co-reactants entrapped within sol-gel-derived
silica monoliths using an immobilized ultramicroelectrode.[67]
Dong’s group has developed a novel ECL sensor based on Ru(bpy)32+-doped silica
(RuDS) nanoparticles conjugated with a biopolymer chitosan membrane.[68] The RuDS
nanoparticles were prepared by the water/oil microemulsion method. Their sensor showed
good sensitivity and reproducibility for TPrA detection.
As shown in figure 9, we have synthesized the similar RuDS nanoparticles.[69] Then the
ECL behavior of the RuSi nanoparticles was investigated after deposition with biomolecules
through LBL self-assembly. Our results indicated that the biopolymer coatings could improve
its stability though the sensor’s ECL signals were inhibited.
The ECL sensor could also be fabricated via Stöber method.[74-76] For example, Yang’s
group has prepared a solid-state ECL sensor with good reproducibility and stability through
Stöber method.[74]
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Besides all the approaches and materials mentioned above, many other approaches and
materials have also been investigated to develop Type I ECL sensors. Very recently, a review
has well summarized the recent developments in fabrication of solid-state ECL sensors and
their analytical applications.[16] Interested readers are referred to it for the further
information.

Figure 9. (A) The preparation of Ru(bpy)32+-doped silica (RuSi) nanoparticles via a water/oil microemulsion method and
(B) TEM image of the as-prepared RuSi nanoparticles.[69].

3.2. Fabrications of Type II ECL Sensors
As for the Type I ECL sensors described in section 3.1, the analytes of interest must be
used as the ECL coreactants. Usually, the presence of an amine group on the analytes, such as
alkylamines, antibiotics, antihistamines, opiates, and nicotinamide, is required. However,
most of biologically and clinically important targets, such as DNA, peptides, and proteins, are
not the ECL coreactants. In this case, Type II ECL sensors are usually fabricated and
Ru(bpy)32+ derivatives are employed as ECL labels that bind the analytes. In this section we
will first discuss the Ru(bpy)32+ derivatives explored as ECL labels, and then address the
assay formats for Type II ECL sensors in details.
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3.2.1. ECL Labels for Type II ECL Sensors
Ru(bpy)32+ derivatives conjugated with suitable groups, such as N-hydroxysuccinimide
(NHS) ester and phosphoramidite conjugates, have been synthesized and used as ECL labels
in Type II ECL sensors. Shown in figure 10 are the chemical structures of some ECL labels
mostly used. In 1991, Blackburn et al. reported the first Ru(bpy)32+ NHS ester, namely [4-(Nsuccinamidyloxy -carbonylpropyl)-4’-methyl-2,2’-bipyridine] bis(2,2’-bipyridine) ruthenium
(II) dihexa -fluorophosphates (see figure 10 for the chemical structure, Ru-Label 1).[8] RuLabel 1 has been successfully commercialized and has been widely used to label targets with
amine groups in biological assay and clinical tests. Ru-Label 1 can be used to label both
proteins and DNA (RNA). Some analogues of Ru-Label 1, such as Ru-Label 2 and Ru-Label
3 in figure 10, have also been developed by researchers.

Figure 10. Chemical structures of Ru(bpy)32+ derivatives as ECL labels.[8, 15, 77-79].

Though Ru-Label 1 has been demonstrated to label DNA and RNA, the target DNA and
RNA must be modified with amine groups. In 1993, DiCesare et al. have developed a highsensitivity ECL-based detection system for automated PCR product quantitation by using the
ECL label Ru-Label 4 conjugated with a phosphoramidite group (figure 10).[77] Using RuLabel 4, unmodified DNA and RNA can be directly labeled.
Other kinds of ELC labels have also been developed for specific analytical applications.
For example, an ECL sensor for the determination of Pb2+, Hg2+, Cu2+, and K+ in solution has
been developed using Ru(bpy)2(AZA-bpy) (AZA-bpy =4-(N-aza-18-crown-6-methyl-2,2’bipyridine).[78] The structure of Ru(bpy)2(AZA -bpy) was given as Ru-Label 5 in figure 10.
As for Na+ ECL detection in both aqueous and nonaqueous media, Ru-Label 6 in figure 10
was used as an ECL probe.[79] Recognition of Na+ by the crown ether moiety in Ru-Label 6
resulted in a significant increase in the ECL emission intensity of the complex.
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Figure 11. Chemical structures of dendritic Ru(bpy)32+ derivatives as ECL labels.

With the goal of realizing the ultrasensitive ECL bio assays, multiple labels at multiple
accessible sites of a target molecule has been investigated. However, such multilabeling at
multiple sites could affect the bioreactivity of biomolecules and could even cause the
precipitation of target proteins. Therefore, multilabeling at a single site strategy by using
dendritic ECL labels has been studied. As shown in figure 11, using a dendritic prototype
label with three Ru(bpy)32+ linked to a NHS group, Zhou et al. have demonstrated
multilabeling a model protein at a single NH2 position.[80]
Other amplification methods have also been developed to enhance the sensitivities of
Type II ECL sensors. By entrapping Ru(bpy)32+ into silica particles, polystyrene beads or
liposomes, or loading Ru(bpy)32+ onto CNT, enhanced ECL labels for Type II ECL sensors
could be prepared (figure 12).[68-69, 81-84] Since thousands of Ru(bpy)32+ molecules
entrapped in a single enhanced ECL label, the detection sensitivity for the biological
recognition event can be amplified using these kinds of new labels. When the surfaces of
these enhanced ECL labels are conjugated with suitable groups, such as NH2, COOH and
biotin conjugates, they can be readily used to label the analytes of interest via proper
bioconjugation reactions.

Figure 12. Enhanced ECL labels for Type II ECL sensors prepared by entrapping Ru(bpy)32+ into silica particles (A) or
liposomes (B), or by loading Ru(bpy)32+ onto CNT (C).[68-69, 81-84].
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Recently, we have studied the ECL properties of Ru(bpy)32+-doped silica nanoparticles
within layer-by-layer (LBL) biomolecular coatings and investigated their possible usage as
ECL label materials in details.[69] We found that the biomolecular coatings could improve
their biocompatibility and prevent the leaking of the Ru(bpy)32+ ions, the Ru(bpy)32+-doped
silica nanoparticles within the LBL biomolecular coatings could be readily used as stable and
efficient ECL tag materials.

3.2.2. Assay Formats for Type II ECL Sensors
In their seminal work, Blackburn and coworkers have demonstrated that Type II ECL
sensors were suitable for immunoassays and DNA probe assays in clinical diagnostics.[8] In a
recently review, Miao has well summarized the assay formats for Type II ECL sensors.[3] As
shown in figure 13, eight typical assay formats are given where most of biologically
important analytes, such as DNA, antibody-antigen, and peptide-related, could be detected.

Figure 13. Eight examples of 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 phosphorylated product.[3].

For example, the concentrations of C-reactive protein (CRP), a so-called “acute phase
protein”, in unknown human plasma/serum specimens have been measured by the ECL
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sensor based on the method depicted in figure 13D.[85] For this sandwich type immunoassay,
biotinylated anti-CRP species were first immobilized onto the Au (111) substrate premodified with an avidin layer; then CRP and anti-CRP tagged with Ru(bpy)32+ labels were
conjugated to the surface layer. Finally, the ECL signals were obtained from the sandwich
sensing electrode by immersing them in a TPrA containing electrolyte solution.

Figure 14. The schematic diagram of direct ECL quantification of BSA by using Ru-Label 3.[86].

Recently, we have reported a quantitative ECL detection of bovine serum albumin (BSA)
via biotin-avidin interaction using an avidin-based sensor and Ru-Label 3 as ECL labels and
TPrA as coreactant (figure 14).[86] To detect BSA, first, an avidin layer was first
immobilized onto a glassy carbon electrode pretreated with CNT; then, biotinylated BSA
tagged with Ru-Label 3 was attached to the as-prepared avidin surface; finally, ECL response
was generated when the self-assembled modified electrode was immersed in a TPrAcontaining electrolyte solution.
Cao et al. developed an interesting approach for quantitative DNA detection via
quenching Ru(bpy)32+ ECL by ferrocene.[87] As shown in figure 15, the ssDNA with a
Ru(bpy)32+ label gave intense ECL signal; however, when it was hybridized with its
complementary DNA sequence labeled with ferrocene, an intramolecular ECL quenching
occurred and the ECL signal was inhibited. This quenching sensor provided a promising
approach for application to sequence specific DNA detection.
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Figure 15. Quantitative DNA detection via quenching Ru(bpy)32+ ECL by ferrocene.[87].

Beyond the traditional immunoassay, novel recognition elements, especially aptamers,
have also been involved to construct Type II ECL sensors. Aptamers are in vitro selected
DNA or RNA sequences that are capable of binding to specific targets.[88-89] As far back as
in 1999, Bruno and Kiel have reported the in vitro selection of DNA aptamers to anthrax
spores with ECL detection.[90] Recently, a lot of aptamer-based ECL sensors have been
developed to detect small molecules and proteins.[91-94] We have designed an aptamerbased biosensor combined with gold nanoparticles amplification for the determination of
lysozyme with ECL method (figure 16).[94] The lysozyme detection was realized with a
competition assay format. In this format, unlabeled lysozyme in the test sample could replace
the labeled lysozyme from the labeled lysozyme/aptamer complexes due to its higher affinity
to the aptamer than the labeled lysozyme.
This article is not included in your organization's subscription. However, you may be able
to access this article under your organization's agreement with Elsevier.

Figure 16. Schematic diagrams for the fabrication of an aptamer-based ECL sensor for lysozyme detection.[94].
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4. APPLICATIONS OF RU(BPY)32+ ECL SENSORS
Due to their intrinsic advantages mentioned above, Ru(bpy)32+ ECL sensors have shown
great promise in analytical application. With the Ru(bpy)32+ ECL sensors developed, quite a
lot of analytes including amines, oxalate, amino acids, drugs, alcohol, phenols, glucose and
biomolecules, etc. have been detected in varieties of matrix, ranging from assay buffer to
urine, serum, plasma, blood, and raw water samples.

4.1. Applications of Type I ECL Sensors
For Type I ECL Sensors, the concentration of Ru(bpy)32+ immobilized on an electrode
surface is constant, thus the ECL signals can be used to detect the concentration of
coreactants and their analogues. Both non-biological and biological analytes could be
detected with Type I ECL Sensors.

4.1.1. The ECL Assay of Non-Biomolecules
Since the Ru(bpy)32+/TPrA system has been most extensively studied and exhibits the
highest ECL efficiency, TPrA is usually used as a typical coreactant to validate the Type I
Ru(bpy)32+ ECL sensors. For most sensors, the detection limit for TPrA is from 1 μM to 1
nM. However, by using novel Pt nanoparticles/AQ as matrix to construct the Ru(bpy)32+ ECL
sensor, as low as 1 fM detection limit for TPrA has been finished by Wang and
coworkers.[44]
Xu et al. have developed a regenerable ECL sensor by incorporating Ru(bpy)32+ in
ceramic carbon electrode.[95] They then combined the ECL detection with a solid-phase
extraction strategy to detect dioxopromethazine in urine sample. Their sensor exhibited good
selectivity for dioxopromethazine over other 17 interference species (such as phenylalanine
and tryptophan). Also, the sensor improved the sensitivity for the determination of
dioxopromethazine by ~3 orders of magnitude.
By immobilizing Ru(bpy)32+ and alcohol dehydrogenase in the same sol-gel hybrid film,
Dong’s group has developed an ethanol biosensor based on ECL detection.[96] Their sensor
showed a linear response to ethanol from 2.5×10-5 M to 5.0×10-2 M with a detection limit of
1×10-5 M.
The ECL detection of other analytes (including positively charged, neutral and negatively
charged analytes) has also been finished by using Type I Ru(bpy)32+ ECL sensors.[55] More
interesting, gas samples could also be analyzed with Type I ECL sensor. Egashira et al. have
reported a trimethylamine gas ECL sensor based on Ru(bpy)32+/Nafion gel.[97] The sensor
was successfully applied to monitor the seafood as practical samples. The ECL response for a
squid was almost consistent with a profile curve obtained from the classic K value
measurement.
4.1.2. The ECL Assay of Biomolecules
Many biomolecules could also be analyzed using Type I ECL sensors. An ECL sensor for
practically important polyamines, spermidine and spermine, has been fabricated by using
bifunctional nanopartices of magnetic core luminescent shell.[75] The sensor showed an
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improved performance with the linear ranges of spermidine from 4×10-6 M to 5×10-3 M
(R=0.988) and of spermine from 5.5×10-7 M to 10-4 M (R=0.999), respectively. The sensor
reported gave 2 orders of more sensitive detection than the ultraviolet method. Other
biologically important molecules, such as glucose, coenzyme NADH, and neurotransmitter
dopamime, have also been analyzed using the Type I ECL sensors developed.[33, 40, 98-99]
Guanine (and adenine sometimes) bases in DNA can be catalytically oxidized by
Ru(bpy)32+. Thus direct ECL detection of DNA could be finished by using Ru(bpy)32+
immobilized onto an electrode surface. We reported one-electron catalytic oxidation of
guanine bases in DNA using a Ru(bpy)32+-doped silica nanoparticles modified ITO
electrode.[76] In the following work, we have distinctly discriminated native salmon testes
DNA (ST-DNA) and its thermally denatured counterpart via label free ECL protocol.[100] As
shown in figure 17, though both electrochemical and ECL signals could distinct native ds-STDNA from its thermally denatured counterpart, ECL signals gave a more efficient
discrimination than electrochemical signals did. Moreover importantly, sensitive single-base
mismatch of p53 gene segment has been realized with 39.3 nM.

Figure 17. CVs (a) and corresponding ECL intensity-potential curves (b) of the Ru(bpy)32+ modified electrode in the
absence (line 1) and presence of 3.04×10-8 mol/L ST-DNA (ds) (line 2) and 3.04×10-8 mol/L thermally denatured ST-DNA
(ds) (line 3) in 10 mM acetate buffer containing 50 mM NaCl (pH=5.50).[100].

Rusling’s group has employed ECL sensors to study the DNA damage caused by
chemical or biological routes.[50, 101-104] In their design, the ultrathin films of
[Ru(bpy)2(PVP)10]2+, DNA and enzyme were assembled onto an electrode surface (figure
18A). These ultrafilms can mimic a major toxicity pathway in the human liver, and thus are
being used to develop toxicity sensor arrays (figure 18B). In a recently report, they have
demonstrated ECL arrays for high throughput in vitro genotoxicity screening.[104] The ECL
sensors were constructed by assembling various human cytochrome P450 enzymes, DNA and
[Ru(bpy)2(PVP)10]2+ onto the electrode surface as shown in figure 18. The sensors were then
exposed to H2O2 to activate the enzymes. Using benzo[α]pyrene as a test substrate, enzyme
activity for producing DNA damage was tested and was found in the same order as their
metabolic activity.

178

Hui Wei and Erkang Wang

Figure 18. (A) Idealized representations of film configurations used in ECL sensors for detection of DNA damage; and (B)
conceptual diagram of an ECL array instrumentation.[101, 104].

The Type I ECL sensors developed usually bear a relatively poor selectivity. By coupling
with separation techniques (such as high performance liquid chromatography, capillary
electrophoresis and microchip capillary electrophoresis), the selectivity of the Ru(bpy)32+
ECL sensors could be greatly improved. However, these discussions are out of the scope of
this chapter. So interested readers are referred to several reviews for further information.[26,
28]

4.2. Applications of Type II ECL Sensors
Most of Type II ECL sensors are developed for immunoassays and biomolecular assays.
In these assays, targets (such as proteins, DNAs, and peptides) having no “coreactant
functionalities” are tagged with ECL labels, then ECL signals associated with the target
concentration are produced in the presence of a high and constant concentration of TPrA
solution. Until now, biologically important targets from tumor markers to cardiac markers,
vascular markers, growth factors, fertility markers, Alzheimer’s disease markers and HIV
related genes, have been successfully studied using various assay formats for Type II ECL
sensors (figure 13).[3]
Miao and Bard have reported the ECL determination of immobilized DNA on Au(111)
electrodes using Ru(bpy)32+ labels (figure 19).[85] An amino-modified 23-mer ssDNA
derived from the Bacillus anthracis as probe was first attached to the Au(111) substrate, then
the target ssDNA (complementary or noncomplementary ssDNA) tagged with Ru(bpy)32+
labels was hybridized to form the duplex. When a potential is applied to the electrode in TPrA
solution, an ECL signal was generated and detected. As shown in figure 19B, the
complementary DNA hybrid gave a much higher ECL response with respect to that for the
noncomplementary DNA. Note that the CV response could not distinct the complementary
DNA from the noncomplementary one due to the CV signals were mainly originated from
TPrA oxidation.
To further improve the sensitivity for DNA detection, polymerase chain reaction (PCR)
amplification could be coupled.[8, 105-110] For example, Blackburn et al. have coupled ECL
with PCR amplification and lowered the detection limit of HIV 1 gag DNA to <10 copies.[8]
Other amplification approaches have also been explored.[81-82, 111-114] Miao and coworkers have finished DNA hybridization detection at high amplification with Ru(bpy)32+containing microspheres.[81] The same group has extended the amplification approach to
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CRP determination (figure 20).[82] With this amplification approach, as low as 0.010 μg/mL
CRP has been detected, which was better than those obtained from most of the presently
available automated high-sensitivity CRP assay systems. This method has also been validated
to detect CRP concentration of an unknown human plasma specimen by the standard addition
method.

Figure 19. (A) Flowchart showing all of the processes involved in the electrode treatment for the determination of
immobilized DNA. (B) ECL intensity vs potential profiles along with the CV obtained for the detection of immobilized
DNA using Ru(bpy)32+ labels. (a) Complementary DNA hybridization and (b) noncomplementary DNA hybridization. The
CVs for both (a) and (b) were essentially the same; only one is displayed here.[85].

Figure 20. Schematic diagram showing the formation of a sandwich-type aggregate between an antibody-coated magnetic
bead (MB) and an antibody-coated polystyrene bead (PSB) containing entrapped ECL labels in the presence of the antigen
species, and the separation of the newly formed aggregate with a magnet as well as the subsequent dissolution and ECL
detection in MeCN using TPrA as the coreactant.[82].

We have recently employed novel aptamers as recognition elements to detect
protein.[115] Sensitive and selective determination of α-thrombin, a kind of serine protease
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that plays important role in thrombosis and haemostasis, has been realized by using an
aptamer-based sandwich ECL sensing format. Since α-thrombin has two anti-α-thrombin
aptamers (one is 15-mer and the other is 29-mer), the sandwich ECL sensing format could be
fabricated as shown in figure 21, where gold nanoparticles functionalized with the 15-mer
aptamer were immobilized onto the ITO electrode surface as capturing layer and the 29-mer
aptamer tagged with Ru(bpy)32+ labels as signaling layer would be captured to form the “15mer aptamer/α-thrombin /29-mer aptamer” sandwich in the presence of α-thrombin. As
shown in figure 21B, the relationship between ECL intensity and thrombin concentration was
a typical behavior of sandwich assay.

Figure 21. (A) The schematic for the determination of α-thrombin using anti-α-thrombin aptamer tagged with Ru(bpy)32+
labels. (B) α-thrombin concentration-ECL intensity response curve.[115].

As alternatives to Ru(bpy)32+ labels, researchers have also studied the possibility of using
coreactants as ECL labels. Using 4-(dimethylamino)butyric acid, an analogue of TPrA, as an
ECL label and combining with GNPs amplification, Yin et al. have fabricated an sandwich
type ECL sensing system and detected BSA and IgG when the sensing electrode was in
contact with 1 mM Ru(bpy)32+ solution.[116] To further improve the sensing performance of
this coreactant labels, the coreactants have been attached onto nanoparticles’ surface to
prepare nanoscale enhanced ECL labels.[84, 117] Wang’s group have synthesized 2(dimethylamino) ethanethiol (DMAET), one of the most efficient coreactants of Ru(bpy)32+
system, capped CdTe semiconductor nanoparticles through a simple one-pot synthesis
method in aqueous media. The DMAET capped CdTe particles have exhibited enormous
signal amplification of Ru(bpy)32+ ECL. Thus the particles were further used as ECL labels to
lysozyme via a competitive assay format using anti-lysozyme aptamer as recognition element
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(figure 22). A detectable limit of 0.5 nM lysozyme can be obtained by this “aptamer/DMAET
capped CdTe particles” based biosensing system.[117]

Figure 22. The ECL responses of the nanoscale enhanced ECL biosensing system to a series of the concentration of
lysozyme solutions (A) and the corresponding calibration plot (B).[117].

5. CONCLUSIONS AND OUTLOOK
Owning to their intrinsic advantages, various kinds of Ru(bpy)32+ ECL sensors have been
developed as rapid, sensitive and selective analytical platforms for the determination of a
number of biologically and nonbiologically important molecules. Though much progress has
been made in both scientific and practical fields, there is still a plenty of room to further
improve the Ru(bpy)32+ ECL sensors’ performance. By introducing functional materials, such
as ionic liquids and novel nanomaterials, enhanced ECL sensors will be fabricated.[62, 118119] For simple, reliable, and robust high-throughout bioassay, miniaturized sensing arrays
based on ECL technology will certainly be the area of active research.[42, 120-121] Besides
Ru(bpy)32+, other ECL reagents (such as ruthenium complexes with other ligands and even
coordination complexes with Os, Ir, etc. as cores) should be developed and be used to
construct new ECL sensors.[78, 122-124] Though very sensitive ECL sensors have been
developed, the detection of single biomolecules is still a great challenge and is the Holy Grail
of ECL.
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