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Abstract: A variety of recent developments and applicatiorfs etectrogenerated
chemiluminescence (ECL) for sensors are describ@hile tris(2,2-bipyridyl)-
ruthenium(ll) and luminol have dominated and camtiio pervade the field of ECL-based
sensors, recent work has focused on use of theswphores with micro- and
nanomaterials. It has also extended to inherentiginescent nanomaterials, such as
quantum dots. Sensor configurations including nalzratrode arrays and microfluidics are
reviewed and, with the recent trend toward incréase of nanomaterials, special attention
has been given to sensors which include thin filmanoparticles and nanotubes.
Applications of ECL labels and examples of labekfr sensing that incorporate
nanomaterials are also discussed.
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1. Introduction

Electrogenerated chemiluminescence (ECL) is a stallied phenomenon that bridges the
traditional fields of analytical electrochemistrmdaluminescence spectroscopy. Its basic principles
have been well described [1, 2]. Some traits of EBe@sors are common to other luminescent probes
(e.g., fluorescence), including high sensitivity dabroad linear response. However, unlike
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fluorescence-based methods, no light source isiremfjin ECL. This difference effectively frees the
ECL method from scattered-light interferences [dd @rovides unique avenues for sensing, especially
in combination with the wide variety of recentlyveéped micro- and nanomaterials that can be used
as supports and platforms. Thus, traditional mafelSCL analysis have garnered renewed attention
when used in combination with nanotechnology amgtemt deal of recent work is focused on the
development of chemical and biological ECL sensdrs.general, these sensors demonstrate
remarkably improved characteristics (e.g., sensifivletection limits, etc.) for the determinatiof
trace analytes.

ECL can be produced by several distinct approachesillustrate the principles behind two
common approaches, the most commonly applied luoreptthe ruthenium(ll) tris(2;dipyridine)
(bpy) complex, [Ru(bpy)®*, will be used. In one approach, an anodic to ahthpotential pulse is
applied to an electrode immersed in an electrobaution containing [Ru(bpy)**. Sequential
oxidation and reduction of the Ru(ll) complex y&lfRu(bpy}]*" and [Ru(bpy)3] together in the
electrode diffusion layer (Equations 1 and 2). Ehspecies undergo a highly energetic and favored
annihilation reaction, which occasionally leave® ai the resulting Ru(ll) complexes in an excited
electronic state. This [Ru(bpyj** specie (Equation 3) emits light upon relaxati&ugation 4).

[Ru(bpyl]** — [Ru(bpy}]** (1)

[Ru(bpy}]l**+ € — [Ru(bpy}]® (2)

[Ru(bpyl]** + [Ru(bpy}]” - [Ru(bpy}]*" + [Ru(bpy}*" 3)
[Ru(bpy}l*” — [Ru(bpy}]** +hv (4)

A second approach for producing ECL involves thetigipation of a co-reactant. With the
[Ru(bpy)]?* lumophore, this co-reactant is typically a tegtiamine or oxalate. Tripropylamine (TPA)
generally gives the highest intensity ECL in thesence of [Ru(bpy)’". The mechanism for this
reaction is complex, containing multiple pathway€£CL as shown in Equations 5-8. In the final step,
an electrogenerated TPA radical reacts with [Ru@pyn a highly energetic and favored process to
produce the excited-state species, [Ru(py) With co-reactants, not only is the ECL signakaft
greater than with the annihilation method, but Ipssitive electrode potentials are required since
[Ru(bpy)]?* need not be electrochemically oxidized [1].

TPA - TPA™ + ¢ (5)

TPA™ - TPA" +H' (6)

TPA+ [Ru(bpy}]?" — [Ru(bpy)]* + TPA 7)
[Ru(bpy)]” + TPA™" - [Ru(bpy)}]**” + products (8)

While the approaches described above are probhblyniost commonly used to generate ECL in
sensing applications, the pathways for producing. E&h be different with different lumophores. For
instance, luminol is another common ECL reagerttithased in the determination of or in conjunction
with hydrogen peroxide. Its structure is shown iguire 1.
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Figure 1. Structures of luminol (LH-), its oxidized form (gnd lumophoric product (AB.
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Luminol’'s electrochemically oxidized product (L)rcaeact with HO, to form the excited species
(AP?") to give fluorescence signals. The entire ECL psscfor luminol is described in Equations
9-11]3].

LH - L+ H +2¢ 9)
L + Hy0p — AP?" + N, +2H" (10)
AP?" L AP +hv (11)

Based on the ECL principle, a wide variety of sesas@ave been developed. In this article we focus
on various materials used for fabricating ECL sesisancluding thin films, electrode arrays,
microfluidics, and nanomaterials. Particular aitamtis paid to the use of micro- and nano- sized
materials in recent ECL sensors. Then, we summawpemajor types of applications of ECL in
sensors. In one type the ECL material is usedkadifey reagent, and in the other type the ECL ssnso
is label-free. Finally, the future direction of EGknsors is briefly discussed.

2. Sensing Methodsand Materials

A number of materials have been employed for fabion of ECL sensors. To better evaluate and
compare theses sensors we have assembled worksatleatised a common ECL assay system — TPA
detection with a [Ru(bpy)** — in order to assess different sensor charadtavistable 1 lists recent
typical ECL sensors and their performance. The #wletection limit of ECL sensor can reach td°10
M when Pt NPs/Eastman-AQ55D/ [Ru(bg¥) is used to fabricate the sensor. The linear respons
range is broad, around 1010° M. Meanwhile, other ECL systems have also beenaitedl in sensor
development, including [Ru(bpg)”* annihilation, the luminol/kD,, and quantum dot-based ECL.
These and other configurations compared in Talalee Hescribed below.

2.1. Thin Films

Unlike luminol which is consumed, [Ru(bg}j* can be regenerated. Thus, it can be immobilized
onto an electrode surface and reused in a thindémsor platform [4]. A [Ru(bpy]f*-containing thin-
film sensor produces less heavy metal waste, regjailess complicated pumping system, and reduces
costs compared with a solution-based sensing mg8jotlafion is an effective ion exchanger for
[Ru(bpy)]®* and has been used for [Ru(bg$ immobilization[6]. However, a pure Nafion film
sensor is far from ideal. [Ru(bp}f" leaching and partitioning into hydrophobic regiaristhe film,
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slow mass transfer of the analyte, and the instalof the films in organic solvents are drawbatis
be overcome with these sensptg]. Nevertheless, [Ru(bpyf* incorporation into Nafion has seen
some success because of both ion-exchange andohydiio interactionp}]. Langmuir-Blogdett films
and self-assembled monolayers have largely failethé case of [Ru(bpyf*-based sensors because
the high potentials required to produce an ECL &igme detrimental to these films [8]. So far, two
effective ECL films are sol-gel film and polymelnfis.

Table 1. Characteristics of ECL sensors based on the [R{BHTPA system.

Sensor Platform LoD, Linear Range, RSD, Ref.
M M %
Silica/Eastman-AQ55D/ [Ru(bpylf* 1x 107 2x10°-1x10° 1.9 5
TiOJ/Nafion/[Ru(bpy}]** 1x 10" 1x10"-1x10° 39 4
V,0s/Nafion/[Ru(bpy}]** 1x10° 5x10%-1x10° 25 9
ZrO,/Nafion (on 3D Au structure)/ 5x10%° 1x10°-1x10° 074 8
[Ru(bpy)]**
Pt NPs/Eastman-AQ55D / [Ru(bgly’ 1x 10 - 06 21
Fe;04 NPs/Nafion/[Ru(bpyy®* 5x10% 1x10"-1x10° 39 27
Fe;04 NPs/Silica/[Ru(bpy)** 6.5x10° 6.9x10°-7.3x10* 05 26
SNPs/[Ru(bpyj** 1x10%® 26x10°-1.3x10° 52 20
[Ru(bpy)]** SNPs/chitosan 2810° 85x10°-8.1x10° — 28
[Ru(bpy)]?* SNPs/CNTs 2.810° 85x10°-79x10* - 29
Nafion/CNTs/[Ru(bpy]** 1x10° 3x10°-1x10* <10 6
PSP/CNTs/[Ru(bpy)** 6x10° - - 38
Nafion/CNTs/TiQ/[Ru(bpy)]?* 1x10° 5x10%°-1x10° <4 39
2.1.1. Sol-gels

Many recent successes with thin-flm ECL sensotf@lmms have been achieved with sol-gels.
Pastoreet al. successfully trapped [Ru(bg}j’ in a silica glass thin film on a fluoride-doped tixide
electrode (K-glass electrode). The film was transpia chemically inert, physically rigid, and stbl
for over 1,000 experimen[S]. Dong and co-workers reported a composite fifrEastman-AQ55D
cation-exchange polymer and silica sol-gel as afecéfe means for direct [Ru(bp}j*
immobilization. Eastman-AQ55D has excellent ionfextge properties and is more hydrophobic than
Nafion resulting in better retention of the hydroplke [Ru(bpy}]?* ion and thus a more stable
sensof7].

Other sensing platforms have combined sol-gels Mafibn films. For example, Leet al. have
reported sol-gel-derived TiENafion composite films for effective immobilizatiaof Ru(bpy)** at an
electrode surface. This ECL sensor showed impr@@d sensitivity as compared with ECL sensors
based on pure Nafion films. The reason was ascribeldrger pores and thus faster diffusion of
analytes into the filnj4]. Thereafter, the same group developed mesopofitus of V,Os/Nafion
composites as effective materials to immobilize(By)s]**. It was found that the composite film with
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80% Nafion content had the largest pore diametei9(4hm) and highest ECL yields with
tripropylamine (TPA). The greater sensitivity wée tresult of not only the large pores that offered
rapid analyte diffusion, but also the relativelgthiconductivity of \{Os. Based on these advantages,
this ECL sensor exhibited an approximately two sd&f magnitude higher ECL response and one
order of magnitude lower detection limit for TPAO(hM) compared with ECL sensors based on
SiO)/Nafion and TiQ/Nafion[9].

The growing trend toward use of nanotechnologydiss made its way into the formation of thin-
film sensing platforms. Xu and coworkers have @éathree-dimensional sensing platforms by
depositing gold on silica nanoparticle templatesing HF to dissolve the nanoparticles, a
macroporous gold structure with high surface am excellent conductivity was left behind, onto
which a ZrQ/Nafion film containing [Ru(bpy]®* was deposited. Compared with flat surfaces,
increased [Ru(bpy)’* loading was achieved with this configuration thsreyielding high
sensitivity[8].

2.1.2. Metallopolymers

Metallopolymers, or polymers containing metal corpsovide an additional method for ECL
reagent immobilization since they can be directpaksited onto an electrode. Polymers which contain
a RU* core (e.g., Figure 2) can produce ECL by a mesharsimilar to [Ru(bpy]®*. The polymer
matrix has been shown to give a four-fold improvetie ECL efficiency compared with that obtained
for [Ru(bpyy(PVP)?" dissolved in solution, due mainly to protectionnfr oxygen quenching and
competing side reactionBorsteret al. demonstrated ECL with the metallopolymer in FigBrbased
on both annihilation and co-reactant mechanismg [10

Figure 2. [Ru(bpyx(PVP)d?*, PVP = poly(4-vinylpyridine).

2+

In an additional report by Leet al., [Ru(bpy}]** was modified with —Si(OMe)groups on each
ligand (Figure 3). After hydrolysis of the silicageoups, a thin, porous polymer film was immobitize
on an ITO (indium-tin oxide) electrode. The reagmmnchoosing ITO as the electrode material was that
the hydroxyl groups on its surface would also bowitt the modified [Ru(bpy)?* through —Si—O—
bonds. The film was very stable, even after lomgitexposure to acetonitrile [11].
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Fgure 3. A Si(OMe)-modified [Ru(bpy}]** used for immobilization on ITO electrodes.
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2.2. Electrode Arrays

The benefit of having an array of microelectrodsber than a single electrode is that many data can
be collected simultaneously, thus arrays can redotsferences through data processing [12].
Furthermore, they can allow for simultaneously dateation of multiple analytes [13].

In the case of the electrochemical signal produbgdan array, individual electrodes are
indistinguishable. In contrast, the ECL signalsifatividual electrodes can be read separately with
CCD camera or an optical fiber bundle [18bjic et al. created a microelectrode array by coating
conical glass cores with ITO then insulating thefeme except for the apex of the tips with
electrophoretic paint. ECL signals from the subomicsensors for both [Ru(bp}j"/TPA [14] and
luminol/H,O, [12] were individually read with optical fibers. thbugh the electrodes could be read
individually they could not be controlled individlya and thus only one analyte could be detecteal at
time [12, 14]. AlternativelyMarquette and coworkers modified glassy-carbon dt@ctrodes in order
to detect multiple analytes simultaneously. Theysratic production of BO, was detected for all
analytes, but at different areas of the electrotig]. [ Oxidase enzymes were spotted on the foil
electrode and non-covalently immobilized. LuminoCIE was used to detect .8, that was
enzymatically produced in the presence of the smesubstrates [13, 16].

2.3. Microfluidics

The relatively new field of microfluidics has advages of flexible cell designs, low cost,
miniaturization and automation. However, the mesisgtive detectors for these devices, such as-laser
induced fluorescence (LIF) and mass spectroscopy)(Mre bulky and expensive. Electrochemical
detection systems are generally less expensivenane spatially compact, but they are not as seesiti
as the above mentioned detectors. ECL sensingopiatf should play an important role in this area
because they not only rival the sensitivity of merpensive LIF and MS detection systems, but they
have the same size advantages of electrochemmiginsy [17]. A recent example of ECL detection in
microfluidics was reported by Pittet al. who detected hydrogen peroxide with luminol ECtinted
circuit board electrodes were used in this exanvphéch can be fabricated inexpensively in largdesca
production [3].
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Crooks and coworkers have also developed a twdretkr microfluidic device where targets are
detected electrochemically at the cathode (Equati®)y and are reported via ECL at the anode
(Equation 13). By this method, it is not necesdarythe target analyte to have the capacity totreac
with [Ru(bpy)]®* to produce ECL, it need only be redox active.

Cathode: O +'e-» R (12)
Anode: [Ru(bpyl]?* - [Ru(bpy)]®*" + € (13)

Since the two working electrodes are in electrodbahtommunication and a charge balance must be
maintained, the reaction at the cathode shown ination 12 gives rise to the anodic reaction
(Equation 13). TPA, present in solution, is abledact with [Ru(bpy)®>* to produce ECL. The two
channels are connected by an outlet. However,algntinar flow, there is no bulk mixing [17].

The same group also reported a three-channel sygteme both the target analyte detection and the
ECL reporting occur at the anode. Therefore, oidabf the target competes with oxidation of
[Ru(bpy)]?*, and its presence causes a decrease in ECL §igial

2.4. Nanomaterials used in recent ECL sensors

Nanotechnology is defined as the fabrication oficttires or devices on the atomic or molecular
scale, but also includes devices that are lessiB@mm in at least one dimension [19]. Nanomateria
encompass a broad range of materials, includingpeaticles, nanorods, nanocrystals, nhanowires and
nanotubes of virtually any chemical composition.eDto the small size, usually nanomaterials
experience light scattering when used in opticabsneements. However, this drawback can be
completely eliminated in ECL determination since rnadiation source is needed in ECL. Thus, the
advantages of both nanomaterials and ECL can I déuploited when an ECL sensor is made of
nanomaterials. Nanomaterials can enhance sengitiyitncreasing the surface afg@] or enhancing
conductivity [21] of a sensor platform. For examglerous nanoparticles were used to sequester high
concentrations molecules of the ECL-producing agesgulting in labels with greater luminescence
[22]. Quantum dots are nanopatrticles that have thwen intrinsic ECL-producing ability [23]. This
section explores some of the recent applicationsewtral types of nanopatrticles, as well as carbon
nanotubes, in fabrication of ECL sensors.

2.4.1. Nanoparticles

Gold Nanoparticles. Gold nanoparticles have found use in ECL sendoesto their biocompatibility
[24], high electrical conductivity, and the ease by whiny can be self assembled through formation
of Au-thiol and Au-amine bonds [25]. Cet al. created a sensor for determination gfOk using
immobilized luminol. The challenges of luminol imhilization are that it often causes a decrease in
luminescence efficiency and that the luminol supplgxhausted by irreversible ECL reaction. It was
found that luminol can be used to reduce chlor@aacid (HAuC}) to form gold nanoparticles. The
resultant gold nanoparticles with a residual captiri luminol and 3-amionphthalate (AP were
weakly attached to the luminol through covalentMiponds. By immersing the electrode in a luminol
solution, the AP could be replaced with luminol through an ion-extle mechanism. These gold
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nanoparticles were immobilized at a gold electradd, by applying a potential pulse rather than a
constant potential, the immobilized luminol supplgs exhausted at a slower rate. In fact, after 600
pulses and five hours, the signal had maintainéd 80its intensity [26].

Dong and coworkers fabricated an alcohol biosensby immobilizing gold
nanoparticle/[Ru(bpy)** aggregates with alcohol dehydrogenase (ADH). [Rydy*" often causes
enzymes to lose activity either due to its hydrdpbature or its positive charge which can effect
enzyme orientation. Here, the gold nanoparticleseweffective in separating the ADH from the
[Ru(bpy)]?* preventing this effect [25].

Platinum Nanoparticles. Like gold nanoparticles, platinum nanoparticlesvén also been used in
electrochemical sensors due to their high eledtrazanductivity and electroactivity. Wang and
coworkers have demonstrated their use in an EClsosebhased on an Eastman AQ55D cation-
exchange polymer film containing [Ru(bglf). When Pt nanoparticles were also present in the fi
the sensor exhibited faster electron transfer,drigdfCL intensity, and a shorter Equilibrium timaurh
when they were absent. These factors resultedgimehisensitivity when TPA was the analyte and an
extremely low detection limit of I& M [21].

Magnetic Nanoparticles. Magnetic nanoparticles made of;6g have the advantage of being easily
separated and immobilized. By coating these pagiobith [Ru(bpyl]?*, ECL sensors have been
made [26,27]Lee et al. have coated magnetic nanoparticles with Nafiomwlnch they were able to
incorporate [Ru(bpy)?* after immobilization onto the electrode. The uptaitegRu(bpy}]** at the
Nafion-coated nanoparticles was much faster themNafion alone, probably due to the accessibility
of the SQ@ sites. The resulting sensor was stable. Its sigaateased to 80% the original after one
month of storage [27]. Dong and coworkers had & sinilar set-up, except they used a silica stwell f
[Ru(bpy)]?* incorporation rather than the Nafion coating [26].

Slica Nanoparticles. Silica nanoparticles are versatile in the numbeiuattional groups with which
they can be modified and the variety of speciey tten sequester. These species includes ECL
producing agents such as [Ru(ki%)ions[28,29] and luminol [30].

However, even without doping [Ru(bg}f', silica nanoparticles can still be useful for E€3nsing
by increasing the surface area of the sensor phatémd providing the space for co-reactants tadéf
Donget al. created a sensor in which [Ru(bg§} and silica nanoparticles were immobilized together
using the layer-by-layer method. The ECL signal waasorder of magnitude higher than previous
sensor films [20].

Dong and coworkers also immobilized [Ru(b$)}doped silica nanoparticles on an electrode in a
chitosan biopolymer film. The sensor was especisifjble because of the electrostatic interactions
between the [Ru(bpyf* and the negatively charged silica, which preveresthing. Additional
stability was gained due to the hydrogen bondingveen the chitosan and the nanoparticles. Eighty
percent of the original ECL signal remained aft@d@ys [28]Later, the same group reported a similar
sensor that employs carbon nanotubes to not onlyoiiize the [Ru(bpy]®’-doped silica
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nanoparticles, but also accelerate electron tran&ecause silica is a rather insulating material,
electron transfer assistance was invaluable. Téns@ was also very stable, as it remained at 8% |
original signal after 20 days [29].

[Ru(bpy)]?*-doped silica nanoparticles have also been usddbats in bioassays [22,31], which
will be discussed in Section 3.

Quantum Dots. Many types of semiconductor nanoparticles-alslbe¢aquantum dots (QDs)-can

undergo redox chemistry. This electron or hole atiggn can produce radiation emissions if the
resulting charged states are sufficiently stableuovive until colliding with an oppositely charged
specie in an annihilation reaction (Equations 1d &8) [23]. This is the case for silicon nanocrigsta

[23] and CdTe quantum dd2] as reported by Bard and coworkers, althoughpitecise mechanism

is still unknown.

QD™ + QD" - QD + QD (14)
QD - QD +hv (15)

In addition to the annihilation mechanism, co-raatt such as hydrogen peroxide, can also produce
an ECL signal. Thus, two ECL peaks are often oleskf@3]. Since ECL of quantum dots has only
recently been explored, it still has many disadages. For instance, a high negative potential is
required before ECL is produced [34], and the isitgris not at the level of [Ru(bpgf* or luminol
ECL [35]. It is expected that these issues willamElressed and remedied in forthcoming research
papers.

An early example of a sensor based on quantum @at \E#as given by Ju and coworkers who
immobilized CdSe nanopatrticles in a paraffin film a graphite electrode. By scanning to negative
potentials, the quantum dots produced ECL in tlesguce of kD, (Equations 16-18) with a detection
limit of 0.1 uM [36]. Later, they showed that thiols had the ipotb quench the signal by reacting with
hydroxyl radicals (Equations 19 and 20), a chareatie which could be exploited in a sensor [37].

QD+é- QD" (16)
QD" + H,0, — QD + OH + OH (17)
QD"+ OH - OH + QD (18)
OH' + RSH - RS + H,0 (19)
2RS - RS—SR (20)

Chen and coworkers have produced a similar sersiog wcarbon paste for immobilization and
using CdS nanotubes as the nanoscale semiconanaterial. The CdS nanotubes were 100 — 140 nm
in diameter, with nanocrystals ~7 nm in diametey axhibited properties similar to quantum dots.
ECL signal s were observed for both the annihiland co-reactant mechanisms and the sensor was
used to detect.8s>, H,0,, and dissolved oxygen [35].

Later, Cheret al. developed a sensor forL,®, based on a multilayer film on a GCE consisting of
CdS quantum dots and hemoglobin. The heme prostlgetup in the hemoglobin acted as a
peroxidase and catalytically reducedQd In addition, the hemoglobin seemed to stabilike t
quantum dots. In the absence of hemoglobin, the Bi@hal vanished after 30 cycles, whereas it
remained stable after 30 cycles in the presenbemiglobin [34].
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Zhu and coworkers found that carbon nanotubes algleeto address some of the disadvantages of
QD ECL. When CdS quantum dots and CNTs were imrzailtogether, the ECL signal was 5-fold
greater when bD, was the co-reactant and the potential at whickai$ initiated shifted anodically
from -1.15 to -0.85 V. The CNTs were believed tardase the potential barrier for QD reduction
(Equation 5) in addition to providing a more porastisicture for faster D, diffusion [33].

2.4.2. Carbon Nanotubes

The conducting properties of carbon nanotubes (JN&s be extremely helpful in accelerating
electron transfer for electrochemical and ECL-baseksors. CNTs are graphene sheets cylindrically
rolled to nanometer-diameter tubes. When CNTsraserporated into a sensor platform, they can act
as conducting pathways between the lumophorestanéléctrode. In addition, they increase surface
area and porosity of the platform, making co-redcthffusion faster [6]. The benefits of CNTs to
quantum dot ECL have already been mentioned ipit&a@ous section.

Donget al. developed a composite film of Nafion and carbonataies, into which [Ru(bpyf*
was incorporated. When the film was assessed WA, Tt was found that the ECL signal was two
orders of magnitude greater than when silica wasl urs the place of CNTs. There was a three-orders-
of-magnitude difference when only Nafion was usadtiie film [6]. Wang and coworkers produced a
sensing platform using partial sulfonation polysthy and CNTs. Similarly, the carbon nanotubes gave
an increase of three orders of magnitude in the Eighal than with the polymer alone [38]. Lee and
coworkers developed a film containing CNTs, Nafiom titania sol-gel with [Ru(bpalf*. This film
was extremely stable, having no signal loss for foonths [39]. Chemt al. developed a organically
modified silicate film to immobilize polgtstyrenesulfonate)-coated multi-walled CNTs. [RyjglF*
was incorporated into this film through ion exchafgQ].

Although the recent focus seems to be on [Ru@fyECL, luminol can also benefit from CNTs. A
CNT paste electrode was developed and infused glittose oxidase (GOx) for a glucose sensor by
Chen and coworkers. The luminol was injected indbleition phase and was able to react wit®H
which was produced in the catalysis of glucose Dx@1].

3. Sensing Applications of ECL
3.1. Label-Free Sensors
3.1.1. Luminol/Hydrogen Peroxide

Luminol is useful for HO, determinations since reactions between luminol tdg@, can produce
ECL. H,O, is also a product in many enzymatic reactions wisrbstrates are oxidized by. G\
prototypical example is the oxidation of glucosetty oxidoreductase enzyme, glucose oxidase (GOX)
(Equation 21). Thus #D, determinations can be an indirect method for #terthination of biological
compounds. Such is the case in the reports of Mdieat al., which described sensor arrays for
simultaneous determinations of glucose, lactate]ird, glutamate, lysine and urate [13]. Oxidase
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enzymes were immobilized on the electrode surfduerevthey could catalyze the production gOb
which would in turn react with luminol and produéeCL. Detection limits for the biological
compounds were typically in the micromolar rang, [14, 15].

B-D-glucose + @ O &~ gluconic acid + KO, (21)

Zhang and coworkers reported an example of lumiE®©L produced by a galvanic cell to detect
H.O,. Since galvanic cells require no external powerrs®, cost and size of the sensor could be
significantly reduced. A Cu/Zn alloy produced thevanic cellsvia the corrosion effect. In alkaline
solution, the zinc dissolved from the alloy anotligaproducing a potential of +1.1 V which is
sufficient for ECL generation with luminol. The pence of HO, caused the chemiluminescence
signal to increase. The detection limit for hydnogeroxide was 0.gM [42].

Zhang and Zheng produced a sensor for pyrogalipl Ryure 4) that used luminol-doped silica
nanoparticles to produce an ECL signal. The nanicpes were immobilized at a graphite electrode in
a chitosan film through which pyrogallol could di$e and was electrochemically oxidized (Equation
22). The resulting pyrogallol radical could redumeygen to a anion radical which in turn reduces
luminol to form AP, the ECL-producing product (Equations 23 and ZQEL was therefore
dependent on pyrogallol concentration. The repatttdction limit was 1.0 nM [30].

Py Py +€+H' (22)
Py + O, » O + Py (23)
20, + luminol - AP?" + N, (24)

Figure 4. Pyrogallol.

OH
OH

OH

3.1.2. [Ru(bpyy**/Amines

The ability of [Ru(bpy]®* to react with amine radicals to produce ECL makeseful in detecting
a variety of important analytes. Among them is goar(G), the DNA base (Equations 25-27) [43].
Furthermore, [Ru(bpy)®* can more easily react with single stranded (ssp@Nmpared with double
stranded (ds). Reported rates for the reaction showEquation 25 were>xd0® M™s? for ds calf
thymus DNA and 210° M's? for ss calf thymus DNA. This characteristic makies ECL method
particularly useful in detecting base mismatche&q.[Eorster and coworkers used the metallopolymer
described in Section 2 to detect chemical damagd@stDNA. DNA and the metallopolymer were
deposited alternately using the layer-by-layer mé@thThe films were then incubated with styrene
oxide to cause chemical damage. The group was@bletect 0.1% damage, or one base in 1000 [43].

Wanget al. used a previously reported CNT and Nafion compdiin [38] in which [Ru(bpy)]?*
was incorporated in order to detect DNA. DNA wasispecifically bound to the film, and again, ss-
DNA gave a more intense ECL signal. By exposingfilnes to a boiling water bath for five minutes,
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native ds-DNA was denatured and the ECL signalslygmed before and after this treatment could be
compared. In this way, single-base mismatch co@ddétected. In addition, the group found that
adenine also was able to contribute to the ECLa$igh].

Chen and coworkers used their organically modi§igida film with PSS-coated CNTs [40], which
was discussed in Section 2.4.2, to detect herpegis DNA. The ability of guanine to oxidize (tQ,%
and behave as a co-reactant in [Ru(iPY)ECL (Equations 25-27) was also exploited in thisvf
injection analysis sensor. A modest detection lwhid.2 mg L was achieved [40].

[Ru(bpyk]** — [Ru(bpyl]* + € (25)
[Ru(bpy}]** + DNA(G) - [Ru(bpy)]*" + DNA"(Gox) (26)
DNA**(Goy) + [Ru(bpy}]** - DNA** (G0 + [Ru(bpy}]*” (27)

Lee and coworkers have used the JMafion composite sens{#] discussed in Section 2.1.1 for
determinations of phenothiazine derivatives in @risamples after HPLC separation [45].
Phenothiazines are a group of compounds often msadti-depressant drugs. Therefore, monitoring
them in bodily fluids is important in order to mimize toxicity risk. They contain aliphatic tertiary
amines, which allow their detection with [Ru(bgl§}-based ECL [45].

Zhang and coworkers have used a sensor composgRu@py)]**-doped silica nanoparticles
immobilized at an electrode surface in a chitosan fo detect itopride N-[4-[2-(dimethylamino)-
ethoxy]benzyl]-3,4-dimethoxybenzamide hydrochloyideigure 5) [46]. Their sensor was similar to
the one reported by Dorg al. for TPA determinations [7]topride is a new drug prescribed for a
variety of gastrointestinal symptoms, thus its diéb® in biological samples is important for
optimization of dosages. Since it contains a tgrtemine, it is a candidate for an ECL sensor. A
detection limit of 3 ng mt was reported. An analysis of human serum samplesale® performed
and showed good percent recoveries [46].

Figureb5. Itopride.
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3.2. ECL Labels
3.2.1. Molecular Labels

Kuwabara and coworkers reported that the ECL-pringumuthenium complex [Ru(pheiij" was
able to bind to the major groove of DNA. The resuéis that DNA added to a solution containing
[Ru(phen)]®* and oxalate caused a decrease in ECL signal.ufhenium complex was therefore used
as a probe to determine the binding mode of ceaaiincancer drugs. Evaluating the binding modes of
drugs is an important step towards understandiegditug mechanism. If the drugs also preferred
binding to the major groove, an increasing drugcentration would have a coinciding increasing ECL
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signal due to liberation of [Ru(phelff. On the other hand, if the drug only bound to thieor
groove, concentration would have no effect [47].

Modified [Ru(bpy}]** has been used as a molecular label in DNA anda€live protein (CRP)
determinations by Miao and Bard. For DNA, a thiaddified capture strands complimentary to the
target were self assembled onto a gold electrode.tdrgets were labeled with [Ru(bg§). The ECL
signal resulting from a TPA radical produced abrsly potentials was then proportional to the target.
Oxidation of the SAM was not addressed as a majuslem, however, it was noted that the maximum
ECL signal appeared at +0.95 V which is less pasithan with free [Ru(bpy)**. A similar method
for CRP determination was reported in the samelartBiotinylated anti-CRP was immobilized on an
avidin surface bound to a gold-thiol SAM in a sarmdhwatype assay. An anti-CRP probe was labeled
with [Ru(bpy)]®*, which gave an ECL signal proportional to the GRRRcentration [48].

Zhang and coworkers reported cocaine determinatidifu(bpy)]?*-modified aptamer which was
immobilized to a gold electrode via the self-assgmiethod. The [Ru(bpy)** molecular probe at the
end of a random coil did not give a strong ECL algbecause of it distance from the electrode.
However, after the binding of cocaine to the aptarttee [Ru(bpy)]®* probe was in close proximity
with the electrode, therefore giving a strong E@inal in the presence of TPA when a potential of
+0.8 V was applied. It was also noted that poté&ntimore positive than +1.1 V gave poor
reproducibility due to the oxidation of the thiohAB®. The detection limit for this method was reparte
at 1 nM cocaine [49].

Blum and coworkers used a derivative of lumimdi4-aminobutyl)N-ethylisoluminol (ABEI) as a
molecular probe for DNA determinations. Their captDNA was modified with pyrrole on one end
for the purposes of immobilization. A pyrrole filmas electrochemically deposited in the electrode
with the pyrrole-modified DNA. The probe DNA was dified with biotin, as was the ABEI, therefore
they could be connected through an avidin bridg&as shown that a complimentary probe gave a
higher ECL signal in the presence of 1.3 mMOkK than a non-complimentary probe in a brief
demonstration [50].

3.2.2. Micro- and Nanopatrticle Labels

Micro- and nanoparticles that contain ECL-producaggnts, primarily [Ru(bpy)?*, can also be
used as labels in sensors. Because they contaifpifRe]>* ions, the signals from these types of
sensors can be greatly enhanced over moleculdslabe

In an early example, Miao and Bard reported DMA] and CRP[52] determination with
polystyrene microspheres (10n) containing the water-insoluble specie Ru(BB(CsFs)4]2 (Figure
6). These reports are similar to the molecular erekample discussed in section 3.2.1 [48]. Each
microsphere contained approximatelyx18° molecules and was attached to a target DNA str&nel.
complimentary probe DNA was attached to a magristad which could hybridize with the labeled
target. The hybridized target DNA could then be nwadigally separated from the single stranded
targets [51]. The CRP sensor was a sandwich-typayam which anti-CRP was attached to the
polystyrene mircospheres as well and the magnetacd$ When these both bound to the CRP they
could be magnetically separated to collect the gigtgne beads [52]. The polystyrene microspheres
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were then dissolved in acetonitrile and [Ru(BlY)was determined by ECL with TPA as the co-
reactant. Detection limits of 1.0 fM DNA were ackee[51] and 10ug L'* CRP [52]Zhan and Bard
also reported a CRP sensor that used [Rugbfydontaining liposomes (100 nM) as labels. The
advantage of using liposomes rather than polyséyreitrospheres was than the [Ru(kjfy)could be
released with sodium chloride and a surfactantckviare more benign than acetonitrile. However, the
detection limit was an order of magnitude highetGlug L™ [53].

Figure 6. Fluorescent imagedd 490 nm, exposure time 30 s) of carboxylate polhgsiy
beads: (a) after entrapment of Ru(kf§CeFs)4]2 and (b) after covalent binding of avidin
to the surface. Reproduced with permission of ABH.[

10 um

Fang and coworkers reportedly used [Ru(gg$adoped silica nanoparticles (Figure 7) as labels fo
DNA hybridization determinations [22]. Capture DNias immobilized at a polypyrrole modified
platinum electrode, similarly to the method desmdibin the previous section [50The silica
nanoparticles were modified with complimentary &arBNA which could hybridize with the DNA on
the electrode surface. Unlike the method reporieMiao and Bard [51], the [Ru(bpgf* ions were
not released. However, the co-reactant, oxalic,amdld penetrate the nanoparticles and allowed for
the production of ECL proportional to the amounttarfget DNA. A detection limit of 0.1 pM was
reported [22].

Figure 7. TEM image of Ru(bpyf*-doped silica nanoparticles. Reproduced with
permission of Elsiever [22].




Sensors 2008, 8 5956

The same group reported a thrombin aptasensor (Ringppy)]>*-doped silica nanoparticles as
labels. In this example, aptamers were immobiliaed gold electrode by Au-S bonds. Hybridization
of complimentary DNA with the silica nanopartickbkls resulted in an ECL signal in the presence of
TPA and positive potentials. With the addition @frdambin, the nanoparticle-labeled DNA was
displaced, thus decreasing the ECL signal. Theakigecrease was proportional to the thrombin
concentration. Despite the method for aptamer imlaabion (SAM), there was no report of
monolayer instability, even though potentials of2+¥ were applied. The reported detection limit was
1.0 fM [31].

Conclusions

While [Ru(bpy}]?* and luminol continue to be the preferred lumopharsed in most recent ECL
sensors, the use of micro- and nanobased mategalsupports has significantly enhanced the
performance of these species in sensing applictionthe case of inherently luminescent quantum
dots, the application of new nanomaterials has piswided an entirely different sensing paradigm.
With the present, rapid development of many othew manomaterials and microfluidic analysis
systems, it is clear that ECL sensors will contitmé&enefit from incorporation of these reducedesca
constructs and play an important role in futurelital applications.
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