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Preface

Electrochemiluminescence techniques with remarkably high sensitivity and
extremely wide dynamic range have hundreds of millions of dollars in sales per
year. This technique is extensively used in clinical analysis and scientific research.
The book Electrogenerated Chemiluminescence: Protocols and Applications is
designed as a brief and concise introduction to electrochemiluminescence.
The book is committed to furnish the idea of processes, theory, and the recent
developments involved in the instrumentation. Another chapter devoted on the
coupling of electrogenerated chemiluminescence covers essentially many different
techniques combined with electrochemiluminescence in order to attain greater
sensitivity and selectivity. Miniaturization/micro total analysis system (uTAS) is
an emergent field and is gaining a prospective importance. It is also crucial and
important to know something of the language of electrochemiluminescence in
terms of miniaturization/uTAS. So we have added a nice approach to view the
concepts of the topic. The chapter Applications of Electrochemiluminescence is
focused on the great potentiality of ECL in various fields.

Our goal in preparing this book is to provide more appropriate and enough
understanding of the fundamental concepts about the world of electrochemilum-
inescence to allow reader to gain knowledge while turning the pages.

This project was kindly supported by the National Natural Science Foundation
of China (No. 21175126), Chinese Academy of Sciences (CAS), and the Academy
of Sciences for the Developing World (TWAS). The authors would also like to
acknowledge Higher Education Commission, Pakistan.

Saima Parveen
Muhammad Sohail Aslam
Lianzhe Hu

Guobao Xu
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Chapter 1
Introduction

Abstract Chemiluminescence (CL) produced directly or indirectly as a result of
electrochemical reactions is known as electrochemiluminescence (ECL), which is
from the family of spectro-electrochemical techniques. For better understanding of
ECL, various luminescence phenomena, particularly photoluminescence (PL), CL,
and ECL, are briefly introduced. A brief ECL research background and theoretic
basics of ECL are also described.

Keywords Luminescence - Photoluminescence - Chemiluminescence - Electro-
chemiluminescence - Triplet—triplet annihilation - Light-emitting reaction
Excimers/exciplexes

Light can be emitted in a number of ways. Luminescence, the generation of light
without heat, has diverse types with different origins (Table 1.1). Among this
diversity, photoluminescence (PL), chemiluminescence (CL), and electrochemi-
luminescence (ECL) are the important ones [1]. Let us have a brief idea of PL and
CL; ECL will be elaborated in detail.

1.1 Types of Luminescence
1.1.1 Photoluminescence

Photochemical reactions distinctively involve a conversion of light energy to
chemical energy (Scheme 1.1) [2].

Scheme 1.1 Conversion of A + B + hv— excited states — products
light to chemical energy (Light as a reactant — conversion. of energy — chem. energy)
S. Parveen et al., Electrogenerated Chemiluminescence, 1

SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-642-39555-0_1,
© The Author(s) 2013



2 1 Introduction

Table 1.1 Different types of luminescence®

Luminescence type Caused by References
Photoluminescence Photoexcitation of compounds [4, 5, 63]
Chemiluminescence Chemical excitation of compounds [4, 5,
63-75]
Bioluminescence Luminous organisms [76]
Electrochemiluminescence Electrogenerated chemical excitation [1, 36,
77-89]
Electroluminescence Radiative recombination of electrons and holes in a [3]

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

Radiochemiluminescence Radiation-induced chemical excitation [90-92]

Lyoluminescence Excitation induced by dissolution of an irradiated or [93]
other energy-donating solid

Sonoluminescence Excitation of compounds by ultrasonication, either by [94-98]

energy transfer from intrinsic SL centers of water or

by chemical excitation by hydroxyl radicals and

atomic hydrogen
Pyroluminescence Flame-excited metal atoms [99]
Thermoluminescence Solids subjected to mild heating [99]

% Modified from Refs. [1] and [99]

This light is emitted from transitions between excited and the ground states as
indicated in Fig. 1.1. Absorption and emission transitions are involved, such as Sy
to S absorption involves transitions from the ground vibrational state (v = 0) of Sy
to various vibrational levels of S, ensuing in the observed absorption band.
Emission occurs due to transitions from the v = 0 state of S, to the different
vibrational levels of S, (Fig. 1.1), resulting in the emission band. Emission bands
have lower energies and longer wavelengths in comparison with the absorption
band. Stokes shift is a term used for the difference in energy between the
absorption and emission bands for transition between the v = 0 states (0, 0 bands),
which is caused by instantaneous optical transitions (~10 = 15 s) where no
structural or salvation transformation come about during the transition. During
excitation, the transition is from a ground-state structure to an excited-state
structure of the same configuration. Though, the excited state can undergo some
structural changes (due to dissimilar electronic configuration) to relax to a lower
energy state. A transition from this state occurs to the ground state (leading to the
emission process) that has the configuration of the excited state. The energy of the
singlet transition can be estimated by taking the average of the energies of 0, 0
bands for excitation and emission or from the wavelength A, where the excitation
and emission bands cross, by the formula ES (in eV) = 1239.81/1 (in nm).
Emission from the triplet state results in phosphorescence that cannot be observed
for organic molecules in solution, since these molecules are readily quenched by
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solution species before emission. However, emission from triplet states of metal
chelates is observed, which has much shorter emission lifetimes as compared to
organic molecules. Triplet states have the feature of producing excited singlets, a
type of energy up-conversion, by triplet-triplet annihilation (TTA) (Eq. 1.1).

SA* +3A* — 'A" A (triplet--triplet annihilation) (L.1)

Spectroscopic experiments pronounce it as delayed fluorescence. In such an
experiment, a species is first excited by pulse irradiation to the S; state, and
emission is delayed until all of the S; states have decayed. This decay process may
occur either by radiating to the ground state or by radiationless processes such as
intersystem crossing to the 7, state. S; emission after such a delay results from
transformation of the triplets to excited singlets. Note that the spectroscopy of
delayed fluorescence is not observed for some cases. Though, such systems can be
dealt by the formation of triplets in ECL on account of adjusting the energetics of
annihilation reaction, where TTA is then observed. Thus, states are sometimes
accessible in ECL that is not available spectroscopically [3].

Despite of the need for less expensive optics and light sources, PL will certainly
constantly remain the most significant analytical luminescence method. PL can be
divided into two main subclasses: fluorescence and phosphorescence, and these
analytical methods, including CL, are often reviewed in various articles [4, 5] and
in several other sources [6-8].



4 1 Introduction

1.1.2 Chemiluminescence Reactions

CL is the process of light generation on account of chemical energy. It is most
often explained as a dark-field technique where the lack of strong background light
level (as found in absorptiometric techniques) diminishes the background signal
ensuing in improved detection limits [9].

CL can be well thought-out as the reverse of the Scheme 1.1 of photochemistry
(Scheme 1.2) [4].

Scheme 1.2 Conversion of C + D - radical ions = excited states = hVemission
chemical energy to light

(chem. energy transformation of energy light as a product)

Various compounds react with oxygen or peroxide resulting in the decompo-
sition of specie which in turn generates excited states and emission. For instance,
in luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) chemiluminescent reaction
(Scheme 1.3), the destruction of luminol takes place with the emitter and the
excited phthalate, completely different from the starting material (luminol).

0 (o]
X OH \T‘ OH
| — )
_NH _NH
R
R a o
o (e}
X OH \| 0,
o — )
/NH P
R
R s o
0 (6]
Xco,” Xco,
CE— O
/002 /Coz
R
R 5 o

Scheme 1.3 Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) chemiluminescent reaction
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The reaction is triggered by the addition of hydrogen peroxide in the presence
of an ion such as Fe**, which generates hydroxyl radical following a complicated
mechanism. CL can be generated in an electrochemical cell by generating per-
oxide through the reduction of oxygen or oxidation of luminol [3, 10]. For many
decades, CL has been recognized as a technique for the analysis of a wide range of
compounds both in the liquid and in the gas phase. New strategies based on CL for
the sake of improving sensitivity continue to emerge exponentially and have been
the focus of comprehensive reviews [11]. CL analysis has a number of advantages
including specificity and simplicity, and cheap instrumentation. Moreover, very
low limits of detection (LOD) (even down to subfemtomole level) and wide
dynamic working range over several orders of magnitude are also observed [12].

Speaking in a broad spectrum, photochemistry is a chemical discipline where
light energy transformation occurs into chemical energy and chemical energy into
light energy. While electrochemistry can be well thought-out as encompassing both
ways of energy; electrical energy transformed into chemical energy and vice versa,
sometimes generating highly reactive radical ions. Electrochemically generated
luminescence in fact establishes bond between photochemistry and electrochem-
istry, where chemical reactions of electrochemically generated radicals or radical
ions result in excited states which manifest themselves by emitting light [4].

1.1.3 Electro-Chemiluminescence Reactions

Electrogenerated CL (also called ECL and abbreviated as ECL) is the process in
accordance with which, species generated at electrodes undergo high-energy
electron-transfer reactions to form excited states that emit light (Scheme 1.4) [13].

Scheme 1.4 Conversion of E + F + electricity - rad. ions = excit. states = hvemission
electric energy to light

(electric energy = chemical energy = light as a product)

ECL emission occurs in the visible part of spectrum as a consequence of fast
and highly exo-energetic electron-transfer reactions between a strong electron
donor and electron acceptor which in turn results in the generation of excited states
[4, 14]

ECL is a form of luminescence where the production of light occurs by species
that can undergo highly energetic electron-transfer reactions; however, lumines-
cence in CL is initiated by the addition of one necessary reagent to the other.

Luminescence in ECL is initiated and controlled by altering an electrode
potential, while in CL, luminescence is often controlled by the careful handling of
fluid flow. In contrast, Fig. 1.2 schematically describes the general principles of
PL, CL, and ECL. ECL (as an analytical technique) also possesses several
advantages over CL [15].
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Firstly, in ECL, the electrochemical reaction allows the time and position of the
light-emitting reaction to be controlled. (a) Control over time can lead delayed
light emission until events take place, such as immune or enzyme-catalyzed
reactions have taken place. (b) By controlling position, light emission can be
restrained to a region that is precisely located according to the position of detector,
increasing the ratio of signal to noise to improve sensitivity, i.e., the combination
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of ECL with magnetic bead technology, which allows bound label to be distin-
guished from unbound label without a separation step. Control over position could
also be used to determine the results of more than one analytical reaction in the
same sample by interrogating each electrode in an array, either in sequence or in
simultaneously using a position sensitive detector [16].

Secondly, ECL is more selective than CL, for the reason that the generation of
excited states in ECL can be selectively controlled by varying the electrode
potentials.

Thirdly, ECL is a nondestructive technique in some cases, because some of the
ECL emitters can be regenerated after the ECL emission.

Since ECL is an analytical tool that produces light at an electrode surface; Miao
in his excellent review article states that “ECL represents a marriage between
electrochemical and spectroscopic methods” [1]. In general, ECL has gained
considerable attention as a powerful analytical method owing to its innate features,
such as high sensitivity, selectivity, and wide linear dynamic range for a variety of
analytes [17-19] including oxalate [20], alkylamines [21], amino acids [22, 23],
NADH [24-26], DNA [27], and a number of pharmaceutical compounds [28-31].

ECL is also considered superior over other spectroscopic detection systems due
to many distinct advantages [32], such as lack of a light source, the absence of a
background optical signal, less sample volume, easy and simple instrumentation,
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 (NPs) and
nanotubes (NTs), etc [33].

1.2 Research Background of Electrogenerated
Chemiluminescence

In the mid of 1960s of the twentieth century, ECL has been studied for the first
time on rubrene, 9,10-diphenylanthracene (DPA) and related compounds [34, 35].
Since then so many researchers are thriving for new luminophores, applications,
fundamental analysis of its mechanisms, making its instrumentation easier, and
achieving lower LOD. In this regard, several review articles, chapters, and
monographs have been published to give readers more concise ideas related to
ECL [3, 12, 18, 32, 36-53]. Patents on ECL were also applied on July 13, 1964
[54] and August 18, 1964 [55].

Few reports on the subject of light emission during electrolysis were found as
early in 1920s [56, 57], while first detailed studies on ECL were addressed in the
mid-1960s, by Hercules and Bard [35, 58, 59]. They employed Pt electrodes in
acetonitrile (MeCN) or dimethyl formamide (DMF) solutions and presented a
detailed study on light emission using DPA, anthracene, and rubrene as emitters.
Since the early 1970s, the development of ECL is also connected with the
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contribution of Prof. Fritz Pragst’s scientific work. He benefited significantly to the
field of organic mechanisms, electron- or energy transfer reactions, and explora-
tion of triplet states, therefore interrelating organic chemistry, electrochemistry,
and photochemistry [4].

Wujian Miao illustrated a time line of various events in the development of
ECL till 2002 (Fig. 1.3) [1]. As the time went on, this field attracted bulk of people
to do research on ECL basic theory, emitters, mechanisms, applications, etc.
Hence, advancements in the area of ECL increased exponentially over more than
45 years. After a long journey of almost half a century, ECL has now grown to be
an incredibly potent analytical technique and been extensively used in many areas,
such as criminology, forensic, environment, biomedical, biowarfare agent detec-
tion immunoassay [3], etc. This technique has also been effectively employed as a
detector of flow injection analysis (FIA), high-performance liquid chromatography
(HPLC), capillary electrophoresis (CE), and micro total analysis (WTAS) [13].

One of the excellent reviews in the area of ECL, while doing a literature survey
using SciFinder Scholar, reveals that more than 2,000 journal articles, book
chapters, and patents on various aspects of ECL have been published. For the last
few decades, number of publications increased exponentially; many of which were
bio-related [1]. In a large part of rest of publications, ECL is also used for ana-
Iytical applications as a diagnostic tool; however, its contributions to organic
chemistry, photo (electro) chemistry, and photophysics are underestimated and
ignored [4]. A considerable number of articles on diverse ECL aspects have also
been on hand in the literature.

Treatment g+ Oxalateas ECLin TPrAas ECLfor

Theory  rpcr, Ru(bpy)”" Coreactant Ru('bpy)s Coreactant bioassay Laser action

OfECL u.mm, 1972 1977 1987 l 89 driven by ECL

1965 ‘ ‘ 19&, IJ lrs

1970 1980 | 1990 | 2000 |
Eu::etn?nau = Aqueows ECL Persulfitess  Rufbpy)™as ooy . Namoeryst
System198] Coreactant ECL label - abs
1964 efﬁz:t.s ¥ 1982 1984 ectrodes Solution
1hoe 1993 ECL 2002

Fig. 1.3 Time line of ECL: 19641965, first experiments; 1965, theory 1966, transients; 1969,
magnetic field effects; 1972, Ru(bpy)%*; 1977, oxalate; 1981, aqueous; 1982, Ru(bpy)?r polymer
and persulfate; 1984, Ru(bpy)%+ label; 1987, tri-n-propylamine (TPA); 1989, bioassay; 1993,
ultramicroelectrodes; 1998, laser action; 2002, semiconductive nanocrystals (Reprinted with
permission from Ref. [1]. Copyright 2008 American Chemical Society)
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1.3 Basics of Electrogenerated Chemiluminescence

Electrochemical luminescence, a phenomenon where reactants are first electro-
chemically generated via two mechanisms: annihilation and coreactants and then
combine resulting in the production of light. Both of these mechanisms have
various advantages and follow separate pathways to generate the electronically
excited state that eventually emits light. Though, all ECL mechanisms involve
electrochemically generated chemical species that react and result in emission of
light. This method is different from both electroluminescence and CL. The former
is a process of electron—hole pair recombination, while the later one in a broader
term encircles chemical species that may not be electrochemically generated [1].

Although one of the most important element in the generation of efficient ECL
is kinetics of the reaction, however, some other fundamental elements are required
for efficient annihilation ECL including (1) radical ion stability of the precursor
molecules in the electrolyte of interest, (2) good PL efficiency of a product of the
electron-transfer reaction, and (3) sufficient energy in the electron-transfer reaction
for the production of excited state [5].

The energy of the electron-transfer reaction, if sufficient, leads to the production
of excited states. Since the excitation energy is primarily closest to a thermody-
namic internal energy, the excited singlet state of energy ES (in electronvolts) can
be produced as shown in Eq. 1.2

—AH® = E° (D**,D) — E°(A,A™*) — TAS’ > ES (1.2)

The value of TAS" is usually estimated as 0.1 (0.1) eV [60-62]. Frequently,
the criterion is given based on CV peak potentials (in volts) at 7= 298 K as
Eq. 1.3 [60]

E,(D™,D) — E,(A,A"*) — 0.16 > ES (1.3)

Such reactions are occasionally considered as “energy sufficient,” and the
reaction is supposed to follow the S route. —AH® > ET shows that the reaction is
following T route by triplet state production at energy ET with excited singlet
production occurring through TTA. Both these excited singlets and triplets are
sometimes produced in significant amounts in the annihilation process following
the ST route. The reactions forming excimers or exciplexes (Eqs. 1.4 and 1.5) are
thought to proceed by the E route [5].

ATA® — A (excimer formation) (1.4)

A™*D* — AD" (exciplex formation) (1.5)
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Chapter 2
Generation Pathways of Electrogenerated
Chemiluminescence

Abstract ECL continues to be an area of active research. This chapter provides a
brief way for understanding fundamentals of ECL. An overview of selected key
ECL mechanisms for the production of ECL is given. Studies on finding new ECL
co-reactants, disclosing the relationship between ECL efficiencies and structure of
co-reactants, and improving ECL efficiencies are also discussed.

Keywords Annihilation - Pathway - Electron-transfer reaction - Gibbs free
energy - Energy sufficient reaction - Reductive—oxidation co-reactant - Oxidative—
reduction co-reactant - Hot-electron ECL

Electrogenerated chemiluminescence (ECL) can be generated by two principal
routes, namely the annihilation and co-reactant pathways. In each case, two spe-
cies are generated electrochemically, and those two species undergo an electron-
transfer reaction to produce an emissive species [1].

2.1 Annihilation ECL Pathway

The early ECL studies originated with ion annihilation ECL [2]. Proceeding by
annihilation pathway, ECL can be generated on reaction between oxidized and
reduced species produced either at a single electrode by using an alternating
potential or at two separate electrodes. In later case, one electrode is set at a
reductive potential and the other at an oxidative potential and they are placed in
close proximity to each other [3]. Most of the annihilation ECL processes have
been investigated in organic solvents or partially organic solutions because anni-
hilation reactions are very energetic and aqueous solutions usually have too narrow
potential range to allow convenient electrolytic generation of both the oxidized
and reduced ECL precursors [4]. Such reactions performed in organic solutions
require a supporting electrolyte such as tetrabutylammonium salt and the absence
of dissolved oxygen as this oxygen may sometimes react with radical intermedi-
ates and quenches the reaction.

S. Parveen et al., Electrogenerated Chemiluminescence, 15
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A system having radical cations and anions from different molecules may also
exhibit annihilation processes. Gibbs free energy for annihilation process can be
calculated from the redox potentials using Eq. (2.1).

AG = —nF(E° —E°

reduction

(2.1)

oxidation)

where AG is Gibbs free energy, F'is Faraday’s constant, while £,y cion — E oxidation
are the reduction and oxidation potentials, respectively. As enthalpy is directly

related to Gibbs free energy, enthalpy can be calculated based on Eq. (2.2).
AG = AH — TAS (2.2)
Enthalpy plays a significant role in describing which path to be followed, i.e.,

1. The enthalpy exceeds the energy required to produce the lowest excited states
from the ground state. In this case, the reaction is to follow the singlet route
“S-route” and 1R* will be directly generated. The reaction is recognized as
“energy sufficient,” and DPA system is the notorious example of this case.

2. The enthalpy is lower than the energy required to produce the lowest excited
state, still exceeding the triplet state energy, 3R*, which in turn produces 1R*
by subsequent annihilation of 3R* (triplet—triplet annihilation, TTA). ECL of
ruthenium tris-bipyridyl-type derivatives falls in this category. Additionally,
ion annihilation can also follow “E-route,” ensuing the formation of excimers
(excited dimers) and exciplexes (excited complexes).

The key advantage of the annihilation process is its simplistic approach as it
requires only the ECL species, solvent, and supporting electrolyte in order to
generate light [5]. The mechanism of annihilation method is generalized as shown
in Scheme 2.1, where A is a polyaromatic hydrocarbon (PAH), B is either the
same or another PAH or an aromatic derivative, 1A* is the singlet excited state,
and 3A* is the triplet excited state [6].

Let us have a common example of the above annihilation method. First of all,
Bard’s group [7] in 1972 published an article related to the ECL of Ru(bpy)s>*

Scheme 2.1 Mechanism of A+e DA Electro-reduction
annihilation method [6]
B-e>B"” Electro-oxidation
either

A“+B">'A*+B Electron transfer
or (Energy sufficient system)
A+B"”>’A*+B Electron transfer
'A*+A*>'A*+A  Triplet-triplet annihilation
followed by (Energy deficient system)

'A*>A+hy
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Fig. 2.1 Structure of pr—
Ru(bpy)s>" and proposed
mechanism for Ru(bpy)s>*/
Ru(bpy)3 ECL system > Ru(bpy);"
(Reprinted with permission e
from Ref. [34]. Copyright
2004 American Chemical
Society) 3 .
Ru(bpy),”
g 3
|5}
2
jual
Ru(bpy)s”
e'4\
\ Ru(bpy)””*
Ru(bpy)s*"
| S
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(Fig. 2.1). They generated ECL by alternatively pulsing the electrode potential to
form oxidative Ru(bpy)33+ and reductive Ru(bpy);* in acetonitrile (Egs. 2.3-2.6) [8].

Ru(bpy)32+ + e~ — Ru(bpy);" (2.3)
Ru(bpy);*" — e~ — Ru(bpy),™* (2.4)
Ru(bpy)3+ + Ru(bpy)33+ - Ru(bpy)32+ + Ru(bpy)32+* (2.5)
Ru(bpy),>" — Ru(bpy);*" + hv (2.6)

As Ru(bpy);* is exceptionally unstable in aqueous solutions, so it was found
that annihilation ECL cannot be observed in aqueous solution by changing the
potential successively to generate Ru(bpy);> and Ru(bpy);*. However, annihila-
tion ECL of Ru(bpy);>* can more likely be attained in aqueous solution employing
a carbon-interdigitated microelectrode array of 2 um width and spacing [9]. These
electrodes are kept so close that ECL can be obviously seen with the unaided eye
in normal room lighting. The experimental concentration is kept greater than
1 mM in a generation/collection biasing mode. Later, this system was applied by
Michel and group for analysis of protein [10].
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2.2 Co-reactant ECL Pathway

Currently, overwhelming majority of commercially available ECL analytical
instruments is based on co-reactant ECL technology [2]. The reason for its
becoming popular and easy availability lies in the key advantage of the co-reactant
approach which includes its assistance in ECL generation in aqueous solution,
opening a gateway to a wide range of assays for molecules of diagnostic or
biological significance. Moreover, co-reactant ECL requires one-directional
potential scanning at an electrode in a solution having luminophore species and a
reagent (co-reactant), whereas electrolytic generation of both the oxidized and
reduced ECL precursors is required in ion annihilation ECL [4, 11]. In ion anni-
hilation ECL, all starting species can be regenerated after light emission, whereas in
a co-reactant ECL system, only luminophore species can be regenerated, whereas
the co-reactant is consumed via electrochemical-chemical reactions. In situ-
generated co-reactant intermediates, as indicated by their standard redox potentials,
are either strong reducing agents (in oxidative-reduction ECL) or strong oxidizing
agents (in reductive—oxidation ECL) [2]. Noteworthily, co-reactant is consumed
during the chemical (or electrochemical) reactions, while only the luminophore
species can be regenerated at the electrode. Suitable co-reactants can be easily
oxidized or reduced, which undergo a rapid chemical reaction to form an inter-
mediate species with sufficient oxidizing or reducing power to create the excited
state of the luminophore [5]. Therefore, to select a good ECL co-reactant, many
factors should be kept in mind [12], including solubility, stability, electrochemical
properties, kinetics, quenching effect, ECL background. Of these, electrochemical
properties of the co-reactant are foremost important factor. The co-reactant should
be available for easy oxidation or reduction with the luminophore species at or near
the electrode and undergo a rapid chemical reaction to form an intermediate
possessing sufficient reducing or oxidizing energy to react with the oxidized or
reduced luminophore to form the excited state.

Four processes are usually involved in co-reactant ECL systems (as presented in
Table 2.1) such as (a) redox reactions at electrode, (b) homogeneous chemical
reactions, (c) excited-state species formation, and (d) light emission. Two types of
redox reactions, namely heterogeneous and homogeneous redox reactions of
co-reactants, are possible, which depend on the redox potential of the co-reactant
and nature of the working electrode [2].

Both, the luminophore and the co-reactant, in co-reactant pathway, can be first
oxidized or reduced at the electrode to form radicals by considering the polarity of
the applied potential. The intermediates thus formed from the co-reactant then
decompose to produce a strong reducing or oxidizing species that reacts with the
oxidized or reduced luminophore to produce the excited states that emit light. The
term “oxidative-reduction” ECL is usually used when highly reducing interme-
diate species are generated after an electrochemical oxidation of a co-reactant, and
“reductive—oxidation” ECL is the phenomenon where highly oxidizing interme-
diates are produced after an electrochemical reduction [5].
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2.2.1 “Reductive-Oxidation” Co-reactants

2.2.1.1 Peroxydisulfate (Persulfate, SZOSZ‘) System

ECL in the “reductive—oxidation” systems is usually produced by applying a very
negative potential. Consequently, it seems quite difficult to study stable ECL in
these systems in aqueous solutions because of serious hydrogen evolution upon
applying very negative potentials [13]. Persulfate produces ECL on reaction with
Ru(bpy);* in DMF or acetonitrile-H,O mixed solution (Egs. 2.7-2.12) [10, 14]. It
inhibits ECL emission in both solutions, if present in high concentrations. In
former solution, inhibition resulted due to side reactions rather from quenching
reaction in DMF, while quenching reaction occurred in the acetonitrile-H,O
mixed solution. The ECL emission was not observed in purely aqueous solutions
due to instability of Ru(bpy);* or due to the rapid quenching by persulfate in
aqueous solution which may be the result of serious hydrogen evolution upon
applying very negative potentials.

Ru(bpy)32+ +e — Ru(bpy)3+ (2.7)

Ru(bpy); " 4+ S,052~ — Ru(bpy),*" + SO,*~ + SO,> (2.8)
Ru(bpy); " + SO4* — Ru(bpy);*"" + S04* (2.9)
Ru(bpy);”" + SO,°~ — Ru(bpy);”" + SO,2~ (2.10)
Ru(bpy);”" + Ru(bpy);” — Ru(bpy);*** + Ru(bpy);*" (2.11)
Ru(bpy);>"* — Ru(bpy);>" + hv (2.12)

In 1984, Bard first of all reported Ru(bpy)32+—labeled ECL [14] with a linear
range of 107" to 1077 M in acetonitrile~H20 mixed solution containing persul-
fate. Composition of electrode has profound effect on ECL intensity, as reaction
occurs in the proximity of electrode. Quenching by persulfate can be slow down by
using carbon paste electrodes as they are made of carbon materials and organic
solvents and can improve the stability of electrogenerated Ru(bpy)3 by supplying
organic phase at the electrode surface. To overcome the problem of serious
hydrogen evolution upon applying very negative potentials, enhanced ECL
emission in purely aqueous solution has been observed by using carbon paste
electrode. Storage time of carbon paste electrode sometimes takes part in
enhancement of ECL intensity. Amazingly, the ECL emission from Ru(bpy)32+
and persulfate is greater at freshly prepared carbon paste electrode, whereas the
ECL emission intensity from Ru(phen);** and persulfate was not affected by the
storage time [15]. Xu’s group while studying ECL emission in aqueous solution by
using bismuth electrode realized that the quenching effect of high concentration
persulfate was weak at bismuth electrode. Owing to their high hydrogen
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overpotential, bismuth electrodes are expected to be powerful electrodes for
cathodic ECL studies in aqueous solutions [16]. Moreover, the ECL emission of
persulfate can also be observed in aqueous solutions by using easily reducible
metal complexes Ru(bpy)s** or Cr(bpy)s>* [17].

2.2.2 “Oxidative—Reduction” Co-reactants

2.2.2.1 Oxalate System

Bard and co-workers in 1977 observed ECL emission from oxalate in acetonitrile [8].
Later, they observed it in aqueous solutions following mechanism as shown in
Egs. (2.13)—(2.19) for the detection of oxalate and Ru(bpy)32+ [10, 14]. In the
following years, a fiber-optic-based ECL sensor for oxalate detection was
constructed [18], and the reaction mechanism of the oxalate system was further
investigated and applied to study the electron transfer at liquid/liquid interface [19].
Simultaneous electrochemical and ECL detection of oxalate was reported in 2000 by
Forster et al. [20].

Ru(bpy),”" — e~ — Ru(bpy);*" (2.13)
Ru(bpy);”" + C,04>" — Ru(bpy);>" + C,04°" (2.14)
C,0,° — CO,* + CO, (2.15)
Ru(bpy),”" + CO,*~ — Ru(bpy);"" + CO, (2.16)
or
Ru(bpy);*" + CO,*~ — Ru(bpy);" + CO, (2.17)
Ru(bpy)3+ + Ru(bpy)33+ - Ru(bpy)32+ + Ru(bpy)32+* (2.18)
Ru(bpy);>™* — Ru(bpy);*" 4 hv(610 nm) (2.19)

A clear ECL response was reported from the [Ru(bpy)>dcb]** SAMs deposited
on optically transparent fluorine-doped tin oxide (FTO) electrodes in the presence
of oxalate and amino acids as co-reactants (dcb = 4,4-dicarboxy-2,2-bipyridine)
[21]. Few years back, Forster and co-workers studied the use of metallopolymers
as a novel ECL platform using oxalate, TPA, and other small molecules as
co-reactants [22] Ru(Il) diimine complexes having phosphonic acid substituents
adsorbed to TiO2-modified ITO electrodes can undergo co-reactant ECL with
C,0,*~ [23]. In order to improve the performance of existing systems and
designing new ECL systems, a series of ruthenium bipyridine complexes and
oxalate as a co-reactant were used to study the structure—activity relationships.
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ECL generated by oxidation of Ru(bpy);>*, Ru(phen);**, Ru(bpy).(dmbp)>,
Ru—(dmphen)32+, or Ru(dmbp)32+ (dmbp) 4,4’-dimethyl-2,2'-bipyridine (dmphen),
4,7-dimethyl-1,10-phenanthroline, and oxalate in aqueous solution was attributed
to the driving force for the electron-transfer reactions and the different pathways
for co-reactant (i.e., CO2°7) reaction [19].

Some other papers reported microenvironmental effects of micelles on the
electrochemical and ECL behavior of Os(bpy)32+ [24]. For the one electron oxi-
dation of Os(bpy)s;**** near +0.6 V, aqueous solution using oxalate was used to
generate Os(bpy);>*. A study involving electron/hole annihilation through
electron transfer between sterically stabilized silicon nanocrystals (NCs) and
redox-active co-reactants was reported. Higher ECL intensity light emission was
observed from the NC solutions in the presence of oxalate or persulfate as co-
reactant [25]. Oxalate and peroxydisulfate in aqueous solution were determined at
subpicomolar levels [14] based on Ru(bpy)s>* to generate ECL and are applied for
the selective determination of oxalate synthetic urine samples [26]. The role of
oxalate direct oxidation to the overall ECL behavior is dependent on many factors,
e.g., surface property of the electrode, the concentration of oxalate, and the
electrode potential applied [19, 27, 28]. ECL generation is also very sensitive to
the solution pH. A maximum of pH ~ 6 in unbuffered (aqueous) solutions at Pt
[4], constant from pH 4 to 8 in phosphate buffer solutions at GC [14, 29], and from
pH 5 to 8 in phosphate buffer solutions at ultramicroelectrodes [19] has been
described for Ru(bpy)s;**/oxalate system.

2.2.2.2 Pyruvate System

Another example of the “oxidative—reduction” system is the determination of
pyruvate by Ru(bpy);>*, which was reported by Knight and Greenway. ECL from
pyruvate either at the electrode or by electrogenerated Ru(bpy)s>* cannot be
observed, as the oxidation of pyruvate is suppressed by the presence of an oxide
layer on the Pt electrode surface. At a reduced Pt electrode, the difference in
pyruvate and Ru(bpy);>* oxidation potentials is negligibly small. As a result, the
electrochemically produced Ru(bpy);** is not strong enough to oxidize the
pyruvate in solution, so no ECL is generated. Addition of Ce(IIl) to an acidic
solution containing Ru(bpy);>* and pyruvate facilitates the ECL reaction upon
anodic oxidation. Ce(IV) produced as a result of the oxidation of Ce(III) at the Pt
electrode at higher potentials than Ru(bpy);* oxidation is a strong oxidant and can
effectively oxidize pyruvate as shown in Egs. (2.20)—(2.25), ensuing in the for-
mation of the strongly reducing intermediate CH;CO®. This species behaves like
CO,"~ and nparticipates in electron-transfer reactions with Ru(bpy);>* and
Ru(bpy)s>*, resulting in the emission of ECL [30].

Ce’ — e — Ce*t (2.20)

Ce*" + CH3COCO,” — Ce*™ + CH;COCO, (2.21)
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CH;COCO3 — CH3CO* + CO, (2.22)

Ru(bpy);*" — ¢~ — Ru(bpy),”" (2.23)

Ru(bpy);”" + CH3CO® — Ru(bpy);”" + carbonium ion (2.24)
Ru(bpy),;>"* — Ru(bpy);>" + hv(610 nm) (2.25)

2.2.2.3 Amine System

Ru(bpy)s>*/tripropylamine (TPA) system, the most common ECL system, is cur-
rently the basis for the commercial ECL immunoassays and DNA analyses. Its
mechanism has been explained in detail in recent years. There are four distinct
possible reaction mechanisms [31, 32] of this system as shown in Fig. 2.2. During a
detailed study on reaction mechanisms, it was revealed that there are some diffi-
culties with these mechanisms, such as the lifetime of the excited species (R;N*
cation) generated by oxidation seemed to be either too long or too short on the basis
of electron paramagnetic resonance measurements and on the basis of voltammetric
measurements [1]. Possibilities related to pH values were also discussed by Pastore
[15]. As for pH values less than 5, the deprotonation of the RsNH* was the rate-
limiting step, whereas above pH 5, the formation of an amine neutral radical was
the rate-limiting step [33]. In Scheme 1 of Fig. 2.2, the ECL reactions occur as
follows (Eqgs. 2.26-2.30). Oxidation of both Ru(bpy);>* and TPA takes place at the
electrode surface, and Ru(bpy)s>* is reduced by TPA to produce the excited state.

Ru(bpy)32+ —e — Ru(bpy)33+ (2.26)

TPA — e — TPA™ (2.27)

TPA** — TPA® + H* (2.28)

Ru(bpy);”" + TPA® — Ru(bpy),>"* + products (2.29)
Ru(bpy);>"* — Ru(bpy);>" + hv (2.30)

In Scheme 2 of Fig. 2.2, Ru(bpy);>* is reduced by TPA®, and Ru(bpy)3 reacts
directly with Ru(bpy)s>* to form the excited state, ensuing the emission of light. In
Scheme 3 of Fig. 2.2, only Ru(bpy);>* is generated at the electrode surface, and
TPA is oxidized by the generated Ru(bpy);**. Ru(bpy)s>* concentration is a factor
on which the overall ECL intensity depends; hence, this process is not favoured
when Ru(bpy);>* concentrations are low. The process of Scheme 4 of Fig. 2.2
shows the direct oxidation of TPA at the electrode to generate TPA®* and TPA®.
The following reaction between TPA® and Ru(bpy)s>* generates Ru(bpy)}, which
in turn reacts with TPA** to form the excited-state Ru(bpy)32+*. The ECL route in
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Fig. 2.2 Schemes for the reaction mechanisms of the Ru(bpy);>*/TPA system (Reprinted with
permission from Ref. [13]. Copyright 2002 American Chemical Society)

e

this Scheme can occur at an LOP that is just positive enough to oxidize TPA, but
not enough to oxidize Ru(bpy);>*, and is designated as LOP ECL [13]. Figure 2.3
illustrates tri-n-propylamine oxidation reaction sequence [34].

Further studies on the ECL intensity of the Ru(bpy);>*/TPA system reveals that it
strongly depends on the solution pH. A large number of ECL applications in bio-
logical systems appear in literature, owing to its feature that the maximum value of
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Fig. 2.3 Proposed tri-n- (CH,CH,CH,)3N: - e ~
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the ECL intensity occurs at around pH 7.5, which is exceptionally suitable for
applications in biological systems. Sensitivity of the system may also be signifi-
cantly increased by the addition of some surface-active agents [35-38]. These
agents are in fact adsorbed on the surface of electrodes by which electrode surface
becomes more hydrophobic, thus facilitating the direct oxidation of TPA. These
results are supported by the effects of non-ionic chain length on Ru(bpy);>*/TPA
ECL [35] and the dependence of the surfactant effect on the electrode materials [36].
Non-ionic surfactants, fluorosurfactants [37], and the ionic surfactants [38] can
also enhance ECL intensity up to 8-fold, 50-fold, and 30-fold, respectively.
Hydroxylic solvents including fluorinated alcohols also play important role to
enhance Ru(bpy);**/TPA ECL intensity remarkably [39]. Due to increase in
polarity, hydrogen bonding and dipole forces dramatically change the ground- and
excited-state properties in Ru(bpy);>*, thus increasing the energy of maximum PL
and ECL emission. Moreover, dramatic increases in ECL efficiencies using mixed
alcohol/water solutions were observed ranging from 6- to 270-folds. Solution pH
also affects the ECL intensity of Ru(bpy);>*/TPA system [40, 41]. It shows dra-
matic increase in pH till pH > 5.5 with maximum pH value at 7.5. The exact
reason of this phenomena might be indistinct; however, causes related to the
deprotonation reactions of TPAH" and TPA®*, the stability of the intermediates
formed, and the solubility decrease in TPA at high pH are also reported. Moreover,
pH values higher than 9 should be avoided, as at this pH a significant ECL
background signal is produced by Ru(bpy);>* reaction with hydroxide ions at
electrode. ECL behavior of Ru(bpy);**/TPA in MeCN shows that the ECL gen-
eration in this case is predominately associated with the direct oxidation
of Ru(bpy)32+ at the electrode [42-45]. ECL with TPA in fluorinated and non-
fluorinated alcohols and alcohol/water mixtures is also found in literature [39].
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A number of articles [17, 34,41, 46—49] have been published for the last few years
for describing the correlation of ECL efficiency with the amine structure. Generally,
ECL intensity enhancement occurs in the order primary < secondary < tertiary
amines. For the amines to be ECL efficient, these should have a-hydrogen, so that
upon oxidation, newly formed radical cation species can deprotonate easily to form a
strongly reducing free radical species [41]. The nature of substituents and other
functional groups on amine molecule also plays role in determining the ECL
intensity. Usually, electron-withdrawing substituents tend to cause a reduction in
ECL activity, and electron-donating groups have the opposite effect. Aromatic
amines, aromatic substituted amines, and amines with a carbon—carbon double bond
that can conjugate the radical intermediates consistently give a very low ECL
response [50]. The ECL reaction mechanism of Ru(bpy)s>* with six tertiary aliphatic
amines, namely tri-n-butylamine (TBuA), tri-isobutylamine (TisoBuA), TPA,
methyl-di-n-propylamine (MeDPrA), triethylamine (TEtA), and trimethylamine
(TMeA), was studied in aqueous solution, and their ECL was examined using fast
potential pulses at carbon-fiber microelectrodes and with simulation techniques to
obtain information on the E° value of the amine redox couples [33].

Although having marvelous features and attractiveness, TPA has several short-
comings such as toxicity and volatility, and high concentrations (usually up to
100 mM) are needed to be used to obtain good sensitivity. 2-(dibutylamino)ethanol
(DBAE), a more environmentally-friendly co-reactant was introduced with
approximately 10 and 100 times greater ECL enhancement at Au and Pt electrodes,
respectively [51] (Fig. 2.4). This improved ECL intensity was attributed to the
catalytic effect of hydroxyl group toward the direct oxidation of DBAE at the
electrode. The sensitivity of the Ru(bpy);>*/DBAE system is about an order of
magnitude better than that of the Ru(bpy)s>*/TPA system. DBAE is much less toxic
and less volatile than TPA and more soluble in aqueous solutions, and 20 mM DBAE
is more effective than 100 mM TPA. These features make DBAE a very promising
co-reactant for Ru(bpy);** ECL immunoassay and DNA probe assays. N-butyldi-
ethanolamine containing two hydroxyl groups was found even more effective than
DBAE containing one hydroxyl at Au and Pt electrodes and is the most effective
co-reactant reported so far. While in search of more efficient co-reactants, it was
revealed that monoamines exhibited much higher ECL than the diamines, which
may result from considerable side reactions of diamines [52]. These results may be
helpful for new chemists in investigating new highly efficient co-reactants.

2.3 Hot-Electron ECL or Cathodic Luminescence

ECL can also be generated via hot electrons emitted into electrolyte solution from
an oxide-covered electrode surface, sometimes called a conductor/insulator/elec-
trolyte surface [53]. This special light emission pathway in ECL is commonly
known as hot-electron-induced ECL [54-56], where hot electrons are defined as
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Fig. 2.4 Dependence of the ECL peak intensity on the concentrations of 2-(dibutylamino)eth-
anol (DBAE, filled triangle), triethanolamine (empty square), N,N-diethylethanolamine (filled
inverted triangle), TPA (filled circle), triethylamine (filled square), N,N-diethyl-N’-methylethy-
lenediamine (empty triangle), 3-diethylamino-1-propanol (filled stars), nitrilotriacetic acid (empty
circle), and ethylenediaminetetraacetic acid (empty stars), measured at the Au electrode in 0.1 m
phosphate buffer solution (pH 7.5) containing 1 mm [Ru(bpy);]**. The potential was stepped
from 0 to 1.35 V (Reprinted with permission from Ref. [51]. Copyright 2007 Wiley-VCH)

electrons possessing thermal energies greater than the thermal energy of a phase or
as electrons at energy far above the Fermi energy of a phase [57, 58].

The insulating layer of metal oxide used for generation of hot electrons prevents
electron transferring from the metal to a solution species, until a large electric field
is present across the oxide and the Fermi level in the metal is above that of the
conduction band of the metal oxide. Current flow across the oxide film can then
produce a hot solution-phase electron [56]. Strong reductants are generated due to
the strong reductive ability of the hot electrons which then react with the emitter to
generate an excited state and then emit light. For example, both Ru(bpy);** and
luminol exhibit strong hot-electron-induced ECL on an oxide-covered aluminum
electrode based on a tunnel emission of hot electrons into an aqueous solution [56,
59]. By using this technique, subnanomolar detection of Ru(bpy);>* and luminol
labels with a dynamic range of several orders of magnitude is realized. ECL
emission of Ru(bpy)s>* or the mixed solution of Ru(bpy);>" and persulfate on
oxide-covered aluminum electrode was described by Kulmala et al. [52].

Soon afterward, a detection method for Ru(bpy)32+ based on the ECL of
Ru(bpy);** and persulfate on oxide-covered aluminum electrode [60] and
Ru(bpy)s>" in acetonitrile and aqueous solution on oxide-covered tantalum electrode
was developed [11]. The ECL intensity showed linearity in the concentration range
of 107" M and 10> M Ru(bpy);>" in the presence of 1 mM persulfate. The sen-
sitivity was improved by an order of magnitude in the presence of Tween 20, and this
technique was applied to immunoassays. The ECL emission on oxide-covered
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aluminum or tantalum electrode may be generated by the reaction between SO4°~
and Ru(bpy)3, the reaction between hot electron and Ru(bpy)33 *, and the reaction
between Ru(bpy)} and Ru(bpy)s>* (Egs. 2.39-2.45) [60].

sy + $20877 — SO, + S04 (2.39)

Ru(bpy)32+ t ey — Ru(bpy)3+ (2.40)

Ru(bpy);>" + SO4*~ — Ru(bpy),”" + SO,2~ (2.41)
Ru(bpy);" + SO4*~ — Ru(bpy),”"* + S0,2~ (2.42)
Ru(bpy);>" + e~ — Ru(bpy),” " (2.43)

Ru(bpy);”" + Ru(bpy); " — Ru(bpy);”"" + Ru(bpy),”" (2.44)
Ru(bpy);> ™" — Ru(bpy);>" + hv (2.45)
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Chapter 3
ECL Instrumentation

Abstract The basic components of an ECL instrument consist of supply of an
electrical energy for the ECL reaction at an electrode within an electrochemical
cell and an optical detector for the measurement of the emitted light intensity.
Although certain types of ECL instruments are now commercially available, most
of the ECL studies were carried out in homemade ECL instruments according to
most of the literature. A review of some new developments in the ECL instru-
mentation and ECL cells is described.

Keywords Nonaqueous electrochemical media - Electrochemiluminescent cell -
Lab on a chip - Light detection - Charged coupled device cameras

As advantages are inherent in ECL technique, it is possible to remark the basic
instrumentation required and to simplify the instrument needed. Including an
electrochemical apparatus equipped with potentiostat (enabling two- or three-
electrode system) is the basis of ECL instrumentation. The electrodes used are
mainly platinum-based, while gold, carbon, and mercury are also used as electrode
materials. Moreover, for optically transparent electrodes, a fine metal gauze or
indium tin oxide (ITO) on quartz may be used. For sensitive ECL detection, one of
the most important parameters is the shape of the electrochemical/ECL cell and its
position in an absolutely dark box aligned according to a very sensitive photo-
multiplier or a camera. Furthermore, voltammetric curve (i versus E) and the
dependence of the ECL intensity on potential (Igz¢; versus E) should be simulta-
neously recorded. In the advent times of ECL, Fritz Pragst designed a simple
instrument for the possibility to follow and to photograph the intensity of the
emitted light and to record the respective spectra [1].

The basic components of an ECL instrument consist of (1) an electrical energy
supply for the ECL reaction at an electrode and (2) an optical detector for the
measurement of either the emitted light intensity (as photocurrent or counts s~ ') or
its spectroscopic response [2, 3]. Although certain types of ECL instruments are
now commercially available (as discussed in the next section), most of the ECL
studies reported in the literature were performed in homemade ECL instruments.
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3.1 Nonaqueous Electrochemical Media

Modern ECL instruments used for the detection of biorelated species are mostly
carried out in aqueous media, while early reports display that historically all ECL
studies except for luminol systems were conducted in organic media. In case of
biorelated species, the purity of the solvent/supporting electrolyte plays a signif-
icant role. Trace amounts of water and oxygen present as an impurity either can
disable the generation of both reductive and oxidative ECL precursor species at the
electrode or may quench the newly formed excited state species. To avoid such
conditions, the ECL experiment is often performed in an oxygen-free dry box with
pure and dry solvent and electrolyte. Readers may find more details on solvent and
electrolyte drying and purification [4, 5] and commonly used solvent-supporting
electrolyte systems for ECL study [2, 3] in the literature.

3.2 Cell Design

ECL cell design depends upon the different types of ECL studies. Ion annihilation
ECL studies require an oxygen- and moisture-free sealed system [2]. Suitably
sized glass vials may be used as a cell for general co-reactant ECL studies, as
degassing in this case is insignificant. While carrying out ECL experiments with a
wafer-type electrode, the effective area of the electrode exposed to the co-reactant
solution needs to be carefully controlled and be aligned to face the window of the
photodetector.

Overwhelming majority of publications [6-9] concerning ECL reveals that it
has been widely used as a detector in FIA, LC, CE, and microchip CE. For ECL
equipped with FIA, various types of thin-layer flow-through ECL cells have been
constructed; some of them are exemplified in Fig. 3.1 [10].

Several drawbacks are attached with these kinds of ECL cells including
(1) large dead volumes which greatly affect detection sensitivity and separation
efficiency of a sample, (2) high IR drops which decreases the sensitivity of ECL
detection, and (3) high flow resistance which may cause significant noise due to
difficulties of removing gas bubbles. To prevail over these problems, a new type of
ECL flow cell is introduced comprising of a capillary inlet, a Pt ring working
electrode, and a stainless steel pipe counter electrode. To prevent any undesired
ECL emission from the electrode, the counter electrode is coated with a black
plastic jacket and is used for the detection of 2-thiouracil in biological samples
(Fig. 3.2) [11, 12].

Development of miniaturized analytical systems, the so-called lab on a chip,
typically consist of a multi-layer glass, silicon, or polymer cell with small channels
for the passage of reagents moved by conventional FI methods “off-chip”, or by
electro-osmosis “on-chip”[13]. Combined with such systems, ECL has great
prospective as a detection technique. The electrodes are substituted as miniaturized
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Fig. 3.1 Schematic diagrams of FI-ECL thin-layer flow-through cells a is the cell body and b the
cell cover window (Reprinted with permission from Ref. [10]. Copyright 2008 American
Chemical Society)

Fig. 3.2 Distribution of the Epoxy resin coating
thin layer at the tip of the Pt
ring-immobilized capillary
(Reprinted with permission
from Ref. [12]. Copyright
2006 American Chemical

Society)
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thin metal plates, fine wires, or metal coatings of inert substrates [14]. A platinum
foil was sealed between two microscope slides with epoxy into an ECL flow cell to
construct a microelectrode (w = 2 um, 1 = 2.5 cm) which is used in an ECL cell
for high-frequency ECL studies, providing a means for investigating ECL without
rigorously purifying solvents or working on a vacuum line or in a dry box [15].
Printed circuit board (PCB) technology was employed for the fabrication of
electrodes to be employed for luminol-H,0, solutions. These electrodes were used
with two microfluidic ECL cells that combine transparent polydimethylsiloxane
(PDMS) microchannels [16]. The differences between the two cells were the
working electrode size (10 mm?> Au vs 0.09 mm? Au) and the ECL detection
volume (4 pL vs 4 nL). No counter electrode was used in this system while
“Ag/AgCl” reference electrode was obtained by electrodeposition of Ag on Au,
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followed by electro-oxidation of Ag in the presence of 0.10 M KCl. Noteworthily,
it has also been reported recently that ECL using Ru(bpy)s>* as luminophore and
amino acids as co-reactants was determined employing a newly designed micro-
fluidic cell to transport and mix two different solutions on the chip (Fig. 3.3). Such
a cell requires only 50 nL of analyte solutions for ECL test. Drawback of this type
of cell, however, is that it cannot distinguish one analyte from another if the
sample solution contains several ECL-active unknown species [17].

For the design of the ECL cell for CE-ECL separation, a number of factors
should be kept in mind [7, 8, 18]. LOD or elimination of the electrophoretic
current from the ECL current is one of the foremost important factors. ECL
reactions at the electrode are affected by the electrical current in capillaries under
the high electric field. Increase in background signals happens due to change in the
redox potential of the emitting species [e.g., Ru(bpy)s;>*] and the interference of
the electrode potential control of an amperometric controller [19, 20]. This elec-
trophoretic current was minimized by using an on-column fracture covered with a
Nafion tube [21], a porous polymer junction near the end of the capillary [22], a
section of outside wall-etched capillary [23], and a porous etched joint capillary
[18]. Sensitivity, the alignment or arrangement of the working electrode against

(a) Injection port (b) Imjection port for RE.

reagent solution /

Contact pads

PVA-SHQ gel ; i
containing 0. MKCl 7 ; proctirvgel

(c) e

.E. for transport

W.E. for ECL

W.E. for transport

W.E. for i

e . ALE. for transport
mixing solutions
|

and ECL

Fig. 3.3 Active microfluidic transport system with integrated components for optical sensing
based on ECL: a completed chip; b planar layout of the entire system; ¢ magnified view of the
mixing area showing electrodes for the transport, mixing, and generation of the ECL. The
dimensions of the chip are 14 x 20 mm. W.E., working electrode; R.E., reference electrode; A.E.,
auxiliary electrode (Reprinted with permission from Ref. [17]. Copyright 2006 Elsevier B.V)
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the detection capillary and the photo detectors is also an important factor to be
considered [24, 25]. Ideally, all of the separated analyte should reach the electrode
and take part in the ECL reactions, for this, the distance between the end of the
capillary and the working electrode needs to be optimized. In case of a shorter
distance, Ru(bpy);>* diffusion is blocked, while too long a distance would dilute
the analyte concentration at the electrode, resulting in poor sensitivity and
reproducibility. Another factor is selectivity, the CE separation efficiency, influ-
enced by the length of the detection capillary [18]. Because there is no electric
field gradient in the detection capillary, the movement of the sample zone is
governed by the pressure generated in the capillary. Thus, band broadening can
occur by using a nonreasonable-sized detection capillary.

An ECL detection cell used for CE separation was described in a recent pub-
lication (Fig. 3.4), in which the joint was fabricated by etching the capillary wall
with hydrofluoric acid after removal of half of the circumference of the polyimide
coating in a 2-3-cm section [18]. The present ECL cell offers some advantages
over previously reported ECL cells, such as the joint is quite strong and whole
system is fabricated with no need to fix the joint on a plate. Band broadening effect
is decreased by using a very short detection capillary of ~7 mm, hence increasing
the CE efficiency. Moreover, the sample loss is small, and the part replacement is
relatively easy [23].

(a) QN /3 4

2

Fig. 3.4 Schematic diagram of the ECL detection cell coupled with capillary electrophoresis (CE)
separation (not to scale): (a) front view and (b) side view from Ru(bpy)32Jr solution reservoir—(/)
working electrode; (2) photomultiplier tube (PMT); (3) Ru(bpy)32+ solution reservoir; (4) CE
ground electrode; (5) porous section of capillary; (6) separation capillary; (7) reference electrode;
(8) counter electrode; (9) working electrode alignment screws; (/0) seal-on film [to isolate the
Ru(bpy)s>* solution reservoir and CE ground cell and to align the separation capillary] (Reprinted
with permission from Ref. [18]. Copyright 2004 American Chemical Society)
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Microchip CE-based separation with ECL detection is gaining more and more
interest due to a number of advantages over classical CE, which include high
performance, short analysis time, portability, disposability, and consumption of
minute sample and reagent [7, 8, 26, 27]. An ECL probe, without the need of a
conventional dark box to exclude ambient light [28], was used to take measure-
ments in a similar fashion to a pH probe. Later on, another research group reported
one-[29], two-[30], and three-channel microfluidic sensors [31] that were capable
of detecting redox reactions indirectly using anodic co-reactant ECL [i.e.,
Ru(bpy)s**/TPA system]. Activity and performance of all three proposed sensors
are influenced by charge balance between the anode and cathode. In other words,
the current at the cathode must equal the current at the anode. A simple and
universal wall-jet configuration was constructed for the microchip CE-ECL
detection system, to which both pre-column and post-column detection modes were
applied to determine TPA and pharmaceuticals [32]. Contrary to the above CE-ECL
devices, in which solution-phase Ru(bpy);>* was either added to the running buffer
or placed in the detection reservoir, other approaches have also been employed,
such as solid-state ECL detectors coupled with microchip CE by immobilizing
Ru(bpy)32+ into either Eastman AQ55D-silica—carbon nanotube composite thin
film on a patterned ITO electrode [26] or zirconia—Nafion composite on a GC disk
electrode [33] used for the detection of several pharmaceuticals.

3.3 Light Detection

In ECL, following three photo detectors are most frequently used, which include
avalanche photodiodes (APD), photomultiplier tubes (PMTs), and charged coupled
device (CCD) cameras. Among all these three, PMTs play exceptionally imperative
role in sensitive detection of light and single photons [34]. For ECL studies, most
commonly used PMTs include Hamamatsu [10] R4240 and R928 PMTs with
spectral response ranges of 185-710 and 185-900 nm, respectively. These offer
extremely high cathode sensitivity, low dark current and good signal-to-noise ratio.
As R928 PMT has greater spectral response range (185-900 nm), it is thought that
R928 PMT might give better results in case of Ru(bpy)s;** species as compared to
R4240. A new kind of PMT, Hamamatsu H742s1-40 metal package photon-
counting PMT has been recently reported in the application of ECL study [35].

This PMT has some distinct features such as the PMT uses a GaAsP photo-
cathode which displays a remarkably high quantum efficiency of 40 % at 580 nm
and very low dark count of ~100-300 s™'. CCD camera offers the advantages of
instant image manipulation, high spatial resolution, and multi-channel detection
ability. It has received increasing attention in ECL imaging and high throughput
analysis [36]. To reduce dark current for enormously weak ECL measurements,
such as in the ECL spectral recording experiments, the photodetector, namely
PMT or CCD camera, often needs to be operated under low temperatures. Readers
may take benefit of detailed discussions of this aspect in Refs. [2, 10, 37].
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3.4 Commercial ECL Instruments

Although considerable interest is currently being focused on the development of
certain types of ECL instruments, only a few of them are now commercially
available. The fundamental experimental instrumentations of ECL study usually
consist of two parts; the electrochemical device and the optical device. Light is
detected by a PMT biased at a high voltage with a high-voltage power supply, a
charged coupled device (CCD) camera, or a photodiode. In 1994, IGEN Interna-
tional, Inc. (technology later acquired by Roche Diagnostics Corp.) gained the title
of introducing the first commercial ECL instrument (Fig. 3.5). Basically, this
Origen analyzer is a flow cell-based system [10] where magnetic microbeads
modified with probe molecules (antibodies or nucleic acids) were used to capture
analyte molecules in a sample and Ru(bpy);>* labels. The bound Ru(bpy)s;>*
labels’ measurements are made in a TPA solution, while unbound Ru(bpy)s>*
labels are flushed from the cell. Some other flow cell ECL instruments were
constructed on the basis of Origen design, including the NucliSens system
(BioMerieux Inc.) and the PicoLumi system (Eisai Inc.) [38]. Origen bead-based
instrument for the assay of Cryptosporidium parvum, a water-borne protozoan and
causative agent of gastrointestinal illness in humans, is also available [39]. Roche
Diagnostics Corp. is providing some new-generation ECL instrumentation with
over 150 assays, including Roche ELECSYS 2010, Modular analytics E-170
systems, cobas 6,000 analyzer series, and the cobas e 411 analyzer [21].
Mesoscale discovery (MSD) Corporation has developed the ECL instruments
using proprietary multi-array and multi-spot multi-well plates. These multi-well
plates were integrated with disposable screen-printed carbon ink electrodes into
the bottom [10]. Each well contains several binding domains (multi-spot) that react
with specific targets. Biological reagents retain a high level of biological activity
and can be attached to the carbon simply by passive adsorption. Only labels near
the electrode are excited and detected, enabling nonwashed assays. A schematic
diagram of a multi-spot plate assay for four human cytokines is shown in Fig. 3.6.
At present, MSD Corporation is providing four models of instruments, namely
SECTOR Imager 6000, SECTOR Imager 2400, SECTOR PR 400, and SECTOR
PR 100 (Fig. 3.7h—i). An ultralow-noise CCD camera is used in SECTOR Imager
for light collection with ultimate sensitivity, wide dynamic range, and rapid read

Fig. 3.5 Schematic diagram From
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from Ref. [10]. Copyright
2008 American Chemical
Society)

wYYYY— 7T

Window

Magnet



40 3 ECL Instrumentation

i 1 2 [ _~olb | pattemed Arayof
A '-; — aIL-1B | Antibodies on
M- )\ ) o-TNF-ct| Working Electrode
7N ~ -l FN-y
= / 3
Ble % Counter Electrode
’_\\ Dielectric
Multi-well Plate P e ™
Labeled-Ab :
7 N \
f/' \\'\ l.’
-
S S Caplure-Rb |

B 7*7777,7 Working
/ LT Blecirods /

o /,

Protein/Carbon

ECL Image

Fig. 3.6 Schematic diagram of a multi-spot plate assay for four human cytokines. Each spot
within each well of the multi-well plate contains capture antibody specific for one cytokine.
(Inset) Images of the ECL emitted from assays and protein immobilized on carbon electrode
surface (Reprinted with permission from Ref. [10]. Copyright 2008 American Chemical Society)

times, while a photodiode array is used in Sector PR Reader for fast and efficient
detection. At present, more than 150 immunoassays are available from MSD
which include phosphoprotein and intracellular markers, cardiac markers, vascular
markers and growth factors, fertility markers, hypoxia markers, metabolic mark-
ers, and so on [10, 36]. Wang’s group at Changchun Institute of Applied Chem-
istry, Chinese Academy of Sciences, introduced a commercial automated CE-ECL
system using PMT to detect light and is manufactured by Xi’an Remax Electronic
Co. Ltd., (Xi’an, China) [40]. The system incorporates CE separation together with
simultaneous EC and ECL detection, including computer-controllable data
acquisition and data treatment [36].

Three models of M-series ECL analyzers are currently available from BioVeris
Corp., namely M1M, MIMR, and M-384. Two of them are single-channel (M1M
and MIMR), and M-384 is having eight channels. These instruments have flow-
based detection system, employ an on-line automated separation to reduce non-
specific interferences, and used in pharmaceutical research, industrial, academic,
and government research laboratories. The MIMR analyzer is the integration of
installed research software with M1M instrument and is an open system, mostly used
for assay development. On the other hand, the M-384 analyzer was intended mainly
for industrial use. It contains two main components: (1) a sample handling and
detection unit and (2) a built-in computer with application-specific software for
instrument control and data handling. Several models of commercial flow cell-based
(a—g) or imaging-based (h—i1) ECL instruments are shown in Fig. 3.7 [10, 41, 42].
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(i)

Fig. 3.7 Commercial flow cell-based (a-g) or imaging-based (h-i) ECL instrumentation:
a ORIGEN 1.5; b M-series M-384 analyzers by BioVeris Corp.;66 ¢ M1 M analyzers by
BioVeris Corp.; d PicoLumi by Eisai, Japan; e Elecsys 1010; f Elecsys 2010; g MODULAR
system containing E-170 immunoassay module by Roche Diagnostics; 66 h Sector Imager 6000;
and i Sector PR Reader 400 by Meso Scale Discovery (Reprinted with permission from Ref. [10].
Copyright 2008 American Chemical Society)

Rozhitskii introduced the ELAN-2 system (Khar’kov, Ukraine) consisting of a
rotating ring-disk electrode in a batch cell with sample injection facilities [43]. Bard
[44] and some other groups [45, 46] described America’s first ECL analyzer, the
Origen-1 Analyzer (IGEN, Rockville, MD, USA). Few years back, Perkin-Elmer
has also been reported to produce QPCR 5000 system for quantitative polymerase
chain reaction determinations in DNA studies based on ECL [47]. Boehringer
Mannheim have recently developed completely automated instruments for ECL
immunoassay and DNA probe studies, the ELECSYS 10100 and ELECSYS 20100,
capable of processing up to 90 samples per hour [48]. BioVeris [21] also provided a
number of various immunoassays. Several immunoassays can now be performed
with imaging-based ECL instruments manufactured by MSD (Fig. 3.7) [10].
Approximately 150 immunoassays are currently available from this company.
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Chapter 4
ECL Luminophores

Abstract Finding new luminophores with higher ECL efficiencies and modifying
a moiety of the emitter to use it for the labeling of biomolecules are the two
driving forces that lead to the synthesis of a number of new ECL-emitting species
in the past several years. Three categories of luminophores are discussed in this
chapter, including (a) inorganic systems, which mainly contain organometallic
complexes; (b) organic systems, which cover polycyclic aromatic hydrocarbons
(PAHs); and (c) semiconductor nanoparticle systems.

Keywords Luminophores - Organic systems - Inorganic systems - Dendrimers -
Nanoparticle systems - Nanoclusters - Carbon nanoparticles - Semiconductor
nanocrystals « Quantum dots

Since the discovery of ECL process, there has been considerable advancement in
ECL system. Different types of ECL systems have been introduced, such as
organic, inorganic, and nanoparticle systems.

4.1 Organic Systems

The first exhaustive study on ECL involved organic systems [1-3]. In the early
ages of ECL, PAHs, rubrene, and DPA have been studied extensively owing to
their high fluorescence quantum yields and stable radical cations and anions in
aprotic media. Some other organic systems, such as luminol [4], acridinium esters
[5], polymers [6-8], and siloles [9], have also been widely explored. The reader is
referred to the tremendous reviews [10-12] and ECL monograph [13] for more
thorough study about organic systems. Acridinium esters, taking example of
lucigenin (N,N’-dimethyl-9,9-bisacridinium) is reported ECL active [14] in the
presence of hydrogen peroxide [15] and has been applied for the detection of
riboflavin [16], human chorionic gonadotropin [17], and hemin [18]. The ECL
reaction of methyl-9-(p-formylphenyl)acridinium carboxylate fluorosulfonate
(MFPA) gives intense ECL signal and is employed as a label in bioassays [17].

S. Parveen et al., Electrogenerated Chemiluminescence, 45
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Lucigenin ECL has also been extended to surfaces [19]. Self-assembled mono-
layers (SAMs) modified electrodes and solutions containing Triton X-100 sur-
factant molecules caused the enhancement in ECL of lucigenin.

Fluorene-substituted PAHs have been investigated with enhanced ECL effi-
ciency and stability [20]. Derivatives of DPA, pyrene, and anthracene were pro-
duced by using fluorene as a capping agent. These molecules have high PL
quantum yields and can generate stable radical ions. On introducing the fluorene
groups, steric hindrance is imparted, preventing interchromophore interactions and
blocking the active position of PAH cores subject to electrochemical decompo-
sition. Due to the electrochemical instability of its cationic radical, pyrene mol-
ecule displays poor ECL properties. Hence, a strategy for ECL enhancement and
radical stability by peripheral multidonors on pyrene derivatives has been adopted
in which the ECL efficiencies of pyrene derivatives increase in proportion to the
number of peripheral N, N-dimethyl aniline donors [21].

An ECL laser offers numerous advantages over traditional techniques, includ-
ing tunability, lack of additional source and range of available wavelengths. Data
for laser action driven by ECL have also been achieved [22]. The literature
regarding photochemistry, electrochemistry, and ECL of five highly fluorescent
boron-based laser dyes has been explored [23]. ECL of thiamin (vitamin B1) was
described in which thiamin was used as an oxidative-reduction coreactant to
generate ECL from ruthenium complexes [24]. In another strategy, rhodamine B
was used as a sensitizer to enhance the weak intrinsic ECL of thiamin in alkaline
solution with a very low LOD [25]. The process involves energy transfer between
the excited oxidation product of thiamin and rhodamine B.

ECL of a dichromophoric molecule, 2,2'-bis (10-phenylanthracen-9-yl)-9,
9’-spirobifluorene, is reasonably explained by a simultaneous two-electron trans-
fer. This dichromophoric molecule (composed of two phenylanthracenes linked by
a spirobifluorene moiety) because of two redox centers go through annihilation.
Di-ions are created during each potential pulse, annihilation occurs, and a single
electron transfer to form an excimer is quenched by intramolecular transfer of the
other electron prior to emission [26]. ECL of 3,6-dispirobifluorene-N-phenylcar-
bazole which contains two spirobifluorene groups covalently attached to an
N-phenylcarbazole core has also been studied [27]. Donor—acceptor architectures
such as this compound may provide a general approach to design new materials
exhibiting efficient ECL. ECL from non-PAHs such as perylene diimide radical
anions and cations were generated by pulsing the applied potential between the
parent compound’s first oxidation and reductive waves [28]. Fluorene derivatives,
due to their large energy gap, usually emit blue light. An electron-deficient 2,1,
3-benzothiadiazole group with a narrower energy gap after introducing into
fluorine turns ECL emission color from blue to stable green. The ability to tune the
luminescence of these systems suggests that this approach is promising to achieve
multiple wavelength ECL labels [20]. By changing the position of 2, 5-substituents
and the steric protection of both, the chromophore and the reactive parts of the
substituents, an efficient and stable ECL of extended silole-based chromophores
was obtained recently. By tuning the electrochemical potentials of silole—thiophene
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hybrid chromophores, stable radical cations favorable for ECL emission were
generated [29]. The ability to tune the electrochemical potentials of these systems
makes them of great interest to achieve efficient ECL materials [30].

Chen with his group members reported ECL from indole and tryptophan using
hydrogen peroxide [31] with LOD 1.0 x 10~7 M for both species. Another paper
explored the ECL of a heptamethine cyanine dye was reported in MeCN with TPA
as coreactant [32]. Organic polymers have also gained considerable attention.
Strong blue photoluminescence and ECL from (NH,4),S,0g-treated OH-terminated
polyamidoamine (PAMAM) dendrimers were reported [33]. Such kind of blue-
luminescent chemical species creates interest to gain potential applications as a
new fluorophore or in aqueous ECL. Two linear, stereoregular, and structurally
defined polyphenylene vinylene (PPV) derivatives were also studied. A recent
example involved excimer emission from poly[distyrylbenzene-b-(ethylene
oxide)]s with 12 and 16 of ethylene oxide repeating units in the backbone,
respectively. The proposed mechanism for ECL involved the oxidized polymer
species and the strongly reducing TPA free radical (TPAe) [34]. A semiconducting
conjugated polymer poly(9,9-dioctylfluorene-co-benzothiadiazole) produced
soliton-like ECL waves in the electrochemical oxidation of thin films. The waves
were triggered by AuNPs embedded in the film (Fig. 4.1). The ECL “wave fronts”
visualized and imaged in space and time by optical emission microscopy were
observed to move freely parallel to the plane of an electrode. ECL free waves were
also launched by a square-shaped scratch instead of an embedded NP. For a film
with a shallow scratch, irregular patterns of ECL rather than a free wave were
observed. Similarly, a dense array of triggering leaks for ultrathin films generates
dendritic ECL filaments throughout the film as a result of drying cracks [35].
The proposed soliton ECL wave mechanism, which is based on lateral wave
propagation, anion-gated electrochemistry, and critical polymer swelling transi-
tions, has important implications for the design and operation of electrochemical
light-emitting diodes, chemically sensitive field-effect transistors, electrochromic
window coatings, and certain types of solar cells [30].

Monomer, exciplex, and excimer emission is also found in donor—acceptor
functionalized luminescent hairpin peptides [36]. The ECL of 10-methylpheno-
thiazine (MP) was also observed by a number of research groups [37—40]. Luminol
is a classical organic species that has been widely studied and is continuously
producing interest. Upon electrochemical oxidation, ECL of luminol is often
generated in the presence of hydrogen peroxide in alkaline solution. Luminol ECL
can sensitively detect hydrogen peroxide which may be produced, as a result of
some reactions, by many biologically active substances. Consequently, luminal-
ECL is thought to be widely used in the construction of various biosensors. ECL of
luminol employing with various NP-modified electrodes revealed that the AuNP-
modified electrodes could generate strong luminol ECL in neutral pH conditions
[41-43]. The catalytic performance of AuNP-modified electrodes depended on
both the size of AuNPs and the electrode substrate. These results point the
development of sensitive ECL enzyme biosensors in physiological pH because of
the excellent biocompatible property of AuNPs [30].
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Fig. 4.1 a The electrochemical cell includes a silver-wire quasireference electrode, an Au planar
counter electrode, and a 50 nm conjugated polymer-coated indium tin oxide (ITO) working
electrode. b Images of free and pinned ECL waves triggered by 250 nm AuNPs with potential
steps of 1.5 and 1.8 V, respectively. ¢ Radius versus time for (b). d ECL images at (left) 0.3 and
(right) 0.6 s after the potential step of 1.6 V. The integration time was 100 ms (free) and 12 ms
(pinned) in (b) and 100 ms in (d). Scale bars are 20 mm. 99. Reprinted with permission from Ref.
[35]. Copyright 2009 American Chemical Society

4.2 Inorganic Systems

The complexes and/or clusters containing Ag, Al, Au, Cd, Cr, Cu, Eu, Hg, Ir, Mo, W,
Os, Pd, Pt, Re, Ru, Si, Tb, and T1 have been found to show ECL property. Ru(bpy)32+
has been proved the first and most valuable inorganic complex to show ECL. ECL
based on Ru(bpy);>* and its derivatives has many advantages of having considerably
high stability and sensitivity in aqueous media with favorable electrochemical
properties. Ru(bpy)s>* has a characteristic of possessing compatibility with a wide
range of analytes and has been used for the detection of variety of coreactants such as
oxalate [44], alkylamines [45], amino acids [46], ascorbic acid [47], and many
pharmaceutical compounds [48, 49]. Moreover, Ru(bpy)s* labels coupled with
TPA as a coreactant has found broad applications in commercial ECL immunoassays
and DNA analyses owing to offer tremendously sensitive label detection at subpi-
comolar concentration as well as an extremely wide dynamic range of greater than
six orders of magnitude [30]. ECL of Ru(bpy)32+/C20427 aqueous coreactant and
Ru(bpy)s** nonaqueous (acetonitrile) annihilation by ultrasonic irradiation gives
highly stable and reproducible ECL signals with less electrode fouling [50, 51].
Many methods have been adopted in order to design or modify the ligands of
ruthenium complexes to improve molecular recognition ability. For instance,
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ruthenium complexes containing crown ether moieties covalently bonded to
bipyridyl or phenanthroline ligands have been used for metal-cation sensing
employing either the annihilation route or the coreactant pathway [52-57]. In few
cases, the ECL intensity can be significantly enhanced up to 20-fold. Recently,
with TPA as a coreactant, metal-anion ECL detection has also been published [58].

It has also been reported that strong ECL is observed from gel-entrapped
Ru(bpy)32+ [59], in sol—gel-derived glasses [60] and in Nafion—silica composite
films [61] using coreactants. ECL of Ru(bpy)s>* as a function of solution viscosity
was investigated in N,N-dimethylformamide and glycerin mixtures [62].
[Ru(bpy)»dppz]** (dppz = dipyrido[3,2-a:2’,3'-c]phenazine) has ability to inter-
calate into DNA with high affinity due to its extensive aromatic structure [63]. It is
a well-admired “light switch” molecule, as in aqueous solutions, it does not show
any photoluminescence but exhibits intense photoluminescence in the presence of
DNA. It also displays negligible ECL in the oxalate solution, while intercalating
into the nucleic acid structure its ECL increases about 1,000 times as shown in
Fig. 4.2 [64] which is attributed to the intercalation that shielded the phenazine
nitrogens from the solvent and resulted in a luminescent excited state (similar to
the reason of its photoluminescence properties). This dramatic increase in ECL
intensity upon intercalation makes [Ru(bpy).dppz]** a promising ECL probe for
DNA interaction study and DNA-related biosensors.

Other complexes of ruthenium, such as Ru—(bpy)z(CE—bpy)2+ [CE-bpy is a
bipyridine ligand in which a crown ether (15-crown-5) is bound to the bpy ligand
in the 3- and 3'-positions] [55] and (bpy),Ru(AZAbpy)>* [(bpy) 2,2-bipyridine;
AZA-bpy) 4-(N-aza-18-crown-6-methyl-2,2’-bipyridine)] [54, 57] also exhibits
strong ECL. Former chelate is sensitive to sodium ions in aqueous buffered
solution (Fig. 4.3), whereas later one has been shown to be sensitive to Pb**, Hg2+,
Cu?*, Ag*, and K* in 50:50 (v/v) CH5-CN/H,O (0.1 M KH,PO, as electrolyte) and
aqueous (0.1 M KH,PO,) solution (Fig. 4.4).

Fig. 4.2 a Scheme of ECL 0

switch based on (a) CTO — » NoECL
[Ru(bpy),dppz]** and DNA. ;J.(" ":o
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Fig. 4.3 ECL signal intensity as a function of sodium concentration for solutions containing 0.3

Ru(bpy)2(CEbpy)2+ and 30 mM TPA in 0.1 M TBACIO,4, MeCN (9) and in 0.1 M, pH 7.0, tris
buffer (2). Adapted from Ref. [55]. Copyright 2002 American Chemical Society
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Fig. 4.4 Perturbation of ECL emission spectrum of (bpy),Ru(AZA-bpy)(PFs), (0.1 mM) in
50:50 (v/v) CH3CN/H,O upon addition of Pb**: (A) 0 mM Pb**; (B) 0.5 mM Pb>* (5-fold
excess); (C) 1 mM Pb** (10-fold excess). Adapted from Ref. [57]. Copyright 2002 American
Chemical Society

A solution-based self-assembly approach by direct mixing of H,PtCls and
Ru(bpy)sCl, aqueous solutions was employed for the synthesis of Ru(bpy);**-
containing supramolecular microstructure [65]. These microstructures possess
exceptional ECL behaviors and hence hold great promise as new luminescent
materials. These structures consist of a large quantity of star-shaped microstruc-
tures with six branches developing the idea that electrostatic attractions between
the positively charged Ru(bpy);>* and the negatively charged PtClg>~ drive the
formation of micrometer-scale supramolecular microstructures. Ru(bpz)32+ (bpz)
2,2'-bipyrazine), another complex of ruthenium, has also attracted substantial
attention and generates ECL in acetonitrile upon formation of the +3 and +1 states
[66]. A characteristic of ECL of Ru(bpz)32+ in the presence of 82082_, as a
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reductive—oxidation coreactant, gives bright orange luminescence in aqueous
solution [67]. This system has been used to determine persulfate with nanomolar
(nM) detection limits [68]. Nanostructured materials have distinctive properties, so
it is worth-interesting to observe ECL from nanoscale ruthenium complexes. ECL
from single crystalline nanobelts obtained from a water-insoluble Ru(bpy);>*
derivative [69], [Ru(bpy),(4,4’-(CH3(CH,);4,CO0),-bpy)](Cl0,), was easily
observed using TPA as a coreactant. Moreover, ECL of a single nanobelt deposited
on an ultramicroelectrode was also observed to achieve highly sensitive ECL
detection.

Some other strategies, such as synthesis and behavior of multimetallic ruthe-
nium complexes, including a trinuclear, mixed-metal supramolecular complex,
[((phen)g—Ru(dpp))thClz]5+ (phen = 1,10-phenanthroline, dpp = 2,3-bis(2-pyri-
dyl)pyrazine) [70] to improve the ECL detection sensitivity, have also been
investigated [71]. The first multimetallic ruthenium complex studied in ECL is the
bimetallic ruthenium complex [(bpy)zRu]z(bphb)4+ (bphb = 1, 4-bis(4'-methyl-
2,2’-bipyridin-4-yl)benzene) [71] which produced ECL enhancement 2-3-folds
more than Ru(bpy);>* in aqueous and nonaqueous solution via annihilation method
and with TPA. To multilabel biomolecules at a single site and to enhance ECL
intensity with minimum impact on bioreactivity, dendritic Ru(bpy);>* labels have
also been studied [72]. Three new bimetallic ruthenium complexes [(bpy).
Ru(bpy)(CH2),,(bpy)Ru(bpy)2]4+ (n = 3, 5, 8) with different chain lengths have
been synthesized and the effect of the length of carbon chain linkage were
investigated by using TPA and DBAE as coreactants [73]. It was found that ECL
intensities increase with increasing the length of carbon chain linkage. These
results demonstrate an approach to further enhance and tune ECL efficiency by
using multimetallic ruthenium complexes. Ru(Il) diimine complexes having
phosphonic acid substituents are adsorbed on to TiO,-modified ITO electrodes and
undergo coreactant ECL with C2042_ [74].

Regardless of ruthenium (II) complex systems, usually oxidation is irreversible
and reduction is reversible in a number of other metal polypyridine ECL systems.
For these systems, commonly adopted ECL processes could not be used as this
might decompose these molecules by electro-oxidation [75]. In such cases, the
emission can be generated at LOP, potential that is just positive enough to oxidize
TPA and is not enough to oxidize Ru(bpy)32+ [76]. LOP ECL seems to provide a
potential route for the generation of ECL of irreversible oxidation metal com-
plexes. ECL of a bis-cyclometalated alkynylgold (III) (via the LOP ECL route)
with irreversible oxidation but reversible reduction has been reported recently
[77]. The lower potentials required in the LOP ECL also play a significant role in
DNA detection because oligonucleotide sequences would be irreversibly damaged
at potentials above +1.0 V versus SCE.

Despite the fact that neutral Ir(Ill) complexes are found to be more efficient
than Ru(bpy);>*, their use is limited due to their very low solubility in aqueous
solutions and sensitivity to oxygen quenching [30, 78-80]. Ir-(ppy)s (ppy)
2-phenylpyridine in acetonitrile via annihilation between the reduced, Ir(ppy)’~,
and oxidized, Ir(ppy)>*, species displayed weak ECL [10] while in benzonitrile,
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strong ECL was observed [81]. ECL of F(Ir)pic [bis(3,5-difluoro-2-(2-pyri-
dyl)phenyl-(2-carboxypyridyl)-iridium III] and (btp),Ir(acac) [bis[2,(2'-benzot-
hienyl)pyridinato-N,C3'](acetylacetonate)-Ir(IIT)] in acetonitrile (MeCN), mixed
MeCN/H,O (50:50, v/v), and aqueous solutions using TPA has also been inves-
tigated [80]. In the presence of surfactant, ECL enhancement of up to 6-fold and
20-fold for F(Ir)pic and (btp),lIr(acac) has been observed, respectively.

Stable ECL of a completely insoluble neutral Ir(III) complex Ir(pq),acac in
aqueous media has recently been studied by encapsulating it into silica-PEG NPs
[10], thus, making the ECL detection feasible under typical bioassay conditions by
improving solubilization, limiting water and oxygen quenching which offers a
promising way to obtain a great number of water soluble ECL materials. Three
ionic iridium complexes such as, [Ir(ppy)(bpy)ICl, (ppy = 2-phenylpyridine),
[Ir(ppy)2(phen)]Cl,, and [Ir(ppy),(BPS)]Na (BPS = 4,7-diphenyl-1,10-phenanth-
rolinedisulfonate) have recently been investigated which showed favorable solu-
bility in aqueous solutions [82]. The obtained results showed that ionic iridium
complexes hold great promise for ECL and chemiluminescent detection in aqueous
solutions. Some more detailed literature on inorganic systems may be found in
these excellent reviews [10-12].

A thin-layer cell composed of glass/ITO/emitting solution/ITO/glass was used
in this experiment. Another paper reported the role of triplet excited state on the
annihilation ECL of Ir(ppy)s [83] and the annihilation/coreactant ECL of Ir(ppy);
in acetonitrile/dioxane (1:1 v/v) solutions containing 0.1 M TBAPFg as the elec-
trolyte was also reported [84]. AI(IIT) has been shown to play a role in some
disorders in human body, e.g., bone, neurological disorders, and Alzheimer’s
disease [85]. Therefore, there is a great need to detect AI(III) in medical, clinical,
and environmental samples; especially using ECL, it would be more advantageous.
One of the aluminum complexes exhibiting ECL properties, synthesized in
aqueous, buffered solutions is tris(8-hydroxyquinoline-5-sulfonic acid)alumi-
num(III) [86]. The ECL of AI(HQS); was measured using TPA in aqueous buf-
fered solution. ECL has also been extended to copper bis(phenanthroline) systems
[62, 87]. For example, in situ ECL generation from aqueous solutions of
Cu(dmp)®* from copper ions and the ligand 9,10-dimethylphenanthroline (dmp)
was also reported [87]. Reduction of Cu®" ions (the common oxidation state found
in nature) to Cu® with hydroxylamine hydrochloride followed by complexation
with dmp and oxidation in the presence of tri-n-propylamine is the process of ECL
generation.

ECL of Ir(ppy)s/TPA [79] and Os(phen)z(dppene)2+/TPA [88] in the presence
of Triton X-100 were also studied. An osmium complex, Os(phen)32+, was the first
osmium complex that gave ECL response using S,0s>~ reduction to generate the
excited state [89]. A series of osmium complexes containing bpy and phen ligands
showed ECL enhancement via annihilation [10]. While using TPA as coreactant
[90], Os(phen),(dppene)** exhibits ECL in aqueous and mixed aqueous/
nonaqueous solutions. Osmium polypyridine complexes have also been studied
[88, 89].
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4.3 Nanoparticle Systems

Nanoparticles were first of all studied in 2002 in the field of electrogenerated
chemiluminescence. ECL from semiconductor Si NPs was produced in MeCN
solutions via annihilation and coreactant pathway [91]. Semiconductor nanocrys-
tals, also known as quantum dots (QDs), have also been widely studied. Few years
back, ECL from CdSe [92], CdS [93], CdTe [53], and ZnS [94], PbS and ZnSe
QDs [95, 96] was observed which displayed applications in the field of biosensors.

In addition to these compound semiconductors (e.g., CdS, CdSe, and CdTe),
elemental semiconductors (e.g., Si and Ge), many can also produce ECL. The ECL
mechanism of semiconductor NPs follows the general annihilation and coreactant
ECL reaction pathways. Many other NPs such as graphene oxide NPs [97],
semiconductor NPs [98—100], and carbon NPs [101] can also produce ECL. For
example, ECL from a suspension of graphene oxide NPs was detected by using a
coreactant at relatively high concentrations. Besides suspension of graphene oxide
NPs, an electrochemically oxidized graphite layer on highly oriented pyrolytic
graphite has been reported to generate ECL. Usually, hydrogen peroxide or per-
oxydisulfate are used as coreactants at high potentials to generate semiconductor
NP ECL. While in recent years amines such as DBAE are found to be used as
coreactant with semiconductor NPs to generate strong ECL at low potential [102].
Furthermore, it was also discovered that DBAE, a tertiary amine, is the most
effective one. ECL study of CdSe/ZnSe core/shell type NPs was reported by Bard
group [103]. CdSe NPs that were well-passivated with a shell of ZnSe showed a
large ECL peak at the wavelength of band-edge PL plus a red shift by ~200 nm
from the PL peak. NP films including PbSe [104], CdSe thin film and single
monolayers of CdSe in molecular organic devices [105], CdSe/ZnS [106], ZnS/
CdSe, and CdSe/CdS core/shell type films were also reported [107]. Studies
relating these systems are important because NPs have found some applications in
optoelectronic systems or as components in future nanoelectronic devices.

Recently, carbon NPs with ECL activity have been prepared by an electro-
chemical method [101] as well as through a facile and economical microwave
pyrolysis approach [108]. On heating, a saccharide and surfactant PEG-200 mix-
ture solution in a 500 W microwave oven for 2—10 min, the colorless solution was
transformed to yellow and finally to dark brown, which entails the formation of
carbon NPs. This case represents a convenient and low-cost method which
decreases the reaction time and devotes a potential advancement to large-scale
industrialization. It’s highly sensitive analytical applications emerged by the
advantages of convenience, low cost, and effectiveness of the method.

Silver nanoclusters exhibiting cathodic hot electron-induced ECL with con-
siderable potential of its use as probes in molecular sensing have also been
reported [109]. Most of the ECL studies have been performed using organic
molecules; however, few studies have been performed on organic NP ECL [110].
By direct reaction between HAuCl, and luminol in aqueous solutions, luminol-
reduced AuNPs have been synthesized, in recent years, where diameter of the NPs
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increases with decrease in luminal concentration. The presence of cysteine may
enhance the ECL of luminol-capped AuNPs by 20-fold [111, 112]. The biocom-
patibility of Au cores and the relative strong ECL intensity make the luminol-
capped AuNPs potential ECL biomarkers for their applications in biosensors [30].
Sterically stabilized silicon NCs are also reported to have ECL property which is
attributed to the electron transfer reactions between positively and negatively
charged NCs (i.e., annihilation) or between charged NCs and coreactants results in
ECL [113]. ECL from trioctylphosphineoxide (TOPO)-capped CdSe nanocrystals
dissolved in methylene chloride containing 0.1 M tetra-n-butylammonium per-
chlorate (TBACIO,) is also reported [92]. For a detailed study on the electro-
chemical and ECL behaviors of semiconductor NPs in solutions and in films, a
comprehensive and excellent draft [114] of this field is present to go through.
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Chapter 5
Coupling of ECL with Different
Techniques

Abstract The perspectives and recent developments in the field of electrochem-
iluminescence (ECL) have grown exponentially in the last few decades. The state
of the art of the developments, key strategies, and trends toward ECL detection
coupled to capillary electrophoresis (CE), flow injection analysis (FIA), and solid
phase microextraction (SPME) is described. New advances in homemade con-
figurations, designs of ECL flow cells and probes, peculiarities of the operation of
tandem systems using miniaturization (microchip/uTAS) with detection by ECL
are included. Due to its simplicity, low cost and high sensitivity and selectivity,
ECL-based detection has become a quite useful detection tool in CE, FI, and
SPME systems, making this technique an interesting field of research. Some
emerging phenomena of ECL are discussed, such as light-emitting electrochemical
swimmers.

Keywords Capillary electrophoresis - Micellar electrokinetic chromatography -
Microchip - UTAS - Nonaqueous capillary electrophoresis - Flow injection
analysis - Solid-phase microextraction - Bipolar electrochemical swimmers

5.1 ECL Coupled with Capillary Electrophoresis/
Microchip/uTAS

A large number of procedures offering high sensitivity and selectivity are being
introduced as the real world applications of electrochemiluminescence (ECL),
especially Ru(bpy)s;**-based ECL reactions are continuously gaining considerable
interest. Certain features of ECL, namely the necessity of improving the sensi-
tivity, selectivity, and rapidity, and the reduction in costs made it necessary to
explore the new ECL instruments integrated with capillary electrophoresis having
great potential. Until last few years, capillary electrophoresis has been coupled
mainly with fluorescence (FL), electrochemical (EC), spectrophotometric (SP),
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and chemiluminescence (CL) methods; however, since mid-2000s, many
researchers are attempting to focus the development of procedures and instruments
for capillary electrophoresis with ECL detection.

This chapter spotlights the instrumentation required to generate CE-ECL and
new developments of efficient systems for producing ECL coupled with CE which
are being used for the growth of highly sensitive ECL assays. Studies focusing
some important factors for designing and improving the efficiency and sensitivity
of the CE-ECL instrument are also reviewed along with a discussion on the
instrumentation of CE-ECL-based assays and related issues. This provides the
reader a general understanding of coupling of ECL technique to the CE and its
application to biological molecule detection [1]. CE-ECL has taken extensive
consideration for last decade after its first discovery and has been widely spread all
over the world. A brief discussion on the use of the ECL detectors coupled with
different techniques and on the use of CE with the ECL, EC, laser-induced fluo-
rescence (LIF), SP, and CL detectors is also presented in this chapter.

5.1.1 Geographic Sites of Research Centers

ECL in combination with CE is becoming more famous in Eastern Asia, mainly in
China and the research centers for the investigation and application of CE-ECL
are growing and developing continuously. The first and foremost scientific group is
lead by Prof. Erkang Wang in the laboratory of electroanalytical chemistry,
Changchun Institute of Applied Chemistry, Chinese Academy of Sciences. Vari-
ous microfluid ECL instruments developed and applied in France, Canada, and
Britain have many significant applications in different areas. The main research
centers are listed in Table 5.1. Karkov National University of Radioelectronics
(Laboratory of Analytical Optochemometrics), Ukraine also has the setup for
CE-ECL investigations. Research is conducted in collaboration with the Kharkov
Institute of Physics and Technology (National Science Center); Institute of Solid-
State Physics, Material Science, and Technologies (Ukraine National Academy of
Sciences); and Institute of Monocrystals supported by the state and is supported by
the international projects (UNTTs projects nos. GE 77, 4180, 4495) [1].

In general, ECL has long been employed as a sensitive detection method for flow
injection analysis (FIA) and high-performance liquid chromatography (HPLC). The
term electrogenerated chemiluminescence is well renowned to emerge in 1929 [2],
while articles on the use of ECL phenomena in chromatographic detectors were first
appeared in 1980s. ECL combined with FIA systems came on front in 1990s [3, 4]
while integrated with the devices for capillary electrophoresis (CE), in 2000. It is
worth-noting that direct coupling of ECL to CE is difficult unlike with FIA or
HPLC, taking into account that the injection volume in CE is in nanoliters com-
pared with microliters for FIA or HPLC. Specially designed ECL detector is usually
required for CE [5]. While coupling ECL with CE, some factors should be kept in
mind to improve the sensitivity of the instrument.
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1. A source to keep the ECL reagent in contact with the CE effluent from the tip of
electrophoretic capillary near the working electrode is required

2. Though the Ru(bpy);** ECL can be well carried out within aqueous or non-
aqueous condition; the effects of organic solvents and surfactants on ECL
detection should be carefully noted

3. To eliminate or reduce the effect of electric current in CE procedure, ECL cell
should be specially designed as it may affect the ECL detection on the
microelectrode, different to HPLC coupling with ECL detection [6-8]. CE is
holding exceptionally dominating position over high-performance liquid
chromatography (HPLC) due to the relative compactness and simplicity of
construction of the equipment, rapidity of the analysis, and high-resolution
power (the number of theoretical plates reaches 2,000,000). The last parameter
is attained using a specific profile of the velocity front in the electro-osmotic
and electrophoretic flows in a capillary tube.

It is noteworthy that regarding the suitability of using ECL detectors in CE,
even with modern detectors, the potential of CE is often limited by insufficient
sensitivity and selectivity because of the extremely small sample volume (10 nm
in a capillary 50 pm in diameter), whereas the objects of analysis are determined
mainly by the method of detection. This confirms the appropriateness of
the CE-ECL system. A number of reviews have been published to recapitulate the
progress and key approaches in CE with ECL detection. Few of which are the
following: Wang’s group in early 2005 published a comprehensive overview
regarding CE-ECL systems focusing on the ECL mechanism, CE mode, instru-
mental design, and ECL efficiency [9]. He along with workers presented another
review article in 2007, describing the recent advances and key strategies in CE and
microchip CE with ECL and electrochemical detection (ECD), the study is focused
on four main parts: CE-ECD; microchip CE-ECD; CE-ECL; and microchip CE—
ECL [10]. Rozhitskii and group members summarized the trends of analytical
application of CE-ECL especially focused on the advancements and progress in
instrumentation for CE-ECL [1]. Lately, Chen and co-workers presented a com-
prehensive survey of developments in the field of CE-ECL [11]. They illustrated
the mechanism involving both co-reactant and inhibitor based ECL, the possible
analytes to be determined by CE-ECL, the construction of CE-ECL apparatus and
the applications of CE-ECL. Lara with his group members compiled advances and
analytical applications in CL and ECL coupled to CE [12].

The increment in the number of publications reveals that the field is still topical
and the analytical potential of these instruments is of current interest. Rozhitskii,
two years back, compiled publications by year (a), on the use of the ECL detectors
with CE, FIA, and chromatography (CH) published from 1960 to July, 2009, and
(b), on the use of CE with the ECL, EC, laser-induced fluorescence (LIF), SP, and
CL detectors published from 2000 to July, 2009 and found the increased number of
publications of CE with ECL year after year.

It is well noted that the detection sensitivity is directly related to ECL effi-
ciency [9]. The first luminol-based CE-ECL detection offered some fundamental



5.1 ECL Coupled with Capillary Electrophoresis/Microchip/pTAS 65

design and principle, some of which are stated as under. First, 10 um carbon or
platinum fiber microelectrode aligned with the end of capillary to improve the
ECL efficiency and to reduce baseline noise. Second, small inner diameter cap-
illary (<25 pum) was used to restrain the effect from the high electric field on ECL
detection. Two optic fibers collect light emitted from the luminol-ECL reaction on
the microelectrode which is monitored with a PMT [13]. The instrumentation of
CE-ECL is usually exceptionally simple as it lacks the need of external light
source. However, coupling CL methods to CE is not an effortless task. The small
sample volumes needed in CE separations complicate the addition of CL reagent
to the capillary. Therefore, to avoid the complications facing the addition of the
CL reagent to the capillary, various strategies have been tried in order to achieve
high sensitivity [9].

5.1.2 Addition of the Ru(bpy);** Solution

As described earlier, most CE-ECL systems use an end-column Ru(bpy)32+ solution
reservoir to supply the ECL reagent for the reason that the flow rate in CE is much
lower than that in HPLC. Using an end-column Ru(bpy)32+ solution reservoir,
Ru(bpy);>* was in situ generated at the electrode surface. Thus, reproducibility of
the ECL response is affected applying this design which is the main limitation,
causing the evaporation of solution over time and the dilution of the solution by CE
effluent [9]. Ru(bpy) 32+ was added to the CE running buffer to convert to Ru(bpy)33+
at the end of separation capillary. The addition of such a large electrolyte showed
some drawbacks of affecting the character of electro-osmotic flow by altering the
charge on the capillary wall. Furthermore, it becomes difficult to optimize the
detection and separation conditions independently because of the presence of
Ru(bpy)s>* in CE running buffer. It is worthy to note that the concentration of
Ru(bpy);>* affects the background signal, linearity, and dynamic range notably [14].

Moreover, the adsorption of Ru(bpy)s>* onto the inner wall of separation capil-
lary increases the equilibrium time to several hours. Figure 5.1 shows a simple
apparatus for post-column Ru(bpy);>* ECL detection, which employed a conductive
joint to isolate the separation field from the potential needed to drive the ECL [6].

To prevail over the shortcomings of the above systems, the Ru(bpy);>* solution
can be carried to the cell continuously by a pump for the generation of Ru(bpy)33+
and ECL is attained at the surface of the working electrode. Plexiglass reservoir
present at the capillary outlet has an optical fiber that serves for transferring the
ECL emission to the PMT. Plexiglass reservoir itself, at the capillary outlet
functions as both, the reaction and detection cell for the ECL reaction. Nonin-
terrupted sampling conditions, involving large numbers of samples to obtain good
sensitivity and separation efficiency was obtained by optimizing the relative
positions of the capillary outlet, working electrode and optical fiber as well as
reagent renewal flow-rate. However, in CE-ECL systems, the addition of
Ru(bpy);>* to capillary end using a pump and a mixing tee was less used than in
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Fig. 5.1 Schematic for capillary electrophoresis with post-capillary ECL detection: a Overview
of the apparatus and b Enlarged view of the etched joint and the ECL detection cell. The PMT
(not shown) was positioned directly over the Pt working electrode, and the entire apparatus was
place in a fight-tight housing. The ground-end buffer reservoir was filled with 1 0 mM Na,HPO,
@H = 9) and the ECL cell was filled with 10 mM NazHP04 (pH = 9) and 1 mh4 Ru(bpy)32+.
Details concerning the fabrication of the etched joint and the ECL cell are provided in the
experimental section. Reprinted with permission from Ref. [6]. Copyright 2005 Wiley

HPLC and FIA. This design needs careful optimization of Ru(bpy);>* flow rate
and the consumption of expensive Ru(bpy)32+ [7, 15]. Another literature reported a
miniaturized chip-type ECL detection cell made-up of two pieces of glass via wet
chemical etching. This fabrication requires very low dead volume of the end-
column detector of CE and the dilution of the sheath flow to the effluent of CE may
reduce the detection sensitivity because of the low flow rate in CE. This design
(Fig. 5.2) offers the decreased (to only the volume of the etched channel) dead
volume. Instrumental setup is simplified by combining a gravity-induced reagent
introduction to an even reagent introduction with flow rate as low as ~pL min™"
without the use of a pump system [16].

Arora et al. [17] developed a wireless ECL detector to low down the effect of
electric current in CE procedure to the ECL detection on the microelectrode,
which used the electric field from the separation channel during electrophoretic
separation as the required potential difference for the ECL reaction. As shown in
Fig. 5.3, a microfabricated “U” shape floating platinum electrode placed across
the separation channel, whose two legs functioned as working electrode and
counter electrode of the ECL procedure. The device was applied for direct sepa-
ration and determination of Ru(bpy);>" and Ru(phen);** using micellar electro-
kinetic chromatography (MEKC) on a microfabricated glass device was performed
employing this device.
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Fig. 5.2 Constructing process of the chip-type ECL flow cell and schematic view of CE and FI
measurement modes. Design pattern of flow channel and accommodating grooves (a), etched
glass plates (b), accommodating pipet tips and guides (c), CE (d), and FI (e) measurement modes:
cover plate /, bottom plate 2, pattern designs of flow channel 3, working electrode 4, reference
electrode 5 and capillary 6 accommodating grooves, flow channel 7, accommodating grooves of
working electrode 8, capillary 9 and reference electrode 10, Ru-(bpy)s** solution reservoir /1,
waste reservoir /2, working electrode guide /3, capillary guide /4, rubber septum [/5;
accommodated at the bottom of the /0], connecting capillary /6, working electrode /7, separation
capillary 18, silver wire quasi-reference electrode /9, inlet capillary 20, outlet tubing 2/, and
rubber septa seal 22. Reprinted with permission from Ref. [16]. Copyright 2003 American
Chemical Society
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4

Fig. 5.3 A wireless ECL detection for chip-based CE. / sample reservoir; 2 buffer reservoir; 3
sample waste; 4 buffer waste; 5 double-T injector; 6 separation channel; 7 floating platinum
electrode (leg width 50 um, distance between legs 50 um); 8 sample filled into the double-T
injector; 9 vacuum; /0 direction of plug during separation. Adapted from Ref. [17]. Copyright
2001 American Chemical Society

In order to overcome the high field interference, ECL detection was often
carried out in an off-column mode to isolate the detector from the CE field, where
a field decoupler was created near the capillary outlet. However, the procedures
of electrode alignment and decoupler fabrication are always tedious and time-
consuming. Here we shall discuss some improvements in the cell design of CE-
ECL with and without decoupler [5].

5.1.3 ECL Cell Design

5.1.3.1 ECL Cell Without Decoupler

It is worthy to note that the formation of electronically excited states of electro-
chemically generated species takes place on microelectrode which is affected by
the electric current present in CE capillaries. Therefore, the effect of CE high
electric field on ECL procedure should be abolished. The simplest ECL cell may
be the cell without decoupler, but the electric field decoupler has also been used to
isolate ECL detections from the CE high voltage field. Some workers reported that
using capillary with small inner diameter (<25 pm) or low conductivity buffer, no
significant effect was observed from the high electric field on ECL detection. Some
methods for the detection of several pharmaceuticals such as diphenhydramine,
tramadol, lidocaine, procyclidine, benzhexol, and polyamines have been devel-
oped with small inner diameter capillary CE-ECL system. Furthermore in order
to obtain high ECL efficiency and to carry out in situ oxidation of Ru(bpy);** to
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Ru(bpy);>", the relative position between the working electrode and the end of
capillary must be carefully adjusted. Some chemists aligned the microelectrode
with the capillary tip, while the other groups inserted the microelectrode directly
into the capillary end [9]. For the sake of simplicity of CE-ECL system without
decoupler, a group of scientists [18] designed a pseudo-chip CE end-column ECL
detection system consisting a flow injection (FI) falling-drop sample introduction
interface, a separation capillary of 68 mm, an end-column reservoir integrated
with working electrode, counter electrode, reference electrode, and optical fiber
fabricated together in a Plexiglas chip [18]. FI analyzer is protected from the CE
high voltage employing a FI falling-drop sample introduction interface. The
combination of this interface and the short separation time from the short capillary
resulted in a sample throughput of 50 h™' [15].

A simplistic and low-cost ECL detection system integrated with CE was
introduced without the need of on-capillary field decoupler. A 0.5 mL plastic
sample vial glued onto a piece of 1.5 cm x 1 cm x 0.6 mm indium/tin oxide
(ITO)-coated glass plate was used for the construction of detector. End-column
ECL detection was carried out in a walljet configuration. ECL based on
Ru(bpy)33+ reaction was used for the sensitive determination of some trialkyl-
amines and amino acids including trimethylamine, triethylamine, tripropylamine,
tributylamine, proline, and hydroxyproline. With the purpose of avoiding the
possible damage to the sophisticated potentiostat caused due to electrophoretic
current flowing into the detector, a simple DC power supply was provided to the
ITO electrode (connected in series) and a home-made voltage divider [19].

Afterward, another end-column ECL detector (Fig. 5.4) was developed which
lacks the electric field decoupler in CE. This detector was equipped with an
electrically heated carbon paste electrode (CPE) where temperature of the elec-
trode (Te) could be controlled by a 100 kHz alternating current (AC) generated
from a function generator. The feasibility and reliability of this system was
evaluated by applying this system for detection of triethylamine (TEA) and tri-
n-propylamine (TPA). Pre-column addition of Ru(bpy);** was done into the
separation buffer solution. Heated CPE could improve peak shape, gain good
reproducibility (lower detection limits), and wider linearity ranges as compared to
the conventional electrode at room temperature. As a result, improved linear
ranges and detection limits (S/N = 3) for TEA and TPA were obtained when the
Te was 397 °C [20].

In order to reduce the labor work of sample pre-treatment, a rapid and sensitive
approach for the detection of reserpine in urine (over the range of 1 x 107 to
1 x 107* mol L™! with a correlation coefficient of 0.996) was introduced. This
method uses MEKC coupled with Ru(bpy);>" ECL where the sample was analyzed
directly. The proposed method uses a 25 um i.d. capillary as separation column
and the ECL detector lacks an electric field decoupler. Field-amplified injection
lessens the effect of ionic strength in the sample, increasing the ECL efficiency
[21]. The distance of capillary to electrode was also an important parameter for
optimizing detection performance as it determined the characteristics of mass
transport toward the electrode and the actual concentration of Ru(bpy);>* in the
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Fig. 5.4 Schematic diagram of the CE-ECL detection system equipped with an electrically
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potentiostat; e the Ag/AgCl electrode; f platinum wire. Reprinted with permission from Ref. [20].
Copyright 2007 Wiley

detection region. A new end-column ECL detection technique coupling to CE was
characterized where a 300 um diameter Pt working electrode was used without an
electric field decoupler. This Pt working electrode was directly coupled with a
75 pm inner diameter separation capillary. The hydrodynamic cyclic voltammo-
gram (CV) of Ru(bpy);>* displayed no interaction of electrophoretic current
toward the ECL reaction. ECL detection potential is shifted due to the presence of
high-voltage field. The optimum distance of capillary to electrode is also depen-
dent on the inner diameter of the capillary. For a 75 um capillary, the distance
between the working electrode and the capillary outlet should be within the range
of 220-260 pum. A 75 um capillary in this method, under the optimum conditions
offered a linear range for TPA between 1 x 107'° and 1 x 107> mol L™" with
correlation coefficient of 0.998 [22].

Ming Li and Sang Hak Lee have reported a CE system integrated with ECL
method in the absence of an electric field decoupler for the determination of tri-
methylamine (TMA) in fish. ECL from the reaction of analyte and in situ generated
Ru(bpy);>* at electrode surface could be produced in the presence of TMA. For ECL
detection, a Pt working electrode biased at 1.23 V (vs. Ag/AgCl) potential
was employed in a 10 mmol L™' sodium borate buffer solution, pH 9.2,
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containing 3 mmol L' Ru(bpy);**. A linear calibration curve (correlation coeffi-
cient = 0.9996) was obtained in therange 8 x 10> to4 x 10~® mol L™' for TMA
concentration. Recoveries were acquired in the range 98.78—101.46 %. The system
was effectively applied for the assay of TMA in fish, in combination with solid-phase
extraction (SPE) disks for sample clean-up and enrichment [23].

To achieve high light capturing efficiency and simplification of the alignment
between the separation channel and working electrode, a chip CE was effectively
integrated with ECL detection in a recent publication. Working electrode was
photo-lithographed by the glass slide coated with indium/tin oxide (ITO). A poly
(dimethylsiloxane) (PDMS) layer was reversibly bound to the ITO electrode plate
containing injection channel and separation channel. Transparency of ITO elec-
trode helps in achieving the high light capturing efficiency. The experiment un-
necessitated the decoupling of ECL detection from the separation voltage using
end-column detection mode. Rather the distance between the end of capillary and
working electrode should be optimized because the separation electric field
decreased the oxidation current of Ru(bpy);>* and did not change its oxidation
potential significantly. Different to CE-EC detection, where the oxidation current
was measured, although the separation electric field had manipulated on the CV, the
corresponding ECL intensity did not change significantly within the chip CE [24].

A new CE-ECL detection system operational with an electrically heated
Ru(bpy);>*/multiwall carbon nanotube paste electrode (Ru(bpy);>/MWNTPE)
was developed (Fig. 5.5). A three electrode (20 x 20 x 20 mm)-ECL cell was
located directly at the top of a PMT and was set in a dark detection chamber. The
counter electrode was made of a platinum wire (99.99 %) and the reference
electrode of Ag/AgCl in saturated KCI. The Ru(bpy);**/MWNTPE was employed
as the working electrode, and positioned in parallel direction. The working elec-
trode could be electrically heated and the surface temperature of electrodes could
be controlled precisely. These heated electrodes have been shown to provide some
advantages over other conventional electrodes at room temperature, such as higher
sensitivity, lower RSD, and decreasing width of the peak. Unlike CE-EC detection
system where the oxidation current is measured, the corresponding ECL intensity
is not affected by the separation electric field in this CE-ECL system. Hence, a
wall-jet configuration was adopted, and the end of the capillary was placed directly
in the ECL cell without decoupler. Furthermore, wider range of capillary-to-
electrode distance and larger-area electrode are a benefit to CE-ECL. The results
indicated that the present CE-ECL system coupled with heated modified-electrode
could provide high sensitivity, wide linear range, satisfying linear relationship and
excellent reproducibility. This system has been successfully applied for the sep-
aration and determination of acephate and dimethoate [25].

5.1.3.2 ECL Cell with Decoupler

An instrument with an improved design was introduced later. In this design, the
electrophoretic and the electrochemical current were separated by an on-column
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Fig. 5.5 The schematic diagram of the CE-ECL detection system equipped with an electrically
heated Ru(bpy)32+/MWNTPE. WE working electrode; RE reference electrode; CE counter
electrode. Reprinted with permission from Ref. [25]. Copyright 2007 Elsevier

fracture which was covered with a Nafion tube. The decoupler used in the above
strategy was prepared as follows: ca. 1.5 cm from the end of the capillary was
removed after the polyimide coating and the Nafion tubing (1 cm length) was
carefully threaded over the score mark. Both ends of the Nafion tubing were sealed
to the capillary tubing and a temperate pressure was applied to either end of the
Nafion tubing to fracture the capillary at score. Due to wider i.d. of Nafion
(0.33 mm) as compared to that of separation capillary (75 or 100 pm), the diffusion
of analytes in the fracture resulted in zone broadening and analytes leakage [9].

Wang and Bobbitt investigated the effect of working electrode outer diameter
(76 versus 127 um) on the ECL response and utilized this approach as a detector of
MEKC. According to them, the 127 pm o.d. electrode is over 76 pm in terms of
LOD, calibration curve slope and correlation coefficient which might be due to the
generation of an enhanced amount of Ru(bpy);>* in the detection region at larger
o.d. electrode. Additionally, larger o.d. electrode facilitates the alignment between
the working electrode and the end of capillary [7]. Other literature [14] reported
the application of a porous polymer junction near the end of the capillary to
complete the CE circuit. EC or ECL current was separated from electrophoretic
current by etching the outside wall of the separation capillary. Because of the
complexity of another design, a 2 or 5 cm detection capillary was used resulting in
peak broadening and decreased separation efficiency. The capillary must be fixed
on a plate in order to protect the etched section of capillary. It is noteworthy that
the fix of capillary made the fabrication of joint system and the replacement of
capillary and working electrode complex; it was also difficult to align the capillary
and the working electrode [6].
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Accumulated data reveal that two factors result in band broadening in the on-
column decoupler, one is the construction of on-column ground section, and the
other is length of detection capillary. The on-column etching joint does not create
any dead volume [6, 26] as compared to the fracture covered with polymer tubing
[7, 8], contributing no band broadening. Because of electric field gradient absence
in the detection capillary, sample zone movement is induced from pressure gen-
erated in the separation capillary which results in a parabolic flow profile because
of the pressure-driven mode [18]. The length of detection capillary contributes
drastically to band broadening; hence, a detection capillary as short as possible is
favored. Taking the above into consideration, a novel CE-ECL cell different to the
previous work [6, 26] was constructed. An instrument where the joint was fabri-
cated by etching the capillary wall with hydrofluoric acid followed by removal of
half of circumference of the polyimide coating was developed. The joint here was
adequately tough to fabricate the whole system and avoid fixing of the joint on a
plate thus reducing the band broadening from the detection capillary [27].

A simplistic, rapid, and efficient analysis of ofloxacin and lidocaine was carried
out using a short capillary (10 cm in length) which has the advantage of high
sample throughput (60 h™") and low band broadening in comparison to CE with
long capillary. Since no glue was used in this setup to fix, the replacement of
capillary and the electrode was much easy; furthermore, the etched joint did not
create any dead volume [28]. Another strategy was adapted to couple CE with
ECL detection in which the electrical connection of CE was achieved through a
porous section at a distance of 7 mm from the CE capillary outlet. A standard
three-electrode configuration (Pt wire as a counter electrode, Ag/AgCl as a ref-
erence electrode, and a 300 um diameter Pt disk as a working electrode) was used
in the experiment. In comparison with the conventional CE-ECL decoupler
designs, this setup with a porous joint has no added dead volume created. Fur-
thermore, it was noticeable that the dead volume can be increasingly decreased by
shortening the distance (~ 100 pm) between the working electrode and the end of
the separation capillary [27].

Determination of amines, namely triethylamine, tripropylamine, and tributyl-
amine by CE alongwith ECL detection was achieved by a stacking approach based
on pH junction and field amplification in order to improve the sensitivity of the
system using Ru(bpy)s>*. A two-electrode configuration containing an indium/tin
oxide-coated glass as a working electrode and a platinum wire as a pseudo-
reference electrode was employed. A flow cell (poly(dimethylsiloxane)- aluminum
oxide) made from a mixture of Sylgard 184 silicone elastomer, a curing agent, and
aluminum oxide is present in the ECL system. Amines (cations) after preparation
in citric acid solution (pH, 4.0) follow the migration toward the background
electrolyte (15 mM sodium borate at pH 8.0). This migration gets slow and the
amines are stacked at the boundary as a result of deprotonation and causes
decrease in the electric field. By applying hydrodynamic injection of the sample
for 60 s, this method provides the concentration LODs (S/N = 3) of 24, 20, and
32 nM for TEA, TPA, and TBA, respectively. The results reveal that the stacking
CE-ECL system is more efficient than CE-ECL systems using a two-electrode
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configuration and is comparable to those using a three-electrode configuration.
This potential and low-cost CE-ECL system has been applied for the effective
determination of 1.0 mM lidocaine, a local anesthetic drug, in urine without any
tedious sample preparation [29].

5.1.4 ECL Efficiency

ECL efficiency is another key feature affecting directly the detection sensitivity
which is governed by two elements: electrochemistry of Ru(bpy);**/analytes at the
surface of electrode and related direction between PMT and the electrode where
the electrochemistry of Ru(bpy);**/analytes performs. Huang et al. illustrated the
effect of three different designs among the capillary outlet, working electrode and
optical fiber on ECL detection, as illustrated in Fig. 5.6. Figure 5.6b illustrated the
sandwich design where the signal was sensitive to the variation of the reagent flow
rate. Figure 5.6c shows more sensitivity and separation efficiency; the capillary in
this design was located below the working electrode and longitudinally aligned
with the optical fiber. In this kind of design, all of the CE effluent may not be in
contact with the surface of working electrode [9].

Although the relative positions of capillary outlet, working electrode and PMT
were not investigated. Another design, where the optical fiber was replaced with
PMT, was used in order to obtain high sensitivity. This difference between Wang’s
and Huang’s work may be from the supply mode of Ru(bpy);**. A static
Ru(bpy);** reservoir was used instead of Huang’s sheath flow mode in this
instrument. The dispersion of the ECL emission in all directions and only a part of
emission detected was the main drawback of this design [9]. With this design, a
high electrochemical efficiency was obtained (a nearly 100 % of the ECL emission
generated could be detected by PMT) due to the low dead volume between
working electrode and detection window. A Pt wire of 100 pm diameter was
wound around the outer wall of separation capillary. After coating the wound Pt
wire with epoxy resin to insulate, the Pt ring electrode was obtained by polishing
the outlet surface. The integrated capillary/electrode was located opposite to PMT
through a transparent window [30].

Forbes et al. [14] introduced working electrode into the separation capillary to
perform the ECL and ECL signal was measured using a parabolic reflector to
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Fig. 5.6 Schematic diagrams of the ECL reaction and light collection system. SC separation
capillary; OF optical fiber; WE working electrode. Reprinted with permission from Ref. [9].
Copyright 2004 Elsevier
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direct emitted light to PMT. Another sensitive design was also reported where an
indium/tin oxide (ITO)-coated glass positioned at the capillary outlet was used as
the working electrode. The transparency of ITO glass made all ECL emission
detected by PMT. Discrete wavelets transform was used to remove the noise in
CE-ECL electropherogram. A new advancement using CE in conjunction with
sequential light-emitting diode-induced fluorescence (LEDIF) and ECL detections
was presented, after few years, for the determination of alkaloids and amino acids
(AAs). In the low cost CE-LEDIF-ECL system, the ECL detector was located in
the outlet of the capillary, while the LEDIF detector was positioned 12 cm from
the outlet. Naphthalene-2,3-dicarboxaldehyde (NDA) was used to form fluorescent
AA-NDA derivatives from AAs possessing primary amino groups, while
Ru(bpy);>* was used to obtain ECL signals for analytes having secondary and
tertiary amino groups. In the presence of poly(ethylene oxide), the CE-LEDIF-
ECL separation of a mixture of 12 AA-NDA derivatives, anabasine, nicotine, and
proline within 11 min was accomplished. This system allows the analysis of these
AA-NDA derivatives and alkaloids at concentrations in the ranges of 49 nM-
0.2 mM and 0.66—4.7 mM, respectively. This CE-LEDIF-ECL system offers the
advantages of high efficiency, speed, and sensitivity for the analysis of analytes
possessing amino groups [31].

CE with ECL detection together with UV spectroscopic and EC methods was
used to investigate the chemical oxidation of p-hydroxyphenylpyruvic acid (pHPP)
by dissolved oxygen in aqueous solution with high sensitivity and separation
efficiency. pHPP was found to be readily oxidized by dissolved oxygen in alkaline
solution and yielded a compound strongly enhancing the ECL of Ru(bpy)s>*. The
system consists of a detection cell, a Pt ring working electrode, an Ag/AgCl
reference electrode, a Pt auxiliary electrode, and a Pt cathode. The detection cell
body consists of two pieces of Plexiglas block tightly fixed to each other with a
screw. The smaller Plexiglas block (~ 0.5 cm thick) was used only as a transparent
window while the bigger one was the main part of the detection cell, which was
fabricated differently. This ECL detection system for CE has two apparent
advantages: (1) The surface of the working electrode is positioned opposite to the
transparent window to detect 100 % of the ECL emission by PMT. It prevails over
the weakness of ECL detectors for CE reported earlier, in which the ECL emission
scattered in all directions but could only be detected in a very limited angle. (2)
The working electrode can be located close to the transparent window to achieve a
very small dead volume. The volume of the solution thin layer between the surface
of working electrode and the Plexiglas window (shown in Fig. 5.7) is estimated to
be only a few nanoliters [30].

It is worth mentioning that a europium(III)-doped prussian blue analog (Eu-PB)
film was modified chemically on the surface of a microdisk platinum working
electrode to avoid the possible electrode fouling as well as to improve the ECL
efficiency and detection sensitivity. After optimizing the conditions, the ECL
intensity was in proportion to analyte concentration in the range from 0.01 to
1.0 pg mL™" with a detection limit of 2.0 ng mL™" (3¢). This CE-ECL method
based on Ru(bpy);>* system had been applied for the determination of sinomenine



76

5 Coupling of ECL with Different Techniques

Fig. 5.7 Schematic diagram Epoxy Resin Plexial
of electrochemiluminescence Coating _ /_ window
detection for capillary . Retaction Cel
. . Pt Ring

electrophoresis. The working Working
electrode arrangement. Electrode =
Reprinted with permission '
from Ref. [30]. Copyright IR — i w
2003 American Chemical _/ J | ==
Society Separation -

copiy — Solution

in Chinese herb S. acutum Rehd. et Wils [32]. This method is found to be
promising not only as a good alternative for the rapid determination of sinomenine
in plant extracts with good selectivity, wide linearity, and reliable stability but also
found a proficient ancillary technique for the preliminary exploration of other
quinolizidine alkaloids in Chinese traditional herbs.

In the following year, analysis of Ascorbic acid (AA) in single rat hepatocyte
cells by coupling CE with ECL was reported, where a homemade CE-ECL device
is employed for the determination of a single cell at a carbon fiber microdisk
bundle electrode with high sensitivity of ECL as shown in Fig. 5.8. Ru(bpy)s>*
(4.0 x 107? M) was injected into the capillary tip after a cell lysed and therefore
AA in individual rat hepatocytes reacted with Ru(bpy);>* at the working electrode.
After the application of a separation voltage of 15 kV across the capillary, ECL
response was recorded. The present system offers the advantage of individual rat
hepatocyte cell analysis directly without any pre-treatment. Moreover, owing to
the small sampling and fast separation capabilities of CE and high ECL sensitivity,
the developed method is useful and powerful for chemical species analysis in
single cells [33].

Procyclidine is a tertiary amine compound which has been used to treat
Parkinson’s disease. Several analytical methods namely capillary gas chromatog-
raphy, gas chromatography, and FIA have been used for the assay of procyclidine.
Another more sensitive and selective method illustrating a Ru(bpy);**-based
CE-ECL approach has been presented to detect procyclidine in human urine.
An ECL detection cell for post-column addition of Ru(bpy);>* was designed. Under
optimized conditions, a detection limit of 1 x 10™° mol L™" in an on-capillary
stacking mode is achieved. For application in urine, a cartridge packed with slightly
acidic cation-exchange resin was used to eliminate the matrix effects of urine and
improve the detection sensitivity with an extraction recovery of 90 % [34].

Simultaneous EC and ECL detection of amphetamines namely methamphet-
amine, 3,4-methylenedioxyamphetamine, and 3,4-methylenedioxymethamphet-
amine was performed employing CE. Factors affecting the separation and
detection performance, such as the detection potential, the pH value and con-
centration of the running buffer, the separation voltage, and the pH of the detection
buffer, were explored. A liquid-liquid extraction with ethyl acetate procedure was
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Fig. 5.8 Overview of the CE-ECL detection and the single-cell analysis system. A CE-ECL
detection system; B single-cell injection device; C the enlargement of the CE-ECL detection cell.
1 Capillary; 2 support of sample reservoir and running buffer reservoir; 3 running buffer
reservoir; 4 sample reservoir; 5 high-voltage anode; 6 copper wire; 7 setup of single cell injection
[15]; 8 steel tube; 9 light-tight box; /0 CE-ECL detection cell; 7/ PMT; /2 high voltage; /3
electrochemical potentiostat; /4 ECL data collector; /5 computer; /6 poly- (methyl methacrylate)
stick; /7 buffer reservoir; /8 microscope slide; /9 reference electrode port; 20 reference
electrode; 2/ connecting passage between (/7) and (/9); 22 epoxy resin; 23 auxiliary electrode
and high-voltage cathode; 24 steel tube; 25 working electrode; 26 capillary; 27 auxiliary
electrode passage. Reprinted with permission from Ref. [33]. Copyright 2008 Wiley

introduced for urine sample pre-treatment for practical application, and obtainable
extraction efficiencies were higher than 90 % [35]. For the estimation of chloro-
quine phosphate (CQ), a CE method with endcolumn ECL detection has been
reported. Parameters affecting detection were optimized, leading to a detection
limit of 3 x 1077 M (S/N = 3), and a linear calibration curve was obtained for the
system over two orders of magnitude. Chloroquine phosphate, difenidol hydro-
chloride, and clomifene citrate were successfully separated at pH 7.0 [36]. The
determination of gatifloxacin in biological fluid is performed by a simple, rapid
and sensitive CE method based on the ECL reaction of gatifloxacin and Ru(bpy)s>*
in the end-column detection cell. The proposed method scheme has been effec-
tively applied to determine gatifloxacin in urine and blood samples after clean-up
process using C18 SPE column. As compared to nonchromatographic methods, the
proposed approach is fit for biological samples as it possesses satisfying selectivity
and avoids interference brought by the complex sample matrix for the reason of
the effective clean-up and separation process. The proposed method is promising
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and offers wider range of practical applications in pharmacokinetics and phar-
macology investigations [37]. It is worthy to note that clindamycin-enhanced ECL
intensity of Ru(bpy)s;>* as a coreactant. This finding led to the development of CE
coupled with end-column ECL for the quantitative detection of clindamycin. After
optimization of the experimental conditions, the ECL intensity showed linearity in
the concentration range of 5.0 x 1077 to 1.0 x 10~* M with a detection limit of
1.4 x 1077 M for clindamycin. The application of this CE-ECL technique was
found for the detection of clindamycin in pharmaceutical and clinic samples.
Studies on the interaction of clindamycin with hemoglobin were also explored
where the binding constant of clindamycin with hemoglobin was estimated to be
3.6 x 10° M™' [38].

Galanthamine (GAL) in Bulbus Lycoridis Radiatae has also been determined by
coupling CE with an end-column Ru(bpy);** ECL. Under the optimized condi-
tions, this determination can be performed within 6 min with lower detection limit
and wider linear range. It is suggested that CE-ECL is suitable for study of the
components of plant extracts and can possibly become a substitute or supplement
to HPLC-based methods. This method has potential to be used in pharmaceutical
industry for the quality control of raw materials [39]. Furthermore, pseudolycorine
in the bulb of lycoris radiate has been determined by CE coupled with online ECL
detection and ultrasonic-assisted extraction. The method offers fast separation, low
LOD, good selectivity, and high sensitivity, and the proposed method is suitable
and accurate for the detection of Amaryllidaceae alkaloids in plant extract [40].
For the determination of josamycin (JOS), a novel and sensitive method based on
CE-ECL detection has been described where platinum disk electrode (300 pm in
diameter) was used as a working electrode. Josamycin in rat plasma can be
determined in 6 min by this method, and the extraction recoveries with spiked
plasma samples were over 92 %. JOS is determined based on the high-enhancement
effect on the Ru(bpy);>* due to the presence of tertiary amine group, since tertiary
amine has the feature of ECL enhancement. The method can also be applied to
other compounds detectable by Ru(bpy)s;** in both biological and nonbiological
samples [41].

Recently, CE coupled with Ru(bpy);>* ECL for highly sensitive detection of
metformin hydrochloride (MH) derivatized with acetaldehyde is reported. The pre-
column derivatization of MH with acetaldehyde was performed in phosphate
buffer solution (0.3 mol L™', pH 7.5) at room temperature for 120 min. The
factors affecting this method of analysis, e.g., acetaldehyde concentration, buffer
pH, electrokinetic voltage and injection time were examined and under optimi-
zation of these conditions, the MH ECL detection sensitivity was more than 120
times that without derivatization. The detection of 0.3 ng mL ™" with S/N = 3 was
attained. The proposed method is simple, economical, and sensitive and is used for
the determination of MH in urine [42]. A method combining CE with Ru(bpy)s>*
ECL detection that can be applied to amine-containing clinical species was
developed, and the performance of CE-ECL as a quantitative method for the
determination of sulpiride in human plasma or urine was evaluated [43].
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5.1.5 Microchip Capillary Electrophoresis/\TAS

Various separation techniques, for instance, capillary electrophoresis (CE),
microchip electrophoresis (ME), high-performance liquid chromatography
(HPLC), and laser-induced fluorescence (LIF) have been integrated with
Ru(bpy);** ECL. During the past several years, Ru(bpy);>* ECL detection coupled
with CE and ME separation is acquiring dominant position and has been proven to
be more efficient and attractive system for determination of complex samples. In
comparison with laser-induced fluorescence or mass spectrum detection which are
commonly employed on CE and ME, ECL detection presents comparable sensi-
tivity, high flexibility and relatively low cost. However, there are not many pub-
lications on the microchip CE combined with ECL detection. In 2007, Wang’s
group presented a review to recapitulate the advances and key strategies in CE and
ME with EC and/or ECL detection [44].

In the preliminary studies, a number of microchip CE devices were constructed
from expensive glass and quartz due to the established micromachining technology
of these materials. This approach remained persistent only for few years and was
replaced by alternate materials such as plastics and polymers due to their high cost
and complicated fabrication procedures. A broad range of polymer materials, such
as polycarbonate [45] and poly(methyl methacrylate), are found to have the
property of microchip fabrication. In particular, poly(dimethylsiloxane) (PDMS),
as one of these polymer materials, has been extensively studied and reviewed by
Whitesides and co-workers [46, 47]. Effenhauser [48] gave first report on the
microchip CE device that combined a PDMS layer and a glass substrate. PDMS
has been broadly used and well-studied owing to a number of advantages, such as
low cost, rapid prototyping complex device and its reversible/irreversible binding
to smooth surfaces. In addition, the fabrication procedures based on rapid proto-
typing and replica molding are accessible to a general laboratory without ultra-
clean conditions [49]. Likewise, two-channel and multichannel microfluidic
sensors based on this principle were also described in their later work [50, 51].

The field of micro total analysis systems (LTAS), also called “lab-on-a-chip”,
has also been growing rapidly [52, 53]. Considerable interest has been focused on
UTAS and particular attention has been paid to CE microchips. Most of the
detection methods employed in conventional CE are adopted in the microchip
layout. Owing to several advantages, such as high sensitivity, simplicity, low cost,
and ease of miniaturization make ECL powerful detectors for microchip CE. Some
other reviews partly deal with the detection methods coupled to CE and microchip
CE [10]. Manz’s group first illustrated an integrated microfluidic system with a
U-shaped floating platinum electrode ECL detector. The two legs of U-shaped
floating platinum electrode functioned as working and counter electrode and the
platinum electrode was placed across the separation channel. The detection
potential for the ECL reaction is generated directly from the electric field for
electrophoretic separation [17]. Crooks and his co-workers reported a novel
microfluidics-based sensing system that based on EC detection and ECL reporting.
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In their work, the ECL reporting reaction was chemically decoupled from the
electrochemical sensing reaction [54]. In the same year, a novel reagentless solid-
state CE detector was fabricated by immobilizing Ru(bpy)s** in a polymer film
coated onto a Pt disk electrode [55]. In the following year, Fang’s group con-
structed a new miniaturized CE-ECL post-column detection system by coupling
with FI sample delivery system, as shown in Fig. 5.9. They used a falling-drop
interface to carry out FI split-flow sample introduction [15].

A new ECL chip-type detection cell, which could be used for both CE and FIA
was constructed by Wang and co-workers [16]. In their design, the chip-type
detection cell is easily convertible to CE and FI measurement mode with run-to-run
RSDs of less than 2.5 % for both CE and FI measurements in the linear concen-
tration ranges. This design made a contribution in the development of ECL assay
for clinical and biological applications. Subsequently, they fabricated another CE—
ECL system with a porous joint as electrical connection of CE. This joint was
fabricated by etching capillary wall with hydrofluoric acid after the removal of
polyimide coat. Because the porous capillary wall allowed the CE current to pass
through and there was no electric field gradient beyond that porous section, the
influence of CE high electric field on ECL procedure was negligibly reduced, and
no added dead volume was created [27]. Same group has reported a series of
researches about an integrated ITO electrode-based Ru(bpy)32+ ECL detector for a
PDMS/glass hybrid MCE device. This MCE-ECL strategy utilizes an ITO-coated
glass slide as the chip substrate with a photolithographically fabricated ITO elec-
trode located at the end of the separation channel in a PDMS layer [56].

Microfluidic chip based on CE has attracted extensive attention recently. Its
advantages included short analysis time, portability, disposability, and minute
sample and reagents consumption. Moreover, the integration of sample-handling,
separation, and detection makes the chip CE system much simplistic and user-
friendly. In 2003, the first report about an integrated indium tin oxide electrode-based
Ru(bpy);>* ECL detector for a PDMS microchip CE device was presented which
describes an indium tin oxide electrode based Ru(bpy)32+ ECL detector for a
microchip CE. The microchip CE-ECL system consists of a PDMS layer which
contains separation and injection channels and an electrode plate with an ITO elec-
trode made by employing photolithographic method. Photon-capturing efficiency is
greatly enhanced by binding PDMS layer reversibly to the ITO electrode plate, which
greatly simplified the alignment of the separation channel with the working electrode.
Moreover, high separation electric field has negligible significant influence on the
ECL detector, and decouplers for isolating the separation electric field were not
needed in the microchip CE-ECL system. This microchip CE-ECL strategy was
successfully applied to proline and tripropylamine as model analytes [24].

In the following year, lincomycin was determined by the microchip CE-ECL
system where ITO working electrode was fabricated by photolithographic method
from an ITO-coated glass slide (chip substrate) located at the end of the separation
channel (Fig. 5.10). The top layer made up of a poly(dimethylsiloxane) (PDMS)
layer consisting of two channels, namely separation and injection channels. This
microchip CE-ECL system can be successfully applied for the rapid analysis of
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Fig. 5.9 Experimental setup of the miniaturized CE system with FI sample introduction and
ECL detection: a sample loading; b injection. S sample; C carrier; W waste; P peristaltic pump;
SP syringe pump; V eight-channel 16-port valve; L sample loop; HV high voltage supply; PS
potentiostat. ¢ Schematic diagram of the microfluidic device. A falling-drop interface (inlet
tubular reservoir); B ECL reaction and detection cell (outlet reservoir); C separation capillary;
D chip baseplate; E Pt wire electrodes; RE Ag/AgCl reference electrode; CE counter electrode;
WE Pt working electrode; G epoxy glue; OF optical fiber; R ECL reagent; W waste. Dimensions
not to scale. Adapted from Ref. [15]. Copyright 2002 Elsevier

lincomycin, a tertiary amine, within 40 s in a urine sample without pre-treatment.
Linear range of 5-100 pM and the LOD of 3.1 uM were obtained with correlation
coefficient of 0.998, respectively, under the optimized conditions. This strategy
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Fig. 5.10 Schematic ITO electrode
diagram of the microchip Buffer reservoir
integrated with ITO working
electrode. Reprinted with Electrode plate
permission from Ref. [57].
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does not need decoupler for isolating the high separation electric field because the
influence of the high separation voltage on the ECL signal was negligible. Owing
to a number of features, such as simplicity, selectivity, sensitivity and low sample
consumption, this strategy has been found to offer unique advantages in bio-
chemical applications and for determination of medicines in clinical analysis [57].

Next year, a tertiary amine derivative, 2-(2-aminoethyl)-1-methylpyrrolidine
(AEMP) was successfully exploited as ECL probe within microfluidic chip using
ECL detection. The system was based on the interaction between biotin and
avidin. Firstly, the ECL efficiency of AEMP was characterized via comparing with
that of two coreactants enhancing Ru(bpy)s>* ECL, TPA and proline. At the same
condition, AEMP has a similar ECL efficiency to TPA, and much higher than
proline which indicates that AEMP has a good reactivity to the analytes containing
carboxyl group with a similar ECL efficiency to TPA. After reaction of AEMP
with NHS-LC-biotin (succinimidyl-6-(biotinamido) hexanoate), analysis of the
products and their ECL was performed by directly injecting it in the microfluidic
chip and the mixture of AEMP and biotinylated AEMP was separated using a
4.5 cm microchannel. Under optimal condition, the detection limit (S/N = 3) of
AEMP was achieved as 2.7 uM [58].

Furthermore, simultaneous EC and ECL dual detection system to microchip CE
was also introduced by Qiu et al. [59], in which Ru(bpy);>" was used as an ECL
reagent as well as a catalyst (in the formation of Ru(bpy);** for EC detection. In
Ru(bpy)s** ECL process, Ru(bpy);>* generation followed by reaction with ana-
Iytes resulting in an ECL emission was noticed with a great current enhancement
in EC detection owing to the catalysis of Ru(bpy);>*. The current response and
ECL signals were examined simultaneously. This dual detection strategy was
validated in case of dopamine, anisodamine, ofloxacin, and lidocaine. Usually, for
the EC detection of dopamine (DA) with the presence of Ru(bpy)32+, a ~5 times
higher signal/noise ratio can be achieved than that without Ru(bpy);>*, during the
concurrent EC and ECL detection of a mixture of DA and lidocaine using CE
separation. In this experiment, it was found that a simple and convenient detection
method for analysis of more kinds of analytes in CE separation was achieved
employing this dual EC and ECL detection strategy rather than the single EC or



5.1 ECL Coupled with Capillary Electrophoresis/Microchip/pTAS 83

ECL detection alone, and additional information of analytes could be gathered in
analytical applications simultaneously.

One of the several other strategies to reduce the consumption of expensive ECL
reagent includes the contribution of Du et al. They constructed a solid-state ECL
detector joined with microchip CE by immobilization of Ru(bpy);>* into Eastman
AQ55D-silica-carbon nanotube composite thin film on a patterned ITO electrode
[60]. In the following year, Chen’s group fabricated a facile and universal wall-jet
configuration approach for the microchip CE-ECL detection system. In this
approach, both pre-column and post-column detection modes were made func-
tional to determine TPA, tramadol, and lidocaine [61]. In the same year, same
group [62] explained a wall-jet configuration for MCE-ECL detection system,
where the working electrode (400 pm-diameter glassy carbon) was aligned to the
outlet of separation channel and set by a three-dimensional adjustor under the
microscope. In the meantime, the end of separation channel outlet of the glass
microchip facilitated the working electrode alignment by rubbing it away to a
wedge shape with the thickness of 500 um. Though, the process of fabricating
solid-state ECL sensors is tedious; these sensors were also attempted for appli-
cation in MCE-ECL. Recently, an efficient and easily fabricated ECL detection
system with a simplistic and compact electrode configuration for microchip CE
was described using a 300 pm-diameter platinum disk working electrode,
entrenched in a titanium tube which acts as counter electrode. The successful
functionality of the method was confirmed by separation and determination of
proline and tripropylamine which is linear in the range from 5 to 5,000 uM for
proline with a detection limit of 1.0 uM (S/N = 3). The system also has appli-
cability in the determination of chlorpromazine hydrochloride in pharmaceutical
formulations Cutaway view of the integrated working-counter electrode is shown
in Figs. 5.11 and 5.12 displays microchip fabrication, construction of guiding
channel and a part of the detection cell, and detection cell assembly [63].

For sensitive and selective quantitative chemical analysis, a miniaturized hot
electron-induced ECL device with subnanomolar detection limits was fabricated
where both the working and counter electrode are integrated into a single chip. In
this study, three schemes were examined for sample containment, consisting of a
separately assembled PTFE sample cell; integrated PDMS sample chambers, and
hydrophobic sample confinement (Fig. 5.13). All the three sample containment
schemes have optimal electrode geometries and the uniformity of ECL in each was
investigated. This method offered excellent linearity and subnanomolar detection
limits with the model analyte. Maximal working electrode area was required in

==
Fig. 5.11 Cutaway view of the integrated working-counter electrode: / platinum wire, 2 glass

tube, 3 titanium tube, 4 cable. Dimensions are not in scale. Reprinted with permission from
Ref. [63]. Copyright 2011 Springer

N o= W
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Fig. 5.12 a Microchip
fabrication: / sample
reservoir, 2 sample waste
reservoir, 3 buffer reservoir,
4 separation channel;

b Construction of guiding
channel and a part of the
detection cell: 5, 6 a piece of
soda lime glass, 7 a part of
the detection cell, 8 guide
channel for electrode; ¢ The
whole detection cell
assembly: 9 a microscope
slide, 70 the whole detection
cell. Reprinted with
permission from Ref. [63].
Copyright 2011 Springer

Fig. 5.13 Planar silicon and
glass electrode chips and the
PTFE sample cell (left), a
silicon device with a
capillary-filling PDMS
chamber (middle), and a
silicon device with a
hydrophobically confined
sample droplet (right).
Reprinted with permission
from Ref. [64]. Copyright
2010 Elsevier

5 Coupling of ECL with Different Techniques

case of luminescence efficiency, whereas in the PDMS and hydrophobic versions a
sufficiently dense mesh-type counter electrode was found important to maintain
uniform luminescence over the electrode [64]. Figure 5.14 summarizes cross-
sectional views of silicon (A) and glass (B) devices.
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Fig. 5.14 Cross-sectional (a) Tunneling oxide Field oxide
views of silicon (a) and glass Platinum —_
(b) devices. Vertical and I_'I

Si0,

Silicon

lateral dimensions are not to
scale. Reprinted with
permission from Ref. [64].

Copyright 2010 Elsevier Aluminum

(b)

Al, O3 tunneling oxide
Platinum ~a Aluminum

Glass

And for rapid analysis of tertiary amines, simultaneous ECL and EC detection
scheme coupled with nonaqueous capillary electrophoresis (NACE) was devel-
oped employing Pt electrode. This NACE-ECL/EC dual detection strategy was
utilized for the analysis of triethylamine, tripropylamine, chlorpromazine, pro-
methazine, and dioxopromethazine (DPZ). The results show that NACE-ECL/EC
had the advantages of simple and fast analysis with more information, wide linear
range, high sensitivity, and compatibility with real urine sample. NACE-ECL/EC
system was thought to be a potential method for clinic sample analysis [65].
Crooks’ group describes a two-channel microfluidic sensor that uses anodic ECL
as a photonic reporter of cathodic redox. An approach further expanding the
number of analytes that can be detected was developed, because even those that
might interfere with the ECL cocktail are accessible. Furthermore, this two-
channel strategy validates the possibility of using completely different solution
conditions (for example, different solvents or electrolytes) in the detection and
reporting channels [66].

Benzhexol hydrochloride is an antimuscanic agent and is used for the symp-
tomatic control of all forms of Parkinsonism. Various analytical methods for its
determination are present in literature, such as PVC membrane ion-selective
electrode, derivative spectroscopy, inductively coupled plasma atomic-emission
spectroscopy, gas chromatography, liquid chromatography, and high performance
thin layer chromatography. Some of which offered limited sensitivity while other
methods required expensive apparatus. Keeping all this in mind, Wang [67] and
Yang’s [68] group combined capillary zone electrophoresis (CZE) with an ECL
[67] and with end-column ECL detection system [68] and validated it to the
determination of benzhexol hydrochloride in body fluids with low detection limit
(6.7 x 1072 M (S/N = 3)) and bisoprolol in tablets and drugs [67]. Bisoprolol
reacts as a co-reactant in Ru(bpy)s;>* ECL system and tetrahydrofuran is utilized as
an additive in the running buffer to obtain the absolute ECL peak of bisoprolol.
The proposed CZE-ECLmethod has the advantage of requiring aqueous solutions
and a shorter migration time for bisoprolol in comparison with CZE-UV as well as
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HPLC. The proposed method is rapid, low cost, simple, and sensitive and is
promising to determine all beta-blockers, especially to monitor bisoprolol in
clinical and biochemical samples in future [68].

CEC, a hybrid separation technique of CE and HPLC, potentially combines the
high efficiency of CE and the selectivity and versatility of HPLC. CEC was
coupled with Ru(bpy);** ECL detection by Xu’s group for the first time. Proline,
putrescine, spermidine, and spermine were separated efficiently by this method at
pH range of 3.5-7.0 of the mobile phase. The proposed detection scheme offers a
powerful tool for analysis since CEC generally displays better resolution than CZE
for neutral analytes and charged analytes with equal electrophoretic mobilities
[69]. Dual-cloud point extraction (dCPE) and tertiary amine labeling has been used
for sensitive and selective detection of two auxins employing CE-ECL. The
proposed method shows feasibility to the detection of the two auxins in acacia
tender leaves, buds, and bean sprout and the detection limits (S/N = 3) were 2.5
and 2.8 nM for indole-3-acetic acid (IAA) and indole-3-butyric acid (IBA),
respectively. The proposed method was applied effectively to the detection of the
two auxins in real samples [70].

Sensitive determination of various amine-containing analytes including phar-
maceuticals, purines, and DNA without any derivation was performed by com-
bining gold nanoparticles with CE Ru(bpy);>* ECL [71]. CE-ECL using
acetaldehyde as a new derivatization reagent is also used for the analysis of
primary and secondary amino acids with selective derivatization. These amino
acids were derivatizated pre-column with acetaldehyde which was performed in
aqueous solution at room temperature for 1 h. Arginine, proline, valine, and leu-
cine were used as model compounds and their derivatives could be completely
separated by CE and sensitively detected by ECL within 22 min. Their detection
limits of 1 x 1077 (0.5 fmol, arginine), 8 x 1078 (0.4 fmol, proline), 1 x 107°
(5 fmol, valine), and 1.6 x 10°°M (8 fmol, leucine) were obtained at S/N = 3.
Acetaldehyde, as a new derivatization reagent as compared to other derivatization
reagent is simple, commercially available, and could be applicable to a various
drugs and compounds containing a secondary or primary amino group [72].

Simultaneous analysis of six cardiovascular drugs (alprenolol, propafenone,
acebutolol, verapamil, atenolol, and metoprolol) via central composite design was
performed coupling CE with dual, EC and ECL detection. Moreover, three critical
electrophoretic factors employed in this method, namely Tris-H;PO, buffer con-
centration, buffer pH value, and separation voltage were investigated. The
developed CE-EC/ECL system was validated in urine sample for rapid, sensitive,
accurate, and reproducible analysis [73].

5.2 ECL Coupled with Flow Injection Analysis

A glucose biosensor based on luminol ECL, where sol-gel method is employed to
immobilize glucose oxidase (GOD) on the surface of a glassy carbon electrode was
illustrated. Carrier, luminol and sample solutions are delivered by a peristaltic
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pump. The thin flow cell consists of an Ag/AgCl reference electrode, a stainless
steel counter electrode, and a polytetrafluoroethylene (PTFE) block fitted with a
working electrode and a plexiglass window. ECL light emission is collected and
transported by a quartz optical fiber bundle which is attached to the PMT of a
luminometer at one end. After optimizing the working conditions, glucose could
be detected with a detection limit of around 26 mM. This novel FI optical fiber
biosensor showed good selectivity and operational stability[74].

For the detection of glucose, a thin-film glucose ECL biosensor [75] and ECL-
simple planar optical waveguide connected to a FIA system (detection limit of
0.3 mM) [76] is reported. In the former approach, thin film technology was adopted
in order to achieve faster response and to obtain the concept of miniaturization
biosensor. The method was based on Ru(bpy)s>* doped in alcohol-free low-volume
shrinkage mesoporous silica sol-gel with PEG-400 as the template. In the latter
one, light generated by luminol ECL is collected with a photomultiplier tube and a
photon counter unit. The waveguide (covered with ITO and modified covalently
with GOD) is mounted to a thin-layer cell which is connected to a FIA system [76].
The luminol ECL-FI-fiber optic based biosensors were used for glucose and lactate
measurements in sera and also for lactate measurements in whey solutions.
Figure 5.15 shows schematic representation of the flow cell for the above ECL
measurements and detailed representation of the sensor/flow cell interface [77].

Same group in the following year integrated ECL with FIA using GOD or lactate
oxidase immobilized on polyamide membranes. H,O, is generated in the presence
of oxidase, which causes the light emission to trigger electrochemically by means of
a glassy carbon electrode polarized at +425 mV versus a platinum pseudoreference
electrode. Glucose and lactate were determined with the detection limits of 150 and
60 pmol, respectively, and the dynamic ranges achieved were linear from 150 pmol
to 600 nmol and from 60 pmol to 60 nmol, respectively [78]. Indirect determination
of glucose is also reported, integrated with a FIA system. The strategy is based on the
linear relationship between concentration of H,O, and the decrease in ECL intensity
in a Ru(bpy);>*/TPA system. The proposed method has the potential of developing
new analytical procedures for the analyses of clinical and biomedical related
analytes which produce H,O, as their enzymatic product with the Ru(bpy);>*/TPA
ECL system [79]. On the basis of luminol ECL integrated in FIA, a fiber optic
biosensor was developed for the detection of choline [80].

Kusu’s group developed an ECL flow-through cell with a carbon fiber electrode
employing this cell for the sensitive determination of N-(aminobutyl)-N-ethylisol-
uminol (ABEI). As a result of this experiment, a straight-line calibration curve for
ABEI (1: 0.999) was achieved in the range of 6 fmol to 25 pmol with the detection
limit of 6 fmol (S/N = 2). The system was used for the determination of human
immunogloblin G (hIgG) with ABEI-labeled anti-hIgG. (Calibration curve of
hlgG = 80 pg mL™" to 1.3 ng mL™", detection limit = 80 pg mL™" (S/N = 2)).
Sensitivity and accuracy for sera samples were found to considerably exceed those
of the conventional methods, such as single-radial immunodiffusion and nephero-
metric immunoassay. The present system has great potential for immunoassay [81].
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Fig. 5.15 Schematic representation of the flow cell for electrochemiluminescence measurements
and detailed representation of the sensor/flow cell interface. Reprinted with permission from Ref.
[77]. Copyright 2000 Marcel Dekker, Inc

The use of FI-ECL sensor was also reported for the determination of durabolin
in an aqueous system based on CdTe QD films. These QD films, used as a rec-
ognizer to determine durabolin, were packed into a homemade cell. The proposed
sensor works on the intensive anodic ECL emission which was achieved at a
starting potential of +1.3 V (vs. Ag/AgCl) in a carbonate bicarbonate buffer solu-
tion with a pH of 9.93 at a CdTe QDs-modified ITO electrode. This approach could
easily open new avenues for the applications of QDs in ECL biosensing [82].
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H,O, response was explored by another system based on a specially designed facile
flow-through cell, employing luminol as the ECL reagent. The developed FIA—ECL
system works well with higher sensitivity under optimized experimental conditions,
such as the electric parameters, the buffer condition, and the flow rate. Compared
with already reported works, the present method offers high sensitivity and lower
detection limits. Reactive oxygen species (ROSs) in water vapor is formed during
the work of an ultrasonic humidifier with H,O, as index which was monitored by
this method. Thus, the proposed system was successfully used to determine the
amount of ROSs in some other real samples, such as tap water, drinking water, and
river water, was detected with recoveries from 92.0 to 106 % [83].

The flow cell built from solid PTFE, placed in a light-proof steel box was used
for the determination of gallic acid. Luminol and KCI solutions were run contin-
uously at 3.5 mL min~' by the peristaltic pump to the mixing valve, which was
mixed further with the carrier water stream pumped at 3.5 mL min~' [84]. Sen-
sitive ECL inhibition effects in the presence of adrenaline [85], noradrenaline, and
DA were observed for Ru(bpy);>*/TPA and Ru(phen);**/TPA systems. The method
was made practical for the determination of commercial pharmaceutical injection
samples with satisfied results. Two phenomena, namely potential-dependent ECL
and ECL-inhibition, were observed for both Ru(bpy)32+/T PA and Ru(phen)32+/TPA
systems. It was found that the Ru(phen);>*/TPA ECL system offers many benefits
over Ru(bpy);>*/TPA system including higher ECL intensity, better reproducibil-
ity, and larger inhibition sensitivity to both noradrenaline and DA. Compared with
most conventional spectrometry, electrochemical, and HPLC or CE methods in
both the sensitivity and LR, the proposed method is very simple, rapid, and sen-
sitive and is possibly applied for trace analyses of biological samples [86].

Catechol, 3,4-dihydroxybenzoic acid, and chlorogenic acid were detected by a
FIA-ECL inhibition method of luminol with the detection limit of 1.2 x 10_8,
2.1 x 10_8, and 5.2 x 1072 mol L_l, respectively [87]. In this flow-cell, a sen-
sitive ECL electrode serves as working electrode which is achieved by immobi-
lizing the composite of CdTe QDs (possessed a high quantum yield), CNTs, and
chitosan (Chit) on ITO glass. After optimizing parameters such as electrolytic
pulse, concentration of TEA, and flow rate, the flow-cell offers the stable ECL.
This FIA system detects the sensitive ECL-quenching response of DA within the
linear range from 10 pM to 4 nM. The system is practically applied to determine
the neurotransmitters in cerebro-spinal fluid (CSF) with DA as the index [88].

The development and application of an electrochemical cell exclusively
designed for disposable screen printed carbon electrodes (SPCE) suitable for
simultaneous ECL and amperometric detection in sequential injection analysis
(SIA) was described by Zen’s group. The present flow system is user-friendly,
requires less volume, and is easily operatable, since it has facility for PMT via a
fiber optic facing the SPCE [89].

Heteropoly acids, the elements comprised in them [90], and perylene (PE) [91]
have also been determined by FIA-ECL system. Dong’s group explored the effects
of heteropoly acids and Triton X-100 on ECL of Ru(bpy)_;2+ [90]. Studies on an
ECL enzyme immunoassay for TNT (2,4,6-trinitrotoluene) [92] and atrazine [93]



90 5 Coupling of ECL with Different Techniques

were carried out. Antibodies labeled with GO were used in competitive immu-
noassays where the separation step was performed by concentrating unbound
antibodies on the immunosorbent surface. Both of the analytes are detected by
H,0, generation as a result of reaction using luminol ECL [92]. An exploded half
section through center line of the fountain cell is represented in Fig. 5.16 [93].
Luminol ECL alongwith FIA is used for 2,4-dichlorophenoxyacetic acid (2, 4-D)
optical immunosensing employing Glutaraldehyde as a cross-linking agent [94].
In case of Ru(bpy);>* ECL integrated with FIA, if analyte and Ru(bpy);>* are
not immobilized on solid support, they flow continuously and are mixed together
at any stage. As analyte concentration in the carrier stream does not remain
constant with time, the signal is obtained when the analyte is transported by the
carrier into the reaction/detection region. Ru(bpy);>* immobilization in poly
(p-styrenesulfonate) (PSS)—silica—Triton X-100 composite films [95] and into the
Eastman-AQ55D-silica composite thin films [96] was explored alongwith the ECL
generated. The modified working electrode was employed for the sensitive and
stable ECL detection of oxalate, TPA, NADH, and chlorpromazine (CPZ). Two
teflon spacers (thickness: 50 mm) sandwiched between the electrode block and the
plexiglas window, create a 24 mL flow cell volume. This volume was determined
by evaluating the volume of the cavity between the electrode block and the
plexiglas window from the sample inlet to the electrode. Silicone and teflon
gaskets were used in order to achieve the following purposes; for example, to
protect the teflon spacers, to prevent the rotation of the working electrode, and to
avoid leakage of the solution. An Ag/AgCl reference electrode and a counter
electrode of Pt wire were connected to the outlet of the flow cell. The flow cell is
suggested to have potential applications in ECL and EC detection [95].

1997 Elsevier
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ECL response of allopurinol in aqueous media over a wide pH range (pH 2-13)
was studied by Chi et al. [97] They found that allopurinol itself does not have ECL
activity but could generate the ECL of Ru(bpy)s;>* in alkaline media giving rise to a
sensitive FI-ECL response. Humic acid (HA) was used as modifier to prepare the
organic—inorganic hybrid modified glassy carbon electrode based on HA-silica-
PVA (poly(vinyl alcohol)) sol-gel composite. Electroactive species of Ru(bpy)s>*
interact with the HA-silica-PVA films to form Ru(bpy)32+ modified electrodes [98].

Furthermore, trace choline in human urine has been determined by coupling an
enzyme reactor with an FI-ECL detector. The enzyme reactor used in this analysis
is prepared by covalent immobilization of choline oxidase (ChOx) onto the ami-
nopropyl-controlled pore glass beads (ACPG), which are then carefully packed
into a micro column. H,O, produced is catalyzed by the enzyme reactor that is in
direct proportion to the concentration of choline. The enzymatically produced
H,0, was detected by an ECL detector based on the luminol/H,O, ECL system.
Under the optimized condition, LOD of choline as low as 0.05 pM (absolute
detection limit was at sub pmol level) was achieved. The method was successfully
applied in the determination of choline in the samples of human urine which gave
comparable results with those obtained by using the microbore HPLC with an
immobilized enzyme reactor-EC detection system [99].

Gallic acid [100] and tetracyclines (TCs) [101] are determined based on an
inhibition effect on the Ru(bpy)32+/TPA, while tannic acid and DA [102] based on
its inhibition of the ECL of luminol [103]. A FI-ECL method has been developed
for gallic [100] (pH 8.0 phosphate buffer solution) and tannic acid [103].
Quenching effect of the gallic acid on the Ru(bpy);**/TPA ECL system was
thought as the interaction of electrogenerated Ru(bpy);>*" and o-benzoquinone
derivative at the electrode surface. This simplistic approach achieves a determi-
nation limit of 9.0 x 107 mol L™' and a dynamic concentration range of
2 x 1078 to 2 x 107> mol L™! with the relative standard deviation (RSD) of
1.0 % for 1.0 x 107° mol L™" gallic acid (n = 11). The method was successfully
applicable to the determination of gallic acid in Chinese proprietary medicine—
Jianming Yanhou Pian [100]. The method is superior to CL analysis due to its
simplistic, rapid, and sensitive approach and no need of catalyst or oxidation
agents. The present method has been successfully applied to the determination of
tannic acid in real Chinese gall and hop pellet samples [103].

A simple, rapid, and sensitive method for the ECL determination of pyrogallol
was found based on potentially dependent inhibition and enhancement effects of
pyrogallol on the ECL of luminol in alkaline solutions. The proposed method was
successfully applied for the analysis of pyrogallol in a pyrolysis mixture of gallic
acid. Pyrogallol on reaction with di-oxygen species generated electrochemically at
potentials more positive than 0.50 V versus Ag/AgCl in turn generates superoxide
radicals adsorbed on the electrode surface leading to the enhancement of the ECL
of luminol [104]. Moreover, a novel flow-through electrolytic cell designed for the
determination of captopril [105] and H,O, [106] is reported. Direct CL oxidation
of captopril by nascent Mn>", which was in situ electrogenerated on the near
surface of platinum flake electrode by electrochemical oxidizing MnSO, in
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sulfuric acid medium is the basis of captopril determination. This method offers a
sensitive and rapid approach for the determination of captopril with a detection
limit of 8.0 x 107% mol L™! and eliminates the drawbacks, which the conven-
tional ECL method has, such as smaller emission area, electrode fouling, etc.
[105]. H,O, determination is based on in situ Br, production on the near region of
a platinum electrode surface by constant current oxidizing KBr in H,SO4 medium.
In the mean time, a strong CL signal appeared when the basic H,O, solution was
injected into the electrolytic cell. On the basis of the above observation, a simple
and selective ECL method was introduced for the sensitive determination of H,O,
with a detection limit of 3.5 x 1077 mol L™' [106].

An FI-ECL analysis method in the presence of Ru(bpy)s;>* on ITO glass for the
determination of L-lysine, in alkaline Na,CO;-NaHCO; buffer solution, was
introduced by Yu’s group (Fig. 5.17). A new ECL cell along with this detection
method is based on ECL enhancement of Ru(bpy);**-L-lysine. This sensor is
reusable and shows a significant improvement in sensitivity and selectivity for
ECL analysis and has a great potential for analysis of amino acid [107].

It is noteworthy that the enhancing effect of hydrazine on weak ECL signal of
the electrooxidation of luminol at a pre-anodized platinum electrode was studied
and found stronger than that of hydrazine at a bare platinum electrode [108].
Further studies employ the idea of indirect ion-annihilation ECL for the deter-
mination of aromatic tertiary amines. N,N,N',N'-tetramethyl-p-phenylene diamine
has been used as model compound. Figure 5.18 represents schematic diagram of
the FI manifold and instrumentation used for the electrogeneration of chemilu-
minescence in this experiment. After optimizing various experimental conditions
including applied potentials, electrolyte type and concentration, and flow rate, a
detection limit of 4 x 107" mol L™' has been obtained with a log-linear range
over three decades of concentration [109].

A sensitive and selective FI method for the determination of epinephrine [110],
acyclovir (9,2-hydroxyethoxy) methyl guanine [111], allantoin in aqueous alkaline

Fig. 5.17 Schematic INLET
diagram of the new ECL cell.
Reprinted with permission
from Ref. [107]. Copyright
2011 The Royal Society of RE (Ag/AgCl) ——
Chemistry
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buffer solution (pH 11.0) [112], oxypurinol in alkaline Ru(bpy)s>* [113], and for
the determination of fluoroquinolones based on its sensitizing effect on weak ECL
emission of electrochemically oxidized luminol [114] is constructed. ECL batch
and continuous-flow measurements of codeine were performed employing a
miniaturized and integrated sensor accommodating both transduction electrodes
and a photodetector on the same silicon chip (Fig. 5.19). The method was prac-
tically used for an analyte exhibiting medical and industrial interests. Codeine with
Ru(bpy),(phen), was found to be more sensitive than other ruthenium complexes,
yielding a detection limit equal to 0.1 and 50 mM, in batch and FIA, respectively
[115]. The method for the determination of allantoin has advantages over HPLC
method in terms of speed and convenience, economics and safe procedure and
could be an alternative for places where HPLC equipment is not available [116].

Wang and Yang group in 2003 designed a miniaturized chip-type Ru(bpy)s>*
ECL detection cell for both CE and FIA. The cell was fabricated from two pieces
of glass where 0.5-mm-diameter platinum disk was used as working electrode held
at +1.15 V (vs. silver wire quasi-reference), the stainless steel guide tubing as
counter electrode, and the silver wire as quasi-reference electrode. The device
offers advantages of versatility, sensitivity, and accuracy and make it striking for
the routine analysis of amine-containing species or oxalate by CE and FI with
Ru(bpy)32+ ECL detection [16].
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Fig. 5.19 Scanning
electronic microscope view
of the miniature flow-through
ECL sensor shown before
completion by a plexiglass
top cover plate. Reprinted
with permission from Ref.
[115]. Copyright 1999
Elsevier
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A new cholesterol FIA biosensor based on a luminol/H,O, ECL reaction
induced by a glassy carbon electrode polarized at +425 mV versus a Pt pseudo j
reference was introduced. The cholesterol biosensor sensing layer used in this
method is based on cholesterol oxidase (COD) immobilized on either UltraBind
membrane or Inmunodyne membrane [117]. Exploration to other literature shows
that heroin was determined employing Zeolite Y sieves by immobilizing
Ru(bpy);>* in their supercages. The EC and ECL behaviors of Ru(bpy)s>*
immobilized in zeolite Y modified carbon paste electrode was explored. An
electrocatalytic response to the oxidation of heroin is displayed on the modified
electrode, producing a sensitized ECL signal. The ECL sensor offered good
selectivity and long-term stability [118]. The EC behavior of luminol in acidic
solution is studied; luminol has the characteristic of formation of polymer on the
surface of electrode on electrochemical oxidation which is characterized by CV
and the surface enhanced Raman scattering (SERS) spectra. Moreover, enhance-
ment in the ECL of flavin in Na,CO3—NaHCOj; buffer solution (pH 9.5) has been
found employing this modified electrode. Based on this phenomenon, a very
sensitive and selective ECL method for the determination of flavin is presented
with a detection limit of 8.3 x 107® mol L™" and the linear range response to
flavin is 1.0 x 107"-1.0 x 107® mol L™" [119].

Study of the ECL based on Ru(bpy);>* revealed that luminescence intensity of
monohydric alcohols decreased as alkyl chain length of the molecules increased
while increase in the number of hydroxyl groups in a molecule leads to
enhancement in luminescence intensity for polyhydric alcohols [120]. Moreover,
electrochemical redox potentials, PL, and relative ECL-FIA studies were descri-
bed for polyamine dendrimers functionalized with electrochemiluminescent
polypyridyl Ru(II) complexes, synthesized through the complexation of dendritic
polypyridyl ligands to Ru(Il) complexes [121]. The adaptability of the newly
fabricated thin-layer electrochemical flow cell for amperometric and ECL mea-
surements combined with FI method is demonstrated. This detection is followed
by spectrophotometric detection for determination of bromide using the fabricated
cell [122].
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Ir(IIT) complexes have attracted considerable interest in ECL detection recently,
due to their high emission in various wavelengths. Schematic diagram of a flow
cell comprising of three main parts: (a) an electrode body, (b) a PTFE spacer, and
(¢) a quartz window is shown in Fig. 5.20. Here, ECL from (pq),lr(acac)
(pq = 2-phenylquinolate, acac = acetylacetonate) is evaluated for the use in FIA.
An aqueous solution of the TPA (analyte) and (pq),lIr(acac) generates ECL by
electrochemical initiation after passing through the reaction/observation cell. LOD
of 5 nM with a linear range of 3 orders of magnitude in concentration is achieved
which is better than that obtained by the conventional Ru(bpy)32+ system (20 nM).
The ECL generation upon various analytes proposes direct applicability of
(pq)2Ir(acac) as a post-column detection tool [123].

5.3 ECL Coupled with Solid-Phase Microextraction

Owing to its unique pore network, good strength, and low cost, cement has been
used as a new electrode material and solid-phase microextraction material. Cement
on mixing with carbon makes a new electrode, cement carbon electrode (CCE)
which was employed to reveal the application of cement in SPME by Ru(bpy)s>*
ECL detection of perphenazine (PPZ) up to the detection limit of 3.1 x 107" M.
Cement-based electrode material may have strong potential to find broad appli-
cations in industry related to electrochemistry, such as electrochemical wastewater
treatment [124].
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Fig. 5.20 Schematic diagram of a flow cell which comprises of three main parts: (a) an electrode
body, (b) a PTFE spacer, and (¢) a quartz window. Reprinted with permission from Ref. [123].
Copyright 2011 The Royal Society of Chemistry
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L-phenylalanine was determined by a novel FI-ECL method integrated with
molecularly imprinted solid-phase extraction (MISPE). In this method, Ru(bpy)s>*
was used as the luminophore and modified indium tin oxide glass as the working
electrode. Selective extraction of L-phenylalanine utilized molecularly imprinted
polymers, synthesized by self-assembly with functional monomer and crossing
linker. The method offered higher sensitivity and repeatability and was applicable
in the determination of L-phenylalanine in egg white, chicken, and serum samples.
The ECL flow cell employed in this method is equipped with small IR drop, dead
volume and flow resistance [125]. Another application of MISPE is quantitative
determination of malachite green (MG) residues in fish based on integration with
an ECL inhibition method. This strategy is used for the selective extraction and
purification of MG and lies on the inhibition effect of MG on ECL on luminol.
Under optimized conditions, the quenched ECL intensity was linearly proportional
to the logarithm of MG concentration in the range of 20-5,000 ppt with a detection
limit of 6 ppt. The method is based on the oxidation reaction with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ), which could convert leucomalachite green
(LMG) into MG [126].

Determination of melamine in dairy products was performed by developing an
ECL enhancement method combined with solid-phase extraction (SPE) in a strong
base solution. Scan mode and scan rate of the applied potential, the type of buffer
solutions and their pH conditions, were optimized. The presented method has been
effectively applied to determine melamine in dairy products including liquid milk,
yogurt, and milk powder samples. The detection limit of 0.003 ppb was achieved
in the concentration range of 0.01-1.0 ppb [127]. A microscale solid-phase
extraction method employing alumina-coated iron oxide nanoparticles
(Fe304 @ Al,03 NPs) as the affinity adsorbent for glyphosate (GLY) and its
major metabolite aminomethylphosphonic acid (AMPA) in aqueous solution is
described by Whang. Fe;0, @ Al,O; NPs are first employed to extract both
analytes in 5 mL of aqueous solution. Following extraction/pre-concentration, the
analytes were readily desorbed from the NPs by rinsing with Na,P,O~ solution and
directly analyzed with the derivatization free CE-ECL method. LODs for GLY
and AMPA in water were 0.3 and 30 ng mL ™, respectively. The method could be
applicable to the analysis GLY in water extract of guava fruit and to the rapid
screening of various fruits and crops for residual GLY [128]. Simultaneous
determination of three kinds of phenylurea herbicides (PHUs) is performed based
on matrix solid-phase dispersion—capillary electrophoresis with electrochemi-
luminescence detection (MSPD-CE-ECL). Poly-f-cyclodextrin (poly-3-CD) was
used as an additive in the running buffer to improve the separation of three ana-
lytes (isoproturon, linuron, and diuron). After optimizing the conditions, the three
kinds of herbicides were well separated and detected within 8 min with a detection
limit of (S/N = 3) of 0.1 pg L~! isoproturon and linuron, and for diuron, a
detection limit of 0.2 ug L™ was obtained. The applicability of proposed method
was found for the determination of three kinds of herbicides in green vegetable and
rice samples with recoveries in the range from 78.1 to 93.8 % [129].
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An ECL detection system integrated with an electrically controlled heating
cylindrical microelectrode (HME) as the working electrode was developed for the
determination of oxalate with a detection limit of 3.0 x 10~*mol L~! [130].
Steven et al. presented first report on a device that integrates a washing system
onto an ELISA plate. The device has an empowered microfluidic handling channel
that may be interchanged to allow creation of 4 subsets of the 96-well plates. These
four subsets permit the device to measure 4 different target analytes with different
secondary antibodies. A hole in the bottom of the well, acting as a “surface tension
valve” is used to control flow which keeps the fluid in the wells. To perform
ELISA in a point-of-care setting, a microfluidic assay format combined with a
CCD sensor is developed. This miniature, simple, and low-cost ELISA-lab-on-a-
chip (ELISA-LOC) was designed, fabricated, and tested for the immunological
detection of Staphylococcal Enterotoxin B (SEB). The results have demonstrated
the feasibility of the proposed protocol in various immunological assays and other
complex medical assays without a laboratory [131].

Another group designed a water-soluble functionalized ionic liquid, 1-butyl-3-
methylimidazolium dodecyl sulfate ([BMIm*][Ci,H,5SO;]) which was used as
supporting electrolyte or as an additive for successful fabrication of a detection
method involving MEKC-ECL. 1-butyl-3-methylimidazolium dodecyl sulfate
solution used as running buffers greatly enhances ECL intensities and column
efficiencies for negative targets as compared to the common supporting electrolytes
such as phosphate solution. A little increase in ECL intensity for neutral-charge is
also noted, while no change is observed for positive ones due to the electrostatic
forces between the large cation BMIm* and the solutes and the hydrophobic
interactions consequencing from the large anion C;,H»5SO; . This novel method
will surely exploit novel scopes for MEKC-ECL and functionalized ILs applica-
tions in the future [132]. A new approach to collect the ECL signal by coupling the
excited state of Ru(bpy)s>* with the surface plasmons in a thin gold film is proposed
(Fig. 5.21). The energy in this approach radiates into the substrate at a defined angle
and the surface plasmon-coupled ECL promises to be useful in chemical and
biological assays. The exploitation of surface plasmon coupling to collect CL and
ECL signals can have potential in a wide range of analytical procedures [133].

It is noteworthy that Ru(bpy);** immobilization on the electrode surface
facilitates the enhancement in the ECL intensity [134]. Ru(bpy)32+ immobilized on
an electrode surface comprising sol—gel-derived titania, and Nafion was used for
the determination of erythromycin in human urine sample. ECL combined with
bipolar electrochemistry has been used for various analytical purposes by Crooks
[66, 135-137] and Manz’s co-workers [17]. Manz employed ECL with bipolar
electrode for the detection of amines and Crooks and co-workers for the detection
of Fe(CN)Z", Ru(NH3);*, benzyl viologen, and various ananlytes. Recently, bipolar
electrochemistry has also been coupled to ECL in order to propel light-emitting
bipolar electrochemical swimmers Fig. 5.22. In this approach, synergestic action
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Fig. 5.21 Apparatus used to increase SP-CECL. Reprinted with permission from Ref. [133].
Copyright 2004 Elsevier

Fig. 5.22 Asymmetric light-
emitting electrochemical
swimmer. Simultaneous
reduction of H20 at the
cathodic pole (bottom of the
bead) and oxidation of ECL
reagents at the anodic pole
(top of the bead) induces both
motion and light emission
from the bead in a glass
capillary. P corresponds to a
side product of the TPA
radicals formed during the
ECL process. Reprinted with
permission from Ref. [138].
Copyright 2012 Wiley

of bipolar electrochemistry with simultaneous bubble production and ECL gen-
eration was described. Here, motion on the macroscopic scale occurs concurrently
with light emission. Employing this approach ECL offers a method for direct
monitoring of the motion of an object, which is extremely valuable in the per-
spective of autonomous swimmers [138].
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Chapter 6
Quenching of ECL

Abstract ECL quenching may play an important role in designing new meth-
odologies for sensitive detection of analytes. Quenching proposes prospective
advantages in the framework of ECL and has acquired considerable attention and
is inextricably associated with the selectivity of luminophore and co-reactant. It
can be used in diverse fields in the detection of many analytes, DNA detection, and
hybridization, etc. Processes, reactions, and equations involving quenching are
discussed as well.

Keywords Quenching - Forster transfer - Stern—Volmer equation - Electron-
transfer-quenching path - Cathodic ECL - Energy scavenging process

Quenching can occur mainly by two ways, namely energy transfer or electron
transfer. The energy transfer, sometimes called Forster transfer, occurs at short
distances between the reactants, by a direct electrodynamic interaction between D*
and Q (Eq. 6.1). It is favored by the electronic energy of D* being greater than that
of Q* and a large overlap of the emission band of D* with the absorption band of Q.
An excited state quenched by another molecule (a quencher, Q) to produce the
ground state can be shown as

D'+ Q — D + Q (6.1)

where Q* can often decay to the ground state without emission.

Electron-transfer quenching is related to the excitation energy of the molecule,
as excited state is easier to oxidize and easier to reduce than the corresponding
ground state of the same molecule. If this amount of energy is essentially equal to
the amount of excitation energy of the molecule, electron-transfer quenching
occurs. Thus, if the reduction in A, (Eq. 6.2), occurs with E° (A, A™°), the
reduction in A* occurs at E° (A, A~") —E*, where E* is the excitation energy of
A and E° (A, A™°) is the standard electrode potential [1].

At eSA* (6.2)
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For example, if the ground state is reduced at —1.0 V and the excitation energy
is 2.5 eV, the excited state would be reduced at +1.5 V. Similarly, oxidation of the
excited state occurs at E° (D*°, D) —E*. Thus, excited states can be quenched
rather easily by an electron-transfer process, as shown in Fig. 6.1, so that the
radical ions are effective quenchers.

The kinetics of a quenching reaction, (Eq. 6.1), are governed by the Stern—
Volmer equation (Eq. 6.3)

¢°/p—1=R"/R - 1 = Kq1[Q] (6.3)

where d)o and ¢ are the fluorescence efficiencies and R” and R are the fluorescence
responses in the absence and presence of a quencher at concentration [Q],
respectively, kg is the rate constant for quenching, and 7, is the lifetime of the
excited state in the absence of a quencher [1]. Metal electrodes can similarly act as
quenchers by either energy-transfer process or electron-transfer process. The
energy-transfer mode is analogous to Forster transfer [2, 3], while electron-transfer
process follows the same opinion as those given above for redox quenching [4].
The effective quenching by metals and semiconductor electrodes has also been
reported.

Quenching offers potential advantages in the context of ECL, has garnered
considerable attention, and is inextricably linked to the selectivity of luminophore
and co-reactant. It can be used in a variety of fields in the detection of many analytes,
DNA detection, and hybridization, etc. Phenolic quenching of the Ru(bpy);** ECL
reaction was first reported in a paper describing the determination of codeine and
structurally related opiate alkaloids of pharmaceutical importance [5]. More
recently, quenching studies [6, 7] have offered complementary reaction schemes
invoking phenols as scavengers of radical intermediates operating within the

Fig. 6.1 Molecular orbital
representation of electron-
transfer quenching. Reprinted
with permission from Ref.
[1]. Copyright 2004 Taylor &
Francis
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excitation pathways. In 1992, Hoffman and co-workers [8] described the quenching
of excited Cr(bpy)s** by phenol. Aromatic compounds (such as benzene) have also
been found to quench chemiluminescence when attached directly to certain groups
[9]. Later, McCall et al. [10] and Richter group [11] observed the inhibition of
Ru(bpy);>" ECL by phenols, hydroquinone, catechol, and benzoquinones.

Ru(bpy);>*/TEA ECL has the ability to be inhibited strongly by many com-
pounds with electrochemical oxidation activities, including inorganic and organic
compounds. Inorganic compounds include NOzf, NO, [Fe(CN)6]47, 1™, and H,0,,
and organic compounds may contain phenol-containing compounds (phenol,
tyrosine, catechol, hydroquinone, homogentisic acid), indoles (indole, indole-3-
acetic acid), aniline, imidazoles (imidazole, methimazole), purines (xanthine,
hypoxanthine, adenine, guanine, allopurinol, oxypurinol), and pyrimidines (thy-
mine, cytosine, uracil, thiouracil). On the basis of these electroactive inhibitors,
new electrochemical oxidation-inhibiting mechanism has been proposed explain-
ing the inhibition of Ru(bpy);>*/TEA ECL [12]. Inorganic oxidants also create
inhibited Ru(bpy);>* ECL, investigated by Qiu. It was found that a number of
inorganic oxidants can quench the ECL of Ru(bpy);>*/TPA system, and the log-
arithm of the decrease in ECL intensity was proportional to the logarithm of
analyte concentrations. Based on which, a sensitive approach for detection of these
inorganic oxidants was established [13].

Two kinds of reactions happened in a co-reactant-based ECL process. One was
related to ECL emission, while the other to ECL inhibition. When the reactions
associated with ECL inhibition were dominating, the total ECL emission would be
decreased by increasing the co-reactant concentration. Guo systematically inves-
tigated the ECL inhibition behavior between co-reactants for the first time. The
results demonstrated that ECL inhibition did not only happen within the same type
of co-reactants, but also between two different types of co-reactants. Mostly, it is
envisioned to develop sensitive inhibited ECL detection methods for weak
co-reactants instead of ECL enhancement. The proposed ECL inhibition mecha-
nism shows the consumption of co-reactant intermediates without light emission
[14]. Construction of DNA molecular logic gates related to ECL generation is
introduced by Li based on the T-rich or C-rich oligonucleotides for the selective
analysis of Hg?* and Ag" ions using energy- or electron-transfer-quenching
path [15].

Recently, the ECL of Ru(bpy)s;>* and the quenching of ECL by naphthol using
RTIL, 1-butyl-3-methylimidazolium tetrafluoroborate [Bmim]BF,, as a new sol-
vent, were described by Xiao and group. The ECL intensity of Ru(bpy);>* can be
significantly increased in [Bmim]BF,, especially existence of the TPA which can
be inhibited by naphthol, and it might be used as sensitive method for the deter-
mination of naphthol with very low concentration and extends the analytical
application of ECL for both the water-soluble and water-insoluble analytes [16].
ECL technique is a practical tool also for the study of protein folding, structure,
and quantification. A highly sensitive approach for the detection of protein was
proposed, employing bovine serum albumin (BSA) and casein. BSA and casein
were found to be able to significantly quench the ECL of Ru(bpy);>*/TPA system.
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Inhibition mechanism was based on the formation of protein Ru(bpy)s;>* super
molecule, which would prevent Ru(bpy);>* from reaching the working electrode
surface to induce ECL quenching [17].

Quenching effect of ferrocene (Fc) is proved very practical for the development
of ECL sensors. A reagentless signal-on ECL biosensor for DNA hybridization
detection was developed (see Fig. 6.2). In the development of this biosensor, the
quenching effect of Fc on intrinsic cathodic ECL at thin oxide-covered glassy
carbon (C/C,0O;_,) electrodes was employed. The main advantage of the present
sensor lies in the fact that ECL is generated from the electrode itself and no
luminophore or luminophore-labeled DNA probe is needed. The detection limit
was ca. 5.0 pM (S/N = 3) [18].

Chen also employed ferrocene quenching of Ru-SNPs ECL for the fabrication
of a novel and reusable signal-on aptasensor for adenosine. The biosensor has
several advantages of good selectivity, high sensitivity, reproducibility, stability,
and reusability [19]. Wang introduced an efficient solid-state ECL biosensing
switch based on special ferrocene-labeled molecular beacon (Fc-MB) for DNA
hybridization detection [20] and T4 DNA ligase detection [21]. The system con-
sisted of two main parts: an ECL substrate and an ECL intensity switch. The ECL
substrate was made by modifying the complex of Au nanoparticle and ruthenium
(II) tris-(bipyridine) (Ru(bpy)32+-AuNPs) onto Au electrode. And an ECL intensity
switch is the molecular beacon labeled by ferrocene. The conformation change
information of the Fc-MB before or after the ligation was a reflection of the ECL
signal changes of the whole modified electrode. Thus, the ECL signal changes of
the modified electrode can be detected once the nucleic acids were ligated. By this
way, the ligation process can be monitored simultaneously and accurately. This
method provides a new insight to investigate a wide variety of nucleic acids
ligation processes and interactions between protein (enzyme) and nucleic acid.

Another ECL quenching through capture of Fc-labeled ligand-bound aptamer
molecular beacon (MB) (see Fig. 6.3 for schematic illustration of the stepwise
fabrication of aptasensor) was employed for an ultrasensitive protein-detection

SG S 1 Sz
‘ﬁ
eleetrochemical @ co= NH’. _NH®T:O oA
= o«udlzanon —-
EDCINHS c'h NH
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pG%liEshed CIC,0,, Fc-MB-C/C0,., ¢DNA-Fc-MB-C/C,0,.,

Fig. 6.2 Schematic diagram of the reagentless Fc-MB DNA biosensor. Reprinted with
permission from Ref. [18]. Copyright 2010 Elsevier BV
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protocol. The strategy consists of two main parts: a solid-state ECL sensing
platform and an ECL switch. The sensing platform was constructed by modifying
the composite of Ru(bpy);>* and platinum nanoparticles (Ru—PtNPs), followed by
immobilization of capture DNA (CaDNA). MB worked as the ECL intensity
switch. The present ECL quenching strategy for protein detection based on capture
of ligand-bound MB directly in the solution offers much higher sensitivity with a
detection limit of 1.7 pM. Thus, this procedure has great promise for ultrasensitive
detection of disease markers directly in the solution [22].

A solid-state ECL protein biosensor developed by applying substitution strategy
fulfills the successful detection of thrombin by using indirect labeling ECL
method. The presence of thrombin induced the structure transformation of Fc-MB,
consequently quenching the ECL from Ru(bpy);>*-modified electrode. Figure 6.4
displays the scheme of the ECL biosensor based on the aptamer substitute strategy
and ECL quenching effect. This biosensor can be developed to detect other pro-
teins and biomolecules by using different probes [23].

Cao’s group in 2011 designed an ECL biosensor based on the construction of
triplex DNA for the detection of adenosine which employs an aptamer as a
molecular recognition element and quenches ECL of Ru(bpy)s;>" by ferrocene
monocarboxylic acid (FcA) (Fig. 6.5). In the presence of adenosine, the aptamer
sequence (Ru-DNA-1) more likely forms the aptamer—adenosine complex with
hairpin configuration and the switch of the DNA-1 occurs in conjunction with the

(a) GS-CNTs (b) Nafion
—_— > _—
T — | B (c)Ru-PINPs
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ligand-unbound MB ?,g t §; {é;q _).' K
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Fig. 6.3 The schematic illustration of the stepwise fabrication of aptasensor. a Loading of
GS-CNTs, b formation of Nafion film, ¢ immobilization of Ru-PtNPs, d adsorption of CaDNA,
e blocking with HT, and f incubated in the ligand-bound MB solution. Reprinted with permission
from Ref. [22]. Copyright 2011 Elsevier BV
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SUi0.  Ru(bpy)2*-AuNPs electrode

"Ry Fc-dsDNA

PN Thrombin

Fig. 6.4 The scheme of the ECL biosensor based on the aptamer substitute strategy and ECL
quenching effect. Reprinted with permission from Ref. [23]. Copyright 2011 Springer-Verlag

generation of a strong ECL signal owing to the dissociation of a quenching probe.
The biosensor incorporates relative sensitive adenosine detection with a low
detection limit of 2.7 x 107" mol L™! [24].

A novel signal-on junction-probe-based ECL aptamer biosensor for the detec-
tion of thrombin was constructed. Figure 6.6 shows experimental principle of the
junction-probe ECL aptamer biosensor for the detection of thrombin. Compared
with some other ECL aptamer sensors, the proposed ECL aptamer biosensor has
the advantages of higher sensitivity, lower background current, better selectivity
and reusability, fabrication easiness, and operation convenience. These features
make it a promising alternative to conventional thrombin detection methods and
this method is expected to be involved in biochip fabrication [25].

Hanson’s group described an electron paramagnetic resonance (EPR) study of
the selective excitation and quenching mechanisms of Ru(bpy);** CL and ECL.
The results are complementary to the excited-state quenching mechanism postu-
lated by Richter’s group, who showed that quenching persisted when the benzo-
quinone derivatives of the tested phenols were initially present in the ECL system
[26]. A FI procedure with inhibited ECL detection for determination of adrenaline
has been illustrated. Adrenaline is found to inhibit strongly the ECL from the
Ru(bpy);**/TPA system when a working Pt electrode is maintained at 1.05 V
(versus Ag/AgCl) in pH 8.0 phosphate buffer. The method is proved to exhibit a
good reproducibility, sensitivity, and stability, with a detection limit (S/N = 3) of
7.0 x 1072 mol L™". The proposed strategy is based on energy transfer between
freshly electrogenerated Ru(bpy)s>* and the oxidation products such as adreno-
chrome and adrenaline quinone [27]. Guo et al. developed an ECL inhibition
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Fig. 6.5 Schematics of the ECL-triplex DNA biosensor (a) and the application in detection of
adenosine (b), duplex DNA biosensor (c¢), and the application in detection of adenosine (d).
Reprinted with permission from Ref. [24]. Copyright 2011 Elsevier BV

method for quantitative determination of malachite green (MG) residues in fish.
This method is integrated with MISPE and was found that MG could strongly
inhibit the ECL signal of luminol (mechanism shown in Fig. 6.7). By carrying out
the oxidation reaction with 2, 3-dichloro-5, 6-dicyano-1, 4-benzoquinone (DDQ),
which converts leucomalachite green (LMG) into MG, selective extraction and
purification of MG were achieved with LOD 6 ppt [28].

Ruthenium ECL quenching has also been used for the detection of NO. This
method was based on the FI equipped with a homemade gas pressure pump with
low noise and a flow-through ECL cell. NO quenched the ECL emission of
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Fig. 6.6 Experimental principle of the junction-probe ECL aptamer biosensor for the detection
of thrombin. Reprinted with permission from Ref. [25]. Copyright 2010 Elsevier BV
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Fig. 6.7 Mechanism for the ECL inhibition effect of MG on luminol. Reprinted with permission
from Ref. [28]. Copyright 2011 American Chemical Society

degradation products *

Ru(bpy)32+ at the oxidation potential of Ru(bpy)32+ and set the detection limit of
NO at 0.1 % of concentration of Ru(bpy)32+ [29]. Inhibition phenomena of some
catechol derivatives to the ECL of luminol were studied by Sun, and an FI-ECL
inhibition method has been developed for the determination of catechol, 3,4-
dihydroxybenzoic acid, and chlorogenic acid. Inhibition of ECL signal occurs on
reaction of catechol derivatives with the freshly electrogenerated oxygen species
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on the electrode surface. The method provides more sensitivity and wider dynamic
range than conventional spectrophotometric method or chemiluminescent method
and has been successfully applied to determine chlorogenic acid in cigarettes [30].

Total amount of tetracycline (TC) residues was determined employing an ECL
inhibition method by Guo [31]. An inhibited FI-ECL method for TC determination
is also reported where energy transfer between electrogenerated benzoquinone
derivatives and Ru(bpy)s;>*" on the electrode surface might be the cause of this
inhibition. Figure 6.8 shows the electrochemiluminescence reactions of
Ru(bpy);**/TPrA/TCs [32]. QDs have also been employed as a tool in the
detection of some analytes based on quenching mechanism. A new method with
high sensitivity for determination of gossypol was developed based on the
quenching effect of gossypol on the CdTe QD ECL emission which provided some
new ideas for quick and sensitive detection [33].

ECL of CdTe/CdS QDs with tripropylamine as co-reactant based on quenching
mechanism in aqueous solution was studied at a lower potential, and its application
for highly sensitive and selective detection of Cu®* was investigated [34]. An
efficient ECL quenching achieved by functionalized CdTe QDs through ECL
energy scavenging is also reported. This strategy is based on ultrasensitive antigen
detection. The activated CdTe QDs have large absorption cross-section, act like

+Rubpy)®* (2)

+Rufopy)®* (4)

Fig. 6.8 Electrochemiluminescence reactions of Ru(bpy);>*/TPrA/TCs
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blackbodies, and effectively scavenge ECL energy. These blackbody-like CdTe
QDs could have potential to find ECL quenchers for bioanalysis [35].

Another paper reported quenching of ECL emission from CdS:Mn NCs film by
CdTe QDs. This strategy follows an energy scavenging process which could be
amplified by the incorporation of a large number of QDs into the silica matrix.
Figure 6.9 shows preparation of CdTe/SiO,/pDNA composites and schematic
diagram showing the principle of an aptamer-based assay for thrombin using
CdTe/SiO, NPs as ECL quenching labels. As energy scavenging was a long-
distance interaction, amplification of ECL quenching occurs. This long-distance
ECL energy quenching shows a great potential in single-molecule detection [36].

A new reagentless ECL biosensor for hydroquinone (HQ) by co-immobilizing
the (meso-2,3-dimercaptosuccinic acid) DMSA—CdTe QDs and horseradish per-
oxidase (HRP) on a glassy carbon electrode, based on its quenching effect to the
ECL emission, was demonstrated. The ECL quenching was due to the
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Fig. 6.9 a Preparation of CdTe/SiO,/pDNA composites; b schematic diagram showing the
principle of an aptamer-based assay for thrombin using CdTe/SiO, NPs as ECL quenching labels.
Reprinted with permission from Ref. [36]. Copyright 2011 The Royal Society of Chemistry
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consumption of H,O, in the enzymatic cycle. The biosensor opens new avenues to
the design of ECL emitters with low applied potential and would be favorable to
bioanalysis for a wide range of analytes [37]. Water-soluble and positively charged
2-(dimethylamino)ethanethiol (DAET)-protected core—shell CdSe/ZnS QDs can
effectively be incorporated within Nafion films by electrostatic interactions
between the negatively charged sulfonic groups of Nafion and the positively
charged DAET-protected core—shell CdSe/ZnS QDs. The quenching of the ECL
emission derived from the Nafion/QDs composite film using hydrogen peroxide as
a co-reactant scaled linearly with the concentration of glutathione (GSH), and the
detection limit of concentrations up to 68 (£0.7) mM is obtained. This method of
detection opens up the possibility to use Nafion/QDs composite films for various
electroanalytical applications [38]. The quenching effect of DNA on the ECL of
luminol was reported. A composite of CNTs and Au nanoparticles (AuNPs) was
synthesized in order to achieve a novel and valuable label-free approach for DNA
sensing. The ECL intensity remarkably decreases on absorption of more than
1.0 x 1072 mol of DNA. The proposed mechanism for the quenching effect is
ascribed to the interaction between luminol and DNA and the elimination of
reactive oxygen species (ROSs) by DNA. The dsDNA could efficiently quench the
ECL of luminol in the pH range of 6.5-11. The DNA sensor furnishes exceptional
stability and reproducibility and could potentially serve as a powerful tool for the
label-free investigation of dsDNA and might encourage the further development
and applications in clinical practice, medicine, and basic research [39].

DA is determined in pharmaceutical injections on the basis of its inhibition of
the ECL of luminol. A simple and sensitive ECL-FI method for DA detection has
been developed linearly with DA concentration in the range of 5.0 x 107% —
1.0 x 107> mol L™ with a detection limit of 30 nmol L™! [40]. An indirect ECL
inhibition method integrated with CE was developed for the determination of DA
and epinephrine using a 10 mM phosphate —0.5 mM TPA (pH 9.0) solution as the
running buffer and 50 mM Ru(bpy);** in 50 mM phosphate electrolyte (pH 8.5) as
luminescence reagent. Based on the quenching effect of the Ru(bpy)s;**/TPA
system, this method could be used for separation and detection of analytes at trace
level [41]. A nanoliter-sized flow cell is developed for construction of an FIA
system with ECL detection based on sensitive quenching response of DA. This
system falls within the linear range from 10 pM to 4 nM and realizes a detection
limit as low as 3.6 pM. The present approach is superior to corresponding analysis
methods in sensitivity, linear range, and reproducibility and is practically used to
determine the neurotransmitters in cerebrospinal fluid (CSF) with DA as the index
giving satisfactory results [42].

Another method based on FI-ECL inhibition method for determination of
neurotransmitters, noradrenaline, and DA has been developed for Ru(bpy)s>*/TPA
and for Ru(phen);**/TPA systems. The proposed inhibition mechanism shows the
quenching effect of o-benzoquinone derivative generated from the direct electro-
oxidation reactions of noradrenaline and DA. This method has superiority of
sensitivity over several detection methods, such as spectrometry, electro-chemical,
CE, and HPLC methods, and has potential for sensitive and trace analyses of



118 6 Quenching of ECL

commercial pharmaceutical injection samples with satisfied results [43]. Study of
some other literature revealed 2-(dibutylamino)ethanol (DBAE) to be a more
efficient co-reactant as compared to the tripropylamine for ECL of Ru(bpy);>*. DA
was found to be able to inhibit the ECL of Ru(bpy);>*/DBAE system strongly with
the detection limit of 4.0 x 10~'' M, based on which an ultrasensitive approach
for DA detection could be established. Thus, Ru(bpy);>*/DBAE-DA ECL system
should be of great potential for its application in analytical chemistry [44].

An FI-ECL method based on an inhibition effect on the Ru(bpy)32+/TPA has
been demonstrated for the simple and convenient determination of gallic acid with
a determination limit of 9.0 x 10~ mL™"'. Most probably, the interaction between
electrogenerated Ru(bpy)s>*" and o-benzoquinone derivative generated from the
electrode oxidation of GA at the electrode surface becomes the reason for inhi-
bition [45]. Indirect determination of glucose based on the linear relationship
between concentration of H>O, and the decrease in ECL intensity in a Ru(bpy)32+/
TPA system has been introduced. Glucose solutions are run through a glucose
oxidase (GOD)-immobilized solgel column and an ECL system of Ru(bpy);>* and
TPA. Glucose is determined with a detection limit of 1.0 pM in a linear dynamic
range of 1.0-200 uM. This technique has so many advantages such as high sen-
sitivity, lower detection limit, and capable of eliminating or minimizing interfer-
ence to an insignificant level; thus, the proposed ECL system is promising in the
analysis of other important clinical or biomedical analytes which produce
hydrogen peroxide as its enzymatic product, namely cholesterol, galactose, cho-
line, methanol, uric acid. [46].

Tannic acid is found to strongly inhibit the ECL of luminol, on the basis of
which another simple, rapid, and sensitive FI method for the determination of
tannic acid has been developed [47]. Biocatalytic precipitation (BCP) was firstly
integrated with ECL to explore its insulating effect on ECL, intending to discover
an alternative ECL highly efficient quenching route. Inhibition of the reaction
between the co-reactant and luminophore takes place due to an insulating layer
formation via BCP onto the electrode surface, inhibiting the reaction between the
co-reactant and luminophore and thereby impairing the ECL emission dramati-
cally. The proposed method was applied in HRP-based system with a linear range
from 1.0 x 107'%t0 1.0 x 10~° M for H202 determination, and a detection limit
of 4 x 107" M (S/N = 3) was realized [48].

Efficient ECL quenching of Ru(bpy);>*/TPA system has been reported using a
novel quencher caffeic acid (CA). Quenching mechanism involves in the energy
transfer from the excited-state Ru(bpy)32+ to the electrochemical oxidation of CA,
which is produced at the electrode surface. Additionally, this strategy may find its
use in environmental analyses of CA and its derivatives as well as in biotech-
nology and pharmaceutical applications [49]. In recent reports, uric acid (UA)
determination based on the quenching of ECL was also illustrated. This method
has the advantage of detecting UA at LOP and leads to the development of a new
method for the detection of UA in biological samples [50].
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Chapter 7
Applications of Electrochemiluminescence

Abstract The development of electrochemiluminescence (ECL) applications is a
growing field, having the potential advantages of ECL over conventional chemi-
luminescence. ECL has found various applications in immunoassays, DNA probe
assays, and aptasensors by employing ECL-active species as labels on biological
molecules. The recent use of ECL to detect many chemically, biochemically,
clinically, and environmentally important analytes is reviewed.

Keywords Clinical diagnostics - Biowarfare agent detection - Pharmaceutical
analysis + Environmental analysis - Immunoassays -+ DNA biosensor - Aptasensor

For last few years, electrochemiluminescence (ECL) has been coupled with many
techniques. Biochemical and analytical applications of ECL including medical
analysis and clinical diagnostics, in biosensors, in trace analysis environmental
assays such as food and water testing, biowarfare agent detection and as ECL
markers have been gaining rapid significance for last decade. It is useful not only
in biology and biochemistry, but also in polymer sciences and in membranes
research. In addition to this, some other related topics are developing like ECL
imaging, ECL in semiconductors, ECL in scanning microscopy at ultramicro-
electrodes, ECL in material chemistry for light-emitting devices, and others. ECL
and many other techniques coupled together provide rapid, efficient, and versatile
methods of separation and detection of biochemicals using micro, nano, or femto
volumes of sample and has become a very sensitive, powerful, and promising
method [1].

7.1 Clinical Applications/Immunosensors

ECL, a highly sensitive technique, has a highly significant, most common and,
arguably, the most important commercial application in diagnostic assays. More
than 150 ECL different immunoassays [2] including those for thyroid diseases,
tumor and cardiac markers, fertility therapies, and analytes relevant to infection
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diseases have commercial value and are currently available. Many efforts have been
taken to improve sensitivity and extend applications of ECL immunoassays [3].
ECL intensity depends upon the concentration of emitter and analyte [4, 5], so can
be used to analyze the concentration of both. Usually Ru(bpy)32+ is used as an ECL
label and the concentration of an analyte can be determined by measuring the
emission of a label in the presence of a high and constant concentration of
co-reactant while some assays rely on the detection of co-reactants in the presence
of constant Ru(bpy)32+ concentrations.

An ultrasensitive sandwich-type human C-reactive protein (CRP) immunoassay
based on adding multiple Ru(bpy);** to a single antibody was described encapsu-
lating a hydrophobic Ru(bpy);** compound in polystyrene microspheres/beads [6].
This technique leads the CRP detection limit as low as 0.01 mg mL ™", which is
lower than those obtained from most of the presently available automated high-
sensitivity CRP assay systems. Surface proteins on live cells were also detected
employing Ru(bpy);>* ECL [7]. In this method, carbon surface electrodes are used
to build into the bottom of microwell plates to achieve ECL assay. The carbon
surface plates bind suspension cells tightly enough to allow plates to be washed,
avoiding the centrifugation steps typically used for washing suspension cells.
Acetylcholinesterase has also been recently used as an alternative label in ECL
immunoassays [8]. The thiocholine generated from acetylthiocholine using
acetylcholinesterase was collected on gold electrode surface by gold—thiol binding.
The ECL detection was performed using this thiocholine as a co-reactant in the
presence of Ru(bpy)s>*. This method can greatly enhance the sensitivity since a
large number of co-reactant molecules can be generated by the enzymatic reaction.

Novel, ultrasensitive, and renewable electrochemiluminescent immunosensors
were constructed based on polymerization-assisted signal amplification for detection
of cancer biomarkers [9], combining a newly designed trace tag and streptavidin-
coated magnetic particles (SCMPs) for tumor markers [10], and Ru(bpy)32+—
encapsulated silica nanoparticle (SiO,@Ru) as labels for biomarkers through a
sandwiched immunoassay process [11]. A FI-ECL system for immunoassay of
atrazine [12] and human immunogloblin G (hIgG) with a variety of templates [13—15]
has been developed. Optical immunodetection of herbicide 2,4-D based on FI-ECL
of luminal [16] and a miniature 96 sample ELISA-lab-on-a-chip (ELISA-LOC) for
enzyme-linked immunodetection of staphylococcal enterotoxin B (SEB) [17] was
fabricated. A microfluidic assay format was developed combined with a CCD sensor.

Another ultrasensitive multiplexed ECL immunoassay method was developed for
the detection of tumor markers by combining functionalized graphene nanosheets
and gold-coated magnetic Fe;O,4 nanoparticles (GMPs) labeled alpha-fetoprotein
(AFP) antibody [18]. An enzyme immunoassay for TNT (2,4,6-trinitrotoluene)
detection was developed by Wilson in which enzyme-labeled antibodies bound to
paramagnetic beads are concentrated on an electrode magnetically, and light
emission is triggered [19, 20]. Another approach was developed for the determi-
nation of hemagglutinin which plays an important role in influenza virus infection
hemagglutinin that was first immobilized on an Au electrode; an immunoliposome
encapsulating a Ru complex was prepared to bind with hemagglutinin through
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competitive antigen—antibody reaction. After the immunoreaction, the immuno-
liposome was destroyed by the addition of ethanol, and the ECL was measured from
the Ru complex adsorbed onto Au electrode surfaces (Fig. 7.1). Hemagglutinin of
influenza virus was determined in a concentration range from 3 x 107'% to
4 x 107" g mL™". The ECL method with high sensitivity at the attomole level
would be applicable for detecting trace amounts of various proteins containing the
influenza virus [21].

Several immunoassays can now be performed with imaging-based ECL
instruments manufactured by Meso Scale Discovery (Chap. 3, Fig. 3.7) [22, 23].
Approximately 150 immunoassays are currently available from this company.
These include phosphoprotein and intracellular markers, cardiac markers, vascular
markers and growth factors, fertility markers, Alzheimer’s disease markers,
hypoxia markers, toxicology, metabolic markers, bone markers, bioprocess assays,
and cytokine and chemokine immunoassays. Further description and discussion on
the particular immunoassays of interest may be found in Ref. [22].

ECL reaction of an acridinium ester, methyl-9-(p-formylphenyl) acridinium
carboxylate fluorosulfonate (MFPA), on the surface of a platinum electrode has
been used for immunoassay by the determination of human chorionic gonadotropin
using MFPA as label [24]. A solution-phase quantitative ECL immunoassay was
developed for one-step rapid measurement of antigen—antibody binding affinity.
This solution-phase ECL immunoassay may be applied to detect other serum tumor
markers or study protein—protein interactions [25]. Liu and group demonstrated a
versatile immunosensor using a CdTe QDs coated silica nanosphere (Si/QD) as a
label for ultrasensitive detection of a biomarker [26]. A water/oil microemulsion
method was used to synthesize Ru(bpy)s>*-doped silica (RuSi) nanoparticles and
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Fig. 7.1 Detection procedure: a Immobilization of hemagglutinin (or antigen peptide) on an Au
electrode. b Binding of immunoliposome with hemagglutinin onto the Au electrode through
competitive antigen—antibody reaction. ¢ Destruction of immunoliposome by addition of ethanol.
d Adsorption of Ru(II) complex by heating at 60 °C for 10 min. e ECL measurement on application
of potential. Reprinted with permission from Ref. [21]. Copyright 2008 American Chemical Society
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was immobilized on a glassy carbon electrode by using TPA as a co-reactant
and used as tag for immunoassay and DNA detection [27].

7.2 Pharmaceutics/Criminalistic Expertize

Several research groups have made contributions to the development of ECL
biosensors for applications in pharmaceutics. Many of these examples completely
satisfy our requirements, while it seems that still there is need of development in
pharmaceutical industry. Currently, various techniques in combination with ECL
biosensing formats for the determination of drugs and small molecules have been
developed. ECL combined with different systems has also been successfully
applied to criminalistic expertize for sensitive determination of narcotics and
medicinal preparations [28-33].

Tian and group reported a very sensitive method based on CE coupled with
ECL detection with Ru(bpy);>* for simultaneous determination of azithromycin
(AZI), acetylspiramycin (ACE), erythromycin (ERY), and josamycin (JOS). The
four macrolides were well separated and detected within 6 min under the opti-
mized conditions with LOD (S/N = 3) of AZI, ACE, ERY, and JOS as
12 x 107°,7.1 x 107°,3.9 x 10~® and 9.5 x 107® mol L™, respectively [34].
A new separation and the quantification method for the sensitive determination of
ephedrine and pseudoephedrine [35, 36] based on Ru(bpy);>* ECL coupled with
CE has been established with detection limit of 4.5 x 107° g mL™" and
45 x 10°* mol L™' for ephedrine and 5.2 x 10°® mol L™' (S/N = 3) for
pseudoephedrine, respectively. The method was applied for the determination of
ephedrine and pseudoephedrine in human urine, ephedrine in nasal drops, and the
monitoring of pharmacokinetics for pseudoephedrine.

For direct analysis of ibandronate (IBAN), a simple, rapid, and sensitive CE
method integrated with ECL detection has been reported. SPE using magnetic
Fe;0,@Al,05 nanoparticles as the extraction phase was employed to pretreat the
urine sample before CE-ECL analysis. The linear range was 0.2—-12.0-mM IBAN in
human urine, and LOD was 0.06 mM [37]. An angiotensin-converting-enzyme
(ACE) inhibitor, captopril, was determined employing a new FI-ECL procedure in a
pharmaceutical preparation based on the direct CL oxidation of captopril by nascent
Mn>* with a detection limit of 8.0 x 10™% mol L™! original concentration [38].
Modifying a graphite electrode with vaseline and NiO, ranitidine, an H, blocker,
showed a strong ECL for the weak ECL signal of electrooxidation of luminol. Based
on this finding, a more sensitive ECL method for ranitidine was proposed which
offered a 9 x 107° mol L™! detection limit for ranitidine hydrochloride [39].
Michel’s research group performed batch and continuous-flow measurements of
codeine in pharmaceutical samples by ECL, using a miniaturized sensor combining
transduction electrodes and a photodetector on the same silicon chip. In batch mode
and FIA, a detection limit of 0.1 and 50 mM was found, respectively [40].
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Furthermore, CE separation with end-column Ru(bpy);>* ECL detection for the
quantitative determination of pentoxyverine (an antitussive) was performed. Gold
nanoparticles were found to enhance the ECL intensity. The detection limits with
and without nanogold were 6 nM and 0.6 mM, respectively. Successful separation
of pentoxyverine, chlorpheniramine, and lidocaine was achieved. This method was
also applied to monitor drug binding with HSA [41]. Determination of propranolol
hydrochlorid, a f-adrenergic blocker, in human urine was performed under the
optimal conditions with a linear range from 0.003 to 2 pg mL™" (+* = 0.9993),
and detection limit was 1.3 ng mL~" (S/N = 3) [42]. Moreover, some f-blockers
such as atenolol, metoprolol, and esmolol [43, 44] were simultaneously determined
in commercial pharmaceutical, human body, and urine samples employing a novel
ECL sensor combined with CE separation method. For a fine and improved
separation, Poly-f-cyclodextrin (Poly-$-CD) was used as an additive in the
running buffer [44].

Other literature presented a rapid method for the determination of Dioxopro-
methazine hydrochloride (DPZ) (an antihistamine drug) by CE-ECL using
Ru(bpy);>* reagent. The proposed method was of high sensitivity, good selectivity,
and reproducibility for DPZ analysis. This CE-ECL method was applied to ana-
lyze DPZ in real samples including tablets, rat serum, and human urine [45].

Fast analysis of ofloxacin and lidocaine (as bactericide and analgesic) is of clinic
importance for understanding the patient’s medical process. A sensitive method for
the determination of lidocaine, ofloxacin [46], enrofloxacin (ENR), and ciproflox-
acin (CIP) [47] by CE integrated with ECL detection has been developed based on
porous etched joint and end-column Ru(bpy)s;>* ECL and successfully applied to
determine ENR and CIP in milk with a solid-phase extraction procedure. The
proposed method explores detection limits of lidocaine, ofloxacin, enrofloxacin, and
ciprofloxacin as 3.0 x 10_8, 5.0 x 1077, 10 x 10_9, and 15 x 10~° mol L~
respectively (S/N = 3). CE-ECL detection method has also been used to charac-
terize disopyramide with a detection limit of 2.5 x 1078 mol L™! (S/N = 3) [48],
and procaine hydrolysis as a probe for butyrylcholinesterase by in vitro procaine
metabolism in plasma with butyrylcholinesterase acting as bioscavenger. Procaine
and its metabolite N, N-diethylethanolamine were separated at 16 kV with
the detection limits of 2.4 x 1077 and 2.0 x 107 mol L™" (S/N = 3),
respectively [49].

Several antibiotics of clinical and pharmaceutical importance were also deter-
mined on the basis of ECL detection method. For instance, based on the enhancing
effect of clarithromycin on ECL of Ru(bpy);>* after CE separation, a new ana-
lytical method for sensitive determination of clarithromycin in biological fluids
was developed and a detection limit of 30 nM was achieved. The proposed method
has been successfully applied for clarithromycin content determination in spiked
human plasma and urine samples [50]. Lincomycin was determined in the urine
sample by microchip CE with integrated ITO working electrode based on ECL
detection. This microchip CE-ECL system can be used for the rapid analysis of
lincomycin within 40 s. This method is promising for detection of lincomycin in
clinical and pharmaceutical area [51]. A novel method for ECL detection from
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successive electro- and chemo-oxidation of rifampicin was also reported and
applied to the determination of rifampicin in pharmaceutical preparations and
human urine. LOD (S/N = 3) was 3.9 x 10~® mol L™' [52].

Glyphosate (GLY) and (aminomethylphosphonic acid) AMPA were analyzed
by CE-ECL detection method using ITO working electrode biased at 1.6 V [53].
Ionic liquid was used as the binder [54] and LODs for GLY and its major
metabolite AMPA in water were 0.06 and 4.04 pg mL™", respectively. ECL
detection along with CE separation was used for the rapid detection of spectino-
mycin for monitoring the drug in clinical and biochemical laboratories [55]. Using
ultrasonic microdialysis, another more sensitive and selective CE-ECL method
was used for determination of the number of binding sites and binding constant
between diltiazem hydrochloride (DLT) and human serum albumin (HAS).
Diltiazem hydrochloride, a calcium channel blocker, with linear range from 0.02 to
100 pmol L' (#* = 0.9983) and detection limit of 5.1 nmol L™" was successfully
developed [56].

Wang and his group also detected procyclidine (an anticholinergic drug) in
human urine based on Ru(bpy);** ECL method integrated with CE. ECL detection
cell designed for this sensing method was based on post-column addition of
Ru(bpy)s>* and a detection limit of 1 x 10™° mol L™" in an on-capillary stacking
mode was achieved. For detection of procyclidine in urine, a cartridge packed with
slightly acidic cation-exchange resin was used to eliminate the matrix effects of
urine and detection sensitivity was improved [57].

A simple and sensitive liquid chromatographic method coupled with ECL was
developed for the separation and quantification of naproxen (a nonsteroidal anti-
inflammatory drug) in human urine. The method was based on the ECL of
naproxen in basic NaNOj solution with a dual-electrode system. The detection
limit was 1.6 x 107 g mL™" (S/N = 3) [58]. Furthermore, MEKC chromatog-
raphy was used with ECL of Ru(bpy);>* as a fast and sensitive approach to detect
an antipsychotic and antihypertensive drug, i.e., reserpine in urine. Field-amplified
injection was used to minimize the effect of ionic strength in the sample and to
achieve high sensitivity. In this way, the sample was analyzed directly without any
pre-treatment with LOD (S/N = 3) to be 7.0 x 1078 mol L™! [59].

Pipemidic acid is extensively used in the treatment of gram-negative urinary
tract infections, and the contents of proline in human urine vary in association with
chronic uremia. Simultaneous determination of proline and pipemidic acid in
human urine [60] and prolidase activity based on the determination of proline
produced from enzymatic reaction [61] were performed using coupling of
Ru(bpy);**-based ECL detection with CE. Numerous drugs are carboxylic acid
derivatives containing amino group, and hydrolysis reaction of these agents often
generates toxic amines. Thus, the detection of amine impurity is of great impor-
tance in drug quality control of these amino group-containing ester and amide.
Another CE method coupled with end-column ECL based on Ru(bpy);”* system is
used for the analysis of N,N-dimethyl ethanolamine, the degradation product of
meclofenoxate, with a detection limit of 2.0 x 10~ mol L™! at the S/N = 3 [62].
For tricyclic antidepressants Imi and Tri, CE method was used in combination with
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Ru(bpy);>* end-column ECL detection which was successfully applied for the
determination of Imi in pharmaceutical dosage form. LODs of 5 nM and 1 nM
(S/N = 3) were obtained for Imi and Tri, respectively [63].

A performant reagentless ECL system for H,O, detection based on electrop-
olymerized luminol on pre-treated screen-printed electrodes was developed [64].
An ECL biosensor based on carboxylic acid-functionalized multi-walled carbon
nanotubes (COOH-F-MWNT) and Au nanoparticles [65] and immobilization in
sol—gel hybrid material was fabricated for sensing the efficiency of ethanol. The
intensity of ECL increased linearly with ethanol concentration from 2.5 x 107>
5.0 x 107> M and detection limit was 1.0 x 107> M [66].

7.3 Life Sciences/Biomedical Analysis

Monosaccharides, an important class of carbohydrates, have been investigated
using 2-diethylaminoethanethiol as a derivatizing reagent. Xylose, rhamnose,
glucose, and glucosamine were selected as analytes. The method was successfully
applied for the assay of glucose in angelica with a detection limit of
6.0 x 1078 mol L™! (S/N = 3) [67]. Immobilization of GOD onto a membrane-
modified glassy carbon electrode, prepared by using poly(diallyldimethylammo-
nium chloride) (PDDA) doped with chitosan, was used for ECL ultrasensitive and
selective determination of glucose with good reproducibility and stability.
Figure 7.2 shows scheme of the glucose ECL biosensor. Under the optimal con-
ditions, the proposed ECL biosensor was able to detect glucose in the range of
0.5-4.0 x 10* nM with a detection limit of 0.1 nM [68].

Composite particles of Fe;0,/GOD were adhered by Qiang and his group onto
solid paraffin carbon paste electrode surface by magnetic force to act as a working
electrode. H,O, was produced by enzymatic reaction of GOD, and ECL could
be obtained by the reaction between luminol and H,O, for sensing glucose [69].
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Fig. 7.2 Scheme of the glucose ECL biosensor. Adapted from Ref. [68]. Copyright 2009
Elsevier B.V
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A FI optical fiber glucose and lactate biosensor [70-72] and a thin-film glucose
ECL biosensor were also developed based on alcohol-free mesoporous molecular
sieve silica modified electrode [73] and immobilization of GOD with MWNT/
Nafion film [74-76].

A poly(nickel(Il) tetrasulfophthalocyanine)/multi-walled carbon nanotubes
composite modified electrode (polyNiTSPc/MWNTs) was fabricated by elec-
tropolymerization of NiTSPc on MWNTs-modified glassy carbon electrode on
which GOD was immobilized to establish an ECL glucose sensor. This ECL
sensor gave an outstanding well reproducibility and long-term stability with a
detection limit of 8.0 x 1078 mol L™ (S/N = 3) [77]. Another sensor for the
determination of H,0,, glucose, and GOD was established employing linear sweep
voltammetry coupling with ECL technique. This sensor works with the ECL
enhancement property of bis-[3,4,6-trichloro-2-(pentyloxycarbonyl)-phenyl]oxa-
late (BTPPO) at glassy carbon electrode in the presence of H,O,. The enhanced
ECL intensity has a linear relationship with the concentration of glucose in the
range of 1.0 x 107*t0 1.0 x 107 mol L ™", and the detection limit for glucose is
found to be 5.0 x 107> mol L™" (S/N = 3) [78].

Some studies reported the synthesis of poly(luminol-aniline) nanowires com-
posite (PLANC) on the surface of graphite electrode by electro-oxidizing the
mixture of luminol with aniline in the H,SO, acidic medium to improve the
analytical performances of the ECL biosensor for glucose [79]. Based on the linear
relationship between concentration of H,O, and the quenching of ECL in
Ru(bpy);>*/TPA system, procedures for the indirect determination of glucose with
a FIA system were developed with a detection limit of 1.0 uM [80]. A multi-
parametric biochip for glucose, lactate, and choline determination has been
developed based on luminol/H,O, ECL. After optimizing the conditions, the ECL
H,0, sensor exhibited a detection limit of 2 mM and a working range from 2 to
0.5 mM. The multi-biosensor observed the detection of glucose, lactate, and
choline in the ranges of 20-2 mM, 2-0.2 mM, and 2-0.2 mM, respectively [81]. A
novel biosensor combining enzymatic selectivity with the sensitivity of ECL
detection for quantification of enzyme substrate was described. Alcohol dehy-
drogenase (ADH) ECL biosensor by self-assembling ADH to Ru(bpy);**—AuNPs
aggregates (Ru—AuNPs) on ITO electrode surface has been developed. This bio-
sensor displayed wide linear range, high sensitivity, and good stability [82].
Ultrasensitive detection of antigen was obtained using ECL quenching by CdTe
QDs through energy scavenging [83].

Based on its sensitizing effect on the weak ECL emission of electrochemically
oxidized luminal, a sensitive and selective ECL-FI method for the determination of
epinephrine, a neurotransmitter, was constructed. Under the optimum experimental
conditions, the relative ECL intensity increased linearly with increasing epi-
nephrine concentration in the range 7.0 x 107%t0 6.0 x 107° mol L™' and with a
detection limit (S/N = 3) of 2.8 x 107® mol L' [84]. Another FI-ECL analysis
method for the determination of L-lysine in alkaline Na,CO3;-NaHCO; buffer
solution, based on the enhanced ECL of Ru(bpy);**-L-lysine, was developed with
a detection limit 1.43 x 10~° g mL~". RSD for the determination of 1.0 x 10~°
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g mL~! L-lysine was 1.8 % (n = 11) [85]. Further investigations revealed the
studies on quantitative ECL detection of a model protein, BSA. The ECL was
achieved via biotin—avidin interaction using an avidin-based, Ru(bpy);>*-labeled
ECL sensor. The proposed method was further applied successfully to the lyso-
zyme with the detection limit of 0.1 mg L™' [86]. Furthermore, BSA and IgG were
determined by amplified ECL using 4-(Dimethylamino)butyric acid (DMBA)
labeling combined with gold nanoparticles [87]. Quenching of Ru(bpy)32+/TPA
ECL system also leads to a highly sensitive approach for the detection of proteins,
BSA and casein [88].

Ricin, a highly toxic protein presents in the seeds of Ricinus communis (castor),
has been used as industrial lubricant, for poisoning, and to contaminate food.
A monoclonal antibody-based method was developed for detecting and quanti-
fying ricin in ground beef with a limit of detection 0.5 ng g~ for the ECL method
and 1.5 ng g~' for enzyme-linked immunosorbent assay (ELISA) [89]. Choline
has positive neuromuscular, metabolic, mental, and structural effects on the body
of mammals, and it has recently been classified as a basic nutrient for humans by
the Food and Nutrition Board of the Institute of Medicine (USA) [90]. It does not
has ability to intensify ECL signals of Ru(bpy);>* to be detected. Rather when it is
heated to its melting point, choline decomposes and forms two tertiary amines
(trimethylamine and N, N-dimethyl-2-aminoethanol) that act as ECL co-reactants.
This characteristic of choline is used to construct a simple biosensor for detection
of choline in milk powder using ECL. The detection method overcame the defects
of the commonly used method based on enzyme procedures and liquid chroma-
tography—mass spectrometric technique [91].

Moreover, nanobiosensing of choline and acetylcholine was done by amplified
ECL of QDs employing electrochemically reduced graphene oxide (ERGO). These
biosensors were fabricated by covalently cross-linking ChO and AChE-ChO on
QDs/ERGO/GCE which gave limit of detection 8.8 puM for choline and 4.7 uM for
acetylcholine. This approach could be of potential applications in electronic device
and bioanalysis [92]. The fact that choline cannot enhance the intensity of ECL
signals of Ru(bpy)s>* is used to construct a simple biosensor based on luminol
ECL integrated in a FIA system; a fiber optic biosensor was developed for the
detection of choline [93]. Other new biocompatible luminol ECL biosensor based
on enzyme/titanate NTs/chitosan composite film (Fig. 7.3) [94, 95] and polymeric
luminol as the luminophore instead of luminol in solution [96] with excellent
stability and high sensitivity was developed for the determination of choline. In the
fabrication of former ECL biosensor, biocompatible titanate nanotubes (TNTs)
were immobilized on a chitosan-modified GCE via electrostatic adsorption. Other
paper reported an FIA system to determine trace amount of choline in human
urine. This method employs the coupling of an enzyme reactor with an ECL
detector. This enzymatic FIA/ECL provided high sensitivity for the determination
of choline with the detection limit as low as 0.05 puM [97].

For uric acid determination, an ECL disposable biosensor was constructed by
immobilization in a double-layer design of luminol as a copolymer with 3,3/,
5,5'-tetramethylbenzidine (TMB) and the enzyme uricase in chitosan on gold
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Fig. 7.3 A schematic steps for fabrication of the ECL biosensor (a). Insets are TEM (b) and
AFM (c) images of TNTs and ChOx/TNTs/CHIT film. Adapted from Ref. [95]. Copyright 2009
Elsevier B.V

screen-printed cells. The improved electroluminescent characteristics of this
copolymer poly(luminol-TMB) made it possible to determine uric acid by mea-
suring the growing ECL emission with the analyte concentration. LOD of
4.4 x 1077 M was obtained [98]. Another method for uric acid determination in
human urine based on quenching of Ru(bpy);** ECL was described by Zu [99].
A single-channel portable FI-ECL system for the determination of L-thyroxine
based on its enhancement effect on Ru(bpy)s>*-NADH-ECL intensity was devel-
oped. The proposed method was applied to pharmaceutical preparations [100]. For
the detection of tyrosine, a sulfite-enhanced anodic ECL method of MPA-modified
CdTe QDs in air-saturated aqueous solution based on quenching of ECL emission
has been described [101].

ECL-FI method was used for noradrenaline and DA determination [102]. This
method was practically used to determine the neurotransmitters in cerebrospinal
fluid (CSF) with DA as the index [103]. Two maximal potential-resolved FI-ECL
peaks were observed for Ru(bpy);**/TPA system at 0.90 and 1.05 V, and for
Ru(phen);**/TPA at 1.01 and 1.25 V (vs. Ag/AgCl) in pH 8.0 phosphate buffer
solutions. Sensitive ECL inhibition effects were observed in the presence of nor-
adrenaline and DA for both of these systems. Another simple and sensitive FI
method has been developed for the determination of DA based on its inhibition of



7.3 Life Sciences/Biomedical Analysis 133

the ECL of luminal with a detection limit of 30 nmol L™ [104]. Lin found DA to
be able to inhibit the ECL of Ru(bpy)32+/DBAE system. Thus, the new
Ru(bpy);**/DBAE-DA ECL system seemed to have great potential for its appli-
cation in analytical chemistry. Under the optimum conditions, the logarithmic plot
of the inhibited ECL versus the concentration of DA was linear in the range of
5 x 107'°t07 x 1077 M and the detection limit of 4.0 x 10~"" M was observed
[105]. Furthermore, sensitive ECL sensor based on the modification of composite
of QDs, CNTs, and chitosan on ITO glass was fabricated. The developed sensor
displays efficient and stable anodic ECL which is quenched by DA [106].

Based on ECL inhibition, DA and epinephrine were separated by CE and
indirectly determined. Linear ranges for both analytes were 0.1-10 mM and the
detection limits (S/N = 3) were 10 nM for DA and 30 nM for epinephrine [107].
A selective and sensitive sensor based on dual-cloud point extraction (DCPE) and
tertiary amine labeling for the quantification of indole-3-acetic acid (IAA) and
indole-3-butyric acid (IBA) by CE-ECL has been demonstrated. The detection
limits (S/N = 3) were 2.5 and 2.8 nM for IAA and IBA, respectively. The pro-
posed method was applied successfully to the detection of low concentrations of
two auxins in acacia tender leaves, buds, and bean sprout [108].

(Dimethylamino)ethanethiol DMAET-capped CdTe NPs were employed in the
construction of aptamer-based biosensing system for proteins [109]. Highly
efficient and sensitive determination of alkaloids and amino acids using CE in
conjunction with sequential light-emitting diode-induced fluorescence (LEDIF)
and ECL method was carried out. In the CE-LEDIF-ECL system, the ECL detector
was located in the outlet of the capillary, while the LEDIF detector was positioned
12 cm from the outlet [110]. Ru(bpy)s;** in MWCNTSs/Nafion composite mem-
brane was immobilized for an ECL method for reduced nicotinamide adenine
dinucleotide (NADH) with a detection limit of 8.2 x 1077 M [111].

7.4 Environmental Analysis

ECL in combination with some techniques has also been used to determine pes-
ticides [112], herbicides [113], and alkaloids. Pesticides [114], acephate and
dimethoate, were determined using a composite electrode (a TBR—multi-walled
carbon nanotube paste electrode) with coreagent TPA [115]. Other literature
revealed a rapid method for the determination of galanthamine (in Bulbus lycoridis
radiatae) [116]. For sensitive determination of verticine and verticinone in Bulbus
fritillariae, CE/Ru(bpy);>* ECL system with the assistance of ionic liquids was
successfully established. Detection limits of 1.25 x 107'" mol L™" for verticine
and 1 x 107 mol L™! for verticinone were obtained (S/N = 3). Developed
method was successfully applied to determine the amounts of alkaloids in Bulbus
fritillariae [117].

For a nephrotoxic toxin, ochratoxin A (OTA), an ECL biosensor based on DNA
aptamer as the recognition element and N-(4-aminobutyl)-N-ethylisoluminol
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(ABEI) as the signal-producing compound was constructed. The relative standard
deviation was 3.8 % at 0.2 ng mL~! (n = 7). A detection limit of 0.007 ng mL~!
was obtained with the designed sensor. The proposed analytical method has been
applied to measure OTA in naturally contaminated wheat samples [118]. ECL
detection with CE separation system was used for the rapid analysis of nicotine in
urine and cigarette samples [119], and pseudolycorine in the bulb of lycoris radiata
(based on ultrasonic-assisted extraction) [120].

Wang [121] and You [122] groups demonstrated a rapid and simple analytical
method for determination of alkaloids (atropine, anisodamine, and scopolamine) in
Flos daturae extract by NACE coupled with ECL and EC dual detection was
developed. A short capillary of 18 cm was used, and the decoupler was not needed.
Electrophoretic buffer used was the mixture of acetonitrile (ACN) and 2-propanol
containing Macetic acid (HAc), sodium acetate (NaAc), and tetrabutylammonium
perchlorate (TBAP). Trimethylamine in fish [123] was quantitatively determined
using a platinum electrode at the potential 1.23 V versus an Ag—AgCl electrode in a
10 mM solution of sodium borate (pH 9.2) containing 33 mM of TBR. A detection
limit of 107 M was observed. Some other data were published on the highly
sensitive determination of malachite green residues in fish, which was performed by
using an ECL inhibition method combined with MISPE and a detection limit of
about 6 ppt was obtained. This method was based on quenching the ECL signal of
luminol by MG [124].

7.5 DNA Detection and Quantification

Most of the recent DNA hybridization detection methods employ the use of assay
format and sandwich format assays as well. (Fig. 7.4a, b) [125-127]. In the largest
part of publications, Ru(bpy)s>* or its derivatives are widely used as ECL labels
and TPA has been employed as a co-reactant. While some papers have also used
several dsDNA intercalators and oxalate as reductants of electrogenerated
Ru(bpy)33+ [128] and co-reactant for DNA detection [129]. Different strategies
have been employed for the sake of improving sensitivity; such as loading or
immobilization of multiple ECL labels in microsized polystyrene microspheres
[130] and CNTs [127] or Au NPs [131]. As for immobilization substrates of DNA,
besides millimeter-sized Au electrodes, micrometer-sized Au chips [132] and
anodically oxidized GC electrodes [133] have also been employed.

Combination of assembled microcell [134] or Au chip electrode [132] with a
positive-intrinsic-negative (PIN) photodiode detector lead to advancement in the
miniaturization of ECL instrumentation for DNA quantification. Though, noise
level and sensitivity of silicon PIN diode are less sensitive than a PMT [134].
A highly sensitive DNA biosensor, fabricated by self-assembling the ECL probe of
thiolated hairpin DNA tagged with ruthenium complex on the surface of a gold
electrode works on a “switch-off” mode and ECL intensity decreases with an
increase of the concentration of target DNA, and a detection limit of 9 x 107" M
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complementary target ss-DNA was achieved [135]. ssDNA-Ru(bpy);>* upon its
hybridization with the second ssDNA tagged with Cy5 dye results in an efficient
ECL quenching and is found to be another promising approach for DNA detection
and quantification [136]. Besides this, other researchers found application of
quenching effect of Fc for DNA hybridization. This biosensor is based on intrinsic
cathodic ECL at thin-oxide-covered glassy carbon (C/C,O;_,) electrodes [137]
and Fc-MB [138]. Great advantage of the biosensor is attributed to its simplicity
and cost-effectiveness with ECL generated from the electrode itself.
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In another study, DNA-mismatched discrimination was revealed to be consid-
erably better when a negative electrode potential of —0.3 V vs Ag was applied for
300 s prior to the ECL detection [139]. Table 7.1 lists some recent examples of DNA
hybridization detection and quantification on the basis of Ru(bpy);>* ECL [23].

A sandwich assay format based on polymerase chain reactions (PCR)-amplified
DNA strands immobilization on the surface of streptavidin-coated MB via biotin-
labeled reverse primers, and the other ends linked with Ru(bpy)32+ molecules was
constructed for DNA fragments detection. In the proposed sensor, the PCR-
amplified DNA strands were typically immobilized on the surface of streptavidin-
coated MB via biotin-labeled reverse primers and the other ends were linked with
Ru(bpy)s;>* molecules. Highly sensitive methods are needed for the detection of
PCR products to reduce the number of amplification cycles because before the
sufficient generation of product; errors are exponentially amplified through mul-
tiple cycles toward a plateau phase [23]. ECL detection method combined with
bead-based PCR-amplified DNA-aptamers has been utilized for the detection of
anthrax spores [141]. Bead-based PCR-ECL system has also been applied to the
detection of various genes from viruses and diseases in human blood and serum
[142—-144] and plants [145], genetically modified organisms such as vegetables
[146], and the measurement of DNA helicase activity of Escherichia coli
DNA [147].

Luminol-H,0,-based method [148, 149] and hot electron-induced ECL [150]
have also been reported. In the former case, immobilization of N-(4-aminobutyl)-
N-etylisoluminol (ABEI), a luminol derivative, on a target ssDNA was employed
for the ECL detection of the hybridization between a complementary probe ssDNA
covalently linked to a polypyrrole support and the target ssDNA [149]. In hot
electron-induced ECL system, hybridization was detected using hot electron-
induced ECL of the tetramethylrhodamine dye. The proposed system employs
thin-oxide film-coated Al and Si electrodes modified with an aminosilane layer and
derivatized with short, 15-mer DNAs via diisothiocyanate coupling. Target DNAs
were conjugated with tetramethylrhodamine dye at their amino-modified 5’ end,
detecting hybridization using hot electron-induced ECL of the dye with LOD in
picomolar levels. Recently, catalytic guanine and adenine bases oxidation using
Ru(bpy);>*-modified GC electrode with a cast carbon nanotube/Nafion/Ru(bpy)s>*
composite film has also been employed for label-free ECL DNA detection [151].
ECL signals of dsDNA and its thermally denatured counterparts were distinctly
discriminated at a low concentration of 30.4 nM for salmon testes DNA, and
single-base mismatch detection of p53 gene sequence segment was realized with
0.4 nM.

Previous studies reveal the direct ECL detection of DNA in poly(vinylpyridine)
(PVP) ultrathin film using cationic polymer [Ru(bpy)z(PVP)lo]2+ or [Os(bpy),
(PVP);0]** [152]. DNA damage from benzo[a]pyrene metabolites using ECL arrays
suitable for genotoxicity screening was also demonstrated later [23].
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Table 7.1 Applications of Ru(bpy)s>* for the detection of DNA hybridization

DNA Detection method Comments? Refs.
sequence’
5'-SHC6-22- Using DNA-binding intercalator as a dsDNA intercalated by [128]
mer® reductant of electrogenerated doxorubicin, daunorubicin,
Ru(bpy)s>* with a throughhole and 4,6-diamidino-2-
type DNA biosensor phenylindole (DAPI), in which
DAPI showed efficient ECL
5'-NH2-24- Ru(bpy)32+—d0ped silica NPs as ECL LR = 0.20 pM-2.0 nM, [129]
mer labels using assay format, ECL co- LOD = 0.10 pM, three-base
reactant: 2.5 mM H2C204 in mismatch and
PBS, pH 6.6 noncomplementary sequences
showed almost no ECL
5'-21-mer CONH2SH, carbon nanotubes-loaded LR)
5-NH2C6-18-mer, and 42-mer Ru(bpy);2+ as ECL labels

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

24 fM- discriminated two-base [127]
1.7 pM, mismatched ssDNA
LOD) 9.0
™M,
5'-NH2C6 Au(111)/SAM-DNA using assay A series of electrode treatments ~ [140]
23-mer*® format with Ru(bpy);>* tag in (e.g., blocking free-COOH
0.10 M LiClO4-0.10 M Tris- groups and pinholes, washing,
0.10 M TPrA (pH 8.0) and inert gas spraying) were

used to reduce the nonspecific
adsorption of the labeled

species
5'-biotin- Using Ru(bpy)f*-loaded PSB as ECL LR = 1.0 fM-10 nM, [130]
TEG labels, hybridized DNA separated distinguished two-base-pair
23-mer magnetically, ECL in MeCN- mismatched from
0.055 M TFAA-0.10 M TPrA- noncomplementary DNA
0.10 M (TBA)BF4 hybridization
5" 18-mer-C3 Target ssDNA immobilized on Au LR = 10 pM-10 nM, [131]
SH-3' electrode hybridized with probe LOD = 5.0 pM
ssDNA labeled with ~ 15 nm Au
NPs covalently attached with a
large number of Ru(bpy)s>*, ECL
in 0.10 M PBS (pH 7.4)-0.10 M
TPrA
5'-SH (or Hybridization on integrated Au chip, Ru(bpy)32+ LOD = 0.1 fM [132]
NH2)-19- light detection with a PIN
mer photodiode detector, assay was
based on displacement of DNA
hybridization, ECL in phosphate
buffer (pH 8.0)-0.10 TPrA
15-mer 3’ end of one ssDNA labeled with LOD = 30 nM, quenching [136]
Ru(bpy)s>* hybridized with efficiency = 78 %

another ssDNA tagged with Cy5 at
5" end, efficient ECL quenching
was observed in ~0.3 M PBS
(pH 7.5)-0.1 M TPrA-SDS

(<0.1 % w %)

(continued)
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Table 7.1 (continued)

DNA Detection method Comments® Refs.

sequence”

5'-NH2-15- Ru(bpy)z(phen)2+ derivative as ECL  LOD = 1 pM in 30 pL of buffer [139]
mer label, assay format was used,

considerably better discrimination
of two-base-pair mismatch was
obtained with —0.3 V vs Ag for
300 s, Au chip electrode was used,
ECL in 0.3 M PBS (pH 7.8)—
0.1 M TPrA-0.1 % SDS
5'-NH2-18-  Anodically oxidized GC electrode LOD < 1 pM [133]
mer was used for covalent
immobilization of DNA,
hybridization detection using
labeled Ru(bpy)32+ was conducted
in PBS buffer-4 % TPrA

# Synthetic DNA sequences were used, unless otherwise stated. b Target organism, hepatitis A,
B, and C virus, © Target organism, Bacillus anthracis (Ba813). 4 LR, linear range; LOD, limit of
detection

7.6 Aptamer-Based Sensors

Aptamers are oligonucleic acid or peptide molecules that can selectively bind a
specific target molecule. Recently, for the determination of a small-molecule drug,
a highly sensitive ECL aptamer-based biosensor has been constructed based on
two components: a cocaine-binding aptamer as molecular recognition element and
as a model analyte and a Ru(Il) complex as an ECL label [153].

A gold electrode immobilized with the ECL probe, which was a 5'-terminal
cocaine-binding aptamer with the ECL label at 3'-terminus of the aptamer, upon
recognition of the target cocaine generated an enhanced ECL signal. A change in
the conformation of the ECL probe from random coil-like configuration on the
probe-modified film to three-way junction structure, in close proximity to the sensor
interface lead to the enhancement of ECL signal with a detection limit of 1.0 nM.
A novel ECL biosensor based on the construction of triplex DNA for the detection
of adenosine (a purine nucleoside) was designed, comprised of an aptamer as a
molecular recognition element, and quenches ECL of Ru(bpy)s;>* by Fc mono-
carboxylic acid. The presence of adenosine, the aptamer sequence (Ru-DNA-1),
prefers to form the aptamer—adenosine complex with hairpin configuration, and the
switch of the DNA-1 occurs in conjunction with the generation of a strong ECL
signal owing to the dissociation of a quenching probe. The detection limits were
2.7 x 107" mol L™" and 2.3 x 10~ mol L™ for the ECL-triplex DNA biosen-
sor and ECL-duplex DNA biosensor, respectively [154].
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Another construction procedure of Fc-labeled structure-switching signaling
aptamer as a solid-state ECL sensing platform for detection of adenosine provided
a promising method for aptamer-based small-molecule detection due to its sim-
plicity, rapidity, low cost, and excellent response characteristics [155].

It has already been reported that Fc has the ability to efficiently and stably
quench the ECL of Ru(bpy);>* at the electrode. Based on this characteristic of Fc,
a novel ECL aptamer biosensor for detection of adenosine has been fabricated.
Ru(bpy)s>*-doped silica nanoparticle (Ru-SiNP) works as a novel biocompatible
ECL tag material, and its ECL is quenched by Fc. The biosensor offers several
advantages, such as good selectivity, high sensitivity, reproducibility, and stability.
Additionally, the sensor could be easily regenerated and reused at least 30 times,
which would save time and chemical reagent [156]. Using cDNA oligonucleotide
as sensing probe and aptamer as recognition element trace amount of ATP is
detected. The ECL-AB biosensor combined both highly selective ATP-binding
aptamer and highly sensitive ECL technique. This biosensor design has several
unique features such as cost-effectiveness, practical reusability, high sensitivity,
and high selectivity [157].

A highly sensitive detection method for thrombin on the basis of ECL
quenching through capture of ferrocene-labeled ligand-bound aptamer molecular
beacon (MB) [158] and efficient energy-transfer-induced ECL quenching from
CdS:Mn nanocrystals film to CdTe QDs-doped silica nanoparticles (CdTe/SiO2
NPs) was established [159]. This aptasensor showed a detection limit of 1.7 pM
and 1 aM, respectively. Based on structure-switching ECL-quenching mechanism,
a novel signal-on junction-probe ECL aptamer biosensor using complex of Au
nanoparticle and ruthenium (II) tris-bipyridine (Ru(bpy)32+—AuNPs) on the surface
of gold electrode has been developed for the detection of ultratrace thrombin with
a detection limit of 8.0 x 10~'> M [160]. Another application of quenching effect
of ferrocene was developed by fabricating the solid-state ECL protein biosensor
based on the competing and substitute reaction between protein-to-DNA aptamer
and DNA-to-DNA aptamer [161].

Recently, another application of quenching effect of Fc was developed by
fabricating a solid-state ECL biosensing switch for the detection of T4 DNA ligase
[162]. This bioassay system was based on special Fc-labeled molecular beacon
(Fc-MB) and consisted of an ECL substrate and an ECL intensity switch. Some
structural changes happen during the reaction, resulting in an obvious increment in
ECL intensity due to the decreased Fc quenching effect to the ECL substrate.

Besides for the detection of proteins and small biomolecules, the combination
of ECL and aptamers has also been used for a high-throughput assay of an RNA
editing reaction [163]. RNA editing is the molecular process in which the infor-
mation content in an RNA molecule is altered through a chemical change in the
base makeup [164]. The ECL assay is performed within streptavidin-coated
microtiter plates that have carbon electrodes running through the bottom of the
plates. The reporter RNA is labeled with a Ru complex that can generate ECL only
when placed close to these electrodes. Editing leads a conformational change in
the reporter that activates a streptavidin-binding aptamer. This results in the
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immobilization of the RNA at the bottom of the microliter plates and the gener-
ation of ECL. The assay is sensitive to low-femtomole quantities of edited prod-
ucts and suites for high-throughput drug screening.

7.7 Food and Water Safety and Military/Defense
Applications

Foodborne pathogens are one of the causes of food contamination leading to the
disease outbreaks in public health. Hence, tests for these pathogens are important
tools in the food industry in screening products. Though current culture methods
take long time (2—4 days) to detect pathogens in the low concentrations required
for infectivity; ECL-based assays provide a fast and alternative testing method and
are ideal for food testing because of their high tolerance to various matrices.

Magnetic bead separation played an important role in improving the detection
sensitivity; ECL coupled with magnetic bead separation was used to develop
assays for a variety of biotoxoids that are important in many fields, for environ-
ment, food, and water industries. For few years, magnetic bead separation coupled
with ECL technique is also gaining considerable importance in military applica-
tions. ECL is a very sensitive technique; thus, ECL combined with other tech-
niques improves the sensitivity and detection limit. For example, standard
radioimmunoassays do not show detection limit as low as the detection limit
achieved by assays for bovine luteinizing hormone with ECL [165].

Several papers also reported highly sensitive bacterial and viral assays involving
ECL [166-168] as well as cancer antigens [169-172] in a variety of templates
employing immunoassays and nucleic acid amplification techniques. E. coli 0157
studies have been done for water safety and food, such as drinking [173] and creek
[174] water, feces [175], various food and environmental water matrices [176—178],
and ground beef, chicken, fish, juices, and milk [179, 180]. In recent years, an assay
for E. coli that lacks the need of culturing step was demonstrated for water samples
based on a mRNA sequence-coding detection for a specific heat shock protein
[181]. An assay sensitivity equal to or greater than conventional assays using flow
cytometry, ELISA, and radioallergosorbent test (RAST) was obtained for some
other species such as Cryptosporidium parvum oocysts [173, 174, 182, 183],
Campylobacter, Listeria monocytogenes, Salmonella, and Staphylococcus aureus
enterotoxins [176, 179, 184—-186].

Several biological threat agents were also detected employing ECL approach
including purified Staphylococcus aureus enterotoxin B, botulinus A, cholera
toxin, and ricin toxins [187]. Another study in the following years focused on
Bacillus anthracis and E. coli O157:H7 and used a male-specific coliphage virus to
stimulate the detection of viral agents such as smallpox, Ebola, and yellow fever
[186]. This work was later on extended to “field” samples to measure
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Staphylococcus aureus enterotoxin B in serum, tissue, and urine, while anthrax to
measure in saliva swabs [178] and soil samples [177].

A significant application of ECL in military is the detection of explosives or
explosives’ degradation products. For example, diaminotoluene isomers (often
associated with the degradation of explosives such as TNT) in the presence of Au*
and Cu** ions form weakly ECL compounds [141]. This approach may find use in
military applications. Interestingly, an aptamer-magnetic particle ECL has been
used in combination with systematic evolution of ligands by exponential enrich-
ment (SELEX). Highly specific receptor ligands (known as aptamers) were used
with varying affinities to anthrax spores. Aptamers have potential for use as
inexpensive, in vitro-generated receptors for biosensors in biological warfare
detection and other areas [188].

With the increased emphasis on detecting biological threat agents, this area will
undoubtedly expand in coming years [189]. Increasing contribution of Igen Inter-
national with various US government agencies and programs furnishes another
proof of the efficacy of ECL in real diagnostic field, aiming at mounting detection
systems for homeland security and military defense [190]. Numerous series within
the department of defense for instruments (designed for battlefield use or deploy-
ment within mobile laboratories throughout the combat zone), reagents, and assay
development for the detection of biological agents or toxins in environmental and
clinical samples are running. Another agreement of cooperative research and
development (dealing with the developing tests for food-, water-, and environ-
mentally borne toxins) with the US Army Medical Research Institute of Infectious
Diseases (USAMRIID) is also operating successfully to shield American troops
from diseases caused by biological agents, and the tests are designed for use by
government agencies, food processors, and analytical laboratories [176].
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